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2 Introduction

2.1 Objectives of the current study

The assessment of the vitality status of forestgleys the measurement of defoliation as one
of the most important indicators for tree vitaliBefoliation is measured by assessments on
sample trees of Kraft classes 1 to 3 and heretsedcon the uppermost part of the crown,
since growth and foliage density of this sun-expageper part of the crown are of
outstanding importance for the trees’ physiologg Hreir competitive success.

Obviously, the defoliation rating for this parttble canopy may not provide a satisfying
description of amount and distribution of all leawe a forest due to its selective nature. The
whole canopy comprises trees of all Kraft classesraturally includes shaded and lower
parts of the tree crowns, which all contributehe total leaf area and its distribution. But it is
especially this information that would be valuatdeprocess models of the canopy which are
based on light or water penetration through foljggeticle deposition on leaf surfaces, or
CO,-uptake by leaves. Due to its importance the par@ani\l receives an increasing
awareness in the monitoring measures. A new pdheofCP-Forests manual will tackle
methodological recommendations in order to usetf”lanopy Analyzers in a harmonized

way.

The total amount of leaves is given by the leahamelex (LAI). LAl is defined as half the
total surface area of leaves in the canopy perrgt@nea (Chen and Black 1991). A wide
range of measurement methods is available for Lgt&éamination (Jonckheere et al. 2004),
including the direct measurement with litter trapsl sampling of specific leaf area as well as
indirect methods that are based on gap fractiorsareeent with optical devices. While the
laborious litter trap method is still regarded lzes tnost reliable assessment for intensive
monitoring plots, gap-fraction based methods Ik Rlant Canopy Analyzer LAI-2000
(PCA), TRAC, or hemispherical photographs are aergid to deliver repeatable
approximations up to a leaf area index of 5 or Gijevhigher LAIs correspond to so small
gap fractions that the methods get unreliable (doeere et al. 2004). PCA and the other
indirect methods employ the exponential functiotwleen light penetrating through canopy
gaps and the projected area of canopy elementsefehranches, fruits, flowers) in an
assumed homogenous spatial distribution of thesweatts in the canopy that allows to use
the Beer-Lambert law (Monsi and Saeki 1953).

Certain methodological constraints are given ferdptical determination of gap fractions
with the PCA in order to use them for LAI derivation monitoring plots:



* The measurement has to be performed under ovesloasbnditions. Alternatively,
the measurement can be performed pre-dawn orsafteset, so that no direct sunlight
impairs the PCA-readings.

* A nearby clearing must be available for above cgmopasurements with a second
PCA-sensor. The opening angle in the centre otléering must be at least 120°.

* The PCA-sensor can not be used directly underfatdaranch.

* The measurement is repeated 16 times along a ragiudeof points in order to get a
spatially representative average.

* The contribution of woody surfaces to the measurgmeeds to be estimated,
requiring an additional PCA-measurement in wintgly deciduous trees).

» A correction for the clumped distribution of leaveseds to be performed based on

additional measurements with the TRAC device oriepherical photographs.

The following study compares direct litter-trap rei@ments of LAl with indirect methods
based on gap fraction assessments with the PCAI&#R devices (airborne and terrestrial
laser-scanning, ALS and TLS) and is focussed oraf muestions:
1. Litter-trap measured LAl is used as best approxonab the real amount of leaf area.
To what extent is this confirmed by LIDAR measuretsgALS and TLS)?
2. How need PCA measurements to be evaluated in todiébest to the litter trap
measurements?
3. Which PCA-derived indices fit best to ALS and TL&asurements?
4. How are indicators of the crown condition assessmedated to the different kinds of
LAl assessment?
5. Which recommendations can be derived for the bessiple PCA-configuration in
view of harmonized procedures of the European Eddesitoring. Which methods

should be included in the new ICP-forests ManualAhmeasurements?

2.2 Relationships between crown measures for tree hehland LAl

The similarity of gap fraction with the amount a$ible sky needed for crown transparency
measurements might lead to the impression thafrgappon based measurements of LAI
must be somehow related to crown transparency. &rdel et al. (2000) investigated this
relationship, but the coefficient of determination 8 pine stands (r2=0.52) and 20
measurements in spruce stands (r2=0.36) was quitesb that the hope to replace crown
transparency measurements with PCA-measuremenits motfulfill. Apart from the
selective nature of crown transparency measurenihigsmay also be attributed to the



different view angle of both measurements, sineeRB8A measurements include the whole
canopy and all view angles from zenith to 74°, wlaifown transparency and defoliation
measurements include only a section of the uppgopaingle crowns and a view angle of

about 45° depending on spatial arrangement ofréest

The correlation between crown transparency andidgm was shown to be close (R2= 0.88)
for oneQuercusilex stand in the investigation of Bussotti et al. (20Qvhile it was low for

the other stand (R2= 0.12). The defoliation valwese always higher than the transparency
values, which could be explained by a similar tgpeclationship between both quantities as
the one between gap fraction and projected arearaipy elements in indirect LAI
measurements. But also other aspects like theo#xpiin-consideration of flowers in the
defoliation assessment may lead to different tremd®th quantities. Nevertheless, both
quantities were reasonably correlated to the mbskenl leaves measured by litter traps
(r>=0.71 and 0.42, respectively), so that tempcinahges of the amount of foliage may well
and similarly be reflected by both quantities.

The obvious difference between LAl and crown cdndimeasurements that is due to the
selection of different parts of the canopy maylfturther investigated with ground-based
PCA-measurements, since the PCA-measured gapofnaidies always include lower and
upper canopy. Only 3-D-measurements like the engaldyDAR measurements may be

evaluated separately for different parts of theopgn

Airborne and terrestrial LIDAR (Light Detection ArfRanging) are methods that do not
directly measure leaf area index or light transiaissthe measurement is based on the
localization of laser beam-reflecting biomass wditstance and angle measurements. While
airborne LIDAR is executed in a usually lower reg@n from the upper side of the canopy,
terrestrial LIDAR uses the same measurement pieéipm beneath the canopy with much
higher resolution. 3D-crown reconstructions baseteorestrial LIDAR often look like a
natural tree, though the uppermost part of the nrswsually given in lower resolution
(Fleck et al. 2011). The potential of airborne LiRAor 3D-crown reconstruction is
especially high, when full waveform LIiDAR is uséll waveform LIDAR results in several
localized reflections from a single laser shot, Hreteby delivers a higher point density. With
regard to the definition of defoliation and crowartsparency, airborne laser scanning (ALS)
is a promising measurement principle, since it messsbest in the uppermost part of the

crown.



3 Detailed technical description of Action C1-TREE-30

3.1 Compared measurement methods

An overview of the different measurement methodegared in this study is given in table 1
and their technical background is explained in sleistion, while the implementation of the

techniques in our field study is described in s8r8.2: Field measurements.

3.1.1 Leaf litter collections
Given that the whole leaf area of a forest statld ¢lbwn to the forest floor at the end of the

vegetation period, the measured one-sided areaabflitter per unit ground area represents
the LAI of this stand in the definition of Chen aBthck (1992). To measure it for the whole
stand, the leaf litter may be sampled from therfleidth a number of litter traps of known area
that is adequate to represent the spatial varialofileaf area on the floor. Repeated emptying
over the leaf-fall period is necessary to avoidf ldacomposition before the leaves are
measured. In order to avoid leaf area measurenoenésery leaf, leaf samples may be taken
from each litter trap and their specific leaf afBaA, leaf area per dry weight) determined, so
that the leaf area in a litter trap may be caleddtom dry weight determination of leaf litter
and multiplication with SLA. Since no further casti®n is necessary, LAl the litter trap-
based LAI, serves as reference measurement agaihsth other methods of LAI-

determination may be evaluated.

3.1.2 Plant Canopy Analyzer LAI-2000 (PCA)
The Plant Canopy Analyzer (LAI-2000; Li-Cor, LinogINebraska, USA) is an instrument to

measure blue diffuse light (below 490nm wavelendtigheye optics is integrated to project
a hemispherical image onto five detectors which suea radiation intensities in five
concentric fields of view. The five sensors aretmhat zenith angle® of 7°, 23°, 38°, 53°
and 68°, respectively. Simulataneously aquired elmanopy (A-) and below-canopy (B-)
readings are required to obtain the gap fractiomclvrepresents the probability of diffuse
light non-inteceptance for each zenith angle @pF(

The leaf area index (LAI) calculation for this aather optical instruments is based on an
inversion of the exponential relationship betweehl land light penetration that may be
derived from the Beer-Lambert law for light tranttamce through a solution. Analogously to
extinction coefficient, absorber concentration, aath length in the Beer-Lambert law, light
penetration through the canopy is dependent oadelorientation (given as relative projected

leaf area in beam direction, @), volumetric leaf area density (1) and path langjtthe
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Table 1:

Measured Abbrevation Different calculations Method # of
parameter according to plots
Litter trap-based leaf | LAl - Litter trap, 10
area index SLA
measurement
PCA-based leaf area| LAl pcal to Used opening angle: PCA (leaf-on | 40
index LAl pcpb 1 ring of the PCA and leaf-off),
hemispherical sensor TRAC

- corrected for corresponds to an opening
clumping and for angle of 13°,
wood area index - 2 rings correspond to 28°,
PCA-based gap GFpca3 to 3 rings correspond to 43°, | PCA in leaf- | 40
fraction GFpcpb 4 rings correspond to 58°, | on condition
PCA-based effective | Lepcal to 5 rings correspond to 74°. | PCA in leaf- | 40
leaf area index Lepcad on condition
- raw instrument Lepcalwinter to | Summer and winter
output - Lepcabwinter measurementgwith and
PCA-based total LtecaltoLtpcad | Without leaves) PCAin leaf- | 40
plant area index on condition
- instrument output and TRAC
corrected for for clumping
clumping - coefficient
ALS-based gap GFaisF Number of echoes ALS 40
fraction GFaLsF+L considered

GFaisAll F = First echo of each pulse

F+L = First and last echo of

GFaLs,upperF each pulse

GFaLs,upperF+L | All = All echoes of each

GFaLs upperAll pulse
ALS-based plant area La sF Upper and lower canopy
index LasF+L

LALsA”

I—ALS,upperF

I—ALS,upperF‘H—

I—ALS,upperAII
TLS-based gap GFrs10to Voxel size 10cm edge TLS 30
fraction GFr.s50 length to 50cm edge length
TLS-based plant area Lys10 toL1. .50 TLS 40
index Upper and lower canopy
Mean tree-wise Defoliation - Visual 40
defoliation per plot assessment
Crown diameter CDRD - Distance 40
related distance to measurement
neighbours
Fruiting, percentage | Fruiting - Visual 40
of trees with medium classification
or strong
fructification
Apical shoot ROLOFF - Visual 40

architecture

classification




beam through the canopy (®( (Monsi & Saeki 1953):

GF(®)= exp[ -Gf) u S0) ] (1)

The conversion of GBJ into the theoretical contact number of a bearaugh the canopy in
the given direction (LI-COR, inc. 1992) allows teeuthe exact solution of equation (1) for
leaf area density as given by Miller (1967),

u =-2J" [In (GF®))/ S@)] sin (©) do @)
which finally leads to an estimation of the effeetleaf area index ¢

Le=-2," In (GF@)) cos) sin@®) do @

where0 is the zenith angle ranging from 02 and GF the gap fractione Is here derived
by multiplying p with canopy height, assuming thla¢ distribution of leaves in space is
random. The term “effective LAI” (Chen et al. 199¥as introduced with respect to the fact
that optical LAl-measurement instruments are ableeasure this quantity, but not the LAI
in the definition of Chen and Black (1991), sinbe assumption of random leaf distribution is
usually not fulfilled due to leaf clumping and stnleafy and non-leafy canopy elements are
not distinguished in the measurement, so that sesfaf branches and fruits contribute to the
measured effective index.

Based on the above and below canopy measuremettts snconcentric rings of the PCAg L
Is calculated as

5
L. =2) In L cos@)w "
=

| b
, Where } and }, are the light intensity values measured abovebaholw the canopy and the
w; are weights given for each of the five rings cquoexling to sing)dd, where sing) is the
sine of the center angle of ring i anlid the range of angles covered by that ring.
The PCA-measurement needs still to be correctedldaf clumping, since the non-
randomness of leaf distribution in space causdsehnigap fraction values than in the assumed
random distribution and therefore an underestimatad LAl. The non-randomness is

described as clumping coefficieit Due to the absence of within shoot clumping m ¢ase
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of broadleaved trees (LeBlanc et al. 20@2)can directly be derived from the between-shoot
clumping index, which can be retrieved from gapesineasurements with the TRAC
instrument (Chen et al. 2006). The correction gdltk total plant area index)las defined
by Chen (1996):.

Li=Le/ Q (5)

L: may finally be converted to LAI in the definitiaaf Chen and Black (1992) based on an
estimation of the woody to total plant area ratig, (which may be achieved by PCA

measurements in the leafless state in winter:

LAl pca =L (1-00) (6)

3.1.3 Airborne laser scanning (ALS)

Airborne and terrestrial LIDAR (Light Detection Andanging) are methods that do not
directly measure leaf area index or light transmrsdbut localize canopy elements. The
localization is based on distance and angle measns of a laser beam and its reflections
from material in and below the canopy. With regardhe definition of defoliation and crown
transparency, airborne laser scanning (ALS) isangsing measurement principle, since it
measures best in the uppermost part of the crown.

Airborne laser scanning is executed from a planeeticopter whose position and orientation
in space is permanently recorded with high accuteigg an inertial measurement unit. A
laser beam is emitted to the ground and the tirofngflections from each shot is recorded to
calculate distance to the reflecting objects basedpeed of light. The footprint of the laser
beam is typically larger than the canopy elemeatthat multiple reflections (called “echoes”
or “pulses”) from different surfaces are possifilbe reflections are visible as pulses in the
waveform of the reflected signal and especiallyitdveform ALS systems are able to record
all of the multiple returns. The final result of éairborne or terrestrial) laser scan is a three-
dimensional map of object positions in the survesesh which is termed 3D point cloud.

In analogy to the gap fraction measurement of PCi&,possible to derive the gap fraction of
the canopy based on the proportion of laser beaeretmting the canopy (=ground
reflections) in the total dataset. For this, a ffub@ight needs to be defined to distinguish
canopy reflections from ground reflections. Undse tondition, that the laser beam angles

employed were close to vertical, an ALS-based paed indexl(s s) may then be calculated
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as logarithm of the ratio between total numberdafoes in the stand ¢ and below canopy

echoes:
Lacs=Ln (Nai/ Np) (7)

The angular correction included in equations (3) &) is not performed here assuming
vertical laser beams. The original formulation lf&rg et al (2006) additionally includes
the division by an empirically derived coefficidgtwhich is necessary to account for effects
of leaf orientation and leaf clumping and needsé¢obuilt on the regression to local LAl
measurements. However, k does not consider theilwotdn of woody canopy elements to
the measured index. We don’t perform this step em@der to compare the used methods
without influence of possible biases introducedahy other method and keep in mind that the
absolute values of A.s do, therefore, not necessarily lie in the sameyeaas those from
LAl pca Or LAIL.

3.1.4 Terrestrial laser scanning (TLS)
While airborne LIDAR is executed in a usually lowesolution from the upper side of the

canopy with more or less vertical laser beamsesgnial LIDAR uses the same measurement
principle from beneath the canopy with much highesolution and polar beam angle
distribution, analogous to the projection of herhespcal images. In fact, a 360° x 180°
terrestrial LIDAR scan equals a hemispherical piia which the distance from the scanning
position to each photo-pixel is known. The deriwatof gap fractions and their evaluation to
LAl-values is therefore possible in the same wayvdh other optical devices (e.g. PCA),
when the scans are treated like hemispherical im&anson et al. 2007, Moorthy et al.
2008).

The justification for this elaborate system commesnf the additional information content in
the unique 3D-description of trees it may delivasdd on the combination of several high-
resolution scans. The resulting 3D-reconstructioften look like a natural tree, though the

uppermost part of the crown is mostly represemeddwer resolution (Fleck et al. 2011).

Terrestrial laser scans in forests are usually weec with 3D-laser-scanners that are
stationary and subsequently send laser beams Ihjoossible azimuthal and elevational
directions, thereby scanning their environmentc8ithey are stationary and the laser beams
don’t penetrate the objects they hit, sight is kéat whenever an object is larger than the
usually very small footprint of the laser beam. fEfiere, multiple laser-scans from carefully
selected positions need to be combined in ordeageimplete 3D-map of the objects in a

10



forest. The combination of multiple scans is achtvia targets fixed in the scene that serve
as control points for the coordinate transformafimm one scan into the coordinate system
of another scan.

The resulting combined 3D point cloud is princigalmilar to the 3D point cloud produced
by ALS-systems, but it needs a different form oéleation, since the laser beams are not
vertically oriented and the 3D point cloud, therefchas a density trend with the majority of
points in the lower part of the point cloud. Thensigy trend can be removed by
transformation of the 3D point cloud to a voxel rabdonsisting of equally spaced volume
elements (voxels, i.e. cubes of the same width;idiaret al. 2011). The voxels are either
filled with canopy surfaces whenever there are pgneflections in this part of the 3D point
cloud or empty, when no reflection is recordechia $pace represented by a certain voxel.
The voxel model has the disadvantage that it Ievitee resolution of the information content
of the original 3D point cloud, but it provides emsort of canopy description that is distinct
from other approaches. Taken as a rough model eofcéimopy, a TLS-based gap fraction
(GFrLs) may be extracted. GFs is the proportion of gaps in a vertical projectadrall voxels
and is calculated from the proportion of total ptoea (Awa) COvered by canopy voxels
(Ava):

GFris=1- Ava/ Aswtal (8)

A TLS-based plant area indekt(s) has here been derived after (Fleck and Mélderl01
based on Gfs and path length through the canopy (S, equalirgeaye canopy height) as

Lris=-Ln (Ghs/ S) 9)

3.2 Field measurements

3.2.1 Study areas
We established 20 plots with a size of 50 by 50neach of two study areas, where we

conducted comprehensive field measurements.

The study areas Krofdorf and Reinhardswald lienenfederal state of Hesse in Germany. The
Krofdorf forest (18 km250.658° North, 8.653° Egstontains all analysed beech stands and is
situated 11 km northwest of Giel3en and betweenad0325 m above sea level (Voll 2001).
Its mean annual temperature is 8.7°C (Deutschetérdegtnst Offenbach, Germany, 2007)
and the mean annual precipitation 696 mm per ya&athe period 1961-1990 (DWD, 2006).

The climate can be described as slightly sub-cental. The parent rock material consists of
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argillite and greywacke with loess loam. Krofdodldngs to the lower beech-mixed forest
zone and the most frequent tree species in ourystmela is beech (Fagus sylvatica L.)
followed by oak (Quercus spec.) In the majority calses the Krofdorf forest consists of
Cambisols and Lessivés and occasionally Stagn¢gols2001).

The Reinhardswald (60 knB1.487° North, 9.519° Egstontains all analyzedak stands and
is situated on the north-eastern border of the &aBassin. Its mean annual temperature is
7°C (DWD, 2007) and the mean annual precipitation5® mm per year for the period 1961
till 1990 (DWD, 2006). Middle sandstone with lodsam forms the parent rock material. The
dominating tree species in our study area is odlowed by beech. Generally the
Reinhardswald consists of Lessivés and Stagnobldahaus 1973). Stand age ranged from
23 to 155 for beech and from 15 to 203 for oakdsgcompare Fig. 34).

3.2.2 Litter trap measurements
On 5 plots per study area, leaf area index was unedslirectly by leaf litter collection. The

leaves were collected every 2 or 4 weeks duringleégé fall period 2009/2010 in 12 litter
traps (surface area 0.207 m?) that were randorslyiblited along grid cells on each plot (Fig.
1). Directly after sampling, the leaf area was meas for a subsample of 17 leaves with a
flatbed scanner (CanoScan LIDE 200, Canon, Germamyg) the software WiIinFOLIA
(Regent Instruments, Canada). Afterwards, the sopkes were dried at 60°C and their dry
weight was determined. By multiplying SLA {fg) with the dry weight per litter trap area

(g/n?) we obtained the dimensionless leaf area indexaartaged it to determine LA

3.2.3 PCA and TRAC measurements
PCA-measurements have been performed from Juiyitllof Septemger 2009 on all 20 plots

of each study area. We worked with two sensori®RRCA: one sensor was used below the
canopy in the stand; the other sensor acquired/é\tesec reference data on a clearance close
to the studied plot. On each study plot, we tookrEasurements at 1.5 m under diffuse light

conditions (overcast sky, dusk or dawn) along aleegyrid (Fig. 1).

<& »
<

50m

50m
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Fig. 1: Exemplary plot design. The 16 yellow dotarknpositions for measurements with the
Plant Canopy Analyzer, red circles stand for thealomly distributed litter traps, the green
arrows represent the transect of 120m measuredthgtifRAC device.

With the help of a 90° view cap on the sensor, d@ppearance of the operator on the
hemispherical image was prohibited. Since both@snaere equipped with the same view
cap, the operator always needed to measure inathe sompass direction (B reading) as the
reference sensor (A reading) on the clearance.

The between-shoot clumping fact®r was measured with TRAC (Tracing Radiation and
Architecture of Canopies, (Chen et al. 1997) oraagect of 120m (Fig. 1). An estimation of
the woody to total plant area ratiowas achieved by PCA-measurements on 34 plotsein th
leafless state in winter 2010/2011. For 6 plathias been estimated from measurements in a

similar stand nearby.

3.2.4 ALS measurements
Full waveform ALS-measurements were carried ouluyg 9" and 18" 2009. The airborne

scans were done in a height of 300m with the Toplygéem S/N 724 installed on a
helicopter (SE-JIH). With a pulse frequency of 1M@ka scanning frequency of 70Hz, and a
maximum scan angle of £12°, this resulted in a npdse density of about 60 returns per
square meter. The xyz-data was classified intdaligievation model and digital surface
model. In analogy to the LAI-2000 measurementsgtheoff level for the distinction of
canopy echoes (Nfrom below canopy echoes {N\was set to 1.5m above ground.
Additional to the unweighted A.s after equation (7), three different sorts of echeere
evaluated separately: first echodg §F), first and last echoed 4 sF+L) and all recorded
echoes I(a sAll) were used folLa s calculation. In the case &fy &F the first echo from each
laser impulse was counted to derivg nd N, ForLa dF+L andLa sAll echo counts were
weighted relative to the total number of echoesigihg to their laser impulse (Solberg et al.
2009).La sF+L was calculated by weighting first and last eehavith 0.5 and by weighting
pulses which only gave a single echo with 1. A sitely showed that the relationship
between measurements of LAI-2000 and ALS got wasiie increasing cutoff-height, except
from stands with a dense layer of brackiteridium aquilinum) (data not presented).

In addition toLa s, which is the result of gaps penetrating the wiwaleopy higher than 1.5m
above ground, we calculated a separate airboreetefé LAl for the upperlas upper) and
lower part of the canopyL.s iower). The boundary height between upper and lower mano
was chosen from histograms with a resolution ofrOdf the tree height model (0.5m x 0.5m
grid) of every plot and set to the most abundamiesaf the tree height model, which we

assume to be the boundary between shaded and gomiit.
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3.2.5 TLS measurements
The terrestrial laser scanner used was the Ima¥@s &Zoller + Frohlich GmbH, Germany).

It uses the phase difference method for distancsmrements up to 79 m. The field of view
envelops 360 x 310° and the maximum scanning spe&@0,000 pixels per second. We
scanned with a high resolution of 10,000 x 10,08@Ip per 360° in both directions (Imager
5006 Manual, Zoller + Frohlich GmbH 2010).

The scans were carried out from end of July till+8eptember 2009 in both study areas with
15 beech plots in Krofdorf and 15 oak plots in BReenhardswald. Scanning of the same plots
was repeated from July till end of August 2010.t8@ets per plot were placed in different
heights: at the foot of a tree, in approximately tmeter height and up to 10 m height with
telescopic rods in order to distribute targetsItaemions of the scanned space. The targets
had a chessboard pattern and were differentiablemnbinations of numbers and/or letters.
The scanner was placed at about 20 different positper stand in order to take multiple
scans.

The common control points of each two scans wegistered and coordinate transformations
calculated in the software Z+F LaserControl. Theuogng deviations due to measurement
errors were distributed via bundle-adjustment witte NEPTAN-program to optimize the
coordinate transformation. Unwanted pixels in tikans were removed using 6 different
filters with the following settings: thin filter fovavelengths >0.001m, single pixel filter (<2
pixels), mixed pixel filter (6 pixels, 2°), rangitdr (0.5-80m), intensity filter (0.6-100%) and
invalidate filter (25°). The coordinate-transform@&d point clouds were unified to one large
3D point cloud with a point cloud reduction of 1/dsoftware Cyclone, Leica Geosystems,
Switzerland).

The plot space was extracted from the unified 3PHpoloud and transformed to voxel
models of different edge length: 10, 20, and 508nthreshold value of 5 points per voxel
was chosen to consider a voxel as filled. In analimythe PCA-measurements, all voxels
above the cut-off level of 1.5m were consideredasopy voxels. They were identified based

on a digital terrain model that was built on theést points per 50cm grid cell.

3.2.6 Crown condition measurements
The regular assessment of crown condition compreggisal shoot architecture

(ROLOFF), crown defoliation, fruiting, and crownadieter related distance to tree neighbors
(CDRD). These four assessments were performedlat0gllots, investigating 32 trees per
plot or — if there were less trees — on all trefethe plot. Average values were calculated and

taken as representative for the investigated piahe case of fruiting, the relative proportion
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of trees with medium to high fructification (classeommon and abundant) has been
calculated. The measurements were performed acoeptalithe ICP-Forest manual.

Since ROLOFF, defoliation, and fruiting are relatedonly the upper part of the
canopy, the comparison tals and La.s was supplemented by a comparison 0s kpperand
LaLs,upper, representing the same quantities selectivelyutatied for the upper part of the
canopy. The subdivision into upper crown and lowewn was executed as follows: We
measured the height of the tree canopy for eachygato the layer where the maximum
crown width per plot was obtained and took thiggheas separation plane for the upper and
lower crown of the entire canopy. The relevant 3inpcloud of the airborne and terrestrial
LIDAR measurements was cut along this plane anddleyant calculations were performed
on this reduced 3D-dataset. The parameter “lenfjtheoshade canopy” was determined in
the same way, typically the shade canopy lengthakasit 90% of the whole tree height.
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4 Results

4.1 Comparison of LAl and plant area indices derived from four
different methods (litter traps, PCA, airborne and terrestrial
laser scanning)

4.1.1 LAl from litter traps and PCA (LAl | and LAl pca)
Direct LAl measurements based on leaf litter coitets (LAI_) have been performed on 5

plots per species, so that 10 [LAdalues could be calculated.

L

LAl , Litter trap based LAl

Beech Oak

Fig. 2: The range of measured LAI-values for both spe@bswn are minimum, maximum, median

value and interquartile range.

The LAI_-values of beech stands were all higher than thbsak stands and showed a
remarkably low variability, with LAl ranging from 6.1 to 6.6. This can not be attrilute
stand age, which varied from 60 to 145 years fecheand from 30 to 203 years for oak.
Basal area (24-32m?/ha) was higher in the beeclistdnan in the oak stands (20-26m2), but
still much more variable than LAI

While the absolute values of LAWere lower in oak stands than in beech stands, the
variability was higher. The highest value was sd ariginates from a 41 years old stand
with comparably low stocks, while the oldest oaknsis with the highest stocks reached
medium LAL values (3.6, 4.1). The minimum value of 3.2 or&ges from an 82 years old
oak stand with a basal area of 20 m=.

PCA estimations should equal litter trap measuremiarrelative and absolute terms. The
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comparison of LAdca with LAl indeed shows a generally good correlation betvioedim
methods. Depending on the used opening angle onhstriment, regression coefficients
ranged from 0.89 to 0.96 (p<0.0001). The relatigngfas best (0.94-0.96) for the higher
opening angles, i.e., when rings 3, 4, or 5 ofRBA are included. In terms of absolute
values, the root mean square error (RMSE) indidatesleviation of the 1:1 line and ranged

from 0.9 to 1.7 in this case, indicating a certdégree of deviation between both methods
(Fig. 4).
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LAl pca
+ 2 |Moverall r2
-~ I RMSE oak
B RMSE beech
- 1 |Ooverall RMSE
‘ ! ‘ 0

1 ring 2rings 3rings 4rings  5rings

0.8

0.6

0.4

0.2

Fig. 4: Evaluation of LApca with LAl measurements. R2 values for the whole datasetijdaie
indicated on the left axis and RMSE-values fonitmle dataset (white), for oak (vertically hatched)

and for beech (horizontally hatched) are indicatedhe right axis.

A species-specific analysis shows that RMSE focbhgsots reached higher values (up to
2.3) than for oak plots (up to 1.5). The lowestddln® deviation (given as RMSE) between
LAl pca and LAI values of the whole dataset is found, when 4 rofghe PCA are used
(RMSE = 0.9). A tendency to underestimation on plaks and overestimation on beech plots
in these deviations is visible in the mean biasi@al(Fig. 5). The overall mean bias was
lowest, when 3 rings of the PCA are used. Spe@esific r2-values were better for oak than
for beech, but these data are questionable dueetimiv number of measurement points per

species and the narrow range of values especallydech.

LAl pca

B overall mean bias
M dense oak plots
[ open oak plots

B beech plots

0.5
0
-0.5
-1
-1.5
-2
-2.5

Fig. 5: Mean bias of LAlco measurements when compared to L Averall bias for all plots (black)
is given and the separately calculated bias fawo8ps of plots: 2 dense oak plos (bold vertically

hatched), 3 open oak plots (thin vertically hatdhadd the 5 beech plots (horizontally hatched).
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4.1.2 PCA-based gap fraction and plant area indices (GF  pca, Lepca, Ltpca)
The calculation of LAdcaincludes intermediate results and plant area iisdicat are not yet

corrected for the contribution of woody surfacelse3e indices are analyzed here in order to

better understand the causes for the relationstipden LApca and LAL in the section

before.
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GFpca

GFecais the gap fraction measured by the PCA sensadoh ring and is expected to be
exponentially related to leaf area density in theapy (equation 1). The corresponding
graphs (Fig. 6) show that the non-linear coeffit@determination is even higher than in the
linear correlations of Fig. 3. A separation of tfaa from 10 plots into 3 groups becomes
visible: Unfortunately, all beech plots had nedhng same LAI- and gap fraction values and,
thus, lie like one point on one end of the scaleo Tenser oak plots lie very close together
with intermediate LAl and gap fractions and the other 3 (“open”) oaksptepresent the
lowest LAI_ values with the highest gap fractions. This aresngnt in three groups is best
visible in the one-ring and two-ring results andyrhave contributed to the high r?-values of
the exponential fits, though r2was highest in #atronship for 3 rings and 4 rings and not for
one and 2 rings. The narrow range of LAhlues for the beech plots is a challenge for the
PCA-assessments and evaluations, since small negasat errors can easily result in a
change of the ranking order of the 5 stands thalddead to misinterpretations.

The very fine differences that need to be assesgbdhe PCA when forest stands have LAI-
values above 6 is visible in the beech standsarthing and 5-ring graph of Fig. 6, where
differences in gap fraction (measured as relatghg ktransmission) of less than 1% may
cause a difference in LAl of £2. The sensitivitytbé inner rings to a variation in gap fraction
Is much lower: 1% Gica variation corresponds to a variation in LAif +0.3.

Lepca
PCA gap fractions are converted after equationn{8)Lerca, Which is due to the logarithmic

transformation expected to show some kind of limektionship to LAI. However,

clumping effects and the contribution of woody aggs to the measurement are not
considered in Lg-a It anyway correlates very well with LAlespecially in the inner rings of
the PCA sensor (Fig. 7). The narrow range of | lb#dlues of the beech plots was apparently
not a problem in the measurements in the innesrisipce the ranking order of the stands
was more or less conserved in the 1-ring, 2-rimgs3arings measurement. r2 for beech alone
was best for the innermost ring (r2= 0.66) and e@sed with increasing ring number. This
result is probably a direct consequence of thedrigheasurement accuracy in the inner rings
that was shown in the GEaresults.

The slightly better r2-values compared to k&, which are especially valid for the
innermost rings, go along with lower deviationswenLerca and LAl (Fig. 8) than

between LApca and LAL (Fig. 4).
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RMSE for the overall relationship ranged from @@A.t3, with the minimum RMSE occurring
in the 3-ring LAbca. While oak stands had the lowest RMSE when ordyithermost ring is
evaluated, beech stands showed the minimum RMSEtdevwhen 4 rings of the PCA
sensor are used. Thus, r2 and RMSEet5 were worst, while the optimum combination of
r2 and RMSE was found inepca3.
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-+ 2 |Woverall r2

[ RMSE oak
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T 1 |Odoverall RMSE

1 ring 2rings 3rings 4rings  5rings

Fig. 8: R2 and RMSE values for the relationship betwieg, and LAI.. R? values for the whole
dataset (black) are indicated on the left axisRMSEE-values for the whole dataset (white), for oak

(vertically hatched), and for beech (horizontalftdhed) are indicated on the right axis.

Apart from the effect of woody surfaces that cawmesverestimation of LA| Lepca does

not include a correction for the clumped distribatof leaves in space that causes higher gap
fractions than a random distribution and, thusyaderestimation of LAL These expected
under- or overestimations of LAby Le-ca were partly visible in the data (Fig. 9): LAl df a

3 groups of plots was underestimated in rings 45rsb the effect of clumping must have

had a stronger influence in these rings than tfeeedf woody surfaces. Generally the bias
became more negative with increasing ring numbgrogsible explanation for this trend is

that leaf inclinations in the investigated stan@sevmostly close to horizontal so that

B overall mean bias
M dense oak plots
[ open oak plots

B beech plots

Fig. 9: Mean bias of.enco measurements when compared to LAverall bias for all plots (black) is
given and the separately calculated bias for 3ggai plots: 2 dense oak plos (bold vertically

hatched), 3 open oak plots (thin vertically hatghadd the 5 beech plots (horizontally hatched).
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clumping-induced gaps could more easily become®¥te in view angles that are close to

horizontal. Overestimations did nearly not occuoak stands but they occurred in the 3

innermost rings for beech. Apparently the contiidrubf woody surfaces to kea was more

noticeable in stands with a very low gap fraction.

Ltpcal

Ltpca3

Ltpcab

R?2=0.88

7'y
A

R2=0.94

O

R?=0.95

Ltpca2

Ltpcad

R?2=0.89

N
@]

£

R2=0.95

6 8 10 12

Fig. 1C: Linear relationship of the total plant

area indexl(tpca)

to LAI,.. Oak stands are

represented by open circles, beech stands by

open triangles.
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Ltpca

The effect of clumping correction based on TRAC sueaments is visible in the total plant
area indexl(trca) shown in Figs. 10 and 11. The clumping coeffit@rin equation (5) shall
counteract the underestimation of LAI that is calsg clumped leaf distributions and
thereby increased gap fractions. The underestim#tiat occurred when 4 or 5 rings are
considered was indeed compensated fabgo that RMSE and r? improved especially for
the largest opening angle. For the lower openirgdesn Lbca-values increased to much too
high values. The measured gap size distributiorapparently been most appropriate for the
outermost rings, though the TRAC measurements graglovere measured at an average
angle of 32° in the case of beech plots and 4#ia@rcase of the oak plots, which corresponds
to ring 3 (beech) and ring 4 (oak).

While RMSE deviations got worse compared tedgFig. 8) in all cases except for the
highest opening angle, r2 increased for the twodstr opening angles (rings 4 and 5) and
decreased in the other cases. The higher RMSEsalUgg. 11 are due to overestimations
of the beech plots’ LAI.

The final transformation dfteca to LAlpca has the objective to counteract the known
overestimation, which is caused by the contribubbwoody surfaces to the measured gap
fraction. The effect was indeed a lower RMSE fa finst 4 rings, only the highest opening
angle had a higher RMSE after this transformatecmm(pare Fig. 4).

4
Ltpca

M overall r2

M RMSE oak
B RMSE beech
O overall RMSE

1 ring 2rings 3rings 4rings  5rings

Fig. 11: Rz and RMSE values for the relationship betwetpp, and LAL . R2 values for the whole
dataset (black) are indicated on the left axisRMEE-values for the whole dataset (white), for oak

(vertically hatched), and for beech (horizontalftdhed) are indicated on the right axis.
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4.1.3 ALS-based plant area index ( La.s)
Including the unweighted.s after equation (7), four independently calculdtednhs of the

airborne laser scanning derived plant area indexampared with the results of other
measurement methods. The direct comparison with kAlues is possible based on the
correlations to data from 10 plots (Fig. 12).
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Fig. 12: Correlation ofLa s, LaisAll, LasF, andLa sF+L to LAIL. Oak stands are represented by
open circles, beech stands by open triangles.

The highest r2-value to LAlwas achieved, when only first and last echoes wensidered
(LasF+L, r2=0.9), but also the weightelda(sAll, r2=0.89) and unweighted_{ s, r2=0.89)
consideration of all echoes correlated very wethviAl, . The consideration of only the first
echoes was apparently less appropriatesf, r2=0.7).

A higher number of data points is available when as determined with the PCA. This
kind of LAl assessment was highly correlated to Lldth r2 values up to 0.96 (LAt4,

Fig. 3). A comparison of the four ALS-based plamaaindices with LAdca4 confirms the
good results found in Fig. 12 (Fig. 13), but hiekgs is best correlated, whiley sF has the

lowest r2 value anta sAll and La sF+L are nearly as well correlated to Ls8h4 aslais.
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Fig. 13: Correlation ofLa.s , LasAll, LaisF, andLa sF+L to LAlpca4. Oak stands are represented by
open circles, beech stands by open triangles.

This ranking order of r2 values is exactly consdrigg all opening angles of the PCA-sensor
(Tab. 1) and the highest r2 value is always achigwden echoes are not weightéd, §).

The evaluation of 3 rings (LAtA3) is mostly best correlated to the different AL&+ded

plant area indices and is shown in Fig. 14.

LaLs is a plant area index and, thus, not correctethi®icontribution of woody surfaces to the

measured quantity, so it should be better companalth Lerca or Ltpca than with indirect or

R2 LAlpcal | LAlpca2 | LAl pca3 | LAl pcad | LAl pcad
LaLs 0.80 0.81 0.82 0.78 0.72
LacsAll |0.74 0.76 0.77 0.75 0.68
LacsF 0.45 0.49 0.52 0.54 0.50
LasF+L | 0.76 0.77 0.78 0.76 0.69

Tab. 1: r2 values for ALS-derived plant area indices edatio LAI-assessments with the PCA-sensor

with different opening angles (LAdal to LAlpcaD)
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Fig. 14: Correlation ofLais , LaisAll, LasF, andLa sF+L to LAlpca3. Oak stands are represented by
open circles, beech stands by open triangles.

direct LAl assessments. The r2 values to the uected PCA outputLePCA) are indeed
higher than to the derived LAda (Tab. 2). Best correlations (r2=0.93) were fouodLia sAll
and Ly sF+L. The pattern of the best correlated PCA opeaimgje is similar to that of Tab.

1, withLepca3 as mostly best correlated index (compare Fig. 15)

R2 Lepcal | Lepca? | Lepca3 | Lepcad | Lepcad
L

ALS 0.89 0.91 0.91 0.88 0.85
La Al

ALS 0.89 0.92 0.93 0.92 0.90
LasF

ALS 0.66 0.73 0.78 0.81 0.83
LAL5F+L

090| 093| 093] 092| 089

Tab. 2: r2 values for ALS-derived plant area indices reldteeffective leaf area indekésca) with
different opening angles of the PCA senda§al toLepcad)
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Fig. 15: Correlation ofLa s , LaisAll, LasF, andLa sF+L to Lepca3. Oak stands are represented by
open circles, beech stands by open triangles.

The clumping correction dfepca leads td_tpca, the total plant area index. This quantity is a
bit weaker correlated to the ALS-derived plant aneices than LePCA, but r2 values are still
higher than for LAdca, Which is corrected for the contribution of woaslyrfaces (Tab. 3).
Ltpca With an opening angle including ring 3 of the P€&nsor is mostly best correlated to
the ALS-derived plant area indices (Fig. 16).

R2 Ltpcal | Ltpca2 | Ltpca3 | Ltpcad | Ltpcad
L

ALS 084| o0s84| o084| o081| o078
La Al

ALS 077| o079| o8| o079| o076
LasF

ALS 048| 053] 057 o059 059
LAL5F+L

0.80 0.81 0.82 0.80 0.77

Tab. 3: r2 values for ALS-derived plant area indices ritio clumping corrected plant area indices of
the PCA representing different opening anglesc1 toLtpcad)

28



8 8
71 71
6 6
.5 Z 5
34 347
3- 3 3
2 2
1 - 1 -
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Ltpca3 Ltpca3
8 8
71 7
6 6 |
L 5 T 9 R2=0.82 A
3 4 g 4
< |
- 3 5 3
2 2
1 - 1
0 0
0 2 4 6 8 10 0 2 4 6 8 10
Ltpca3 Ltpca3

Fig. 16: Correlation ofLa.s , LaisAll, LasF, andLa sF+L to Ltesca3. Oak stands are represented by
open circles, beech stands by open triangles.

Summarizing this section, all ALS-derived plantaanedices excefia sF correlated with

high r2 values of about 0.9 to direct LAl-measuratedLAl., Fig. 12). Only the r2 values to
the raw instrument output of the PCA-sensor (eiifedeaf area index,erca, Fig. 15) were
higher forLais, LaisAll and La sF+L(up to r?=0.93). The clumping correction and the
correction for woody surfaces decreased the coeffiof determination for these three
indices to values between 0.77 and 0.84, if an iogeangle corresponding to 3 rings of the
PCA-sensor is used. This opening angle was in oassts best correlated to the ALS-derived

plant area indices.
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4.1.4 TLS-based plant area index ( Lt.s)
The direct comparison between LAdnd Ly s shows that the suitability of the TLS-derived

plant area index depends strongly on the resolaidhe voxel model. The highest resolution

used were voxels with an edge length of 10 tmsO0_2,L1s10_5,L1.s10_7) and two of
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Fig. 17: Correlation ofL1 s in various resolutions to LAl The resolution is given by two humbers in
the variable name, from which the first numberagel size in cm and the second number is the
minimum number of points needed to create a va@ak stands are represented by open circles,
beech stands by open triangles.
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these plant area indices were well correlated t WwAth r2 values of 0.67L¢.s10_5) and

0.86 L11s10_7). In the low resolution of 50cm voxel edgegligmLy, s for one plot could not

be calculated due to 100% canopy cover in thisluésa. With the same minimum point
number of 5 points, the correlation was bettettierhigher resolution of 10cm (r?2=0.67) than
for 20cm (r2=0.54). A very low minimum point numbeas apparently disadvanatageous in a

high resolutionl(t.s10_2: r2 decreased to 0.02).

LAl pca

The low number of 9 data points (the TLS-data @& bAl, -plot could not be evaluated)

might on its own not be enough to draw conclusioos the LAl -data, but the available

LAl pca data were so well correlated to LAthat the same analysis can be executed on them.
A number of 15 beech and 15 oak plots was availablthis analysis. All opening angles of
the PCA-sensor lead to good correlations betweelpdfand LAL (Fig. 3), and were,
therefore, used for the comparisoriLigs data, though LAlcx4 may be seen as most similar

to LAl in this analysis.

R2 LAl pcal LAlpca2 LAl pca3 LAlpcpd LAlpcad

Lts10 2 0.01 0.01 0.01 0.01 0.01
Lts10_5 071 0.77 0.76 0.75 0.74
L1.s10_7 0.73 0.79 0.79 0.77 0.75
Lt.s20_5 0.48 054 0.56 0.58 0.57
Lt.s50 2 0.42 0.45 0.48 0.51 0.51
L1.s50_5 0.45 0.50 0.53 0.56 0.55
Lt.s50 7 0.46 0.51 0.55 0.57 0.57

Tab. 4: r2 values for TLS-derived plant area indices @iéint resolutions) related to PCA-derived LAl
(LAl pcp, different opening angles). The highest r2 vatueach row is highlighted.

The highest r2 was found betwedens10 7 and LAbca3 (r2=0.79) and it i& 1 s10_7 that is
always best correlated to LAJa of the different opening angles. The ranking oxfdrr s10

and Ly s20 values in terms of r2 to any of the Ak is always the same as the one shown for
LAl (Fig. 17), thus confirming these results. The bigf for the k. s50 to LAl

relationship is probably due to the lower plot nemthat could be evaluated. LAL4 was

the opening angle that correlated best to mosiefLS-derived plant area indices, though it

didn’t reach the maximum r2 value in this companiso
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minimum number of points needed to create a va@ak stands are represented by open circles,
beech stands by open triangles.

Lerca

Lepca andLtpca are intermediate results in the determinationMifde s and, thus, closer to

the original PCA-measurement. The uncorrectedunstnt output.epca did even better
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correlate to LAl than the finally derived LAka values, withLepca3 as the optimum value in
terms or r2, RMSE, and bias (Figs. 7-9). Also imparison td_r s, Lepca correlated better
than LAlca(compare Tabs. 4 and 5), which is true for evemglei r2 value. The highest r2
value was found for the relationship betweeslLO_7 and Leca2 (r2=0.82), but.r, s10_7
was not always the best performing index: In congparto the fifth ring, k. s20_5 was
better correlated thanrls10_7 and so were the lower resolution values. Afpan the
relationships to La-x5 and to k. s50 values, the ranking order of r? values betwegpllOor

L1.s20 values and Lga was for all other rings the same as for the retestnip to LAL.

R2 Lepcal Lepca2 Lepca3 Lepcad Lepcad

L+s10 2 0.03 0.04 0.04 0.05 0.05
Lt.s10_5 0.75 0.80 0.79 0.76 0.75
Lts10 7 0.77 0.82 0.81 0.77 0.75
L11s20_5 0.64 0.70 0.74 0.76 0.78
L1.s50_2 0.59 0.64 0.69 0.74 0.77
Lt.s50_5 0.63 0.69 0.75 0.78 0.81
Lt.s50_7 0.63 0.70 0.75 0.77 0.80

Tab. 5: r2 values for TLS-derived plant area indices @it resolutions) related to PCA-measured
effective leaf area index é-c,, different opening angles). The highest r2 vatueach row is
highlighted.

The relationship okt s-values, and especially & s20 5, to the fifth ring of the PCA-
sensor is more influenced by the amount of woodfasas than any other quantity in this

report (r2=0.62), as may be seen fromliba-» measurements in the leafless stage in winter

(Tab. 6).

R2 Lepcalwinter | Lepca2winter | Lepca3winter | Lepcadwinter | Lepcabwinter
Ls10_2 0.04 0.00 0.00 0.01 0.01
L71s10_5 0.20 0.34 0.52 0.56 0.55
Lrs10_7 0.20 0.33 0.50 0.52 0.55
L1.s20_5 0.14 0.27 0.51 0.58 0.62
L1.s50_2 0.07 0.19 0.38 0.46 0.50
L11s50_5 0.09 0.21 0.43 0.52 0.58
Lrs50_7 0.09 0.22 0.45 0.53 0.59

Tab. 6: r2 values for TLS-derived plant area indices @it resolutions) related to PCA-measured
effective leaf area index from the winté&egcwinter, different opening angles). The highestatie
in each row is highlighted.
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The increasing contribution of woody surfaces vintreasing ring number of thePCA

measurement may partly explain the tendency towiamieasing r2 values with increasing

ring number shown fdrr s20 andLy 50 in Tab. 5.
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minimum number of points needed to create a va@ak stands are represented by open circles,

beech stands by open triangles.
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The correlations of the TLS derived plant areadaditoLe-ca3, which was the opening angle

most similar to LA|, are shown in Fig. 19.

Ltpca
The correlations of 4, s indices withLtpca , the clumping corrected PCA-derived plant area

index, were very similar to those witlesca (Tab. 7).

R2 Ltpcal Ltpca2 Ltpca3 Ltpcad Ltpcad

Lnsl0_2 0.01 0.01 0.01 0.01 0.01
Lnsl05 0.75 0.79 0.79 0.78 0.76
Lnsl0_7 0.78 0.81 0.81 0.79 0.77
Lns20_5 0.51 0.56 0.60 0.62 0.62
Lns50_2 0.42 0.47 0.50 0.54 0.54
LnsS0_5 0.46 0.51 0.56 0.59 0.59
LnsS0_7 0.48 0.53 0.57 0.60 0.61

Tab. 7: r2 values for TLS-derived plant area indices @it resolutions) related to PCA-measured
plant area index.{rca, different opening angles). The highest r? vatueach row is highlighted

LaLs

When compared to the LAl measurements (L&id LAlrcp), the unweightedl o s was the
most representative plant area index of the ALSvddrindices andla sF was the least
representative (compare Figs. 12 and 13 and TalAnijway, for most of thé&r s indices,
the correlation was best kg, sF, indicating that the measured quantity of bothhoes
describes something similar, which is not necelyseonnected to LAI. Only the higher
resolutionLt.s measurementd.{,s10_5 and. s10_7) correlated best to the unweighted
Lacs (Tab. 8).

R? LaLs LacsAll LasF LasF+L

Lnsl0_2 0.01 0.03 0.11 0.03
Lnsl0_5 0.79 0.78 0.59 0.78
Lnsl0_7 0.81 0.78 0.57 0.79
L1s20_5 0.63 0.73 0.82 0.71
LnsS0_2 0.57 0.69 0.86 0.66
LnsS0_5 0.63 0.76 0.90 0.73
LnsS0_7 0.65 0.76 0.89 0.73

Tab. 8: r2 values for TLS-derived plant area indices @it resolutions) related to ALS-derived
plant area index( s, different echo weightings). The highest r2 valueach row is highlighted
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In comparison the unweightéd, s, L1.s10_7 and k. s10_5 performed best with r2 values of
0.81 and 0.79, respectively (Fig. 20). The evatmatiith respect tha sF yields partly r?
values in a similar range, withrls50_5 as the best correlating index (r2=0.9, Fig. 21
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Fig. 20: Correlation ofLr s in various resolutions to the unweightegs. The resolution is given by
two numbers in the variable name, from which thst faumber is voxel size in cm and the second
number is the minimum number of points neededéaatera voxel. Oak stands are represented by
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4.2 Relationship of crown condition measurements to diérent measures
of LAI

The main difference between crown condition meanerds and the several LAI
measurements is their selective nature, i.e. tiathe case of ROLOFF, defoliation, and
fruiting — only selected parts of the canopy areeased in order to derive meaningful
parameters. The leaf and plant area index measuatenethods are not restricted to crown
parts, but at least the airborne and terrestriBlAR measurements allowed a selective

interpretation a posteriori by cutting the measw8Bdpoint cloud in a certain height.

4.2.1 Defoliation
From all basic stand parameters like age, basalanré tree height, defoliation was best

correlated to age of the stand (r2=0.41, Tab. 9Fagd22). R2-values to additional parameters
like length of the shade canopy (p=0.08), leaf andax (LAI_, p<0.01, r2=0.23), and the
clumping index that describes the clumped distrdrubf biomass in the canopy (p<0.01,
r2=0.18) were either not significant or lower tHaa5 (Tab. 9).

R2to... Age of | Basal Area | Height | Length of Stocks | LAI_ | Clumping
stand | of stand of trees | shade canopyof wood Index
defoliation
0.41 n.s. n.s. n.s. 0.12 0.23 0.18

Tab. 9: r2 values for defoliation related to basic stattdtautes including LAl and clumping index.
The highest r2 value is highlighted, n.s. meanssigptificant.

Relationship to PCA-measurements
All correlations between defoliation and PCA-ded\eaf or plant area indices were

significant with p<0.001, with a maximum r? valeached in the relationship to &fz5
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Fig. 22: Correlations of defoliation to age of trees areldhap fraction measurement of the PCA
(GFscab). Oak stands are represented by open circleshlstands by open triangles.
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(r2=0.38, Tab. 10 and Fig. 22). The gap fract®a type of light transmission measurement
and, therefore, to some extent similar to the degtioh assessment.

The highest coefficients of determination were Uguaached, when the whole information
of all 5 rings was used for the calculation. Theentte original gap fraction value is
transformed by calculations and corrections, theelowvas the achieved Bepca (r2=0.27)
andLepcawinter (r2=0.29) were quite similarly related tefdliation. The finally derived

LAl pca (r2=0.1) was least correlated to defoliation anereless correlated than LAI

R2 to defoliation | Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

GFpea 0.31 0.28 0.34 0.37 0.38
Lerca 0.14 0.19 0.22 0.24 0.27
Ltpca 0.06 0.09 0.11 0.13 0.13
LAlpca 0.07 0.09 0.10 0.10 0.09
L€pca, winter 0.00 0.04 0.17 0.23 0.29

Tab. 10: r2 values for defoliation related to PCA-derivedices: Glca, Lepca, Ltpca, LAlpca, and
Lercawiner The highest r2 value in each row is highlighted.

Relationship to ALS-measurements

All correlations between defoliation and ALS-dedvgap fraction and plant area indices were
significant with p<0.001 (Tab. 11). The differendetween the different parts of the canopy
(whole canopy, upper canopy, and lower canopy) wexgginal and the results for the upper
canopy were sometimes worse than those from théevdamopy. The upper canopy had an
average height extension of 3.5m.

GFaLsF (see Fig. 23) anda sF, which is the ALS-derived plant area index wtlik tveakest
correlation to LA|, had always the highest r? value in relation tiokkgion (r>=0.41 and

0.36, respectively). Both quantities are derively &mom the first echoes of the laser signal

received from above the canopy.

R2 to defoliation | unweighted All F F+L

GFas 0.11 0.28 0.41 0.26
GFaLs, lower 0.09 0.21 0.40 0.24
GFaLs, upper 0.15 0.25 0.39 0.28
LaLs 0.09 0.19 0.36 0.18
LALs, tower 0.07 0.17 0.36 0.16
LaLs, upper 0.12 0.18 0.32 0.17

Tab. 11:r? values for defoliation related to ALS-derivegpgractions and plant area indices (different
echo weightings): Girs, GFacs, iower GFavs, uppes LaLs, LaLs, lowen @NdLais, upper The highest r2 value in
each row is highlighted.
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Relationship to TLS measurements

All correlations between defoliation and TLS-dedwgap fraction and plant area indices were
significant with p<0.001 (Tab. 12). Though the hrglolution values derived from a voxel
model with edge length of 10cm were best correl&addAl, they didn’t achieve high
correlations to defoliation. Here the @Eand Ly s indices with the lower resolution of 20 or
50cm reached the highest r2-values {eE0 5, r2 =0.44; {50 5, r2=0.41; Fig. 23). The
results for the separately calculated upper carfapsrage height extension: 3.5m) were
always worse than those for the whole canopy.

Rz to defoliation |10 2 | 105 | 107 | 205 | 502 505| 507
G
Fris 0.11 0.33 0.32 0.44 0.37 0.39 0.39
G
FrLs. tover 0.10 0.31 0.30 0.40 0.35 0.37 0.37
G
Fris, upper 0.00 0.06 0.06 0.07 0.11 0.08 0.08
Ltis
0.08 0.07 0.04 0.30 0.39 0.41 0.39
L
TLS, lower 0.03 0.02 0.01 0.20 0.33 0.34 0.31
L
TLS, upper 0.03 0.04 0.04 0.06 0.11 0.09 0.09

Tab. 12:r2 values for defoliation related to TLS-derivegbgractions and plant area indices (different

voxel model resolutions): GFs, GFris, lowes GFris, upper L1Ls, L1Ls, lowes @NdL1s, upper The highest r2
value in each row is highlighted.
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Fig. 23: Correlations of defoliation to ALS- and TLS-derivgap fraction measurements ({4 and
GFrs20_5). Oak stands are represented by open cib#esh stands by open triangles.

4.2.2 Apical shoot architecture (ROLOFF)
All relationships between the ROLOFF assessmenbasit stand parameters describing the

physiological stage of the stand, the amount ofraiss and its distribution were significant
with p<0.01 (Tab. 13). The closest relationship veasmd between ROLOFF and stand age
(Fig. 24). From the biomass parameters, length@thade canopy was best correlated to
ROLOFF, while basal area showed no clear relatipnsh
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R2to... Age of | Basal Area | Height | Length of Stocks | LAI_ | Clumping
stand | of stand of trees | shade canopyof wood Index

ROLOFF

0.70 0.05 0.39 0.41 0.37 | 0.16 0.11

Tab. 13:r2 values for defoliation related to basic statidtautes including LAl and clumping index.
The highest r2 value is highlighted.
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Fig. 24: Correlations of apical shoot architecture (ROLO&Rtand age and length of the shade
canopy. Oak stands are represented by open cibdesh stands by open triangles.

Relationship to PCA-measurements

While all relationships between ROLOFF and anyhef PCA-measured quantities were
significant, none of them reached an r2 value higih&n 0.13 (Gfca, Tab. 14). Théepca
winter measurements (without leaves, r2=0.1) wetteb correlated than the summer

measurements (r2=0.04).

R? to ROLOFF Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

GFrea 0.03 0.02 0.06 0.09 0.13
Lerca 0.00 0.00 0.02 0.03 0.04
Lteca 0.00 0.00 0.00 0.00 0.01
LAl pea 0.00 0.00 0.00 0.00 0.01
L€pca, winter 0.02 0.00 0.03 0.07 0.10

Tab. 14:r2 values for apical shoot architecture (ROLOFdated to PCA-derived indices: ¢z,
Lepca Ltpca, LAlpca, @ndLescawiner The highest r2 value in each row is highlighted.
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Relationship to ALS-measurements

While the ALS-measured gap fractions were all digantly correlated to ROLOFF, nearly

none of the relationships to the derived plant ardax (La s ) for any of the crown parts

was significant (Tab. 15). The highest r2 valuesensehieved when only the first echoes of

the ALS-measurement were considered @k r>=0.27, Fig. 25), differences between the

two crown parts were marginal.

R2 to ROLOFF unweighted All F F+L
F
GFavs 0.00 0.06 0.27 0.04
GF
ALS, lower 0.00 0.02 0.25 0.04
F
GFavs, upper 0.01 0.04 0.23 0.06
L
ALS n.s. n.s. 0.01 n.s.
I—ALS, lower
n.s. n.s. n.s. n.s.
L
ALS, upper 0.00 0.02 ns. 0.01

Tab. 15:r2 values for apical shoot architecture (ROLOFdtted to ALS-derived gap fractions and
plant area indices (different echo weightings) aGFGFais, iowern GFaLs, uppes LaLs: LaLs, lowen @NdLacs,
uper The highest r2 value in each row is highlighted.

Relationship to TLS measurements

All correlations of apical shoot architecture (RCOEE) to TLS-derived quantities were
significant. The gap fraction values were alwaydrecorrelated to ROLOFF than the
appertaining plant area index values (Tab. 16).Higkest r2 values were found for @Ein

the low resolution voxel model with an edge lengftb0cm and a minimum point number per
voxel of 2 (GR1s50_2, fig. 25). The relationship was a bit betterthe lower 90% of the
canopy than for the upper 10%. The minimum poimhber was not decisive, since also the
voxel models with the same edge length and higbert pumbers were similarly correlated

to ROLOFF.

R2 to ROLOFF 10 2 10 5 10 7 20 5 50 2 50 5 50 7
G

Fris 0.07 0.24 0.25 0.33 0.37 0.37 0.36
GFris, tover 0.05 0.22 0.23 0.30 0.36 0.35 0.35
G

Fris, upper 0.00 0.19 0.17 0.23 0.28 0.25 0.25
Ltis

0.00 0.00 0.00 0.06 0.13 0.14 0.13

L

TLS, lower 0.02 0.02 0.03 0.02 0.10 0.10 0.09
L

TLS, upper 0.00 0.01 0.01 0.04 0.12 0.10 0.09

Tab. 16:r2 values for apical shoot architecture (ROLOFdated to TLS-derived gap fractions and
plant area indices (different voxel model resoluslo GRis, GFris, iowes GFris, upper L1is: Lis, lowes
andLr.s, upper The highest r2 value in each row is highlighted.
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Fig. 25: Correlations of apical shoot architecture (ROLO&Ryap fractions measured by airborne
(GFaLsF) and terrestrial lidar (GEs50_2). Oak stands are represented by open citidesh stands
by open triangles.

4.2.3 Fruiting
Fruiting, here defined as the proportion of treék wedium or high frucitification, was

significantly correlated to all basic stand attté®) out of which the total stocks of wood

(r2=0.57) had the highest r2 value. The heighhefttees (r2=0.52) was more important than
the length of their shade canopy (r2=0.49). Stayed(e2=0.25) and LAI(r=0.26) could each
only explain a quarter of the variability (Tab. Fig. 26).

R2to... Age of | Basal Area | Height | Length of Stocks | LAl | Clumping
stand | of stand of trees | shade canopy of wood Index
Fruiting
0.25 0.12 0.52 0.49 0.57| 0.26 0.14

Tab. 17:r2 values for Fruiting related to basic standlattes including LAl and clumping index.
The highest r2 value is highlighted.
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Fig. 26: Correlations of Fruiting to stocks of wood ancetreight. Oak stands are represented by open
circles, beech stands by open triangles.
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Relationship to PCA-measurements

All PCA-derived quantities were significantly reddtto fruiting. While the winter
measurements in the leafless stage had a verylealue of up to 0.04, the summer
measurements were the better correlated withtigitthe more they were corrected for
clumping and woody surfaces (Tab. 18 and Fig. R&¢a2 had an r2 -value of 0.28 and this
increased to 0.45 after the correction for clumglctgca2). The finally calculated LAd:a2
correlated the best with fruiting (r2=0.48), in t@st to LAL , which explained less of the
variability. From all possible opening angles, tiagrow opening angle in which the 2
innermost rings of the PCA are evaluated correlatd, indicating that the data of larger
opening angles that include a higher amount ofsltadopy biomass could explain less of
the variability in fruiting.

R2 to Fruiting Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

GFrca 0.30 0.31 0.28 0.25 0.20
Lepca 0.22 0.28 0.27 0.25 0.23
Lteca 0.39 0.45 0.45 0.43 0.41
LAl pca 0.40 0.48 0.47 0.46 0.46
Lepca, winter 0.02 0.02 0.04 0.03 0.03

Tab. 18:r2 values for Fruiting related to PCA-derived iweB: Glca, Lepca, Ltpca, LAlpca, and
Lercawiner The highest r2 value in each row is highlighted.
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Fig. 27: Relationships of Fruiting to the uncorrected PCéasurementLerca2) and to LApca2, after
the correction for clumping and woody surfaces. 6takds are represented by open circles, beech
stands by open triangles.

Relationship to ALS-measurements
Fruiting was not significantly correlated to sonfdélee ALS-measured gap fractions, except
in the case of the evaluation of only first echadsere all correlations were significant. The

highest correlations were found for Eand G s iower (r?=0.38). The appertaining plant
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area indicesl(y s andLays jower) Were similarly correlated with r2 values of 0&&d 0.34,

respectively. In all cases, the unweighted ALS\g=tiplant area index yielded the highest r?

values.

R2 to Fruiting unweighted All F F+L

GFas 0.38 0.24 0.05 0.27
GFALS, lower 0.38 n.s. 0.04 n.s.
GFais, upper n.s. n.s. 0.08 n.s.
Lais 0.35 0.25 0.26 0.09
LALsS, lower 0.34 0.24 0.07 0.25
LALS, upper 0.26 0.22 0.11 0.23

Tab. 19:r? values for Fruiting related to ALS-derived dagctions and plant area indices (different
echo weightings): Girs, GFacs, iower GFavs, uppes LaLs, LaLs, lowen @NdLais, upper The highest r2 value in
each row is highlighted.

Relationship to TLS measurements

Fruiting was not significantly correlated to a feiwthe TLS-derived gap fractions for the
whole and for the lower canopy, which showed anyleayr? values in all resolutions of the
voxel model (Tab. 20). On the other hand, the gagtibns for the upper 10% of the canopy
were significantly correlated in all resolutiongdaeached r2 values up to 0.45 (&
uppeP0_7). The highest r2 values in relation to frgtinere achieved for the TLS-derived

plant area indices for the wholer(s10_7, r? = 0.59) and for the lower candpy§ jowell0_7,

r2 = 0.64, compare Fig. 28). Both plant area insliwere best correlated in the high resolution
voxel model with 10cm edge length. In total, thewses no special resolution of the voxel

model preferred.

R2 to Fruiting 10 2 10 5 10 7 20 5 50 2 50 5 50 7
G
Fris 0.11 n.s. n.s. 0.09 0.05 0.06 0.06
G
FrLs, ower 0.12 n.s. n.s. 0.11 0.05 0.06 0.06
GI:I'LS, upper
0.00 0.36 0.34 0.44 0.37 0.43 0.45
Ltis
0.00 0.54 0.59 0.23 0.16 0.20 0.21
L
TLS, lower 0.01 0.62 0.64 0.33 0.20 0.25 0.27
L
TLS, upper 0.02 0.01 0.01 0.00 0.05 0.04 0.04

Tab. 20:r2 values for Fruiting related to TLS-derived deaxctions and plant area indices (different
voxel model resolutions): GESa GI'—TLS, lowen GI:‘I'LS, upper LTLS! I-TLS, lowen andI—TLS, upper The higheSt r2
value in each row is highlighted.
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Fig. 28: Relationships of Fruiting to gap fractions deriyeam airborne (Gf.s) and terrestrial

(GFris,uppep0_7) lidar — Glr s represents the whole canopy,Gfpe.p0_7 only the upper 10% of it.

Below this row are the correlations to the TLS-dedi plant area indicesrls10_7 and ks owel0_7.
Oak stands are represented by open circles, b&sutissy open triangles.

4.2.4 Crown diameter related distance (CDRD)

CDRD was significantly correlated to all basic stattributes and the highest r2 value was

found for the correlation to LAI(r2=0.75, Fig. 29). Basal area explained 53% ef th

variability and all other basic stand attributesevenly weakly correlated (r2<0.14).

R2to... Age of | Basal Area | Height | Length of Stocks | LAl | Clumping
stand | of stand of trees | shade canopy of wood Index
CDRD
0.04 0.53 0.02 0.01 0.03| 0.75 0.13

Tab. 21:r2 values for CDRD related to basic stand attebuncluding LA] and clumping index. The

highest r2 value is highlighted.
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Relationship to PCA-measurements

CDRD was significantly related to all PCA-derivedbgtities. While the highest r2values
were achieved for the winter measurementsepéa, winted (12 = 0.55, Fig. 29), the summer
measurements were the worse correlated the moieitiaé measurement was changed by
calculations and corrections: &fz4 and Glrcad reached an r? value of 0.52, which was
reduced to 0.5 after conversionlieca5. The clumping correction afepcad andLepcad
produced_tpcad andLtpcab, both with an r2 value of only 0.34. Finally, tberrection for
woody surfaces produced an L8k that had an r2 value of only 0.28 in the bestedated
ring to CDRD (LAkca3). In general, the higher opening angles (ringd @ng 5) that
include larger parts of the lower canopy were betterelated to CDRD than the narrow

opening angles.

R2 to CDRD Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

GFpea 0.48 0.48 0.50 0.52 0.52
Lepca 0.40 0.45 0.47 0.48 0.50
Lteca 0.28 0.32 0.34 0.34 0.34
LAl pca 0.24 0.28 0.28 0.27 0.24
Lepca, winter 0.11 0.25 0.47 0.55 0.55

Tab. 18:r2 values for Fruiting related to PCA-derived iweB: Glca, Lepca, Ltpca, LAlpca, and
Lercawinter The highest r2 value in each row is highlighted.
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Fig. 29: Relationships of crown diameter related dista@®RD) to litter trap measured LAI (LA
and PCA-measured effective leaf area index measnmithter Lepcawined). Oak stands are
represented by open circles, beech stands by dpegles.
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Relationship to ALS-measurements

The correlations of CDRD toaks for the whole and for the lower canopy were not
significant in most cases, except for the firstaas) while they were significant for the upper
canopy, again except for the first echoes, whickevmet significantly correlated.

The highest r2 values were reached in the reldtiprisetween CDRD andaks jower

(r>=0.63, Fig. 30) and also other r? values offite# echo evaluation were the highest in their

category, including Gk s jowef, Which was the best correlated ALS-derived gaption

value (r2=0.62).

R2to CDRD unweighted All F F+L

GFas 0.46 0.60 0.58 0.58
GFaLs, lower 0.45 0.58 0.62 0.61
GFaLs, upper 0.40 0.48 0.50 0.50
LaLs n.s. n.s. 0.50 n.s.
LALS, lower n.s. n.s. 0.63 n.s.
LALs, upper 0.35 0.44 n.s. 0.42

Tab. 19:r2 values for CDRD related to ALS-derived gap fiats and plant area indices (different
echo Weightings): G&Sa GFALS, lowen GFALS, uppes LAL81 I-ALS, lowen anC“—ALS, upper The higheSt r2 value in
each row is highlighted.

Relationship to TLS-measurements

All correlations between CDRD and TLS-derived qitag were significant. The highest

correlations were found between CDRD and the TLUS+dd plant area index.s50_7

(rz2 = 0.8, Fig. 30). The gap fractions were bestatated in the medium resolution of the

voxel model (G.s20_5, r2 = 0.62). The good correlation of gap it and plant area

indices for the whole canopy were in all casesduat to the upper 10% of the canopy (Tab.

20).

R2to CDRD 10 2 10 5 10 7 20 5 50 2 50 5 50 7
GFrs 0.00 0.44 0.39 0.61 0.55 0.58 0.59
GFrLS, lower 0.00 0.46 0.42 0.62 0.55 0.58 0.59
GFris, upper 0.01 0.05 0.07 0.03 0.00 0.01 0.01
Lrs 0.06 0.43 0.39 0.70 0.73 0.78 0.80
Lris, tower 0.04 0.36 0.32 0.66 0.74 0.78 0.79
Lris, upper 0.10 0.08 0.08 0.05 0.06 0.05 0.04
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Tab. 20:r2 values for CDRD related to TLS-derived gap fiats and plant area indices (different

voxel model resolutions): GFs, GFris, iowes GFris, upper L1is, L1Ls, lowes @NdL1s, upper The highest r2
value in each row is highlighted.
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Fig. 30: Relationships of crown diameter related dista@®@RD) to plant area indices derived from
airborne lidar (la s owef) @and from terrestrial lidar{L.s50_7. Oak stands are represented by open
circles, beech stands by open triangles.

4.2.5 Fruiting corrected defoliation
The assessment of defoliation explicitly considbesvisible fruits in a tree crown as non-

foliage, thereby contributing to the defoliatiodwa In order to focus on the defoliation of

non-fruiting trees, we therefore introduced a fngjtcorrection of the form:

defoliation-c = defoliation * (1-fruiting)

This means that a given defoliation is reduced wkiena certain amount of fruiting trees is
involved and that it is reduced proportional to &meount of fruiting trees.

Fruitng corrected defoliation was significantly e@ated to all basic stand parameters, but
only litter trap measured LAI (LAl r2 = 0.62) and basal area (r?=0.41) achievedagaler?

values.

R2to... Age of | Basal Area Height | Length of Stocks of| LAl | Clumping
stand | of stand of trees | shade canopy wood Index

defoliatiortc 0.05 0.41 0.01 0.01 0.03 0.62 0.02

Tab. 21:r2 values for defoliatiar related to basic stand attributes including Lahd clumping
index. The highest r2 value is highlighted.

Relationship to PCA-measurements
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defoliation-c was significantly related to all PCA-derived quaes. The highest r2 values
were reached for the original gap fraction measererof the PCA sensor (r?= 0.67, Fig. 31)
and each step of further calculation and corredbarered the r? value: Logarithmic
conversion td_epca Yielded a maximum r2 of 0.5, clumping correctiaiy¢a3) lead to an r?

of 0.47, and the correction for woody surfacesltedun an r2 value of 0.45 in the best case
(LAl pca3). The gap fraction measurement including thelthing yielded mostly the highest
r2 value (Tab. 22).

r2 to Defoliationgc | Ring 1 Ring 2 Ring 3 Ring 4 Ring 5

GFeca 0.66 0.62 0.67 0.67 0.62
Lepca 0.35 0.47 0.49 0.49 0.50
Lteca 0.33 0.44 0.47 0.47 0.46
LAl pca 0.35 0.45 0.45 0.44 0.41
Lepca, winter 0.00 0.06 0.22 0.28 0.33

Tab. 22:r2 values for defoliatian related to PCA-derived indices: &, Lesca, Ltpca LAl pca and
Lercawiner The highest r2 value in each row is highlighted.
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Fig. 31: Relationships of defoliatigg to litter trap measured LAI (LAl) and PCA-measured
effective leaf area index measured in wintas£a wined). Oak stands are represented by open circles,
beech stands by open triangles.

Relationship to ALS-measurements

All correlations between fruiting corrected deftilim and ALS-derived quantities were
significant with p<0.01 (Tab. 23). The gap fracBomere generally better correlated than the
plant area indices, with a maximum r2 for fadF+L (r2=0.56). The upper 10% of the canopy
(GFaLs, uppeF+L, r2=0.55) contributed more to this result ttihe lower 90% (Gk.s, iowef+L,
r2=0.51). while the best results for ALS-deriveg diactions were achieved focusing on first
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and last echoes, the better results for plantiackees came from the first echoes(¢F,
r2=0.48).

r2 to Defoliationgc | unweighted All F F+L

GFaLs 0.43 0.55 0.45 0.56
GFaLs, lower 0.38 0.51 0.43 0.51
GFaLs, upper 0.45 0.53 0.48 0.55
LaLs 0.36 0.44 0.45 0.44
LALs, tower 0.34 0.41 0.43 0.41
LaLs, upper 0.35 0.40 0.43 0.40

Tab. 23:r2 values for Defoliatiog related to ALS-derived gap fractions and planaanelices
(different echo weightings): GFs, GFavs, owen GFacs, uppes Lats, Lacs, ower @NdLaLs, upper The highest
r2 value in each row is highlighted.

Relationship to TLS measurements

All correlations between defoliatippand TLS-derived gap fractions and plant area exlic
were significant (p<0.01, Tab. 24). The derivechpkrea indices were in most resolutions
better correlated than the appertaining gap frastexcept for the high resolution (voxel edge
length 10cm). The highest r2 values were reachéleihow resolution of 50cm voxel edge
length (Lr.s50_7, r2=0.51 andl.s joweD0_7, r2=0.49). With respect tals and Gk s, the
upper 10% of the canopy were much weaker corretatauthe lower 90%.

2 to Defoliationre | 10 2 | 105 | 107 | 205 | 502 505| 507
G

Fris 0.00 0.47 0.44 0.48 0.36 0.39 0.39
G

Frs. tower 0.01 0.48 0.44 0.47 0.34 0.37 0.37
G

FrLs, upper 0.00 0.03 0.03 0.05 0.02 0.04 0.05
Ltis

0.03 0.47 0.43 0.51 0.44 0.50 0.51

L

TLS, lower 0.02 0.39 0.34 0.48 0.43 0.48 0.49
L

TLS, upper 0.06 0.05 0.06 0.03 0.01 0.01 0.01

Tab. 24:r2 values for Defoliatiog: related to TLS-derived gap fractions and planaaneices
(different voxel model resolutions): Gk, GFris, iowes GFris, upper L1is: L1is, lowes @NdLris, upper ThE
highest r2 value in each row is highlighted.

The best correlating gap fraction and plant ardaxrderived from airborne and terrestrial
lidar measurements are illustrated in Fig. 32.
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Fig. 32: Relationships of defoliatigp to ALS-derived gap fraction considering first dadt echoes
(GFasF+L) and TLS-derived plant area index in a coaes®lution voxel model (.s50 7). Oak
stands are represented by open circles, beechsdbgrmpen triangles.

4.3 Relationships between crown condition measurements
The correlations between different measures of mroendition were all significant (p<0.01,

Tab. 25). While Roloff and defoliation were to eaxther the best correlated crown condition
measure (r=0.59), fruiting was not well correlateény of the other measures. CDRD was
best correlated to Defoliatipg(r2=0.51), which had an inherently high r2 valuighw
defoliation (r2=0.57).

rZto ... Defoliation | Roloff Fruiting CDRD Defoliatiogt
Defoliation

1.00 0.59 0.03 0.42 0.57
Roloff

0.59 1.00 0.15 0.12 0.16
Fruiting

0.03 0.15 1.00 0.06 0.23
CDRD

0.42 0.12 0.06 1.00 0.51
Defoliatio

fFC 0.57 0.16 0.23 0.51 1.00

Tab. 25:r2 values for the relationships between the diffiéicrown condition measures. The highest r2
value in each row is highlighted.

The most important relationships between the ingattd crown condition measures in our

study are illustrated in Fig. 33.
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Fig. 33: Relationships between defoliation and apical shochitecture (Roloff, left) and between
fruiting corrected defoliation and crown diameteliated distance (CDRD, right. Oak stands are
represented by open circles, beech stands by dpegles.

5 Conclusions

5.1 Summary of results and interpretations

1.

The narrow range of LAl values measured with littaps on beech plots (LAIFig.
2) was a challenge for this investigation. With lslues above 6, these plots were
beyond the range that is believed to be measuvétiiehe PCA-sensor (Gower et al.
1999). Anyway, the PCA-derived leaf area index gdhlwas excellently correlated
with LAl (r?=0.96, Fig. 3), indicating that even very sniafferences in gap fraction
measurement are distinguished by the measureméhod)allowing to measure LAl

values up to 6 or 7 with the PCA.

After the correction for clumped leaf distributiand the contribution of woody
surfaces, the PCA measured LAl was best corretatédl, and showed the lowest
root mean square error when four rings of the P€dser were used (Fig. 4). In terms

of bias, the third ring was better suitable thaig @ (Fig. 5).

The uncorrected PCA measuremerer¢a) was as well correlated to LABs the
corrected LAbca The best choice in terms of r2, RMSE, and bias &y 3 (r2 = 096,
Figs. 7-9). A correction only for clumpingitbca) results in good correlations to ring
5.
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. Due to the very good agreement with LAheasurements, we accept kAd4,

LAl pca3 andLerca3 as ground truth measurements for the lidar deénplant area

indices in order to have a larger number of plotsdmpare.

. The ALS-derived plant area indéx, s correlated very well with LAl (up to r2=0.9).

From the different evaluation methods, the unweidhiy s was the best choice for
correlation with one of the LAl values (LAILAIpca3, and LAbca4) while the

weighted Ll sAll correlated even a bit better k@rca3 (r2=0.93). The cause for this
improvement lies probably in the similarity of treav measurement methods, since
gap fraction measurements through the canopy aleaed by both methods.

Anyway there is a physiologically relevant meanimghis high correlation

coefficient, sincd.erca3 was on its own very well correlated to LLAFor the

evaluation of additional quantitiesals has been used as proxy for the physiologically

relevant LAI.

. The first echoes relatedils measurement {.sF) behaved in all relationships to

PCA- or litter trap measured indices differentlgrfr the other jy s values and was
always weaker correlated. On the other hand it sladvetter relationships torls, (up
to r2 = 0.9), defoliation (up to r?=0.41), Rolotf to r?=0.27), and CDRD (up to
r2=0.63) than the otheraLs values. Since it particularly evaluates signatsrfithe
upper canopy, it might more closely include that pathe canopy that is used in the
crown condition assessments. The evaluation otéeisnique based on the current
dataset still provides additional possibilitiesttbauld help to broaden our knowledge
on crown condition measurements. Especially thesrdetailed evaluation of

different echoes in the full waveform signal apgdarbe promising.

. The TLS-derived plant area index_s was very well correlated with LAI(r2=0.86)

andLepca3 (r2=0.81), when a high resolution voxel model wasd. The correlation to
LAl pca3 (r2=0.79) and LAdc4 (r2=0.77) was a bit weaker but still very goodafge
proportion of this good correlation is based ondlstribution of woody biomass in
space as may be seen in the relationship to thiemRCA-measurements

(LAl pcawintes Tab. 6, up to r2=0.62).

. The high resolution voxel model with an edge lera@fttOcm and a minimum point

number of 7 per voxel (L.s10_7) was best suitable as proxy for LAl and was al



well correlated to k. s (r?=0.81). Since only a few resolutions have beesiuated in

this investigation, the optimum might not yet héne=n achieved in the evaluation of
this technique. Since it provides a 3D-model ofiili®le canopy, it might also help in
a better evaluation of parts of the canopy wherévieris desirable, e.g. for defoliation

and Roloff measurements.

9. While defoliation on its own reached in the bestecan r? value of 0.44 (relationship
to a TLS-derived gap fraction, @ls20_5) and was only loosely correlated with any
LAl-estimation, the fruiting corrected defoliatigdefolaitiorn:c) reached higher
correlations to LAl (r2=0.62) and Gfcab (r2=0.67). This result is especially
remarkable since the r? to the physiologicallyvatg LAl improved from 0.23 to

0.62 due to the fruiting correction.

10. Apical shoot architecture (ROLOFF) was by far lstelated to age of the stand
(r>=0.7), indicating that this quantitiy is not eatly influenced by leaf area in the
canopy but by the organisation of woody structimespace and the physiological
stage of a tree crown. This result is also suppddrtethe PCA-measuremenissca,
which are better correlated to ROLOFF in the wini@n in the summer. The
correlation between ROLOFF and defoliation mighatiegbuted to the similar
assessment scheme (selection of the same crowrapdrthe influence of fruiting on
both quantities: The relationship to fruiting cared defoliation is much weaker
(r>=0.16) than that to defoliation itself (r>=0.59)

11.1t may be physiologically explained that fruitingagvwell correlated to the stocks of
wood (r?=0.57) and to the height of trees (r2=0.32) correlation to LAlwas weak
on the other hand, eventually indicating that thdon usage in fruit production does
not strongly influence leaf production. Correlasdo PCA-measurements were only
in evaluations of 2 rings of the PCA-sensor remialeké2 up to 0.48), probably since
most fruits may be found in the upper part of taeapy. While ALS-measurements
might be too coarse for the detection of fruitg torrelation to the highly resolved
Ltisower10_7 reached an r? of 0.64. It must be consideeee that the lower canopy
comprises 90% of total tree height so that thadnaisible from the ground are
eventually more probably located in this part & danopy than in the uppermost
10%.
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12.CDRD was best correlated tq k50 7 (r?=0.8), which is based on a rough model of
crown structures and, therefore, similar to the sneament scheme of CDRD. While
the correlation to LAl was good (r?=0.75), the PCA-derived quantitiesens¥st
suitable, if the measurements are performed inewift up to 0.55), so that only
woody structures are represented. These resulpo=dupe principal independence of
CDRD from leaf area in the canopy, though a str@tationship is inherent based on

allometric relationships between crown diameterslaaf area.

13. Fruiting corrected defoliation was best correlatdAl_ (r2=0.62) and Gpca3
(r>=0.67), which may be based on the natural caticl between the presence of
leaves (LAI) and the relative absence of additideales (defoliation). It may also
contribute to this result that the absence of Isas&isible as gaps in the canopy from
below, which is only supported by the higher catieh to the ALS derived gap

fraction (G sF+L, r2=0.56) than to its plant area index.

5.2 Recommendations
A growing number of modelling approaches for ftgeslies on detailed assessments of the

foliation status of the whole canopy. This includesdels for the following processes:

* gas- and water exchange with the atmosphere

» soil hydrology

* element budgets

» deposition of nutrients and pollutants

» forest growth

* phenology

» forest vitality
It is the goal to make use of the possibilitie®dtl by these modelling approaches for the
purposes of the environmental monitoring progranptmyiding reliable estimates of whole

canopy foliation status.

The study at hand uses LAl measurement resultgetefrom

a) leaf litter collections

b) LIDAR measurements (ALS and TLS)
for the assessment of whole canopy foliation stathe measurements were performed on 40
broadleaved forest stands in the federal stateesbel The 20 oak stands were between 15
and 203 years old, with a median age of 56, an@@hgeech stands ranged in age from 23 to
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Fig. 34: Age distribution of the 40 investigated foreshsts (20 beech and 20 oak stands). Shown are
minimum, maximum, median value and interquartilege

155 (median: 81.5, compare figure 34). The resuktsaken as independent LAl assessments
(ground truth) against which the combined PCA aRAT measurements are evaluated.
Especially the performance of different openingles@nd calculation methods for the PCA
measurement is tested in order to enable bestipessirrespondence with the other methods.

With regard to this question, the favourite quanti¢rived from PCA measurements is the
effective leaf area index based on 3 rings of @& Bensor [(erc3). This measurement was
at least as well correlated to litter trap based (LAl |, r>=0.96) as any corrected version of
the directly measured effective LAI (e.g. totalmilarea index.tpca, and PCA-derived LA,
LAl pca), and it produces lower RMSE and bias values. Alsgca3 correlated best to both
LIDAR derived plant area indices ALs and Ly.s), with r2 values of 0,93 (i.s) and 0,81
(LyLs)- The correction for the clumped distribution e&Ves (leading tbtpca) lowered the r?
value in nearly all cases and the same was trudaéocorrection for woody surfaces (leading

to LA'pCA)
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Based on our measurement results and knowinghtsatesult might not be valid for
coniferous forests, where the degree of leaf clmgs higher, we recommend the following
method for use of PCA measurements in Central EBaopak and beech stands:

1. Measurement of spatially averaged gap fractionsrdatg to the field protocol with
either the PCA-sensor or digital hemispherical pgaaphy.

2. Calculation of the effective leaf area index faretirings of the PCA-sensor

3. No correction for clumping or the contribution obady surfaces.

4. Optional: Collection of leaf litter samples for s leaf area determination during

the leaf fall period.

It still appears appropriate to us to gather furtireund truth data on other forest stands in
order to validate the result of this study. The aering insecurity is due to the small
differences between the different possible evabmatnethods. But since they all point into

the same direction, the efforts for additional TR&PCA winter measurements may not be
justified from this study. We recommend the altémgause of digital hemispherical
photography, because this measurement providesvapent record of the stand leaf
distribution. The photos provide the same infororatis the PCA measurements and may still
be used after years to correct for the clumpediligton of leaves, whenever this is
suggested by new results on the relevance of clugngorrection. These new results can most
easily be achieved by leaf sampling for specifaf Erea determination along with litterfall
collections, when PCA measurements or hemispheglaatographs are taken in the same

stand.

Our recommendation deviates from the field protacdhat only 3 rings of the PCA-sensor
are used, with the effect that also smaller clegriare suitable for the above canopy reading.
All other aspects with regard to PCA measuremeamtsiat affected.

Another deviation from the field protocol concehenispherical photography. Since not all
available software programs enable the calculaifasiumping indices, a program like the
software hemisfer (Thimonier et al. 2010) or Wingmay (Regent instruments inc.) is
recommended. The use of hemispherical photogragiydaalso require further
standardization in the field protocol.

The optional collection of litter samples for SLAtdrmination during leaf litter collections is
another deviation from the field protocol. All othespects of the measurement methods are

not affected.
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