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Abstract 

Leaf Area Index (LA/) is a measure o/vegetation structure that is related to biomass, carbon and energy 
exchange and is an important input to ecological and climate change models. It can be estimated using 
algorithms applied to airborne. and satellite images, but requires reliable ground-based measurements of 
LAL In this paper, we compare four different optical methods of estimating LAI for four species 
compositions in the Kananaskis area on the eastern slope of the Canadian Rocky Mountains. Optical LAI 
measurements were made using a LI-COR LAI-2000 instrument, a hemispherical camera system, a . 
Tracing Radiation and Architecture of Canopies (TRAC) system, and an integrated method which 
combines LAI-2000and TRAC measurements. A field experiment was conducted whereby LAI was 
measuredfrom stands representing four species compositions that included composite hardwood (aspen' 
and balsam poplar), lodgepole pine, white spruce, and mixedwood LA! estimates were· influenced by 
canopy architecture, tree morphology, leaf orientation and distribution. In coniferous trees where needle 
clumping occurs, the integrated approach that accounts for gap fraction at several zenith angles and gap 
size distribution appears to provide a more appropriate estimate. 

1.0 Introduction 
Leaf area index (LAI) is an important 

measure of canopy structure that is related to 
many biological and physiological processes 
associated with the terrestrial biosphere (Welles, 
1990). LA! has been defined .as one half the total 
intercepting area per unit ground surface area 
(Chen and Black, 1992). It has been related to 
canopy interception, transpiration and net 
photosynthesis (Pierce and Running, 1988), gas, 
water, carbon and energy exchange (Gower and 
Norman, 1991), and net primary productivity, and 
biomass (Gholz, 1982). LA! has been recogniz.ed 
as the most important variable for measuring 
vegetation structure for characterizing forest 
canopies over large areas at broad spatial scales 
using satellite remote sensing data (Running and 
Coughlan, 1988). Thus, many ecosystem models 
have been developed to be sensitive to, and driven 

'�';"by LAI estimates (Running and Coughlan, 1988; 
Running and Hunt, 1993; Liu et aI., 1997). 
Airborne and satellite remote sensing data have 
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been used to estimate LAI based on relationships 
between remote sensing data and LA! 
measurements obtained from the field (White et 
aI., 1997; Peddle et aI., 1999; Peddle and Johnson, . 

2000; Johnson, 2000). Accordingly, it is 
important to investigate and evaluate methods for 
estimating LA! in the field, particularly where 
measurements by destructive sampling are 
impossible, impractical .or illegal. 

Indirect, non-destructive methods of 
estimating LAI in the field include allometric 
techniques and optical instruments. The use of 
allometric relationships between sapwood area 
and leaf area have been shown to be stand specific 
and dependent on season, age, stand density, tree 
crown size and climatic differences (Gholz et aI., 
1976; Pearson et aI., 1984; Mencuccini and Grace, 

. 1995). However, local sapwood area/leaf area 
relationships obtained through destructive 
sampling are needed to generate LAI estimates 
that would be relevant for the species in a given 
study (Davidson et aI., 2000). 



Optical methods of estimating LAI use 
the inversion of gap fraction data or the precise 
measurement of geometric distribution of 
openings, and this information is used to estimate 
LAI based on the percentage of radiation 
transmitted through the canopy. These estimates 
are termed effective LAI because leaves in plant_ 
canopies are assumed to be randomly distributed 
in space and only gap fraction is measured (Chen 
et aI., 1997). Both the LAI-2000 instrument and 
hemispherical photography estimate LAI in this 
way. A hemispherical photograph is a sky-looking 
photo taken under a forest canopy using an 
extreme wide-angle (180°) or 'fish-eye' lens. It 
captures the . species, site and age-related 
differences in canopy architecture based on the 
light attenuation and contrast between features 
within the photo (sky vs. canopy) (Frazer et aI., -
1998). The LAI-2000 is an optical instrument that 
measures the light penetration through the canopy 
using five quantum detectors arranged in 
concentric rings, thereby capturing the light 
attenuation at several zenith angles (Li-cor Inc., 
1990). Chen and Cihlar (1995) took a further step 
with the development of the Tracing Radiation 
and Architecture of Canopies (TRAC) instrument 
which accounts for not only canopy gap fraction 
but also canopy gap size distribution (the 
dimensions of a gap). The canopy gap size 
distribution or clumping index quantifies the 
effects of non-random spatial distribution of 
foliage that often occurs in stands with 
mixedwood and conifer species. Chen et al. 
(1997) has recommended integrating the effective 
LAI measurement at several zenith angles of the 

. LAI-2000, with the clumping index (gap size) of 
the TRAC, to produce a more accurate estimate of 
LAI that accounts for both gap fraction and gap 
size distribution. 

The objectives of this study were to assess 
variation in LAI estimates as a function of tree 
species and optical instrumentation for field 
validation in remote sensing studies. No absolute 
measures of LAI through destructive sampling 
were possible in this research; therefore this study 
involves a relative comparison of LAI estimates 
from different optical instruments. 

. ""'-2.0 Study Area 
Leaf Area Index (LAI) was estimated 

using 4 different instruments and techniques from 

30 plots established within Bow Valley and Bow 
Valley Wildland Provincial Parks in Kananaskis 
Country, Alberta Canada during the summers of 
1998 and 1999. The study area was centered at 
IIS04'20"W, SI°1'13''N straddling Barrier Lake 
in a montane ecoregion on the eastern slopes of 
the Canadian Rocky Mountains. This region 
covers approximately 77 km2 with a full range of 
terrain aspects and slopes. Dominant softwood 
tree species in the area include lodgepole pine 
(Pinus contorta var. latifolia Dougl ex. Loud.), 
white spruce (Picea glauca (Moench) Voss), 
engelmann spruce (Picea engelmannii Parry ex 
Engelm.), Douglas-fir (Pseudotsuga menzies;; 
(Mirb.) Franco), and subalpine fir (Abies 
lasiocarpa (Hook) Nutl.). The dominant 
hardwood tree species include trembling aspen 
(Populus tremuloides Michx.), and balsam poplar 
(Populus balsamifera L.), with lesser amounts of 
white birch (Betula papyrijera . Marsh.). 
Representative stands were chosen from the study 

-area to encompass pure stands of lodgepole pine, 
white spruce, mixedwood and composite 
hardwood (aspen and balsam popiar). 
Mixedwood stands were considered those with a 
secondary or a tertiary species that comprised 
greater than 20% of the overstory canopy 
(Archibald et aI., 1996). Plots were also selected 
with reference to the effeCts of needle structure, 
and canopy. architecture on the variability of the 
LAI estimates. 

3.0 Methods 
3.1 Field Plot Measurements 

A total of thirty 10m x 10m plots were 
established in a north-south orientation within the 
four stand compositions (lodgepole pine, white 
spruce, mixedwood, and composite hardwood). 
In each of these plots basic forestry measurements 
were taken for each tree, including species 
composition, height, DBR, crown diameter and 
tree increment cores. A crown closure estimate 
was taken for each plot. using a spherical 
densitometer. Within each of these plots LAI 
estimates were made using each of the optical 
instruments described below. Both the LAI-2000 
and TRAC were designed to acquire data over 
relatively flat terrain. Sloping terrain may 
partially block the field of view seen by these 
optical sensors resulting in inflated LAI values. 
Davidson et al. (2000) were able to minimize the 
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potential effects of slope for coniferous stands in 
the Canadian Rocky Mountains, by implementing 
procedures during data collection and processing . 
for each instrument, as described next. 

3.2 tAI-2000 
For each 10m x 10m plot, overstory LAI 

was measured using the LAI-2000 at 8 locations 
within each plot. An outside canopy measure was 
taken in an open field immediately prior to the 
measurements in the plot to simulate an above 
canopy measurement. Measurements were taken 
on overcast days or the sensor was shadowed by 
the operator to inhibit direct sunlight causing a 
saturation of the sensor. The LAI-2000 values 
were post processed using manufacturer provided 
software (Licor Inc.,- 1990). To minimize the 
effects of slope, either the last ring (61-74°) or the 
last two rings (61-74°, 47-58°) were removed 
during the calculation of effective LAI (Davidson 
et aI., 2000). 

3.3 TRAC 
Using the TRAC, ten transects were 

established within each 10m x 10m plot at 
approximately 1m . apart and � oriented 
perpendicular to the solar plane. Measurements 
were collected by walking at a rate of 
approximately 0.33 m/s. Measurements were 
taken on sunny days with no cloud cover. The 
TRAC values were post processed using 
manufacturer provided software (Chen and 
Kwong, 1997). A topographic normalization 
(Davidson et aI., 2000) was completed by using a 
ratio between the depth of the canopy on flat 
ground to the depth of the canopy on sloped 
ground (Chen pers. comm., 1999). 
.' . 
3.4 Integrated LAI-2000 and TRAC 

Chen et al. (1997) suggested that 
integrating the LAI-2000's effective LA! (eLAI) 
estimate with the TRAC's clumping index would 
provide a more accurate LAI estimate. This 
accounts for both gap angular distributions at 
several angles from zenith as well as the gap size 
distribution function. The calculation is as 

. follows: 

.'!'.... LAI = (1- el)*eLA!* Ve 
Q 
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The woody-to shoot ratio (el) converts plant area 
index into LAI, because branches and tree trunks 
intercept incoming photosynthetically active 
radiation that results in inflated LAI values. 
Woody-to-shoot ratios were obtained from the 
literature using related species (Chen, 1996). 
Ratios for jack pine were used for lodgepole pine, 
black spruce ratios were used for white spruce, 
and aspen ratios were used for trembling aspen 
and balsam poplar. These data were obtained for 
t�e BOREAS study area in Saskatchewan and 
Manitoba,. based on destructive sampling of entire 
trees. The terrain-adjusted effective LAI (eLAI) 
was obtained from the LAI-2000. The needle-to-. 
shoot ratio (Ve) is the ratio of half the total needle 
area in a shoot to half the total shoot area. This 
ratio is needed as the needles in the shoots of 
conifer forests are tightly grouped making it 
impossible to infer the needle surface area from 
optical measurements (Chen, 1996). This value 
was calculated in the field using the mean width 
and length. of randomly selected needles from 
each species. The clumping index (0) was 
obtained using the TRAC. No slope alterations 
are needed here as the incorporated LAI-2000 and 
TRAC have already been adjusted for slope 
effects. 

3.5 Hemispherical Photography 
Hemispherical photos were taken· at or 

near the centre of each plot. Five photos using 
400 ASA Fuji NPH film were taken per plot with 
an aperture of F/8 at 5 shutter speeds (1I60s, 
11125s, 1I250s, 1I500s, and 111000s). From these 
bracketed exposures, the photos with the highest 
contrast between sky and canopy were digitally 
scanned using a HP 4C 600 dpi optical scanner. 
Plot LAI estimates from the digitized photos was 
obtained using the Gap Light Analyzer (GLA) 
software (Frazer et aI., 1999), which includes 
terrain corrections based on local slope and aspect 
inputs (Davidson et aI., 2000). 

3.6 Stati�tical Methods 
Means and standard deviations were 

calculated for LAI estimates from each instrument 
and species. A two-way factorial analysis of 
variance between LAI instrumentation and species 
types was completed using SPSS software. The 
interaction term of LAI instrumentation by species 
types was also tested, to determine how each term 



affects the response depending on the level of the 
other term within the model. Student-Newman
Keuls multiple-mean comparison tests were made 
to determine the differences in LAI estimates over 
both species and instrument. 

4.0 Results 
Since plots were chosen to incorporate 

representative stands of the four species types, we 
first evaluated these stands using descriptive 
statistics. The mixedwood plots had the highest 
stem densities, followed by hardwoods, lodgepole 
pine and spruce, respectively (Table 1). The 
white spruce plots had the tallest canopy height, 
while the hardwood and the lodgepole pine plots 
had the shortest (Table 1). Crown closure was 
variable throughout the plots (Table 1). 

' - The white spruce plots had the highest 
LAI estimates in alI the instruments used, 
followed by the mixedwood, hardwood and 
lodgepole pine plots, respectively (Table 2). The 
TRAC gave the highest estimates of LAI for all 

species, followed by the integrated LAI-2000 and 
TRAC, LAI-2000, and hemispherical 

,photography, respectively (Table 2). However, the 
integrated approach showed lower estimates than 
the LAI-2000 in the hardwood plots (Table 2). 

LAI estimates were significantly different 
among the different species (Table 3). White 
spruce had significantly higher LAI estimates than 
the other species (Table 4). While lodgepole pine 
and hardwood were not significantly different 
from each other, the mixedwood plots were 
significantly higher than both (Table 4). 
Statistical differences were found among the 
instruments and techniques used (Table 3). The 
TRAC was significantly higher than the other 
three approaches (Table 5). Although not 
significantly different, the integrated approach 
gave larger mean LAI estimates than those from " ' 
the LAI-2000 instrument and hemispherical 
photography (Table 5). The instrument and 
species interaction factor was not statistically 
significant (Table 3). 

Table 1 - Summary of Descriptive Statistics for Field Plot Data by Cover Type. 

Lodg�pole White Mixed- Hardwood 
Pine Spruce wood 

No. of plots 8 5 8 9 
Crown closure (%) 25-52 46-66 29-80 26-75 

average stem density 22 16 29 26 
(stems/plot) 

average canopy 12 20 
-

14 12 
height (m) 

Min. slope (degrees) 5.16 0.14 1.43 2.86 
Max. slope(degrees) 36.16 ' 33.46 40.5 14.95 

., 
Table 2 - LA! mean (and standard deviation) for each instrument or technique by species. The integrated 

approach is the integration of the LA!-2000's effective LA! measurement and the clumping index of the 
TRAC. 

Species Instruments 

Hemi LAI-2000 TRAC Integrated 
Photos Approach 

Lodgepole pine 1.22 (0.47) 1.53 (0.38) 2.62 (0.69) 1.75 (0.37) 
White spruce 2.01 (0.61) 2.50 (1.03) 5.35 (2.03) 3.25 (1.32) 
Mixedwood 1.85 (0.69) 2.39 (0.65) 4.99 (1.61) 2.67 (0.74) 
Hardwood 1.80 (0.51) 2.07 (0.72) 4.67 (2.19) 2.00 (1.03) 
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Table 3 - Two-way Factorial Analysis of Variance for species type, instrument and interactions. 

df Type III 

Species 3 52.237 
Instrument 3 137.502 

Instrument by 9 21.60 
Species 

Table 4 - Student-Newman-Keuls test for LA! by 
species. Means in the same subset are not 

significantly different from each other. 

Species N Subset 
Type 1 2 3 

Lodgepole 40 1.965 
pine 

Hardwood 53 2.174 
Mixedwood 62 3.310 

White 33 4.019 
spruce 

Significance 0.417 1.00 1.00 

Table 5 -Student-Newman-Keuls test for LA! by 
instrument; Means in the same subset qre not 

significantly different from each other. 

Instrument N Subset 
1 2 

Hemispherical 37 1.674 
LAI-2000 36 2.057 
Integrated 34 2.312 

TRAC 39 4.297 
Significance .044 1.00 

�.o Discussion 
Canopy structure is influenced by species 

composition, canopy architecture, leaf orientation, 
and leaf distribution. The difference in LAI 
values among the different species is attributed to 
the structural composition of the stand including 
the effects of foliar biomass and morphology. The 
species tested here have very different canopy 
architecture and morphology (Tables 2 and 4). 
White spruce trees tend to develop dense conical 
crowns that may extend near to the ground in 
open stands (Harlow et ai, 1979). This type of 

. ':;"'Cfown morphology inhibits the penetration of light 
through the canopy thereby increasing the 
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Mean F-value Sig. 

17.4 12 13.444 0.000 
45.834 35.388 0.000 

2.41 1.853 0.065 

estimate of LAI by optical instruments. The other 
coniferous species in this study, lodgepole pine, 
generally exhibits short narrow open crowns with 
branches curving upward (Harlow et aI., 1979). 
This type of crown structure will perm it greater 
light penetration than white spruce crowns, 
resulting in reduced LAI estimates for stands of 
similar structure. The lodgepole pine plots had 
lower canopy heights than white spruce resulting 
in a decrease in vertical layering of foliage and a 
decrease in LAI estimates. In coniferous species 
the needles are generally closely grouped 
therefore foliage clumping occurs at higher levels 
such as branches, whirls and crowns, rather than 
for just shoots alone (Chen and Cihlar, 1995). The 
two hardwood species in this study, aspen and 
poplar, exhibit different leaf structure and 
morphology than the coniferous species. The 
mixedwood plots generally consisted of a mix of 
spruce and aspen, with LAI estimates possibly 
inflated due to the inclusion of white spruce's 
dense crowns. 

The higher LAI estimates by the TRAC were 
attributed to the instrument not assuming a 
random distribution of leaves and its calculation 
of a clumping index to determine gap size 
distribution (Chen and Cihlar, 1995). Leblanc and 
Chen (1998) found the TRAC measure to 
generally be larger then LAI-2000 because of the 
lower gap fraction measured at one angle, and the 
foliage clumping value. Both the LAI-2000 and 
hemispherical photography measure the gap 
fraction at multiple zenith angles (effective LAI), 
without accounting for gap size distributi<?n. The 
LAI-2000 has even been described as the 
convenient version of hemispherical photography 
because image processing is not required (Chen et 
aI., 1997). Thus effective LA! values between 
these two measurements were expected to be 
similar. The integrated LAI-2000 and TRAC LAI 
estimate was not shown to be statistically different 
than the other two effective LA! estimates. 
However, the larger mean of the integrated 



approach, over the effective LAI instruments 
suggests the importance of the incorporation of 
these two approaches. The integrated approach 
deflates the TRAC estimate markedly and, 
Leblanc and Chen (1998) have reported this 
combined approach to provide a more accurate 
estimate of LAI over TRAC or LAI-2000 alone. 
They also stressed the importance of obtaining an 
effective LAI estimate at several angles from 
zenith and the assumption of the small deviation 
from random leaf angular distribution by the 
TRAC to be inaccurate. 

6.0 Conclusions 
Leaf Area Index is an important measure of 

canopy structure. Tree morphology, leaf 
orientation and distribution and vertical 'and 
horizontal canopy layering 'can influence LAI 
estimates. 'Trees of different species therefore 
exhibit very different LAI values. In conifer 
species,LAI estimation is affected by clumping of 
needles. Thus in estimating LAI for coniferous 
stands a measure of both gap angular distribution 
(gap fraction) and gap size distribution must be 
included. The study results support the combined 
use of the LAI-2000 and TRAC for opticalLAI 
estimates, as it accounts for gap angular and gap 
size distribution. Future work will consider 
absolute measurement of LAI through destructive 
sampling and the incorporation of these data into 
broad scale ecosystem models. An understanding 
of the influence of species composition on the 
variability of field-based optical LAI 
measurements will give researchers a tool for field 
instrument selection for remote sensing field 
validation. 
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