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ABSTRACT 
  
Understanding the structure and function of forest ecosystems and their interactions with 
other natural systems at stand, landscape and global scales is fundamental to the 
development of sustainable forest management practices in British Columbia. In the 
forests of northwestern North America, forest structure has become a key focus of 
research because of its significance for timber production, biodiversity, and ecosystem 
function. Forest structure can be more directly addressed by silvicultural prescriptions 
and regulatory policy than any other aspect of stand ecology and thus has become a 
strong management focus as well. This FII-funded research project was designed to 
address two main questions related to the measurement and management of forest stand 
structure in BC forests: (1) Can lidar remote sensing be used to improve the quality, 
timeliness, and cost-effectiveness of traditional forest inventories, and (2) Can this 
technology facilitate the collection of other more ecologically relevant stand attributes 
that support long-term ecological monitoring and sustainable forest management? The 
research reported here was undertaken within the Coastal Western Hemlock (CWH) 
biogeoclimatic zone on southeastern Vancouver Island; however, findings from this study 
could be easily adapted for use in other forested regions of BC. The inventory component 
of this research was conducted on private lands owned by Weyerhaeuser BC Coastal 
Group, while the northern part of the Sooke Lake watershed was the focus of study for 
research on stand structural diversity. Preliminary results indicate that lidar data are 
extremely rich in all kinds of biophysical information related to vertical and horizontal 
canopy structure, as well as the geometry of the underlying terrain surface. Our research 
has resulted in the development of a number of promising new techniques for extracting 
attributes of forest structure from lidar data. First, an individual-tree and virtual prism-
sampling approach was used to measure standard inventory variables (i.e., stem density, 
basal area, and volume) at the plot, stand, and land-holdings level. Second, lacunarity 
analysis has shown significant potential for quantifying the fine-scale spatial 
heterogeneity of forest stands, and may therefore find direct application in the design of 
variable retention harvesting prescriptions, detailed habitat mapping, and old-growth 
surveys. In theory, these quantitative estimates of spatial heterogeneity also have the 
potential to significantly improve the predictive strength of traditional height-based 
(quantile) estimators currently used in lidar studies. More detailed findings from this 
study will be available as a Ph.D. dissertation, Master’s thesis, and journal publications 
by late fall 2004.  
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INTRODUCTION 
 
Research Background and Project Rationale  

 
Many climatic, geomorphological, and ecological (disturbance and succession) 

processes operating over a range of spatiotemporal scales interact to produce forest stands 
and landscapes that are structurally, functionally, and biologically diverse (Perry 1994; 
Oliver and Larson 1996; Franklin et al. 2002). Current theoretical and empirical research 
indicates that compositional, structural, and functional heterogeneity are critical 
components of forest ecosystems that must be maintained in order to preserve the long-
term health, productivity, and biodiversity of forests (Perry and Amaranthus 1997; 
Bunnell et al. 1999). Present strategies for conserving biodiversity in forest ecosystems 
are based on the notion that maintaining the full range of structural conditions historically 
present in natural forests is the best approach for assuring the long-term persistence of a 
broad range of native species (Franklin 1993; Hunter 1999; Landres et al. 1999; 
Lindenmayer and Franklin 2002). Implementations of new harvesting and silvicultural 
systems that preserve biological legacies (i.e., structures, functions, and species), longer 
harvesting cycles, establishment of riparian and old-growth reserves, and structural 
restoration of degraded second-growth forests have all been identified as key ways to 
maintain or enhance ecological functions and biodiversity within stands and across 
landscapes (Franklin et al. 1997; Lertzman et al. 1997; Carey et al. 1999; Franklin et al. 
2002; Lindenmayer and Franklin 2002; Kremsater et al. 2003). 

Despite the expanding research and management focus on forest stand and 
landscape structure over the last decade, few techniques beyond traditional forest 
inventories exist to measure and monitor the spatial structure of forests (Lindenmayer and 
Franklin 2002: 275). A number of ground-based (in situ) optical techniques have been 
developed to measure forest canopy structure within individual stands (Welles and Cohen 
1996); however, these methods are often impractical for characterizing patterns of canopy 
structure at coarser spatial scales. Recent efforts to study the regional composition and 
spatial structure of forest ecosystems have led to the development of numerous airborne 
and satellite remote sensing techniques for measuring the biophysical characteristics of 
forests (Wulder 1998; Franklin 2001; Wulder and Franklin 2003). While quantitative 
analyses of spectral, spatial, and temporal patterns of canopy surface reflectance have 
been used with considerable success to measure attributes of forest structure in relatively 
short, open canopies, these same techniques have been less effective in tall, dense stands 
(Spanner et al. 1990; Chen and Cihlar 1996). This limitation arises because significant 
variation or change in the vertical density and distribution of forest biomass maybe 
undetected or even unrelated to the two-dimensional (2-D) spectral properties of the 
canopy recorded from above. 

Forest companies and the BC provincial government currently rely on traditional 
forest inventory methods to assess growth and yield, timber supply, the annual allowable 
cut (AAC), and ecological site characteristics. Although forest inventories have evolved 
to reflect BC’s changing view of forests and their management, they still depend heavily 
on expensive and laborious ground surveys and manual air-photo interpretation to collect 
critical forest management information (Parminter 2000). New remote sensing 
technologies and analytical techniques offer significant potential to improve the cost, 
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timeliness, and range of forest measurements required for sustainable forest management 
(Franklin 2001; Lefsky et al. 2001). We believe that commercial airborne laser scanner 
(lidar) technology is now capable of revolutionizing the way forest inventories are 
undertaken in BC and abroad (Lefsky et al. 2002). Lidar data are expected to augment, 
but not replace, traditional forest inventory procedures by reducing the need for a large 
network of inventory sample plots, as well as enabling the capture of otherwise difficult-
to-measure attributes of forest structure.  

Lidar technology offers significant potential to support sustainable forest 
management in two principal ways. First, it could provide a cost-effective method to 
quickly and accurately collect attributes of stand structure (i.e., heights, densities, 
volumes, biomass) at a range of spatial scales (individual crowns to landscapes) 
(Magnussen and Boudewyn 1998; Means et al. 2000; Næsset and Okland 2002). Second, 
lidar data may well enhance our ability to extract the kinds of ecologically relevant forest 
variables that are necessary for monitoring forest productivity, biodiversity, and carbon 
(Nelson et al. 2003; Parker and Russ 2004). Under the new Results-Based Forest and 
Range Practices Act, BC forest companies will be required to prepare Forest Stewardship 
Plans in response to local forest management objectives set by provincial government. 
Cheaper, faster, and more accurate forest inventories, combined with new ecologically 
relevant forest measurements, would therefore allow forest companies to make more 
informed decisions regarding effective and efficient use of timber resources, while still 
maintaining standards to protect biodiversity and species at risk. 

 
Current Status of Discrete-Return Lidar in Forestry Applications 
 
 Airborne laser scanning (also known as laser altimetry or lidar – light detection 
and ranging) is an emerging active remote sensing technology that has shown significant 
potential for direct measurement of three-dimensional (3-D) forest structure at a range of 
spatial scales (Dubayah and Drake 2000; Lefsky et al. 2002; Lim et al. 2003; Ollier et al. 
2003; Parker and Russ 2004; Figure 1). Discrete-return lidars emit short (3 to 5 ns), high-
frequency (10 to 75 kHz) laser pulses and then record the return time of flight and 
amplitude (intensity) of selected backscatter events (typically first or last return) for each 
reflected pulse (Baltsavias 1999; Wehr and Lohr 1999). Opto-mechanical scanning 
assemblies (typically rotating mirrors) increase sampling coverage across the flight path, 
while an integrated, onboard inertial reference system (IRS), global positioning system 
(GPS), and high-precision time-interval meter (TIM) allow accurate (< 1 m) 3-D 
positioning for each returned laser pulse (Figure 2).  
 Airborne lidar was first used to measure forest stand structure two decades ago 
(e.g., Nelson et al. 1984; Aldred and Bonner 1985; Maclean and Krabill 1986), but it was 
not until the widespread commercialization of this technology in the mid 1990s that 
forestry and other end-user applications began to expand (Flood 2001). Two general 
classes of lidar systems are currently used in forestry applications: discrete-return and 
full-waveform (Lefsky et al. 2002). Full-waveform systems typically have a very large 
footprint (5-m to 25-m diameter), digitize the entire backscatter signal, and, so far, have 
been restricted to research use only. Discrete-return systems have a much smaller 
footprint (0.1-m to 1-m diameter), record only discrete, single (first or last) or multiple 
returns, and are widely available through commercial service providers. Discrete-return  
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FIGURE 1. Lidar-generated canopy (top) and terrain (bottom) surface models. The data tile (1 km × 1 km 
in size) is part of a full lidar dataset collected over a Weyerhaeuser variable retention harvest block located 
on southern Vancouver Island. The canopy height model was constructed using a 1-m resolution and all 
first and last ground and vegetation laser returns. The terrain surface has a resolution of 5-m and was built 
using the ground returns only.  
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lidar has been successfully used to estimate individual tree and stand heights (Nilsson 
1996; Magnussen and Boudewyn 1998; Magnussen et al. 1999; Means et al. 2000; 
Næsset and Bjerknes 2001; Næsset and Økland 2002; Persson et al. 2002; Popescu et al. 
2002; Brandtberg et al. 2003; McCombs et al. 2003), crown depth (Næsset and Økland 
2002), volume (Nelson et al. 1988; Nilsson 1996; Næsset 1997; Nelson et al. 1997; 
Means et al. 2000; Hyyppä et al. 2001), biomass (Nelson et al. 1988; Nelson et al. 1997; 
Nelson et al. 2000; Means et al. 2000), stem density (Næsset and Bjerknes 2001; 
McCombs et al. 2003), basal area (Nelson et al. 1997; Means et al. 2000), fuel 
load/coarse woody debris (Seielstad and Queen 2003), and for multiple resource 
inventories (Nelson et al. 2003). Moreover, unlike conventional optical and microwave 
remote sensing data (e.g., Turner et al. 1999; Lefsky et al. 2001), empirical relationships 
between lidar data and aboveground biomass appear non-asymptotic, even at very high 
biomass levels (e.g., 1200 Mg/ha; Means et al. 2000; Lefsky et al. 2001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
FIGURE 2. Airborne laser scanning (lidar) systems are composed of a laser scanner, inertial reference 
system (IRS), and global positioning system (GPS) to measure accurate 3-D positions of objects located on 
the ground surface. In a forested landscape, laser pulses reflect off of the canopy surface and also penetrate 
through to the ground, providing accurate 3-D measurements of both the vegetative layer and ground 
surface structure (graphic courtesy of Mosaic Mapping Systems, Ottawa). 
 
Research Objectives  
 

The primary goal of this Forest Innovation Investment (FII) research project was 
to facilitate the continued development of lidar-based applications, algorithms, and 
processing tools in support of British Columbia’s recent move towards sustainable forest 
management and certification. This research project has therefore focused on two main 
objectives: (i) To evaluate the utility of discrete-return lidar as potential technology to 
improve the quality, timeliness, and cost-effectiveness of operational forest inventories; 
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(ii) To develop new kinds of ecologically relevant stand-level forest measurements 
needed to support long-term ecological monitoring and adaptive, ecosystem-based forest 
management (Beese et al. 2003; Kremsater et al. 2003). Specific research goals related to 
each of these two project objectives were as follows: 
 
Objective #1:  To evaluate the utility of discrete-return lidar as potential technology to 
improve the quality, timeliness, and cost-effectiveness of operational forest inventories.  
 
1. Develop an integrated methodology to extract attributes of forest structure (i.e., 

height, density, basal area, and volume) from lidar data for discrete plots, stands, and 
for an entire land holding. 

2. Compare forest inventory results obtained from lidar with conventional ground-based 
inventory methods at the plot, stand, and land-holding levels. 

3. Design alternative transect- and area-based lidar sampling strategies for operational 
forest inventories.  

 
Objective #2: To develop new kinds of ecologically relevant stand-level forest 
measurements needed to support long-term ecological monitoring and adaptive, 
ecosystem-based forest management.  
 
1. Develop new ground-based optical (quantum sensor and hemispherical canopy 

photography) and airborne lidar methods and quantitative measurements that can be 
used to describe the 3-D spatial heterogeneity of both managed and natural forest 
stand structures for ecological/habitat monitoring and inventory applications. 

2. Determine whether these new lidar-derived spatial measures can be combined with 
traditional height-based (quantile) estimators to improve the predictive strength of 
multivariate regression models designed to compute traditional attributes of stand 
structure (e.g., volume, basal area, stem density, etc.). 

 
 
METHODS 
 
General Description and Location of Study Areas 
 
 Discrete-return lidar data were acquired for three separate sites on southern 
Vancouver Island. All sites were located approximately 30-km northwest of Victoria in 
the vicinity of Sooke Lake, Shawnigan Lake, and the east side of Mt. Wood (Malahat) 
near Mill Bay (Figure 3).  All three study locations are found within the Coastal Western 
Hemlock (CWH) biogeoclimatic zone, and are considered to belong to either the eastern 
(CWHxm1) or western (CWHxm2) variants of the very dry maritime CWH subzone 
(Trofymow et al. 1997). These sites are dominated by Douglas-fir (Pseudotsuga 
menziesii (Mirb.) Franco), western hemlock (Tsuga heterophylla (Raf.) Sarg.), and 
western redcedar (Thuja plicata Donn.). Deciduous species such as red alder (Alnus 
rubra Bong.) and bigleaf maple (Acer macrophyllum Pursh) also appear in low 
abundances in the immature stands. 
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FIGURE 3. Location of lidar flight lines. All three sites are located on southeastern Vancouver Island, 
approximately 30-km northwest of Victoria. Solid black lines represent the orientation and length of the 
survey flight lines. 
 
 The Sooke Lake site falls under the jurisdiction of Victoria’s Capital Regional 
District (CRD) and is the most geographically extensive and heterogeneous site of the 
three. This site includes a diverse range of stand ages (10 to > 450 years old), complex 
terrain, and a variety of natural and managed forest structures. The two other sites 
(Shawnigan Lake and Malahat) are both owned by Weyerhaeuser, less complex 
topographically, and include only managed second-growth forests. Some of these second-
growth stands have been subject to a range of silvicultural treatments and harvest 
prescriptions (including variable retention). The Malahat site was used to conduct the 
lidar inventory study (Research Objective 1), while selected plots in the Sooke Lake 
watershed were the focus of research on stand structural diversity (Research Objective 2). 
 
Lidar Data Collection, Post-Processing, and Classification  
  
 Discrete-return (first and last return, and 8-bit intensity) lidar data were collected 
at all three sites between November 1 and 6, 2001 using Mosaic’s ALMIS-350 
helicopter-mounted lidar system (Plate 1). The laser post spacing was approximately 40-
cm across track and 100-cm along track. All of the post-processed lidar points were 
delivered by January 18, 2002 as ASCII text files containing horizontal (XY in metres) 
and vertical (Z in metres) coordinates in UTM NAD83 and CGVD28 (corrected to mean 
sea level using GSD95 geoid model), respectively. Comparisons of the kinematic GPS 

 



 
 

ground-control points with digital elevation data collected by the lidar indicate a RMS Z 
error of less than 25 cm for all three sites. Mosaic Mapping Systems Inc. classified the 
post-processed lidar data into ground and vegetation returns using TerraSolid’sTerraScan 
lidar processing software. These classified data were then subsampled into 1-km2 tiles 
and stored in both ASCII and ArcInfo grid file formats.  
 

 
Plates 1. Helicopter-mounted ALMIS-350 airborne laser scanner (lidar) and camera system developed and 
operated by Mosaic Mapping Systems, Inc., Ottawa. The laser scanner (Riegl Q140i 60), GPS, IRS, TIM, 
and data storage (computer) were housed in side-mounted storage unit (top plate). The bottom two plates 
provide a closer look at the ALMIS-350 system configuration and components (Images courtesy of Mosaic 
Mapping Systems, Inc.). 
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Data Sources and Analysis 

I.  an individual-tree and virtual prism sampling 
approach (Research Objective 1)  

 
ll 

plot sampling) approach and calibrated wedge prism of known 

rth 

 
e ITC 

veloped by the Canadian Forest Service 
(Gougeon and Leckie 2003; Figure 4).  

 a 

t, 

 
ees 

ting distance 
product of tree size (diameter) and a known plot radius factor (PRF). 

  

 
Lidar-based forest inventory using

 
 Weyerhaeuser BC Coastal Group supplied detailed permanent plot and inventory 
data for their Malahat property. These inventory data consisted of forest cover maps, plot 
locations, and tree heights, diameters, and species information for 764 variable-size plots
located within 88 individual stands.  Because these data were delivered in hardcopy, a
information required manual conversion to digital map and database formats prior to 
analysis. Inventory data were collected by Weyerhaeuser using a point sampling (also 
known as variable-radius 
basal area factor (BAF).  
 Two digital elevation models (DEM) and a canopy height model (CHM) were 
constructed for each 1-km2 tile of lidar data. A bare-earth (ground) DEM was derived 
from all first and last returns classified as ground returns, while all returns grouped as 
vegetation were used to generate a canopy DEM. Differencing the canopy and bare-ea
elevations produced a separate CHM showing the detrended heights of the vegetative 
canopy above the ground surface. All three digital models were constructed using a pixel
resolution of 0.5 m. Individual tree crowns were isolated within the CHM using th
(individual tree crown) software suite de

 
FIGURE 4. A small, 40-m radius, circular region clipped from a 1 km2 CHM tile. The left-hand image is
0.5-m resolution, lidar-derived CHM, where each pixel intensity is determined by its height z above the 
ground surface (light pixels are large canopy heights and dark pixels are low canopy heights). On the righ
the outline of individual crowns and stems positions (small white crosses) have been isolated within the 
CHM using ITC software developed by CFS. The centre of the circular clipped region (large white cross on
the left image and small red dot on the right image) corresponds to the centre of a virtual prism plot. Tr
within this circular clipped region were selected for tally in the inventory based on a limi
determined by the 
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 Individual stem positions and top heights were determined using two different 
procedures. First, a local height-based maximum filtering approach was used to derive 
the spatial coordinates and top height of each canopy tree located within a CHM (Wulder 
et al. 2000). A local height maximum occurs when the centre pixel of a moving 3-by-3 
(pixels) filter window has a height greater than all 8 of its surrounding neighbours. In the 
case where a local height maximum could not be established for an ITC-segmented 
crown, the polygon centroid was considered to be the best approximation of the stem 
position. Second, crown polygons were overlaid on the CHM and height statistics (i.e., 
minimum, maximum, mean, standard deviation, and number of pixels) were extracted for 
each crown polygon and stored in a database along with a unique identifier. Individual 
tree heights were represented by the maximum height value generated for each crown 
polygon. A nonlinear Chapman-Richards equation fitted using local species-specific 
height and diameter data was used to predict individual tree diameters.  The Chapman-
Richards equation has the following functional form (Richards 1959): 
 

                                        [ ]cXbea .13.1 −−+=Y                                            [1] 
  
Where, Y is the top height of a live, unbroken tree bole measured in m; X is the tree 
diameter at breast height (DBH) measured in cm; and a, b, c are species-specific 
parameters estimated using a least-squares procedure. Each fitted model was rearranged 
algebraically to solve for X, so that DBH could be computed directly from known 
measures of tree height. 
 Half of Weyerhaeuser’s 764 prism plots were randomly selected for model 
development and calibration purposes, while the remaining plots were utilized for 
statistical and procedural validation. A network of “virtual” prism plots was created for 
the lidar-derived dataset using the coordinate locations from the calibration plots. 
Distances from the virtual plot centre to all surrounding trees within a 40-m radius were 
computed and stored in the database along with their heights, diameters, and crown-
height statistics. Trees within each virtual prism plot were selected for tally in the 
inventory based on their size (DBH) and a limiting distance determined by the plot radius 
factor (PRF). Finally, plot-level inventory statistics (i.e., basal area in m2 per hectare, 
live-stem density per hectare, and total volume in m3 per hectare) were estimated using 
standard formulae developed for point-sampled data (Table 11-4, Avery and Burkhart 
2002) and standard (multiple-entry) volume and taper equations constructed for coastal 
BC. Plot-level data were summarized by averaging plot-level statistics for individual 
stands and across the entire land holding. 
 

II. Derivation of new, ecologically relevant forest measurements to support ecological 
monitoring and ecosystem-based forest management (Research Objective 2) 

 
Description of the Sooke Lake Site 
 
 The Sooke Lake watershed has been an important water supply area for Greater 
Victoria since 1914, and has therefore been subject to a number of long-standing 
regulatory policies governing public access, land use, industrial activity (logging), and 
fire suppression. Nevertheless, limited salvage, selective (removal of cedar poles), and 
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clear-cut logging have occurred in some parts of the watershed over the past 90 years. 
Old fire scars, charred bark, charcoal, and other relic evidence of past fires found 
throughout the northern part of the watershed indicate the historical importance of 
wildfire in the development and maintenance of these relatively dry, east-side island 
forests. Salvage logging of storm-damaged stands within the Rithet Creek valley during 
the late-1960s suggests that localized windthrow and heavy snowfall events may also 
play a key role in the finer-scale patterning of these forests. As a consequence of these 
varied disturbances, the Sooke Lake watershed contains a diverse range of forest stand 
ages (>20 yrs. to >300 years) and structures of both harvest (plantations) and natural-
disturbance origin (most notably fire).  
 Stands within the northern portion of the Sooke Lake watershed occupy the 
Coastal Western Hemlock (CWH) biogeoclimatic zone, and are part of either the eastern 
(CWHxm1) or western (CWHxm2) variants of the very dry maritime CWH subzone 
(Trofymow et al. 1997). Stands are typically dominated by various mixes of Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco), western hemlock (Tsuga heterophylla (Raf.) 
Sarg.), and western redcedar (Thuja plicata Donn.), with lesser components of western 
white pine (Pinus monticola Dougl.), grand fir (Abies grandis (Dougl.) Lindl.), shore 
pine (Pinus contorta Dougl. ex Loud.), western yew (Taxus brevifolia), red alder (Alnus 
rubra Bong.), bigleaf maple (Acer macrophyllum Pursh), and arbutus (Arbutus menziesii) 
found sporadically at different sites. 
 
Selection and Design of Ground-Reference Plots 
 
 High winds at the time of the airborne-lidar survey prevented sampling of all 
planned flight lines, resulting in only limited and patchy coverage for the watershed. 
Sections of individual flight lines that were straight and exhibited a relatively uniform 
pattern of individual returns were selected as potential locations for the placement of 
ground-reference plots. These two characteristics were thought to be reliable evidence 
that the helicopter and lidar sensor were stable at the time of data acquisition. The 
number of potential sites was further narrowed with the aid of forest cover maps, aerial 
photography, lidar image maps, and extensive site visits. Final site selection identified 16 
stands that were considered to be structurally unique and part of a strong gradient of 
structural diversity based on differences in age, species composition, site productivity, 
and management regime (Table 1). In general, young (>20 to 40 years old), post-harvest 
(spaced and thinned) plantations were considered to be structurally simple, while 
complex stands were much older (>200 years old) and had established naturally after 
wildfire. 
 Ground-reference plots were designed as 50-m × 50-m (2500 m2 or 0.25 ha) 
square plots with the diagonals pointing in the four cardinal directions (Figure 5). The 
large plot size (most lidar studies report using plot sizes ranging from 100 m2 to 625 m2) 
was designed (1) to accommodate the exceptionally large dimensions of old-growth 
coastal trees (some individual crowns can easily exceed 20 m in diameter), and (2) to 
minimize the potential impacts associated with errors in plot positioning and the edge 
effects created by laser returns reflected from the partial crowns of trees located either 
inside or outside the plot boundaries. Edge effects are expected to be more prevalent in 
old-growth stands, since relatively fewer crowns are likely to be contained entirely within
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TABLE 1. Ground-reference plot locations and descriptions for the Sooke Lake watershed. 

 Easting North Seral Age Site 
Plot# Tile (NAD83) (NAD83) ~MSL Stage (Yrs.) Origin Treatment Productivity Inventory Photos LiCor

1 5-5 449686 5382861 376 Old Growth >200 Wildfire None Moderate x x x
2 4-6 448831 5383117 539 Old Growth >200 Wildfire None Low x x x
3 4-7 448552 5384015 525 Mature >80 to 120 Wildfire None Mod. - High
4 4-7 448471 5384251 514 Mature >80 to 120 Wildfire None Mod. - High x x x
5 4-7 448434 5384361 507 Old Growth >200 Wildfire None Mod. - High x x x
6 3-7 447830 5384135 598 Old Growth >200 Wildfire None Low - Mod. x x x
7 2-7 447051 5384404 572 Old Growth >200 Wildfire None High x x x
8 2-7 446816 5384835 486 Old Growth >200 Wildfire None High
9 2-7 446356 5384632 439 Mature >160 to 200 Wildfire None Low - Mod. x x x

10 2-8 446519 5385430 503 Mature >80 to 120 Wildfire None Low - Mod. x x x
11 2-6 446120 5383648 283 Immature >20 to 40 Logging None High
12 2-5 446191 5382570 280 Immature >20 to 40 Logging Spaced High x x x
13 2-4 446364 5381524 267 Immature >20 to 40 Logging Spaced & Thinned High x x x
14 3-3 447102 5380250 221 Immature >40 to 60 Logging Spaced High x x x
15 3-4 447230 5381275 360 Old Growth >200 Wildfire None Moderate x x x
16 3-4 447290 5381310 365 Old Growth >200 Wildfire None Mod. - High
17 3-4 447361 5381361 378 Old Growth >200 Wildfire None Moderate
18 7-5 451358 5382185 243 Immature >60 to 80 Logging Thinned High
19 6-6 450626 5383293 244 Immature >60 to 80 Wildfire None Moderate x x x
20 7-4 451531 5381359 238 Mature >120 to 160 Wildfire None Moderate x x x
21 7-4 451427 5381085 230 Old Growth >200 Wildfire None Moderate
22 7-3 451192 5380738 206 Mature >80 to 120 Wildfire None Moderate x x x
23 7-2 451790 5379802 225 Immature >40 to 60 Logging None Mod. - High x x x

Note:  X indicates that plots have been sampled. 

11 FII Forest Research Project R04-094 
 



 
 

12 FII Forest Research Project R04-094 

the plot boundaries. The centre of each ground-reference plot was positioned as close to 
the middle of the lidar flight line as possible using a Trimble-Pro-XRB GPS receiver.  
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FIGURE 5. Layout and geometry of ground-reference plots (2500 m2) used for inventory, fisheye photos, 
and LAI-2000 PCA transect measurements. The plot was divided into 4 separate 625 m2 quadrants 
identified by roman numerals (I to IV). Also included are 9 photo sites labeled (A to I) and a 175-m 
transect used for LAI-2000 PCA gap-fraction measurements (see dashed line stretching from triangular 
symbols marked “Start” to “End”). Five circular subplots (total area equal to 1005 m2 or approximately 40 
percent of the entire plot) were used to sub-sample the very dense immature stands (Plots 12, 14, 19, 23). 
 
 Alignment of the plot with the flight-line centre was done in an effort to minimize 
any plot-to-plot variation in the frequency distribution of laser scan angles, and also to 
limit the maximum laser scan angle to approximately 10 degrees (Holmgren et al. 2003). 
The maximum positional error for the centre post of each site was less than ±3 m, with 
expected mean positional errors closer to ±1 m. The boundaries (corner posts) of the plot 
were set using a magnetic compass and LTI Impulse 200 laser range finder. All distances 
were automatically corrected for slope by the range finder. Each plot was further 
subdivided into four 625-m2 quadrants, and the positions of photo sites and transect 
points were permanently marked with wooden stakes. In extremely dense stands (Plot 12, 
14, 19, 23), 8-m circular sub-plots (201 m2), positioned at the plot centre as well as at 
each quadrant centre, were used for inventory purposes. 
 
 

 



 
 

Description of Ground-Reference Datasets  
  
 Three separate ground-reference datasets were extracted from the 16 field plots: 
(1) inventory (mensurational) data, (2) hemispherical (fisheye) canopy photographs, and 
(3) LAI-2000 Plant Canopy Analyzer (PCA) gap fractions. The following is a brief 
description of each of these datasets, including a summary of the quantitative attributes 
extracted from each (Table 2). 
 
TABLE 2. Summary of structural attributes derived from the airborne lidar and ground-
reference datasets. 

  
Dataset Attributes 
Lidar  Multiscaled lacunarity 

 Canopy volume 
 Canopy cover 
 Percentiles of height 
 Shannon’s height diversity 
 Gini coefficient of height inequality 
 Coefficient of height variation 

Inventory  Lorey’s height (m) 
 Basal area (m2/ha) 
 Quadratic mean diameter (cm) 
 Stem density (stems/ha) 
 Total volume (m3/ha) 
 Indices of structural diversity 
 Gini coefficient of size inequality 
 Variances of heights and diameters 
 Species diversity and richness 

Fisheye Photos  Canopy openness 
 Element clumping (ΩE) 
 Gap-size distribution 
 Gap-size diversity 

LAI-2000 Transects  Gap fractions 
 Gap-size structure 
 Multiscaled wavelet variances 

 
 
Field Inventory Data. Each 2500-m2 field plot, along with its four internal 625-m2 
quadrants, were enclosed using survey string, and all live and dead standing trees found 
within the plot and greater than 1.3-m tall were sampled for top height (m), height to live 
crown (m), diameter at breast height (DBH; cm), species, crown class (dominant, 
codominant, intermediate, suppressed), and crown condition (intact, broken, or new 
leader). In stands that were extremely dense (>3000 to 9000 stems per hectare), trees 
were sub-sampled using five 8-m (201 m2) circular subplots rather than 4 adjoining 
quadrants described above (Figure 5). Measurements of height and diameter were used to 
compute basic stand-level attributes such as Lorey’s height (Magnussen and Boudewyn 
1998), quadratic mean diameter (Curtis and Marshall 2000), stem density, basal area, and 
total volume (Kozak 1994 Taper Equations, Version 4.1). 
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Hemispherical (fisheye) canopy photographs. A digital FujiFilm Finepix S1 Pro and 
Nikkor 8-mm, f/2.8 fisheye lens were used to collect skyward-looking fisheye photos at 9 
different photo-sites (labeled A to I) located in each ground-reference plot. Gap Light 
Analyzer (GLA), CIMES, and specialized image processing algorithms were used to 
extract measures of openness, element clumping (Appendix 1), gap-size-frequency 
distribution, and gap-size diversity (Frazer et al. 2000; Walter 2002; Walter et al. 2003). 
 
LAI-2000 PCA Gap Fraction Data. The LAI-2000 Plant Canopy Analyzer (PCA) is a 
portable, hand-held optical sensor designed to measure gap fraction (fraction of radiation 
transmitted by the canopy), leaf area index (LAI), and leaf angle distributions of plant 
and tree canopies. The LAI-2000 PCA optical sensor consists of 5 concentric silicon 
detector rings designed to measure the transmittance of diffuse skylight at approximately 
15-degree equal intervals of zenith angle: ring 1 (0-13 degrees), ring 2 (16-28 degrees), 
ring 3 (32-43 degrees), ring 4 (47-58 degrees), and ring 5 (61-74 degrees) (Welles and 
Norman 1991; Li-Cor Inc. 1992; Figure 6). We used the centre silicon detector ring (ring 
1) of two paired LAI-2000 PCA instruments to sample vertically transmitted diffuse 
skylight every 0.5 m along a 175-m transect located in each plot. In this paired-
instrument setup, one LAI-2000 instrument remained stationary outside the stand (above-
canopy reference), while the second instrument was used for discrete measurements of 
below-canopy light. A continuous 175-m transect was achieved by walking through the 
middle of one end of the plot, down the edge, back through the plot centre, down the 
opposing edge, and finally back through the middle of the far end of the plot (Figure 5). 
The amount of light reaching the sensor at any point along the transect was a function of 
the vertical layering (depth), density, and geometry of needles, shoots, and branches 
within crowns, as well as the size of inter-crown gaps created by the distribution of 
individual crowns within the plot. Gap fractions will therefore increase when there are 
fewer canopy elements overhead to intercept light (Figure 7). 
 

 
 
  
FIGURE 6. Diagram of the LAI-2000 PCA optical sensor. An optical lens is used to project diffuse 
skylight from within a 148-degree field of view (FOV) onto 5 concentric silicon detector rings. When the 
instrument is held level, Ring 1 measures the fraction of incident radiation penetrating the canopy from 
almost directly above (0 to 13 degrees).   
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FIGURE 7.  LAI-2000 PCA (Ring 1: 0 to 13 degrees) gap fractions measured every 0.5 m along a 175-m 
transect established in an old-growth (top; Plot 5) and young (bottom; Plot 12) forest stand. Gap fraction is 
calculated using the ratio of below- to above-canopy light measurements, and range from 1 (no obstruction) 
to 0 (complete obstruction). The spatial distribution of gap fractions is a function of foliage density, branch 
layering, and inter-crown spacing. Notice that the young stand is characterized by a higher-frequency and 
lower-amplitude signal compared to the old-growth stand. Wavelet analysis will be used to study the spatial 
structure of these 1-D signals. 
 
 

15 FII Forest Research Project R04-094 
 

 
 

15 FII Forest Research Project R04-094 
 

0 25 50 75 100 125 150 175
Distance (m)

0.0

0.2

0.4

0.6

G
ap

 F
ra

c t
io

n



 
 

Statistical Modeling of Stand-level Forest Structure and Spatial Heterogeneity 
  
 Development of reliable, lidar-based statistical models of stand structure and 
within-stand structural heterogeneity (diversity) requires accurate ground-reference 
(calibration) data derived from direct forest measurements. In this study, field 
measurements include standard mensurational data, as well as other in situ remotely 
sensed estimates of canopy structure based on light measurements and fisheye photos. 
The drawback of using traditional inventory data for ecological assessment and 
monitoring is that they only reflect the variable heights, diameters, or spacing of boles 
(stem mapped plots only), and largely ignore the density and distribution of foliage. 
Spatial characteristics of the foliar canopy are critically important for light interception, 
photosynthesis, energy and mass exchange, thermal cover, habitat, food, etc. (Canham et 
al. 1994; Parker 1995). One methodological goal of this research is to show how in situ 
optical and traditional mensurational data can be integrated to provide a more complete 
measure of forest stand structure and spatial heterogeneity. 
 Recent studies have shown that canopy surface expression (pattern) is strongly 
related to the spatial arrangement and size distributions of trees; needle, shoot, branch and 
crown architecture; species composition and stand age (Song et al. 1997; Chen and 
Bradshaw 1999; Drake and Weishampel 2000; Zenner and Hibbs 2000, Parker and Russ 
2004). We are currently using a fractal-related measure of texture know as lacunarity 

llain and Cloitre 1991; Plotnick et al 1993, 1996), 3-D stand simulations (see section 
elow), and statistical methods of ordination, clustering, and multivariate regression to 
xamine the relationships between canopy surface expression (3-D pattern) and internal 
tand structure. It is widely acknowledged that complex 3-D surfaces also contribute to 
ubstantial uncertainty in remotely sensed data (Ranson and Sun 1998). Therefore, 
nother important methodological goal of this research has been to examine whether 
dar-derived attributes of canopy surface pattern (multiscaled lacunarity) can be used in 
ultivariate regression to reduce the amount of unexplained variance associated 
aditional height-based (quantile) estimators of stand structure (Magnussen and 
oudewyn 1998). 

tegrating in situ optical and mensurational data. Statistical clustering (hierarchical and  
-means), ordination (principal components analysis), and ordinary-least-squares (OLS) 
gression are currently being used to separate our ground-reference plots into distinct, 

; Dale and Mah 1998), (3) quantitative indices of within-stand 
tructural diversity and size inequality derived using the variation in individual tree 
eights and diameters (Dixon et al. 1987; Latham et al. 1998; Neumann and Starlinger 

ntified in 
nitions for coastal temperate forests (Old-Growth Definition Task Group 
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b
e
s
s
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m
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B
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k
re
natural groupings based on differences in stand structure and diversity. Four separate 
kinds of attribute data are being used in this analysis: (1) canopy openness, gap-size 
diversity, and indices of canopy clumping extracted from hemispherical photographs 
(Frazer et al. 2000; Walter et al. 2003), (2) gap-fraction statistics and wavelet variances 
generated by wavelet transforms of high-resolution, LAI-2000 PCA gap-fractions 
(Bradshaw and Spies 1992
s
h
2001; Staudhammer and LeMay 2001), and (4) specific structural attributes ide
old-growth defi
1986; Franklin and Spies 1991; Wells et al. 1998; DeLong et al. 2004). 
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Canopy surface simulation and multiscaled lacunarity analysis. Lacunarity was a term
first coined by Mandelbrot (1982) to describe the texture or “gapiness” of complex frac
sets. More recently it has been applied in remote sensing as a measure of texture
classify and segment optical and microwave remotely sensed imagery (Ranson and Sun
1997; Dong 2000; Du and Yeo 2002; Dekker 2003). In this study, lacunarity was util
as a measure of the vertical and horizontal heterogeneity (gapiness) of a lidar-derived 3-D
forest canopy surface. We used the gliding-box algorithm first introduced by Allain and 
Coitre (1991) and further developed by Plotnick et al. (1993, 1996) to analyze the spatia
variation in quantitative (non-categorical) canopy heights for spatial scales ranging from
0.5 m to 50 m. In an effort to better understand the multiscal
we have simulated a total of 205 0.25-ha forest stands, each having a unique 3-D spatia
pattern (Figure 8). From these unique datasets, we have also extracted a number of 
attributes related to both stand and canopy surface structures, including log-transform
and normalized log-transformed, multiscaled-lacunarity curves (Figure 9). 

 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 8. Simulated old-growth (top left) and imma
pixel with x, y, and z dimensions) resolution. Canopy surf
model to create a 0.10-m resolution, simulated lidar surfac



 
 

 
 
 
     
 
 
 
 
 
 
 
 
 

-1 0 1 2 3 4
ln(Box Size, m)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
or

m
al

iz
ed

 l n
(L

ac
un

ar
ity

)

Young
Old

-1 0 1 2 3
ln(Box Size, m)

0.0

0.1

0.2

0.3

0.4

ln
(L

ac
un

ar
ity

)

Young
Old

4

 
and young (top right) canopy surface models were analyzed 

ultiscaled (0.5 m to 50 m), log-transformed lacunarity curves 
n old stands us es 

le layers, and aggreg es 
r ly distribute ).  

ta allows co  
reveals the mu

ression e the 
re influencin

odels of stand structure
tical rela

nd our ground-reference m
e (response variables).

ased quantile estimators combined with 

 

 

FIGURE 9. Simulated old-growth (top left) 
using a multiscaled lacunarity approach. M
(bottom left) are generated for both young a
that have larger gaps (old growth), multip
that are significantly higher than more unifo
Normalizing the log-transformed lacunarity d
change in the shape of the lacunarity curves 
Statistical cluster, ordination, and multivariat
principal attributes of stand and canopy structu
 
Lidar-based predictive m
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d ing a gliding-box algorithm. Canopy surfac
ated crowns produce log-lacunarity valu

d, monolayered canopy structures (immature
mparison of curve shapes (bottom right). The
ltiscaled structure of both crowns and gaps. 

 analyses are currently being used to determin
g the multiscaled behaviour of these curves. 

. Multivariate linear regression is 
tionship between lidar-derived height-

easures of plot height, density, 
 A second set of regression models will 

m
a
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quantitative measures of texture derived from lacunarity analysis. Results will be 
statistically compared to see if these new attributes contribute to any significant increase
in predictive strength or model parsimony.  
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2. Our work with hemispherical canopy photography and multiscaled lacunarity has led

to a new method for quantifying the amount of non-randomness (aggregation or 
clumping) in forest canopies (Appendix 1). Nonrandomness (ΩE) in forest canopies 
accounts for a substantial amount of underestimation in optical-based measures of 
leaf area index (LAI) (Kucharik et al. 1998). LAI is a key biophysical variable used

primary and ecosystem production are used to study the global carbon cycle or 
assess the potential impact of global climate change and carbon dioxide levels on 
terrestrial ecosystems. Earth-observation technologies are currently being employed 
to derive fine- to coarse-scale LAI estimates; however, these methods are dependent 
on accurate ground-based data for calibration. Frazer is currently working w
researchers at University of Sherbrooke, Canadian Space Agency, Université L
Pasteur (France), and Institut National de la Researche Agronomique (France) to 
validate this new procedure for extract cl
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URE 10. Detrended lidar point clouds extracted from ground-reference plots established in old-gro
 right) and young (top left) stands at the Sooke Lake site. These 3-D distributions of laser reflection
ort the classic descriptions of old-growth canopies as multilayered and young canopies as 
olayered. Vertical distributions of laser reflections from old-growth (middle left) and young (middl
t) stands are directly related to the vertical distribution of stand biomass and leaf area. Mensurational 
 measured at these same ground-reference sites show the amount of basal area per 2-m interval of 
ht class. Notice the correspondence between the frequency distribution of laser returns (middle g

 the vertical distribution of live- and dead-stem basal area. Enough lidar reflections have penetrated the 
se young canopy to reveal the underlying layer of advanced regeneration (western hemlock). 

H
ei

gh
t (

m
)

20 FII Forest Research Project R04-094 
 



 
 

21 

3. 
indicate that this technique is able to distinguish between very subtle differences in 

m

com

r of software program
s iii) 
iv  

p

er of this 
me

s e forest 

 
Optech Inc., developed, owned, and operated the world’s first commercial lidar 
sensor. TRSI has recently designed and built a second-generation lidar sensor called 
the Mark II, which will operate at flying altitudes of up to 3000 m, emit 50,000-plus 
laser pulses per second, and measure the intensity (amplitude) of multiple discrete 
events within each detected laser waveform. Formal partnerships with the private 
sector will help to ensure the dissemination of this research in an efficient and 
practical manner. 

ONCLUSIONS/MANAGEMENT IMPLICATIONS 

Preliminary results from the lacunarity analysis of canopy surface heterogeneity 
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 Forest stand structure has become a significant focus of research and management 
 North America for both theoretical and practical reasons (Franklin et al. 2002). First, 
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focused on the development of lidar-based remote sensing techniques specifically 
esigned for the rapid measurement of forest stand structure in support of long-term 
cological monitoring, ecosystem-based forest management, and certification. We believe 
at this research will support sustainable forest management in the following ways: 

. Improvement in the quality, timeliness, and breadth of forest inventory 

d
e
th
 
1

measurements. Forest companies and governments currently rely on forest inventories
to assess growth and yield, timber supply, and ecological site characteristics. Both th
goals and procedures of forest inventories have evolved over the past few decades to
reflect changing forest management objectives (Parminter 2000); however, inventory
measurements still focus heavily on timber supply and value (Lindenmayer and 
Franklin 2002), and often occur infrequently due to the time and expense required to 
undertake extensive ground-surveys.  Lidar remote sensing technology has the 
potential to drastically improve forest inventories, by (i) allowing more of the
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2. 

base to be surveyed more quickly, (ii) providing simultaneous collection of critica
terrain information, and (iii) enabling the rapid capture of otherwise difficult-to-
measure attributes of forest structure as surrogate measures of habitat and ecological
and biological diversity. 

Measurement and monitoring of stand structure for sustainable forest management. 
Coarse- and fine-filter strategies for conserving forest biodiversity focus exclusively
on the multi-scaled management of stand and landscape structures (Hunter 1990; 
Franklin 1993; Noss 1996; Hunter 1999; Lindenmayer and Franklin 2002). The 
coarse-filter approach recognizes the importance of natural disturbance as a critical 
component of forest ecosystems and thus promotes the maintenance of complex stand
and landscape structures (i.e., size, shape, abundance, and distribution of habitat 
patches and their within-patch diversity) within their natural range of spatial and 
temporal variability (Landres et al. 1999). The fine-filter approach is a complement t
the coarse-filter strategy and focuses on the protection of rare or endangered species
and the unique habitats (structures) they are dependent upon (e.g., old growth). 
Despite the theoretical promise of these two collaborative strategies there is still 
significant uncertainty whether they can preserv

 

 

o 
 

e biodiversity in the long-term, 

 

d 

 

 

because structure-based approaches have not been adequately tested, management 
objectives and prescriptions are not yet well defined, and the relationships between 
forest structure, ecosystem function, and biodiversity are not fully understood 
(Lertzman et al. 1997; Kremsater et al. 2003). Our research supports sustainable 
forest management in the following ways: (i) it provides new tools and forest 
measurements to help characterize stand structure in a more ecologically meaningful
way; (ii) these new ecologically relevant measurements can be used as critical 
feedback in support of effectiveness monitoring, adaptive forest management, an
forest certification; (iii) by allowing the rapid measurement of a very important 
covariate (i.e., within-stand structural diversity) for use in scientific studies seeking to
understand the complex links between ecosystem structure, function, and 
biodiversity. 
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3. Design and implementation of new retention-based silvicultural systems. The concept 
of structural retention (also known as variable retention) used in the design of new 

 that remain after all natural 
disturbances (Hansen et al. 1991; McRae et al. 2001; Franklin et al. 2002; Mitchell et 
al. 

system 
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ical 
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silvicultural systems is based on the biological legacies

2002). Variable patterns and types of structural retention (e.g., snags, coarse 
woody debris, large live trees, etc.) are designed to preserve a range of forest 
structures, ecosystem functions, and species, thereby improving the rate of eco
recovery and limiting both the short- and long-term impacts of intensive fores
management (Mitchell and Beese 2002; Beese et al. 2003). Our research will suppo
the design and implementation of structural retention in two distinct ways: (i) it will 
provide methods and tools necessary to study the fine-scale structure of local na
forests as a blueprint for the design of region-specific silvicultural systems; (ii) lidar 
remote sensing, in particular, may play an important role in the identification of k
biological anchors to plan the location, pattern, and scale of structural retention 
necessary to meet a broad range of management objectives. Examples of biolog
anchors include unique terrain and vegetative features such as riparian zones, 
wetlands, gullies, cliffs, large boulders, outcrops, large live trees (veterans), snags, 
coarse woody debris, old growth, and multiple canopy layers (Beese et al. 2003). 

 
4. Provision of reliable ground-reference measurements of stand structure a

for regional-scale forest mapping using space-based earth observation (EO) 
technologies. Widespread concern surrounding the causes and consequences of 
human-induced global warming and declining forest biodiversity has led to numerous
regional, national, and global, land-cover monitoring programs (Aber et al. 2001; 
Dale et al. 2001; Hansen et al. 2001; Franklin and Wulder 2002). Accurate broad
scale mapping of forest structure using space-borne sensors depends on scaling 
methodologies that link fine-scale measurements (often field-based measuremen
with progressively coarser-resolution image data (Chen and Cihlar 1996; Franklin 
2001; Chen et al. 2002; Hudak et al. 2002). The analytical techniques developed as 
part of this research could be used for stratified forest sampling to expand local, 
regional, and national networks of existing ground-reference plots to more remote or 
less frequently sampled a

 

-

ts) 

reas. New tools for rapid measurement of stand biomass, 
height, density, basal area, and volume support existing provincial and national 

 
 
 
 
 
 
 
 
 
 

carbon accounting and forest inventory initiatives (e.g., Canadian Forest Service, 
National Forest Carbon Accounting Framework, and National Forest Inventory). 

 

23 FII Forest Research Project R04-094 
 



 
 

LIT
 
Ab , 2001. 

idual 

Ald
port 

All tic 

Av cGraw-
k, NY. 456 p. 

altsavias, E.P., 1999. Airborne laser scanning: basic relations and formulas. ISPRS J. 

Bee s 
-

Bra ts 

Bra
 

Bun

Can

Car g 

hen, J., and Bradshaw, G.A., 1999. Forest structure in space: a case study of an old 

Che

 

Che g 

Chr

Cur

ERATURE CITED 

er, J., Neilson, R.P., McNulty, S., Lenihan, J.M., Bachelet, D., and Drapek, R.J.
Forest processes and global environmental change: predicting the effects of indiv
and multiple stressors. BioScience, 51(9): 735-751. 
red, A.H., and Bonner, G.M., 1985. Application of airborne lasers to forest surveys. 
Canadian Forest Service, Petawawa National Forestry Institute, Information Re
PI-X-51, 62 p. 
ain, C., and Cloitre, M. 1991. Characterizing lacunarity of random and determinis
fractal sets. Physical Review A 44(6): 3552-3558. 

ery, T.E., and Burkhart, H.E., 2002. Forest measurements. Fifth Edition, M
Hill, New Yor

B
Photogrammetry & Remote Sensing, 54: 199-214. 
se, W.J., Dunsworth, B.G., Zielke, K., and Bancroft, B., 2003. Maintaining attribute
of old-growth forests in coastal B.C. through variable retention. For. Chron., 79: 570
578. 
dshaw, G.A., and Spies, T.A. 1992. Characterizing canopy gap structure in fores
using wavelet analysis. J. Ecology 80: 205-215. 
ndtberg, T., Warner, T.A., Landenberger, R.E., and McGraw, J.B., 2003. Detection 
and analysis of individual leaf-off tree crowns in small footprint, high sampling
density lidar data from the eastern deciduous forest in North America. Rem. Sens. 
Environ. 85, 290-303. 
nell, F.L., Kremsater, L.L., and Wind, E., 1999. Managing to sustain vertebrate 
richness in forests of the Pacific Northwest: relationships within stands. Environ. 
Rev., 7: 97-146. 
ham, C.D., Finzi, A.C., Pacala, S.W., and Burbank, D.H., 1994. Causes and 
consequences of resource heterogeneity in forests: interspecific variation in light 
transmission by canopy trees. Can. J. For. Res., 24: 337-349. 
ey, A., Lippke, B., and Sessions, J. 1999. Intentional systems management: managin
forests for biodiversity. J. Sustain. For. 9: 83-125. 

C
growth spruce-fir forest in Changbaishan Natural Reserve, PR China. For. Ecol. 
Manage. 120: 219-233. 
n, J.M., Pavlic, G., Brown, L., Cihlar, J., LeBlanc, S.G., White, H.P., Hall, R.J., 
Peddle, D.R., King, D.J., Trofymow, J.A., Swift, E., Van der Sanden, J., and Pellikka, 
P.K.E., 2002. Derivation and validation of Canada-wide coarse-resolution leaf area
index maps using high-resolution satellite imagery and ground measurements. 
Remote Sens. Environ., 80: 165-184. 
n, J.M., and Cihlar, J., 1996. Retrieving leaf area index of boreal conifer forests usin
Landsat TM images. Remote Sens. Environ. 55: 153-162. 
istensen et al. 2000. Environmental issues in Pacific Northwest forest management. 
National Academy Press, Washington, D.C. 259 p. 
tis, R.O., and Marshall, D.D., 2000. Why quadratic mean diameter? Western J. 
Applied Forestry, 15(3): 137-139. 

24 FII Forest Research Project R04-094 
 



 
 

Dal

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D., 
Hanson, P.J., Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson, F.J., 
Stocks, B.J., and Wotton, B.M. 2001. Climate change and forest disturbances. 
BioScience 51: 723-734. 

ekker, R.J., 2003. Texture analysis and classification of ERS SAR images for map 
updating of urban areas in the Netherlands. IEEE Trans. Geoscience and Remote 
Sensing 41(9): 1950-1958. 

eLong, S.C., Burton, P.J., and Harrison, M., 2004. Assessing the relative quality of old-
growth forest: an example from the Robson Valley, British Columbia. BC J. 
Ecosystem Management 4(2): 1-16. 

ixon, P.M., Weiner, J., Mitchell-Olds, T., and Woodley, R., 1987. Bootstrapping the 
uality. Ecology 68: 1548-1551. 

ong, P., 2000. Test of a new lacunarity estimation method for image texture analysis. 

Dra
127. 

e 

Dubayah, R.O., and Drake, J.B., 2000. Lidar remote sensing for forestry. J. Forestry, 

Flo ercial lidar mapping. 

For ssessment Team (FEMAT). 1993. Forest ecosystem 

vironmental Protection Agency, 

Fou
 canopy structure from in situ optical sensors. In Wulder, M. and S. Franklin 

Fra
 to timber harvesting. In Creating a forestry for the 21st 

 pp. 

Fra ies, T.A., 1991. Ecological Definitions of Old-Growth Douglas-Fir 
eneral 

Fra , D.A., Berg, D.R., 

f natural forest ecosystems with 
silvicultural implications, using Douglas-fir forests as an example. For. Ecol. Man. 
155: 399-423. 

e, M.R.T., and Mah, M., 1998. The use of wavelets for spatial pattern analysis in 
ecology. J. Veg. Sci. 9: 805-814. 

D

D

D
Gini coefficient of ineq

D
Int. J. Remote Sensing 21(17): 3369-3373. 
ke, J., and Weishampel, J. 2000. Multifractal analysis of canopy height measures in a 
longleaf pine savanna. For. Ecol. Manage. 128, 121-

Du, G., and Yeo, T.S., 2002. A novel lacunarity estimation method applied to SAR imag
segmentation. IEEE Trans. Geoscience and Remote Sensing 40(12): 2687-2691. 

98(6): 44-46. 
od, M., 2001. Laser altimetry: from science to comm
Photogrammetric Engineering & Remote Sensing, 67(11): 1209-1217. 
est Ecosystem Management A
management: an ecological, economic, and social assessment. U.S. Department of 
Agriculture, Commerce, and the Interior, and the En
Washington, D.C. p. 111-139. 
rnier, R., Mailly D., Walter J.-M., and Soudani K. 2002. Indirect measurement of 
forest
(Eds), Remote sensing of forest environments: concepts and case studies. Kluwer 
Academic Publishers, Boston. 521p. 

Franklin, J.F., 1993. Preserving biodiversity: species, ecosystems or landscapes? 
Ecological Applications, 3: 202-205. 
nklin, J.F., Berg, D.R., Thornburgh, D.A., and Tappeiner, J.C. 1997. Alternative 
silvicultural approaches
century. Edited by K.A. Kohm and J.F. Franklin. Island Press, Washington, D.C.
111-139. 
nklin, J.F., and Sp
 Forests. In Wildlife and Vegetation of Unmanaged Douglas-Fir Forests, G
 Technical Report PNW-GTR-285. Portland, OR: USDA Forest Service. 
nklin, J. F., Spies, T.A., Van Pelt, R., Carey, A.B., Thornburgh
Lindenmayer, D.B., Harmon, M.E., Keeton, W.S., Shaw, D.C., Bible, K., and Chen, 
J. 2002. Disturbances and structural development o

25 FII Forest Research Project R04-094 
 



 
 

Franklin, S.E. 2001. Remote sensing for sustainable forest management. CRC Press, 
Boca Raton, Fla. 407 p. 
zer, G.W., Canham, C.DFra ., and Lertzman, K.P., 2000. Gap Light Analyzer (GLA), 

Go

ific Forestry Centre, Victoria, BC. Information 

Han , L.R., Currie, D.J., Shafer, 
 

 

ssons from natural forests. BioScience, 41: 382-

Hol , H., 2003. Simulating the effects of lidar scanning 

Hu f lidar 
or estimating and mapping forest canopy height. Remote 

Hu ts 
ntice-Hall, Englewood Cliffs, N.J. 370 p. 

Hy entation-based 
 

ing, 39: 969-975. 

 Columbia forest project. For. Chron. 79: 

Ku terization of radiation 

cepts in managing ecological systems. Ecol. Appl. 9: 1179-1188. 
g vertical 

ts 

Lef , G.G., and Harding, D.J. 2002. Lidar remote sensing 

Leg

Version 2.0: image processing software to analyze true-colour hemispherical 
photographs. Bull. Ecol. Soc. Amer., 81: 191-197. 

ugeon, F.A., and Leckie, D.G., 2003. Forest information extraction from high spatial 
resolution images using an individual tree crown approach. Natural Resources 
Canada, Canadian Forest Service, Pac
Report BC-X-396E. 27 p. 
sen, A.J., Neilson, R.P., Dale, V.H., Flather, C.H., Iverson
S., Cook, R., and Bartlein, P.J., 2001. Global change in forests: responses of species,
communities, and biomes. BioScience, 51: 765-779.

Hansen, A.J., Spies, T.A., Swanson, F.J., and Ohmann, J.L., 1991. Conserving 
biodiversity in managed forests – le
392. 
mgren, J., Nilsson, M., and Olsson
angle for estimation of mean tree height and canopy closure. Can. J. Rem. Sens., 
29(5): 623-632. 

dak, A.T., Lefsky, M.A., Cohen, W.B., and Berterreche, M., 2002. Integration o
and Landsat ETM+ data f
Sens. Environ., 82: 397-416. 

nter, M.L., Jr., 1990. Wildlife, Forests, and Forestry: Principles of Managing Fores
for Biological Diversity. Pre

Hunter, M.L., Jr. (editor), 1999. Maintaining biodiversity in forest ecosystems. 
Cambridge University Press, Cambridge, UK. 698 p. 

yppä, J., Kelle, O., Lehikoinen, M., and Inkinen, M., 2001. A segm
method to retrieve stem volume estimates from 3-D tree height models produced by
laser scanners. IEEE Trans. Geoscience & Remote Sens

Kremsater, L., Bunnell, F., Huggard, D., and Dunsworth, G. 2003. Indicators to assess 
biodiversity: Weyerhaeuser’s coastal British
590-601. 

charik, C.J., Norman, J.M., and Gower, S.T., 1998. Charac
regimes in nonrandom canopies: theory, measurements, and a simplified modeling 
approach. Tree Physiol. 19, 695-706. 

Landres, P.B., Morgan, P. and Swanson, F.J. 1999. Overview of the use of natural 
variability con

Latham, P.A., Zuuring, H.R., and Coble, D.W., 1998. A method for quantifyin
forest structure. For. Ecol. Manage., 104: 157-170. 

Lefsky, M.A, Cohen, W.B., and Spies, T.A., 2001. An evaluation of alternate remote 
sensing products for forest inventory, monitoring, and mapping of Douglas-fir fores
in western Oregon. Can. J. For. Res., 31: 78-87. 
sky, M.A., Cohen, W.B., Parker
for ecosystem studies. BioScience, 52: 19-30. 
endre, P., and Legendre, L. 1998. Numerical ecology. Elsevier Science, The 
Netherlands. p. 853. 

26 FII Forest Research Project R04-094 
 



 
 

Lertzman, K., Spies, T, and Swanson, F. 1997. From ecosystem dynamics to ecos
management. p. 361-406. In P. Schoo

ystem 
nmaker et al. (eds), The Rainforests of home: 

Li- ., 

Lim z, P., Wulder, M., St-Onge, B., and Flood, M. 2003. LiDAR remote sensing 

Lin en
. 

n 

Ma r 
. 

Magnussen, S., Eggermont, P., and LaRiccia, V.N., 1999. Recovering tree heights from 

Mandelbrot, B.B., 1982. The fractal geometry of nature. Freeman, New York, NY. 461 p. 

 tree 
 Science, 49: 457-466. 

rest 

Me B.J., Renslow, M., Emerson, L., and Hendrix, C.J. 2000. 

Mit tural disturbance as a guide to 

Mit n 
he principles of silvicultural systems. For. Chron., 78(3): 397-403.  

Næsset, E. and Bjerknes, K-O. 2001. Estimating tree heights and number of stems in 

Næsset, E. and Okland, T. 2002. Estimating tree height and tree crown properties using 
. 

Nel ape. Remote 

Nel egoire, T.G., and Oderwald, R. 

Nel
 

profile of a North American bioregion. Island Press, Washington, D.C. 
Cor Inc., 1992. LAI-2000 Plant Canopy Analyzer, Operating Manual. Li-Cor, Inc
Lincoln, Nebraska. 
, K., Treit
of forest structure. Prog. Phys. Geog. 27: 88-106. 
d mayer, D., and Franklin, J. 2002. Conserving Forest Biodiversity: a 
comprehensive multi-scaled approach. Island Press, Washington, D.C. 351 p

Maclean, G.A., and Krabill, W.B., 1986. Gross-merchantable timber volume estimatio
using airborne lidar system. Can. J. Remote Sensing, 12: 7-18. 
gnussen, S., and Boudewyn, P. 1998. Derivations of stand heights from airborne lase
scanner data with canopy-based quantile estimators. Can. J. For. Res. 28: 1016-1031

airborne laser scanner data. Forest Science, 45: 407-422. 

McCombs, J.W., Roberts, S.D., and Evans, D.L., 2003. Influence of fusing lidar and 
multispectral imagery on remotely sensed estimates of stand density and mean
height in a managed loblolly pine plantation. Forest

McRae, D.J., Duchesne, L.C., Freedman, B., Lynham, T.J., and Woodley, S., 2001. 
Comparisons between wildfire and forest harvesting and their implications in fo
management. Environ. Rev., 9: 223-260. 
ans, J.E., Acker, S.A., Fitt, 
Predicting forest stand characteristics with airborne scanning LiDAR. 
Photogrammetric Engineering & Remote Sensing, 66: 1367-1371. 
chell, R.J., Palik, B.J., and Hunter, M.L., Jr., 2002. Na
silviculture. For. Ecol. Manage. 155: 315-317. 
chell, S.J., and Beese, W.J., 2002. The retention system: reconciling variable retentio
with t

Næsset, E. 1997. Estimating timber volume of forest stands using airborne laser scanner 
data. Remote Sens. Environ. 61: 246-253. 

young forest stands using airborne laser scanner data. Remote Sens. Environ., 78: 
327-334. 

airborne scanning laser in a boreal nature reserve. Remote Sen. Environ. 79: 105-115
son, R. 1997. Modeling forest canopy heights: the effects of canopy sh
Sens. Environ., 60: 328-340. 
son, R., Jimenez, J., Schnell, C.E., Hartshorn, G.S., Gr
2000. Int. J. Remote Sensing, 21: 2153-2162. 
son, R., Krabill, W., and Maclean, G., 1984. Determining forest canopy 
characteristics using airborne laser data. Rem. Sens. Environ. 61: 246-253.

Nelson, R., Krabill, W., and Tonelli, J. 1988. Estimating forest biomass and volume using 
airborne laser data. Remote Sens. Environ. 24: 247-267. 

27 FII Forest Research Project R04-094 
 



 
 

Nelson, R., Oderwald, R., and Gregoire, T. 1997. Separating the ground and airborne
laser sampling phases to estimate tropical forest basal area, volume, and biomass. 
Rem. Sens. Environ. 60: 311-326. 

 

ntory 

., 145: 91-106.  
R 

No  landscape scale. In: R.C. Szaro and 

glas-fir 
r forests in the Pacific Northwest and California. U.S. Forest 

Oli  
Oll Comparing 

 Environ., 85: 453-462. 

demic Press, Orlando, Fla. pp. 73-

Par
 

 
astal forest industry. 

al 

Per

Per
forestry for the 21st century. Island Press, 

 Po eights with 
. Comp. 

Plo d, K., and  Perlmutter, M. 1996. 

01-211. 

Nelson, R., Valenti, M,A., Short, A., and Keller, C., 2003. A multiple resource inve
of Delaware using airborne laser data. BioScience 53: 981-992. 

Neumann, M., and Starlinger, F., 2001. The significance of different indices for stand 
structure and diversity in forests. For. Ecol. Manage

Nilsson, M. 1996. Estimation of tree heights and stand volume using an airborne LIDA
system. Remote Sens. Environ. 56: 1-7. 

ss, R.F., 1996. Conservation of biodiversity at the
D.W. Johnson (Editors), Biodiversity in Managed Landscapes: Theory and Practice. 
Oxford, New York, pp. 575-589. 

Old-Growth Definition Task Group, 1986. Interim definitions for old-growth Dou
 and mixed-conife
Service  Research Note PNW-447. 
ver, C., and Larson, B. 1996. Forest stand dynamics. John Wiley & Sons, NY. 520 p.
ier, S., Chessel, D., Couteron, P., Pélissier, R., and Thioulouse, J., 2003. 
and classifying one-dimensional spatial patterns: an application to laser altimeter 
profiles. Rem. Sens.

Parker, G.G. 1995. Structure and microclimate of forest canopies. In Forest canopies. 
Edited by M.D. Lowman and N.M. Nadkarni. Aca
98. 
ker, G.G., and Russ, M.E., 2004. The canopy surface and stand development: 
assessing forest canopy structure and complexity of near-surface altimetry. For. Ecol.
Manage, 189: 307-315. 

Parminter, J. 2000. From timber to biodiversity: the evolution of British Columbia’s 
forest inventory program. Forest History Today, Fall 2000: 12-19. 

Pearse, P. 2001. Ready for change: crisis and opportunity in the coastal forest industry. A
report to the Minister of Forests on British Columbia’s co
Vancouver, November 2001. 36 p. 

Persson, A., Holmgren, J., and Soderman, U. 2002. Detecting and measuring individu
trees using an airborne laser scanner. PE&RS 68: 925-932. 
ry, D.A., 1994. Forest ecosystems. Johns Hopkins University Press, Baltimore, MA. 
649 p. 
ry, D.A., and Amaranthus, M.P., 1997. Disturbance, recovery, and stability. In K.A. 
Kohm and J.F. Franklin (eds.), Creating a 
Washington D.C., p. 31-56. 
pescu, S., Wynne, R., and Nelson, R. 2002. Estimating plot-level tree h
lidar: local filtering with canopy-height based variable window size
Electronic Agric. 37: 71-95. 
tnick, R., Gardner, R., Hargrove, W., Prestegaar
Lacunarity analysis: a general technique for the analysis of spatial patterns. Phys. 
Rev. E 53: 5461-5468.  

Plotnick, R., Gardner, R., and O'Neill, R.,  1993. Lacunarity indices as measures of 
landscape texture. Landscape Ecology, 8: 2

28 FII Forest Research Project R04-094 
 



 
 

Ranson, K.J., and Sun, G., 1997. An evaluation of AIRSAR and SIR-C/X-SAR image
for mapping northern forest attributes in Maine, USA. Remote Sens. Environ. 59: 
203-222. 

s 

ment in Clayoquot Sound: planning and practices. B.C. 

Sei orne laser altimetry to determine fuel 

Son J.F., 1997. 

s 

Tro ll, B.A., Arksey, R., Marshall, V., and Pollard, D. 

nt report. Nat. Res. 

Tur  Relationships 

. 70: 52-68. 

sa pine forest. IEEE Int. Geosci. Rem. Sens. 

Wa er
graphs. Institut de Botanique, Université Louis 

hs. 

 

Welles, J.M., and Cohen, S. 1996. Canopy structure measurement by gap fraction 

We
3: 818-825. 

 of 

Wu rs), 2003. Remote sensing of forest 

Richards, F.J., 1959. A flexible growth function for empirical use. J. Exp. Bot. 10(29): 
290-300. 

Scientific Panel for Sustainable Forest Practices in Clayoquot Sound. 1995. Report 5: 
sustainable ecosystem manage
Ministry of Forests, Victoria, BC. 
elstad, C.A., and Queen, L.P., 2003. Using airb
models for estimating fire behavior. J. Forestry, 101(4): 10-15. 
g, B., Chen, J., Desanker, P.V., Reed, D.D., Bradshaw, G.A., and Franklin, 
Modeling canopy structure and heterogeneity across scales: from crown to canopy. 
For. Ecol. Manage. 96: 217-229. 

Staudhammer, C., and LeMay, V. 2001. Introduction and evaluation of possible indice
of stand structural diversity. Can. J. For. Res. 31: 1105-1115. 
fymow, J.A., Porter, G.L., Blackwe
1997. Chronosequences for research into the effects of converting coastal British 
Columbia old-growth forests to managed forests: an establishme
Can., Can. For. Ser., Pac. For. Cen., Info. Rep. BC-X-374. 137 p. 
ner, D., Cohen, W., Kennedy, R., Fassnacht, K., and Briggs, J. 1999.
between leaf area index and landsat TM spectral vegetation indices across three 
temperate zone sites. Rem. Sens. Environ

Vierling, L., Rowell, E., Chen, X., Dykstra, D., and Vierling, K. 2002. Relationships 
among airborne scanning lidar, high resolution multispectral imagery, and ground-
based inventory data in a pondero
Symposium (IGARSS’02), Toronto. 
lt , J.-M., N., 2002. CIMES: a package of programs for the assessment of canopy 
geometry through hemispherical photo
Pasteur, Strasbourg, France. 

Walter, J.-M., Fournier, R., Soudani, K., and Meyer, E., 2003. Integrating clumping 
effects in forest canopy structure: an assessment through hemispherical photograp
Can. J. Remote Sens., 29: 388-410. 

Wehr, A., and Lohr, U. 1999. Airborne laser scanning—an introduction and overview.
ISPRS J. Photo.& Rem. Sen. 54: 68-82. 

analysis using commercial instrumentation. J. Exp. Bot. 47: 1335-1342. 
lles, J.M., and Norman, J.M., 1991. Instrument of indirect measurement of canopy 
architecture. Agron. J., 8

Wells, R., Lertzman, K., and Saunders, S. 1998. Old-growth definitions for the forest
British Columbia, Canada. Nat. Areas. J. 18: 279-292. 

Wulder, M.A., 1998. Optical remote sensing techniques for the assessment of forest 
inventory and biophysical parameters. Prog. Phys. Geog., 22(4): 449-476. 
lder, M.A., and Franklin, S.E. (Edito
environments: concepts and case studies. Kluwer Academic Publishers, Boston, 
552 p. 

29 FII Forest Research Project R04-094 
 



 
 

Wulder, M.A., Niemann, K.O., and Goodenough, D.G., 2000. Local maximum filtering 
for the extraction of tree locations and basal area from high spatial resolution 

Zen
gmt. 129: 75-87.  

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 
 

 
 

 
 
 

 
 

 
 
 

imagery. Remote Sensing of Environment 73: 275-282. 
ner, E.K. and Hibbs, D.E. 2000. A new method for modeling the heterogeneity of 
forest structure. For. Ecol. M

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30 FII Forest Research Project R04-094 
 



 
 

 
 

 

ENDIX 1: 

g (ΩE) from  

 

 
 

 
 

 

 

 
APP

 
Software for Extracting Element Clumpin

Hemispherical Canopy Photographs 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

31 FII Forest Research Project R04-094 
 



 
 

 
 
FIGURE A1-1. Screen capture of software created to calculate the amount of non-randomness in forest 
anopies. Non-randomness is measured by a clumping index (ΩE) at discrete zenith angles ranging from 20 
 60 degrees from the local zenith. The red circles on the image represent lines of equal zenith angle (the 
allest circle corresponds to a zenith angle of 20 degrees, the largest circle is 60 degrees, and each 

oncentric ring represents 1 degree of zenith angle. These zenith-specific clumping indices are used to 
orrect gap-fraction-based algorithms that depend upon a random distribution of foliage for accurate 
stimates of leaf area index (LAI). We hypothesize that element clumping is also an important attribute 
escribing the spatial heterogeneity of forest canopies. This software computes gap-fraction statistics for 
ach zenith angle, including number of gap pixels, number of foliage pixels, gap fraction, number of 
iscrete gaps, minimum gap size, maximum gap size, mean gap size, coefficient of variation (COV) gap 
ze, and ΩE. 

 
 

FIGURE A1-2. Element clumping (ΩE) plotted as a function 
of zenith angle. As ΩE approaches 1, canopy elements become 
more randomly distributed. In contrast, small values of ΩE 
indicate a greater degree of spatial aggregation. Forest 
canopies are naturally clumped due to the organization of 
foliage along branches, branches within whorls, and whorls 
within crowns. At coarser scales, individual trees are spatially 
distributed within a stand. This example shows moderate 
levels of clumping between 20 and 60 degrees, with values 
averaging 0.61 (± 0.07 S.D.). 
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APPENDIX 2: 
 

Software for the Analysis of Stand Table Data, Stem Maps, 
And Lidar-Generated Canopy Surfaces 
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FIGURE A2-1. This software application was developed to compute plot-level statistics that describe the 

istribution of tree heights and diameters, crown widths and lengths, Lorey’s height, quadratic mean 
iameter, basal area, stem density, tree height percentiles, measures of height and basal area inequality 

ini coefficient) and diversity (Shannon’s Diversity Index, Von Gadow’s Height Differentiation Index). It 
lso calculates nearest-neighbour statistics (first-order) using three separate algorithms (Pielou, Clark and 
vans, Pollard). These data were all used as ground-reference for the stand simulation and lacunarity 
nalysis work. The top right graph shows rank-ordered individual tree heights colour-coded by species 
lass (Douglas-fir – red, western hemlock – blue, western redcedar – red, all other species – magenta). The 
ashed horizontal lines are height percentiles (5, 25, 50, 75, 95th). The black, cyan, and blue lines are 
orenz curves indicating the line of perfect equality (tree height), height inequality, and basal area 
equality, respectively. The area between the diagonal (perfect equality) and the lines of attribute 
equality is measured by the Gini coefficient. The lower right-hand plot is the associated stem map with 

ircles proportional to height and colour-coded by species class. 
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FIGURE A2-2. This program was developed for the analysis and visualization of gridded (raster) XYZ 

dar data. The application computes descriptive statistics based on canopy height and variation (range, 
OV), percent canopy cover (yellow pixels – ground elevations – divided by total pixels), Gini coefficient 
f canopy height inequality, Shannon’s Diversity Index, total volume under the canopy in m3, canopy 
eight percentiles, and 9 discrete scales of lacunarity (8 scales have been normalized to remove the 
fluence of data density). 
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