
Abstract
Improved understanding of the role of forests in carbon,
nutrient, and water cycling can be facilitated with improved
assessments of canopy structure, better linking leaf-level
processes to canopy structure and forest growth. We exam-
ined the use of high-resolution, ground-based laser imaging
for the spatially explicit assessment of forest canopies.
Multiple range images were obtained and aligned during
both leaf-off and leaf-on conditions on a 20 m � 40 m plot.
The plot location was within a mixed species broadleaved
deciduous forest in western North Carolina. Digital terrain
and canopy height models were created for a 0.25 m square
grid. Horizontal, vertical, and three-dimensional distribu-
tions of plant area index, created using gap-fraction based
estimation, had 0.5 m resolution for a cubic lattice. Individ-
ual tree measurements, including tree positions and diam-
eter at breast height, were made from the scanner data with
positions, on average, within 0.43 m and diameters within
5 cm of independent measurements, respectively. Our
methods and results confirm that applications of ground-
based laser scanning provide high-resolution, spatially-
explicit measures of plot-level forest canopy structure.

Introduction
Canopy structure, the amount and spatial distribution of above-
ground vegetation, directly affects light availability in forests (Parent
and Messier, 1996). As a result, this structure impacts the ability of
different species and individual trees to reproduce, survive and
grow (Canham et al., 1994; Brunner, 1998; Gratzer et al., 2004). A
significant limitation to understanding the relationships between
plant structure and function is the lack of spatially explicit data at
scales useful for determining linkages between canopy level
processes and individual tree growth and mortality (Parker et al.,
2004). Many existing models that quantify relationships between
canopy structure and function rely on generalized canopy represen-
tations such as cones, cylinders, or cubes of uniform foliage density
(Aber and Federer, 1992; Dai, 1996; Brunner and Nigh, 2000;
Kussner and Mosandl, 2000; MacFarlane et al., 2002; Gratzer et al.,
2004; Rhoads et al., 2004). Detailed information on the spatial
distribution of canopy surfaces would facilitate increased under-
standing of how light transmittance and interception affect tree
processes including growth, transpiration, respiration and allocation
of carbon and nutrients (Canham et al., 1994; MacFarlane et al.,
2003; Gratzer et al., 2004). Research has determined the importance
of the spatial distribution of branches, foliage, and small light
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pathways in light capture and forest growth (Canham et al., 1990;
Chazdon and Pearcy, 1991).

Most existing methods for quantifying canopy structure are
limited in their capacity to make detailed, spatially explicit
measurements. For example, indirect measurement tools
provide one- or two-dimensional summaries of canopy struc-
ture observable from a single viewpoint or averaged over an
area of forest (Parent and Messier, 1996; Comeau et al., 1998;
Gendron et al., 1998; Kussner and Mosandl, 2000). Direct or
semi-direct measurement techniques, such as leaf-litter collec-
tion, stratified clipping, or point-quadrat sampling may be
labor intensive or destructive and are not always entirely
spatially explicit in three-dimensions (3D) (Warren Wilson,
1959; Ford and Newbould, 1971; Kussner and Mosandl, 2000;
Bréda, 2003). In contrast, ground-based laser scanning provides
non-destructive, high-resolution, 3D surveys of canopy surfaces,
which may address some of the challenges not met by existing
techniques for measuring canopy structure (Lovell et al., 2003).

Applications of close-range, ground-based laser scanning
technology are becoming increasingly common in fields
such as surveying, architecture, heritage preservation, engi-
neering, and industrial processing where interest lies in
detailed 3D characterization of natural and engineered
surfaces (Besl and McKay, 1992; Fitzgibbon et al., 1997;
Zhilkin and Alexander, 2000; Hetzel et al., 2001). A ground-
based laser scanner is a type of light detection and ranging
(lidar) system that operates from a stationary terrestrial
platform. Airborne lidar systems, widely employed in forestry
applications, have proven useful for landscape-level charac-
terizations, (Nelson et al., 1988; Lefsky et al., 1999; Harding
et al., 2001; Drake et al., 2002; Zimble et al., 2003). How-
ever, airborne systems, with minimum footprint sizes of
0.1 m and 0.25 m between pulses and limited incidence
angles may not be useful for detecting small canopy ele-
ments (Parker et al., 2004; Tickle et al., 2006). Additionally,
single- or multiple-pulse, handheld or backpack-mounted
laser range finders have been employed in a few upward
looking ground-based applications (Radtke and Bolstad,
2001; Parker et al., 2004). The accuracy of data collected
with these tools is often limited by the ability of the user to
direct the range finder in a precisely known direction.

Recently, a small number of exploratory studies employ-
ing ground-based laser scanners for forest measurements
have been reported. Some studies used data from several
range images to make individual tree measurements or plot-
level summaries (Hopkinson et al., 2004; Pfeifer et al.,
2004; Thies et al., 2004; Henning, 2005; Watt and Donoghue,
2005). Other studies made canopy measurements from single
range images captured with scanning systems (Tanaka et al.,
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1998; Lovell et al., 2003; Tanaka et al., 2004). To date,
applications exploring the use of scans acquired from
multiple viewpoints to assess the spatial distribution of
canopy structure are rare (Chasmer et al., 2004).

Ground-based laser scanning data can provide a variety
of canopy characterizations at fine scales and high resolu-
tions. Ground-based laser scanning holds particular appeal for
providing measurements necessary to quantify relationships
between canopy function and structure. However, before this
tool can be widely applied, methods for summarizing the data
and extracting features of interest need to be developed.

The research presented here used range images obtained
from multiple viewpoints on a forested plot to generate
multidimensional characterizations of forest canopy struc-
ture. Methods to combine range images from multiple
viewpoints and create useful summaries of forest canopy
structure were developed to facilitate the use of ground-
based laser scanning for this application. Characterizations
of interest included (a) 2D and 3D summaries of leaf-area and
plant-area indices, (b) individual tree parameters such as
height, location, and diameter, and (c) digital terrain and
canopy height models. Specific goals included quantifying
differences in characterizations obtained under leaf-off and
leaf-on canopy conditions, and comparing scanner-derived
estimates to independent measurements.

Methods
Data
All data were collected at the U.S. Forest Service Coweeta
Hydrologic Laboratory (35° 03� N, 83° 26� W) in the south-
ern Appalachian Mountains of western North Carolina.
The site was chosen to make use of existing data collections
in testing the accuracy of scanner-derived measurements.
A number of detailed vegetation measurements were avail-
able from the archived data set maintained as part of the
National Science Foundation sponsored Long Term Ecologi-
cal Research (LTER) Network. Two data sources were used in
this research. The first source was the set of archived data
collected during past and ongoing ecological research at the
study site (see http://coweeta.ecology.uga.edu). The second
source was sets of range images captured with a ground-
based laser scanner.

Laser data were collected at a permanent plot denoted as
terrestrial gradient plot 2, watershed 18, i.e., “plot 218,” one of
five plots in a terrestrial gradient tree growth study at Coweeta.
Although some long-term field measurements were available
over an 80 m � 80 m area at plot 218, the primary interest
here was an interior 20 m � 40 m study plot (Figure 1). The
LTER tree growth survey database included records of tree
species, diameters at breast height (DBH, recorded in cm at
1.37 m above ground) and positions recorded in Cartesian
coordinates (m) from X- and Y-axes defined as the plot borders
shown in Figure 1. The growth survey data were obtained from
the Coweeta LTER website (http://coweeta. ecology.uga.edu).
From the available data we acquired the positions and DBH of
all trees on the study plot with DBH �10 cm surveyed in 2002.

Range images of the study plot were obtained during
periods of leaf-off (18 December 2001) and leaf-on (21
August 2002), using a tripod-mounted, model LMS-Z210,
motorized 3D laser-imaging sensor, distributed by Riegl USA,
Inc. The LMS-Z210 operates on the time-of-flight principle
and uses a mirror rotated about two axes to direct laser
pulses at known angles (Figure 2). Range images were
obtained from 15 positions corresponding to the nodes
of a 10 m � 10 m grid covering the study plot (Figure 1).
Node positions corresponded to monumented grid corners
installed as part of the terrestrial gradient study.

Range image fields of view were set to fully cover the
(20 m � 40 m) plot and minimize off-plot coverage, reduc-
ing the time needed for image acquisition. Initially overhead
scans were obtained using the scanner’s maximum field of
view (80° � 330° or 1.40 � 5.76 rad) with an angular step
width of 0.18° (0.0031 rad). Given this field of view (Figure 2),
it was possible to sample an angle 80° wide through a
zenith angle of 0° to �165°. The 80° limit generally required
the acquisition of three images at each node to ensure
complete sampling of the canopy above the study plot.
However, only 41 scans were obtained for the leaf-off data
set with only two scans acquired at the each of the four
corner nodes. It was possible to maintain complete coverage
of the plot using only two scans at the corner nodes, but
little was gained in the efficiency of data collection or
processing, so the leaf-on data were collected using three
scans at all nodes for a total of 45 leaf-on scans. Increased

1350 Decembe r 2006 PHOTOGRAMMETRIC ENGINEER ING & REMOTE SENS ING

Figure 1. Plot layout of terrestrial gradient plot 218,
with scanner positions. Plot axes were defined relative
to slope aspect.

Figure 2. Schematic diagram and hardware specifica-
tions of the LMS-Z210 ground-based laser scanner.
Scanner pictured in prone position as used in this
research. (Image courtesy of RIEGL Laser Measurement
Systems; www.riegl.com).
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efficiency was obtained for the leaf-on scans by only scan-
ning through a zenith angle of 0° to �135°; minimizing time
spent scanning the ground close to the scanner.

Registration
A series of registration procedures were carried out to align
all images to the study plot coordinate system. Registration
employed control points from common stem surfaces visible
in multiple range images using the method of Henning and
Radtke (2006). In general, the method involved extracting
successive thin horizontal slices of points representing tree
boles, filtering noise points related to branches and irregular
stem surfaces, and determining the X and Y coordinates
of a slice’s center as the point resulting in the minimum
standard deviation of the distance from each filtered point
to the stem center. This method resulted in a vector of
points representing the pith of the selected tree. Henning
and Radtke (2006) reported accuracies in diameter estima-
tion �1 cm below the base of the live crown. They employed
angular step widths as small as 0.06° and focused on clearly
visible trees typically within 5 m of the scanner.

Alignments of scans were performed in a pair-wise
manner using a 3 � 3 rotation matrix denoted A and a
translation 3-vector denoted . The X, Y, and Z coordinates
of any point, denoted by the 3-vector , were transformed
from one range image to its corresponding location in a
target coordinate system by:

(1)

The positions and angular orientations of the scanner in
the field had been recorded, allowing for an approximation
of initial A and parameters that served to coarsely align
each image to the study plot X-Y coordinate system. Follow-
ing this coarse alignment, scan pairs or triplets from a
common node were co-registered, in a step referred to as
“within-node” registration. Next, “between-node” registra-
tions aligned range images acquired from one plot node
to those acquired at another node. Image alignment also
incorporated ground surfaces to reduce registration errors in
the vertical (Z) direction. A final transformation ensured that
scanner locations were optimally matched to their corre-
sponding positions in the study plot X-Y coordinate system.

For each alignment, A and transformation parameters
were estimated using Besl and McKay’s (1992) iterative closest
point (ICP) algorithm. The ICP algorithm was applied to extracted
sets of common surfaces from range images being registered. For
within-node registrations tree stem surfaces were used. For
between-node registrations common stem surfaces were not
generally visible or easily matched between images; so, stem
centers were used as registration control points. Through the
application of a series of estimated A and transformations,
all 41 leaf-off images were aligned to the plot coordinate
system. The 45 leaf-on images were similarly aligned to the plot
coordinate system. We refer to these data sets as the aligned
point clouds for leaf-off and leaf-on conditions, respectively.

Distribution of Plant Area Index and Leaf Area Index
In broad leaf canopies leaf area index (LAI) has been defined
as the one-sided area of leaves per unit of ground area. Alter-
natively, plant area index (PAI) includes all plant material
and can be considered one half of the total area of all plant
surfaces per unit of ground area. To create spatially explicit
representations of canopy structure, PAI was estimated for
cubic volumes or voxels in a regular lattice covering the
volume above the plot (Chasmer et al., 2004). Leaf-off and
leaf-on PAI for each voxel were estimated from aligned point
clouds using the method of MacArthur and Horn (1969),

�
b

�b

�
b
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�b

�p

�
b

(2)

where Pi is the number of pulses passing through voxel i
and Ii is the number of pulses intercepted within voxel i.
A voxel size of 0.5 m on a side ensured that the majority
of the voxels were sampled by a minimum number of laser
pulses. Voxels completely above the canopy top or within
0.5 m of the ground were ignored. The horizontal PAI distri-
bution for the plot was calculated by summing the PAI in
the column of voxels above each 0.5 m � 0.5 m horizontal
cell. Vertical PAI profiles resulted from averaging the PAI
values within vertical 0.5 m bins from the ground to the
top of the canopy. Estimates of LAI were obtained by taking
the difference between leaf-on and leaf-off PAI.

Tree Heights, Positions, and DBH
Tree heights and the positions of selected tree tops were
estimated manually by inspection and cropping of 3D scatter
plots. Heights were estimated by visually locating the base
and top of a tree in a scatter plot and calculating the vertical
distance between those points. These manual height esti-
mates were made from each image in which a tree was fully
visible and averaged.

Maps of stem position and DBH were created from tree
stem sections extracted from range images. We extracted
potential stem sections from each image using an automated
algorithm and verified that these extracted point sets corre-
sponded to trees using graphical inspection (Henning, 2005).
From cross-sections of the stem section point clouds at
breast height we calculated DBH and stem X and Y-positions
using estimated stem centers. Finally, because a single tree
could be present in more than one image, DBH estimates and
positions for a stem were averaged across all the images in
which the corresponding tree appeared.

Digital Terrain Model and Canopy Height Model
Digital terrain models (DTMs) were created by finding the
minimum height of the laser returns falling within each
horizontal cell in a square grid covering the plot, followed
by a filtering out of heights not representing ground surfaces
(Axelsson, 1999; Henning, 2005). A cell size of 0.25 m � 0.25 m
was used resulting in a plot tessellation of 12,800 grid cells.

Canopy top surface models (CTSMs) and canopy height
models (CHMs) were also created for the study plot using
0.25 m � 0.25 m cells. The CTSM corresponded to the
maximum height of the laser returns within the horizontal
boundaries of each cell. No filtering of points was performed
for the CTSM. The CHM was computed by subtracting DTM
height values from the height values of corresponding cells
in the CTSM (Popescu et al., 2002). Two DTMs, CTSMs, and
CHMs were created, one from the set of leaf-off scans, and
another from the set of leaf-on scans.

Results
Some general differences between leaf-off and leaf-on conditions
were noted from direct observations of range images (Plate 1).
It was noted that the volume of the canopy blocked from the
scanner’s viewpoint in range images was lower in leaf-off scans
than in corresponding leaf-on scans. Evidence for this included
the appearance of larger and more frequent canopy gaps in leaf-
off images (Plate 1a). Also, foliage near the scanner was readily
visible in leaf-on images that did not appear in leaf-off images
(Plate 1b). The leaf-off range image in Plate 1a included 13,927
non-intercepted pulses, represented by black pixels. In contrast
the leaf-on image (Plate 1b) had only 994 non-intercepted
pulses. Similar differences were noted in comparisons of other
range images obtained under leaf-off and leaf-on conditions.
The distribution of measured ranges in leaf-off images included

PAIi � �ln(Pi >  (Pi � Ii))
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measurements that penetrated farther into the forest than those
in leaf-on images. For example, the average range value in the
leaf-off image (Plate 1a) was 32.6 m while the average range
measurement in the leaf-on image (Plate 1b) was 25.2 m.

Rotating 3D scatter plots were examined to manually
identify individual trees in point clouds, and to facilitate
inspection of aligned point clouds from multiple range
images. The 3D scatter plots provided additional characteri-
zations of relative abundances in plant area for leaf-off and
leaf-on conditions (Figure 3). The data shown in Figure 3
consist of 92,913 and 157,592 points from the leaf-off and
leaf-on conditions, respectively. The alignment of point
clouds was verified by examining distinctly visible trees,
such as a 33.4 cm DBH Carya glabra (Mill.) tree identified by
the arrow in Figure 3. The lower 3 m section of the tree
trunk was not entirely visible in the leaf-on scans because

that portion of the tree was occluded by understory foliage
from some scanner viewpoints (Figure 3b).

Distribution of PAI and LAI
Voxelization resulted in a total of 217,967 voxels, each with a
volume of 0.125 m3, characterizing the plot volume during leaf-
off conditions. A slightly larger canopy volume consisting of
218,170 voxels was scanned during leaf-on conditions. The
difference in the number of voxels reflects minor differences in
the height of the canopy assessed during leaf-on and leaf-off.
The height of maximum PAI was similar for leaf-off and leaf-on
at 34.5 m and 34 m, respectively (Figure 4). The heights of the
largest differences between leaf-on and leaf-off PAI correspond
to the heights where we expect the most foliage was displayed
during leaf-on conditions (Figure 4). Some PAI differences were
noted near ground level, but the majority occurred higher in
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Plate 1. False color range images generated by the scanner positioned at (60 m, 40 m) on the study plot
(Figure 1), during leaf-off (a) and leaf-on (b). The images have an angular step width of 0.18° and represent
a truncated 80° � 180° field of view centered on the zenith. Black pixels indicate no return of laser pulse.
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the canopy. The largest differences between leaf-on and leaf-off
PAI occurred from 20 m to 35 m above ground.

Variability in the horizontal distribution of PAI was
characterized with the ground-based laser scanner (Plate 2).
The average leaf-on PAI, estimated by averaging PAI across
the 3,200 cells (Plate 2a), was 3.5 m2/m2 with a standard
deviation of 1.5 m2/m2. The average plot-level leaf-off PAI
was 2.1 m2/m2 with a standard deviation of 1.5 m2/m2. The
highest concentrations of PAI generally corresponded to the
locations of trees recorded in the tree growth survey (Plate
2). Similar variability was seen in the horizontal distribution
of LAI (Plate 2c) estimated by subtracting the leaf-off PAI

estimates from the leaf-on estimates. The average LAI
estimated for the plot was 1.4 m2/m2 with a standard devia-
tion of 1.8 m2/m2. Approximately 20 percent of the cells had
negative LAI values (Plate 2c).

Tree Heights, Positions, and DBH
Scanner-derived stem maps located trees, on average, within
0.43 m of their position recorded in the tree growth survey
stem maps. For some trees, DBH estimates from the scanner
data were higher than corresponding field measured DBH
(Plate 3 and Table 1). Typically, the largest errors in esti-
mated DBH were made on the thinnest trees, especially on
trees with field-measured DBH values of approximately
10 cm. Ignoring the two trees with the smallest field-meas-
ured DBH, mean bias in DBH for leaf-off scans decreased to
0.018 m, and root mean square error decreased to 0.089 m
from 0.048 m and 0.226 m, respectively, when all trees were
included (Table 1). In general, scanner-derived stem maps
exhibited better agreement with each other than with the
growth survey stem map (Table 1, Plate 3).

Independent measurements of tree heights were not
available for validation of scanner derived tree heights;
however, height estimates were evaluated for consistency
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Figure 3. Three-dimensional scatter plot of a 10 m �
10 m � 10 m canopy volume assessed during leaf-off
(a) and leaf-on (b). Gray points indicate data captured
from plot node (30 m, 40 m). Black points indicate
data captured from node (40 m, 40 m). Volume pictured
was centered at (35 m, 40 m, 10 m) relative to the
study plot (Figure 1).

Figure 4. The mean vertical distribution of PAI over
the entire plot, estimated using a 0.5 m voxel size,
from leaf-off and leaf-on scanner data.

Plate 2. Horizontal PAI distribution from leaf-on (a) and
leaf-off (b) scanner data using the 0.5 m voxel size. An
approximate LAI distribution (c) was created by subtract-
ing (b) from (a). Circles represent locations of tress with
DBH �10 cm measured during the 2002 Coweeta tree
growth survey and are proportional to tree DBH.
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across scans and a height diameter relationship for scanner
measurements was compared to an analogous relationship from
an independent data set. Manual inspections of point clouds
were used to estimate heights for a total of 20 trees, with eight
having heights estimated from one range image, eight having
heights estimated from two range images and four having
heights estimated from three range images. For trees with
heights estimated from multiple range images the average
difference between the highest and lowest height estimate was
1.2 m with maximum and minimum absolute differences of 2.9
m and 0.1 m, respectively. A height diameter relationship,

(3)

was fitted, using ordinary least squares optimization, to
the scanner derived heights and the tree growth survey
measured diameters (Avery and Burkhart, 2002). This
relationship was also fit to unpublished data collected for
Liriodendron tulipifera (L.) at the Coweeta Hydrologic
Laboratory during the study described in Martin et al. (1998).
The b0 and b1 parameters from the scanner data were 3.88
and �14.00 with standard errors of 0.06 and 1.6, respec-
tively (Figure 5). Similarly, b0 and b1 parameters from the
L. tulipifera data were 3.83 and �15.73 with standard errors
of 0.14 and 3.14, respectively (Figure 5).

DTM and CHM
Graphical representation of the CHMs, DTMs and CTSMs
generated from the sets of leaf-off and leaf-on scans were

ln(Height) � b0 � b1dbh�1

produced (Figure 6). The models shown in Figure 6 each
consist of 12,800, 0.25 m � 0.25 m, cells. Differences in
estimated heights for common cells facilitated comparison of
leaf-off and leaf-on models. A difference value, dxy, com-
puted as,

(4)

where Zxy(leaf-on) and Zxy(leaf-off) were the estimated Zs from
cells at location X-Y in a DTM, CTSM, or CHM from the leaf-on
and leaf-off range images, respectively.

Leaf-off and leaf-on CHMs were generally consistent
(Table 2), but a small number of cells exhibited height
estimates that were not in agreement. The consistency
between the two models resulted in a median dxy value of
�0.30 m. The standard deviation of dxy was 2.7 m. Observed
dxy values ranged from �17.8 m to 35.5 m. The extreme
values of dxy were observed in areas where canopy height
changed rapidly, such as near the canopy gap at study plot

dxy � Zxy(leaf-on) � Zxy(leaf-off)
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Figure 5. Scatter plots of scanner-derived heights and
2002 Coweeta tree growth survey DBH measurements
as well as independent height and diameter measure-
ments for Liriodendron tulipifera (L.). Trend lines
correspond to Equation 3 fitted using ordinary least
square optimization.

Figure 6. Comparison of ground surface slopes obtained
using the corners of the leaf-off digital terrain model
(DTM), leaf-on DTM and on-site GPS measurements. The
error bars nominally represent �1 standard deviation in
the vertical direction.

TABLE 1. THE TOP TWO ROWS REPRESENT DIFFERENCES BETWEEN FIELD MEASUREMENTS FROM THE TREE GROWTH SURVEY AND VALUES ESTIMATED

FROM SCANS OBTAINED UNDER LEAF-OFF AND LEAF-ON, RESPECTIVELY. THE BOTTOM ROW REPRESENTS DIFFERENCES BETWEEN LEAF-ON AND LEAF-OFF

ESTIMATES FOR THE REPORTED NUMBER OF COMMON STEMS

Mean Position Standard Deviation Mean Bias Root Mean Square
Scan Acquisition Number of Stems Error (m) of Position Errors (m) in DBH (m) DBH Error (m)

Leaf-off 28 0.43 0.348 0.048 0.226
Leaf-on 22 0.39 0.231 0.047 0.204
Comparison of leaf-on 22 0.29 0.125 0.030 0.169

and leaf-off
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coordinates (45 m, 30 m) (Figure 7). The cells where leaf-off
canopy height appeared to be much higher than leaf-on
canopy height and the concentration of these cells near
regions of rapid change in canopy height indicated that some
registration of leaf-off to leaf-on scans may be warranted.

The ground slope of the study plot borders in the
scanner-derived DTM generally agreed with the slope of the
plot borders calculated from locations of the plot corners
obtained by GPS (Figure 6). The GPS data were obtained from
the Coweeta LTER website (http://coweeta.ecology.uga.edu).
Three of the four slopes from the DTMs were within one

weighted standard deviation of the slopes obtained using the
GPS measurements (Figure 6).

Discussion and Conclusions
Ground-based laser scanning is emerging as a tool for forest
canopy assessment. Many of the algorithms for registering,
segmenting and analyzing the data were developed for
engineering and surveying applications. As such, there are
a number of practical considerations in adapting data and
algorithms typically used for assessing uniform, geometric
surfaces to the relatively small, variable and irregular surfaces
common in natural, forested scenes (Gorte and Pfeifer, 2004;
Henning and Radtke, 2006). Scanner applications often
use targets placed within the scene or make use of the
geometry of corners, edges, or other distinguishable features
of scanned surfaces to determine registration control points
(Besl and McKay, 1992; Watt and Donoghue, 2005). Other
studies have reported concerns over the practicality of using
artificial control targets in forested environments (Aschoff
et al., 2004; Pfeifer et al., 2004). Here, registration control
points were determined using tree surfaces, estimated stem
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TABLE 2. SUMMARY STATISTICS FOR LEAF-ON AND LEAF-OFF CANOPY

HEIGHT MODELS (CHMS)

Leaf-on CHM Leaf-off CHM

Maximum ht (m) 41.9 41.8
Minimum ht (m) 8.4 0.7
Mean ht (m) 34.0 34.1
Standard Deviation 3.0 3.4

of ht (m)

Figure 7. Digital terrain and canopy top surface models for the study plot from leaf-off (a) and leaf-on
(b) scanner data. Canopy height models for the study plot from leaf-off (c) and leaf-on (d) scanner data.
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centers, and ground surfaces. Registration using tree surfaces
and stem centers has several advantages in natural scenes
where it may be difficult to place targets that can be seen
from multiple viewpoints (Gorte and Pfeifer, 2004; Henning
and Radtke, 2006). First, the large number of potential
control surfaces provides flexibility in the selection of
control points so that the registration can be focused to
create the best alignment for features of interest (Aschoff
et al., 2004). Second, the upright nature of tree stems facili-
tates accurate registration high in the canopy, where meas-
urements from laser scanning are likely to be of interest
(Pfeifer et al., 2004).

In this and other research performed using ground-based
laser scanning the data were typically used to develop
canopy structure characterizations similar to existing canopy
profiling methods (e.g., MacArthur and Horn, 1969; Aber
and Federer, 1992; Radtke and Bolstad, 2001) often ignoring
the 3D nature of the data (Figure 4 and Plate 2) (Lovell et al.,
2003; Chasmer et al., 2004; Henning, 2005). Some methods
are being developed to summarize range images of forested
scenes by automated “skeletonization,” or summarizing
of the data that correspond to individual trees and their
associated branches (Gorte and Winterhalder, 2004; Pfeifer
et al., 2004). Collections of relative positions of skeletonized
trees and branches in 3D may provide a more complete data
source for examining canopy structure and its relationship
to individual tree growth. The development of automated
and objective forest canopy characterization techniques that
exploit the resolution, scale and 3D nature of laser scanner
data requires continuing research.

Vertical, horizontal, and 3D distributions of PAI and LAI
provide appealing methods to relate ground-based laser
scanning data to existing research and models, but valida-
tion of these characterizations is currently incomplete. Here
the LAI estimates of 1.4 (m2/m2) were unrealistic given the
results of Bolstad et al. (2001), who used leaf-litter collected
over a two year period to estimate LAI ranging from 2.7 to
8.2, with an average of 5.8, for 16 sites across the Coweeta
Hydrologic Laboratory. Following the methods of Parker
et al. (2004) and Radtke and Bolstad (2001), we applied the
transformation described by MacArthur and Horn (1969) to
adjust for decreasing sampling rates due to occlusion of
pulses further from the laser instrument. This method may
have introduced biases, as it did not account for foliage
inclination or non-vertical laser measurements (Warren
Wilson, 1963). Another assumption of the estimation was
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Plate 3. Stem maps of selected trees from the leaf-off
and leaf-on scanner data. All trees measured in the
2002 Coweeta tree growth survey, with DBH �10 cm,
are also shown.

that foliage was distributed randomly within voxels (Chen
et al., 1991; van Gardingen et al., 1999). These assumptions
were not evaluated here; however, characteristics of laser
scanner data may make it possible to evaluate such assump-
tions in the future. For instance, since images from multiple
viewpoints contributed to the estimated PAI of each cubic
volume it may be possible to determine mean leaf angles
and correct estimates accordingly (Warren Wilson, 1963).
Additionally, Chasmer et al. (2004) were able to create
profiles of the frequency of intercepted pulse returns directly
from ground-based laser scanning data, ignoring changes in
sampling rates, which may provide similar information to
estimated LAI and PAI profiles.

Instrument-related biases such as beam divergence,
return recording thresholds, registration accuracy, and beam
inclination will also require consideration in the continued
development of PAI and LAI estimation using ground-based
ranging instruments (Lovell et al., 2003; Parker et al., 2004).
In addressing biases in estimates of LAI and PAI, spatially
explicit validation data will be needed. Distributions of PAI
and LAI (Figure 4 and Plate 2) provide intuitively appealing
results, but direct evaluation of their accuracy may require
comparison to data gathered with labor intensive destructive
sampling (Tanaka et al., 2004).

Here and elsewhere it has been possible to directly
assess the accuracy of individual tree measurements made
with a ground-based laser scanner. We observed mean
position errors of 0.39 m and DBH errors of 4.7 cm using the
leaf-on scanner data. We did not directly validate our height
measurements, but noted that estimated height-diameter
relationships were similar to those obtained using inde-
pendent data (Figure 5). Hopkinson et al. (2004) manually
extracted trees from five range images at two different plots
and reported mean diameter errors near 1 cm for all trees
and mean positional errors greater than 1.5 m. Thies and
Spiecker (2004) determined tree positions automatically from
registered range images and reported laser scanner-derived
DBH estimates within 1.3 percent of measured values. A few
studies have focused directly on making measurements
of individual trees. Typically, these studies were able to
determine tree parameters to a high degree of accuracy (Thies
et al., 2004; Henning and Radtke, 2006). The arrangement
of scanner viewpoints for plot-level assessments may reduce
the level of accuracy possible for tree-level measurements.
Important considerations in validating individual tree
measurements include accounting for measurement error in
validation data and assessing the accuracy of point cloud
registration (Hopkinson et al., 2004; Thies et al., 2004).

The terrain and canopy height models described were
not directly compared to a known standard, but they do
compare heuristically to applications of airborne lidar.
Typical applications of airborne lidar over vegetated surfaces
have used interpolation to create digital elevation models
using nominal cell sizes ranging from 0.5 m � 0.5 m to
5 m � 5 m (Popescu et al., 2002; MacMillan et al., 2003;
Tenenbaum et al., 2006). Using a ground-based scanning
system Schmid et al. (2004) were able to model micro-topogra-
phy using 5 mm and 10 mm cell sizes on a 5 m � 7 m plot.
For a forested plot (30 m � 30 m), Aschoff et al. (2004)
created terrain models using 0.5 m � 0.5 m cells using a
ground-based scanning laser. Here agreement between the
leaf-off and leaf-on models (Table 2 and Figure 7), as well as
their correspondence with GPS measurements (Figure 6),
indicated that accurate surface models could be created with
ground-based laser scanning. Terrain and canopy surface
models from ground-based systems provided data at scales
and resolutions that can be complimentary to airborne-
derived models. Such models may be useful for co-register-
ing and comparing airborne and ground-based data.
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One objective of this research was to examine the
differences between laser-scanner data obtained during leaf-
off and leaf-on conditions and those comparisons support
the application of ground-based scanning for multi-temporal
observation. The correspondence between the leaf-off and
leaf-on datasets allowed for direct evaluation of measured
differences between the two conditions (Figure 4, Plate 1,
and Plate 2). Recently, research has explored the application
of airborne lidar for determining forest and individual tree
growth using multi-temporal measurements (St-Onge and
Vepakomma, 2004; Naesset and Gobakken, 2005). The use of
ground-based laser scanning should be useful for evaluating
growth and change in forest canopies, canopy gaps, under-
story development, and fuel loading, as well as damage from
insects, disease, and storms. The registration of ground-
based data sets across time, although not explored here,
should prove useful for multi-temporal change detection in
monitoring permanent sample plots.

The 3D spatial variability of canopy structure was
exhibited in a number of our results. Ground-based laser
scanning provided an efficient means to characterize
this variability and relate it to differential tree growth
and forest productivity. The future implementation of
ground-based laser scanning for canopy characterization
will depend on increased sophistication and automation
of methods for registering, segmenting, and analyzing
data, as well as complete validation of scanner-derived
estimates.
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