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Abstract

The aim of this study was to explore the capability of airborne laser scanner (ALS) data to explain the variation in field-
measured variables representing timber quality within square 0.25 ha grid cells in a mature conifer forest in the southeast of Nor-
way. These variables were the mean ratio between stem diameter at six m above ground and the diameter at breast height (Rpy),
the volume of saw logs (Vs_), the proportion of saw logs relative to the total volume (Pg), the ratio between tree height and di-
ameter at breast height (HD), mean basal area diameter (D), and crown height (CH). Each of these variables was modeled using
a mixed modeling approach. Model fit was expressed by the Pseudo-R?, and were 0.85, 0.50, 0.78, 0.57, 0.74, and 0.58 for the
respective quality variables. Furthermore, much of the residual error could be attributed to the different forest stands from which
the grid cells originated even though we used field-observed tree species proportions as auxiliary information. It was concluded
that more auxiliary information is needed to estimate models that are general across stands, but that the relationships between
ALS-data and the quality variables considered here seem strong enough to be utilized for example to prioritize between stands in
relation to harvest when specific quality distributions are sought.
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Introduction

The quality of timber is dependent on several internal
and external tree properties. Malinen et al. (2003, 2005) list
the following key factors for internal quality: annual ring
width, wood density, decay, amount of heartwood, location
and proportion of compression wood, diameter and propor-
tion of possible juvenile wood, pitch pockets, checks, and
knot multitude. Also knot sizes can be added to the list to-
gether with the so-called green-knot-cylinder (e.g. @vrum et
al. 2008, Tkonen et al. 2009). The green-knot-cylinder is de-
fined as the maximum diameter of a cylinder in the trunk
where all knots are sound (living and completely fixed to the
surrounding wood). The entire extent of these internal factors
are not revealed before the logs are processed at the sawmill.
However, visible external factors are correlated to these in-
ternal factors (e.g., @vrum et al. 2008), enabling them to be
assessed or predicted prior to harvest. Furthermore, some of
the external factors directly determine timber quality and
some of the internal factors are even visible on the outside of
the trunk. External factors are here defined as knot sizes and
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multitude, stem bending, and taper. At the mills, the quality
characterizations of logs are made based on the external fac-
tors and they are directly related to what will be the end prod-
uct. For example, timber suited for load-bearing construction
material is labeled differently compared to timber suited for
panel boards. Thus, these quality assessments determine the
range of utilization of the logs.
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The characterization of timber quality of a marked
stand before harvest has been found to be very important, but
laborious, costly and difficult. For example, in Finland there
was an operational pre-harvest measurement system called
PMP (PystyMittaus ja Palkanlaskenta) used in the 1970s and
1980s (Malinen 2003). It included measurements of diameter
at breast height (DBH) from each tree to be cut and, further-
more, a lot of sample tree measurements of tree heights and
upper diameters. Still, this system was found to be insuffi-
cient to describe tree quality accurately enough. In the period
after the end of the 1980s, there have only been some visual-
based pre-harvest assessment systems where the purpose has
been to describe timber quantities only and not the quality.
However, nowadays there is an increased need for such a
system because of relatively small economical margins in the
timber market, creating a need for precise information on
both volume and quality to be able to deliver timber accord-
ing to demand.

Forest stand density, most frequently expressed as basal
area or stem number, is found to have a significant effect on
timber quality. For example, Hein et al. (2008) found that
increasing density was negatively correlated with maximum
knot size in Douglas-fir stands in Germany. A relationship
between density regulation by silviculture and diameter of
branches has also been documented (e.g. Maguire et al.

1991, Schmidt 2004). The study of Hein et al. (2008) also
found that branch angle in the middle part of the stem was
decreasing with increasing density. Increasing branch angle
negatively affects timber quality. Furthermore, the propor-
tion of living branches was found to be lower for dense
stands. The increasing proportion of dead branches means
lower timber quality. Density regulation also has been found
to influence timber quality in boreal conifer forest stands
(e.g. Ikonen et al. 2008). Stand density will also affect the
taper (Fulton 1999, Sharma and Zhang 2004) because diame-
ter growth is more sensitive to increasing density than height
growth (Assmann 1970). Taper, or the relationship between
diameter and height, is a direct determinant of timber quality
because it limits the dimensions of the final material for a
given log length. At the tree level, inter-tree competition also
affects the relationship between diameter and height
(Loetsch et al. 1973). In this context it is not only density,
defined as basal area, that is important, but also canopy
structure.

Forest structure, defined as the vertical and horizontal
distribution of the canopy and stems, is effectively measured
by means of airborne laser scanner (ALS) data (Maltamo et
al. 2005). ALS is a remote sensing technique where laser
pulses are emitted in a scanning pattern from an airborne
sensor. Hence, the laser pulses are distributed in a corridor
on the ground along the flight line creating a 3-D representa-
tion of objects on the ground. The point density is usually in
the range of one point per m* to 10 points per m” because
data in this density range suit most of the current applica-
tions. In practice, however, it is possible to collect laser data
of any density. The width of the corridor (the swath) depends
on the maximum scan angle applied and the flying altitude,
but is typically a few hundred meters. The laser pulses that
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are emitted from the sensor hit either the ground or whatever
objects found within the swath, and then they are reflected
back to the sensor. The sensor measures the elapsed time be-
tween emission and return, and thus enables the calculation of
the distance between the sensor and the reflecting object. Geo-
referencing (xyz-coordinates) of each echo is possible by
means of global navigation satellite systems (GNSS) for accu-
rate positioning of the aircraft as the pulse is emitted, and in-
ertial navigation systems (INS) that correct for yaw, pitch, and
roll of the aircraft together with information describing the
scan angle of a specific pulse. The planimetric position (xy)
accuracies of the echoes are still dependent on the flying alti-
tude, and the sensor providers report this to be 1/10,000 x
flying altitude (Optech 2008). The elevation (z) accuracies of
single echoes are typically 5 to 30 cm (Optech 2008). The
ground echoes are distinguished from the vegetation echoes
by mathematical algorithms (Axelsson 2000). Those echoes
defined as ground reflections are then used to model the ter-
rain. This model is usually called the digital terrain model
(DTM) and typical vertical accuracies for such models are 20
to 30 cm (Hodgson and Bresnahan 2004, Kraus and Pfeifer
1998, Reutebuch et al. 2003). After the establishment of the
DTM it is possible to calculate the height of all other echoes
relative to the DTM. This yields a 3-D point cloud from which
height and spatial distribution can be exploited for modeling
purposes. For technical details on laser scanning, please refer
to Wehr and Lohr (1999).

ALS data for forest inventory purposes have traditional-
ly been applied using two different approaches. The most fre-
quently used approach for predicting biophysical forest prop-
erties such as total volume, mean diameter, mean tree height,
etc., has been to consider the height distribution of the laser
echoes for a fixed area, for example, 250 m?, which can be
called the measurement unit or the resolution. First, a number
of ground sample plots are measured in the forest for the
properties of interest and accurately positioned. Then the ALS
data collected for these plots are extracted and different varia-
bles describing the vertical and horizontal distribution of the
laser echoes are calculated. Parametric or non-parametric
models for the biophysical properties of interest are then esti-
mated with the laser variables as independent variables. These
developed models are then used to predict the dependent vari-
ables for each area unit where there only exist ALS data. In
the literature, this approach is called the area-based method.
For further details, please refer to Nesset (2002, 2004) and
Packalén and Maltamo (2008). The second approach is the so-
called single-tree method where single trees are considered
instead of mean values over a certain area. With this approach
single trees have to be recognized in the ALS data so that each
echo is assigned to a specific tree. This process is called seg-
mentation and is based on finding local maxima in the ALS
data that are potential treetops and delineating the extent of
the tree crown around these maxima. As a result, an estimate
for tree height is obtained and volume and other properties on
single-tree level are then predicted using regression models.
Obviously, this approach gives data with higher resolution
and level of details than the area-based method, because the
measurement units are single trees. However, the segmenta-
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tion process can be challenging. Many trees are shaded by
larger trees and some trees are partly mixed together in
clumps. This makes the delineation process difficult. Some
trees can also be shaped in such a way that they appear with
more than one local height maximum in the ALS data. Thus,
a segmentation process can yield both commission errors
(false trees) and omission errors (trees that are not detected).
The segmentation process is especially difficult for complex
canopy structures. Furthermore, the prediction of tree proper-
ties based on tree height at tree level is rather inaccurate. For
more details about single-tree segmentation, please refer to
e.g. Hyyppé et al. (2001), Persson et al. (2002), Morsdorf et
al. (2004) and Solberg et al. (2000).

Numerous studies have taken advantage of the strong
correlation between the forest structure and the three-
dimensional point clouds resulting from ALS measurements.
Several biophysical properties such as timber volume, mean
diameter, basal area, dominant height, mean height, and stem
number have successfully been modeled using ALS data
(e.g., Naesset 2002, 2004). Even higher resolution forest in-
formation such as the distribution of diameters has been
modeled by means of ALS (Gobakken and Nasset 2004,
2005, Bollandsas and Nasset 2007, Packalén and Maltamo
2008). The diameter distribution is a very interesting proper-
ty to model because it enables volume calculations by tree
size classes at the same time as it gives important infor-
mation regarding the timber quality.

A few recent studies have tried to model quality param-
eters more directly related to those quality assessments that
are made at the sawmill when classifying timber
(Peuhkurinen et al. 2007, 2008, Fonweban et al. 2008,
Korhonen et al. 2008, Moberg et al. 2008, Maltamo et al.
2009b). Timber quality assessments are highly relevant using
the single-tree method. However, as mentioned above, omis-
sion and commission errors are inevitable. It is also still
much more expensive to carry out a single-tree inventory
compared to the area-based method. Nevertheless, some
studies of the relationship between ALS and single-tree qual-
ity have been carried out. Peuhkurinen et al. (2007) segment-
ed single trees from high pulse density ALS data (6.4 pulses
m™). Diameters were estimated and Finnish taper functions
were applied. Then these segmented trees were used in buck-
ing simulations and the results were compared to real data
collected by harvesters. The authors characterized their re-
sults as promising. Peuhkurinen et al. (2008) modeled pro-
portions of saw log volume by means of the non-parametric
k-Nearest Neighbor (k-NN) method and a “data bank” of
actual bucked trees measured with a harvester. The results
were not satisfactory, and they concluded that it might be
expedient to include auxiliary information that explains the
local height to diameter relationship to improve the predic-
tions. Furthermore, Korhonen et al. (2008) predicted stand-
level saw log volumes from laser data by means of a mixed
effects regression approach. Compared to the results of
Peuhkurinen et al. (2008), their results were more promising.

One of the most frequently considered quality parame-
ters in ALS studies has been the crown height (CH). The
definition of CH is the height from the stump to the begin-
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ning of the crown. The definition of the start of the crown
may, however, vary between studies. Crown height has been
characterized both at tree and stand levels (Nasset and @kland
2002, Maltamo et al. 2006, 2010, Dean et al. 2009). Crown
height has either been predicted by using characteristics of the
ALS height distribution (Nasset and @kland 2002, Maltamo
et al. 2006, 2009b, 2010) or there has been direct analysis of
the 3-D or height distribution of the laser-derived points (e.g.,
Morsdorf et al. 2004, Solberg et al. 2006, Popescu and Zhao
2008, Vauhkonen 2008, Maltamo et al. 2010). The accuracy
of these approaches has varied from 1 m to about 4 m in terms
of RMSE.

As indicated above, timber quality can also be expressed
by variables representing taper. For example the ratio between
diameters at 6 m and 1.3 m (Rpg), and the mean ratio between
tree height and diameter at breast height (HD) are variables
that represent this quality measure. The taper is also to some
extent correlated to the mean diameter in a stand (D). How-
ever, D, is mainly interesting as a measure of quality because
tree size per se is a determinant of the range of utilization of
the trees in a stand. Both Rps, HD, together with D, are corre-
lated to vertical and horizontal forest structure. Since ALS
accurately depicts forest structure, it should be possible to also
model these measures of timber quality.

Based on prior studies, it seems possible to retrieve in-
formation about timber quality by means of ALS data. In this
study we wanted to test the capability of ALS data to explain
the variation of timber quality as expressed by Rpg, volume of
saw logs (Vs1), proportion of saw logs (Ps;), HD, D, and CH.

Materials and Methods

Study Area

This study was conducted in the Aurskog-Heland mu-
nicipality (59°50'N 11°30'E, 120-390 m a.s.l), southeastern
Norway. The total area of the municipality is 960 km”. The
dominant tree species in the area were Norway spruce (Picea
abies (L.) Karst.) and Scots pine (Pinus sylvestris L.).

Field Data Collection

The field data were collected during winter and fall of
2007 as part of a large clear-felling operation of 29 different
forest stands over a total area of 40 ha. The data were collect-
ed using John Deere 1070D harvesters equipped with Timber-
jack/John Deere H754 harvester heads. The bucking software
was the Timbermatic 300, version 2.4.9. The harvesters rec-
orded length and diameter of each stem for every 10 cm sec-
tion along the stem. Volume of each stem was calculated sec-
tion-wise and summed. Because the tops of the trees did not
pass through the harvester head they were not measured. A
function for the length of the top based on the last diameter
measured by the harvester was therefore calibrated from max-
imum diameter and top length data observed in field. The vol-
umes of the tops were calculated under the assumption that
their shapes were strictly conical.

No exact tree coordinates were registered by the harvest-
er, but each tree could be attributed to the position of the har-
vester when each tree was cut. The harvester used a single-
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frequency GlobalSat® SiRF Star III GPS-receiver observing
pseudo-range. The antenna was mounted on the roof of the
harvester. The accuracy of such systems is based on prior
experience with similar receiver types, expected to be ap-
proximately 10 m. Furthermore, the harvester targeted most-
ly merchantable trees and some small trees were therefore
left standing. Some trees were also left to meet biodiversity
standards for forest operations. Thus, a field effort was car-
ried out to measure single isolated trees left by the harvester.
These trees were added to the stand data collected by the
harvesters. If there were several remaining trees in a clump,
the clump was geo-referenced by differential Global Naviga-
tion Satellite Systems (dGNSS) using a 20-channel dual fre-
quency Topcon rover receiver and an identical receiver as a
base station to correct the rover observations in real time
(real-time-kinetic mode). The accuracy of these positions
was approximately 50 cm. The accuracy assessment was
made on the basis of estimated accuracies observed on the
field controller for each position. The accuracy estimate also
includes random errors related to the determination of the
stand border in the field. The uncut tree clumps were kept
out of the subsequent analyses. Our intention was that this
should yield a complete inventory of every tree in the study
area, either measured by the harvester or by subsequent man-
ual field inventory if left untouched by the harvester. How-
ever, it is likely that some of the small trees were registered
neither by the harvester nor in the field inventory because
harvesters sometimes run them over.

The harvester’s diameter measurements were recorded
in millimeters. Breast height was set to 1.1 m from the stump
and diameter at breast height (DBH) was measured at this
height. Furthermore, Rps and HD were calculated for each
tree and mean values were calculated for each measurement
unit (see “Data preparation” below). These two attributes
were chosen to describe average stem form. Moreover, mean
diameter (D,) defined as diameter corresponding to mean

Table 1. Harvester ground data summary

tree basal area (mean quadratic diameter) was calculated as
well. Also, more direct quality indicators were available in
this data because each log was classified by the harvester op-
erator during the harvesting operation. Thus, we were able to
calculate mean proportions of saw logs (Psr), and saw log
volume (Vg ). Finally, the operators of the harvesters record-
ed the crown height from each cut tree visually as the tree
passed through the harvester head. Mean basal area weighted
crown height (CH) was calculated for each measurement unit.
The definition of CH was the height from the stump to the
lowest point on the stem where at least two living branches
where found in the same whorl. The data are dominated by
pine and spruce and a summary of the data appears in Table 1.
The different proportions for spruce, pine, and deciduous spe-
cies are labeled P, P, and Py, respectively. These proportions
were calculated as the ratio between the volume of the respec-
tive tree species and total volume. All volumes were calculat-
ed from the harvester measurements.

Laser Scanner Data

Laser data for this study were acquired under leaf-on
conditions on June 8-10, 2005. Additional data were acquired
on September 6, 2005, to fill in a minor gap in the data ac-
quired in June. Laser data were collected with an Optech
ALTM 3100 laser scanner mounted on a fixed-wing aircraft
that flew 75 m s in an altitude of 1850 m a.g.1. The pulse
repetition frequency was 50 kHz and the scan angle 15°.
However, pulses emitted at angles >13° were discarded dur-
ing subsequent processing. These setup parameters yielded a
point density on the ground of approximately 0.7 m™. The
ALTM 3100 sensor is capable of recording up to four echoes
per pulse. In this study, we used the two echo categories clas-
sified as “first of many” and “single.” Echoes of these two
categories were pooled into one dataset, and this aggregated
dataset was denoted as “first” echoes. The laser data is also
described by Maltamo et al. (2009a).

Variable Abbreviation N Mean Min Max SD

Ratio between diameter at 6 meter and DBH (cm/cm) Rps 256"  0.75 0.65 0.82 0.03
Volume of saw logs (m*ha™") \ 256"  170.8 0.00 380.3 77.3
Volume of saw logs relative to total volume Pgr. 256  0.65 0.00 0.91 0.17
Mean ratio between tree height and DBH (m/cm) HD 256" 0.75 0.54 0.91 0.06
Quadratic mean diameter (cm) D, 256*  27.8 16.9 40.0 4.29
Crown height (m) CH 256"  7.48 3.83 13.3 1.51
Proportion of spruce volume relative to total volume (%) Ps 29° 79.9 0 100 27.3
Proportion of pine volume relative to total volume (%) P, 20° 18.1 0 100 27.4
Proportion of deciduous tree volume relative to total Py 29, 2.0 0 12 2.9

volume (%)

* Number of grid cells

® In the table the variable is calculated on stand level as total species-specific volume for an entire stand relative to the total stand volume.

When used in models, grid cell values were used.
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Data Preparation

Performing the analyses of this study on a stand level
is problematic since each stand is quite large. Averaging our
response variables over such large areas will to a great ex-
tent dampen the correlation to the explanatory laser varia-
bles because the range of variation is narrowed. This was a
problem in this study, since we had no exact tree positions,
which meant that our analyses could not be performed with
a high spatial resolution. However, we did have the position
of the harvester for every tree, which enabled us to split the
data into sub-stand measurement units. We therefore divided
the study area into square grid cells of 50x50 m (0.25 ha),
and we used the harvester position to determine if a tree was
inside or outside a certain grid cell. Some of the grid cells
partly overlapped the stand boundaries, and for this reason,
the grid cells have different sizes. If the grid cell was less
than 50 m? it was excluded because the positioning error
would be overwhelming.

The height distributions created from the first echoes
were used to calculate percentiles for 5, 10, 20, ..., 80, 90,
95, and 100% of the helghts (HS, HIO, Hzo’___’Hgo, Hgog H95’
Hio0) and cumulative proportional canopy densities (Ds, Dy,
Dso.... Dgo, Do, Dgs) for each grid cell (see Neaesset 2002). The
height distributions contained only those laser points which
were classified as above-ground echoes, using a threshold
value of 2 m (Nilsson 1996). This threshold was used to
exclude echoes from stones, bushes, and other objects close
to the ground that would introduce noise from a modeling
point of view. The Hs variable, for example, denotes the
height above ground at which the accumulation of laser ech-
oes in the vegetation is 5%. Thus, if the value of Hs is 3 m,
then 5% of the laser pulses that hit the grid cell hit below
this specific height. These variables are referred to as height
variables. Furthermore, D5 denotes the proportion of laser
echoes accumulating at 5% of maximum height relative to
the total number of echoes. More specifically, for each grid
cell, the height range of the laser echoes was divided into
percentiles (fractions of equal length). Then the number of
echoes below selected percentiles were counted and divided
by the total number of echoes. Thus, the Ds variable is the
number of echoes below 5% of the maximum laser height
relative to the total number of echoes. These variables are
also called density variables or density metrics. Other varia-
bles calculated were the proportion of ground echoes versus
canopy echoes (VEG) using a threshold value of 2 m, and
the average height (Hyean), the standard deviation (Hgy), and
coefficient of the variation (Hceefrvar) Of echoes >2 m above
ground level.

Data Analyses

Using all of the laser variables as potential explanatory
variables, we modeled all of our proxies for timber quality:
Rps, Ps, Vs, HD, D,, and CH. An initial selection of the
most powerful explanatory variables was first carried out
using a stepwise regression procedure evaluating each in-
cluded variable by its statistical significance. The stepwise
analysis was carried out using PROC REG of SAS (SAS
2010). With the selected variables from the stepwise proce-
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dure as a basis, each response variable was then modeled us-
ing a mixed modeling procedure since the data have a hierar-
chical structure where inter-correlated grid cells come from 29
stands. For this we used the nlme (nonlinear mixed-effects
models) package of the R software (Pinhero et al. 2007). The
model had the following form:

k
Yip :(ﬁo +a0p)+2ﬂrXrip +ei +ep
r=l1

where Y, is the observed response value of grid cell 7 in stand
p. Xip represents observed value of explanatory variable r at
grid cell i in stand p. f (intercept) and f, are parameters for
fixed effects to be estimated. Correspondingly, the a,repre-
sents random effects for the intercept in stand p. e; is the unex-
plained random error and e, is the error explained by stand.
The final models were estimated by manually entering and
removing explanatory variables while evaluating model fit
and variable significance. Since the laser variables are corre-
lated, not only the selected variables after the stepwise proce-
dure were used as candidate variables, but also the adjacent
variables. For example, if the 80™ percentile (Hoo) was select-
ed by the stepwise procedure, also the 90" and the 70™ per-
centile were candidates in the mixed modeling. In addition to
the explanatory laser variables, the proportions of pine-,
spruce-, and deciduous volumes (P, P,, and Pg) in each grid
cell were used. This was because the relationships between
laser variables and properties of the forest are dependent on
tree species. In the results section we report the selected varia-
bles, model fit, RMSE, and error proportions due to stand
effect (errorgy,,q) and unexplained residual error (errot ngom)-
For some of the dependent variables we also report more than
one model to illustrate the model sensitivity to certain explan-
atory variables. Model fit was assessed by the Pseudo-R”. The
Pseudo-R* was computed as 1 minus the ratio between the
sum of residual sum of squares (SSR) and the corrected total

sum of squares (CSST), i.e.
SSR

CSST

Furthermore, RMSE was calculated on the basis of the
differences between average predicted values and average
observed values over grid cells within stands:

Pseudo—R* =1—

1 - A — 9
RMSEJ’ - ;;(yjp _yjp)

where )A/jp is the mean of the predicted quality variable j in

stand p, and y p 18 the corresponding mean observed value.
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The different models are reported in Table 2. Explanatory variables, RMSE, model fit (Pseudo-R?), and percentages of

Table 2. The sign of the relationship residual errors caused by stand effects (errory.,q) and randomness (errorungom) for
between the explanatory variables and ~ mixed models of different measures of timber quality (Dependent variable). See Table
the different dependent variables are 1 for definitions of Dependent Variables, P4 and P,,. He, Ds, etc., are height distribu-
indicated with “p” for positive and “n”  tion percentiles and cumulative proportional canopy density percentiles.
for negative.

We also modeled each response Dependent Explanatory varia- RMSE Pseudo- errorgu,,g  €rrordom
using an ordinary least square model. variable bles (relationship) R’ (%) (%)
This analysis was carried out to be 0
able to isolate the stand effect of the Rpg(cm/cm) Hgo, Ds, Py 0.01 0.85 63 37
model fit estimate. If the ordinary least (p, p,n)
square R* is much less compared to Vsi(m’ha™) Hgo, Ds, P, 41.3 0.50 61 39
the Pseudo-R? from the mixed model- (p, n, p)
ing, it indicates that the unexplained Psp Hso, Dao, Py, Py 0.13 0.78 77 23
variance attributed to the stand is (. p, n, p)
large. These models are reported in HD (m/cm) D30, Py 0.03 0.57 60 40
Table 3, and corresponding to Table 2 (n, n)
the relationships are indicated with Hoo, Dio 0.03 0.54 61 39
“p” and “n” for positive and negative (p, n)
relationship, respectively. D, (cm) Hos, D79, Dag, Py 1.65 0.74 56 44

(P10, p, p)
Results H95, D70, D20 193 070 59 41

Table 2 shows the results from (p, n, p)
modeling of the six variables describ- Hos, Dao 2.23 0.65 59 41
ing timber quality by means of laser (. p)
derived variables and tree species pro- CH (m) Hos, Dio, Py 0.54 0.58 33 45
portions. A general observation for all (p, n, p)
of our responses was that a substantial Hos, Dio 1.14 0.48 63 37
part of the modeling errors was an (p. p)
effect of stand as the errorg.ng ranged * Letters in parentheses, “p” or “n,” indicate if the relationships between the explanatory varia-
between 55% and 77%. bles and the dependent variables were positive or negative, respectively.

For Rpg the model fit was quite ® Selection criterion for models where Pseudo-R? and RMSE.

good. The Pseudo-R? was 0.85 and the

RMSE was 0.01 which is just over 1% of the observed mean
value of 0.75 (Table 1). The selected explanatory variables
were the 60™ height percentile (Hg), the proportion of laser
echoes accumulating at 5% of maximum height relative to
the total number of echoes (Ds), and the proportion of decid-
uous species in the grid cell.

The model fit expressed by the Pseudo-R? for Vg, was
0.50 and the RMSE was 41.3 m*ha™'. This translates into
24% of the observed mean value. The selected explanatory
variables were a height percentile near maximum height
(Hoo), Ds, and the proportion of pine.

In addition to the actual saw log volume, we also mod-
eled the proportion of saw timber relative to total volume
(Psp). Compared to the actual saw log volume, the model fit
for Pg; was better with a Pseudo-R? of 0.78 and a RMSE of
0.13, corresponding to 20% of the observed mean value. As
opposed to the Vg, the explanatory variables did not come
from the extremes of the height or density metrics.

The mean ratio between tree height and diameter at
breast height (HD) for each grid cell was also modeled. The
results showed that a model including D5 and the proportion
of pine maximized the Pseudo-R* and minimized RMSE.
However, an almost equally good fit was achieved with Hygg
and Djo. When these two variables were selected the propor-
tion of pine was not statistically significant (p>0.05).
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Table 3. Explanatory variables, RMSE, and model fit (R?) for
Ordinary Least Squares models of different measures of tim-
ber quality (Dependent Variable). See Table 1 for definitions
of Dependent Variables. Hgg, Ds, etc., are height distribution
percentiles and cumulative proportional canopy density per-
centiles.

Dependent Explanatory variables RMSE R’

variable (relationship)®

RDG(CH]/CITI) H6(), D5, Pd 0.01 0.77
(P, p, )

Vs (m’ha)  Hgg, Ds, P, 41.8 0.28
(p, 1, p)

Py, Hso, Dag, Py, P, 0.12 0.30
(P, P, 0, p)

HD (m/cm)  Ds, P, 0.03 0.37
(n, n)

Dg (cm) H95, D70, D20, Pp 1.63 0.66
(p, 1, p, p)

CH (m) Hos, Dio, Py, 0.54 0.49
(p, 1, p)

[I3CH] [T )

* Letters in parentheses, “p” or “n,” indicate if the relationships be-
tween the explanatory variables and the dependent variables were
positive or negative, respectively.
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The model of D,, the quadratic mean diameter, showed
a pseudo-R? of 0.74 and a corresponding RMSE of 1.65 cm,
which is 6% of the observed value. Also, this response varia-
ble was best explained by variables both from the height
percentiles and the density variables. However, it was neces-
sary to include both Dy and D,y in order to get a statistically
significant intercept when the proportion of pine was includ-
ed in the model. Without the proportion pine the value of
Pseudo-R? declined, and all parameters were significant.

The last response variable that we modeled in this
study was mean basal area weighted crown height (CH) of
each grid cell. Similar to the models for most of the other
response variables, one height percentile variable and one
density variable was included in the model. The proportion
of pine improved the model fit from Pseudo-R? of 0.48 to
0.58 and lowered the RMSE from 1.14 m to 0.54 m.

Table 3 shows the results from modeling the same re-
sponse values with ordinary least squares (OLS) models
without mixed effects. The table shows that the RMSE val-
ues are close to identical as for the mixed models. The R*
values that do not account for the stand effect are generally
lower compared to those of Table 2.

Discussion

The geo-referencing of trees were based on the assump-
tion that tree and harvester had the same position when the
tree was cut. Since the harvesters usually work in a certain
direction and the maximum reach of the type of harvester
used here is 10 m, we assumed that the positioning accuracy
was at an acceptable level. A harvester will seldom operate
at full reach, and we assumed that an average distance from
the harvester to a tree was 5 m. Following this reasoning, it is
likely that the positioning errors cause that 10% of the trees
are assigned to the wrong grid cell. Adding also the error
from the positioning of the harvester, we end up with a total
error between 20 and 25%. However, the effect of this posi-
tioning error will be dampened because of the spatial correla-
tions that exist in a forest stand. For example, Gobakken and
Neasset (2009) found that estimates of mean height, basal
area, and volume from circular field plots could be quite ac-
curately retrieved from low-density laser data even if the
positioning error of the field plot was equal to the plot radius.
Thus, in this study we were confident that analyses at the
grid cell level would be relevant, also bearing in mind the
advantage of better spatial resolution compared to stand level
analyses.

Table 2 shows that the stand effect of the modeling
errors was large for most of the variables expressing timber
quality, and if Table 2 and Table 3 are compared, it is also
evident that the model fits were quite different if the stand
effect was accounted for or not. This means that for some of
the quality variables it was difficult to find models based on
laser variables that were general across stands. Nevertheless,
Table 2 shows that the model fits were quite good at the
stand level. The proportion of saw logs (Ps.) and the saw log
volume (Vg ) for example, which can be regarded as the
most direct measures of quality in this study, seemed to have
a quite variable relationship to the laser variables between
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stands. Also, the mean ratio between tree height and diameter
at breast height (HD) seemed to have the same variable rela-
tionship to the laser variables. To some extent it can be diffi-
cult to relate relative quality variables such as P and HD to
absolute laser measurements, and for such variables some
stand effects must be expected, even though we assumed that
this would be a minor issue in the present study since we were
dealing with mature forest only. However, the model for Vg
which is an absolute measure also had a relatively low fit and
large stand effect, so the fact that some of the variables are
relative is not the explanation for the low model fit. This was
also commented on by Peuhkurinen et al. (2008). They sug-
gested that more auxiliary information that explains local
(stand) variability of timber quality is needed in addition to
laser metrics. In the present study we allowed the inclusion of
proportions of tree species as such information, but there still
seems to be a need for other types of auxiliary information in
order to develop general relationships that could work well
across stands.

The saw log volume estimates of this study can be com-
pared to those of Korhonen et al. (2008). In their study the
corresponding absolute and relative RMSE values for spruce
dominated stands were 32.0 m* ha™" and 20.2%, respectively,
indicating a slightly better fit. However, Korhonen et al.
(2008) did not model harvester-based values, but used the
harvester data for validation purposes. Values used in the
modeling were based on measurements of accurately located
sample plots where saw log volumes were calculated using
taper curves and model based saw log reduction factors which
take into account decay and other defects (Mehtdtalo 2002).

The grid cells used in this study were quite large (0.25
ha) compared to what is common practice [0.02-0.04 ha, e.g.
Neasset (2004)] using the area-based method. The large size of
the grid cells was necessary because we only had rough tree
coordinates, which meant that we had to increase grid cell size
in order to decrease the impact of the geo-referencing error
between field and laser data. At the same time we needed to
keep the grid cell sizes small enough to ensure that the rela-
tionship between the field and laser variables wasn’t too much
dampened. Since the laser variables express the three-
dimensional distribution of the laser pulses over the entire
area of each grid cell, the correlation will be dampened when
the area increases because the relative effect of change in the
field data on the laser variables decreases with increasing ar-
ea. However, if we had not been able to balance these two
concerns of geo-referencing errors and grid cell size, at least
some of our quality measures would suffer from low correla-
tion with the laser variables. However, since the study showed
that the relationship between D, and laser data was similar to
other studies (e.g., Naesset et al. 2005, Naesset 2007) using
normally sized ground plots and good geo-referencing, it
seems that there is a good balance between these concerns.
However, different variables could have different sensitivity
both to geo-referencing errors and plot size (Gobakken and
Naesset 2009).

The proportional stand effect for mean crown height is
the lowest of all considered quality measures, but still rather
high. The R? value of the model is not very high, but it should
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be mentioned though that the absolute RMSE value of 0.54
m is lower than in earlier studies where corresponding errors
for mean crown height have usually been over 1 m (Nasset
and Qkland 2002, Dean et al. 2009, Maltamo et al. 2010).
While the variation of some of the quality variables
seems to be hard to explain, there are other variables where
the relation to the laser variables seems to be more general.
Even if it is a relative measure, the Rpg seemed to have a
strong general relationship to the laser variables, although
the low RMSE value must be seen in relation to the relative-
ly low standard deviation (SD) in the observed values of Rpg
(Table 1). A comparison of the model fits of Tables 2 and 3
shows that the difference is less than for the other variables.
The Rpg represents the mean taper or the mean decrease in
diameter from breast height to six meters height of each grid
cell. On the other hand, the other stem-form variable HD did
not have as strong a relationship to the laser variables. How-
ever, the model may be affected by the fact that tree height
was not exactly known in the harvester data as the length of
the top was predicted. It is likely that the HD model would
be improved by having more accurate observed tree heights.
If laser data are going to be used for prediction of bio-
physical properties of forest stands, there has to be some
calibration of the relationship between laser data and ground
values. For some of the variables representing timber quality
it can be difficult to obtain these ground truth values. Taper,
for example, is difficult to measure while a tree is still stand-
ing. However, recent technical development of terrestrial
laser scanners may make it possible to collect accurate de-
tailed information about each stem on a field plot (e.g. Strah-
ler et al. 2008). A terrestrial laser scanner is based on the
same technology as the airborne, but collects data fixed to a
tripod at a specific point on the ground. These scanners col-
lect data in a near spherical space enabling detection of stems
and branches in the scanner’s circumference. Since trees near
the scanner can shade other trees from being detected by the
scanner, the instrument has to collect data from, say, three
different points to fully cover a normal field plot area.

Conclusions

This study has examined the relationship between laser
measurements and some quality variables. We found that
many variables can be hard to predict accurately using air-
borne laser scanner data. The reason seems to be that the
relationships are not general, but dependent on local varia-
tion that is not captured by the laser data. Such local factors
could, for example, reflect previous silvicultural treatments
of the stands. However, some of the variables seem to be
quite easy to model. It must be remembered though, that
interior quality variables are out of the scope of this kind of
approach. The accuracy levels obtained here tell about the
general applicability of our laser-based approach. While de-
tailed quality descriptions do not seem to be possible, at least
the relationships found in this study seem to be strong
enough to be able to prioritize between stands before harvest
according to where it is most likely to find a certain log qual-
ity distribution.
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Future research dealing with predictions of timber quali-
ty from airborne laser data should focus on finding auxiliary
information or using the laser data in new ways that can make
quality models more general across stands. Since most of the-
se variables are somehow related to stand density and canopy
structure, there should still be great potential to exploit laser
scanner data for these purposes.
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