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Abstract: Scientific research on reduced-impact logging has been addressed to develop effective
approaches and methodologies to limit soil disturbance caused by forest operations. In recent years,
the development of soil trafficability maps based on soil wetness indices is the approach that has
been extensively used in the context of the Boreal forests. In particular, the depth-to-water (DTW)
index has been identified as an interesting solution for the identification of areas particularly sensitive
to soil disturbance. This study aimed to evaluate the cost-benefit factor of DTW maps for the
identification of soil-sensitive areas in the Mediterranean context. In particular, a DTW map was
developed for two oak coppice areas located in Italy and harvested over a period of 2–4 years with
different mechanisation levels. Soil surveys concerning soil moisture, physico-chemical properties
(bulk density, penetration resistance, shear resistance, organic matter), and biological properties (soil
microarthropods community measure via soil biological quality (QBS-ar) index) were carried out in
these forests, checking for significant differences between the zones at DTW index ≤1 (which should
be more sensitive to soil disturbance) and the other areas of the forest soil. The results obtained
revealed the efficiency of a DTW index in potential areas at a higher level of soil moisture. On
the other hand, the values of soil physico-chemical properties in the areas at a DTW index ≤1 did
not differ significantly from the ones in other zones. However, the values of the QBS-ar index in
areas with a low DTW index were significantly lower than the ones in zones at the DTW index >1.
Therefore, the obtained findings reveal that the DTW index is a reliable tool to identify and predict
which areas are more prone to impact soil biological properties.

Keywords: sustainable forest operations; coppice; QBS-ar index; soil bulk density; skidding

1. Introduction

The implementation of sustainable forest management (SFM) is one of the main goals
specified in the New European Forest Strategies for 2030 [1]. One of the most important
aspects to be taken into account to achieve SFM consists of implementing sustainable forest
operations (SFOs). The concept of SFOs involves the development of logging activities in a
way that ensures economic efficiency without compromising the health of the environment
and the safety of the operators [2]. One of the main environmental targets of the SFOs is
to limit disturbance to the forest soil caused by logging activities [3–5]. Soil compaction
caused by machinery traffic can indeed lead to hydrological concerns such as increased
runoff and erosion [6,7]. Furthermore, machinery-induced soil compaction can negatively
influence several features of natural regeneration, for instance, decreasing root length and
the overall biomass of the seedlings [8].
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Therefore, scientific research in the sector of reduced impact logging has been focused
on the development of possible solutions to limit soil disturbance related to forest oper-
ations [3,6,9]. The suggested best practices converge on the importance of carrying out
forest harvesting in optimal climatic conditions or better with the soil in a situation of
adequate bearing capacity, which is strictly related to soil moisture. In this framework, the
application of the precision forest harvesting (PFH) approach has been showing interesting
results [10]. In particular, the application of geographic information system (GIS) and
global navigation satellite system (GNSS) are valuable instruments for forest harvesting
planning [11–14]. Picchio et al. demonstrated, for instance, that an optimised strip road
pattern developed via GIS can decrease by more than half the soil area affected by the
passage of the machineries [15].

One of the most recent and interesting applications of GIS to tackle the issue of
reducing soil disturbances caused by logging consists of the development of trafficability
maps [16–18]. These maps are generally developed starting from a digital terrain model
(DTM) and indicate areas that are expected to be particularly sensitive to soil compaction
and therefore should be avoided by the operator who is driving the machine [19,20]. For
the development of trafficability maps, sensitive areas are identified as the ones with high
moisture content [21,22]. In fact, wet soils are more prone to soil compaction [17,23].

Therefore, trafficability maps are generally developed based on soil wetness in-
dices, and among these, one of the most applied in the last years has been the depth-
to-water (DTW) index. The depth-to-water (DTW) concept was developed and tested by
Murphy et al. [24].

DTW maps have been applied and tested in a Boreal climate for the prediction of
perennial streams, wet or water-saturated areas, and sensitive areas for ground-based
trafficking [25–28]. These instruments are well-established in the Boreal climates and are
assumed to be good predictors of soil moisture conditions [27,29].

More recently, DTW was applied to predict soil strength and areas prone to higher
machinery-induced compaction in European temperate forests; however, the results were
not fully satisfactory [29,30].

It is worth mentioning that DTW maps have never been applied in the context of
Mediterranean forests. Instead, these instruments could be particularly useful in this
zone. Coppicing interventions, which are one of the most common forest management in
Italy [31,32], are carried out during the winter when soil moisture is higher. These have a
subsequent lower bearing capacity, considering that soils are generally not frozen during
the winter months. Therefore, the possibility of developing trafficability maps starting from
the DTW index is very interesting for implementing SFOs in Mediterranean forests.

In this framework, the present study aimed to evaluate the efficiency of DTW maps in
the prediction of soil-sensitive areas in oak coppice forests. A preliminary application of
a DTW model was superimposed in a GIS environment on the skid trail network identi-
fied after logging activities. Then, a comparison of soil physico-chemical and biological
properties (microarthropods community measured via QBS-ar index) among skid trails
located in areas at low DTW index (≤1) and skid trails in areas at higher DTW value (>1)
was carried out. The authors thus checked the effectiveness of the DTW index for the
further development of soil trafficability maps by testing the following research hypotheses:
(i) the DTW index is a clear descriptor of more sensitive soil areas; (ii) the magnitude of
machinery-induced disturbance in areas at low DTW value is higher than the one in zones
with high DTW value.

There are two new aspects to this study. This represents the first attempt to apply DTW
maps in the context of Mediterranean forests. Moreover, this study represents a critical
assessment of the efficiency of DTW maps in the prediction of areas more prone to soil
disturbance while taking into account the biological aspect as well.
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2. Materials and Methods
2.1. Study Area

The study area is located in Castel Giorgio, a municipality in the region of Umbria in
Italy (coordinates WGS84UTM33T 249968 E; 4730069 N). It consists of two different parcels
belonging to a private owner. Both parcels are turkey oak (Quercus cerris L.) coppices with
standards (Figure 1). The intervention consisted of both sub-compartments in a coppicing
intervention at a growth age of 19 years, releasing 95 standards per hectare.
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The two parcels (Figure 1) were harvested in two harvesting seasons, 2017 and 2019.
One parcel (the one reported in red in Figure 1) was harvested with a high mechanisation
level via the whole-tree harvesting system (WTS), felling operation was motor-manual
with a chainsaw, and extraction was performed with a grapple skidder. The intervention
surface was 16.59 ha. The other parcel (in purple in Figure 1) was harvested with a medium
mechanisation level via tree length system (TLS), felling operations were done by motor-
manual with chainsaw, and extraction was performed with a forestry-fitted farm tractor
equipped with a winch. The intervention surface was 20.24 ha.

In both parcels, soil is volcanic with a depth ranging from 10 cm to 100 cm. According
to USDA classification, it can be classified as “Typical Haplustepts fine, mixed, mesic”. It
consists of brown soil with an acidic sub-acidic reaction. Soil texture is the same in both
parcels, and the soil can be classified as silty loam. Topographic features are also very
similar in the two parcels, with limited roughness and low slope (prevalent slope 15–20%).

The overall surface of areas at a low DTW index accounted for 13% in the parcel
harvested with a high mechanisation level and 11% in the one harvested with a medium
level of mechanisation. Of the overall surface at a low DTW index, 6% was directly affected
by machinery passage in the parcel harvested with a high mechanisation level, while this
percentage was 7% in the ones harvested with a medium mechanisation level (Table 1).
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Table 1. Details of areas at DTW index ≤1 in the two investigated parcels.

Parcel Overall Surface (ha) Surface at DTW Index ≤1 (ha) Surface at DTW Index ≤1 Affected
by Machinery Passage (ha)

High mechanisation (HM) 16.59 2.09 0.13
Medium mechanisation (MM) 20.24 2.26 0.16

2.2. DTW Map Development

The DTW index indicates the least elevation difference between surface flow channels
and nearby landscape areas [33].

DTW values are zero in the zones consisting of surface flow channels. Moving upwards
from flow channels in the landscape, DTW values increase, indicating decreased soil
moisture away from surface waters. To develop DTW maps, therefore, it is necessary to
define two thresholds: (1) flow initiation area (FIA), i.e., a catchment area required to form
flow channels; (2) a DTW threshold value to consider soil as wet [34], which is generally set
up as 1 [25,26]. The main advantage of DTW in comparison to other wetness indices is the
function of simulating different soil moisture scenarios by changing the FIA. Indeed, small
FIAs (i.e., 0.25 ha) represent high soil moisture at a site, whereas a larger FIA (i.e., 4 ha)
would represent dryer conditions [17].

The DTW map was calculated from a 1 m DTM derived from LiDAR data and pro-
vided by the Italian National Geodatabase. All the procedures were implemented using
the open-access software Quantum Gis 3.16, following the methodology proposed by
Schönauer et al. [29].

The DTM was first processed by removing local depressions [35]. A flow direction tool
was used to identify the preferential water path from each cell of the DTM. Flow channels
were subsequently extracted from the DTM with a deterministic 8 (D8) flow accumulation
tool [36], using an FIA value of 0.25 ha. The 0.25 ha FIA value was established to simulate
the soil moisture conditions during the period in which extraction operations were carried
out. This is done during the months of December–March, which is the period of time when
the condition of the soil is at the highest content of moisture in the Mediterranean context.

Subsequently, the output of the flow accumulation tool was used as a starting point to
calculate the shortest vertical difference between each surface grid cell and adjacent flow
paths with the application of a lowest-cost function. The output raster is in the DTW index
map. This map was reclassified into a binary map, assigning value “1” to all the cells with
DTW index ≤1 and “0” to the other cells of the raster.

The reclassified map was uploaded on a handheld Trimble Juno GNSS receiver for the
field surveys.

2.3. Experimental Design

The experimental design consisted of comparing the magnitude of disturbance to the
forest soil, which occurred in areas predicted as sensitive to soil compaction by the DTW
algorithm, as well as in areas that were not considered as sensitive. In both the investigated
parcels, disturbed soil in the skid trails was identified within DTW-sensitive areas and
non-sensitive ones. To avoid the influence of variability due to different factors, such as the
number of machine passages on the skid trail, the sampling was carried out in skid trails
crossing both DTW sensitive and non-sensitive areas. Thus, it can be assumed that the
number of passages in those skid trails was the same in the two areas and that the presence
of differences in compaction is related to different moisture conditions as predicted by the
DTW algorithm. The acronyms of the different experimental treatments and the related
explanation are reported in Table 2.

In each treatment, soil sampling was carried out, collecting information on the soil
physico-chemical and biological parameters described in the following sub-sections. Field
surveys were carried out at the beginning of March 2022 during the same period of the
year in which logging activities took place. Thus, it is possible to assume that the soil
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moisture conditions at the moment of the field survey were comparable to the ones during
logging interventions.

Table 2. Acronyms for the experimental treatments.

Acronym Treatment

HM-DTW Areas identified as sensitive by DTW algorithm (DTW index ≤1) in the forest parcels harvested with high
mechanisation level

HM Areas not identified as sensitive by DTW algorithm (DTW index >1) in the forest parcels harvested with high
mechanisation level

MM-DTW Areas identified as sensitive by DTW algorithm (DTW index ≤1) in the forest parcels harvested with medium
mechanisation level

MM Areas not identified as sensitive by DTW algorithm (DTW index >1) in the forest parcels harvested with medium
mechanisation level

CON Control area consisting of unharvested oak coppice in the last 20 years located close to the two parcels

2.4. Soil Physico-Chemical Properties

Penetration resistance (MPa) and shear resistance (Mg m−2) were assessed with a
handheld specific instrument in the first 3–10 cm of soil. The values for the two variables
referred to the soil water-holding capacity according to Saxton et al. [37]. Eighteen mea-
surements of both penetration and shear resistance were carried out in each experimental
treatment for a total of 90 samplings per feature.

Soil bulk density (g cm−3) was calculated by sampling the soil via a dedicated instru-
ment (30 soil samples in each experimental treatment). Soil samples were then put in plastic
bags and sealed for shipping to the laboratory. The samples were then weighed after oven
drying at 105 ◦C to constant weight (dry weight). The ratio between the dry weight and
the volume of the cylinder of the corer (100 cm3) gives the measure of bulk density [38].
The same samples were used to assess soil moisture.

The percentage of soil organic matter content was performed by collecting 30 soil
samples in each experimental treatment. The same corer as for bulk density sampling was
applied. Collected samples were put into plastic bags and taken to the laboratory.

The organic matter content was determined by incineration in a mitten at 400 ◦C for
4 h [38].

2.5. QBS-ar Index (Soil Biological Quality Based on Microarthropods)

The impact on the biological component of soil was evaluated by applying the QBS-
ar Index. This is a qualitative index that assesses the complexity of the microarthropod
community in the soil. It is based on the assumption that a higher soil quality implies a
higher number of microarthropod groups which are well adapted to the soil environment.

Therefore, soil microarthropods are grouped into different biological forms taking
into account their morphological adaptation to soil habitats. Each form presents a score
called EMI (ecomorphological index), which ranges from 1 to 20 in proportion to the degree
of adaptation [38]. The QBS-ar Index is the sum of the EMI of all the groups within the
collected soil sample. To assess the QBS-ar index, 30 soil cores 100 cm2 and 10 cm deep
were collected with a specific corer in each treatment. Microarthropods were subsequently
extracted from the soil with a Berlese–Tüllgren funnel. The specimens were further collected
in a preserving solution (75% ethyl alcohol and 25% glycerol by volume) and identified
at different taxonomic levels (class for Myriapoda and order for Insecta, Chelicerata, and
Crustacea) via a stereo microscope.

2.6. Statistical Analysis

After a preliminary check of data normality with Shapiro-Wilk test [39] and ho-
moscedasticity via the Levene test [40], the presence of statistically significant differences
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among the mean values of treatments was investigated via unpaired samples T-test (for
soil moisture) [41] and one-way ANOVA (for bulk density, penetration resistance, shear
resistance and organic matter) [42] applying HSD Tukey test as post hoc [43]. Data with
non-normal distribution, or those which presented heteroscedasticity, were analysed using
the non-parametric ANOVA Kruskal-Wallis test [44], applying the Duncan test [45] as a
post hoc. Furthermore, non-metric multidimensional scaling (NMDS) was applied to show
in a clear way the differences in the average soil parameters for the different experimen-
tal treatments. This technique is usually applied to collapse information from multiple
dimensions into just a few so that they can be visualised and interpreted. The similarity
measure applied was “Gower” in the form of centred axes and convex hulls as a geometric
approximation. Statistical analysis was performed with Statsoft Statistica 7.0 (Statsoft,
Tulsa, OK, USA) [46] and PAST software [47].

3. Results

The values of soil moisture in the experimental treatments (Table 3) showed the
presence of statistically significant differences between areas with low DTW index and
other areas in both parcels. In particular, in both sub-compartments, soil moisture in the
areas at DTW index ≤1 resulted in being significantly higher.

Table 3. Soil moisture values referred to the different conditions analysed and results of the indepen-
dent T-test analysis (HM-DTW—areas identified as sensitive by DTW algorithm and harvested with
high mechanisation level; HM—areas not identified as sensitive by DTW algorithm and harvested
with high mechanisation level; MM-DTW—areas identified as sensitive by DTW algorithm and har-
vested with medium mechanisation level; MM—areas not identified as sensitive by DTW algorithm
and harvested with medium mechanisation level).

Treatment Moisture %
(AVG ± SD) t-Value p-Value

HM-DTW 39.6 ± 2.2
6.566 <0.001HM 35.7 ± 1.9

MM-DTW 40.0 ± 3.9
7.930 <0.001MM 32.9 ± 1.9

Concerning soil bulk density, no statistically significant differences were detected
among the mean values of the treatments (Figure 2). Therefore, soil compaction in the
areas at DTW index ≤1 was not significantly different from the one obtained in the areas at
higher scores of DTW index in both of the investigated forest parcels. Interestingly, there
is no difference in comparison to the control area. This suggests that from three to four
years after the intervention, the soil bulk density in oak coppices is fully recovered to the
theoretical pre-harvesting values represented by the control zone.

Regarding penetration resistance and shear resistance, no difference was detected
for both variables in the HM parcel. There are no differences between the values in HM-
DTW and HM. A slight difference is, however, shown by the values of shear resistance
between MM-DTW and MM, with statistically higher values in the zones with DTW
index ≤1. On the other hand, no difference between MM-DTW and MM was revealed
for penetration resistance. Focusing on the comparison with the control area, values of
penetration resistance are fully recovered to the pre-intervention situation in HM, while
there are still significant differences between the values in MM parcel and the control area.
Values of shear resistance seem to be recovered to the pre-intervention situation in both
parcels, except for MM-DTW (Figure 3).
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Figure 3. Penetration resistance (A) and shear resistance (B) for the different treatments. Obtained
p-values from ANOVA were p = 0.00041 for penetration resistance and p = 0.00012 for shear re-
sistance. Different letters indicate homogeneous groups (p < 0.05) according to HSD Tukey test
(HM-DTW—areas identified as sensitive by DTW algorithm and harvested with high mechanisation
level; HM—areas not identified as sensitive by DTW algorithm and harvested with high mechanisa-
tion level; MM-DTW—areas identified as sensitive by DTW algorithm and harvested with medium
mechanisation level; MM—areas not identified as sensitive by DTW algorithm and harvested with
medium mechanisation level; CON—control area consisting of unharvested oak coppice in the last
20 years located close to the two parcels). Different lowercase letters indicate different homogeneous
groups at p < 0.05 according HSD Tukey Test.
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Values of soil organic matter are not fully recovered to pre-intervention values in both
parcels, as the control is still significantly higher (Figure 4). No difference in the mean
values of organic matter was detected for both the investigated parcels between the zones
at DTW index ≤1 and the ones at DTW index >1. Interestingly, in all the treatments affected
by harvesting, the values of organic matter are statistically different from the control area.
This demonstrates that this parameter was not recovered to pre-intervention values after a
period of 3–4 years.
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Interestingly, although physico-chemical variables did not show any differences be-
tween the zones at DTW index ≤1 and the ones at higher DTW index values, the biological
impact seems statistically higher in the zones identified as sensitive to soil disturbance by
the DTW algorithm. In fact, in both investigated parcels, the QBS-ar values in zones at
DTW index ≤1 are significantly lower than the values obtained in areas at DTW index >1
(Figure 5).

Non-metric multidimensional scaling (nMDs) tests produced a two-dimensional rank-
ing (Figure 6), which provided a significantly greater reduction in statistical stresses
(i.e., the disagreement between the 2D figure obtained with nMDS and the predicted
values from the regression) than expected by chance (α = 0.05). When considering bulk
density (BD), penetration resistance (PR), shear resistance (SR), organic matter (OM), and
QBS-ar index, the two axes explained 97.5% of the overall variance (coordinate 1 > 96%;
coordinate 2 > 1%). The five variables showed the maximum correlation with the ordina-
tion axis 1. The soil condition along axis 2 was dominated mainly by OM and BD (Figure 6).
The nMDS for the four disturbed scenarios showed a clear difference among the DTW areas
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as compared to the others, mostly in MM parcel. A clear difference is shown between HM
and MM, with a greater level of disturbance in the latter case.
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of the disturbed soil and the control (BD—bulk density; PR—penetration resistance; SR—shear
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4. Discussions

This study was the first attempt to evaluate the performance of DTW maps in the
Mediterranean context from this perspective. The obtained results are rather controversial
but can be useful to address future research.

The DTW index has been confirmed to be a good predictor of soil moisture conditions
also in the Mediterranean context. The obtained findings showed that soil moisture in
zones at low DTW index had statistically significant higher moisture than the ones located
in zones at DTW index >1. Therefore, from these preliminary findings, the first research
hypothesis seems to be confirmed. These findings are in line with previous literature.
Indeed DTW maps are considered reliable predictors of soil moisture conditions in the
Boreal context [26]. In current literature accuracy of prediction is, in fact, reported to be in
the range between 51% and 92% [19,24–26].

However, DTW maps did not identify soil sites particularly prone to soil compaction.
The values of soil bulk density, penetration resistance, and shear resistance did not differ
significantly on skid trails located in zones at a low DTW index in comparison to the values
obtained in areas at higher DTW values. Therefore, soil compaction in zones at DTW
index ≤ 1 was not higher than in other areas not identified as sensitive to soil distur-
bance, leading to the rejection of the second research hypothesis when dealing with soil
physico-chemical properties. Additionally, in this case, the findings are in agreement with
previous literature on the topic. A sufficient level of reliability in the prediction of soil
bearing capacity via DTW maps has not been achieved yet. Indeed, recent studies failed
to delineate a relationship between DTW index values and soil strength measures with
different terramechanical indices, including penetration resistance [29,48]. Moreover, previ-
ous research from Ågren et al. revealed a questionable relationship between soil strength,
measured via cone index, and DTW index [27].

However, in contrast with inferential statistics, the results of non-parametric statistics
(nMDS) showed that soil impacts in the zones at DTW index ≤ 1 are higher than in the
other areas, suggesting the need to carry out further investigation on this topic.

On the other hand, DTW maps have been shown to predict zones in which the
biological impact is higher. Specifically, it can be speculated from the obtained results that
in the areas at a low DTW index, the same amount of compaction led to higher disturbance
to the microarthropod community of the soil. In both the investigated parcels, the values
of the QBS-ar index were significantly lower in the areas at a low DTW index (HM-DTW
and MM-DTW) than in the zones at DTW values > 1 (HM and MM). There may be more
than one explanation for these findings, and further study is necessary. Assuming that
DTW maps effectively predict zones at higher soil moisture, as confirmed by the inferential
statistic applied to the obtained soil moisture data, the difference in the QBS-ar index in the
soil affected by machinery passage in the areas at DTW index ≤ 1 in comparison to the other
areas of the forest parcel can be related to (1) the higher moisture of the areas at a low DTW
index triggers higher disturbance to soil microarthropods even if the level of compaction is
the same as in other areas of the forest soil; (2) in the areas at a low DTW index there is a
lower soil microarthropod biodiversity apart from the influence of logging activities.

Literature seems to indicate rather that the first explanation is probably closer to
being correct. Indeed, soil moisture conditions have been identified as a major driver
of the soil microarthropod community, with higher soil moisture leading to increased
biodiversity of soil fauna [49–51]. Additionally, in the case of waterlogged conditions, the
soil microarthropod community showed the higher variability in the presence of higher
moisture content in the soil [52], but further investigation is needed to address the questions
raised by the results of the present study. In each case, the obtained results can have
important implications for SFM applications. The efficiency and reliability of DTW maps
to identify specific areas as particularly prone to disturbance of the soil microarthropod
community should be extensively applied to avoid machinery passages in these zones,
limiting the impacts on soil biological properties and enhancing, therefore, the forest
operations sustainability.
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Indeed, uploading and displaying GIS-developed DTW maps on the onboard com-
puters of modern forest machineries, integrated into mobile GIS applications, can provide
the machine driver with site-specific information to select the extraction route, which com-
bines consideration for both benefits for soil conservation and operational efficiency [22].
Moreover, dedicated GIS tools and methodologies can be applied to identify an optimal
skid trails or strip roads network, calculated by excluding areas at DTW index ≤ 1 from
the passage of the machinery [15]. The obtained results suggest another interesting find-
ing, which is indirect because this evaluation was beyond the scope of the research, but
which is however evident. This consists of the low recovery time of soil physical and
biological properties after coppicing intervention in Mediterranean conditions. After a
three-to-four-year period from logging, soil bulk density, penetration resistance, shear
resistance, and the QBS-ar index returned almost entirely to the pre-intervention values
(CON). This confirms the high resilience to soil disturbances related to logging of this
kind of stand [53]. Differently, soil organic matter was not re-established. Furthermore,
recovery in HM parcel seems to be stronger, confirming that the application of machineries
specifically developed for forest activities, such as skidders and forwarders, can decrease
the magnitude of soil disturbance [9,22].

Being this a preliminary study in the Mediterranean context, further research has
to be carried out, repeating the study in different study areas with different soils and
forest typologies.

In summary, however, although not able to predict areas particularly sensitive to soil
compaction, DTW maps were revealed to be effective in identifying areas with higher soil
moisture and, most of all, areas prone to be greatly disturbed from the biological point
of view.

5. Conclusions

This study represents the first trial of applying DTW maps to identify soil areas that
could be particularly prone to machinery-induced compaction in a Mediterranean context.

The obtained findings partially confirmed the research hypotheses. Indeed, DTW
maps performed well in predicting soil areas with higher moisture content. On the other
hand, soil physico-chemical properties in the areas identified as particularly sensitive to
compaction according to DTW index did not show significant differences with other zones.

However, the most important finding of the study was that the disturbance to the soil
microarthropod community in areas at a low DTW index was statistically higher than in
the other zones of the parcel. More studies are needed to confirm these findings, which are
potentially very important for forest management.
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