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ARTICLE INFO ABSTRACT
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Forest edges represent the transition zone (ecotone) between the forest interior and the surrounding open land.
Due to their great ecological importance, the value of assessing the structure of forest edges has been recognized.
In Switzerland, for example, forest edge structure is assessed during field surveys of the Swiss National Forest
Inventory (NFI). However, these assessments are time consuming and limited to sample plots. Publicly available
countrywide airborne laser scanning (ALS) data, in contrast, offers possibilities to retrieve forest edge structure
information over large spatial extents. In this study, we derived five metrics from ALS point clouds, namely the
canopy height variability; ratios of the areas of the three edge components, i.e. shrub belt, shelterbelt and forest
layer; the sky-view fraction; the shelterbelt slope; and the front density of the forest edge. These metrics describe
the three-dimensional edge structure and therefore could enhance existing NFI edge metrics, which focus on two-
dimensional structure characteristics. An expert assessment of the ALS edge metrics demonstrated the ability of
the defined set of edge metrics to capture ecologically relevant and indicative characteristics of forest edges.
Understanding this relationship between edge metrics and ecological functions is a prerequisite if ALS metrics are
to be integrated into NFIs. We subsequently used the ALS edge metrics to group 284 forest edge into three classes
with respect to their structural complexity using k-means clustering. The results indicated that the structual
complexity was low for 173, medium for 46 and high for 65 forest edges, respectively. Applied to countrywide
ALS data sets, our approach allows to retrieve area-wide, spatially continuous information on the forest edge
conditions, and, if multitemporal ALS data is available, to monitor the development of the forest edges.

National forest inventory
Shelterbelt
Light availability

1. Introduction to more abrupt forest edges, often lacking a gradual transition in their

structure, impairing the functioning of the forest edges (Harper et al.,

Forest edges are the transition zones, i.e. ecotones, between the
forest interior and the surrounding ecosystems, such as grasslands,
wetlands and agricultural areas. As such, they are important for the
ecosystem functioning (Harper et al., 2005; Wang et al., 2020; Meeussen
et al., 2021) including maintenance of biodiversity (de Casenave et al.,
1995; Verhelst et al., 2023). The structure of the forest edge, i.e. the
three-dimensional (3D) arrangement of biomass, emerges as a key factor
determining its ecosystem functioning (Harper et al., 2005; Meeussen
et al., 2021). A natural forest edge consists of a shrub belt and a shel-
terbelt, with a distinct height gradient from the open land to the forest
interior (cf. Brandli, 2001, p. 275, Fig. 2). Furthermore, ideal forest
edges are characterized by an increased light availability compared with
the inner forest (de Casenave et al., 1995; Verhelst et al., 2023).

Consequently, the structural composition of forest edges impacts the
magnitude and extent of the ecosystem services that these ecotones are
able to provide (Harper et al., 2005). Human impacts, however, have led
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2005; Wang et al., 2020).

Due to its importance for ecosystem functioning, edge structure is
often assessed in forest inventories. So far, this has mainly been
accomplished through field assessments, which are labor-intensive and
therefore limited to sample plots. In Switzerland, for example, forest
edges have been operationally and repeatedly assessed since the second
iteration of the Swiss National Forest Inventory (NFI; cf. Brandli and
Ulmer, 1999).

In comparison to such field work, remote sensing technologies can be
used to acquire the necessary information over large areas at a relatively
low cost (White et al., 2016). With airborne laser scanning (ALS), the 3D
forest structure is acquired at a high level of detail and over large spatial
extents. Therefore, ALS makes it possible to retrieve objective estimates
of forest attributes and has been frequently used in forest inventories
(White et al., 2013; Nasset, 2014; Maltamo et al., 2021) or for forest
habitat characterization (e.g. Coops et al., 2016; Bourgouin et al., 2022;
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Huo et al., 2023). Few studies, however, have involved using ALS data to
retrieve information on forest edge structure and conditions, although
the great value this data offers for the task of forest edge characteriza-
tions has been illustrated in Wehrli (2015),Biihler and Zurschmiede
(2017) and Wang et al. (2020). The great potential of ALS additionally
results from the repeated and publicly available data with high point
densities, that is now provided by many national and local authorities.

The goal of our current work was to comprehensively harness the 3D
information provided by ALS data. We expanded the structure de-
scriptions by Wehrli (2015) and Wang et al. (2020), who focused on two-
dimensional (2D) edge characteristics, and we aimed to describe the 3D
composition of the forest edges in more detail, particularly the structure
of the shelterbelt. We utilised five metrics (canopy height variability,
area ratio of edge components, sky-view fraction, shelterbelt slope, and
front density) that are indicative of forest edge structure and have
ecological significance, meaning that they are comprehensible and easy
to interpret. The application of the forest edge description is first
demonstrated for individual sample points comprising forest edges
which include a wide range of forest edge types. Second, we illustrate
how the approach can be applied on landscape scale to describe the
forest edge structure in a spatially continuous way. Ultimately, the
spatially explicit 3D edge characteristics we derive from ALS data pro-
vide a complementary information layer to the existing field-based
forest edge assessments. Likewise, forest edge information on the scale
of entire landscapes can be retrieved where such data from field-based
assessments is missing.

2. Materials and methods
2.1. Study area

Switzerland is located in Central Europe (45-48° N, 5-11° E). The
topography is heterogeneous, with flat landscapes in the Central Plateau
and steep slopes in the Alps, and elevations range from 193 to 4634 m a.
s.1 (Fig. 1). A third of the country is covered with forests (approx. 1.32
Mio ha.), of which 42% are pure coniferous and 24% are pure deciduous
stands. Of the total forest area, 17% is located in the Central Plateau and
18% in the Prealps, while 35% lies in the Alps. The total forest edge
length for the entire country amounts to 115,000 km. The main forest
functions in Switzerland are protection against natural hazards (46%)
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and timber production (31%). More details on the forest distribution and
development in Switzerland can be found in Brandli et al. (2020).

A 6,500 m x 1,050 m (east-west by north-south extent) test site was
subset to demonstrate the forest edge characterization over an area-wide
extent. The test site is located in the north of Switzerland (star in Fig. 1)
and covers the northern slope of Lagern ridge with elevations up to 820
m above sea level. The area is characterized by mixed forest dominated
by European Beech (Fagus sylvatica L.), and mainly surrounded by
agricultural area. The total length of the forest boundary line within the
subset measured 9,200 m. The selected area is representative for land-
scapes in the Central Plateau and the Prealps. These areas are charac-
terized by agriculture and a conflict of interest with sustainable forest
management with ecologically valuable forest edges. Therefore, we see
the greatest benefit of our forest edge description for such areas, while
mountainous forest and particularly forest edges at the upper timber line
were not in focus.

2.2. Data

2.2.1. Laser scanning data

The forest edge description metrics are based on the swissSUR-
FACE3D ALS point cloud data set (cf. swisstopo, 2022b). The data set is
acquired and provided by the Swiss Federal Office of Topography
(swisstopo) and is openly accessible. The latest version of the data set
was acquired during the leaf-off season between 2017 and 2023. Nom-
inal point densities range from 15 to 20 pts/m? with a minimum of 5 pts/
m?, while the point densities are higher in forested areas, with a mean of
around 30 pts/m?.

2.2.2. Sample points from field visits

We used sample locations of the NFI to validate our approach, if a
respective NFI plot comprised a forest edge (approx. 500 of the 6,600
NFI plots; Diiggelin et al., 2020). Since the NFI plots are considered to be
representative for the countrywide forest conditions, we expected that
they comprise a wide variety of possible forest edge compositions. We
used intermediate results from the fifth inventory phase of the NFI (NFI
5, 2018-2026), which cover the years 2018-2022 and which was con-
ducted concurrently with the ALS acquisition campaign by swisstopo.
Since point clouds from some parts of Switzerland were not available at
the time of the study, however, we ultimately considered a total of 284
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Fig. 1. Spatial distribution of the 284 Swiss NFI sample points that contain forest edges and for which swissSURFACE3D acquisitions were available. Marked are the
locations of the example forest edge zones (Edge ID 9967), and Edge zones 70821 and 92708. The star indicates the location of area-wide forest edge description.
Regions: J: Jura; CP: Central Plateau, PA: Prealps; A: Alps; SA: Southern Alps. Source: swisstopo.
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NFI sample points containing forest edges (Fig. 1).

2.2.3. Auxiliary data

We used the forest boundary line from the NFI countrywide forest
mask. This forest boundary line served as a reference line to place the
sample points and to delineate the forest edge zones. The forest mask is
based on a digital surface model (DSM) from digital aerial stereo-images
with a spatial resolution of 1 m. Detailed information on the forest mask
is given in Waser et al. (2015).

To normalize the point cloud before deriving the edge structure
metrics, we interpolated a digital terrain model (DTM) from the point
cloud. We used the point classification with which the ALS data was
delivered and used ground points only for the calculation of the DTM.

2.3. Forest edge zone preparation

We calculated the edge metrics within the entity of an edge zone,
centered at the sample point s (Fig. 2). The idea of characterizing forest
edges on the basis of a fixed defined spatial extent originates from field-
based forest edge description frameworks (e.g. Kriisi and Schiitz, 1994).
Following Wang et al. (2020), we defined the edge zone asa 100 m x 60
m area: the total edge zone length measures 100 m along the forest
boundary line (50 m in both directions from the sample point s; cf. Fig. 2,
light pink line, distances sel and se2). The width of the edge zone is 60
m, centered at the sample point and measured perpendicular to the
forest boundary line (Fig. 2, white line with spI and sp2 corresponding to
distances of 30 m inside and outside of the forest, respectively).

Within the edge zone, we removed land cover elements that would
have distorted the edge metrics, for example farmhouses. We only
selected vegetation points from the point cloud, completely omitting
points classified as buildings from the workflow. Furthermore, we
excluded agricultural areas within the edge zones, using a land-use map
compiled from cantonal land-use information. Finally, we excluded
isolated trees or bushes in front of the forest edges. The criterion for their
detection was a minimum distance of 6 m covered with no vegetation
(vegetation height < 0.5 m) between these objects and the cohesive
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forest edge.
2.4. Edge structure metrics

We calculated five metrics within the forest edge zone (Table 1). The
metrics can be divided into zonal metrics and profile metrics, depending
on the reference unit from which they were derived. We calculated zonal
metrics based on the canopy height model (CHM) for the entire edge
zone. We generated a CHM with a resolution of 0.5 m from the point
cloud. In contrast, profile metrics were calculated along five discrete
profiles arranged at equal intervals within the edge zone (distance be-
tween two profiles measures 20 m along the forest boundary line), with
the middle profile crossing the sample point s (Fig. 3a). We considered
the entire length of the profile when computing the profile metrics, i.e.
the edge zone borders marked the end points of the profiles.

2.4.1. Height variability

The height variability describes the heterogeneity of the canopy
heights within the edge zone. We calculated this metric from the CHM
with 0.5 m spatial resolution as:

sd(CHM)

heightvariability = m

®

Table 1

Overview of the five derived edge metrics. The data source column lists the
major products from which the respective metrics were derived (either from the
canopy height model (CHM) or directly from the point cloud). The category
column indicates whether the calculation was performed on the level of the
entire forest edge zone (zonal metric) or based on individual profiles (profile
metric).

Edge metrics Data source Category

Height variablity CHM Zonal metric
Edge components CHM
Sky-view fraction CHM
Shelterbelt slope CHM Profile metric
Front density Point cloud

2672940 2672960 2672980 2673000 2673020 2673040 2673060

== Forest boundary line

Easting [m]

[ Edge zone

Fig. 2. Outline of the forest edge zone extracted around a sample point s. The white line is perpendicular to the forest boundary at s and corresponds to the width of

the edge zone. Source: swisstopo.
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Fig. 3. (a) Overview of the edge zone, with the canopy height model (CHM) overlaid with the five profiles for which the profile metrics were computed. (b)
Normalized point cloud transect (width = 10 m) taken along profile 3 (middle profile in (a)). (c) CHM profile along profile 3. Depicted are the original CHM values
(dots) and the increasing height profile (solid line). The color of the dots refers to the height increase in the increasing height profile (basis for structure feature
max_dh). (d) Side view of the voxelized point cloud in (b). The colors indicate the number of filled voxels in the forest front, aggregated in the direction across the

profile width. Non-front voxels in the side view profile are grayed out.

where sd refers to the standard deviation of the CHM heights and mean to
average CHM value within the edge zone.

2.4.2. Edge components

Considering the definitions in Kriisi and Schiitz (1994), we separated
the forest edge zone into three components, i.e. forest (canopy height h
>16 m), shelterbelt (4 m <h < 16 m) and shrub belt (h < 4 m), based on
the height thresholds which were used in Wehrli (2015). We applied
these height thresholds to the CHM to retrieve the areas of the respective
edge components within the forest edge zone (cf. Wang et al., 2020).
Finally, we calculated the ratio of each of the three components with
respect to their total area. For the example of the shrub belt fraction:

A.vhmh (2)
Agirub + Ashettervetr + Aforest

fractiong,,,, =

2.4.3. Sky-view fraction

The sky-view fraction describes the visible portion of the sky in the
hemisphere when a zenith-facing camera is placed on the ground,
weighted by the cosine of the zenith angle (Webster et al., 2020) and
characterizes the light availability at the forest floor. We calculated sky-
view fraction from synthetic hemispheric images created using the
approach by Webster et al. (2023, code available from https://github.
com/c-webster/CanRad.jl), which calculates the light transmission
through the canopy based on the CHM of the forest edge zone, terrain
elevation data (for which we used the swissALTI3D data, cf. swisstopo,
2022a), and the forest mixture ratio between deciduous and conifer
trees (cf. Waser et al., 2021). Images were created at 1.5 m height along
a regular 2 m spaced grid across each edge zone.

We then summarized the sky-view fraction for each edge zone using
two measures. First, we calculated the mean sky-view fraction within
the entire forest edge zone (structure feature skyview plot). Second, we
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calculated the mean sky-view fraction for the forest part only of the
forest edge zone (structure feature skyview_forest), where the separation
between forest and non-forest was based on the forest mask. We
considered this subdivision meaningful since the high sky-view fractions
in the open land distort the average metric when included for the entire
edge zone.

2.4.4. Shelterbelt slope

The shelterbelt slope describes nature of the transition between the
open land and the forest interior. We characterized the shelterbelt slope
using four measures: the maximum height increase and the distances to
the 50%-, 75%- and 95%-height quantiles with respect to the maximum
canopy height in the profile. Conceptually similar metrics were used in
Verhelst et al. (2023). Heights were extracted from the CHM along each
of the five profiles at the resolution of the CHM (0.5 m). For the pro-
cessing, we reoriented the profiles — which were originally oriented
perpendicular to the forest boundary line — such that the open land was
on the left and the forest interior was on the right (Fig. 3b). This reor-
ientation was necessary to obtain consistent measures for all profiles. To
measure the maximum height increase, we transformed the profile into
an increasing height profile (Fig. 3c, black line), where we only
considered increases with respect to the previously achieved heights
from the surrounding open area into the forest, neglecting decreases in
the profile. The maximum height increase corresponds to the maximum
increase in this increasing height profile. In contrast, we derived the
distances to the three height levels from the actual CHM transects, where
the reference ground point from which the distances were measured
corresponded to the last canopy height value < 0.5 m before the canopy
height increases.

2.4.5. Edge front density

The edge front density describes the openness of the forest edge front
in the horizontal orientation. The computation of this metric was based
on point cloud transects taken along the edge profiles (Fig. 3a), with a
transect width of 10 m (Fig. 3b). In a first step, we voxelized the point
cloud transects into voxels with an edge length of 0.5 m (Fig. 3d) and
classified them as filled voxels if they contained at least one point. In a
second step, we computed the fraction of filled voxels with respect to the
total number of voxels within the first 10 m of the forest edge front,
deriving the fraction separately for the shrub layer and the shelterbelt
layer.

2.5. Edge structure classes

Forest edges in the NFI are classified into the three quality classes
“low”, “average”, and “high” based on the field assessed edge structure
metrics (cf. Brandli, 2001, p. 279, for more details on the retrieval of the
edge quality classes). Following the NFI, we applied three target classes
and applied k-means clustering (Hartigan and Wong, 1979), which is an
unsupervised classification method. In contrast to the NFI, the unsu-
pervised classification approach therefore clusters the edges in groups
with similar structural characteristics instead of providing a classifica-
tion of their ecological value.

We described each of the 284 forest edge zones using 12 structure
features, which we derived from the five edge metrics (Table 2). The
transformation of the edge metrics into structure features was necessary

Table 2
Five edge metrics with the derived structure features.
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since we wanted to summarize the information of the respective metrics
in one value per feature and edge zone. We applied this step to the sky-
view fraction, which we had calculated within a 2 m raster in the first
step and which we aggregated to a single value on the level of the edge
zone, and to the profile metrics (shelterbelt slope, front density), which we
summarized as the mean value of the five profiles per edge zone.

We individually normalized all structure features to the range [0, 1]
before using them in the clustering.

3. Results
3.1. Edge structure metrics

Figs. 4 and 5 illustrate how the forest edge structure is captured for
two exemplary edge zones from the NFI sample points. Figs. 4c and 5¢
show the edge components (shrub belt, shelterbelt, forest layer) that
were derived from the CHM. Figs. 4e and 5e illustrate the sky-view
fraction. The fraction ranges from 0 (sky is invisible from a spot) to 1
(complete hemisphere is visible). The figures in the right column show
the point cloud transect (Figs. 4b, 5b; profile width = 10 m), the CHM
profile with the distances to the 50%-, 75%- and 95%-height quantiles
(Figs. 4d, 5d), and the side view of the voxelized point cloud reporting
the number of filled voxels in the forest front (Figs. 4f, 5f). For both edge
zones, the profiles through the zone centers (profile 3) are shown.

For comparison, orthoimages of the two edge zones are shown in
Fig. 6a (Edge zone 70821) and 6b (Edge zone 92708).

Edge zone 70821 in Fig. 4 represents a forest edge with little height
variability (cov_plot = 0.6). The edge structure is dominated by forest
(frac_forest = 0.97), whereas a shrub belt is completely absent (frac_-
shelterbelt = 0.03). The sky-view fraction suggests low light availability
within the forest part considering the forest mask (sky_view_forest = 0.1).
The transition from the open land into the forest features a distinct
border with a steep slope (max_dh = 24.9 m, rise_distance_h50 = 0.5 m).
The forest front is rather open in both the shrub belt height layer
(front_density_shrub = 0.04) and the shelterbelt layer (front density -
shelterbelt = 0.05) (a front view of the edge front is given in Fig. 7a).

In contrast, the forest edge zone 92708 in Fig. 5 is more diverse in its
canopy height (cov_plot = 1.1) and comprises a distinct shelterbelt
(frac_shelterbelt = 0.46) and a shrub belt (frac_forest = 0.1). Light
availability within the forest is higher (sky_view_forest = 0.19) with a
diverse illumination pattern (Fig. 5e). The CHM profile illustrates a
gradual, slow height increase from the open land into the forest (Fig. 5d,
rise_distance_h50 = 15.8 m), with less abrupt height steps (max_dh =
13.1 m). The forest front is rather dense, both in the shrub belt height
layer (front_density_shrub = 0.18) and in the shelterbelt layer (front -
density shelterbelt = 0.13). A front view of the edge front is given in
Fig. 7b.

3.2. Area-wide application

Fig. 8 illustrates how forest edge characteristics along the forest
boundary line can be derived in a spatially continuous way at landscape
scale. The sample locations, at which the forest edge characteristics were
derived, were placed along the forest boundary line such that the forest
edge zones were immediately adjacent to each other (white outlines in
Fig. 8b-e). Fig. 8b, c depict the classified forest edge components which

Edge metric Structure feature

Description

Height variability
Edge components
Sky-view fraction
Shelterbelt slope
Edge front density

cov_plot

frac_shrub frac_shelterbelt frac_forest

skyview _plot skyview_forest

max_dh rise_distance_h50 rise_distance_h75 rise_distance_h95
front_density_shrub front _density_shelterbelt

Fractions of the three edge components (Eq. 2).

Mean values within entire edge zone and within forest, considering the forest mask.
Mean of the five profiles per edge zone.

Density within 0.5-4 m (shrub belt) and within 4-16 m (shelterbelt) above ground.
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Fig. 4. Forest edge zone 70821. (a) Canopy height model (CHM) with the five profiles for which the profile metrics were calculated. (b) Point cloud transect from
profile 3 (width = 10 m). (c) Classified edge components present within the forest edge zone. (d) Canopy height profile (black dots) from profile 3. Depicted are the
distances to the 50%-, 75%- and 95%-height quantiles. (e) Sky-view fraction (value range [0, 1]) calculated in a 2 m raster. The white line marks the forest boundary
line. (e) Side view of the voxelized and classified (filled/non-filled) point cloud transect from profile 3. The colors indicate the number of filled voxels in the forest
front, aggregated in the direction across the profile width. Non-front voxels are grayed out.

form the basis for the calculation of the ratios of the shrub belt
(frac_shrub), shelterbelt (frac_shelterbelt) and forest (frac_forest) within
the forest edge zones. Fig. 8d, e show the maximum height increase
(max_dh) along five profiles per edge zone. For clarification, the
maximum height increase of individual profiles is shown but the values
finally were aggregated to one value per edge zone.

For the two subsets, the fraction of shrub belt (frac_shrub), shelterbelt
(frac_shelterbelt) and forest (frac_forest) ranged between 0.04-0.53,
0.23-0.39 and 0.23-0.66, respectively, for the five edge zones in ROI 1
and between 0.00-0.09, 0.05-0.23 and 0.69-0.93, respectively, for the
five edge zones in ROI 2. Maximum height increases (max_dh), aggre-
gated per edge zone, ranged between 12.8-18.2 m in ROI 1 and between
13.1-18.5 m in ROI 2.

3.3. Edge structure classes

K-means clustering of the 284 edge zones at the NFI sample points
into three structure classes resulted in classes with 173, 46, and 65
edges. Table 3 summarizes the edge structure characteristics as the
mean, median and standard deviation of the 12 structure features within

the three classes. Actual distributions of the features within the three
classes are shown in Fig. 9 (depicted is one structure feature per edge
metric). Compared with Class 3, forest edges in Class 1 have a more
homogeneous vegetation structure in terms of their height variability
(mean cov_plot = 0.8 (Class 1) vs. 1.0 (Class 2) vs. 1.1 (Class 3)) and their
edge structure consists mainly of the forest layer (frac_forest = 0.79 vs.
0.52 vs. 0.31). In particular, the shelterbelt in Class 1 is not very pro-
nounced (mean frac_shelterbelt = 0.18 vs. 0.39 vs. 0.61), while the shrub
belt is narrow or absent (mean frac_shrub = 0.02 vs. 0.09 vs. 0.08).
Furthermore, the light availability is lower in Class 1 (skyview plot =
0.29 vs. 0.35 vs. 0.43; skyview_forest = 0.17 vs. 0.23 vs. 0.31). Accord-
ingly, Class 2 comprises edges with a structural composition in between
the two other quality classes.

The profile metrics indicate that the forest edges in Class 1 are steep,
which is reflected in the maximum height increase from the open land
into the forest (max_dh = 13.7 m vs. 8.4 m vs. 8.2 m) and in the distance
from the open land to the point where half of the maximum height of the
profile is reached (rise_distance h50 = 2.4 m vs. 8.4 m vs. 2.6 m).
Accordingly, forest edges in Class 2 and Class 3 exhibit a shelterbelt with
amore gradual height increase than in Class 1, where this gradual nature
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Fig. 4. (continued).

of the slope is most pronounced in Class 2. The density of the biomass in
the forest edge front is lower in Class 1 than in the two other classes,
both in the shrub belt height layer (0.5-4 m, front_density_shrub = 0.07
vs. 0.11 vs. 0.12) and in the shelterbelt height layer (4-16 m, front -
density _shelterbelt = 0.09 vs. 0.13 vs. 0.12). Forest edges in Classes 2 and
3 therefore are more closed, with a reduced horizontal visibility into the
forest from the front edge.

4. Discussion
4.1. Edge structure metrics

We defined five forest edge structure metrics that describe both the
horizontal and the vertical composition of forest edges. The high point
densities over forested areas enable detailed descriptions of the 3D
structure, including the composition of the shelterbelt. We described the
height composition of the edge by the height variability and the frac-
tions of the edge components. While the height variability (cov_plot)
summarizes the variability in canopy height on the level of the edge
zone, the fractions of the three edge components (frac_shrub, frac_-
shelterbelt and frac_forest) describe the horizontal composition of the
forest edges in more detail. The comparability of the height variability
values is ensured since this metric is calculated from the CHM with a
consistent spatial resolution of 0.5 m for all forest edges. The diverse
topography in Switzerland results in forests with a high variability in
tree heights. Therefore, we applied absolute height thresholds for the
classification of the forest edge components to ensured that identical
components are compared across a range of forest types. Similar to
Verhelst et al. (2023), who described the forest edge structure from
terrestrial laser scanning (TLS) data, we measured the height gradient of
the shelterbelt with the four structure features max_dh, rise_distance_h50,
rise_distance_h75 and rise_distance_h95. The relevance of forest edges for
various ecosystem services, inter alia, results from the higher light
availability compared with in the forest interior (Ries and Sisk, 2004;
Harper et al., 2005). We modeled the sky-view fraction to estimate the
light regime. Finally, a dense edge front is important for shielding and
protection of the forest interior from pollutant discharge from the sur-
rounding open land (Wuyts et al., 2009). We introduced the front den-
sity metric to describe this structural characteristic of the forest edge.

With this set of structure metrics, we provide a forest edge character-
ization which encompasses various aspects of forest edge structure
properties. The metrics have a significance for the ecological functioning
of the forest edge, are comprehensible and can be visually interpreted.

The validation of our metrics relied on expert assessments using
maps and profile views of the forest edges, as depicted in Figs. 4 and 5.
The figures showed examples of two forest edges, which differ greatly
from each other. We observed that Edge zone 92708, compared to Edge
zone 70821, was characterized by a more diverse height structure
(cov_plot) and showed a more gradually increasing shelterbelt which is
reflected in the maximum height increase (max_dh) and the distance
from the front to half of the maximum canopy height (rise_distance_h50).
Furthermore, the light regime within the forest area (skyview_forest) in
Edge zone 92708 was more heterogeneous. The front density in the
shrub belt height layer (< 4 m; front density_shrub), was distinctly
greater in the profile from Edge zone 92708. This was also visible in the
front view of the voxelized edge profiles (Fig. 7) which showed that the
shrub belt and lower parts of the shelterbelt height layer of the profile
from Edge zone 92708 were more densely filled with biomass. However,
the metric might be impaired by occlusion effects caused by the forest
structure in the upper canopy parts, which result in a locally insufficient
sampling with laser pulses given the applied flight acquisition scheme.
The problem of insufficient representation of the forest edge front from
ALS data should be investigated further in the future. Verhelst et al.
(2023) also measured the density of the edge front, but using TLS. Since
TLS data comprises a much higher level of detail and more information
within lower vegetation layers than ALS data, TLS could serve as
reference to evaluate the robustness of the front density towards ALS
acquisition characteristics. We assume, however, that the high point
density over forested areas, together with the generalization of the raw
point cloud into classified voxels (filled/non-filled), reduces the impact
occlusions have on the estimated density.

4.2. Area-wide edge structure retrieval from ALS data

ALS data makes it possible to derive spatially explicit information on
the forest edge structure in a reproducible way. As demonstrated, forest
edge information can be derived in a spatially continuous manner on an
area-wide basis (Fig. 8). For this purpose, the sample points along the
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forest boundary line, which define the forest edge zones, were placed
such that the forest edge zones were continuously adjacent to each
other. Area-wide and spatially continuous forest edge information could
be used to identify forest edges with certain structural properties, e.g.
with low structural variability and steep slopes. An example of a forest
edge section with low structural variability was visible in ROI 2 in the
test site (Fig. 8c, e) where the forest edge mainly consisted of the forest

component, whereas the shrub belt and shelterbelt were mainly missing.
In contrast, the forest edge in ROI 1 (Fig. 8b, d) was structurally more
diverse with a distinct shrub belt and shelterbelt. Spatially continuous
edge structure information allows planning management activities such
as forest edge restorations to increase their ecological value. In this
context, multitemporal ALS data could enable the monitoring of forest
edge development and efficacy of edge restoration activities, similar to
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Wang et al. (2020).

Furthermore, the derived edge characterization from ALS could be
integrated into the NFI. Currently, the field-based forest edge de-
scriptions in the NFI mainly include assessments of 2D structure char-
acteristics and tree species information. The spatially explicit, 3D forest

edge measurements from ALS point clouds therefore could be a valuable
complement to the current NFI edge metrics.

4.3. Edge structure classes

We applied an unsupervised classification scheme to forest edges at
NFI sample points to identify three edge classes with distinctly different
structural characteristics. We observed that, compared with Class 3,
forest edges in Class 1 had less height variability, a smaller or absent
shrub belt, lower light availability within the forest structure, a steep
shelterbelt slope, and a rather open forest front (Fig. 9 and Table 3).
Class 2 represents an intermediate class. Compared with Class 3, edges
in Class 2 comprised a larger area fraction that was covered with
vegetation in the forest height layer (frac_forest), with a reduced shel-
terbelt (frac_shelterbelt); however, the composition of the shelterbelt was
more gradual in this class than in Classes 1 and 3. Considering the
composition of a natural forest edge in Brandli (2001), a forest edge with
a high ecological value is associated with a gradual height transition.
Consequently, the more diverse edge structure and more pronounced
height transition found in Class 1 would indicate that forest edges in this
class feature a higher ecological value than the forest edges in the two
other classes. However, a definite assignment of the ecological value to
classes from an unsupervised classification remains challenging. A po-
tential improvement to our edge classification approach incorporates
the replacement of the unsupervised classification with a framework
that includes expert knowledge. Approaches to establish such a frame-
work have been discussed for biomedical tasks (Valizadegan et al., 2013;
Shamyuktha et al., 2022). Experts could define thresholds for the edge
structure metrics that characterize the ecological value of the forest
edges. Such a procedure is facilitated by the comprehensibility of the
derived edge structure features which allow linking them to ecological
functions. Such a classification offers the advantage of providing a wall-
to-wall assessment of the ecological value of the edge ecotones based on
ALS data (Wang et al., 2020). Ultimately, such a classification scheme
would further increase the value of an ALS-based forest edge product for
forest edge restoration and monitoring edge conditions over time.
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Table 3

Summary of the 12 structure features describing the forest edges within the three edge quality classes. Reported are the mean, the median and the standard deviation
(sd) for each structure feature and class. max_dh, rise_distance_h50, rise_distance_h75 and rise_distance_h95 are in [m] while all other features are unitless. The total
number of edge zones in each of the three classes is also given.

Class 1 Class 2 Class 3
Structure feature Mean Median sd Mean Median sd Mean Median sd
cov_plot 0.8 0.8 0.3 1.0 0.9 0.4 1.1 1.1 0.3
frac_shrub 0.02 0.01 0.03 0.09 0.05 0.10 0.08 0.05 0.10
frac_shelterbelt 0.18 0.17 0.11 0.39 0.39 0.14 0.61 0.60 0.18
frac_forest 0.79 0.81 0.12 0.52 0.52 0.15 0.31 0.34 0.18
skyview plot 0.29 0.30 0.09 0.35 0.35 0.10 0.43 0.43 0.11
skyview forest 0.17 0.16 0.06 0.23 0.20 0.10 0.31 0.28 0.12
max_dh 13.7 13.1 4.3 8.4 8.0 2.7 8.2 7.6 3.2
rise_distance_h50 2.4 2.0 1.6 8.4 8.6 4.6 2.6 2.6 1.6
rise_distance_h75 6.0 5.6 2.7 15.9 15.3 4.5 7.0 6.7 3.5
rise_distance_h95 14.3 14.7 4.8 22.8 22.7 5.3 13.4 13.7 5.9
front_density_shrub 0.07 0.06 0.03 0.11 0.10 0.05 0.12 0.11 0.06
front_density_shelterbelt 0.09 0.09 0.04 0.13 0.13 0.04 0.12 0.12 0.05
Total number of edge zones 173 46 65
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5. Conclusions

In the present study, we proposed five structure metrics (height
variability, edge components, sky-view fraction, shelterbelt slope and
edge front density) derived from ALS point clouds to characterize the 3D
composition of forest edges. These metrics capture indicative charac-
teristics of the edge structure, including detailed information on the
shelterbelt, and at the same time have a clear ecological significance.
The expert assessment of point cloud transects confirmed the metrics’
ability to measure the intended structural properties.

ALS point clouds offer the advantage of providing spatially explicit
edge descriptions that are both quantitative and qualitative. Moreover,
the availability of countrywide ALS data enables to retrieve information
on the structural conditions of forest edges over large areas in a spatially
continuous way.

Area-wide information on the forest structure allows planning
management activities to restore forest edges with decreased ecological
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value. Likewise, the proposed ALS metrics complement existing field-
based forest edge assessments, which mainly focus on 2D characteris-
tics of the forest edge composition. However, forest edge descriptions
derived from ALS data cannot replace field assessments completely,
especially as species composition, an important forest edge character-
istic, cannot be derived from the point clouds in detail. We therefore
believe that the greatest potential of our ALS edge metrics lies in the
enhancement of existing NFI edge assessments.

The derived forest edge metrics further can be used to classify forest
edges with regard to their structural properties. The link between the
edge structure and the ecological value of the forest edge, however, is
not straightforward. For a more indicative edge quality assessment
based on ALS data, we propose to establish a classification scheme based
on expert knowledge. This would increase the benefit of the classifica-
tion because the quality classes would have a clearer ecological signif-
icance. Ultimately, such an improved forest edge quality map would
enable the detection of degraded edges that require restoration, as well
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as the monitoring of ongoing edge enhancement activities over large
spatial extents.
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