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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 biodiversity and ecosystem function. 
Forest structure can be more directly addressed by silvicultural prescriptions and 
regulatory policy than other aspects of stand ecology, and thus has become strong 
management focus as well. Our research project specifically looks at the utility of 
discrete-return, airborne laser scanning systems (LiDAR) for fine-scale remote 
measurements of stand structure and its spatial diversity. The main objectives of this 
research are two-fold: (i) to demonstrate how LiDAR can be used as a reliable source of 
forest structure information to characterize and update selected forestry attribute data 
(i.e., heights, basal area, stem density, and volume) on a plot, polygon (stand), and land-
holdings basis; (ii) to develop new, ecologically relevant LiDAR-based metrics (e.g., 
structural diversity) that will expand the range of traditional inventory measurements in 
support of sustainable forest management. The research outlined in this year-end 
operational report represents the work completed in year two of this three-year project. 
To-date, we have (i) processed, tiled, and archived LiDAR data collected by Mosaic 
Mapping Systems Inc. over approximately 80 km2 of natural forest (Sooke Lake 
watershed) and Weyerhaeuser-managed timberlands (Shawnigan Lake and Malahat) on 
southern Vancouver Island, (ii) constructed digital forest cover maps and databases for 
each of the three areas from existing GIS data, (iii) measured the height, diameter, height 
to live crown, species, crown class, and live or dead status for over 7,000 trees; collected 
5600 LAI-2000 Plant Canopy Analyzer (PCA) gap fraction measurements; and 560 
hemispherical photographs from the Sooke Lake watershed. We have recently received 
existing permanent plot and inventory data from Weyerhaeuser BC Coastal Group to 
support the inventory component of our study. We believe that this project may have 
significant impact on the way future operational inventories are undertaken in BC and 
elsewhere. Findings from this study could help reduce the overall costs of forest 
inventories, while improving the quality and kinds of new information required by forest 
managers and scientists today. 
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INTRODUCTION 
 
General Background and Project Rationale  

 
Many ecological processes (e.g., natural disturbance and succession), which 

operate at a range of spatial and temporal scales, act in concert to produce forest stands 
and landscapes that are structurally and biologically diverse (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 preserve the long-term health, productivity, 
and biodiversity of forests (Perry and Amaranthus 1997). During the last two decades, 
there has been rising concern within the public and scientific communities that intensive 
forest management (clear-cutting) may have significant negative impact on the long-term 
sustainability of our forests (Christensen et al. 2000). Implementations of silvicultural 
systems that preserve biological legacies (e.g., variable retention), establishment of 
riparian and old-growth reserves, and restoration of degraded forest ecosystems have all 
been identified as key ways to enhance or maintain ecological and biological diversity 
within stands and across landscapes (Lertzman et al. 1997; Lindenmayer and Franklin 
2002). 

Today, forest companies and the BC provincial government 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, 
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 (i.e., 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 (e.g., leaf area index, vertical and horizontal structural complexity, total above-
ground biomass, etc.). 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 would therefore allow forest companies to make more 
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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 
 

Scanning LiDAR is a relatively new and emerging remote sensing technology, 
with significant potential for the direct measurement of 3-D forest structure at a range of 
spatial scales (Lim et al. 2003). Scanning LiDAR systems are active sensors that emit 
short (2-6 ns), high-frequency laser pulses (1000 to 50,000 pulses per second) and then 
record the timing and amplitude (intensity) of the energy backscatter (Wehr and Lohr 
1999). Opto-mechnical scanning assemblies are used to increase sampling coverage by 
redirecting laser pulses across the flight path (Figure 1). The return time of flight 
recorded for each laser pulse is used to compute the precise range (distance) between the 
sensor and reflective objects on the ground. An onboard inertial measurement unit and 
global positioning system allows for accurate positioning (approx. 10 to 100 cm) of each 
laser return into a known coordinate system (Lim et al. 2003). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. 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, providing accurate 
3-D measurements of both the vegetative layer and ground surface structure (graphic 
courtesy of Mosaic Mapping Systems, Ottawa). 

 
 

2 FII Forest Research Project R02-24  
  
 



 
 

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 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 commonly used by commercial service providers. The LiDAR instrument 
(ALMIS-350) used in this study was a discrete-return (first and last), small footprint (0.9-
m diameter) sensor flown by Mosaic Mapping Systems Inc., Ottawa. 

Discrete-return LiDAR data have been successfully used to predict height to live 
crown (0.61 ≤ R2 ≤ 0.71), crown diameter (R2 = 0.58), basal area (0.51 ≤ R2 ≤ 0.95), tree 
height (0.59 ≤ R2 ≤ 0.98), gross volume (0.46 ≤ R2 ≤ 0.89), effective leaf area index (R2 = 
0.55), and stem diameter (R2 = 0.83)(Nilsson 1996; Næsset 1997; Nelson et al. 1997; 
Magnussen and Bowdewyn 1998; Means et al. 2000; Næsset and Okland 2002; Persson 
et al. 2002; Popescu et al. 2002; Vierling et al. 2002). However unlike optical and 
microwave remote sensing data (e.g., Turner et al. 1999; Lefsky et al. 2001), the 
empirical relationships between LiDAR data and above-ground biomass are non-
asymptotic, even at very high levels (e.g., 1200 Mg/ha; Means et al. 2000; Lefsky et al. 
2001). Although many of these recent studies have demonstrated the potential of LiDAR 
as a forest measurement tool, very few have attempted to show how LiDAR data could be 
used to update an existing inventory database (Næsset and Bjerknes 2001). Also, we 
know of no other published research that exists so far that has shown how discrete-return 
LiDAR could be used to measure stand structural complexity in any forest biome.  

 
Research Objectives  
 

The two primary objectives of this research are (1) to determine the utility of 
discrete-return LiDAR mapping systems to support operational forest inventories, and (2) 
to extend the number and kind of forest inventory measurements to include those that 
would support the recent move towards ecosystem-based management objectives. 
Specific project goals are as follows: 
 
Objective #1: To demonstrate how LiDAR data can be used as a reliable source of forest 
structure information to characterize and update select forest inventory attributes on a 
polygon (stand) and land-holdings basis. 
 

Forest inventory procedures currently rely on air-photo interpretation and 
intensive timber cruising to update forest cover maps and databases. Consequently, 
frequent updates to inventory databases can be expensive and time-consuming, 
particularly when forest sites are remote or cover large management areas. Also, as more 
mature and old-growth coastal forests are harvested or removed from BC’s timber 
supply, there will be an increased focus on managed second-growth forests as a future 
source of timber (Pearse 2001). Both these aspects present a considerable management 
challenge to forest companies now, and in the future, and indicate an immediate need for 
cost-effective technologies that will improve the accuracy and time required to collect 
critical stand structural information.  Specific goals for this component of the research 
include: 
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1. Development of site-specific regression equations to predict tree height, basal area, 
and gross volume on a plot- and stand-level (forest cover polygon) basis using 
LiDAR-derived height and canopy-surface variables, and ground-based inventory 
measurements collected by Weyerhaeuser. 

 
2. Site-specific regression equations will be used to compute plot- and stand-level 

height, basal area, and gross volume using a series of sampling approaches based on 
(i) contiguous LiDAR coverage and (ii) a subset of discrete, non-overlapping, LiDAR 
flight lines (transects). 

 
3. LiDAR-derived inventory results will be compared with inventory estimates on a 

plot, polygon (stand), and complete land-holdings basis. A detailed statistical analysis 
will be undertaken to detect the magnitude and sources of error between these two 
inventory approaches. 

 
4. Findings from these comparisons will be used to recommend optimal LiDAR survey 

and sampling configurations that balance time, cost, and measurement accuracy. 
 
Objective #2: To develop new, ecologically relevant, LiDAR metrics that will expand the 
range of traditional inventory measurements in support of sustainable forest management. 
 

Climate, disturbance history, succession, topography, and soils all have a 
profound influence on the structural and biological diversity of forest ecosystems. Present 
strategies for preserving biodiversity in managed forests are based on the idea that 
maintaining the range of structural conditions historically present in natural forests is the 
best approach for assuring the persistence of a broad range of native species (Carey et al. 
1999; Landres et al. 1999). Here, our intent is to show how ground-based optical 
instruments (Fournier et al. 2002) and LiDAR technology can be used to characterize the 
structural diversity of forests. We believe that new, ecologically relevant forest 
measurements will support a number of research and sustainable forest management 
applications, such as (i) monitoring habitat complexity; (ii) identifying old-growth 
structures; (iii) studying existing natural forests as a blueprint for new silvicultural 
systems; (iv) growth and yield modeling; (v) ecological and biodiversity assessments. 
Specific goals for this component of the research include: 

 
1. Development of quantitative indices that describe the complex surface and internal 

structure of young (> 20 years) to old (> 200 years), managed and unmanaged forests 
at the plot-level (625 m2 and 2500 m2). 

 
2. Use these new quantitative indices and LiDAR heights as predictor variables in 

multivariate regression to compute other important biophysical attributes (e.g., total 
above-ground biomass, volume, basal area, and canopy closure, gapiness, and 
clumping). 
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Brief Project History and Milestones 
 
 The 3-year project described in this report was initially funded by Forest Renewal 
BC (FRBC) its first year (FRBC PAR02009-04) and by Forest Innovation Investment 
(FII) in its second year FII R02-24). We have reapplied to FII for research funding to 
complete the final year (2003-2004). The project is currently on track and with successful 
funding could be completed by March 31, 2004. The following is a summary of the 
milestones accomplished to date: 
 
1. Mosaic Mapping Systems Inc. successfully collected high-resolution, discrete-return 

LiDAR data over approximately 80 km2 of natural forest and managed timberlands 
located at three separate locations on southern Vancouver Island (see, examples of 
3-D LiDAR images in Appendix I)(November 2001).  

 
2. All post-processed (unclassified) LiDAR data for each of the 3 sites (Sooke, 

Shawnigan, and Malahat blocks) were delivered by MMS (January 2002).  
 
3. Ground-reference plots were established in the Sooke Lake watershed during early 

May 2002, and sixteen 2500 m2 plots and sixty-four 625 m2 nested subplots were 
sampled for tree height, diameter, height to live crown, species, crown class, and 
live/dead status. Over 7000 trees were sampled, 5600 LAI-2000 PCA measurements 
taken, and 560 fisheye photos were collected (October 2002).  

 
4. Field mensurational data have been converted to digital format (MS Excel 2000); 

photographs have been developed and converted into digital graphic format (TIFF); 
and raw LAI-2000 PCA light measurements have been converted to gap fractions and 
stored in MS Excel format (November 2002). 

 
5. All mensurational data have been successfully converted to plot-level estimates of 

stem density (stems per hectare), basal area (m2/ha), gross volume (m3/ha), quadratic 
mean diameter (cm), mean diameter (cm), Lorey’s height (m), and mean height (m). 
All of these attribute data have been stratified by species, crown class, and living or 
dead (December 2002). 

 
6. All LiDAR data have been classified as ground or vegetation for all three areas. 

These data have been separated into 1-km2 tiles and archived in ASCII format. Blocks 
(300 m x 300 m) of lidar data were extracted over each of the Sooke Lake plots and 
separate surface models have been constructed for the ground and canopy elevations 
(January 2003). 

 
7. We have received all of the requested permanent plot, inventory, high-resolution 

aerial photography, and GIS data from Weyerhaeuser BC Coastal Group to proceed 
with the inventory component of the research (March 2003). 
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METHODS 
 
Description and Location of Study Areas 
 
 Three main LiDAR sampling sites (i.e., Sooke Lake, Shawnigan Lake, and 
Malahat) were located in natural and managed forests located on southern Vancouver 
Island, approximately 45 km from downtown Victoria.  All three sites 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). All of the 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. 
 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 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 will be used to conduct the LiDAR 
inventory study (Research Objective #1) and selected plots in the Sooke Lake watershed 
will be used as a pilot study for LiDAR measurements of structural complexity (Research 
Objective #2). 
 
LiDAR Data Collection, Post-Processing, Classification, and Canopy Modeling  
 

Discrete-return (first and last return, and 8-bit intensity) LiDAR data were 
collected over all three sites between November 1 and 6, 2001 using Mosaic’s ALMIS-
350 helicopter-mounted LiDAR system (Figure 2). 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 have been subsampled into 1-km2 tiles and are stored in either 
ASCII or SURFER grid (*.grd) formats. SURFER terrain modeling software was used to 
construct canopy and ground surface models for each of the ground-reference sites. These 
models will be used to extract LiDAR metrics (e.g., quantiles of canopy height, fraction 
of ground returns, canopy surface roughness, fractal dimension, etc.) that, in turn, will be 
used in regression analysis to predict tree heights, basal area, volume, biomass, and 
structural complexity.  
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Fig. 2. Location of LiDAR flight lines. All three sites are located on southern Vancouver 
Island, approximately 45 minutes northwest of Victoria. Solid black lines represent the 
orientation and length of the survey flight lines. 

 
Field Measurements and Data Analysis 
 
Malahat Permanent Plot and Inventory Data (Research Objective #1). Weyerhaeuser BC 
Coastal Group has recently sent us detailed permanent plot and inventory data for their 
Malahat property. These data will be used to help demonstrate how LiDAR data can be 
utilized as a reliable source of forest structure information to characterize and update 
select forest inventory attributes on a polygon (stand) and land-holdings basis. This phase 
of the research has not yet been completed and is subject to continued FII funding for the 
final year of our project. The proposed methodology for each step in the analysis is 
outlined below: 
 
1. Determine the empirical relationship between LiDAR metrics and inventory variables 

on a plot and polygon basis. Ordinary least squares (OLS) multiple regression will be 
used to model the statistical relationship between LiDAR data (independent variable) 
and the ground-based inventory measurements (dependent variable). LiDAR-based 
variables will be constructed using specific height quantiles and other derivatives 
extracted from similar-sized sample plots positioned over each of the field-based 
prism plots (Means et al. 2000; Næsset and Okland 2002). A random subset of prism 
plots will be excluded from the model development stage so that they we can assess 
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the predictive strength of our fitted models. A regression model will also be 
developed and assessed using inventory and LiDAR data extracted at the polygon 
level. 

 
2. Characterize forest structure on a polygon and land-holding basis using the fitted 

regression models and a number of different LiDAR sampling strategies. Once we 
have reliable plot- and stand-level regression models in place, we will use a number 
of different LiDAR sampling strategies to characterize a range of tree and stand 
attributes on a polygon and land-holding basis. We have identified seven possible 
sampling patterns based on assumptions of either spatially complete or incomplete 
LIDAR coverage. The fitted regression models will be used to calculate the structural 
attributes of interest within each of the positioned LiDAR sample plots. 

 
3. Compare the LiDAR inventory results with those derived from traditional cruise 

methods. We will use appropriate statistical methods to compare the inventory results 
derived from each of these two methods. Results of this comparison will be used (i) to 
make recommendations regarding the potential of LiDAR as an operational inventory 
tool, and (ii) to outline the best possible approach for sampling. 

 
Sooke Lake Ground-Reference Plots and Field Measurements (Research Objective #2). 
In May 2003, we established twenty-four (24) 50-m × 50-m (2500 m2) ground-reference 
plots in a range of young (20 to 80 years) to old (>200 years), managed and natural forest 
stands in the Sooke Lake watershed. Each ground-reference plot consisted of a single 
centre post (located with Trimble Pro-XRB GPS receiver), four plot (2500 m2) corner 
posts, and 4 subplot (625 m2) corner posts (Figure 3). Of these 24 stands, we chose 16 of 
the most unique stands to establish a strong gradient of structural complexity that would 
represent variations in stand age, site quality, and management regime. Of the 16 
measured stands, 5 were immature (20 to 80 years; logging and wildfire origin), 5 were 
mature (>80 to 200 years; wildfire origin), and the remaining 6 were old growth (>200 
years; wildfire) (Table 1). 
 

N

E

S

W

50
 m 50 m

Legend

50-m x 50-m (2500 m2) mensuration plot

8-m (5 x 201 m2 = 1005 m2) 
mensuration subplot for immature 
stands (approx. 40 percent of total area)

Attributes

Height (m); DBH (cm); Height-to-live crown (m);
Species; and Crown Class for all live and dead stems 
(heights and DBH only) above 1.3 m in height. Depth 
of shrub layer measured every 2 m along transects 
oriented N to S and E to W through the centre of the 
plot.

Plot Layout

Plot quadrants I, II, III, IV

I

II

III

IV

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Layout of LiDAR ground-reference plots. Circular plots (8-m) are used to sub-
sample very dense and uniform, young stands.
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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. 

 
 
 

9 FII Forest Research Project R02-24   
   
 



 
 

All live and dead trees greater than 1.3 m in height were measured for species, 
diameter (cm), height (m), height to live crown (m), crown length (m), and crown class 
(i.e., dominant, codominant, intermediate, and suppressed). We also located 9 
hemispherical (fisheye) canopy photo points and 175-m LAI-2000 PCA light sampling 
transects in each stand. In total, we inventoried 7195 individual trees, collected 560 
fisheye photos, and measured 5600 gap fractions. All of these data will be used to 
develop new ground-based methods to measure stand structural complexity. In turn, these 
new ground-based complexity measures will be used as ground truth to develop stand 
structural complexity indices from the airborne LiDAR data. Development of these 
methods is contingent upon further FII research funding. The proposed methodology for 
this phase of the work is as follows: 

 
1. Develop a plot-level index and ranking of structural complexity using mensurational 

and optical sensor data. One of the main drawbacks of using standard mensurational 
data to construct indices of stand structural complexity is that they only reflect the 
variable heights, diameters, or spacing of boles, and largely ignore the density and 
distribution of foliage. Spatial characteristics of the foliar canopy are critically 
important for photosynthesis, energy and mass exchange with the atmosphere, 
thermal cover, habitat, etc. (Parker 1995). We will generate an index of structural 
complexity using four separate sources of ground-reference data: (i) indices of 
canopy clumping extracted from hemispherical photographs (Plotnick et al. 1996; 
Walter et al. 2003), (ii) quantiles of wavelet variances generated by wavelet 
transforms of high-resolution, LAI-2000 PCA, gap-fraction data (Bradshaw and Spies 
1992), (iii) structural diversity indices (e.g., Shannon’s Index) derived using the 
variation in individual tree heights and diameters (Staudhammer and LeMay 2001), 
and (iv) selected structural attributes identified in old-growth definitions for coastal 
forests (Wells et al. 1998). We will combine some or all of these data using 
ordination techniques (e.g., principal components analysis) to rank the 16 sites by 
their degree of structural complexity (Legendre and Legendre 1998) 

 
2. Develop a plot-level index of structural complexity using LiDAR data and compare it 

to the ground-reference ordination results. Recent studies have shown that canopy 
surface expression is strongly related to the internal structural complexity of forests 
(Drake and Weishampel 2000; Zenner and Hibbs 2000). Ordination techniques will 
again be used to combine the following LiDAR-derived structural measures: (i) 
indices of canopy surface roughness derived using fractal and multifractal parameters 
(Drake and Weishampel 2000), (ii) relative surface area and/or canopy volume, (iii) 
diversity indices based on the variation in LiDAR heights (e.g., Shannon’s Index), 
and (iv) quantiles of LiDAR heights and other derivatives. We will statistically 
compare the results generated by the LiDAR and ground-reference ordinations to 
assess the potential of LiDAR data as a possible measure of stand structural 
complexity. 

 
3. Determine the empirical relationships between LiDAR metrics and traditional 

measures of stand structure. OLS multiple regression will be used to model the 
statistical relationship between LiDAR-derived metrics (independent) and ground-
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based estimates (dependent) of height, basal area, volume, and biomass. We expect 
that LiDAR variables other than simple quantiles of height may improve the 
predictive ability of regression models on species-rich, vertically and horizontally 
complex, old growth, or droughty sites. Therefore, we will test to see how well 
comprehensive LiDAR variables, such as fractal dimension, relative surface area, or 
some multifractal parameter, may help to improve the predictive strength of the final 
fitted models. 

 
Innovative Aspects of the Research 
 

A number of recent published papers demonstrate the significant potential of 
discrete-return LiDAR for measuring a range of forest attributes (e.g., heights, volume, 
biomass, etc.); however, no published studies exist to show how this technology could be 
used to update an existing forest inventory database. Also, sustainable forest management 
practices depend on new kinds of ecologically relevant forest measurements to help 
monitor and conserve ecosystem function and biodiversity. Present strategies for 
preserving biodiversity in managed forests are based on the idea that maintaining the 
range of structural conditions historically present in natural forests is the best approach 
for assuring the persistence of a broad range of species (Carey et al. 1999; Landres et al. 
1999). Our project attempts to demonstrate how commercial LiDAR systems can be used 
to (i) support operational forest inventories, and (ii) collect other ecologically relevant 
variables (e.g., stand structural complexity) that will expand the range of traditional to 
inventory measurements in support of sustainable forest management. 

We expect that our research may lead to a more efficient and effective way to 
monitor forest stand structure. This project contains many new and novel ideas that will 
be of significant interest to forest scientists and managers working in all forest types in 
BC and elsewhere. Airborne LiDAR may also play a significant role in the collection of 
ground-truth data for regional, national, and global forest productivity, climate change, 
and carbon accounting studies. Therefore, our research will also be of significant interest 
to the international remote sensing community in general. 

Expected outputs from this project, when successfully completed, include: (i) an 
initial proof-of-concept that demonstrates how LiDAR data can be used to support and 
enhance traditional forest inventory procedures in BC coastal forests, (ii) new regression 
models for LiDAR forestry applications, (iii) new data on forest stand structure, (iv) new 
methods for computing stand structural complexity using standard mensurational and 
optical sensor data, and (v) a report on research findings and recommendations for the 
potential use of airborne LiDAR as a comprehensive forest inventory tool. 
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DISCUSSION 
 
Planned Research Activities, Results, and Outputs  
 
 We wanted to accomplish four main workplan activities in fiscal year (FY) 2: (i) 
establish and survey 24 ground-reference plots in the Sooke Lake watershed to support 
the research on stand structural complexity (Research Objective #2); (ii) complete the 
LiDAR data processing (filtering and classification) for the 3 surveyed areas (Sooke, 
Shawnigan, and Malahat blocks); (iii) convert the field data (i.e., mensurational, photos, 
gap fractions) into electronic format, then begin checking, filtering, and summarizing 
these data for final archive before analysis; and (iv) acquire permanent plot, inventory 
data, airphotos, and forest cover maps from Weyerhaeuser BC Coastal Group to support 
the inventory component of our research (Research Objective #1). We have achieved all 
of the activities, milestones, and outputs outlined in our approved workplan (Table 2). 
However, due to delayed start of the original Forest Renewal BC award, we were unable 
to undertake any of our planned fieldwork until FY2. As a result, only 16 of the planned 
24 field plots were surveyed. Nevertheless, the 16 stands we did inventory have a very 
wide range of stand structures and will provide excellent data for exploring the empirical 
relationships between LiDAR-derived measurements and structural complexity. We do 
not anticipate any further need to expand the dataset to meet the overall objectives 
outlined in our original proposal. 
 
Knowledge Gaps, Uncertainties, and Expected Benefits of the Research 
 

The forest inventory is the primary mechanism used to estimate growth, yield, and 
potential timber supply on public and private lands in BC. In turn, forest companies and 
the province rely on these estimates to plan and project harvest amounts, rates, and 
revenues. Forest inventories can be based on a variety of sampling techniques that 
achieve different levels of accuracy depending on sampling intensity and design. We 
believe that integration of LiDAR data with conventional inventory techniques may 
lessen the cost, while substantially improving timely access to accurate and reliable 
inventory data. Augmenting traditional inventory data with LiDAR measurements has the 
potential to reduce the uncertainty of inventory data in two general ways. First, airborne 
LiDAR technology allows more of the land base to be surveyed, thereby increasing the 
sample size and reducing the standard error of the survey results (e.g., mean wood 
volume per hectare). Second, forest inventories require significant expenditures of capital 
and time, and therefore may not be repeated as often as they should. LiDAR surveys may 
provide a cheaper, more efficient way to collect inventory data on a more regular basis, 
thus allowing important forest management decisions to be made using current rather 
than outdated stand structure information. 

 Structure-based forest management approaches have been strongly advocated as 
the most promising way to preserve ecosystem function and biodiversity in managed 
forests (Forest Ecosystem Management Assessment Team 1993; Scientific Panel for 
Sustainable Forest Practices in Clayoquot Sound 1995; Lindenmayer and Franklin 2002). 
Nevertheless, there is significant uncertainty whether structure-based approaches will 
preserve biodiversity in the long term, because these methods are so far untested, and the 
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relationships between forest structure, ecosystem function, and biodiversity are not fully 
known (Lertzman et al. 1997). Our project will be used to develop a technique to measure 
structural complexity at the plot scale, and will thus provide the tools necessary for 
scientists and forest managers to study and monitor this key attribute and its intricate link 
with biodiversity. 
 
Planned Future Research 
 
 The research described in this report represents the progress made in our second 
year of a 3-year project. Our research is therefore incomplete and will require an 
additional year of funding to accomplish the objectives outlined in our initial proposal 
submission. We have submitted another research proposal to FII this past April 2003, 
which outlines the methodology, effort, and resources required to successfully complete 
this study. All of the data required to finish this research are in place and we do not 
anticipate any reason why this project cannot be successfully completed if funding 
continues. 
 
 
SUMMARY AND CONCLUSIONS 
 

Forest companies and the province rely heavily on forest inventories to compile 
information on stand structure and ecological site conditions. In turn, these data are used 
to evaluate timber volumes, growth and yield, the annual allowable cut (ACC), habitat 
suitability, and ecosystem health. Forest inventories are therefore a critical component of 
forest management in BC (Parminter 2000). We believe that commercial LiDAR data, 
when used in combination with traditional inventory procedures, will (i) reduce the need 
for large networks of inventory plots, (ii) allow more of the forest to be surveyed in a 
much shorter period of time, and (iii) provide a mechanism to measure new forest 
variables (i.e., biomass, carbon, leaf area index, and structural complexity) that are 
important for sustainable forest management at stand, landscape, and global scales. All of 
these advantages could help to reduce the costs of timber production, while improving the 
quality and kinds of new information required by forest managers and scientists today. 

The two primary objectives of our research are (i) to determine the utility of 
discrete-return LiDAR mapping systems to support operational forest inventories, and (ii) 
to extend the number and kind of new forest inventory measurements to include those 
that would support the recent move towards ecosystem-based management objectives. So 
far, we have collected and processed all of the LiDAR data for each of the three main 
sites (Sooke, Shawnigan, and Malahat); completed all of the required fieldwork; and, 
have obtained all permanent plot and inventory data necessary to proceed with the 
LiDAR inventory simulations on the Malahat property. With continued funding this fiscal 
year, we believe that we can successfully accomplish all of the objectives listed in our 
original proposal.  
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TABLE 2. Summary of planned research activities, results, and outputs. 
 

Planned Activities Results Outputs 
Establish and survey 24 ground-reference 
plots in the Sooke Lake watershed. 

24 ground-reference plots were established 
and 16 were completely inventoried. In 
total we measured 7195 trees, collected 
560 fisheye photos, and sampled 5600 gap 
fractions. 

Ground-reference plot locations, 
measurements, and notes. 

Complete the LiDAR data filtering and 
classification (ground versus vegetation 
returns) for the Sooke, Shawnigan, and 
Malahat survey areas. 

All LiDAR data have been filtered and 
classified for each of the three areas. These 
data have been separated into 1-km2 tiles 
and archived in ASCII format. Blocks (300 
m x 300 m) of LiDAR data were extracted 
over each of the Sooke Lake plots and 
separate surface models have been 
constructed for the ground and canopy 
returns. 

Three discrete-return LiDAR datasets that 
have been filtered, classified, and tiled. 

Convert the field data (i.e., mensurational, 
photos, gap fractions) into electronic 
format, then begin checking, filtering, and 
summarizing these data for final archive 
before analysis. 

All mensurational data have been 
successfully converted to plot-level 
estimates of stem density (stems per 
hectare), basal area (m2/ha), gross volume 
(m3/ha), quadratic mean diameter (cm), 
mean diameter (cm), Lorey’s height (m), 
and mean height (m). All of these attribute 
data have been stratified by species, crown 
class, and living or dead 

MS Excel formatted files containing 
summarized mensurational data for the 
Sooke Lake watershed; 560 digital fisheye 
canopy photos (TIFF); 16 1-D gap fraction 
transects in MS Excel format. 

Acquire permanent plot and inventory data 
from Weyerhaeuser BC Coastal Group to 
support the inventory component of the 
research. 

We have received all of the requested data 
from Weyerhaeuser. 
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APPENDIX I: 
 

Examples of LiDAR Surface Models 
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