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*  Proposes two complementary metrics — Coverage Coefficient and Structural Efficiency — to
assess spatial arrangement performance of logging trail networks beyond traditional density
measures.

* A new method is also introduced that computes geometrically meaningful mean spacing
between adjacent trails, overcoming limitations of density-based approaches that may produce
geometrically uneven trail distributions.

*  Demonstrates how new metrics can be applied to data gathered from thinning operations in
Central Finland.

*  The new metrics support improved harvesting efficiency, automated trail planning, and sus-
tainable forest management.

Logging trails are a critical component of modern forest harvesting operations, particularly in
thinning and partial cutting, where trail layout strongly influences harvesting efficiency, soil dis-
turbance, future stand growth, and carbon balance. Despite their importance, existing regulations
and commonly used metrics — such as mean trail spacing and trail density — primarily address
quantitative properties of logging trail networks and do not capture the qualitative aspects of net-
work design. In this study, we introduce a novel concept for assessing the spatial arrangement
performance of logging trail networks based on two complementary spatial configuration metrics:
a Coverage Coefficient, describing the proportion of forest area reachable by harvesting machinery,
and a Structural Efficiency Coefficient, comparing the actual trail length to an idealized network
layout. Together, these metrics provide a geometrically meaningful and operationally relevant
evaluation of trail network spatial arrangement beyond conventional density-based measures. We
also introduce a method for computing a geometrically meaningful mean spacing between adjacent
trails. The methodology is demonstrated using ten thinning sites from Central Finland. The results
reveal clear differences in the spatial pattern of trail layouts among sites that are not detectable
using traditional metrics alone. The proposed approach offers a practical tool for evaluating spatial
arrangement performance of logging trail networks after harvesting, supporting operator feed-
back, regulatory assessment, and the development of automated trail network design and planning
procedures. More broadly, the metrics provide a foundation for improving harvesting efficiency,
reducing unnecessary trail density, and supporting environmentally sustainable forest management.
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1 Introduction

Logging trails comprise an essential component of modern forestry, as they provide the primary
means of transporting harvested timber from the forest to the roadside. The spacing of logging
trails depends on the cutting method (e.g., thinning, partial cutting, clear-cutting), harvesting
method (e.g., cut-to-length [CTL], tree-length), logging machinery (e.g., harvester—forwarder,
feller-buncher, skidder), forest type, terrain topography, and soil properties (Froehlich et al. 1981;
Garland 1983). Designing a logging trail network is an important task in all harvesting operations,
but it is particularly critical in thinning and partial cutting, as the placement of logging trails has
a substantial impact on soil disturbance, future stand growth, and the efficiency of harvesting
operations.

Terminology related to logging trails varies considerably among countries and forestry
traditions. Terms such as extraction trail, strip road, skid trail, and forwarder trail are often used
interchangeably with logging trail. We prefer the term logging trail because it does not refer to a
specific phase of the harvesting process or a particular type of harvesting machinery. Terms con-
taining the word road can also be problematic, as road typically implies engineered infrastructure,
whereas trail refers to non-engineered infrastructure. In summary, logging trails encompass all
trails from which trees have been removed to enable the movement of forest machinery and the
transport of harvested trees to the roadside.

A Nordic CTL logging unit comprises a harvester that fells and processes trees into logs
of various lengths and quality classes, thereby creating a logging trail network, and a forwarder
that travels along this network to extract the processed logs to the roadside landing. In Nordic
thinning operations, a trail spacing of approximately 20 m is commonly used (Uusitalo 2010).
With a harvester crane reach of about 10 m, this spacing allows nearly all trees between adja-
cent trails to be reached directly. In many European countries, trail spacing of 30—40 m is also
common. The mismatch between trail spacing and machine crane reach is addressed through
a combination of planning geometry, flexible thinning patterns, and the integration of multiple
logging techniques. Trees beyond the nominal crane reach may be handled through directional
felling toward the trail, winching with tractors or horses, or intentionally left unharvested,
thereby increasing silvicultural zoning and biodiversity (Mederski 2006; Jacob et al. 2026).
In operations based solely on motor-manual felling and conventional cable skidders equipped
with winches, the spacing between adjacent skid trails is less critical (Froehlich et al. 1981;
Garland 1983).

In modern CTL operations, forest machine operators are typically responsible for planning
logging trails as part of the harvesting process. This task is supported by built-in mapping systems
in harvesters, which are integrated with Global Navigation Satellite System (GNSS) technology
to assist with trail routing. In homogeneous forest sites, experienced operators typically create
satisfactory logging trail networks. However, in areas with low bearing capacity, steep slopes,
irregular terrain, or high variation in tree density, even the most skilled operators may struggle,
resulting in reduced work quality.

Despite the great importance of logging trail network design, relatively little attention has
been given in the scientific literature to efficient formulation methods or to how logging trails are
actually designed in day-to-day forest operations. In the context of skidding operations, research-
ers have long sought to identify optimal skid trail densities, as longer winching distances increase
winching time, reduce skidding efficiency, and influence soil disturbance (Froehlich et al. 1981;
Garland 1983; Gumus and Turk 2016; Lotfalian et al. 2016). More recently, a comprehensive
analysis of time investment in skid trail planning in Germany and Switzerland has been presented
(Werder et al. 2025).



Silva Fennica vol. 60 no. 3 article id 26018 - Uusitalo et al. - Assessing logging trail network performance using ...

Due to its complexity, the design of logging trail networks using computerized models has
received increasing attention in recent years (Sevde et al. 2013; Hosseini et al. 2019; Contreras et
al. 2020; Flisberg et al. 2021; Hosseini et al. 2023). Optimization frameworks for forest machin-
ery traffic can be divided into two subproblems. The initial positioning of harvester movements
constitutes the first subproblem, hereafter referred to as the trail network design problem (TNDP)
(Hosseini et al. 2019). The second optimization problem concerns how efficiently vehicles (e.g.,
forwarders) travel within a given network and is commonly referred to as the vehicle routing prob-
lem (VRP). Of these two subproblems, the latter is considerably easier to solve, as the optimiza-
tion is restricted to a relatively constrained solution space. Reliable VRP solutions that minimize
distance, time, or multiple objectives (e.g., distance, time, and environmental impacts) have been
proposed in recent studies (Holmstrom et al. 2023).

The TNDP has an infinite solution space, so researchers typically discretize it into fine grid
networks, yet the number of possible layouts remains exponentially large. Early heuristic shortest-
path approaches identify optimal extraction routes to landings but neglect machine movement
constraints, resulting in networks that lack operational features such as loops for smooth, forward
machine travel through junctions (Sevde et al. 2013; Contreras et al. 2016; Flisberg et al. 2021).

Forest operations are typically subject to environmental restrictions governed by local forest
legislation or certification schemes. These regulations generally control the quantitative properties
of logging trail networks, such as mean trail spacing, average trail width, and trail density, expressed
in m ha! or m? ha™!. In Finland, logging trail density has long been regulated primarily through
mean spacing between trails, as accurately inventorying the total network length is laborious and
prone to error.

A key limitation of these conventional metrics is that they do not account for the spatial
arrangement quality of the network design. Quantitative measures such as mean spacing (m) or
network density (m ha™!) do not indicate how well the network fulfils its intended function — for
example, whether all trees are accessible from the trails or whether the proportion of trail area is
excessive, potentially reducing future stand growth and increasing fuel consumption.

To our knowledge, no scientific studies have explicitly addressed the spatial arrangement
of logging trail networks, with the exception of GIS-based planning systems that incorporate con-
straints such as steep slopes and mean trail spacing.

However, the logging trail design problem is conceptually analogous to forest road network
design, which was the subject of extensive research as early as the 1960s. Backmund (1966)
demonstrated that road layout strongly influences usability and that two forests with identical
road densities can exhibit markedly different levels of accessibility. Liinzmann (1968) further
developed this concept by showing how an accessibility factor can be applied in the planning of
new road networks.

The aim of this paper is to introduce a novel concept for assessing the spatial arrange-
ment performance of a logging trail network. The concept consists of three spatial configuration
metrics that quantify the effectiveness of the network layout from a spatial perspective. The
analyses can be conducted once the network has been accurately defined in digital format. In
our case, the network was constructed using procedures proposed by Cao et al. 2025, in which
GNSS tracks from harvesters and forwarders were processed to derive consolidated centerline
locations and the number of machine passes for each segment of the logging trail network. We
first describe how the concept was developed based on the earlier work in forest road design
and then demonstrate the metrics derived from ten example stands from past forest operations in
Central Finland. Evaluation metrics for assessing the performance of the logging trail network
are summarized in Table 1.
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2 Methodology from forest road layout metrics to logging trail network
metrics

2.1 Forest road metrics

Forest road length (m) and forest road density (m ha!) are the most common quantitative indica-
tors of the forest road layout. These simple measures alone do not, however, assess the qualitative
aspects of the layout. Two layouts with the same road length or road density may provide very
different wood extraction distances to the closest forest road. Backmund (1966) presented in his
landmark paper how the quality of the road layout design can be assessed independently of the
road density. The accessibility index (in German Grad der ErschlieBung) expresses the proportion
of the forest area that is functionally accessible from roads. Each road has an effective service zone
on both sides, defined by the calculative maximum extraction distance. The accessibility metric is
the share of total forest area that lies within this service zone.

Let RD be the road density defined as the length of drivable forest roads per hectare of produc-
tive forest area (m ha!). Schematically, the mean road spacing RS (in meters) can then be defined as:

10000
D

RS D

Theoretically, each road density corresponds to a constant road spacing, and vice versa. In
an ideal case with straight lines and assuming that the wood is extracted from both sides of road,
the calculative average extraction distance, AED , is then RS/4 and the calculative maximum
distance to the closest road , MEDy , is RD/2, as illustrated in Fig. 1.

Backmund’s accessibility index £ expresses how efficiently the existing road network
expressed with calculative maximum extraction distance, MED,, is arranged compared to idealized
layout. In mathematical form:
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Fig. 1. Theoretical illustration of an ideal case of forest area of 100 ha, with 4
straight forest roads, mean road spacing (RS) of 250 m, road density (RD) of
40 m ha!, calculative average extraction distance (4EDy) of 62.5 m and calcu-
lative maximum extraction distance (MED,) of 125 m.
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Fig. 2. A forest area of 2456 ha from Central Finland having forest
roads of 62406 m (25.4 m ha'). With MED, of 200 m (~RS/2), the
accessibility index £ = 0.708. The black vector line describes road
network and dark grey the 200 m buffer around the road lines. Light
grey describes the forest area that cannot be accessed with the MED, of
200 m from the closest road.

This type of comparison is easy to execute with modern GIS-based analytics. Fig. 2 dem-
onstrates one example forest area from Central Finland, where existing forest road network in
georeferenced vector format is derived from open-source databases maintained by the National
Land Survey of Finland. In the given forest area of 2456 hectares, an existing road network of
62406 m, resulting in a road density of 25.4 m ha~!. Road spacing is then approximately 400 m.
With MED, of 200 m wide buffer, a GIS software procedures output a polygon which cumulative
net coverage is 1739 ha. The accessibility index £ is then:

_1739ha
2456ha

708. 3)

Liinzmann (1968) continued the work of Backmund (1966) and demonstrated how the
layout accessibility index can be used in highlighting areas where new roads should be placed. He
stressed that one single metric can give a rather oversimplified picture about performance of the
road network since it treats very different network flaws as equivalent. He emphasized that road
orientation and geometry have a strong influence on the effective service corridor. He suggested
that the forest area should be split into several subareas and the efficiency of the network should
be examined in each subarea individually. He proposed that the efficiency of the layout should be
assessed with an accessibility factor Kz which is the inverse of E:

_MEDy _ 1 )

Kg = =
MED, E
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The given metrics describe the same phenomenon but from opposite perspectives. Factor
K has a penalty perspective (i.e. how much worse is my real network compared to the ideal one),
whereas E describes a performance perspective (i.e., how close am I to the ideal?). Correction
factor K typically receives values 1.0-2.0 in subareas although Liinzmann (1968) showed that in
some restricted areas 0.95 can be achieved with fork type road layout. Backmund (1966) outlined
that the £ of road layouts in Germany typically varies 0.65-0.80.

Both authors admitted that the calculative average and maximum values do not appear in
real life since wood is not extracted along a straight line to the closest point of the road network.
Instead, to get a realistic estimate for mean and maximum distances the calculative average and
maximum values should be multiplied with a separate terrain factor 7, Based on the earlier
inventories carried out in Sweden, T, can vary 1.0-2.0, mean value being roughly 1.35-1.40
(Segebaden 1964). The correction factor of 1.4 has later been applied also in Finnish road layout
studies (Viitala and Uotila 1999; Uotila and Viitala 2000). Similarly, Backmund (1966) proposed
a T, of /2. He showed that the calculative average extraction distance multiplied with the T,
is in line with the observations inventoried in real forest operations. Hence, the realistic average
extraction distance AED; can be calculated with Eq. 5:

AED, :2500xx/5' )
RS E

In our example forest (Fig. 2), we got:

AED, = 25002 ~196m

= 2 FNE 6
25.4%0.708 ©

2.2 Quantitative metrics of the logging trail network

Metrics that analyse quantitative aspects of the logging trail network are derived from two spatial
features: a polyline representing the centerline of the logging trail network and a polygon defining
the boundaries of the logging site. Intersections or junctions where two trails cross or merge are
referred to as nodes. The portion of a polyline between two nodes is defined as a segment. The
polyline may also store attribute information, such as the number of times a given segment within
the network has been traversed. From the given logging trail network polyline and stand polygon
we can compute the following quantitative metrics:

TL: Logging trail network length (m), derived from the logging trail network polyline.
Asor: Area (m?) of the logging site polygon.
TD: Logging trail network density (m ha™).
TS,: Nominal logging trail spacing (m) (similar to Eq. 1).
10000
1S, =—— 7
"= (7

DIST:  Distance travelled (m), calculated as the sum of segment lengths multiplied by the
number of machine passes.

In addition, we can create buffer polygon regions around the logging trail polylines and
evaluate pairwise buffer intersections in order to identify areas where two or more buffers overlap.
Based on these operations, the following metrics are derived:
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Ar: Logging trail area (m?), calculated as 7L multiplied by the nominal trail width
(e.g., 4.5 m).
Arv: Proportion of trail area within the logging site (%), calculated as A7/A,,;.

Anprc: Net boom reach coverage (m?), defined as the total area reachable within the
nominal crane length (~10 m). Areas extending beyond the logging site polygon
are clipped.

Arsc: Net coverage (m?) reached with the nominal logging trail spacing (7S),).

2.3 Spatial configuration metrics of the logging trail network

Backmund (1966) based his accessibility index on calculative average and maximum distances.
The calculated values are, however, only mean values. The metrics do not specifically penalize if
any value exceeds a certain point. There is actually no constraint on how large the transportation
distance can be. In efficiently managed forests, we aim at trail spacing of 20 m which means that
all trees can be reached with a 10 m crane from the trail. In this type of context, we want to achieve
minimum trail length distance (maximum trail length efficiency) while simultaneously controlling
too small or too long distance between adjacent trails.

In forest conditions where trail spacing must be maintained within crane reach (circa
20 m), we propose a framework for assessing the spatial performance of the logging trail layouts
using two coefficients: a Coverage Coefficient and a Structural Efficiency Coefficient.

The Coverage Coeflicient, C4, measures the share of the forest area that is reachable by
the modern harvester. In mathematical form:

Cy= ANnBrRC . ®)
Atot

It would be favourable to have a high Coverage Coefficient, but it can also be reached with
a dense but wasteful trail network. Therefore, we need to also compare actual trail length to the
ideal network. Similarly to Eq. 1 and illustrations given in Fig. 1, the density of the ideal logging
trail network, 7Dy (m ha!) can be defined as:

TDy = ; ®
where 7 is the ideal logging trail spacing (m).

The Structural Efficiency Coefficient, Cg, compares the actual trail length, 7L, to the
ideal trail length, 7L, or actual trail length density, 7D, to the ideal trail length density, 7Dy. In
mathematical form:

_ TDuet (m ha-! ) _ TLet (M)
~ TDg(mha™')  TLo(m) '

10

Cg

It is also possible to combine these two coefficients defined above. Since C4<1 and Cz>1
(in most cases), a meaningful Structural-Coverage Efficiency index (Cy,,) that combines these two
coefficients for any logging trail network can be computed as:
1

Cior =Cy Xa- (In
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In the forest with wider spacing (30-40 m) — where the trees beyond the nominal reach
are intentionally left unharvested or treated by directional felling or winches — we propose that
the quality of the layout is assessed with the metrics proposed by Backmund (1966) as follows:

_ At ot
Arsc

Cn 12)

An approximation of Eq. 12 can also more simply be attained with Eq. 9. Both indicates the
share of forest reached with the nominal mean spacing compared to the ideal layout.

2.4 Geometrically corrected average logging trail spacing

In practical operations, machine operators strive for an ideal network layout by keeping the actual
spacing between adjacent trails as close to optimal as possible, by avoiding building unneces-
sary junctions and by keeping the crossing angles as close to perpendicular as possible. With the
logging trail polylines, we can also assess the spatial arrangement performance of the layout by
calculating the average distance between adjacent, non-intersecting logging trails. The procedure
for calculating geometry-corrected average trail distances is outlined as follows:

A. Grouping of trails (segments)

Trails are first divided into groups based on their orientations using the K-means algorithm.
At this point small segment lines (less than 20 m) are removed (Fig. 3). Each group is processed
independently to avoid mixing trails that are not spatially comparable. Only groups containing at
least two trails are analysed.

B. Selection of a starting trail

Within each group, one trail is selected as the starting reference. The selection depends on
the group and is based on spatial position (e.g., upper-left or lower-left corner of the group extent).
This ensures a consistent traversal direction when iterating through adjacent trails.

C. Identification of the nearest non-intersecting trail

From the remaining trails in the group, the algorithm identifies the trail that:

* Does not intersect the current trail, and

*  Has the smallest Euclidean distance to it.

This nearest non-intersecting trail is assumed to be the adjacent trail for spacing calculation.

D. Estimation of the local tangent on the adjacent trail

To account for trail curvature, spacing is not measured to the entire trail geometry but instead
to a local tangent line:

* The point on the adjacent trail closest to the current trail is identified.

* The local direction of the trail near that point is approximated using neighbouring

vertices.

* A straight line (tangent) is fitted through this local segment.

This tangent line represents the local orientation of the adjacent trail at the point of closest
approach.

E. Sampling points on the current trail
To avoid bias from a single distance measurement:
* Several equally spaced points (typically three; they can be changed in the code) are
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sampled along the current trail.
» These points represent different positions along the trail length.

F. Perpendicular distance calculation

For each sampled point:

* The perpendicular distance to the tangent line of the adjacent trail is calculated.

»  This yields multiple distance estimates for the same trail pair (see Fig. 4).

The perpendicular distance is used because it represents the true shortest spacing between
approximately parallel trails.

G. Averaging distance for a trail pair

The mean of the perpendicular distances from all sampled points is computed.
This value represents the average spacing between the two adjacent trails. To exclude unrealistic
or erroneous matches (e.g., distant or unrelated trails), distances larger than a predefined threshold
(40 m) are discarded.

H. Iterative processing of all trails

The adjacent trail becomes the new reference trail, and the process repeats:
*  Nearest non-intersecting trail is identified,

* Local tangent is fitted,

* Distances are sampled and averaged.

This continues until all trails in the group have been processed.

1. Calculation of group-level and total values for average distance
For each group independently and for all groups, the final average distance between the
trails (TSy. = Geometry-corrected average trail spacing) is calculated as:

1
ISge = ;z?:I di, 13)

where d; is the average spacing between two adjacent trails, and # is the number of valid
adjacent trail pairs.

—— Group 0
—— Group 1
—— Length <20 m

Fig. 3. Illustration of grouping of segments. Small line segments (<20 m) are removed (red-coloured segments). Re-
maining line segments are grouped based on their orientation using the K-means algorithm (blue and green coloured
segments).
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Trail A

« Sample points
Nearest points

— Tangent line

Fig. 4. [llustration of the distance calculation between

adjacent trails.

The logging trail network metrics presented in this chapter are summarized in Table 1.

Table 1. Summary of the logging trail network metrics.

Definition Equation
Metrics that TL Logging trail network length (m), derived from the
analyse quanti- logging trail network polyline
tative aspects of L
the loggglg trail  Aor Area (m?) of the logging site polygon
network D Logging trail network density (m ha™')
TS, Nominal logging trail spacing (m) TS, = 10000 (;"([);)0
DIST  Distance travelled (m), calculated as the sum of seg-
ment lengths multiplied by the number of machine
passes
Quantitative Ar Logging trail area (m?), calculated as TL multiplied by
metrics con- the nominal trail width (e.g., 4.5 m)
sidering buffer . . s L
1 : Ar, Proportion of trail area within the logging site (%),
polygon regions calculated as A7/4,,;
Ansrc  Net boom reach coverage (m?), defined as the total
area reachable within the nominal crane length
(~10 m). Areas extending beyond the logging site
polygon are clipped
Arsc Net coverage (m?) reached with the nominal logging
trail spacing (7S,)

. . Cd= Angrc
Spatial configu- Cy Measures the share of the forest area that is reachable T
ration metrics of by the modern harvester tot

i i 10000
gleivl\,%grﬁmg trail Dy The density of the ideal logging trail network TDy = TS,
0
Cg Compares the actual trail length, 7L, to the ideal -1
trail length, TLy, or actual trail lengtlil density, TD,.;, Cg = TDact (mha ): Thaer (m)
to the ideal trail length density, 7Dy TDy ( mha‘l) TLy(m)
Ciot Structural-Coverage Efficiency index. Combines Cror = Cy % 1
coefficients C,and Cr Cg
TSee  Average logging trail spacing TSqe = 1 > di
n

10
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3 Tests with real data

Harvesters and forwarders currently operating in Finnish forests are equipped with standard single-
frequency GNSS receivers and antennas. We obtained a dataset of GNSS track vectors and forest
stand polygons from Metsd Group covering ten forest sites located in Central Finland (the munici-
palities of Virrat and Ruovesi). These sites were harvested during thinning operations in the winter
0f 2024, following standard Finnish forest management recommendations. These recommendations
specify both the recommended and minimum residual standing volumes after harvesting, as well
as a target mean spacing of approximately 20 m between machine trails.

We did not receive any information regarding the type of GNSS receivers used or the manu-
facturers of the machines. Moreover, the process by which the original GNSS point observations
were converted into vector tracks is unknown. Each machine route creates a separate GNSS track.
Repetitive traffic along the same trail appears as a cluster of fuzzy lines, with no precise definition
of the logging trail centerline.

Consolidated centerlines for the actual logging trail network were constructed with the
procedures proposed by Cao et al. (2025). The procedures also create an estimate for the number
of machine passes for each segment of the network. The system is based on the Kernel-density
estimation method which goal is to create a smooth approximation of the underlying distribution.
The bandwidth (search radius) plays a crucial role in this process. It determines the width of the area
around each data point where the Kernel function is applied. In the next step, the Kernel-density
raster is converted to a binary raster. At this stage, low density areas are cut off by adjusting the
threshold value, typically being between 0.75-0.90.

The original datasets showed large deviations in the number of machine passes and horizontal
discrepancies among tracks representing the same trail. Forest contractors are typically instructed
to maintain a GNSS receiver and store GNSS track files in both harvesters and forwarders. We
examined the GNSS tracks in the databases and found that, at many sites, forwarder GNSS tracks
were partially or completely missing. Due to the deviations in the original datasets, we fine-tuned,
for each site separately, the values of the most important parameters controlling the conversion
process, namely the kernel density smoothing radius and the trail area thresholding value (Table 2).
For other parameters, we employed the values proposed by Cao et al. (2025) (Table 1). Based on
these estimations of the logging trail network polyline, we computed the quantitative and qualita-
tive logging trail network metrics presented in Section 2 using Python libraries.

Table 2. Estimation of GNSS tracks per logging trail segment and the parameter values employed to consolidate the
centerline (based on the algorithms by Cao et al. 2025).

Stand No. of tracks per logging trail segment Origin of GNSS Tracks Kernel density ~ Threshold value
No. Min Max Most frequent H = harvester search radius
H+F = harvester and forwarder

1 1 5 2 H 1.5 0.70
2 1 14 4 H+F 1.5 0.70
3 1 14 14 H+F 0.65 0.85
4 1 14 2 H+F 1.5 0.70
5 1 5 2 H 2.5 0.80
6 1 5 2 H 1.5 0.70
7 1 14 67 H+F 2 0.80
8 1 89 2 H+F 2.5 0.80
9 1 14 67 H+F 1.5 0.70
10 1 14 4 H+F 1.5 0.70

11
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Fig. 5. Part of logging site 1. The site polygon is shown in dark green, the 10 m buffer
around the logging trails in light green, and the logging trail area in medium green. Yel-
low areas indicate overlaps of the boom reach, while red areas represent boom reach
extending outside the stand polygon.

The compatibility of the logging trail networks and site polygons was verified by examining
the logical consistency of these layers using GIS. At this stage, a corner of one original polygon
was removed, as no evidence of machine traffic or harvesting operations was observed in that area.

A custom software script was developed to read the processed centerline polylines and the
corresponding forest site boundary polygon for each stand individually, and to compute the metrics
presented in Chapter 2. An illustration of part of logging site 1 is shown in Fig. 5, depicting the
logging trail centerline, net and gross boom reach coverage buffers (with a boom reach of 10 m),
and the logging trail area, represented by a 2.25 m centerline buffer corresponding to a nominal
trail width of 4.5 m.

4 Results

In most stands, operators have managed to create a network layout that can be regarded as moder-
ate (stands 5, 6, 7 and 9) or very good (stands 1, 2 and 10) (Table 3). At the best sites (see Fig. 6a,
stand 10), trail density is close to 500 m ha™!, the Structural Efficiency Coefficient (Ck) is close
to 1 and the Coverage Coefficient (C,) is at a moderate level.

Metrics from stands 3, 4 and 9 indicate that the network layout deviates from the ideal. In
these stands, trail density is approximately 600 m ha! or higher, and the Structural Efficiency Coef-
ficient (Cg) ranges from 1.2 to 1.3 (see Fig. 6b, stand 4). However, it should be noted that no factors
potentially affecting these results were investigated. The sites may include obstacles or constraints
(e.g. steep slopes, stoniness, wetness, ditches, or old trails) that could have influenced the layout. A
correlation analysis was conducted using the values in Table 3. Only one notable relationship was
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Table 3. Summary of logging trail network metric values by sample stand.

Stand  Stand area Trail length Trail density Trail spacing ~ Share of Net boom Coverage  Structural  Structural

No. Aor TL D TS trail area reach coverage Coefficient Efficiency — Coverage
ha m m ha™! m Ar, Angre Cy Cg Efficiency
m? index
Ctot_
Cyx Cg 1
1 134 6558 487 20.0 21.4 10.9 0.81 0.98 0.83
2 19.8 9561 482 20.8 21.4 16.6 0.84 0.97 0.87
3 10.5 6244 594 20.3 25.7 19.0 0.87 1.19 0.73
4 13.9 9077 652 16.9 27.8 11.8 0.85 1.30 0.65
5 26.6 14292 537 21.4 23.7 232 0.87 1.07 0.81
6 7.83 4220 538 23.0 23.9 6.89 0.88 1.08 0.81
7 1.68 950 566 20.0 24.9 1.54 0.92 1.13 0.81
8 4.62 2526 546 20.0 23.9 3.92 0.85 1.09 0.78
9 6.29 3801 604 194 26.6 5.74 0.91 1.21 0.75
10 13.1 6590 502 234 22.2 11.3 0.86 1.0 0.86
a)
N
T
Machine Passes
Frequency
b) - 1 6—7
a=? ==8-9

=3 ==10-11
=4 ==12-13
b5 =14+

Fig. 6. Logging trail network of stand 10 (a), demonstrating a well-designed
layout, and of stand 4 (b), demonstrating a poorly executed layout. Color-cod-
ing represents the number of machine passes.
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Fig. 7. In our small sample of ten sites, the geometrically corrected trail spacing (7Sg.) was moderately correlated
with the Structural Efficiency (r =—-0.664, p = 0.036) (a) and with the Structural-Coverage Efficiency index (r = 0.753,
p=0.012) (b).

identified: the geometrically corrected average trail spacing (7'Sg.) shows a moderate correlation
with the structural efficiency coefficient (Cr) and the combined index (Structural-Coverage Effi-
ciency index) (Fig. 7). This indicates that 7S, may also serve as an indicator of layout efficiency.

5 Discussion

In this work, we introduce a concept for assessing the spatial arrangement performance of the log-
ging trail network. In efficiently managed forests, the target trail spacing is 20 m, which ensures
that all trees can be reached with a 10 m crane from the trail. In this context, the objective is to
minimize total trail length (i.e., maximize trail length efficiency) while simultaneously avoiding
both excessively small and excessively large distances between adjacent trails.

We propose assessing the spatial arrangement performance of the logging trail network
using two spatial configuration metrics: (1) a Coverage Coefficient, which defines the proportion
of forest area reachable by a modern harvester, and (2) a Structural Efficiency Coefficient, which
compares the actual trail length to the ideal trail length. The Coverage Coefficient ranges from 0
to 1.0, whereas the Structural Efficiency Coefficient typically ranges from 1.0 to 2.0. The closer
these values are to 1.0, the closer the network is to the ideal configuration.

In principle, these two metrics can be combined into a single indicator — the Structural-Cov-
erage Efficiency Index — by multiplying the coverage coefficient by the inverse of the Structural
Efficiency Coefficient. However, this approach may result in a loss of information regarding specific
aspects of network spatial arrangement.

The methodology presented here is consistent with established targets for logging trail
network design, namely maintaining inter-trail distances as close as possible to 20 m in all direc-
tions. This design objective inherently leads to high boom-reach coverage and minimal logging
trail density.

Conceptually, in addition to the forest road design principles (Backmund 1966; Liinzmann
1968), the proposed Coverage Coefficient and Structural Efficiency Coefficient are analogous to
normalized network efficiency measures used in urban street systems (Crucitti et al. 2006; Bar-
thélemy 2011) and to area coverage metrics applied in wireless sensor networks (Huang and Tseng
2005). They also share similarities with studies on agricultural machinery that aim to optimize path
spacing (Bochtis and Vougioukas 2008; Hameed et al. 2013).
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We also introduce a method for calculating a geometrically meaningful mean spacing between
adjacent trails. Using classical mathematical approaches, average trail spacing is typically derived
from overall trail density. While this can yield numerically sound mean spacing values, the resulting
trail distribution may be geometrically uneven and therefore practically unacceptable.

The geometrically corrected mean spacing provides a meaningful way to assess the spatial
arrangement performance of the logging trail network and is strongly aligned with the practical
instructions given to machine operators. Moreover, controlling the mean distances of the logging
trail network using a single, simple metric has clear advantages, as it is easier to comprehend than
approaches based on multiple metrics.

However, the proposed method also has limitations. If the network comprises a large number
of short trail segments — particularly segments shorter than 20 m — the metric may yield results
that do not fully describe the overall performance of the design. It should also be noted that the
procedures used to create trail centerlines (Cao et al. 2025) do not always produce a perfect rep-
resentation of the actual trail network.

The metrics developed and described here were tested using datasets derived from ten forest
sites located in Central Finland. The number of sites is small, and therefore we cannot guarantee
that the selected sites fully represent the variation of the broader population of thinning operations
in Finland. Moreover, no data were collected on factors that may have influenced trail network
design, such as steep slopes, stoniness, soil wetness, ditches, protected areas, or pre-existing trails.

For these reasons, no definitive conclusions can be drawn regarding the overall success of
logging trail design in this region. The data do indicate, however, that differences exist in layout
performance among sites, and the metrics presented here provide a useful starting point for assess-
ing the differences in spatial arrangement.

Having a robust spatial configuration metric for logging trail networks is important for sev-
eral reasons. First, a well-defined metric provides feedback to machine operators and helps them
improve their decision-making and work processes when operating in new sites. Moreover, the
same information can be communicated to forest owners and authorities who may be interested in
the qualitative aspects of harvesting operations.

Second, a reliable metric plays an important role in reducing CO2 emissions. A non-optimal
logging trail network length affects work efficiency, wood production, and the forest carbon balance.
According to our findings, logging trail network density in Finnish forests after first thinning ranges
from 480 to 700 m ha!, with an average of approximately 580 m ha"!. Reducing network density
by 10% could decrease energy consumption per harvested volume by about 5%, achieved through
shorter forwarding distances and improved harvesting efficiency. Increased logging trail network
density also influences harvesting intensity and future wood production. It is well established that
thinning strongly affects post-harvest volume increment of retained trees; however, if thinning is
too intensive, increased growth cannot compensate for the loss in carbon sequestration relative to
an optimally thinned forest. Heavy thinning therefore results in lower total carbon accumulation
over the rotation period.

Third, recent scientific efforts to develop automated trail network design and planning
(TNDP) procedures require metrics that can guide optimization. Although TNDP solutions
may include multiple objectives (Holmstrom et al. 2023), optimizing trail network length and
overall network quality remains one of the most important goals of any such optimization
procedure.

A prerequisite for applying the metrics presented in this study is the availability of reliable
data on the positions of logging trails. This condition is often not met; however, the situation is
gradually improving. Recently, several methods have been proposed for deriving logging trail
centerlines from GNSS data (Ovaskainen and Riekki 2022; Contreras et al. 2024; Cao et al. 2025).
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Based on these approaches, both quantitative and qualitative metrics can be calculated immedi-
ately after harvesting operations or even in near real time during operations. In addition, existing
logging trail networks can be assessed prior to operations using remote sensing data (Abdi et al.
2022; Abdi and Uusitalo 2026). This enables operators to be better supported in planning how to
complement and extend existing trail networks. We believe that the proposed spatial configuration
metrics can support both pre-harvest planning of logging trail networks and post-harvest evaluation
by providing feedback to machine operators and forest owners.

Spatial configuration metrics evaluate logging trail network design solely from the perspec-
tive of spatial arrangement. As such, they provide only a simplified indicator and do not account
for several important factors. First, terrain topography can hinder or even completely prevent
machine traffic. Wherever possible, logging trails should be located on stable ground with gentle
slopes to ensure safe and efficient operations. Side slopes should be avoided because they increase
the risk of machine rollover, while rocky terrain is often unsuitable due to the limited ground
clearance of forest machines (approximately 50 cm). Second, forest machines are extremely heavy
and may cause substantial soil disturbance if machine traffic is not restricted to less sensitive soil
types (Sirén et al. 2019; Uusitalo et al. 2020). Third, environmental considerations related to bio-
diversity conservation and hydrology should guide both the placement of retention tree groups and
the layout of logging trails. In boreal forests, large aspens, deadwood, and structural heterogene-
ity are particularly important indicators of biodiversity (Kivinen et al. 2020; Hamaél&inen et al.
2024). Fourth, operational constraints on machine movement must be considered. Trail junctions
should be gently curved, and the network should contain natural loops that allow machines to
move through the stand without unnecessary turning or reversing maneuvers. Fifth, existing forest
infrastructure may also influence trail network design. In previously managed forests, existing
logging trails should be taken into account during planning, as disregarding them may result in
unnecessary harvesting of residual trees and an excessive density of new trails (Abdi et al. 2022;
Abdi and Uusitalo 2026).
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Metadata of research software.pdf,
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