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Abstract: Machine traffic during timber harvesting operations induces soil compaction,
which is particularly evident in the formation of ruts. Visual inspection of rut formation
is labor-intensive and limits the volume of data that can be collected. This study aims to
contribute to the limited knowledge base regarding the extent of soil physical disturbance
caused by machine traffic on steep slopes and to evaluate the utility of LIDAR and UAV
photogrammetry techniques. The selected traffic trails included single-pass uphill, single-
pass downhill, three-pass round trip, and five-pass round trip trails, with an average slope
of 70.7%. Traditional methods were employed to measure rut depth using a pin board and
to assess soil bulk density (BD) and soil porosity (SP) from soil samples. The results revealed
that the average rut depth was 19.3 cm, while the deepest ruts were observed after a single
pass (uphill: 20.0 cm; downhill: 22.7 cm), where BD and SP showed the most significant
changes. This study provides a rare quantitative evaluation of the applicability of remote
sensing methods in forestry by comparing surface height data collected via a pin board
with that derived from a Mobile LiDAR System (MLS) and UAV photogrammetry using
structure-from-motion (5fM). When compared to pin board measurements, the MLS data
showed an R? value of 0.74 and an RMSE of 4.25 cm, whereas the SfM data had an R? value
of 0.62 and an RMSE of 5.27 cm. For rut depth estimation, SfM (16.0 cm) significantly
underestimated values compared to the pin board (19.3 cm) and MLS (19.9 cm). These
findings not only highlight the potential and limitations of remote sensing methods for
assessing soil disturbance in steep forest environments but also contribute to addressing
the knowledge gaps surrounding the effects of soil compaction in steep terrain.

Keywords: mobile LiDAR system; UAV photogrammetry; digital elevation model; soil
physical disturbance; timber harvesting

1. Introduction

Mechanized timber production systems are a common and necessary practice to
increase the efficiency of timber harvesting [1,2]. However, soil compaction and rutting,
significant disturbances caused by the traffic of forestry machines, can have substantial
impacts on forest ecosystems and sustainable forest management [3]. Understanding the
extent and severity of these impacts is crucial for mitigating their negative consequences
and implementing appropriate management practices.

In agriculture, technologies such as tire pressure adjustment and conservation tillage
have been widely researched and implemented because soil compaction and crop loss
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directly impact economic outcomes [4,5]. In contrast, forestry faces greater challenges
in applying mitigation and prevention strategies due to the extensive and diverse ter-
rain of work sites. Forest soils also present more complex issues because their natural
recovery processes are slower, and forestry machinery is significantly heavier compared to
agricultural machinery.

One of the most evident consequences of soil compaction is the formation of ruts,
which are deep tracks created by the repeated passage of wheeled or tracked vehicles [6].
The formation of ruts increases soil density, resulting in soil hardening. Compacted soils
exhibit increased penetration resistance, which can restrict root growth [7,8]. When soil
penetration resistance exceeds 2.5 MPa, the root growth of many tree species is significantly
impeded, as reported by Greacen and Sands [9] and Whalley et al. [10]. This level of soil
penetration resistance is frequently reached during forest harvesting operations [6].

Soil compaction transforms macropores into micropores [11,12], reduces pore continu-
ity, and decreases soil porosity (SP) [6]. As SP decreases, spaces previously open fill with
soil solids. Roots rely on soil pore space to penetrate deeper into the soil, but in compacted
soil, the limited pore space restricts root growth and development [13-15]. Restricted root
growth prevents plants from obtaining nutrients and water from the soil, leading to stunted
growth and potential seedling death [2,16]. In addition, changes in soil pore structure leads
to a significant decline in soil aeration. Frey et al. [17] reported that soil air permeability in
the 5-10 cm depth layer decreased by 96% when deep ruts formed after logging. Forest soils
typically exhibit increasing CO, concentrations with depth due to reduced gas diffusion
rates [18]. Magagnotti et al. [19] reported that in loamy sand soils, machine traffic during
logging doubled CO; concentrations. Kim et al. [20] confirmed a substantial reduction in
soil CO, diffusion and emissions following machine traffic. Gaertig et al. [21] also observed
that CO, concentrations in compacted soils increased up to threefold, with root density
significantly decreasing due to reduced soil gas permeability.

These problems vary depending on soil characteristics and operating conditions.
Soil compaction tends to intensify with increasing slope because machine loads are more
narrowly distributed on the ground. Agherkakli et al. [22] demonstrated that the increase
in soil bulk density (BD) after logging was significantly greater on slopes steeper than 20%
compared to slopes of less than 20%. Jourgholami et al. [23] reported that changes in BD,
penetration resistance, and SP were highest on 0%—-10% uphill slopes, followed by 10%—-20%
downbhill and 0%-10% downbhill slopes.

Most soil compaction occurs during the initial passes of machinery, with little addi-
tional compaction resulting from subsequent passes [24-26]. Soil compaction increases
BD and, consequently, the bearing capacity of soil [27], enabling the topsoil layer to resist
further compaction after the initial passes of machinery. Williamson and Neilsen [28] found
that, on average, 62% of soil compaction in the 0-10 cm layer occurred after a single pass
of machinery in clay and gravelly sandy soils, with minimal increases from subsequent
passes. However, the extent of initial compaction varies depending on soil properties
and operational conditions. Some studies have reported that soil compaction increases
substantially with 5-10 machine passes but does not increase as significantly with more
than 10 passes [23-26,28-30]. Contrarily, a meta-analysis by Nazari et al. [31] found that soil
disturbance can peak with more than 20 passes of machinery. The authors also emphasized
the lack of localized information on forest soil compaction caused by machinery traffic.

Soil compaction due to machinery traffic is influenced by various environmental and
operational factors, such as soil texture, soil structure, the type of machinery used, and the
number of machinery passes [6,32,33]. However, BD generally decreases with increasing
soil depth [34-37]. This suggests that investigating surface soil layers is an efficient way to
intuitively assess the effects of soil compaction.
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Globally, various mitigation and prevention strategies have been researched and
implemented to minimize soil disturbance from machinery traffic during forest operations.
Commonly suggested measures include leaving harvesting residues on the ground to
reinforce the topsoil [24,38], reducing contact pressure between machinery and soil [39-41],
and planning appropriate logging designs [12,42,43]. However, these strategies, while
effective in specific conditions, are not universally applicable across all forest sites. For
instance, general measures may be inadequate in areas with complex mountainous terrains,
unique rainfall patterns, or varying soil compositions. Thus, despite efforts to address
and mitigate soil disturbance, reliable quantitative approaches are required to estimate the
scope and severity of the problem [44].

Previous studies have implemented systematic sampling to evaluate soil disturbance
in the field [36,45-47]. However, field-based soil disturbance monitoring on a large scale
remains labor-intensive and costly [46]. To overcome these limitations, technical approaches
utilizing high-resolution three-dimensional data are increasingly gaining attention [6,11,48].
Talbot and Astrup [49] reported that most studies assessing forest site disturbance rely on
UAV photogrammetry, a cost-effective alternative to methods such as LiDAR. However,
Talbot et al. [50] highlighted the lack of automated detection methods accurate enough to
identify all soil disturbances. Furthermore, existing studies using various LiDAR systems
or UAV-based photogrammetry for soil disturbance rarely provide empirical validation
of the morphological detection accuracy of their methods. In steep or topographically
complex forest areas, achieving high accuracy with LiDAR or photogrammetry remains
challenging, requiring cautious application in such environments.

Advanced techniques developed in agricultural soil compaction research have demon-
strated effectiveness in detecting subsurface compaction layers. Ground penetrating radar
(GPR) and electromagnetic induction (EMI) are proven geophysical methods for this pur-
pose [51,52]. Remote sensing and UAV-based photogrammetry have also been used to map
soil compaction patterns over large areas with high spatial resolution [53,54]. Additionally,
three-dimensional simulation models, such as finite element analysis, provide valuable
insights into the mechanical behavior of soil under machine loads [55,56]. While these tech-
nologies are applicable to forestry, the unique environmental and operational conditions in
forests necessitate tailored approaches, such as integrating LIDAR and photogrammetry.

Artificially afforested timber harvesting sites often have relatively gentle slopes. Strate-
gies to minimize machinery traffic on steep slopes have led to a limited understanding of
soil disturbance impacts in these areas. Ground-based mechanized harvesting methods are
widely used on flat or slightly sloping terrain due to their safety and high labor productiv-
ity [57]. However, the operational range is expanding to steeper terrains with the use of
winch-assisted skidders [58,59]. Additionally, some countries continue to harvest timber in
steep environments where such operations are unavoidable. Nevertheless, information on
the potential soil impacts in these steep areas remains scarce.

This study aims to (1) contribute to the limited knowledge base on the extent of soil
disturbance caused by forestry machinery in steep forest regions and (2) evaluate and
propose the utility of LIDAR and UAV photogrammetry techniques. Field sampling-based
soil disturbance monitoring was conducted to understand the effects of machine traffic on
soil compaction in steep terrains. Additionally, the accuracy of rut detection using LIDAR
and UAV photogrammetry, applicable to routine forest management, was assessed.

2. Materials and Methods
2.1. Site Description and Experimental Design

The research for this study was conducted from 16 June to 20 June 2023, in the experi-
mental forest of the Kangwon National University (37°50'18.6” N, 127°50'0.38" E; 615 m
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elevation) in Gangwon Province, Republic of Korea. The climate in the study site was
classified as a hot summer climate (Koppen Classification) with a mean annual air tempera-
ture of 11.6 °C (monthly averages ranged from 29.4 °C) and mean annual precipitation of
113.4 mm. During the study period (from 16 June to 20 June 2023), the mean air temperature
and total precipitation at the site were 24.6 °C (22.8-26.9 °C) and 0.5 mm, respectively. The
soil texture was loamy and classified as the Mui series based on U.S. soil taxonomy (coarse
loamy, mixed, Typic Humudepts). The composition of the soil was 52.4% sand, 12.5% clay,
and 35.2% silt. The average slope of the timber harvesting site was 53.4%, while the average
slope of the machine traffic trails was 70.7%. Specifically, the average slope was 73.4% on
the single uphill trail, 70.3% on the single downhill trail, 69.8% on the three-pass round
trip trail, and 69.2% on the five-pass round trip trail.

The harvesting area, including the research site, was more of a deciduous stand with
approximately 21% conifers (Table 1). There were a total of 1041 trees with an average tree
volume of 0.45 m>. The Pinus koraiensis were not harvested to prevent the spread of pine
wilt disease.

Table 1. Vegetation description.

Species Count (Ratio) DBH (cm)
Larix kaempferi (Lamb.) Carriere 193 (18.5) 33.1
Quercus mongolica Fisch. ex Ledeb. 66 (6.3) 29.8
Quercus variabilis Blume 14 (1.3) 43.1
Other deciduous trees 721 (69.3) 17.5
Pinus koraiensis Siebold & Zucc. 47 (4.5) 13.1
Total 1041 (100) 21.3

DBH means average of diameter at breast height by tree species. Count means the number of trees by species in
the harvesting area.

The research site was located in the timber harvesting area, and wood felling using a
chainsaw ended on 9 June 2023. An excavator (HX 65 AMT, Hyundai®, Seoul, Republic of
Korea) was used in wood throwing, which is the operation of throwing wood for timber
transportation and loading. The tire of the excavator was a crawler type, and the weight
of the excavator without load was 6.39 tons. The area where a single tire of the excavator
directly pressed on the soil surface was approximately 380 mm wide and 1990 mm long.
While driving in the harvesting area, the excavator threw the wood in the direction of
the forest road located below the slope and organized it on the slope to prevent residues
from being swept down (Figure 1b). During wood throwing, the excavator trail is not
pre-designed and fluidly depends on the operator’s subjectivity, and it does not pass only
once on each trail. In this study, four treatments were imposed on the machine trail, where
the experimental variables were a traffic frequency of 1, 3, and 5 excavator passes in the
harvesting area (Figure 2). In addition, treatments with one pass were classified according
to the direction of driving (uphill or downhill) (Figure 2). Plots were replicated three times,
so a total of 12 plots were selected (Figure 2). In a selected plot, three survey lines were
divided to assess the impacts of excavator traffic on soil during wood drawing (Figure 2).
However, we excluded two survey lines because they experienced rapid soil disturbance
due to a change in excavator direction during a single downhill drive (Figure 2).

2.2. Soil Physical Parameters

The impacts of grapple excavator traffic on the surface soil layer (0-10 cm depth) com-
paction were determined using dry BD and soil porosity (SP) measurements in comparison
to the undisturbed area (Control) at the different conditions of traffic (Figure 2). After
machine traffic, three soil samples were collected from inside both the left (LT) and right
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(RT) sides in the wheel tracks (InT), three samples were collected between the tracks (BtwT),
and three samples were collected in Control, where the undisturbed area from machine
traffic was within 4 m of the trails. This resulted in a total of 12 samples per plot, except
for one plot with a single downbhill driving condition where only 4 samples were collected
(Figure 2). A total of 136 soil samples were collected using a metal cylinder (100 m?). BD
was calculated as the dry weight (after a dry at 105 °C for 48 h) of the soil sample divided
by the volume of the sampler. In addition, the difference in the weight of the soil samples
before and after was used to calculate the volumetric SP. After assessing the normality of
the data, a one-way analysis of variance (ANOVA) was conducted to compare BD and
SP among the different treatments. Post hoc comparisons were then performed using the
Bonferroni test to account for multiple comparisons. Data analyses were performed using
SPSS statistical software version 26.0 (SPSS Inc., Chicago, IL, USA).

Figure 1. (a) Panorama view of study site in timber harvesting area and (b) wood-grab-equipped

excavator during wood throwing.

Downhill

|
]

e
=

§*§ BT
’_—g—ﬁg__ =1 ~ ——/—— —rq—_
- ~§ —é e . \ ._.J( E-’»‘
—= = % LT RT

; ; Survey line —_————

Ground surface

Soil sample [ )

WL

l

Driving direction

3 passes 5 passes
Roundtrip Roundtrip

Figure 2. Schematic figure of the treatment in the research site. LT—left rack trail; RT—right rack
trail; BT—between trail; C—control. Logging residues are piled up between the machine trail.
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2.3. Rut Measurements

Two methods to perform a 3D soil reconstruction, derived by both mobile laser scanner
(MLS) and UAV photogrammetry using structure-from-motion (SfM) algorithms, were
applied to estimate rutting caused by machine traffic on forest soil. In addition, the ground
profile was measured using a self-made pinboard to verify the soil rutting estimated by
the two sensing technologies. Data collection and measurements were made in the same
plots that were used to collect the other soil physical parameter data. In addition, following
normality assessment, an ANOVA was used to analyze the differences in the measured and
estimated soil rut depths across the various driving conditions and measurement methods.
The Bonferroni correction test was used for post hoc comparisons. Data analyses were
performed using SPSS statistical software version 26.0.

2.3.1. MLS Data Collection and Preprocess

A Hovermap (Emesent®, Queensland, Australia) simultaneous localization and map-
ping (SLAM)-based rotating LiIDAR mapping device, was used as an MLS to collect the
spatial data of plots within the research site (Figure 3b). The reported range of the sensor
is 0.4 m to 100 m, with an accuracy of 30 mm. The mapping accuracy in a general envi-
ronment is 20 mm and the LiDAR data acquisition speed is up to 300,000 points per sec.
To collect data from the plots, the operator walked at a speed of approximately 40 cm/s,
holding the instrument at a height of 1.3 m above the ground (Figure 3b). The operator
trail was set to within 1.5 m of the boundary of the plot (Figure 3b). The operator started
walking from the start point of the LIDAR run and ended the scanning by returning to the

start point.

Figure 3. (a) Operator during capture of 2D images using UAV for performing SfM, (b) operator
during laser scanning while walking, and (c) pinboard use for longitudinal profile acquisition for
wheel track.

Collected LiDAR data were extracted and constructed to point cloud data (PCD)
using Emesent software v1.6.2 (Emesent®). Extracted LIDAR data were processed using
CloudCompare v2.11.1. (Retrieved from https://www.cloudcompare.org/). PCD was
trimmed and cleaned of noise using the statistical outlier removal (SOR) tool based on
6 points and 1 standard deviation [60]. In addition, a filter noise tool was used to remove
the noise of LiDAR data. In each plot, the ground surface profile was extracted using
Agisoft Metashape Professional (Version 1.5.1 build 7618, Retrieved from http://www.
agisoft.com/downloads/installer/) based on the cross section by delimiting a polyline
identical to the survey line in the acquired LiDAR data.

2.3.2. SfIM Data Collection and Preprocess

The 3D construction of the research site was based on 2D images applying SfM. In
this study, these images were collected using a 2D camera (Zenmuse H20T, DJI Enterprise,
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Shenzhen, China) with 4056 x 3040 pixels. The camera was mounted on a UAV (Matrice
300, DJI Enterprise). The designed flight path totaled 2255 m, and the mapping area
was approximately 3 ha (30,282 m?). Automated UAV flight was performed for image
acquisition. The flight was performed at 3 m/s at an altitude of 70 m, with a front and
side overlap of 90% and a margin of 20 m. A total of 297 images were acquired during the
automated flight.

The SfM method was applied to obtain 3D point clouds of the research site. The 2D
images were aligned using Agisoft Metashape Professional (Version 1.5.1 build 7618) and a
dense point cloud was generated (Figure 4). We extracted a ground surface profile for the

survey line, similar to the one applied to the LiDAR data.

Figure 4. Acquisition data using MLS and data processing to apply the SfM algorithm. Examples of
zoomed-in views of (a) point cloud data obtained from MLS and (b) point cloud data (PCD) generated
using SfM on wheel tracks. The digital elevation model (DEM) generated using (c) PCD of MLS and
(d) PCD of SfM for the same location of PCD.

2.3.3. Validation Data Collection Using Pinboard

The accuracy of the detection of morphological features of the ground surface using
MLS and SfM was compared with the ground truth data (field-measured surface profile
using pinboard) at the survey lines (Figure S1). Measurements with the pinboard were only
performed on survey lines delineated within the plot (Figure 3c). Steel poles were installed
at each end of the survey line, and the poles were connected by nylon ropes to identify the
survey line (Figure 3b). The pinboard is made of 1 mm diameter steel pins spaced 1 cm
apart, so that when the bottom of the pins touches the ground, they can move fluidly with
the shape of the ground (Figure 3c). A spirit level was placed on the back of the pinboard
to ensure that the image was acquired while the pinboard was level when viewed from the
front (Figure 3c). Yellow masking tape was wrapped around the top of the steel pins so that
the profile data could be obtained by reading the scale attached to the pinboard (Figure 3c).
Linear regression and root mean square error (RMSE) analyses were performed to verify
the accuracy of the soil profiles obtained using MLS and SfM.

3. Results and Discussion
3.1. Rut Formation After Forestry Machine Traffic

Following the passage of forestry machinery, each wheel track had an average rut of
19.3 cm depth, as measured with a pinboard (Figure 5). The deepest rut measured 22.7 cm
after a single downhill pass of the machinery, and the second deepest was 20.0 cm after an
uphill pass (Figure 5). The direction of forestry machine seemed not to significantly affect
rut formation (p > 0.05, Figure 5). These results are consistent with the findings of Marra
et al. [61], who reported that extraction direction did not affect the severity of soil damage.
However, they recommended that a downhill pass should preferably be used to reduce
soil compaction. Due to driving stability issues on extreme slopes, the machinery moved
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Rut depth (cm)

slower downbhill than uphill in the study area. Reducing speed on steep slopes can increase
soil vibration and cause severe soil compaction compared to flat terrains [62,63].

Pinboard (1 = 68) MLS (1 = 68) SEM (1 = 68)
> - > - > -

n=14

-15.5° -10.3°
-16.62

E 1 pass
Uphill
EI 1 pass
Downbhill
~16.0° - 3 passes
""" Roundtrip
SEPEP - 5 passes
-19.92 Roundtrip

_____ Average of
n=18 Pinboard

-19.820

Average of
MLS

n=18 n=18 [ n=18
m=180 Average of
n=18 . StM

n=14 n=14

Figure 5. Rut formation by forestry machine driving conditions (intensity and direction of driving)
for each measurement method (MLS and SfM). Red points indicate average values and bold black
horizontal lines within each boxplot indicate median values. Different letters represent significant dif-
ferences in soil rut depth among machine driving conditions and measurement methods, respectively,
atp <0.05.

The shallowest rut, measuring 15.6 cm deep, was formed after three passes of the
machinery, significantly shallower than after a single pass (p = 0.00, Figure 5). Moreover,
the depth of the rut after the machinery passed five times was 19.6 cm, and this is shallower
than the depth of the rut after a single pass, but is not significant (p > 0.05, Figure 5).
Rut formations were observed to be deeper where the forestry machine was driven once
than where it had round trips. These results may be attributed to the displacement and
mixing of the topsoil layer caused by operations on steep slopes [64,65]. In addition to
the slope gradient and intensity and direction of the forestry machine traffic, the severity
of rut formation depends on other factors such as soil texture, moisture, and organic
matter [6]. The factors influencing soil disturbance after forestry machine traffic may vary
even within the same site due to soil variability [66,67]. Therefore, additional variables
need to be investigated to accurately determine the impact of forestry machine traffic on
soil disturbance.

To visually assess rut formation after forestry machine traffic, a soil disturbance
classification by McMahon [45] was applied. According to the classification, all forestry
machine driving condition treatments were classified as Code 10, except for the three passes
round trip, which was classified as Code 9 (Table S1). This indicates that the visual soil
disturbance observed under all driving conditions corresponded to ‘Deep disturbance’.

These results indicate that initial machinery traffic significantly impacts the soil suffi-
ciently to be visually identified. However, additional passes do not necessarily deepen the
wheel tracks as the surface soil is displaced or compacted [1]. Morphological changes like
rut formation due to forestry machinery traffic suggest soil disturbance and can alter the
physical properties of the soil.
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3.2. Changes in Soil Physical Properties After Forestry Machine Traffic

It was observed that the BD increased in all forestry machinery traffic lanes at both
BtwT and InT compared to the Control (Figure 6). In the four traffic lanes at InT, there was a
statistically significant increase in average BD by 19.1% compared to the Control (p = 0.00),
and BtwT also increased by 5.4% compared to the Control, although it was not significant
(p > 0.05, Figure 6). Similarly to our findings, Ampoorter et al. [3] reported that BD at BtwT
and InT increased after forestry machine traffic at soil depths of 0-50 cm compared to the
Control. These results suggest that the soil disturbance caused by forestry machine traffic
was not limited to machine tracks [68].

1 pass 1 pass 3 passes 5 passes
Uphill (n = 36) Downhill (n =28) Roundtrip (1 =36) Roundtrip (1 = 36)
A A A A
1.85°
1.68%
1.81°
E Control
1.76°
E BtwT
1.532 1.75P
----------- InT
. .
n=18 Average of
— =18 —le ) | | A . ase Control
I | | P e B e et R R R Average of
-------- |:-------------- H R BtwT
—I— n=9 . A f
n=9  __g nu=7 |\ = -7 — verage O
InT

Figure 6. Soil bulk density (BD) by forestry machine driving conditions and positions. Red points
indicate average values, and bold black horizontal lines within each boxplot indicate median values.
Different letters with top of each box represent significant difference in BD among position in each
machine track at p < 0.05.

When the forestry machinery passed once, there was an increase of 24.2% in BD
at InT during downhill travel, and an increase of 18.3% during uphill travel (Figure 6).
After five passes of the machinery, there was an increase of 22.2% in BD at InT, and the
smallest increase of 14.3% occurred at InT after three passes of the machinery (Figure 6).
The changing trend in BD after the machinery passage closely corresponded with the
depth of the formed ruts and, similar to rut formation, a single pass was sufficient to cause
an increase in BD [3]. Although the degree of soil compaction depends on BD prior to
forestry machine traffic [16], BD increased rapidly on steep slopes even after a single pass
of the forestry machine [69]. An increase in BD has a significant impact on the quality of
seedlings [70]. For fine-textured soils, BD in the range of approximately 1.4 to 1.6 g/cm?
is considered the critical level for root penetration, whereas for coarse-textured soils, the
critical level of BD is 1.75 g/ cm? [14].

As bulk density increases, SP decreases [6]. Forest soils, due to their fragile structure
and high porosity, are particularly susceptible to compaction [48]. After mechanical traffic,
soil compaction can reduce SP by up to 60% [3,6,71]. The limited pore space in compacted
soil can inhibit the growth and development of plant roots [72] and affect the availability of
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water, minerals, and soil air [20,73]. While not all soil compaction is detrimental to plant
growth [74], soil disturbance is a crucial consideration in long-term forest management.
SP was significantly reduced by 23.7% in all InT compared to the Control (p = 0.00),
and although not significant, SP was also reduced by 6.9% in BtwT compared to the Control
(p > 0.05, Figure 7). Furthermore, while other driving conditions reduced SP in BtwT by
up to 6.2% compared to Control, a one-time upward drive reduced SP in BtwT by 13.5%.
These trends were also found in BD (Figure 6). Solgi et al. [75] evaluated the effects of
skidder traffic on BD and SP in WT and BtwT under mountainous forest conditions and,
similar to our results for one-pass uphill travel, the results showed that after a single pass
of the skidder, BD increased and SP decreased in WT and BtwT compared to areas 4 m

away from WT.
1 pass 1 pass 3 passes 5 passes
Uphill (1 =36) Downhill (n =28) Roundtrip (1 =36) Roundtrip (1 =36)
A A A A
45.42
. 47.22
4210 438 411 E Control
—— 36.440 _|_ o 303> —
[N T'____ _____________________________________ oL@ _|
o | E BtwT
e i e— T
31.6° ° —1L a
= . InT
° n=7
____________________ ~ I A _____ Average of
n=9 P n=9 Control
_____ Average of
n=18 BtwT
_____ Average of
InT

n=14

Figure 7. Soil porosity (SP) by forestry machine driving conditions and positions. Red points indicate
average values, and bold black horizontal lines within each boxplot indicate median values. Different
letters indicate significant differences in SP among position in each machine track at p < 0.05.

The greatest reduction in SP, 30.8%, occurred in InT after a single downbhill pass of the
machinery, which seems to be associated with deep rut formation and a significant increase
in BD (Figure 7). However, after five passes of the machinery, SP in InT decreased by 26.1%,
the second greatest reduction, showing a trend slightly different from that of rut depth
and BD increase (Figure 7). The impact of soil compaction due to machinery traffic can be
influenced by soil characteristics such as soil moisture content, but SP may continuously
decrease as traffic frequency increases [71,76].

However, according to the parameters investigated in this study to assess the impact
of soil compaction, it appears that the greatest impact on the soil occurred after a single
pass of the machinery. Previous studies have also reported that initial machinery traffic
significantly affects the soil [1,77]. Regardless of machinery type, BD can increase by up to
50% within the first three passes [3,63]. Particularly in steep terrains, soil compaction is
more likely to occur, hence ground-based logging operations are best suited to slopes of
less than 30% [78].
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3.3. Soil Disturbances Assessment with Remote Sensing

Many previous studies agree on the necessity of designing forest roads and machine
traffic trails rationally. However, some authors propose reducing the number of traffic trails
to concentrate the impacts of machine traffic on a limited surface [62]. In contrast, others
recommend designing more traffic trails to distribute soil compaction more evenly by
limiting the number of passes on a single trail [79]. Nevertheless, it is critical to prevent ma-
chines from deviating from the designated trails in either case. Building three-dimensional
data on the target area can be highly useful for assessing the successful implementation of
planned operations and understanding the spatial extent of soil disturbance.

The accuracy of soil surface estimation was higher for the MLS-based data than for
the SfM-based data, with an average of 7.75 mm pixel ! for MLS and 2.33 cm pixel ~! for
SfM. Using MLS, SfM, and a pinboard, a total of 68 profile lines were generated, from
which 4494 soil surface height data points were acquired for each method. To validate the
MLS- and SfM-based data, linear models were fitted to the soil surface height data, which
were obtained using the pinboard. When comparing the surface estimates made using
MLS with the pinboard data, the R? value was 0.74 and the slope of the linear model was
0.98 (p = 0.00, Figure 8). It was difficult to hold and move the MLS on steep slopes when
detecting the soil surface with the MLS. This may have affected the R? value of the MLS.
The R? value between the SfM-based data and the pinboard data were 0.65 and the slope of
the linear model was 0.82 (p = 0.00, Figure 8). However, the SfM-based data appeared to
be at a disadvantage due to blurring and distortions in detecting complex and irregular
terrains [80-82].
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Figure 8. Linear models comparing soil surface height measured with the pinboard to soil sur-
face height estimated with MLS (a) and SfM (b) at sites where soil disturbance was caused by
machine traffic.

The RMSE for the soil surface height estimated by MLS was 4.25 cm, whereas the
RMSE for SfM was 5.27 cm (Figure 8). The tendency to over- or underestimate may be due
to collection and processing errors in remote sensing data [83,84]. Overall, it was confirmed
that morphological distortions or blurring were more frequently occurring in complex
forest terrains when using SfM compared to LiDAR.
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Foldager et al. [85] conducted experiments on a flat testbed where they created artificial
furrows and scanned the ground surface using terrestrial LIDAR. The results showed up
to a 41% difference in the cross-sectional area measurements between the pinboard and
the LiDAR. Additionally, various studies have utilized LiDAR and SfM for scanning
surface data in diverse landscapes. Moreover, there have been reports of studies aiming
to assess the impact of forestry machinery using LiDAR and SfM [61,86-88]. However,
cases of verifying scanned surface data with field measurements are extremely rare. This
is particularly true in steep or complex terrains, where accuracy verification of surface
disturbance data scanned using LiDAR and SfM is almost non-existent.

4. Conclusions

This study aimed to enhance the understanding of soil physical disturbance and rut
formation caused by machine traffic on steep slopes during timber harvesting operations,
while evaluating the applicability of LIDAR and UAV photogrammetry for assessing such
impacts. The results showed that a single machine pass led to a more significant increase
in bulk density and a sharper reduction in porosity compared to multiple passes, such as
three or five. These findings highlight that minimizing the number of machine trails is a
more effective strategy to mitigate soil compaction impacts in steep terrains.

Regarding the accuracy of remote sensing techniques, mobile LiDAR demonstrated
a high level of reliability in estimating rut depth, with an average value of 19.9 cm that
was statistically comparable to field-measured depths of 19.3 cm. In contrast, UAV pho-
togrammetry significantly underestimated rut depth at 16.0 cm compared to both field
measurements and LiDAR data. While UAV photogrammetry exhibited limitations in
accurately estimating rut depth, it showed potential for identifying the spatial extent of
disturbed areas, suggesting its applicability with further technical refinement.

Despite these advancements, challenges remain. Both mobile LiDAR and UAV pho-
togrammetry exhibited notable data dispersion, with RMSE values of 4.25 cm and 5.27 cm,
respectively. These errors, partially stemming from verification processes, emphasize the
need for improving measurement precision. Furthermore, this study was limited to the
topsoil layer (0-10 cm), leaving subsoil effects unexamined, which could provide a more
comprehensive perspective on soil disturbance dynamics in future research.

In conclusion, this study supports the strategy of reducing the number of machine
trails to effectively minimize soil compaction on steep slopes. Moreover, it underscores
the potential of mobile LiDAR for accurately detecting rut formation and highlights the
promise of UAV photogrammetry for identifying disturbed areas. With further technologi-
cal advancements, these tools could significantly enhance soil disturbance assessments in
steep forest environments.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/f16010086/s1, Table S1. Visual soil disturbance classification by
McMahon [45], Figure S1. Optimal soil surface profile by machine driving conditions and positions
for each measurement methods.
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