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ABSTRACT 

The current mountain pine beetle (Dendroctonus ponderosae Hopkins) infestation in British 

Columbia is the largest in recorded history and has caused unprecedented damage to the lodgepole 

pine (Pinus contorta Dougl. var. latifolia Engelm.) forests of the interior of the Province. During 

the early years after attack, changes to overall crown structure are relatively minor, due to low 

needle loss, however within several years, needle-loss can be substantial even at the stand-level. 

This can have a significant effect on snow-hydrology due to the canopy’s role in interception and 

accumulation, and its impacts on radiation transmission, wind speed, and the overall snow melt 

energy balance. In this paper we assess the capacity of Light Detection and Ranging (LiDAR), 

analysed with high spatial resolution digital camera imagery, to assess changes in forest cover and 

structure due to beetle infestation at both the individual tree and stand-level. Results indicate that 

the density of LiDAR returns from tree crowns is highly affected by the later health status of the 

tree with a larger number of returns from green and early attack phases and a significantly smaller 

number of returns from grey attack crowns (tested using a Post hoc Kolmogorov-Smirnov tests p < 

0.05). At the stand level, a number of significant relationships exist between plot-level indicators of 

infestation, and LiDAR-derived structural metrics, in particular with vegetation cover (r2 = 0.76, p 

< 0.001). The total number and vertical distribution of return from vegetation in green, red-

attacked, and grey-attacked pines stands were distinct. We conclude that the potential to combine 

the structure information derived from LiDAR technology, with assessment of heath status from 

aerial imagery, provides unique quantitative data that may be used to map lodgepole pine stands 

according to structural attributes that are relevant to both silviculturalists and hydrologists.   
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INTRODUCTION 

The mountain pine beetle (Dendroctonus ponderosae Hopkins) is one of the most destructive 

insects in western North America (Wood 1963; Safranyik et al., 1974; Wood and Unger, 1996, 

Maclauchlan, 2007). The total area impacted by the current mountain pine beetle outbreak in 

British Columbia, Canada, increased from approximately 164,000 ha in 1999 to 10.1 million ha in 

2007 (Westfall and Ebata 2008). The unprecedented extent of damage caused by the infestation has 

resulted in a need for spatial data, at varying resolutions, outlining the location and extent of beetle 

damage. 

 

The annual life cycle of the mountain pine beetle normally has four stages: egg, larva, pupa, and 

adult. In mid- to late-summer, female beetles attack the tree bole and lay their eggs beneath the 

bark. The eggs hatch shortly thereafter, and the resulting larva feed on the tree's phloem (Safranyik 

et al., 1974). By the following summer, the larvae mature to adults, at which point they emerge 

from the tree and spread to susceptible hosts (Unger, 1993). Lodgepole pine are well-adapted to 

regeneration after stand destruction, whether due to wildfire or harvesting. Therefore, many beetle-

attacked stands were composed of a high percentage of suitable hosts due to their relatively 

uniform age and high percentage of pine. Such stands can therefore experience extensive mortality 

when attacked. Immediately following attack, crown needles remain visibly unchanged; however, a 

drop in sapwood moisture due to the subsequent infection by beetle-introduced fungus leads to the 

cellular breakdown of needle structure (Murtha, 1978; Murtha and Wiart, 1987). The physiological 

changes in the infested tree manifest as changes in foliage color. Crowns generally fade from green 

to yellow to red following the infestation as the pigments are lost (Amman, 1982; Henigman et al., 

1999, Wulder et al., 2005). An infested tree that retains green foliage is in the “green-attack” stage. 

As the foliage desiccates and the pigments break down over the spring and summer following 
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attack, the crown fades to red, i.e. the “red–attack” stage. Trees that have shed the majority of their 

needles are referred to as “grey-attack” (Unger, 1993). The rate at which trees deteriorate after 

being killed is highly variable (Wulder et al., 2005). 

 

During the early stages of infestation changes in both the spectral reflectance and physical structure 

of tree crowns are minor. As a result, detection of the initial onset of beetle infestation by any 

remote sensing method is likely to be very difficult. As trees move into the red attack stage, 

spectral changes in tree and stand condition are more detectable (Wulder et al 2005 and references 

therein) however changes in structure would be expected to be minor, since the needles, whilst 

dead, are still present. However, by the late grey attack phase, substantial changes in stand 

structure should be evident due to the decrease in surface area associated with needles that have 

been shed. In a detailed study of mountain pine beetle infested stands in southern Oregon, Mitchell 

and Preisler (1998) found that grey attack trees began losing foliage within the first five years, and 

branches between 10 - 15 years (for examples of changing crown condition, and overall impact on 

the stand, see Figure 1).  

 

Insert Figure 1 about here: 

 

These forest structure changes, due to the infestation, affect the ecological integrity of watersheds, 

as forest cover is critical in maintaining terrain stability, riparian areas, and water quality and 

quantity (Parker et al. 2004; Rhoads et al. 2004). Infested watersheds in central British Columbia 

are largely snow-melt dominated, and forest canopy cover is a critical component of snow-

hydrology processes due to its role in interception and accumulation, and subsequent impacts on 

radiation transmission, shading, and the overall snow melt energy balance (Boon, 2007; 2009b). As 
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a result, at the stand level, information on foliage coverage, such as canopy closure and leaf area 

index (LAI) is often correlated with variations in snow depth and snow water equivalent. Several 

detailed stand-level models have been developed which attempt to quantify rates of snowfall 

interception or radiation transmission expected over a range of forest canopies or canopy clumping 

patterns (e.g., Chen et al., 1997; Hedstrom and Pomeroy 1998; Spittlehouse et al. 2004). However, 

model parameterization is a major limitation and is not feasible over large areas. In addition, 

interception and snow melt studies have historically been undertaken only in small plots, and 

extrapolation to larger areas remains a limiting factor. As a result, there is a lack of spatial data that 

objectively represent three-dimensional forest structure, particularly during this episode of rapid 

canopy changes.  

 

 

An alternative approach to field-based individual tree or stand-level assessment of forest structure 

is one that utilizes remote sensing technology to predict the structural attributes of impacted stands. 

The application of Light Detection and Ranging (LiDAR) —an airborne laser-based active remote 

sensing technology— offers the potential to significantly enhance the timeliness, scope, and rigor 

of forest measurements. As opposed to passive remote sensing approaches, LiDAR sensors directly 

measure the three-dimensional distribution of vegetation canopy components and sub-canopy 

terrain morphology, providing: (a) highly accurate estimates of vegetation height, cover, and other 

aspects of canopy structure, and (b) high-resolution terrain elevation. LiDAR systems can be 

classified into either discrete return or waveform sampling systems. Full waveform sampling 

LiDAR systems compensate for a coarse spatial resolution (10 – 100 m) with a finer, fully digitized 

vertical sampling rate, providing full sub-meter vertical profiles. Discrete return LiDAR systems 

(with a footprint size of 0.1 – 2 m) typically record only one to five returns per laser footprint (Lim 
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et al. 2003) and are optimised for the derivation of sub-meter accuracy terrain surface heights 

(Blair et al. 1999, Schenk et al. 2001). Studies have demonstrated that the LiDAR measurement 

error for individual tree height (of a given species) is less than 1.0 m (Persson et al. 2002) and less 

than 0.5 m for plot based estimates of maximum and mean canopy height even in forests with 

dense forest canopies (Næsset 1997, Magnussen and Boudewyn 1998, Magnussen et al. 1999, 

Næsset and Økland 2002, Næsset 2002). LiDAR estimates of vegetation height have been shown to 

be more consistent than manual, field based measurements (Næsset and Økland, 2002). 

 

In this study we investigate the relationship between LiDAR-derived indices of forest cover and 

structure, and individual tree and stand-level metrics of beetle infestation across a range of stands. 

For this purpose, five mountain pine beetle infestation indices are developed from ground 

measurements.  As LiDAR metrics at the early stages of mountain pine beetle infestation are likely 

to be relatively insensitive to subtle changes in canopy architecture, our approach combines field 

observations and high spatial resolution airborne imagery, which allows accurate identification of 

the red and early grey phases of attack, as well as additional information such as tree species 

composition. We first assess statistical differences at the individual tree level using crowns 

manually delineated on the digital imagery at a select number of locations. Secondly, we develop a 

suite of plot level indicators which summarise the beetle infestation across plots and then compare 

these metrics to a number of commonly applied LiDAR metrics. Once the relationship between the 

LiDAR metrics and tree-and stand-level infestation indicators have been developed, we conclude 

by discussing the potential application of these results in addressing forest disturbance impacts on 

snow processes at the larger watershed scale. 
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METHODS 

Study Area 

The research was focused along a 200 km long × 400 m wide transect beginning near Quesnel 

(52º50’N, 122º30’W) and ending near Vanderhoof (53º40’N, 124º40W), in central British 

Columbia. The transect was positioned to capture a wide range of species compositions, infestation 

levels and elevations, as well as including sites where significant ongoing additional hydrological 

research is taking place (Teti, 2008; Boon, 2009a; 2009b). 

 

A total of 17 plots were located along the transect, close to road access, including infested pine-

leading stands with a wide variety of structural stages in the Montane Spruce, Sub-Boreal Pine-

Spruce, and Sub-Boreal Spruce biogeoclimatic zones. Square 1250 or 2500m2 plots (depending on 

stand density) were established within representative stands at each location. Plot centres and 

corners were permanently marked and located using differential global positioning system 

techniques. Within each plot all trees with stem diameters at breast height (DBH) greater than 5 cm 

were measured, tree species recorded and the maximum tree height measured using a laser 

hypsometer. The mountain pine beetle attack status of each tree was recorded according to a three 

category classification system: green, red, and grey. A summary of the plot data collected at each 

of the 17 plots is listed in Table 1.  

 

LiDAR acquisition 

Scanning laser data were acquired February 2008, using Terra Remote Sensing’s (Sidney, British 

Columbia, Canada) LiDAR instrument mounted on a Bell 206 Jet Ranger helicopter. Based on the 

pulse frequency, flight speed and altitude, ground point sampling densities of 0.7 returns per m2 

were achieved with a laser footprint (ground spot diameter) of 0.19 m. Separation of ground and 
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non-ground (canopy) returns was completed using Terrascan v4.006 (Terrasolid, Helsinki, 

Finland), which employs iterative algorithms that combine filtering and thresholding methods 

(Kraus and Pfeifer, 1999; Axelsson 1999) to classify the LiDAR data. Secondly, a 1 m gridded 

Digital Elevation Model (DEM) was developed from all LiDAR ground returns using a natural 

neighbour interpolation approach as recommended by Bater and Coops (2009) with all available 

ground classified LiDAR returns used in the DEM development on the assumption that the 

Terrascan classification is correct. As the remotely sensed data was acquired in winter, there was 

complete snow coverage on the forest floor, which averaged, at a number of plots between 48 - 56 

cm deep, at the time of the LiDAR survey. Beaglehole et al. (1998) and Deems and Painter (2006) 

estimated that the majority of scattering and absorption of a near infrared (1.064 µm) laser pulse 

occurs within the top 0.01 m of the snow surface, and noted that at this wavelength snow is only 

moderately absorptive. Thus, the digital elevation model produced from “ground” returns was 

actually a model of the snowpack’s surface, and not a direct estimate of terrain morphology. This 

degree of snow cover likely reduces small scale variations in the topography of the forest floor and 

will bias the tree height estimates resulting in LiDAR derives height metrics lower than actual tree 

heights (e.g. Reutebuch et al. 2003, Hodgson and Bresnahan 2004). Finally, all non-ground LiDAR 

returns were subtracted from the topographic surface to produce estimates of vegetation height.  

 

In addition to the LiDAR data, true colour three channel digital camera imagery was concurrently 

collected using a 14 megapixel calibrated camera and lens mounted on the same aerial platform as 

the LiDAR system. The three channels captured the spectral ranges of approximately 0.4 – 0.5 µm 

(blue), 0.5 – 0.6 µm (green), and 0.6 – 0.7 µm (red).  
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LiDAR Data Processing 

A wide range of forest attributes have been successfully predicted using small-footprint LiDAR 

data, including canopy height, closure and density, individual tree height, biomass, wood volume, 

leaf area index, basal area, species identification, among others (e.g., Næsset, 1997; Holmgren & 

Persson, 2004; Coops et al., 2007; Goodwin et al., 2007; St-Onge et al., 2008).  Solberg et al. 

(2006) investigated the capacity of airborne LiDAR to estimate defoliation caused by a severe 

attack of sawflies on Scots pine (Pinus silvestris) forests in Norway. Results indicated a strong 

positive correlation (r2 = 0.87– 0.93) between gap-fraction derived from LiDAR, and LAI derived 

from ground instruments and hemispherical photography. In a follow-up study, Hanssen & Solberg 

(2007) calibrated LiDAR data with hemispherical photography and concluded that the image 

processing to derive LAI requires precise threshold values in defoliated forests to ensure that small 

branches are not classified as sky. Generally, LiDAR-derived metrics of stand and individual tree 

structure can be categorised as: (a) height based metrics and percentiles, (b) distributional metrics 

which model the distribution of returns down through a single canopy (or within a plot), or (c) 

cover metrics (Coops et al., 2007; Wulder et al., 2008).  

 

Discrete Distribution Metrics 

This study follows the approach of Lovell et al. (2003), resulting in the computation of forest stand 

attributes over a 20 x 20 m window centred over the plot location. Maximum height was calculated 

as the highest return within the window size. In addition to the maximum height metric, an 

alternative method involves characterising the distribution of all returns within the LiDAR window 

and calculating at what heights 10, 20, and 30 – 100% of the data reside. These height estimates, 

called height percentiles, are most often calculated at 10% intervals with forest attributes, then 
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correlated to one or many of these percentiles. For example, Næsset et al. (2004) developed a suite 

of equations relating plot level forest inventory attributes such as mean height, dominant height, 

mean diameter, stem number, basal area, and volume to multiple LiDAR-derived percentiles, and 

found highly significant relationships with most variables. Stand volume, for example, had an r2 of 

0.76 -0.94 depending on forest type 

 

Continuous Distributional Metrics 

LiDAR returns can also be used to construct an estimate of the projected foliage density profile. 

Derivation of the apparent foliage profile from LiDAR observations has been well described 

(Lovell et al. 2003, Riano et al., 2004) and several different distributions can be fitted to the foliage 

density profile in order to stabilize the distribution with respect to rapid changes in the vertical 

canopy profile and to provide a convenient summary of the vertical form and distribution of 

vegetation. The most commonly applied distribution is a Weibull function, due to its flexibility in 

characterizing foliage distributions of various species (Vose 1988, Gillespie et al. 1994, Kershaw 

and Maguire 1995, Xu and Harrington 1998, Lovell et al. 2003). This distribution has also been 

used to examine the distribution of canopy heights from airborne LiDAR systems by comparing the 

probability of LiDAR height quantiles above a desired height with the distribution of leaf area 

(Magnussen et al. 1999). The Weibull cumulative density function can be related to the cumulative 

projected foliage area index where two parameters α and ß are fitted. As discussed by Bailey and 

Dell (1973) and Xu and Harrington (1998), the α parameter provides a vertical scaling and 

positioning factor for movement of the distribution and the ß provides the capacity to increase or 

decrease the breadth of the distribution. 

 

 



 11

 

Cover estimates 

Comparing the total number of incoming laser pulses to those that pass unimpeded through any 

given vertical layer of the canopy allows the computation of vegetation cover. As a result LiDAR 

data has the capacity to predict vegetated cover for any given layer of the forest canopy, including 

overstorey and mid-storey cover, as well as information lower in the canopy such as understorey 

and in some cases ground cover.  For example, Riano et al. (2004) utilised small footprint LiDAR 

data to produce accurate and spatially explicit estimates of a number of forest cover estimates for 

forest fuel fire estimation, including canopy cover and canopy base height.  In this study we used at 

2.0 m cut-off, to define the total cover of the stand. Forest cover was estimated at the plot level based 

on ratios between returns above the threshold and the total number of returns. Because changes in survey 

configuration such as an increase in lying altitude may affect the number and distribution of multiple returns 

(e.g. Morsdorf et al., 2008; Næsset, 2009), only first echoes were used to estimate cover. 

 

Analysis Approach 

Our analysis took place at two scales: individual tree and plot level. In order to assess whether the 

number and height of returns was affected by changes in individual tree structure due to beetle 

infestation, we initially compared a suite of individual crown LiDAR metrics to the mountain pine 

beetle infestation class. Individual tree crowns were manually delineated on the digital imagery at 

locations which exemplified the forest structure at the 17 plots and where crowns covered a range 

of infestation levels. Each crown was assigned a health status as interpreted from the imagery 

(green, red attack, or grey attack), and LiDAR returns were extracted from each crown polygon. 

LiDAR metrics from the three categories were then calculated for each crown containing eight or 

more returns, including: number of canopy returns, mean height, standard deviation of heights 
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within the individual crown, and the Weibull parameters. Kruskal-Wallis tests were employed to 

test for differences in the LiDAR metrics between crowns over the three attack categories as 

interpreted from the digital imagery (green, red attack and grey attack). A Kruskal Wallis test is a 

non-parametric test similar in design to a one-way ANOVA that evaluates differences in mean 

ranks between numerous groups. As the LiDAR-derived variables were generally non-normally 

distributed and of unequal variance, the non-parametric test was employed instead of the more 

powerful ANOVA. Post-hoc Kolmogorov-Smirnov tests with a Bonferonni correction applied (p = 

0.0167) were then used to compare between group pairs.  

 

In the second component of the analysis, we assessed whether variations in infestation severity 

resulted in significant changes in forest structure at the plot level. We summarised field 

measurements of mountain pine beetle infestation status for each plot using five integrated 

infestation indicators. No standard plot level infestation metrics are commonly applied in the 

literature, so these indices were created to capture the level of grey level attack alone, with a 

second set of indicators to cover the combined red and grey level attack.  These indices were 

calculated based on portions of stem numbers in the canopy, or as proportions weighted by the 

basal area of each tree, which essentially places increased emphasis on larger trees (i.e., greater 

DBH) in the plot.  The Tree Count Grey Index (TCGI) is the number of grey crowns divided by the 

total number of trees (including non-pine species). The Basal Area Grey Index (BAGI) is the basal 

area of grey trees divided by total tree basal area, providing a more realistic indicator of the impact 

of each crown on the overall plot summary. In contrast, the Tree Count Mortality Index (TCMI) is 

the number of red and grey trees divided by the total number of trees (including non-pine species). 

The Basal Area Mortality Index (BAMI) is the basal area of red and grey trees divided by the total 

basal area in the stand, and is therefore less sensitive to changes in forest structure due to 
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defoliation.  The final index is the Absolute Basal Area Grey Index (ABAGI) which is the total 

basal area of grey-attack trees within the plot. All indicators are described in Table 2. These MPB 

metrics were then compared with plot level LIDAR metrics described above. 

  

RESULTS 

Calculation of infestation indicators showed considerable variation between plots along the 200km 

transect. A summary of the individual infestation tree data for three plots with varying degrees of 

infestation is shown in Figure 2(a)-(b), and the distribution of plots using the five indicators is 

shown in Figure 3.  

 

Insert Figure 2 about here: 

Insert Figure 3 about here: 

 

Individual Tree Based assessment 

Visual inspection of LiDAR returns superimposed on the digital imagery revealed that the density 

of returns was higher from foliated pine trees (green crowns and red-attack crowns) than from 

defoliated pine trees (grey attack). In the case of green crowns and those that have been killed but 

not defoliated the density and total number of returns is high, with 20 or more per tree. In contrast, 

most of the grey crowns have only have 3 – 5 returns, and an increased number of ground returns, 

even though the crowns are similar in size.  

 

This reduced return density can be attributed to the loss of dead needles from beetle-killed pine 

trees. In addition to the LiDAR data, the digital imagery also highlights the ability of the snow 

covered forest floor to accentuate the differences in crown condition as originally discussed by Teti 
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(2008). Figure 4 shows the aerial imagery at one of the individual tree locations, with the LiDAR 

returns displayed within the manually delineated tree crowns.  

 

Results of the Kruskal-Wallis tests at the individual tree level over the four plots indicated that the 

number of canopy returns, LiDAR maximum height and standard deviation of LiDAR heights 

differed significantly between the three groups (Table 3, Figure 5). Post hoc Kolmogorov-Smirnov 

tests (p < 0.0167) indicated that only LiDAR mean height was significantly different between the 

green and red crowns as interpreted from the digital camera imagery (Table 4). Mean, maximum, 

and standard deviation of LiDAR height were significantly different between grey and green, and 

grey and red crowns. Grey trees tended to produce fewer returns than green or red trees and their 

return heights tended to be greater and more variable. The different shapes of the return frequency 

distributions for individual trees are also reflected in differences in the Weibull α parameter.  

 

Insert Table 3 about here 

Insert Table 4 about here: 

Insert Figure 4 about here: 

Insert Figure 5 about here: 

 

 

Plot Scale Analysis: 

Infestation parameters from the 17 ground-level plot surveys were regressed against the LiDAR 

derived metrics. LiDAR predicted cover (as defined in the methods as the ratio of first LiDAR 

returns above the threshold to the total number of returns) is significantly negatively correlated 

with all infestation summaries. The most highly correlated infestation summary indicator is the 



 15

total crown grey index (TGCI ) which is negatively related with LiDAR cover (r2 = 0.76, p < 

0.000). In contrast, the relationship between cover and the absolute basal area grey index (ABAGI), 

which included red crowns, is less significant (r2 = 0.42; p < 0.01) (Figure 6).   

 

Other LiDAR cover metrics such as total overstorey and mid-storey cover metrics were less well 

correlated (not shown). Generally for both cover it is the indices which specifically target the 

number or proportion of grey attack trees in the stand which correlated most significantly with the 

LiDAR metrics. 

 

Insert Figure 6 about here 

 

Whilst cover decreased with infestation, return heights increased. The most significant correlation 

was that between BAGI and the height of the 60th percentile (r2 = 0.89) (Figure 7). 

 

Insert Figure 7 about here: 

 

Finally, Weibull α parameter fitted to the vertical canopy profile were in general less able to detect 

changes in the beetle infestation using these plot level metrics. The relationship is lower with r2 

values ranging between 0.62 – 0.65.  

 

DISCUSSION 

LiDAR technology has been very successful at predicting both stand height and stand volume. 

Næsset (1997) regressed LiDAR derived height and cover metrics with field based volume 

measurements to estimate volumes in Norway spruce and Scots pine stands. Hyppä et al. (2000) 
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predicted stand volumes using LiDAR data and image segmentation routines to isolate individual 

tree crowns and measure maximum heights and crown diameters. Since all surfaces can return 

LiDAR pulses, other data sources are often incorporated with LiDAR to provide additional 

information regarding cover types, species, or condition (e.g. Næsset 1997). Popescu et al. (2004) 

found that fusing optical data with LiDAR height information allowed the discrimination between 

deciduous and pine trees, allowing more refined volume equations to be applied.  

 

The application of LiDAR data to forest health assessment is more problematic, however, due to 

the inability of small-footprint discrete return LiDAR to differentiate between photosynthetically 

active and non-photosynthetic vegetation. Netherless a variety of studies have demonstrated that 

LiDAR data can assess foliage biomass (Lefsky et al., 1999, Riaño et al., 2003) and as a result, if 

the damaging agent results in a loss of foliage biomass within the tree canopy, then it should be 

possible to retrieve detailed information on forest health status. The results of this paper indicate 

that at both the tree and plot scale, clear differences exist between grey attack and green crowns.  

 

By far the most dramatic difference was that of foliated (green and red) crowns returned 

approximately 10 times as many pulses as defoliated (grey attacked) stands. Grey tress produced 

higher LiDAR returns than red or green trees both within plots and between plots. This reflects the 

preferential attack of larger and taller pines trees both within and between stands during the early 

years of the latest infestation rather than a change in LiDAR returns that would have occurred in a 

stand over time as a result of an attack. As the beetle infestation had initially commenced prior to 

the LiDAR data acquisition the taller and larger trees were preferentially attacked leaving the 

smaller trees to the experience a second wave of attack (Figure 8). In this figure the actual foliage 

profiles are plotted against two stand schematics produced and scaled from real field observations. 
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The stand on the left corresponds to a taller grey attack stand, preferentially attacked during the 

first wave of beetle infestation. The foliage profiles of this stand is shown in grey and is taller with 

fewer returns that the other stands. In contrast the stand on the right is a younger, less preferred 

stand with respect to beetle attack. As a result these types of stands have been attacked in the 

second round of infestation, resulting in a lower and denser number of returns than the previous 

older attack. As a result differences in the height metrics such as the 60% percentile may simply be 

reflecting these bias. 

  

Insert Figure 8 about here: 

 

The LiDAR cover results developed here at the plot level indicate the total forest cover (of both 

alive and dead trees) decreases as the proportion of grey attacked trees increased, both on a per unit 

basis, as well as when the trees are scaled by their relative basal area (a surrogate for individual 

tree cover). These results were strong and explained close to 80% of the variation in the 

relationship indicating that LIDAR derived cover used in combination with health status could be 

potentially used as a predictor of infestation, and overall stand condition. 

 

It is clear that the physical structure of the red attack crowns, at both the individual tree and plot 

scale levels of analysis, are statistically similar to green trees and stands. In the individual tree 

analysis there was no statistical difference between the number of intercepted LiDAR pulses, the 

shape parameter of the canopy, or the standard deviation of the heights (p < 0.0167). The only 

statistical difference is the maximum height of individual trees. The plot infestation metric which 

incorporated red attack trees (BAMI) was consistently lower when compared to all of the plot level 
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LiDAR metrics. From this, it is clear that crowns in this stage of infestation are not significantly 

different than their green counterparts.  

 

In order to develop a comprehensive understanding of changes in the continuous and discrete 

height metrics due to the infestation, pre and post LIDAR acquisition of the same stands would 

ensure that any biases due to the beetle preferential attack would be able to be resolved. 

 

A capacity to numerically evaluate the effect of MPB on forest structure, is important for a variety 

of models which simulate changes in the hydrological processes of forested sites. These stand scale 

effects include snow accumulation and melt, rainfall interception, stand water balance, 

groundwater and stand-level hydrologic recovery. As canopy cover is reduced there are significant 

changes in the proportion of total winter precipitation intercepted by the canopy and lost through 

sublimation. The use of these technologies offers the capacity to map these changes in forest 

structure at the stand level, and to assess the impact of the infestation, at the stand level on the 

hydrologic cycle. 
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Table 1.   
 
 

General information Ground inventory information 
Foliate Appearance 

(%)β
 

Code* 
Original 

code 
Easting

1
 Northing

1
 

Elevation 

(masl) 
Plot size 

(m2) 
Trees 
(n/ha) 

Mean 

DBH 

(cm) 

Basal 

area 

(m2/ha) 

Mean 

height 

(m) 

Pine 

(%) 

Other 

conifers 

(%) 

Deciduous 

(%) 
GN R GY 

YR5 VYN 371110 5953995 900 2,500 11,225 6 29 8 97 3 0 62 0 22 
HE1 - 494732 5868995 984 1,250 5,200 10 42 10 100 0 0 56 0 44 
RD1 BRC2 498846 5835808 1,229 2,500 663 13 5 10 98 2 0 78 21 0 
RD2 - 498781 5837480 1,231 1,250 1,200 12 16 11 96 4 0 26 62 4 
RD3 - 498403 5838756 1,247 1,250 3,300 11 33 10 91 9 0 44 50 2 
GY1 - 508485 5826621 1,218 1,250 1,425 19 44 17 93 5 2 15 4 72 
GY2 - 501117 5831382 1,218 1,250 2,500 14 40 13 100 0 0 11 29 60 
GY3 BOD3 500465 5831999 1,222 2,500 438 23 10 17 69 31 0 0 11 68 
GY4 BOD1 498885 5836218 1,218 2,500 1,800 19 55 18 76 24 0 0 20 32 
GY5 - 498470 5838468 1,241 1,250 4,633 11 45 11 100 0 0 37 5 59 
GY6 - 497635 5846804 1,051 1,250 1,425 16 33 15 98 0 2 5 19 66 
GY7 - 494498 5869095 988 1,250 3,150 11 37 10 100 0 0 67 2 31 
GY8 - 504014 5878400 955 1,250 1,925 16 43 18 63 37 0 1 8 37 
GY9 VOD2 370996 5953847 836 2,500 1,725 17 64 15 83 17 0 2 9 81 

GY10 VOD1 371401 5954124 902 2,500 1,075 11 6 8 73 27 0 32 4 42 
SP1 - 495952 5859330 1,013 1,250 6,700 9 45 10 28 72 0 4 0 4 
SP2 - 504176 5878431 978 1,250 2,800 8 19 9 35 62 3 23 0 2 

 
 
* YR = young regeneration; GN = Green needles; RD = Red needles; GY = Defoliated; SP = spruce (predominant condition) 
1 Easting and Northing = Coordinates referenced to Universal Transverse Mercator, NAD 1983, zone 10 north. 
 



 25

Table 2:  

 

Index Name Calculation  Comment 

Tree Count Grey Index 

(%) 
TCGI 

Number of grey trees divided by 

total number of trees 

Ignores defoliation in red trees.  Does 

not provide stand mortality 

Basal Area Grey Index 

(%) 
BAGI 

Basal area of grey trees divided by 

total basal area 

Ignores defoliation in red trees.  Does 

not provide stand mortality. 

Tree Count Mortality 

Index (%) 
TCMI 

Number of grey and red trees 

divided by total number of trees 

Less sensitive to changes in forest 

structure 

Basal Area Mortality 

Index (%) 
BAMI 

Basal area of grey and red trees 

divided by total basal area 

Less sensitive to changes in forest 

structure 

Absolute Basal Area 

Grey Index (m2/ha) 
ABAGI Basal area of grey trees  

Provides absolute value, difficult for  

comparisons between stands. 
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Table 3:  
 
 

LiDAR-derived variable H n p 

Number of canopy returns 15.49 191 0.0004 

Maximum height 7.69 191 0.021 

Standard deviation of height 6.45 191 0.040 

Weibull α parameter 4.54 191 0.103 
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Table 4:  
 
 

Lidar-derived variable Green vs. red Green vs. grey Red vs. grey 

Number of canopy returns p > 0.0167 p > 0.0167 p < 0.0167 

Mean Height p < 0.0167 p < 0.0167 p < 0.0167 

Weibull α parameter p > 0.0167 p < 0.0167 p < 0.0167 

Maximum height p > 0.0167 p < 0.0167 p < 0.0167 

Standard deviation of height p > 0.0167 p < 0.0167 p < 0.0167 

 



 28

 
Table 5:  

 
  Field Observation / 

MPB Status 

r r
2
 P N 

Cover > 2m  TCGI  -0.8737 0.7633 *** 17 
 BAGI -0.8576 0.7354 *** 17 
 TCMI -0.7031 0.4943 *** 17 

 BAMI -0.6599 0.4354 *** 17 
 ABAGI -0.6525 0.4257 ** 17   

      
      
Natural Logarithm  

(Height of the 60%ile ) 

BAGI 0.9447 0.8924 *** 17 

 TCGI 0.8605 0.7405 *** 17 
 ABAGI 0.8568 0.7342 *** 17 
 TCMI 0.6801 0.4626 *** 17 
 BAMI 0.6754 0.4561 *** 17 
      
Weibull Shape Parameter BAGI  0.8112 0.6579 *** 17 
 ABAGI 0.8066 0.6507 *** 17 

 TCGI 0.7926 0.6282 *** 17 
 TCMI 0.6169 0.3806 ** 17 

      

 
* p < 0.05, ** p < 0.01, *** p < 0.001 
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Figure 2: 
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Figure 5(a)-(d): 
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