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Abstract: So far only a few studies have been carried outémtral European foreste
estimate individual tree stem volunté pine treesfrom high resolution remote sensing
data. In this articlenformationderivedfrom airborne laser scannand multispectral line
scannerdatawere tested to predit¢he stem volume 0fL78 pines (Pinus sylvestrisin a
study sitein the southwest of GermanyFirst, tree crowns were automatically delineated
using both multispectral and laser scanner data. Next, tree height, crowstediaml
crown volume were derived for each crown segmalhtcombinations of thelerivedtree
features wereused as explanatory variables in allometmoodelsto predict thestem
volume. A model withtree height andcrown diameterhad the best performanaeeth
respect to therediction accuracy determined by eaVveoneout crossvalidation Root
Mean Square Eor (RMSE) = 24.026 and Bias =1.36%.

Keywords: stem volume single treesairborne laser scanningultispectral line scanner
datg Pinussylvestris

1. Introduction

In generaltwo main approaches are distinguishted estimate foresinventory attributes from
airborne laser scanner(ALS) data [1]: (1) Area basedmethods also described as canopy height
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distribution (CHD) approacks and (2) Individuattreedetection (ITD) methods Often the CHD
approacksareassociated witlow-resolutionand the TD methods with higfresolution data.

In Central Europgthe majorityof studieshaveconcentrated o@€HD approache$o estimate forest
inventory attributes such as stand heights, basal area or timbeslume per hectareUsually
georeferenced plotérom operational inventoriewere utilizedas reference datdetrics related to
canopy height andiensities havédeen usedas predictors in regression models and aoametric
methodge.qg.,[2-5]).

In addition a number ofingle tree delieation algorithms werdevelopedPossibilities todetect
individual tree crowns in deciduous and mixed temperate fones&ermanyare described ifi6].
In [7] a 3D single tee modding procedurewas developed antkstedin a mixed forest irsouthern
Germany.A 3D segmentation techniquesing full-waveform ALS datawas presented bf8]. The
procedure was tested the Bavarian Forest National Parksouth-eastern Germanyihe potatial of
full-waveformALS for tree species atsification in a mixed forest in Austria was presentel@py

However, there aréewer ALS studiesin central European foresthat explored thestimationof
individuattreebased informatiomelevant for foeest inventoriesuch agreeheight, stem diameter and
stem volumeExperiments have been carried outhe Bavarian Forest National Parksouth-eastern
Germany[10-12]. A first Europearwide attempt to derivsingletree information fromALS datawas
carried out within thédllIGH-SCAN project [L3].

The mainreason why CHD approachkave beetiavoredis due to the fact thahesemethodsare
considered to be more robust thHaid techniqued14,15]. Particularly in densedeciduous forests
thetemperatelimatezonest can bedifficult to delineate individual treesith satisfying accuracfg].
Another reason why the estimatiaf single tree attributebas not been studied in detaik that
appropriate reference data is often missifge positions oftrees on the ground hate be measured
with high precisionOtherwise it is very difficult and often impossibleliok crown segments/hich
weredelineatethased omemote sensing dateith trees measured in the field.

The objectiveof this study wago analyze the potential dfigh-resolution ALS andnultispectral
line scanner datfor theextracton of individuaktreebased informatioffor pine treeqPinus sylvestriks
in a study site in theouthrwest of GermanyThe main objective was @ssesshe acuracy ofseveral
allometric models for stem volume estimation of automatically delineated trees. The weralts
analyzed and compared to other studesied out in Germany and Scandinavia

2. Test Site and Data

The study area is located the ®uth-west of Germanynorth of the city of Karlsruh&vithin the
federal sate of BaderWiittemberg and has a size of 924lflts coordinatesn the Gaus$Kriger
systemare top left 3,456,300,0®,436100,00 andbottom right. 3,458,400,0®,431,700,00). A
vegeation height modefrom ALS anda color-infrared(CIR) orthophoto of the study aréashown in
Figure 1.

The study site is characterized by flat terrain (nhigight: 101 m a.s.l, max. height123m a.s.l)
and various forest stands (pure and mixed fpregth different species and age classdswever,
Scotspine (Pinus sylvestrisdominates the study site with 51% (in total 56% coniferous trees)
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Figure 1. (a) Vegetation height modétom ALS and(b) Color-infrared orthophotdrom
multispectral line sanner dataf the study area near Karlsruhe, Germany
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Four spectral channels were acquired during-déeatonditions in July 2008 by TopoSys GmbH
using a multispectral line scann€@ne advantage of this sensrthat shadowing effects only occur
orthogonal to the flightline [16]. The single flight strips were rectified and geeferenced using a
surface modelwhich was filtered from lasescanner data (6 points/n?) andacquired at the same
time as the optical data. Important flight and technicahmaters of the line scannare listed in
Tablel.

Table 1 Flight and technical parameters of the flight campaign in summer 2008 using

amul ti spectr al l i ne scanner i ntegrated 1in
level).

Parameter Value

Flying haght 700 [m]AGL

Blue: 450490 [nm]

Green: 500580 [nm]

Red: 580660 [nm]

Near infrared: 770890 [nm]
Viewing angle 216 [}

Pixels per line 682

Ground sampling distance 0.4 [m]

Spectral channels

Full-waveform lasesscannerdata were measured in Novieer 2009by Milan Geoservice GmbH
using theGl Litemapper 5600 system withRiegl LMS-Q560 (240 KHz) scanner.



Remote Seng011 3 932

To obtain a high point density (> 20 ray$Jmhe study area was flown twice, firstorth-south
and then ireastwest directionFlight andsystemparameters are shown imfdle2.

Table 2 Flight and system parameters of the flight campaign in summer Q@b the
AHar r i OAR sgstem (AGL = above ground level)

Parameter Value
Measurement rate 240 [kHz]
Field of view 60 [}

Flying heght 600 [m] AGL
Flying speed 46 [m/s]
Density 22 [rays/mi]

Verticalhorizontal accuracy (excluding GPS errors)* ~0.1/-0.03 [m]
*according to manufacturer information

Thefulwavef orm data was processed us.i asgeliverddéen s of
ASCII format with 3D coordinates of the reflections and additional information such as target number,
number of targets in beam, echo signal amplitude and the echo pulse width.

An AActive Surface Al gorithmo, [17] wap Usedroecontpated i
a terrain and a surface model (DTM and DSM) wiim Tesolution from theeflections The algorithm
employs the general technigue of matching a deformable surface to the lasebyaietns oénergy
minimization To estimate a odel of the bare earth (DTM), the surfag#l be fitted to the points that
are considered to be terrain points, which are frequently the lowest points within a defined
neighborhood18]. For the computation of a model including vegetation and buildihgssurfacewill
be fittedto the highest reflection& normalized DSM (nDSM)in forests often referred to as canopy
height model (CHM)was derived as the differenoedel ofDSM and DTM:

NDSM(x,y) = DSM(x,y)I DTM(x,y)

Field measurements were carriad o winter 2009 and spring 2010. Nisguarefield plotswith a
size of 30x 30 m were establishe#lithin foreststands dominated by Scots piSemeselectedstands
have a low proportion of further tree species such as redQadrcus rubrg, sessile ak (Quercus
petraeg, beech(Fagus sylvaticaand birch(Betula pendula Figure 2 shows a 3D vie{DSM with
CIR texture)of a typicalpine standn the test sitevith one of thesquarefield plots.

Figure 2. 3D view (DSM with CIR texture)of a typical pne stand in the study area with
one of thesquardield plots (visualizedby the white lines)
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Starting from the centesf the plotsthe positios of 288 pines were determinedwith the help ofa
TruePulse 360 laser rangefinddiable 3 shows the mean agd the dominant tree layer and the
number of treemeasuregber plot.

Table 3. Overviewof the fieldplots with the mean age of the dominant trgedand the
number of pinesneasured in the field

Plot Age [years] Ageclass* Number of pines measured inthe field

1 28 I 78
2 30 I 87
3 55 I 14
4 55 I 21
5 55 I 27
6 80 \Y 14
7 80 \Y 19
8 85 Vv 20
9 123 \Yll 8
*age classes are defined as: Il = 20Q years, Il = 4160 years|V = 61- 80 years

The followingfeaturesvere measuredor all trees:(1) heigh®® using a Vertexand (2) diameter at
breast height (DBH) usinga caliper Finally, the ¢em volume of single trees was cpated using the
software BDATpro developed ke Forest Research Institute of Bad®iittemberg [19] with the
treeheight ad DBH astheinput variables

3. Methodology
3.1. AutomaticSingle Tree Segmentation

The processing workflows aslightly modified version of thalgorithmdescribed ir[6] and[17].
The main modification is that uitispectral line scannetatawas integated in the proceduras an
additional datasetith the objectiveo improve the separation obniferous and deciduous trees:

1. In the first step the study area is classified into the claésesoniferous trees ar{tl) deciduous
trees.For this purposan unsupervised classification procedure as describ@f]ims[employed:
First, aforest mask is generated using intermedraffectionsof the ALS data Due to the
characteristicstructureof treesin addition togaps in thdorestcanopy, intermediateeflections
from branches, stems and leaves between the DSM and DTM aatilized to delineate the
forest arealnside of the forest mask, gray value combinations of the NIR and green cbéannel
the nultispectral line scannetataare used to defina wo-dimensional feature space. NIR and
green channel were selected, since both channels revealed the main difference in the spectra
reflectance of coniferous and deciduous treeshe study siteThe assumptions that two
distinct dustess can be isolai@ in the feature space; one represenhiferoustreesandthe other
onedeciduoudrees For this purpose the feature space is segmented iterativellyexactly two
distinct custersare generatedAfter that pixels of the entireimageare classifiecaccording to
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their affiliation to one of the clusterdlext, the definition domain of the study site is reduced to
the first class (all regions wittoniferous tregs

2. In the second processistepindividual coniferous treerownsaresegmentethased orthe DSM
from ALS data DSM based segmentation technigdiescrown delineation were suggested by
several author®.g., [21-23]. Hypothetically each convex shape in the DSM represents an
individual tree crownThe segmentation is achieved witliigo o u r b n ¢ t Ehénajgorithm
works similar to fiwat er s hed s elgyvevern brathei application ofwatershed
segmentatiorit is necessary to invethe surface model which is not needed for the pouring
segmentatioecausedcal maxima areised aghe initial points Local maxima are defined as
pixels in the surface model which either alone or as a plateau have higher values than their direct
neighbors Thus the maximaepresent potential tree topkhe boundaries between tree crowns
appear avalleysin the surface modebBtarting from the maximeegiors are expandedlown to
the deepest points of the vallegs long as there are chains of pixels in whiah lteight values
become smallesimilar towater dropglowing downwards in all possible directiof4].

3. Due to the fact that the crown segments are often too large, the tree arewasectedn the
third processing stewith the help ofafi r -a ¥ g o r. The dssnmptions that height change
within an individual crown must be continuoddus, vrtual rays between the tree toflscal
maxima) and border points are generated. New border pointsciaatedif there is an
interruption in the continuous height changes.

A result of the automatic segmentation is showhRigure 3 The figure shows a pirgandwith age
class lll the trees are apprimmately 55 years old).For better visual interpretatiotine irregularly
shapeccrownregionswere transformed into circlegach circle hathe sameenter and the sansize
as the original crown segmei. Figure 3(a) theautomatically delineated pines aeperimposed on
the nDSMand in kgure 3(b) on a CIR orthophotdAdditionally, in Fgure 3(c) the crowns that were
measured on the groundt one of thefield plots are shown as red polygons (eight edgesaith
crown were projected to the ground using a densitainete

Figure 3. Automatically delineated pines (yellow circles) wifa) nDSM, (b) CIR
orthophoto andc) crowns measured in the field (rpdlygons)

0 25 50 Meters
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Finally, visual interpretation was used taKiautomatically delineated crown segments with trees
measured on the ground at one of the ninexsfield plots as listed in dble 3. A tree on the ground
wasonly assigned toraautomaticallydelineated crown if its position wdsund inside of the cran
segmentlf more than one tree position was found within a crown segmentethleeight was used as
an additional criterion. Isuch acase the trewith the height closest to the ALS measured tree height
wasassignedAltogether it was possible ink 178 ©1.81% crown segmentwith a tree position on
the groundFigure4 illustrates the number of detectexhdlinked pinesin dependence of the age class
and Table4 shows characteristics of theentified trees.The verification result shows only te¢hat
were successfully linked to a corresponding tree position on the ground and which can be used to
develop models for volume estimation. Cases where no field tree was found inside an automatically
delineated crown are not considered.

Figure 4. Numberof detected pines per age class for the field plots listédlie 3.
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Table 4. Characteristics of the 178 identified pine trees

Variable Mean Standard Deviation  Min. Max.

Height[m] 22.62 5.17 9.80 32.30
Stem dianster[cm] 31.31 9.49 8.00 53.00
Stemvolume[mP  0.9217 0.620 0.0124 2.8637

3.2. Estimation ofindividual Tree Features

For each delineated treegmenthe featuredisted in Table Swere derived from theemote sensing
dataandwere used as predictors to estimsitggle treestem volumeThe same origiilar featuresare
suggested in textbook25,26] andwere also used Hyt0,11]or [22] for stem volume estimation

Table 5. Individual tree features derived from ALS data

No. Variable Unit Description Data source

1 h [m] Tree height ALS pant cloud

2 cd [m] Crown diameter Automatically delineat& crown segments
3 cv [m®*  Crown volume ALS point cloud and nDSM
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3.2.1 Estimation ofthe Tree Height

For each crown segmeng\geraldescriptive heightalueswerederived from theALS point clouw
(after subtracting the ground surface height) and wenepared with the field measurememsrder
to determine the best estimate for the tree hdighlich is defined as the heigliom ground level to
the tip of the treeSimilar to area basedppraches(e.g.,[27] or [28]) severalheight metricswere
calculatedseparatelyfor each crown segmenQuantie s cor r es pondi n9g height
percentiles ifp) in addition to the maximurheightwere derived fronthe point cloud Firstbased on
all echoesahpso, ahpso, ahpro, ahpso, ahpo, ahpnaxandthen using only the first echoda st reflections
detected in the waveform#)pso, fhpso, fhpro, thpso, hpso, fhpmax Correlationsare shown inrable 6.
The maximum heightahpnax (or fhpmay Yieldedthe highest correlationnd was finally usedas an
estimate for théndividual tree height and as predictor for stem volume estimation.

Table 6. Correlations of different heigiptercentileglerivedfrom theALS point cloudwith
tree heights measured in theld.

Height percentiles Correlation Height percentile$ Correlation
all laser points coefficient (r) only first echo points coefficient (r)
ahpmax 0,957** fhPmax 0,957**
ahpo 0,952** fhpoo 0,953**
ahpso 0,949** fhpso 0,949**
ahpro 0,944** fhpzo 0,947**
ahpso 0,944** fhpso 0,943**
ahpso 0,880** fhpso 0,942**

** Correlation is significant at the 0.01 level-{&iled).
3.2.2 Estimation ofthe Crown DiameteandCrown Volume

As described undegection2.1 the irregularly shaped crown regions wamamsformed intaircles.
Each circle has theamecenter and the sansize as the original crown segmehhte diameter oéach
circle was used as an estimateddr

For the estimation of the crown voluroeit was necessary to estimate the crown thesght cbh of
each tree For this purpose procedurefor canopy &yer detection as suggested[B}y was employed
First, all ALS reflectionswithin a crown segmenivere selectedand finormalize@ by subtractinghe
ground surface heighfrom the normalizegboints a height distribution functionvas derived. An
exampleis shown in kure 5 where the blue curve shows the height distribution aff laser
reflections. Many reflections can be found near ttee ground andalso within the interval from
approximatelyl9 to 27m. The assumption is that thisiterval represertd the potentialcrown height
To estimate the crown base height onedimensional functiorwas smoothed with a Gaussian
function as visualized bthe red curve in igure5. To determine the heiglnterval that describes the
tree crownbest the second derivative of the smoothed functi@scomputed The result ishown by
the green curveThe zerecrossings of the second derivatiwereanalyzed and used tteerminethe
potentialcrown basdneight
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Figure 5. Estimation of the crown base heigttih using the height distribution of laser
reflections according to [7]Blue: height distribution functionRed: smoothed height
distribution function, Green: second derivative of the smoothed heightriligion
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Finally, the crown volumev was estimatedor eachtree using thenormalized DSMand the
estimated crown base heigttth:
cv= Q (nDSM, - cbh GDx My) (1)
(x,y)i cr
where cv = crown volumdm?;
Cr = crown region
nDSM,y = Height values [rhof the nDSM for each xy positioof the crown segment
cbh=crown base heighor an individual tre¢m];
Dx = raster width irnx direction[m];
Dy = raster width iry direction [m]

3.2.3 StemVolume Estimation

Singletreestemvolumev [m?] is generaly estimated based arasily measurefield variablessuch
as tree height and stem diameteDften allometricequations are developdgd9-31] e.g., using the
diameter at breast heiglah 3[cm] as the only predictor

v=f(dys) = bydy 5™ OF log(v) = log(5,) + b, log(d, ;) ()
or a two parameter model with the tree heighth] as an additional predictor
v = f(dy3,h) = byd, 5" or log(v) = log( b,) + b, log(d, ;) + b, log(h) 3
by, by, b, = regression coefficients
Figure 6 demongtatesthe very closerelation betweenfield-measuredd; ;andv for the 1B pine

trees usedh this study In addition, a close relation can be obseri@dhe fieldmeasured tree height
hielg @andv as shown inFigure7.
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Figure 6. Allometric relationshp between field measurek sandv.

35
3.0 -
525 -
<20 A
E1.5
>1.0 A
0.5 -
0.0

0 10 20 30 40 50 60
d, 5 [cm] field

Figure 7. Allometric relationship between field measutegy andv.

Thefigures justify the use ajeneral allometric equations for the estimation of single tree volume.
Models based oallometric rehtionswere alsadeveloped with ALS featurder CHD approacheby
others €.9.,[27,28]) andfurthermoreby [32] to estimae basal area and stem volurfee individual
treesin a deciduous forest in California

All combinationsof the tree features listad Table 5were exploredfor volume estimationFirst,
each feature was tested as the only predictor for volume estimation. Then the features were combine
with each other in multiple regressiofi$ie allometricmodelsare given inTable 7

Table 7. Allometric models forstemvolume estimation

No. Model

N o gk wDhpRE




