3D Forest structureanalysisfrom optical and LIDAR data
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In Austriaabout half of the entire area (46 %) is covered by forests. The
majority of theseforestsare highly managed and controlledin growth. Besides
timber production, forest ecosystemsplay amultifunctiona roleindudingdimate
control, habitat provison and, especidly inAustria, protection of settlements.
The interrelationships among climatic, ecological, social and economic
dimensionsof forestsrequiretechnol ogiesfor monitoring both the stateand
the development of forests. Thiscomprisesforest structure, speciesand age
composition and, forest integrity in general. Assessing forest structurefor
exampleenablesforest managersand naturd risk engineersto eva uatewhether
aforest canfulfil itsprotectivefunction or not. Traditional methodsfor assessing
forest structure like field inventories and aeria photo interpretation are
intringcally limitedin providing spatialy continuousinformation over alarge
area. The Centrefor Geoinformatics(Z_GIS) incollaborationwiththeNationa
Park Bayerischer Wald, Germany and the Stland Montafon, Austria, hastested
and applied advanced approaches of integrating multispectral optical data
and airbornelaser scanning (AL S) datafor (1) forest stand delineation, (2)
singletreedetection and (3) forest structureanaysis. Asoptical dataweused
RGBI line scanner dataand CIR air-photos. AL S datawereraw point data
(20 pul ses per sgm) and normalised crown models(NCM) at 0.5mand 1 m
resolution. (1) Automated stand delineation wasdoneby (@) trand ating akey
for manual mapping of forest devel opment phasesinto arule-based system
viaobject-rdaionshipmoddling (ORM); and (b) by performing multi-resolution
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Resumo

segmentation and GlSanalysis. (2) Strategiesfor singletree detection using
raw AL Sdataincluded () GIS modelling based on aregion-growth local
maximaalgorithm and (b) object-based image analysis using super class
information class-specific rule sets. (3) Vertical forest structure has been
assessed statistically by (a) applying basic statistics (like mean, standard
deviation, and variation coefficient) ontheraw datausing amoving window
approach; and (b) by applying landscape metrics (Shannon Evennessindex,
SHEI, and divisionindex, DIV1) for different strataextracted from thenCM.

K ey words object-basedimageandyss, AL Sdata; forest monitoring; remote
senang.

Aproximadamente 46% dasuperficie daAustriaé cobertapor florestas. A
suamaior parte é manejadatendo o seu crescimento controlado. Além da
producdo de madeira, os ecossistemas florestai s desempenham um papel
multi-funciond, incluindo o controle climético e particularmente, protecéo aos
assentamentos humanos. Asinter-rel agdes entre as dimensdes climaticas,
ecol dgicas, sociais e econdmicas deflorestas requerem tecnologias parao
monitoramento, tanto do estado como do desenvolvimento dasflorestas. Isto
inclui aestrutura das florestas, espécies e composi¢éo etaria bem como
integridade daflorestaem geral. A avaiacéo daestruturaflorestal permite,
por exempl o, aos gerentes de floresta e engenheiros prognosticar 0sriscos
naturaiseavaliar seumaéreaflorestal pode satisfazer asuafuncdo protetora
ou ndo. Métodostradicionaisde avaliacdo daestruturaflorestal, tal como
inventériosde campo einterpretacdo defotografias aéreas SSo intrinsecamente
limitados parafornecer informagdo espacia mente continuanumagrande &rea.
O Centro de Geo-Informética (Z_GIS) em colaboragdo com o Parque
Nacional Bayerischer Wald, (Alemanha) e o Stand Montafon (Austria),
testaram e gplicaram gproximagdes de pesqui sasavancadas, integrando dados
Opticos multi-espectrais e varredura a laser aerotransportados (ALS —
airbornelaser scanning) para(1) delineamento dostalhGesflorestais, (2)
deteccdo de &voresindividuais, (3) andisedaestruturadeflorestas. Osdados
Opticosusadosforam obtidos por scanner emlinhaRGBI efotografiasaéreas
infra-vermelho coloridas (CIR). Dados AL Stiveram como caracteristicauma
resolucdo de 10 pontos por m? e de model os normalizado de copa (nCM)
comumaresolugdo de0,5e1,0 m. (1) A delineagdo autométicadostalhGes
foi feitaatravésde (a) migracdo de umachave el aborada paramapeamento
manual defases de desenvolvimento deflorestas paraum sistemabaseado
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em regrasviamodel agem do rel acionamento dos objetos (ORM); e (b) da
segmentacdo multi-resolucéo eandisede SIG (2) EStratégiasparaadeteccéo
deé&voresindividuaisusando dados AL Sbrutosincluem () moddagem GIS
baseado em a goritmos de maximas|ocai s por crescimento deregides, e(b)
andlise orientada a objetos usando a informagdo de super-classes de
conjuntose seriesderegras de classes especificas. (3) aestruturavertica de
florestasfoi avaliadaestati sticamente através de (a) aplicacéo deestatistica
basi ca (como média, desvio-padréo e coeficiente de variacéo) nos dados
brutos usando umaabordagem dejanelamdével ; e (b) aplicando métricasde
pai sagem (Shannon Evenness | ndex, SHEI eindicede Divisio, DIVI) para
diferentesestratos obtidosdo nCM.

Palavras-chaves. andlise de imagens baseada em objetos; dadosALS;
monitoramento florestal ; sensoriamento remoto.

I ntroduction

Forestsin Austria: their economical and ecological meaning

Forestsbelong to themost widely spread natura resourcesin Centra Europe.
InAustriafor instance about 46 % of the entire areaare covered by forests. Themagjority
of forest ecosystemsinAustria(83 %) are highly managed and controlled in growth, as
being anatural resource with high economic relevance. Unlikein other regions of the
Earth, inmost European countries, includingAustria, clear cut harvestingisprohibited by
law. (Thisappliesfor clear cutslarger than 3 ha, and even for clear cutsabove 0.5 ha
permissionisrequired). Wood production and logging need to respect the principle of
sustainable use, aconcept dating back to European mercantilist statesin the 18" century
(Holtermann and Oesten, 2001). According to this code of use, theamount of harvested
wood should never exceed thereproduction ratein acertain area.

Needlessto say that forests being the vegetation type at the climax stagein
Central Europe serve more than mere economic purposes. Man-environment
interrelationshipsinthisrespect are multidimensional, meaning that forested areasplay a
multifunctiona role. Forest functionsincludeclimatecontrol (carbon dioxidesinks, ‘ green
lungs'), habitat provision (ecologica nichesand biodiversity poolsin both living and dead
woods), socia welfare (recreation, education, health), and of course, timber production.
Still, not only thelatter has cons derabl e economic aspects. climate control isnowadays
consdered an economic factor initself (Kyoto protocol, trade of greenhouse gases), and
thesocid agpectisarich sourcefor tourism (especidly in near-naturd regimesasin Nationd
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Parksor naturereserves). Yet another function whichindirectly contributesto the overall
economic dimension is perhaps less obvious from an international perspective. The
protectivefunction of forestswhich gppliesfor 29 % of Austrian forestsisacrucia onein
mountainous, especidly Alpineareas. Under conditionswhere steep dopesrequiresettling
in hazard-prone areas, the presence and mai ntenance of protection forestsisessential for
preserving settlementsfrom avalanches, rock falls, landdidesand thelike. Theseforests
areusudly stuatedinrough terrain, and therefore hard to access. They are characterized
by acomparatively large number of standing or laying dead wood (so-called biotope
wood), whichisusually about twicetheamount asin economic forests.

Forest structure: assessment, mapping and monitoring

Forest structure can be characterized by the position of trees, the vertical
layering and the tree species mixture. It isconsidered akey element to determinethe
protection capacity of mountain forests(Dorren et al. 2004). Assessing forest structure
enablesforest managersand natura risk engineersto eval ustewhether aforest canfulfill its
protectivefunction or not. Crown closure and tree density for example, influenceforest
avalancherisk potential and the protective effect of aforest against rock-fall. Reliableand
area-extensive data of forest structureisaprerequisitefor effective resource and risk
management in mountainousregions. Traditional methodsfor assessing forest structure
comprisefieldinventories (Herold and Ulmer 2001) and aerial photointerpretation (Bebi
1999). The drawback of inventories of thiskind isthat they cannot provide spatially
continuousinformation over alargearea.

Generdizing, the strong i nterrel ationshipsamong climatic, ecological, social
and economic dimensions of forestsarethe reason why werely on moderntechnologies
for monitoring the state and devel opment of forests. Thiscompriseseffective meansfor
monitoring forest structure, speciesand age composition and, forest integrity in general .
Considering therich heritage of European cultural landscapes, forest monitoring also
comprisesobserving the effects of land abandonment and land use conversion resultingin
bush encroachment and spontaneousforest recovery. From an economic point of view we
areinterested in assessing increase or decrease of biomass, quality of woods and the
speed of forest renewal . Scientific monitoring ontheother hand hel psto understand natural
dynamicsof forest ecosystemsintermsof protection capacity or susceptibility to vermin
likethe bark-beetle.

All of these monitoring systemsrequire repeatable, objective, transferable
and transparent methods. Expert-based subjective assessmentson sitearelimited eveniif
they are complemented by visual interpretation of air-photos. The useful ness of photo
interpretation ishampered by different illumination and shading effects. Limitationsof on-
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Steassessmentsarisefromtheareato be covered, from time constraintsand the sample-
based character of thiskind of monitoring. Next to subjectivity, thelack of automation
limitsthe effectivenessof expert-based monitoring. Forestscover largeareasandincertain
aspectscan betreated homogeneoudly. At the sametimethey show ahigh degree of small-
scale structures which have to be considered. Maier et al. (2006), one of the studies
described in this paper, have therefore devel oped a generic, automated approach for
ng and quantifying forest structure using landscape metricson height class patches
of acrownmodé. Thisshouldlead to amore objective, transparent and repeatabl e result
ascomparedto visua interpretation by ahuman interpreter.

VHSR optical dataand AL Sdata supporting field inventories

Very high spatial resolution (VHSR) optica dataare of increasingimportance
for fine-scaled ecol ogical studiesin the sub-meter domain (BLASCHKE et a., 2005).
Recent developmentsin optical satellite sensor technology (QuickBird, Ikonos, etc.) or
airborne digital cameras (HRSC-AX, Vexcel, etc.) provide imagery that combines
advantagesfromdigita scanning (seamlessness, congtant illumination, radiometricresolution,
etc.), withthe high degree of spatial detail of aerial photography. QuickBird for example,
asoperated by Digital Globe, provides datawith an enhanced spatial resolution of 0.6 m
and four spectral modesincluding aVNIR band. Datahave high (11-bit) radiometric
resolution. In comparison to aerial photographs, the entirework flow from ordering to
processingisdigital, with noinformation lossdueto ana ogue procedures and mosai cking.
Still, thedifferencein spatial resolution of 0.25 mat an aerial photographand 0.6 mat an
QuickBird image can be critical when trying to identify single trees (LANG and
LANGANKE, 2006).

Still, aflat and 2-dimensiona representation of forestsonly reveal sparts of
thefull picture forest ecosysemsareintringcaly 3-dimensiond. Whileverticality can neither
be visualized on nadir-looking air-photos nor fully be grasped by expert view from the
ground, thethird dimension today can berepresented by meansof airbornelaser scanning
(ALS). Recorded signalsof LiDAR (Light detection and ranging) pul sestrace the path of
signal transmission from canopy to ground. By this, vertical structural aspectscan be
addressed, such astree shape, speciescomposition, age classesand stratastructure. Both
vertica and horizontd variability canbemeasured by thistechnology at high spatia resolutions
and accuracies, depending on thetype of the LiIDAR system and its configuration (i.e.
discretereturnincluding first and last pulseor full waveform). From small footprint laser
scanning dataone can derivedetailed digital terrain (DTM) and surface (DSM) models
fromthesamesource. Subtracting thesetwo modd sof aforested arearesultsinanormalized
crownmode (NCM)), that isspatially continuousand not influenced by shading effects.
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These derivates allow for volume estimations, but do not make surface
propertiesfully explicit. Someforestry and ecol ogica applicationsrequireexplicit description
of surface characteristics, such as planar or higher-order surface patches, surface
discontinuitiesand surfaceroughness.

Recent progressof LiDAR technology and analysis methodsallowsfor the
detection of individual trees, specifically with high-density airborne laser scanner data
(HOLMGREN and PERSSON, 2004). Also, variables characterizing the detected trees
such astreeheight, crown area, and crown base height areincreasingly being measured.
Lovdl et d. (2003) used multiplereturnsfrom airbornelaser scanning datato derive canopy
structural parameters such asheight, cover, and foliage profileand could reducethe bias
induced by the size of the footprint of atree canopy and the detection threshold. By
additionaly analyzing ecologically relevant aspectsof forest structure, theuseof LIDAR
dataprovidesthe potentia for aharmonized approach to assessforest structureand partia
aspectsof biodiversty statusandtrends (ZIMBLE et d., 2003; MORSDORF et a, 2004).
The sheer amount of raw laser point datacan be analyzed by geo-statistical or moving
window techniques.

TheCentrefor Geoinformatics(Z_GIS) a Sazburg University incollaboration
withthe Nationa Park Bavarian Forest (Germany), and the Stand Montafon (Austria),
hastested and applied advanced approaches of integrating multi-spectral optical dataand
LiDAR datafor forest structureanaysis, utilizing methods of object-based imageanalysis
and GISmodeling. These studiesare summarized and discussed intheremainder of this
aticle.

Sudy Sitesand Data Sets

Onestudy SteislocatedintheNational Park Bavarian Forestin SE Germany,
along the border to the Czech Republic (figure 1). It coversalmost 270 haof near natural
forest, stretching from the mixed mountain forest zonein the National Park to the spruce
forestsof thevalleyszones. Different forest structures occur including spacious/ closed
forests, multipletree canopy layersaswell asvarying tree sizeand species. Many montane
spruce standswere severely attacked by the spruce bark beetle (Ipstypographus) inthe
1990s. Duetothisand to theofficial decision not tointervene (according to the principles
of the National Park) extense areaswere destroyed. Today thisisstill visibleby alarge
proportion of dead treesbut also by ahigh dynamicsof natural regeneration.
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Figurel. Overview of study sites
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Data from the Toposys AL S system (Wehr and Lohr, 1999) were used.
Surveying of the study areawas done at three dates: |eaf-off (March and May, 2002) and
leaf-on (September 2002). Both thefirst and last returnswere collected during theflights
and the average point density is 10ptsper m?(i.e. 15-18 returnsincluding first and last
echo). Thedatasetswere processed and classified using the TopPit (TopoSys Processing
and Imaging Tool) software. Theresulting surfacemodel (DSM) andterrain model (DTM)
were subtracted to create a normalized crown model (nCM) with 0.5 m GSD.
Simultaneoudly to the LiDAR range measurements, image datawere recorded with the
line scanner cameraof Toposys. Thiscameraprovidesfour bands: B (440-490 nm), G
(500-580 nm), R (580-660 nm) and NIR (770-890 nm) and aGSD of 0.5m.

The other study site isa 200 hectare spruce-dominated protection forest
ranging from 1000min thevalley ground up to 1800m at thetreelinein the Montafon
regioninthewesternmost part of Austria (Federal State of Vorarlberg). Thelaser data
availablefor thisstudy comprisesannCM with 1 mresolution originating fromanAirborne
Laser Terrain Mapper (ALTM 1225, Optech Inc.) with araw datapoint density of 0.9
points per m?. Additionally we used aseparate, but co-registered set of CIR air-photos.
Terrestrid mapped Sructuretypesand field comparisonswere used for vaidation purposes.

For al studieswe used acombination of different image anaysisand GIS
packagesincluding eCognition 4.0/ Definiens Devel oper, Erdasimagine8.7 and ArcGI S9.
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Forest Sand Ddlineation and Classification

Within the project “ Evaluation of remote sensing based methods for the
identification of forest structures’, amapping key for forest devel opment phaseswas
trandated into arule set for automated object-based image anaysistechniques (TIEDE et
a., 2004). Theaimwasto automatically delineateforest stands, i.e. thekey planning units
for forest management in Central Europe. M ulti-scal e segmentation (M SS) and obj ect
rel ationship modeling (ORM) wasused for the generation of image objectsand to classfy
stands (BURNETT and BLASCHKE, 2003). The machine-based delineation of forest
standswas assessed by map-to-map comparison of the developmental phases derived by
fieldwork. It revealed promising results (figure 2). Limitations occurred mainly dueto
semantic mismatchesand to the problem that thefield dataused for the accuracy assessment
area so highly subjective. Results may support ground surveyshby delivering objective,
semi-automated and transparent anadysisintermsof stableclasses, differentiating between
coniferous/deciduous and characterizing gap distribution. To alesser extent thisapproach
has been proven assuitablefor providing aready to use map of forest devel opment phases.

IntheMontafon test sSitethemethod for assessing theforest structure combined
obj ect-based multi-resol ution segmentation, followed by GlSanayses. Inafirs step, the
existing forest mask from the forest management plan (MAIER et d., 2005) wasused to
create abinary forest mask for al subsequent segmentation routines. Within theforest
mask, two separate multi-resol ution segmentationswere carried out. Thefirst ssgmentation
aimed at delineating single tree crowns and collectives of tree crowns. The objects
represented homogeneoustree height patches. Forest standswereautomeatically delinested
by using asecond segmentation (level 2). Thissegmentation was created independently
fromleve 1, toavoid strict object hierarchy betweenthetwo levels. Objectsof bothlevels
wereexportedinto aGlSfor further processing. Level 2 stand objectsserved asabasic
aggregation leve for thestand structureassessment. Level 1 segmentswereclassifiedinto
four height classes(figure 3) according to Maier et d. (2006).

102



LANG, S. etal.

Figure 2. Left: Mapping guide for forest-development phases in the National Park Bavarian
Forest, according to classification rule-basis in eCognition. Right: Screenshots of
the resulting maps of forest-devel opment phases. Manually mapped by an interpreter
(above) and semi-automatically constructed (below). White lines show forest roads
and compartment borderlines

Mappiing gl Tor fosr b bapre o phases b o 5 R

Wi wed gt waw bl

¥ by

W ih il iy ead lsiag desdanal

|'mswrmi reras vimsonees =i )
i

willis wal itpragoip, Yo
Fimitanad o ditm ] aad i g tiees M5 = dtnirivanes i =

- | i |

Au o mvislaal pleer

v liguhda rapen i o
s wih hagh P

Vi

Ecpristipton wifi + prridy dnirdudad i il
uraie [oresl (o lasal 210 %G *

Wew i P ——
Fad v ]
Siamd wak @ ean ke lrpers rrgmeraan i
A% = It
e o r'lﬂr -

5 = oglimial phmin W = s prhass i

W Eepp— i 1 B --rl-qu-uﬂ-m:




Ambiéncia - Revista do Centro de Ciéncias Agrarias e Ambientais V.2 Edicédo Especial 1. 2006

Figure 3. Tree height classification schema
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Strategies for Single Tree Detection

Thefollowing section discussestwo different strategiesfor sngletreedetection
based on laser raw data: thefirst incorporating GIS modeling and the second object-
based imageanalysis. Thefirst, GISmodelling, utilized aregion-growth local maxima
algorithm (TIEDE et al., 2005). By thisprocedurewewere ableto differentiate between
coniferous and deciduous trees, even without taking additional optical data into
consderation, i.e. by andyzingfirst andlast pulsedatad one. Huge point cloudsareusudly
converted to araster or being pre-processed in specific software packages. Here we
applied amethodol ogy to extract and delineate singletreesfrom asmall footprint, high
intensity AL Spoint datainaGl Senvironment. Image datawereonly used for visuaization
purposes and for accuracy assessment (figure4 from TIEDE et al.,2005). Theobjective
wasto demonstrate the potential of afully Gl S-based workflow. First, we developed a
local maximaalgorithm to identify treetops. Second, weincorporated aregion growing
agorithmto delinestetherespectivetreecrowns. It utilizestheorigina |aser point detaand
not aderived raster data set such asaDSM. For six plotsin the Bavarian Forest, the
resultsof extensivefield surveyswereavail able and served asreference maps. Dominant
trees could be detected with an accuracy of 72.2% but the overall tree detection ratewas
51%. Suboptimal scan sampling distribution hinders perfect tree crown delineation. The
abovementioned objective—to establish afull Gl S-based workflow —wasreached. Still,
locating and counting treesin an AL S point cloud, particularly in multi-tiered deciduous
plots and juvenile stands, requires assistance from field validation and subjective
interpretation.
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Figure 4. Delineated trees of LiDAR point datain a GIS environment (left): local maxima and
assigned laser point data. 3D scene of the assigned point data with extruded local
maximaillustrated graphically astree trunks (right)

Similar resultswereobtained by performing segmentation in an adapted way
onnCM data. Inthisstudy segmentationwasdone controlled by super-classinformation,
i.e. deciduousvs. coniferousforest (TIEDE and HOFMANN, 2006). Thesekind of class-
specificrule setsfor different forest typeswere further developed by Tiedeet al. (2006)
and applied to thewhole 270 hatest site. Using an advanced supervised domain-specific
segmentation gpproach, thisstrategy includes sca e-pecific segmentation Strategieswithin
onesinglescene. Initialy, broad classes are distinguished, such asclosed vs. spacious,
deciduousvs. coniferous, juvenilevs. matureforest. The background for the strategy of
regionalized segmentati on was discussed theoretically discussed by Lang (2005).

Structural Assessment —Vertical and Horizontal

In the Bavarian Forest study, the vertical forest structure was assessed
gatisticaly by applying* 3D landscape metrics based onlaser point raw data(BLASCHKE
et a., 2004). Basic statistics (like mean, standard deviation, and variation coefficient)
were cal culated in amoving window approach. Anincreasngwindow sizefrom5to40m
reflected different scalesand levelsof aggregation (figure5). Thiskind of up-scaling was
performed by differentiating between treetypes, i.e. deciduous, coniferous, and dead trees.
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Figure 5. Resulting height standard deviation based on moving windows at three different
scales on laser point raw data. Window sizes are 5m (upper left), 20m (upper right),
20m (lower left). Dark coloursindicate higher values. Lower right picture represents
amulti-spectral image of the same area

r.

Inthe Montafon study we analyzed the vertical structure asrepresentedin
different strata, which were extracted from thenCM by reclassification (Maier et d., 2006;
Lang and Blaschke, in press). Thetransformation of the surfaceinformationinto 2D planar
patchesallowsfor the gpplication of spatia applications, likemean patch sizeor diversty.
Using this procedure, we could investigate the specific spatial arrangement of relevant
stratalevelsand vertical structurein general. Theaim of it wasto eval uate the protection
capability and advanced forest inventory.

Building upontheresultsfrom stand delineation and classficationinto height
classes(figure 3), thelevel 1 objectsweredissolved into homogenousheight classpatches
and overlaidtolevel 2 stand objects. Theresulting patch-structure of each stand wasthen
described by different landscape metricsand indices. Sinceweamed for asmple, easily
transferableand interpretabl e structure assessment approach, we applied only two metrics
combined with canopy density va uesto describe structure types. The Shannon Evenness
Index (SHEI), adiversity metric, refersto the distribution of areabetween the different
helght classeswithinastand. In order to assessthe spatid distribution of height classpatches,
weca culated the Divison Index (DIVI). The DIV isdefined asthe probability that two
randomly selected |ocations do not occur within the same patchintheforest (JAEGER,
2000). Additionally, we cal culated canopy density metricsfor each height class per stand
and tried to express six discrete structure types defined by Bebi (1999) using the above
mentioned metricsand canopy density valuesaccordingto Maier et a. (2006) (figure6).
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Figure 6. Examples of discrete structure types
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Expert-based validation with terrestrially mapped structure typesrevealed
that 69 of 78 stands were correctly classified. This corresponds to 85% of the area.
Although the SHEI proved useful for pointing out homogenous stands, its capability to
differentiate between multilayered and uniform standswaslimited. Canopy density of different
tree heightsallowed usto quantify thevertical diversity or layering of astand. TheDIVI
calculated at height class 0 proved to be sufficient to describethe spatial arrangement of
patches. It was highly correlated with the gaps of aforest and could distinguish between
closed/dense and light/open structures. Theadvantage of structure assessment using DIV
and canopy density valuesisthat it can be carried out with only two automatically derived
variablesinatransparent and easily repeatableway (LANG and BLASCHKE, inpress).

Conclusions

Thiswork showsthat acombined use of new analysisapproachesand recent
technological advancesmay hepto sgnificantly step ahead inthedirection of an automated
assessment of forest structures. On the other hand, the approaches being discussed inthis
paper will and should not replace detailed field investigations, but will hel pto assessstand-
related information and forest structurein an area-extens ve and efficient manner: thegoa
of providing atransferable, yet cost-effective, transparent and obj ective approach for
spatially continuous, updated information over large areas has been accomplished.

With approaches like those ones described, resource and natural hazard
managerscan easly assessthe structure of different forestsor thesameforest at different
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timesor under different management aternatives. Automated structure assessment can be
used in the course of protection, forest planning, management and monitoring. It works
particularly well in spruce-dominated mountain forests, as conifers possesswell-shaped
crownsand theforestsare usually open and thetop layer of treesisnot closed. Future
research will focus on the development of more el aborate structure types, asfor instance
different static and dynamic height classification schema, that should betested and forest
stability featuresevaluated. Moreover, 3D surfaceexplicit measures shall be established.
Ingeneral, optimizing both the performance and the stability of the automated extraction/
classfication routines need further effort.
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