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ABSTRACT: Forest structure is a key element to determine the capac-
ity of mountain forests to protect people and their assets against natural
hazards. LIDAR (Light Detection And Ranging) offers new ways for de-
scribing forest structure in 3D. However, mountain forest structures are
complex and creative methods are therefore needed to extract reliable
structural information from LiDAR. The objective of this study was to in-
vestigate if the application of landscape metrics to a normalised canopy
model (hnCM) allows an automatic characterisation of forest structure. We
used a generic automated approach that created height class patches based
on a segmented nCM. Two multi-resolution segmentations were carried
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out: level 1 objects represented tree crowns and collectives of tree crowns,
level 2 objects represented forest stands. Level 1 objects were classified
into four height classes and subsequently overlaid with level 2 stands in
order to calculate the metrics 1) canopy density and vertical layering of the
forest, 2) forest gap distribution and 3) canopy roughness using the Divi-
sion Index (DIVI). Canopy density values of each height class allowed the
classification of the vertical layering. Distinguishing between single- and
multi-layered stands, 82% of all the sample plots were correctly classified.
The DIVI calculated on gaps proved to be sufficient to describe the spatial
arrangement of patches and distinguish between stands with many small
gaps from stands with only a few but larger gaps. Canopy roughness could
not satisfactorily be described using the DIVI based on the validation
plots. With the approach presented, resource and natural hazard managers
can assess the structure of forest stands and as such more easily take into
account the protective effect of forests.

1 Introduction

“Mountain forests provide the most effective, the least expensive and the
most aesthetic protection against natural hazards” recalls the first para-
graph of the Mountain Forest Protocol of the Alpine Convention. Without
mountain forests, the costs of building and maintaining technical protec-
tive constructions against rapid mass movements in the Alps would be un-
affordable. Forest structure is a key element that determines the protective
capacity of mountain forests (Dorren et al. 2004). It can be characterised
by the horizontal distribution of trees, the vertical layering and the tree
species mixture.

Structures of mountain forests differ greatly from those in the lowlands.
Mountain forests contain relatively few species, tend to be quite open and
consist of a mosaic of tree clusters and gaps (Schénenberger 2001). In
mountain forests, particularly, structure is closely related to stand stability,
i.e. resistance against and resilience after disturbances such as storm and
snow loads (Brang 2001). Other characteristics that determine structure are
crown closure and tree density. These directly influence release probability
of forest avalanches and the capacity to stop falling rocks (Dorren et al.
2005). Consequently, assessing forest structure enables forest managers
and natural risk engineers to evaluate if a forest can fulfil its protective
function or not. Reliable and area-extensive data on forest structure is thus
a prerequisite for effective resource and risk management in mountainous
regions.
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Traditional methods for assessing forest structure comprise field inven-
tories (Herold and Ulmer 2001) and aerial photo interpretation (Bebi
1999). The drawback of inventories is that they cannot provide spatially
continuous information over a large area. The usefulness of photo interpre-
tation im mountainous terrain is hampered by different illumination and
shading effects. Small footprint airborne LiDAR, however, allows deriving
detailed digital terrain (DTM) and surface (DSM) models. Subtracting
these two models of a forested area results in a so-called normalised can-
opy model (nCM), which is spatially continuous and not hampered by
shading effects - typical for optical remote sensing data. This facilitates as-
sessing forest structure in 2.5D. Various studies show that it is possible to
derive a variety of single structural attributes such as tree height, basal
area, crown size and above-ground biomass from LiDAR data (Hyyppa et
al. 2006, Hall et al. 2005, Naesset 2004, Maltamo et al. 2004, Tiede et al.
2004, Lim et al. 2003). Some studies focus on tree height variance as an
indicator of vertical forest structure (Blaschke et al. 2004, Zimble et al.
2003). Until now, little attention, however, has been paid to the application
of landscape metrics to LiDAR-based canopy surface models.

Landscape metrics, representing a view “from above”, allow quantifying
the link between landscape structure and function. Usually, they are de-
rived for the following three levels: 1) the patch level which corresponds
to individual objects, 2) the class level, i.e., characteristics of all patches of
the same type and 3) landscape level which integrates all patch types or
classes across the extent of the data. For some applications a fourth level,
the region level, is introduced. This level indicates a sub-area of the land-
scape. If we translate the landscape metrics nomenclature into the forest
structure context of this study, landscape refers to the whole forest, region
refers to stand, class to tree height class and patch to tree height patch. The
use of landscape metrics within forests mainly focuses on forest fragmen-
tation and biodiversity, and their changes over time (Traub & Klein 1996,
Venema et al. 2005).

In this study, landscape metrics are used for another purpose, namely to
describe fragmentation of the canopy surface height in terms of variability
or structuring. Landscape metrics are expected to link forest structure with
the protective capacity of a mountain forest. The general idea is that the
use of landscape metrics leads to more objective, transparent and repeat-
able results compared to visual interpretation by a human interpreter. Our
overall goal is to derive stand structure information as a basis for protec-
tion forest planning, management and monitoring. Therefore, the objective
of this study was to investigate if the application of landscape metrics to a
nCM allows an automatic characterisation of forest structure.
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2 Study area and data

2.1 Study area

The study area covers 120 ha of spruce-dominated protection forest on a
west facing slope near the Austrian village of Gaschurn in the Montafon
valley (see Fig. 1). This forest provides essential protection against natural
hazards such as landslides, avalanches and rockfall. The study area ranges
from 1000 m altitude in the valley floor up to 1800 m at the tree line. The
study area is dominated by steep rugged terrain with rock faces, gullies and
torrents. Old-growth forests with different structure types dominate. The
structural differences are due to various factors. Multi-layered structures
with short-distance height variation in the canopy, so called fine-grained
canopy patterns, grow on shallow soils that cover glacially eroded bed-
rock.
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Fig. 1. Location (left) and DTM of the study area viewed from Southwest (right)

Homogenous pole stands occur in areas that used to be meadows in the
lower parts of the slope. Open structures caused by windthrow are found
below the rock faces in the southeastern part of the study area. Another
type of open structures is found close to the tree line. These, however, con-
sist of tree clusters (collectives), which are typical for high altitude forests.
Along the avalanche tracks, tree regeneration and young stands can be
found. The presence of all these different structure types makes this area
well-suited for this study.
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2.2 Data

The ALS data used in this study were acquired on the 10th of December
2002 under leaf-off canopy conditions. The instrument applied was a
first/last pulse Airborne Laser Terrain Mapper (ALTM 1225) produced by
Optech Inc. (Canada). The pulse repetition frequency of the ALTM is 25
kHz that resulted in a point density of 0.9 points m™ at an average flight
height of 1000 m above ground level. With a laser beam divergence of 0.3
mrad, the theoretical footprint on the ground was about 0.30 m. The aver-
age ground swath width was about 725 m, the maximum scanning angle
20° (Wagner et al. 2004).

The data obtained by the ALTM have been processed and interpolated
by the TU Vienna using the hierarchical robust filtering approach within
the SCOP++ software package (Kraus and Pfeifer 1998). As a result a
DTM and a DSM, both with a resolution of 1 m x 1 m, were created. By
subtracting the DTM from the DSM we obtained a nCM which describes
an estimate of the forest height.

Thirty-three circular inventory plots of 314 m?2 served for validation.
Within these plots, we recorded for each tree: diameter at breast height (1.3
m), position (azimuth and distance), height and species. In addition, we de-
termined the vertical layering and the stand type following Maier (2007a).

3 Methodology and Implementation

3.1 Segmentation and height classification

Our method combines object-based multi-resolution segmentation and
classification with GIS analyses. The rule sets for segmentation and classi-
fication are developed using CNL (Cognition Network Language), a
modular programming environment available in the Definiens Developer
environment. Segmentation is done using a region-based, local mutual best
fitting segmentation approach. It is a pair-wise clustering process, starting
with randomly selected one-cell objects. In an iterative process these ob-
jects are merged into larger ones. This segmentation process is determined
by three parameters which can be set by the user. The first one is scale
which is a stop criterion for the object growing process and thus defines
the maximum segment, or object size. The other two parameters shape (vs.
colour) and compactness (vs. smoothness) define the weights for the al-
lowed heterogeneity of image values (here: height values) and shape com-
plexity (Baatz and Schape 2002, Benz et al. 2004).
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Segmentation was used to create two object levels which corresponded
to 1) single and clustered tree crowns and to 2) forest stands. To delineate
single and clustered (collectives) tree crowns the nCM was segmented into
objects using a scale parameter of 5. The ancillary parameters shape and
compactness were both set to 0.5. Since single tree crowns comprise dif-
ferent height classes, a small scale parameter led to onion-like concentric
objects only representing parts of a tree crown. A big scale parameter,
however, levelled out the different tree heights and resulted in a loss of
structural complexity. Segmentation tests with known trees showed that a
scale parameter of 5 was a good compromise. The resulting objects in this
level represent homogenous tree height patches. These canopy objects
were then classified according to their mean height using the height classi-
fication schema presented in Fig. 2.
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Fig. 2. Tree height classification schema

The height classification schema follows the different forest develop-
ment stages that are defined in the Manual for the Aerial Photo Interpreta-
tion of the Swiss Forest Inventory (Ginzler et al. 2005). Four height classes
(HC) are introduced: HC 0 comprises all segments with a mean vegetation
height below 3 m. Those are regarded as unstocked as the differentiation
accuracy of the laser allows no distinction between surface roughness (ly-
ing dead wood, rocks, stumps or low vegetation) and young trees. HC 1 (3-
8 m) corresponds to young trees and HC 2 covers the range from 8-20 m.
This class contains mainly pole forests and timber forest. HC 3 consists of
tree crowns higher than 20 m, which are usually thicker trees, or old
growth forest. The classified objects were subsequently dissolved into ho-
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mogenous height class patches and exported into a GIS readable vector
format (Polygon Shape file).
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Fig. 3. Flow diagram of study methodology

To delineate forest stands, input rasters were segmented into objects us-
ing a scale parameter of 100, as well as a shape and compactness parame-
ter of 0.3 and 0.4 respectively. Because terrain features strongly influence
forest growth and development in relief-rich mountainous terrain, the input
rasters consisted of the nCM, but also the mean slope gradient, and the as-
pect. We assumed that forest stands are largely homogenous in terms of
age, species distribution and developmental stage and that they reflect
similar physiographical conditions. The segmentation weights of the three
input rasters NCM, slope and aspect were set to 1, 0.5 and 0.5 respectively.
The setting of the above mentioned parameters provided the forest stand
map that respected best existing stand borders observed in the field and on
CIR orthophotos.

Following the segmentation and classification, a GIS was used to char-
acterise the patch-structure (level 1) within each stand object (level 2) us-
ing landscape metrics for canopy density, vertical layering, gap distribu-
tion and canopy roughness of a forest stand. All metrics were calculated
with the V-late extension for ArcGIS (Lang and Tiede 2003). Fig. 3 sum-
marises the complete method flow of this study.
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3.2 Landscape metrics calculation

The structural characteristics considered relevant for this study were: can-
opy density and vertical layering of the forest, forest gap distribution and
canopy roughness. In the following paragraphs their calculation using
landscape metrics will be explained in detail.

3.2.1 Canopy density and vertical layering of the forest

Canopy density (CD) is defined as the percentage of the area which is oc-
cupied by the horizontal projection of tree crowns. Multiple coverage in
super-imposed tree layers (height classes) is not taken into account (Keller
2005). The landscape metric we used for describing CD is called CDygy
and corresponds to the total area of all stocked height patches of HC 1, 2
and 3, in percent of the total stand area. Maier (2007b) shows that there is
a good correspondence (R? = 0.7) between canopy density measured in the
field by mapping crown radius and the canopy density derived from Li-
DAR-based canopy models.

23
CD =P, = ‘:1A (100) (eq. 1)

P; = proportion [%] of the stand (without gaps) occupied by height class

ajj = area [m?] of patch ij
A = stand area [m?] without gaps (HC 0)

Vertical layering or stratification can be referred to as the vertical distri-
bution of foliage (Parker and Brown 2000). When calculating CD for the
three different HC (eq. 1, see McGarigal and Marks 1995), the vertical
layering of the forest can be assessed. It is important to note that super-
imposed tree layers cannot be detected using a 2.5D nCM. Therefore, the
layering assessment is restricted to the different height levels which can be
seen from above. According to the Austrian Forest Inventory (AFI), a sin-
gle-layered stand has only one distinct canopy layer. Two-layered struc-
tures have in addition to the dominant canopy layer a second layer, which
exhibits considerable growth potential. Here, a separate forest layer needs
to have a total CD of at least 30% (Schieler and Hauk 2001). According to
the Swiss National Forest Inventory, single layered stands consist of one
layer that covers more than 80%. Our rules for assessing the vertical layer-
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ing were principally based on these guidelines, but adapted for an nCM-
based analysis (Table 1).

Table 1. Rule set for vertical layering according to canopy density (CD) per
height class (HC)

single-layered one HC with CD > 60%, no other HC > 35%

two-layered two HC with CD > 30% or one HC > 50% and one HC >20%

multi-layered three HC with CD > 20%

For validation, we compared the vertical layering classification with the
vertical structures recorded in the 33 field plots.

3.2.2 Forest gap distribution

Gaps are unstocked patches in a forest matrix. They can be formed by har-
vesting trees (silvicultural intervention), by natural succession or distur-
bances. When trees die, they create gaps that allow the sunlight reaching
the ground, which could initiate forest regeneration. Windthrow, snow
break and subsequent bark beetle infestations belong to the natural gap-
making processes and disturbances. Small gaps are distinct and common
features of mountain forests, and do not pose problems to the protective
function of the forest against natural hazards. Large openings in the forest
cover, however, do. They are potential avalanche release areas or can ac-
celerate rockfall.

Therefore, the size and spatial distribution of gaps influence the protec-
tive capacity of a forest. The bigger and longer a gap is in the slope direc-
tion, the more likely forest avalanche release or falling rocks acceleration
is. Gap length can be calculated by defining the longest flow path in slope
direction. These values can then be compared with existing protection for-
est management guidelines (e.g. Frehner et al. 2005) in order to assess the
need for silvicultural intervention or tending.

DIVI e, =1—i[‘1j (eq. 2)
where a; = area [m?] of gap patch i
A = here: total area [m?] of gaps in one stand (HC 0)

In order to assess the spatial distribution of gaps, we calculated the Di-
vision Index (DIVI, see eq. 2). The DIVI is defined as the probability that
two randomly selected locations do not occur within the same patch in the
forest (Jaeger 2000). Although this index originates from ecology where it
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refers to the likeliness that two organisms will meet within the same patch,
it can also refer to the degree of gap fragmentation, or “gappiness” of a
forest stand. In other words, it expresses if gaps occur as single big un-
stocked areas or highly fragmented small gaps throughout the stand.

3.2.3 Canopy roughness

Finally, we tried to quantify the graininess or roughness of the forest can-
opy by measuring the overall fragmentation of all height classes and inter-
pret it as a degree of structuring. This is done by calculating the Division
Index on all height classes on a stand level (eq. 3). This measure of frag-
mentation describes if the canopy is vertically homogenous or heterogene-
ously structured, following McGarigal and Marks (1995), who used this
index to differentiate between coarse- and fine-grained landscape struc-
tures. Within the conventional repertoire of forest inventory parameters,
the parameter StandType (Schieler and Hauk 2001) which defines uniform,
irregular and single tree structures (see Table 2) appeared the only one to
represent canopy roughness (CR) as a structural parameter.

DIVI =1—i}[‘1j2 (eq. 3)

where a; = area [m?] of patch i
A = here: total area [m?] of stand

Table 2. Definition of stand type according to the Austrian Forest Inventory
(Schieler and Hauk 2001)

Homogenous, more or less closed canopy with uniformly distrib-
uted trees or tree groups

Stands consisting of tree groups of similar height with a distinct
green mantle forming inner forest edges

Single Dissolved stand structure with single trees and a canopy density
trees below 30%; trees loosely distributed over the whole area

Uniform

Irregluar
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4 Results

4.1 Canopy density and vertical layering

Canopy density results are given in Fig. 4. The stands with prevailing open
or light canopy density dominate in the uppermost parts close to the tree
line as well as near the valley floor (stands with CDys < 60%).
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I 51-100%
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Fig. 4. Canopy density (CDoa) and division index (DIVI) of gaps

The latter represent the mixed and broadleaved stands which appear
open due to the lack of crown reflection in the leaf-off season. The forests
in the central part of the study area exhibit light structures due to the nu-
merous rock fall channels just below the massive rock faces in that area.
The open structures indicated in the upper parts correspond to a mosaic
with gaps typical for high altitude forests.

Results of the layering assessment show that the homogenous pole
stands in the lower part of the study area are classified as single and two-
layered forests. Multi-layered structures, however, can be found in spo-
radic stands mainly along and in between the avalanche tracks. A compari-
son of the automatic layering-classification with the assessment carried out
in the field results in 73% correct detections. This number increases to
82% if two- and multi-layered structures are put together into one cate-
gory. Most mismatches can be found in the high-altitude forests with tree
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clusters. Whilst they appear multi-layered in the field, their vertical varia-
tion falls within one height class during automatic classification. Half of
the false detected sample plots are characterised by low CD values. Fig. 6
shows six examples of validation plots with layering assessments and dif-
ferent CDygta.

4.2 Gap distribution

The Division Index (DIVI) calculated on gaps (HC 0) quantifies the distri-
bution of gaps within a stand. In order to get an idea of the total size of the
unstocked area, it is necessary to combine the DIVI with the total canopy
density (CDiar). As shown in Fig. 4 this combination very well distin-
guishes stands with many small gaps from others with a few large open-
ings. In the central part of the study area a stand with a large windthrow
opening is characterised by a low CDyy, and a DIVI below 75, indicating
low fragmentation. The forest stands in the northwestern part exhibit
DIVI-values above 75 describing a high degree of fragmentation meaning
that the unstocked area is divided into numerous small gaps.

CD Single-layered Two-layered Multi-layered
@ tree pos.
<3m
[ 3-8m °
|_ 8-20m J o
Il >20m Q
CDygt (valid.) 100% (correct) 87% (correct) 87% (false)
@ tree pos. ." o . °
' <3m
~ 3-8m . . oif sq -
[18-20m . ® .o 5
Il >20m o e @ ®
CDygta (valid.) 48% (false) 49% (false) 27% (false)

Fig. 5 Selected field validation plots (radius = 10 m) with layering and CDyy

The DIVI-threshold of 75 is deduced from a series of gap fragmentation
patterns shown in Fig. 6. These DIVI-values are calculated on a basic gap
share of 30% with increasing fragmentation.
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Fig. 6 Series of gap fragmentation patterns indicating the range of the Division In-
dex (DIVI)

4.3 Canopy roughness

We regard the overall fragmentation of the height class patch mosaic as a
measure for structural variability, including both the vertical as well as the
horizontal structural view. Fig. 7 presents the distribution of DIVI values
among the StandType attributes. According to a mean comparison Scheffé
test (Bahrenberg et al. 1992) categories “uniform” and “irregular” are sig-
nificantly different from each other (p=0.05). The category “single trees”
does not significantly differ from the other two categories which may be
due to the low number of samples in that class (see Fig. 7).
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Fig. 7. Distribution of DIVI values among StandType categories
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According to Fig. 7 we define the threshold between uniform and ir-
regular stands at a DIVI value of 65. Using this threshold, only the open
structured stands close to the tree line and the stands near the valley floor
can be classified as uniform. All together only 1.5% of all stands can be
classified uniform, the rest is irregularly structured.

5 Discussion

The objective of this study was to investigate if the use of landscape met-
rics on height class patches of the nCM allows an automatic characterisa-
tion of forest structure. For that purpose we segmented and classified the
nCM and transformed it from a continuous raster surface into a polygon
mosaic of vegetation height patches. This segmentation was done at the
level of tree crowns and tree groups (level 1) and proved to be a straight-
forward way to simplify the complex canopy surface. Attempts to incorpo-
rate different morphometric derivatives such as slope and curvature of the
NCM in the segmentation process did not improve the results. Thus the
nCM served as the only input for that segmentation.

The segmentation of forest stands (level 2) turned out to be more diffi-
cult. It was difficult to balance the three segmentation parameters in a way
that the size and shape of the resulting stand objects correlated to natural
stand borders which might have appeared obvious to an expert when visu-
ally inspecting the nCM. Many stand borders looked fissured or indented,
but as soon as the compactness factor was increased, narrow elongated
stands (e.g. regeneration along the avalanche tracks) were dissected. Due
to the iterative process the eventual parameter setting of stand segmenta-
tion must be regarded as a specific adaptation for the study area. Therefore
this segmentation setting cannot be transferred to other areas.

The study showed that the automatic detection of the vertical layering
corresponded fairly well with assessments in the field. If distinguishing be-
tween single- and multi-layered stands only, 82% of all the sample plots
were correctly classified. Zimble et al. (2003) reached 97% correspon-
dence between field- and LiDAR-based classification. This might be due
to the fact, that they used a method based on tree-height variability and ap-
plied it to forests with canopy closures less than 60%.

As we worked with an already interpolated canopy surface model
(2.5D), it was not possible to detect a forest layer which is completely cov-
ered by an dominant crown level. But because of the distinct structural
characteristics of mountain forests, this restriction did not really hamper
vertical layering assessment. Usually, mountain forests exhibit a relatively
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open canopy and have almost no regeneration below dense layers (Ott et
al. 1997). Furthermore, mountain forests are layered in tree groups, e.g. a
mixture of groups with large trees and gaps filled by smaller trees. These
characteristics of subalpine forersts together with the high resolution of the
nCM allowed the use of already interpolated surfaces to quantify the verti-
cal layering.

Since the perception of layering strongly depends on the scale of con-
sideration (Parker and Brown 2000), we used forest stands as the level for
detecting the vertical layering. This study showed that assessing the layer-
ing on plots with 10 m radius is possible but becomes problematic as soon
as CD is very low. It turned out that the layering typology used in field in-
ventories cannot directly be adopted to a LiDAR-nCM. The high resolu-
tion nCM we used made all the small gaps visible, which generally could
not be distinguished so clearly in the field. This is why we used lower CD
thresholds in our rule set for the vertical layering than suggested for field
inventories.

Layering assessment very much depends on the height classification
schema applied. We applied a discrete schema following the Manual for
the Aerial Photo Interpretation within the Swiss Forest Inventory because
it is suitable for remote-sensing based datasets and is related to practical
forest management. The basic threshold of 3 m e.g. corresponds to a tree
height, above which trees are regarded more stable against natural hazards
and ungulate browsing. As an alternative, a height classification schema
based on relative height limits for the lower, middle and upper storeys
could be used. In such a schema each of the three height storeys referred to
one third of the top height of a stand. By applying such a classification
schema we would be able to accomodate different site and growth condi-
tions, but at the same time it would make comparisons between stands
much more complex and difficult to interpret.

The results of the study showed that forest gaps could easily be detected
by means of a segmented nCM. The DIVI calculated on patches with HC 0
proved to be sufficient to describe the spatial arrangement of gaps. It was
highly correlated with the distribution of gaps and helped to distinguish be-
tween stands with many small gaps and stands with only a few but larger
gaps. Gap structure and distribution changes during the transition from ma-
ture to old-growth stands (Lertzmann et al. 1996). Old-growth forests are
usually dominated by many small gaps and mature forests by fewer larger
gaps. Generally, this developmental gap-sequence also occurs in mountain
forests but is enforced by natural disturbances and the altitudinal gradient.
Windthrow is the main gap-forming disturbance in mature and old-growth
forests. Snowbreak mainly occurs in young pole stands. Generally, wind-
throw forms larger openings and snowbreak smaller gaps Gaps from both
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disturbances were correctly detected in the study area. Whereas in low-
altitude forests gaps occur as holes in a matrix of forest, this phenomenon
reverses in high-altitude forests, where forest patches become islands in a
matrix of gaps. This was also reflected in our results given in Fig. 4.

Enhancing structural diversity in mountain forests is widely recognised
as a general objective of silvicultural interventions aiming at higher resis-
tance and resilience to natural disturbances (Ott et al. 1997). In order to
quantify this structural diversity or canopy roughness we used the overall
DIVI on all height classes to describe if the canopy is vertically homoge-
nous or heterogeneously structured. Whereas the concept of forest frag-
mentation usually implies the breakup of contiguous forest habitats by the
development of settlements, roads and clearings, we were interested in the
fragmentation of the nCM in terms of height variability or structuring.
Within the validation plots the DIVI yielded statistically significant dis-
tinctions between uniform and irregular canopy structures. But using this
threshold to distinguish between uniform and irregular types on the stand
level led to almost exclusively irregular stands which did not reflect the
structural reality. This might be due to the fact that the validation plots are
too small to derive a suitable DIVI-threshold for stands that are on average
50 times larger than the validation plots. One would need much larger
validation plots to overcome this problem.

6 Conclusions

Our object-based image analysis approach for assessing mountain forest
structure confirmed the capacity of landscape metrics applied on a nCM to
quantify forest structure. The selected metrics offered useful assessments
of the canopy density and vertical layering as well as gap distribution and
isolation. Canopy roughness could not satisfactorily be described using the
DIVI based on the validation plots.

The advantage of structure assessment using landscape metrics is that it
can be carried out in a transparent and easily repeatable way. But the met-
rics need to be calibrated with field assessments in order to link their val-
ues with local situations. Generally, this approach works particularly well
in spruce-dominated mountain forests, as conifers possess well-shaped
crowns and the forests are usually open and the top layer of trees is not
closed. Automated structure assessment can be used in the course of pro-
tection forest planning, management and monitoring. Such an approach
will and should not replace detailed field investigations, but it will help to
assess structure in an area-extensive and efficient manner.
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Future research will have to focus on testing different static and dy-
namic height classification schema. Furthermore, it might be helpful to in-
clude local maxima detection to explicitly consider tree clusters as struc-
ture types and stability features. In order to quantitatively assess the
performance of such an approach, further calibration with existing struc-
ture assessments on a larger scale should be conducted. To assess scale de-
pendency of the various metrics, corresponding sensitivity tests should be
conducted prior to further application.

With this approach, resource and natural hazard managers can easily as-
sess the structure of different forests or the same forest at different times or
under different management alternatives. In the light of increasing pressure
to pay attention to the protective effect of forests in natural hazard man-
agement, this forest structure assessment approach can be considered a
highly valuable contribution.
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