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Leaf area index of boreal forests: Theory, techniques, and

measurements
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Steven Plummer®

Abstract.

Leaf areaindex (LAI) is a key structural characteristic of forest ecosystems

because of the role of green leaves in controlling many biological and physical processes in
plant canopies. Accurate LAI estimates are required in studies of ecophysiology,
atmosphere-ecosystem interactions, and global change. The objective of this paper is to
evaluate LAI values obtained by several research teams using different methods for a
broad spectrum of boreal forest types in support of the international Boreal Ecosystem-
Atmosphere Study (BOREAS). These methods include destructive sampling and optical
instruments: the tracing radiation and architecture of canopies (TRAC), the LAI-2000
plant canopy analyzer, hemispherical photography, and the Sunfleck Ceptometer. The
latter three calculate LAI from measured radiation transmittance (gap fraction) using
inversion models that assume a random spatia distribution of leaves. It is shown that
these instruments underestimate LAI of boreal forest stands where the foliage is clumped.
The TRAC quantifies the clumping effect by measuring the canopy gap size distribution.
For deciduous stands the clumping index measured from TRAC includes the clumping
effect at al scales, but for conifer stands it only resolves the clumping effect at scales
larger than the shoot (the basic collection of needles). To determine foliage clumping
within conifer shoots, a video camera and rotational light table system was used. The
major difficulties in determining the surface area of small conifer needles have been
largely overcome by the use of an accurate volume displacement method. Hemispherical
photography has the advantage that it also provides a permanent image record of the
canopies. Typically, LAI falls in the range from 1 to 4 for jack pine and aspen forests and
from 1 to 6 for black spruce. Our comparative studies provide the most comprehensive set
of LAI estimates available for boreal forests and demonstrate that optical techniques,
combined with limited direct foliage sampling, can be used to obtain quick and accurate

LAI measurements.

1. Introduction

The boreal forest is the second largest biome, and there is
increasing interest in this biome for its role in the terretia
carbon cycle. One key to characterizing forest stands is obtain-
ing accurate and meaningful measures of the forest canopy.
Leaf area index (LAI) is one of the primary measures used in
remote sensing and process-based models to characterize plant
canopies [Sellers et al., 1986; Running and Coughlan, 1988;
Bonan, 1993]. LAI estimates are used for two basic purposes:
(1) as an ecophysiologica measure of the photosynthetic and
transpirational surface within a canopy, and (2) as a remote
sensing measure of the leaf reflective surface within a canopy.
While excellent measurements of LAI have been made for
small-stature vegetation such as agricultural crops and planta-
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tions, measurements for natural ecosystems such as borea
forests have proven more difficult. Measurements for boreal
forests are particularly challenging to obtain because of inher-
ent difficulties in making direct measurements of forests, high
levels of natural variahility, lack of standards, difficulty of dis-
tinguishing leaf area from wood tissue, and difficulty of gen-
eralizing loca measurements to a landscape scale. The inter-
national Boreal Ecosystem-Atmosphere Study (BOREAS),
which seeks to understand the role of boreal forests in global
climate, has served as an impetus to collect comprehensive
measurements of LAI for boreal forests and to compare the
various LAI measurement techniques.

The major methodologies for estimating LAI employ either
“direct” measures (involving destructive sampling, litterfall
collection, or point contact sampling) or “indirect” methods
(involving optical instruments and models). Direct destructive
sampling methods have been used successfully in agricultural
systems but must depend upon extrapolation using allometric
methods for forest systems. Litterfall collection is useful for
deciduous forests with adequate spatial and temporal sampling
schemes [Neumann et al., 1989], but this methodology is not
useful for evergreen forests because the needle fdl in ayear is
directly related to neither the new growth in the year nor the
growth in the previous year, but rather to the average life span
of needles and the cumulative climate conditions over the life
span. The point contact method [Warren-Wilson, 1965], which
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determines LAI from the mean contact number of a thin probe
that passes through the canopy, is impractical in forest stands
because of the tall stature of trees and the high density of
conifer leaves. By contrast, indirect optical methods hold great
promise because of the potential to obtain quick and low-cost
measurements over large areas. However, several commercia
optical instruments, including the LAI-2000 plant canopy an-
alyzer (LI-COR, Lincoln, Nebraska) and Sunfleck Ceptometer
(Decagon Devices, Pullman, Washington), are hindered by the
complexity of canopy architecture in natural forest stands.
Therefore much effort is needed to improve the indirect tech-
niques.

Canopy architecture may be separated into two essentia
attributes; foliage angle distribution and foliage spatial distri-
bution. The commercia instruments and hemispherical pho-
tograph techniques are well suited for measuring LAT without
a priori knowledge on the leaf angle distribution by acquiring
multiple angle gap fraction data [Welles, 1990], but estimates of
LAI, especialy for conifers, are often incorrect because foliage
spatial distribution is not random, a key assumption to gap
fraction models. Violation of this assumption is most serious
for boreal forests which have open canopies where tree crown,
branch, and shoot structures dictate the spatia distribution of
leaves, making it nonrandom (clumped). Chen and Cihlar
[1995a] developed an optical instrument named TRAC (trac-
ing radiation and architecture of canopies) and theory to mea-
sure LAI of clumped canopies. The theory utilizes canopy gap
size information in addition to canopy gap fraction and pro-
vides a foliage clumping index which quantifies the effect of
nonrandom spatia distribution of foliage on LAI measure-
ments. Gap size refers to the dimension of a gap, while gap
fraction can be defined as the percentage of sky seen from
beneath the canopy. For the same gap fraction, there can be
different gap size distributions. The TRAC and its theory have
been tested in conifer stands in eastern Canada using direct
LAI measurements [Chen and Cihlar, 1995a] and applied to
several BOREAS conifer sites without further validation [Chen
and Cihlar, 1995b].

Hemispherical (fish-eye) canopy photography is a technique
for characterizing plant canopies using photographs taken
looking upward through an extreme wide-angle lens [Evans
and Coombe, 1959; Anderson, 1964; Bonhomme et al., 1974;
Pearcy, 1989; Rich, 1990; Chen et al., 1991, Galo et al., 1992; Lin
et al., 1992; Lerdau et al., 1992; Mitchell and Whitmore, 1993;
Clark et al., 1996]. The geometric distribution of openings can
be measured precisely and used to estimate solar radiation
interception [Rich et al., 1993] and to estimate aspects of can-
opy architecture such as LAI and leaf angle distribution. The
LAI-2000 may be regarded as a convenient version of hemi-
spherical photography because image processing is not re-
quired, but the latter has various advantages: (1) it is capable
of reducing the blue light scattering effect by correctly setting
the threshold value to distinguish grey foliage from sky; (2) it
acquires permanent digital images of the canopy, which alows
visua examination of the canopy features; and (3) the hemi-
spheric image can be divided into desired numbers of rings to
improve the calculation of LAI and into sections to investigate
the azimuthal distribution of foliage. The Sunfleck Ceptometer
can be used to measure the average transmittance of direct
solar radiation. The transmittance can be taken as the gap
fraction at the solar zenith angle. With an assumed leaf angle
distribution, the transmittance a one angle can provide an
estimate of LAI for the stand. However, if data are collected
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over haf aclear day, the LAI can be calculated without such an
assumption. If the direct and diffuse radiation are separated,
the instrument also has the advantage of reducing the scatter-
ing effect. The instrument can also be used to remove the
effect of large-scale clumping on LAI measurements when the
finite averaging length method [Lang and Xiang, 1986] is used.
However, al of the above instruments cannot distinguish foli-
age from wood tissue, and the current theory used by scientists
to calculate LAI from gap fraction measurements assumes
random distribution of foliage elements.

This paper has three objectives: (1) to evaluate different
methodologies for measuring LAI in forest ecosystems, includ-
ing the major optical techniques (LAI-2000, TRAC, Ceptom-
eter, and hemispherica photography) and labor-intensive de-
structive sampling; (2) to test new theories and techniques to
quantify the effect of foliage clumping at various scales on LAI
estimates, and (3) to provide LAI estimates for a broad spec-
trum of borea forest stands, in particular all the BOREAS
tower flux sites and some auxiliary Sites.

2. Theory
2.1. Definition of LAI

The definition of LAI used in this paper is one half the total
green leaf area per unit ground surface area. This definition
was first proposed by Chen and Black [1992a] and agrees in
principle with the independent and simultaneous work of Lang
[1991]. This definition has been used by Fassnacht et al. [1994]
and isthe same as that used by Stenburg et al. [1994]. The major
advantage of the new definition over the definition based on
the projected (one-sided) area [Ross, 1981] is that when the
foliage angular distribution is spherica (random), the usual
projection coefficient of 0.5 can still be used for objects of any
shape. Since foliage elements are oriented in various directions
in plant canopies, the projected area in one direction does not
contain al the information for estimating radiation intercep-
tion. The use of haf the total area, which in effect, is twice the
average projected area for al leaf inclination angles, avoids
this problem.

2.2. Definition of Effective LAl

Many optica instruments measure canopy gap fraction
based on radiation transmission through the canopy. Assuming
a random spatial distribution of leaves, the effective LAI (L,)
can be calculated from the gap fraction by adopting Miller’s
[1967] theorem summarized in the following equation:

/2
Le=2j In [%9)] cos §sin 0d6 (6]
0

where P( 6) is the gap fraction at the view zenith angle. Al-
though this equation was originally developed for the calcula-
tion of LAI, Chen et al. [1991] regard the result from (1) as the
effective LAI because leaves in plant canopies are often not
randomly distributed in space. The meaning of this term is
perhaps better understood with the following expression [Nil-
son, 1971]:

P@8) = exp [-G(6)QL,/cos (9)] 2)

where G( 0) is the projection coefficient characterizing the
foliage angle distribution, L, is the plant area index including
leaf and woody areas, and () is a parameter determined by the



CHEN ET AL.: LEAF AREA INDEX OF BOREAL FORESTS

spatial distribution pattern of leaves. When the foliage spatial
distribution is random, Q is unity. If leaves are regularly dis-
tributed (extreme case: leaves are al laid side by side), Q is
larger than unity. When leaves are clumped (extreme case:
leaves are stacked on top of each other), () is less than unity.
Foliage in plant canopies is generally clumped, and hence () is
often referred to as the clumping index. With multiple angle
measurements of P(6), G(8) and QL, can be computed
simultaneoudy [Norman and Campbell, 1989]. Without the
knowledge of , only the product of Q) and L, can be obtained
from gap fraction measurements. Since (1L, is an important
quantity determining the canopy gap fraction and hence the
radiation environment in the canopy, it deserves the separate
term “effective LAI,” denoted by L,.

An important consideration implicitly expressed in (1) is
that LAI can be calculated without knowledge of foliage angle
digtribution if the gap fraction is measured at several zenith
angles covering the full range from 0 to #/2. The LI-COR
LAI-2000 iswell suited for this purpose because of its ability to
measure P( 0) at five zenith angles simultaneoudly from diffuse
blue light transmission through the canopy. Hemispherical
photography can aso provide gap fractions in the full zenith
angle range and hence can be used to measure L,.

23. DerivingLAl FromL,

Since L, is obtained from gap fraction measurements and is
the quantity that many optical instruments measure, Chen
[1996a] used it as a basis for calculating LAI using the follow-
ing equation:

L=01-aLJ/Q 3)

where a is the woody-to-total area ratio. Since L, is usualy
measured near the ground surface based on radiation trans-
mission, all aboveground materials, including green and dead
leaves, branches, and tree trunks and their attachments (lichen,
moss), intercept light and are included in L,. By using the
factor (1 — «), the contributions of nonleafy materids are
removed. However, the remova using this simple parameter
assumes nonwoody materials have a spatial distribution pat-
tern similar to that of leaves quantified by St. This assumption
may result in asmall error in the LAI estimation. The value of
ain this study is obtained through labor-intensive destructive
sampling [Chen, 1996a]. New ways of estimating a are being
investigated using a two-band camera [Kucharik et al., this
issue]. By (3), the remaining task in obtaining LAI is to deter-
mine Q.

Conifer needles are grouped at several levels: shoots,
branches, whirls and tree crowns, and even groups of trees.
Conifer shoots (the basic collection of needles distributed
around the smallest stem) are treated as the basic foliage units
affecting radiation transmission [Norman and Jarvis, 1975; Ross
et al., 1986; Oker-Blom, 1986; Leverenz and Hinckley, 1990;
Gower and Norman, 1990; Fassnacht et al., 1994]. Chen and
Black [1992b] and Chen and Cihlar [1995a] determined from
canopy gap size distributions that the size of the basic foliage
unit is the average projected shoot width. Thisis because small
gaps disappear in the shadow in a short distance as a result of
the penumbral effect. Therefore it is difficult to measure the
amount of needle area within the shoots with optical instru-
ments, and the () value has to be separated into two compo-
nents as follows [Chen, 1996a]:

QO = Qg/ve (4)
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where vy is the needle-to-shoot area ratio quantifying the
effect of foliage clumping within a shoot (it increases with
increasing clumping) and () includes the effect of foliage
clumping at scales larger than the shoot (it decreases with
increasing clumping). The definitions of these two terms are
given in the following sections. The final equation for LAI then
becomes

L =(1-a)L,y/Q% Q)

2.3.1. Foliage clumping within conifer shoots. The nee-
die-to-shoot area ratio is used to quantify foliage clumping
within shoots. Fassnacht et al. [1994] proposed an equation for
calculating the shoot area, which is an improvement over the
method of Gower and Norman [1990]. Chen [1996a] developed
the following equation to calculate one half of the total shoot
area (A,), which differs dightly from Fassnacht et al. [1994]:

1 2 2
A, = ;J d® j A6, @) cos 6 do 6)
0 0

where 6 is the zenith angle of projection relative to the shoot
main axis and ® is the azimuthal angle difference between the
projection and the shoot main axis. A shoot having an equal
projected area at al angles of projection can be approximated
by a sphere. In such a case A,, haf the total shoot imaginary
surface area, eguals 2 times the projected area. If one half of
the total area (all sides) of needles in a shoot is A,, then

YE= A4,/4, (7

For deciduous forests, individual leaves are considered as the
foliage elements, and y; = 1.

2.3.2. Foliage clumping at scales larger than the shoots.
The effect of foliage clumping at scales larger than the shoot is
considered using Q. If shoots are randomly distributed in
space, () equals unity, and the vy correction is sufficient. For
most plant canopies, foliage elements are clumped, resulting in
Q5 smaller than unity. When foliage elements are grouped at
higher levels, the total gap fraction increases for the same LA,
and so does the probability of observing large gaps. A canopy
gap size distribution can therefore be used to quantify . The
TRAC is designed to acquire the gap size distribution through
measurements of sunfleck width along transects beneath the
canopy. The theory and methods are fully described by Chen
and Cihlar [1995a, b]. The final equation for calculating Q is

_[1+ F,(0) = F,,(0)] In [F,,(0)]
= In [F,,(0)]

where F,,( 0) is the measured total canopy gap fraction and
F,,.(0) is the gap fraction for a canopy with randomly posi-
tioned elements. While F,,( 0) can be measured as the trans-
mittance of direct or diffuse radiation at the zenith angle of
interest, F,,,.(0) is obtained through processing a canopy gap
size accumulation curve, F,(h), which is the accumulated gap
fraction resulting from gaps with size A larger than or equal to
A AtA =0, F,(A)isthe total gap fraction as measured by
other optica instruments. F,(h) can be measured by the
TRAC. According to Miller and Norman [1971], the pattern of
gap size accumulation for a random canopy, denoted by F, (),
can be predicted from LAI and the foliage element width. By
comparing F,(h) with F,(h), large gaps appearing a proba-
bilities larger than the prediction of F,(A) can be identified
and removed from the total gap accumulation. F,,(h) is

(®)
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F,(h) brought to the closest agreement with F,(X), repre-
senting the case of arandom canopy with the same LAI. In the
calculation of F,(\), LAl isrequired, but it is unknown. Chen
and Cihlar [1995a] solved the problem by using an iteration
method. For a given measured F, ( A), the iteration aways
converges to a unique value.

2.4, Finite-Length Averaging Method

Recognizing the difficulty of measuring LAI in discontinu-
ous canopies, Lang and Xiang [1986] developed a finite-length
averaging method. In this method, LAI values are first calcu-
lated from many small transect measurements of gap fraction,
and then the individua transect LAI values are averaged to
obtain the mean stand LAI. The transect length is chosen to be
10 times the average leaf width to ensure that the statistical
error is smaller than 5%. The calculation of LAI in the small
transects assumes random leaf spatia distribution within each
transect. Chen and Black [1992b] pointed out that Lang and
Xiang's method has the merit of eiminating the effect of
foliage clumping at scales larger than the transect, but the
clumping effect at scales smaller than the transect remains. In
conifer stands with small needle leaves, an additional problem
exists. the required transect is too small to use because in many
small locations under the canopy the direct beam transmission
is zero, resulting in infinite LAI values in the inversion. To
avoid the problem, we chose the length of the Sunfleck Cep-
tometer (Decagon Devices, Pullman, Washington, model SF-
S0), 800 mm, as the finite transect length. We redlize that this
method can considerably underestimate LAI because of the
foliage clumping within the finite length of optical measure-
ments. If the canopy is assumed to be made up of elements that
are randomly distributed within the finite measuring length (or
ared) and evenly distributed in azimuth with a spherical |eaf
angle distribution then empirical relationships can be estab-
lished between the L and the transmitted photosynthetically
active radiation (PAR) fraction measured by the Ceptometer
at one solar zenith angle. Norman [1988], for example, devised
the following relationship between the plant area index L, and
natura logarithm of the PAR transmittance using a radiative
transfer model:

_[f(1 = cos §) — 1] In (E/E,)
L= 0.72 — 0.337 f,

©)

where E,, is the totd incident PAR above the canopy, E; is
incident PAR beneath the canopy, 6 is the solar zenith angle,
and the beam fraction f,, is

Ea - Ead
fo= E (10)

where E, , is the diffuse PAR irradiance above the stand. This
equation provides an estimate of plant area index rather than
LAI because the Ceptometer measurements beneath the can-
opy are affected by al materials above it, including the foliage
and the supporting woody materials.

25. Dimension Analysisor Allometry

Allometry, the relationship between a dependent variable
such as size, shape, or area and an independent variable, is
commonly used as a tool to directly estimate the area of tree
parts. The form of the relationship varies but often follows the
formlogY =a + b log X, where 4 and b are the Y intercept
and dope of the equation, respectively, and log is the natural or
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lo-based logarithmic transformation needed to correct nonho-
mogeneous variance of the dependent variable. Allometric re-
lationships can be obtained by destructively sampling trees and
determining the biomass and area of various components, or
they can be obtained from other studies. However, the appli-
cation of “generalized” allometric relationships can lead to
large errors, especialy for foliage mass and area components
[Crier et al., 1984]. Allometric equations can be used to scale
tree-level estimates of leaf area to the stand-level by measuring
the diameter and species of al trees in a plot of known area
and applying the appropriate allometric equations. While leaf
area estimates for forests are common, few attempts have been
made to assess the sources of erors related to direct LAI
estimates. The most notable errors include (1) estimation of
the foliage areamass ratio used to convert foliage mass of a
tree to area, (2) variance of the dependent variable (i.e., leaf
area) around the regression equations, and (3) variance of
stem density in the stand.

Using an alometric relationship to estimate the leaf area of
stands has severa advantages over indirect optica methods.
Allometric relations enable scientists to quantify stem, branch,
and foliage area separately, they alow scientists to characterize
the vertical distribution of LAI and partition LAI by each
age-cohort of foliage, and alometric equations do not require
estimates of clumping factors [Gower and Norman, 1990;
Fassnacht et al., 1994; Chen and Cilhar, 1995a]. Disadvantages
of using alometric relationships to estimate leaf area include
the facts that (1) they are time consuming and expensive to
develop, (2) numerous abiotic and biotic factors influence the
alometric relations, thereby necessitating site-specific allomet-
ric equations, and (3) destructive analysis of trees may not be
permitted in wilderness areas or parks.

3. Methods
3.1. Study Sites

Study sites are located in forest stands of major boreal spe-
cies: black spruce (Picea mariana), jack pine (Pinus banksiana),
and aspen (Populus tremuloides), located in the BOREAS
southern study area (SSA) near Prince Albert and Candle
Lake, Saskatchewan, and in the northern study area (NSA)
near Thompson and Nelson House, Manitoba. Table 1 pro-
vides a list of stand attributes for the sites investigated, where
SOBS, SOJP, SY JP, and SOA denote the old black spruce, old
jack pine, young jack pine, and old aspen sites in the SSA,
respectively, and likewise, NOBS, NOJP, and NYJP in the
NSA. These are sites with an eddy covariance tower and are
considered to be the intensive sites. NOA is an auxiliary site.
Other five letter/digit names (Table 2) are auxiliary sites of
BOREAS (i.e, these sites did not have the eddy covariance
tower).

LAI was measured every 10 m, marked by permanent flags,
along three transects (A, B, and C) with the B transect passing
next to the eddy covariance tower along the edge of the wind-
aligned blob (WAB) centered at the tower (Figure 1). The
mapped plot for hemispherical photograph acquisition over-
lad part of the transects. All transects in the intensive sites
except for SOA were oriented in the SE-NW direction. In SOA
the transects extended SW from the tower 300 m. In SOBS,
SOJP, NOBS, and NOJP, the NW end of the B transect was
the tower, while in SYJP and NY JP the tower was located at
the center of the B transect, i.e., the transects traversed from
the SE to the NW part of the WAB. The allometry plots used
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Table 1. Site Description
Age, Tree Height, Density, Latitude, Longitude, Transect,

Stand years m semsha °N W m
SOJP 60-75 12-15 1600-4000 53.916 104.692 200
SYJP 11-16 45 4000-4100 53.877 104.647 300
SOBS 0-155 0-10 3700-5800 53.987 105.122 300
SOA 60 21 900 53.627 106.194 300
NOJP 50-65 9-13.5 1300-3500 55.928 98.624 210
NYJP 25 0-25 5700-42,000 55.905 98.288 340
NOBS 75-90 9-12 1150-8700 55.880 98.484 300
NOA 55.532 98.405 50

Stand abbreviations are defined in the text.

for destructive sampling were generaly located in the east
sector outside of the WAB. At an auxiliary site, two perpen-
dicular 50 m transects oriented in due SN and E-W directions
were used to sample LALI.

3.2. LAI-2000and TRAC M easurement Procedures

LAI-2000 measures the transmitted blue sky light (400-490
nm) under the canopy in five concentric rings from 0° to 75°,
from which to calculate the gap fraction for five zenith angle
ranges and therefore the L, using (1). LAI-2000 messure-
ments were made at each flag position, and the mean value of
L, for a site each time was thus obtained from 60-102 mea-
surements. Three LAI-2000 units were used in most stands:
two for in-stand measurements and one for the reference mea-
surements on remote mode either on top of the flux tower or
in a nearby clearing. Data were acquired in the following
BOREAS intensive field campaigns (IFCs): IFC-93 (August
9-29,1993), IFC-1 (May 5 to June 16, 1994), IFC-2 (July 19 to
August 8, 1994), and IFC-3 (August 30 to September 19, 1994).
LAI-2000 measurements were made at the auxilary sites only
during IFC-2 or IFC-3 at 11 locations dong both of the 50 m
transects. All measurements were made near sunset or under
overcast conditions to reduce the effect of scattered blue light
in the canopy.

The TRAC instrument consists of three PAR (400-700 nm)
sensors (LI-COR, Lincoln, Nebraska, model LI-190SB), a data
logger (Campbell Scientific, Logan, Utah, model CR10), and a
storage module (model SM 716). With a walking pace of 1 m
per 3 s a a sampling frequency of 32 Hz, the measurement
interval for each sensor is about 10 mm. The transmitted total
and diffuse PAR irradiance from the two upward facing sen-
sors are used to resolve the direct component of PAR for LAI
calculations, and the reflected PAR irradiance from the down-
ward facing sensor is useful in calculating the fraction of PAR
absorbed by the canopy. In making measurements, the opera-
tor needs to watch a level indicator and a shadow strip on the
diffuse PAR sensor while walking at a reasonably constant
speed. To minimize the effect of the operator’s shadow and
avoid sampling aong long tree shadows or sunflecks, the mea-
surement time was chosen to alow the difference between the
transect direction and the solar azimuth angle to be larger than
30°. TRAC measurements were generally made on B transect
severd times at each intensive site in IFC-1, -2, and -3. In
auxiliary sites, TRAC was used in IFC-3 on one or both of the
transects. All TRAC measurements were made under clear-sky
conditions or in large gaps between clouds, allowing uninter-
rupted operation for the whole transect.

3.3. Ceptometer M easurement Procedur es

During IFC-2, a Sunfleck Ceptometer was used to measure
total incident PAR, diffuse incident PAR, total PAR transmit-
ted through the canopy,, and diffuse PAR in the canopy for a
number of jack pine auxiliary sites|ocated within the BOREAS
SSA. At each of these sites, measurements were taken at the
same 10 sampling positions used for hemispherical photogra-
phy. Each PAR measurement consisted of an average of 80
PAR photodiodes in the Ceptometer for eight azimuthal ori-
entations. Thus each site measurement constituted the average
of 6400 individual measurements of PAR. Unlike the LAI-
2000, a line quantum sensor measures incoming PAR over a
restricted zenith range. To calculate the plant area index (PAI)
without. reference to an assumed leaf angle distribution, mea-
surements were obtained at several solar zenith angles. PA1
was calculated using (9) and the site PA1 calculated as the
average of these individual estimates.

3.4. Hemispherical Photography Methods

Hemispherical photographs were acquired in sample arrays
at heights of 0.8, 1.5, and 25 m for each of the forested
BOREAS tower flux sites and auxiliary sites. For the forested
tower flux sites and other sites for which mapped plots were set
up, hemispherical photographs were acquired during IFC-1
and IFC-2 at 10 m intervals aong the centrd X axis of the
mapped plot (5 m intervals for NSA-YJP). Typicdly, this cor-
responds to six sample locations for each tower flux site. Site
locations in relation to the flux tower (Figure 1) are SOBS,
150-230 m (SE); SOJP, 130-180 m (SE); SYJP, 30-80 m
(SE); SOA, 70-120 m (SW); NOBS, 80-130 m (SE); NOJP,
70-120 m (SE); and NYJP, 120-150 m (SE). Location refers
to distance from the flux tower along the “B” LAI transect,
except in the case of SOBS, where a“D” line (20 m from the
C line) is used. For the auxiliary sites, hemispherical photo-
graphs were taken in a crisscross array, at 10 m intervals along
two 40 m long transects placed at right angles and crossing in
the middle. A total of nine sample locations were chosen
within the plot. The auxiliary site photographs were taken
during and between IFC-1 and IFC-2.

Hemispherical photograph negatives were video digitized at
aresolution of 512 (horizontal) X 480 (vertical) X 7 bits using
the hemispherical photograph analysis system CANOPY
[Rich, 1989, 1990]. Gap fraction, the proportion of unob-
structed sky, was calculated at 5° zenith angle intervals and
used for additional calculations. All hemispherical photo-
graphs were also archived in Kodak PhotoCD format. The
effective LAI and other canopy indices were calculated using



29,434 CHEN ET AL.: LEAF AREA INDEX OF BOREAL FORESTS

Table 2. Mean L, and FIPAR Values for BOREAS Auxiliary Sites

L, FIPAR Diffuse FIPAR Direct
Photo Date .
Stand, Age Productivity in 1994 n Mean s.d. Mean s.d. Mean s.d. Site

NSA Aspen
Disturbed Medium July 31 9 150 0.19 0.66 0.04 0.75 0.06 T8S4A
Intermediate Low July 4 8 2.47 0.48 0.75 0.08 0.84 0.07 T4U5A
Intermediate Low July 24 9 245 0.44 0.77 0.04 0.83 0.08 V5XTA
Intermediate Low July 24 9 172 0.28 0.64 0.07 071 0.06 WOYS5A
Intermediate Medium July 4 9 2.65 0.33 0.80 0.04 0.85 0.05 S9P3A
Mature Medium Aug. 4 1.90 0.32 0.74 0.07 0.84 0.06 Q3V3A
Mature Medium Aug. 6 9 2.66 0.45 0.79 0.07 0.85 0.04 R8VSA
Mature High July 4 9 194 0.39 0.70 0.07 0.75 0.07 T2Q6A
Mature High July 29 9 2.07 0.30 0.77 0.06 0.81 0.05 P7V1A

SSA Aspen
Disturbed High July 20 3.00 0.52 0.88 0.03 0.92 0.03 D6H4A
Disturbed High Aug. 17 9 1.68 0.20 0.62 0.04 0.71 0.03 D6LIA
Intermediate Medium July 27 9 2.04 0.22 0.77 0.06 0.85 0.07 B9B7A
Mature High June 25 9 2.93 0.28 0.84 0.02 0.86 0.04 DIG4A
Mature High Aug. 12 6 127 0.28 0.59 0.08 0.63 0.12 E7C3A

NSA Black Spruce )
Disturbed Low Aug. 3 9 0.33 0.15 0.25 0.09 0.34 0.08 T7RIS.
Disturbed Medium July 24 031 0.27 0.21 0.13 0.29 0.16 U6WSS
Intermediate Low Aug. 5 8 1.63 0.23 0.68 0.06 0.84 0.05 T3U9S
Intermediate Medium June 29 2.37 0.33 0.80 0.04 0.87 0.05 T4U8S
Intermediate High June 16 9 2.30 0.48 0.78 0.06 0.87 0.04 T6R5S
Mature Low July 4 10 158 0.38 0.62 0.09 0.74 0.08 TOP7S
Mature Medium June 22 9 2.53 0.15 0.81 0.02 0.89 0.03 SEWOS
Mature Medium Aug. 5 9 2.90 021 0.80 0.02 0.87 0.04 TOW1S
Mature High July 4 9 2.98 0.34 0.80 0.03 0.87 0.05 TOP8S
Mature High July 26 9 2.76 0.54 0.79 0.04 0.86 0.04 T5Q7S
SSA Black Spruce.
Disturbed Medium July 26 1.31 0.37 0.60 0.08 0.69 0.13 HI1EA4S
Intermediate High July 14 313 0.49 0.81 0.04 0.90 6.04 G214S
Mature Low July 27 3.25 0.30 0.85 0.03 0.91 0.04 DOH6S
Mature Low July 30 9 345 0.58 0.87 0.03 0.92 0.03 GII4S
Mature Low Aug. 11 8 0.23 0.11 0.19 0.07 0.25 0.09 G2L7S
Mature Medium Aug. 13 9 2.26 0.26 0.72 0.04 0.80 0.04 H2D1S
Mature High July 3i 9 213 0.17 0.76 0.02 0.79 0.02 G6K8S
NSA Jack Pine
Disturbed Low July 30 9 0.80 021 0.42 0.08 0.50 0.09 T8S9P
Intermediate Low July 25 9 107 014 0.54 0.06 0.55 0.09 T9Q8P.
Intermediate Medium July 28 1.55 0.20 0.63 0.04 0.75 0.08 T8QIP
Intermediate Medium Aug. 3 9 2.53 0.66 0.77 0.07 0.84 0.09 T7S9P
Mature Low July 4 0.77 021 0.43 0.08 0.52 0:13 O9pP
Mature High Aug. 4 1.95 0.20 0.76 0.04 0.84 0.05 Q3V3P
SSA Jack Pine. » )

Disturbed Medium Aug. 3 9 1.09 0.47 0.53 022 0:54 0.20 G8L6P
Intermediate Low July 14 8 4.10 0.52 0.87 0.03 0.92 0.05 1218P
Intermediate Low July 28 9 1.95 0.20 0.69 0.03 0.76 0.06 F5I6P.
Mature Low June 19 10 2.06 0.33 0.72 0.07 0.74 0.08 G4KS8P
Mature Low July 13 9 1.87 0.19 0.69 0.06 0.78 0.06 G7K8P
Mature Medium June 19 9 2.57 0.27 0.77 0.04 0.84 0.06 F7I1P
Mature Medium June 19 9 1.99 0.28 0.70 0.09 0.74 011 GI1K9P
Mature High June 19 9 303 0:27 0.82 0.02 0.89 0.05 F710P

NSA Mixed
Mature Low July 31 9 1.91 0.27 0.75 0.03 0.83 0.04 Q1vaMm
Mature High July 4 9 3.09 0.33 0.82 0.03 0.89 0.07 TOP5M

SSA Mixed
Disturbed Medium July 26, 9 2.42 0.33 0.80 0.04 0.84 0.04 H2D1M
Intermediate Medium June 25 301 0.35 0.86 0.03 0.91 0.03 DIIIM
Mature Medium Aug. 14 8 1.23 0.19 058 0.05 0.55 0.06 H3DIM
Mature High July 15 9 2.96 0.35 0.82 0.03 0.90 0.05 G4I3M

Productivity is the net primary productivity assessed from the tree trunk diameter and age, n is the number of photographs analyzed, s.d. is
standard deviation, FIPAR diffuse is the fraction of diffuse photosyntheticaly active radiation intercepted by the canopy, and FIPAR direct is
the similar fraction for direct radiation. Both FIPAR values are determined by the canopy gap fraction and are therefore closely related to L.,
indicating the importance of L, as a stand parameter. Site codes are defined in the text.
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Figure 1. Locations of LAI transects and the heimispherical
photograph plot in the wind-aligned blob (WAB) at the tower
sites. In SOA, the LAI transects runs from the tower in the
southwest direction. In SYJP and NY JP, the transects runs in
both southeast and northwest directions from the tower.

the program LAICALC. Cdculating formulae and operation
of LAICALC are described in detail in the LAICALC manud
[Rich et al., 1995] following the method of Chen et al. [1991]. In
order to compare hemispherical photography technique and
LAI-2000 results, the gap fractions from the photographs were
similarly separated into five zenith angles from 0 to 75°.

3.5. Tree Destructive Sampling Procedures

A complete description of field and laboratory methods and
model development of the allometric equations is provided by
Gower et al. [this issug]. Therefore, for brevity, we will sum-
marize the methods used to directlv estimate leaf and stem
area. In each stand, four to five plots were established and
species, crown class, and diameter were determined for ail
trees with a diameter at breast height (1.3 m) D,, > 2.5 cm.
Gower et al. selected trees of varying diameter to represent the
range of tree sizes measured in the plots. In August 1994, two
dominant, three codominant, three intermediate, and two sup-
pressed trees were destructively sampled from each intensive
site. All trees were harvested from late July to early August,
well before leaf fall.

Trees were cut at the soil surface, and total tree height and
length of the live crown were measured. Stem area was calcu-
lated by assuming that the stem section from the soil to D,
from D, to base of live crown, and from base of live crown to
the stem top approximated a frustrum of a neiloid, a frustrum
of a paraboloid and a cone, respectively [Gower et al., this
issue]. The live crown was marked into thirds (top, middle, and
lower), and dl live and dead branches from each position were
cut and weighed separately. One branch from each canopy
position was randomly selected for detailed analysisin the field
immediately after each tree was felled. Populus tremuloides
branch samples were divided into foliated twig and nonfoliage-
bearing branches. Pinus banksiana branches were divided into
current, 1-, 2-, and >3-year-old shoots (needles + twig) and
nonfoliage-bearing branches. Picea mariana and P. glduca
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branches were divided into current, 1-2, 3-4, and >5-year-old
shocts and nonfoliage-bearing branches. Foliage-bearing twigs
were mixed thoroughly, and approximately 30-50 shoots were
selected for each shoot age class and canopy position combi-
nation. The fresh mass of each component was determined
using an eectronic balance, and the sample was placed in a
labeled bag and stored in a cold room until transported to
Wisconsin. Approximately 5-10 shoots were used for specific
leaf area measurement. The volume displacement method de-
scribed in the appendix was used for measuring the hemi-
surface area of needles.

Regression models of the form log,, Y = a + b log,, X
were used to correlate stem and foliage areato D,,. A log;, —
log,, transformation was needed to correct for nonhomoge-
neous variance of the independent variable. Stem area was
highly correlated to stem diameter, and the r? values ranged
from 0.92 to 0.99 [Gower et al., thisissue]. Total leaf area per
tree was highly correlated to stem diameter for most stands;
the 2 values ranged from 0.75 to 0.98, with the majority ex-
ceeding 0.85 [Gower et al., thisissug].

To obtain the woody-to-total area ratio (a) for mature
stands, three or four trees were harvested in SOBS, SOJP, and
NOJP for the direct measurements of the total surface areas of
needles and woody materials. The individual tree measure-
ments were extrapolated to the whole stand using D, mea-
surements. The « values were found to be 0.16, 0.32, and 0.28
for SOBS, SOJP, and NOJP, respectively [Chen, 1996a].

3.6. Shoot Samples and Analysis

From each intensive conifer site, shoot samples were taken
in each summer IFC in 1994 to obtain the within-shoot clump-
ing factor. Trees of a stand were first grouped into three class-
es. dominant, codominant, and suppressed, and each tree was
divided into three height classes: top,. middle, and bottom,
creating nine shoot classes per stand. Three to 10 shoots per
class were taken for a total of 27-90 shoots per stand, for
laboratory anadlysis. A video camera and computer system
(AgVision, Decagon Devices, Inc., Pullman, Washington) was
used to determine the projected area of the shoots, and a
volume displacement method was used to measure the needle
area (see appendix). The tota needle area in a shoot and the
total imaginary shoot area obtained from the projected shoot
area were used to calculate the needle-to-shoot area ratio
[Chen, 1996a].

4. Results and Discussion
4.1, Comparison of the Effective LAI

Figure 2 illustrates the spatia distribution of L, along the
transects during the IFC in 1993 at six intensive sites. Similar
measurements were made in each IFC in 1994 to obtain the
seasondl variation of L, for each stand. Except for SOJP, LAI
varied substantialy, especidly in the mature conifer stands.
The standard deviation (error) in L, is 0.66 (0.069) for SOBS,
0.22 (0.028) for SOJP, 0.44 (0.046) for SYJP, 0.15 (0.016) for
SOA, 0.50 (0.052) for NOBS, 0.28 (0.032) for NOJP, 0.26
(0.026) for NYJP, and 0.15 (0.045) for NOA. SOJP transects
were established in a very uniform part of the stand without tall
understory species. In NOJP there are many sharp spikesin L,
distribution because of the presence of shrub green ader (AZ-
nus crispa) which appears in large clumps up to 5 m in diameter
and 3-4 m in height [Vogel, 1997]. Both black spruce stands
(SOBS and NOBS) have pronounced variations at 50-100 m
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Figure 2. Measurements of effective LAI along the LAI transects in six conifer tower sites where a positive
(negative) value on the abscissa indicates the southeast (northwest) distance from the tower.

scales which may be due to small topographic variations &f-
fecting the drainage pattern and tree growth. Although al
these stands were selected for homogeneous species composi-
tion and stand structure, these data clearly indicate the diffi-
culty in obtaining a stand average of LAI and the importance
of the location of measurements.

Point estimates of L, obtained using hemispherical photog-
raphy and LAI-2000 were in good agreement (Figure 3). Be-
cause of the relative uniformity of the SOJP site, the measure-
ments compare particularly well. However, in the SOBS, larger
spatial inhomogeneities exist, and measurement locations of
these two instruments were not always identical. Therefore
much of the discrepancy may be due to dight differences in
sample location. On the stand average, such location differ-
ence is much reduced.

Stand averages of L, obtained from the LAI-2000 and hemi-
spherica photograph techniques were highly correlated with
r* = 0.8 1 (Figure 4), and the slope of the regression line was
not significantly different from 1 (p < 0.01), indicating the
usefulness of these techniques for measuring the gap fraction
at various zenith angles. We caution, however, that both tech-
niques can suffer from the same problem: scattering of light
within the canopy, and in Figures 2 and 3, no corrections were
made to the L, values for the multiple scattering effect for the
purpose of direct comparison. In order to minimize this effect,
LA-1-2000 uses only the blue light (400-490 nm) and assumes
all diffuse blue light originates directly from the sky (i.e., leaves
in the blue band are totally black). Although blue reflectance
of leaves is the smallest in the solar spectrum, it is still signif-
icantly larger than zero (about 3-6%). In open canopies the
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Table Al.  Equations for Converting Measurements of Needle volume V, Average Length
[, and Number n to Hemi-surface Area for Severa Different Shapes of Needle Cross
Section
Shape Equation Example
Cylinder vV X \/(Vnl) 1.77/(Vnl)
Square 27/ (Vnl) 2.00n/(Vnl)
Diamond 2v[ (1 + x3)/2x]V/( Vnl) x = (major axis)/(minor axis)
x=1 2.00n/(Vnl)
X =2 2.24~/('Vnl)
x=3 2.58+/(Vnl)
Ellipse 0.5v/(mx) X (1 + 1/x) X \/(Vnl) x = (maor axis)/(minor axis)
x=1 1.77/(Vnl)
Xx=2 1.88+/(Vnl)
x=3 2.05+/(Vnl)
Rectangle Vx X (1 + 1/x) X v/ (Vnl) x = length/width
x=1 2.00v/(Vnl)
X =2 2.12+/(Vnl)
x=3 2.31/(Vnl)
Cylinder sections [V&/7) + V(wx)] X \/(Vnl) x = number of sections =2
X= 2 2.05+/(Vnl)
Xx=3 2.00n/(Vnl)
X=5 2.05v/(Vnl)

mature jack pine. Therefore a crude conversion factor from L,
to LAI is 1.8 for mature black spruce (assuming v = 1.4 and
(1 - a) = 0.84) and 1.3 for mature jack pine (assuming yg =
1.45 and (1 — a) = 0.68). According to our measurements,
LAI of boreal jack pine and aspen species have similar values,
faling in the range 1-4, but the prevailing black spruce has a
larger range, 1-6. All boreal species are highly clumped.
Stands with large LAI values are still quite open, as evidenced
in the small effective LAI values, because of foliage clumping
at tree, branch, and shoot levels.

Appendix: Volume Displacement Method

The surface areafor conifer shoots can be measured by severa
methods, but the two most common are volume displacement
and projected area of detached needles using an optical
planimeter. Because needle surface area is the measurement
desired, projected-area measurements with optical planimeters
are insufficient unless the appropriate shape factors are in-
cluded to cdculate the hemi-surface area (HSA) of needles.

Using the optical planimeter is tedious because needles have
to be carefully aligned so as to present their maximum area to
the planimeter. Since many conifer needles are curved or
twisted by variable amounts, projected area measurements are
subject to considerable error unless great care is taken. Given
the measured needle projected area of al the needles that have
been detached from the shoot and a known cross-sectional
shape for the needles, the surface area can be calculated and
divided by 2 to get the HSA.

A faster method that is more reliable than the planimeter
method and does not require an expensive optical planimeter
is the volume displacement method. This method requires a
reasonably good, top-loading electronic balance, something
common to any lab. The method we use is similar to that
reported by Beets [1977]. A shoot is detached from a tree and
submersed in a container of water (with 5% detergent added)
that is placed on a top-loading electronic balance. The volume
of the needles plus twig is equa to the weight of water dis-
placed by the shoot. The needles then are removed from the
twig and counted, and their average length is measured. The
volume of the twig then is measured in the' same manner asthe

shoot, so that the needle volume is the difference between the
shoot and twig volumes. Knowing the shape of the cross-
sectional area of a needle permits estimation of the needle
surface area. Shapes of needle cross sections can vary, espe-
cialy between sun and shade leaves [Brand, 1987]. However,
such variations in shape usually do not appear to cause serious
errors. More precise schemes for accommodating systematic
patterns of needle cross-sectional shape are possible with re-
gression approaches [Johnson, 1984], but this was not necessary
with black spruce and jack pine.

The measurements of needle volume, length, and number
can be converted to needle surface area using simple geometry.
The equations for severd different needle shapes are given in
Table Al.

An additional measurement that is valuable in converting
shoot measurements to correction factors for indirect LAI
measurements is the length of the intact shoot and the diam-
eter of the intact shoot. These dimensions are of an effective
cylinder that would just match (in an average sense) the out-
side envelope of the intact shoot (Table A2).

Careful measurements of total surface area were done on

Table A2. Equations Suggested for Caculating the Total
Needle Area (Sn) Using the Volume-Displacement
Technique for Several Shapes

Shape Sn Species

Square 4.00N/(Vnl) blue spruce
Ellipse (1:3 ratio of axes) 4.35v/(Vnl) Douglas fir
Cylinder 3.54+/(Vnl)
Hemi-cylinder 4.10n/(Vnl) black pine
Rectangle

Width = (length/lo) 6.96/(Vnl)

Width = (length/4) 5.00n/(Vnl)

Width = (length/3) 4.87+/(Vnl)

Width = (length/2) 4.24~/(Vnl)
Diamond (1:1.5 ratio of two axes)  4.16\/(Vnl) black spruce

V is the volume displacement by the needles, n is the number of
needles, and [ is the average length of the needles. The woody twig
volume can be used to get the twig contribution to surface area using
n = 1 and the length of the twig.
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Table A3.  Comparison of Needle Area Measured by the
Volume Displacement Method and the Optical
Planimeter Method

Needle Area, mm?

Volume
Species Optical Planimeter Displacement
Blue spruce 3276 3216
Douglasfir 9990 9705
Black pine 4084 3900

several species by both the volume displacement method and
optical planimeter method (Table A3).

With Douglas fir, if detergent was not added to the water,
the volume displacement method overestimated the surface
area by 35% in one case and 39% in a second case because of
entrapped air. The cross-sectional area of blue spruce was a
square, of Douglas fir an ellipse with aratio of major to minor
axes of 3:1, and black pine a half-cylinder.
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Figure 3. Comparison of individual effective LAI (L,) mea
surements in two stands by hemispherical photography and the
LI-COR LAI-2000.

contribution of scattered blue light is small compared with that
from the sky; therefore the problem is less serious. The same
principle applies to the gap fraction measurement at the var-
ious zenith angles. At large zenith angles, the canopy gap
fraction is always small, even in open stands, and therefore the
scattering problem is more serious. In the calculation of L,
the gap fractions at large zenith angles are more important
than those at small zenith angles because of the sin § weight
(1), suggesting that the scattering effect should not be over-
looked. In photographs the scattering effect also exists but in a
different way. Leaves at the top of a canopy under bright light
appear to be much brighter than the foliage under them. These
bright leaves are more easily seen at small zenith angles than at
large zenith angles, and therefore the absolute distortion of the
gap fraction is larger at smaller zenith angles when a fixed
threshold value is used to distinguish leaves from the sky. The
relative change in the gap fraction due to the distortion is
complicated by the angular resolution of the hemispheric im-
age. In a coarse image, many small gaps at large zenith angles
may be missed in the digitization, which may even overcom-
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Figure 4. Comparison of the mean L, values for the seven
tower sites obtained from hemispherical photography and the
LI-COR LAI-2000.
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Figure 5. Comparison of plant area index (PAI) measured
using the Sunfleck Ceptometer with L, measurements by LI-
COR LAI-2000 and with PA1 obtained from L, and foliage
clumping indices.

pensate the scattering effect, resulting in underestimation of
the gap fraction. Because of the different limitations of these
techniques, Chen et al. [1991] found that foliage angle distri-
butions derived from gap fractions measured using these tech-
niques were considerably different. In this study, problems with
uneven illumination on foliage were minimized by acquiring
photographs only in cases of very even backlighting (typically,
predawn), and the photographs were digitized to images of size
512 x 480 to achieve a reasonable angular resolution and
reduce the loss of small gaps near the horizontal direction.
Compared with LAI-2000, hemispherical photographs have
the advantage of recording permanent images of the canopy
which can be used to investigate the scattering effect. A sum-
mary of L, measurements in BOREAS auxiliary sitesis given
in Table 2 according to species and estimated classes of net
primary productivity.

Figure 5 shows the comparison between measurements from
the LAI-2000 and the Sunfleck Ceptometer for eight jack pine
sites within the SSA, six from IFC-2 and two from IFC-93
(SOJP and SYJP). The measurements of the Ceptometer are
regarded as the PAI because the below-canopy PAR measure-
ments are affected by al aboveground materials including
leaves, branches, and tree trunks. The direct LAI-2000 mea-
surements are taken as L., and the PA1 on the ordinate is
based on measurements of LAI-2000 and TRAC assisted with
laboratory analysis on shoot samples. It is calculated as L, X
1.46/0. 7 1, where 1.46 is the needle-to-shoot area ratio and
0.71 is the element clumping index (see Table 3). Both the L,
and PA1 estimates are highly correlated to the Ceptometer
measurements, but the sopes of the regression lines are sig-
nificantly different from 1. The Ceptometer PAL results are
larger than L, but smaller than PA1 obtained from the com-
bination of LAI-2000 and TRAC measurements. By taking the
finite-length averaging method, the Ceptometer measurements
removed the effect of foliage clumping at scales larger than the
averaging length (0.8 m), making its measurements larger than
L, obtained from LAI-2000, which include the effect of foliage
clumping at all scales. However, in the Ceptometer measure-
ments the effect of foliage clumping at scales smaller than the
averaging length remains. The bulk of the effect is due to
clumping within shoots, which is a factor of 1.46 in jack pine
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Table 3. Summary of Optical and Allometric LAT Measurements

Optical Allometic
Period L, Ve O (1-a LAI LAI
SOBS
IFC-93 2.27 (1.42) (0.70) (0.84) 3.87
IFC-1, %4 235 1.30 0.70 (0.84) 3.67
IFC-2, %4 245 1.36 0.70 (0.84) 4.00 6.3
IFC-3, %4 2.27 142 0.70 0.84 3.87
SOJP
IFC-93 1.75 (1.51) (0.71) (0.68) 2.53
IFC-1, %4 177 128 071 (0.68) 2.17
IFC-2, %4 187 1.46 071 (0.68) 2.61 25
IFC-3, %4 1.76 1.51 0.71 0.68 2.54
SYJP
IFC-93 1.46 (1.37) (0.72) (0.95) 2.64
IFC-1, %4 1.51 143 0.72 (0.95) 2.85
IFC-2, %4 155 152 0.72 (0.95) 3.10 2.8
IFC-3, %4 157 137 0.72 (0.95) 2.83
SOA
IFC-93
IFC-1, %4 2.02 1 0.82 0.70 172
IFC-2, %4 242 1 0.70 0.75 2.59 33
IFC-3, 94 2.20 1 0.76 0.73 211
NOBS
IFC-93 2.70 (1.50) (0.71) (0.84) 4.79
IFC-1, %4 2.66 132 0.71 (0.84) 4.15
IFC-2, %4 2.75 140 071 (0.84) 4.55 5.0
IFC-3, %4 271 150 071 0.84 481
NOJP
IFC-93 1.55 (1.42) (0.82) (0.72) 193
IFC-1, %4 1.61 115 0.82 . 0.72 163
IFC-2, 94 164 1.30 0.82 0.72 187 2.2
IFC-3, 94 164 142 0.82 0.72 2.04
NYJP
IFC-93 1.21 (1.45) (0.95) (0.97) 1.79
IFC-1, %4 125 122 0.95 (0.97) 1.56
IFC-2, %4 1.25 127 0.95 (0.97) 162 2.0
IFC-3, %4 127 1.45 0.95 (0.97) 1.88
NOA
IFC-93
IFC-1, 94 225 1 0.79 0.80 2.27
IFC-2, %4 225 1 0.72 0.80 2.50 3.6
IFC-3, %4 2.09 1 0.88 0.78 1.85

Values in parentheses are estimated. Stand abbreviations and periods of the intensive field campaigns

(IFCs) are defined in the text.

stands. This factor makes PA1 based on LAI-2000 and TRAC
much larger than the PA1 from the Ceptometer. We conclude
from this comparison that Lang and Xiang’s [1986] finite-
length averaging technique is effective in removing the effect
of foliage clumping at large scales but underestimates PA1 or
LAI because of foliage clumping at small scales, especialy
clumping within shoots.

4.2. Comparison of LAI Measurements

Measurements of L, are an important step in optical mea-
surements of LAI, but to obtain LAI, other parameters in (5)
need to be quantified. They include the woody-to-total area
ratio («), the element clumping index (Q), and the needle-
to-shoot area ratio ( yg). The full details of the methods for
obtaining these parameters are given by Chen [1996a] and
Gower et al. [this issue]. Table 3 summarizes the average values
of each component leading to the LAI estimates based on
optical measurements. The numbers in parentheses are esti-

mated values based on measurements made in other periods.
The yg vauesin IFC-93, for example, are taken as the same as
those in IFC-3, 94. Chen [1996a] found that Q. for conifer
does not vary significantly throughout the summer season
(from IFC-1 to IFC-3) but is weakly dependent on the solar
zenith angle. Therefore only one value of Q) was suggested for
a conifer stand after using a weighting scheme for individual
Q values a different solar zenith angles. () does not vary
with season because the foliage clumping effect is the result of
large gaps between tree crowns and branches which do not
change seasonally. Also according to Chen [1996b], L, from
LAI-2000 were 0-25% (with an average of 15.3%) smaller
than those from TRAC for six conifer stands. Similarly, Chen
et al. [1997] reported that LAI-2000 underestimates L, by 15%
in an aspen stand (SOA) when compared with radiation tram
measurements. The underestimation of L, is attributed to the
blue light scattering effect on LAI-2000 measurements. Both
TRAC and the radiation tram are able to separate the direct



CHEN ET AL.: LEAF AREA INDEX OF BOREAL FORESTS

6
z 5
N
g 7 °
s 3
2 .
&’ Py
5
2 4
2 @ Jack Pine
W Black Spruce [—|
A Aspen
0 [
0 2 3 5 6 7

Allometric LAI

Figure 6. Comparison of optical LAI with allometric LAI for
seven tower sites and an auxiliary site (NOA).

and diffuse radiation components and remove most of the
scattering effect. Therefore the stand averages of L, presented
in Table 3 were increased by 15% from the direct readings of
LAI-2000 shown in Figures 3 and 4 (this correction is made in
Figure 2).

Except for SOBS, labeled 8 in Figure 6, there was good
agreement between direct and indirect estimates of LAI. The
discrepancy in SOBS is likely because of the large spatia vari-
ability and difference in location between the direct and indi-
rect measurements. The analysis of the results can benefit from
comparison with the results from NOBS. Both these two black
spruce stands are spatialy highly variable, as evident inthe L,
trace (Figure 2). The eastern section of NOBS containing the
LAI transects is located in the dense part of the stand and has
LAI values larger than the average surrounding conditions.
The LAI transects in SOBS ran through an open part of the
canopy, which brings down the average L, values and there-
fore the LAI values in the optical results. Although LAI-2000
suffers from its own problems (namely, the scattering effect),
the instrument has shown good repeatability in the same stands
(Table 3). Relatively speaking, the LAI transects in NOBS
have larger L, values than those in SOBS. The values of vy
and O in Table 3 differ only dightly between these two stands,
showing their similarity. From the consistency of these optical
results, we therefore expect larger LAI valuesin NOBS than in
SOBS over the transects. While the optical and allometric LAI
values agree very well in NOBS, they differ by 45% in SOBS.
The difference in SOBS may have resulted from the different
locations of the allometric plots and LAI transects. There were
four 25 m X 25 m plots located about 60, 85, 110, and 135 m
east of the flux tower. Their LAI values are 9.10, 6.34, 5.02, and
4.86, respectively. These plots were mostly the average-to-
dense part of the stand, while the LAI transect consists of
essentially a dense (O-150 m) and an open section (150-300
m). The differencein the L, values in the two sections is about
27%. This difference would have caused the mean L, (as well
as LAI) over the whole transect to be 13.5% smaller than that
over the first part of the transects. The optical LAI of the dense
section is 4.5. The alometric LAI plots were located near this
section. It would be therefore more meaningful to compare the
mean alometric LAI with the optical LAI obtained from the
first 150 m of the transects. The difference between 6.3 and 4.5
i533%, which is within the sum of measurement errors of both
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techniques. To further determine the cause for the difference,
we applied the allometric equation log,, (Y) = — 0.645 +
1.806 X log,, (X) [Gower et al., this issue] to D,, values
measured in a 10 m X 20 m area located in the middle of the
first part of the LAI transects and obtained an LAI vaue of 3.6.
This transect value is considerably smaller than the average
alometric plot value, indicating large spatial inhomogeneity.
The large spatial variation raised questions concerning the
mean LAI value for the stand. To address this issue, in 1996 we
acquired additional LAI-2000 measurements 500 m west of the
tower and obtained a mean L, value of 2.3. Using the y, O,
and a values for IFC-2 in Table 3, this L, value is converted to
LAI = 3.8. According to our analysis (see the next section) and
comparison with the allometric results, TRAC underestimates
the extreme clumping effect in black spruce stands, resulting in
a negative bias in LAI values by about 10%. We therefore
recommend 4.2 + 1.0 as the LAI representing the footprint
area of the eddy covariance tower in SOBS.

The optical LAI values from the remaining six stands (SOJP,
SYJP, NOJP, NYJP, SOA, and NOA) compare reasonably
well with the alometric values. These stands are generally
more homogeneous at large scales than SOJP and NOJP, caus-
ing smaller problems in the LAI comparison. The remaining
largest differences between optical and allometric LAI results
are 36% for NOA and 34% for SOA. Although these differ-
ences are within the sum of experimental errors of both tech-
niques, they may aso be partly due to the spatia variahility.
Chen et al. [1996] found that the variation of LAI across a
300 m transect in SOA is about 20%. In both stands, optical
results are smaler than alometric results. It is likely that the
gap size analysis technique underestimates the clumping effect
due to the difficulty in removing the penumbra effect in the tall
stands. It is also possible that the 15% correction for the blue
light scattering effect on L, measurements is too small for the
stands with large leaf reflectance and transmittance.

43. Limitation of Optical Techniquesin Highly Clumped
Black Spruce Stands

After consideration of the spatid variability in SOBS, the
optical LAI is still smaller than the allometric value. Although
the LAI measurements suffer from considerable errors, the
difference may aso result from a limitation in the optica
techniques. Tree crowns of black spruce are typicaly long and
narrow, with 40-50% of foliage concentrated in the top conical
part of the tree crown. Figure 7 shows destructive measure-
ments made in SOBS. The digtribution of foliage area with
height indicates that a large proportion of foliage is located
near the bottom of the conical part of the tree crown, making
the core of the cone impermeable to the solar beam. This
pattern of foliage distribution may be an extreme case and is
highly clumped. Although the TRAC is able to quantify the
effect of foliage clumping on LAI measurements, it assumes
that all foliage clumps larger than the shoot are penetrable by
light. This assumption is necessary in the calculation of the
clumping index because if no gaps are observed within a clump,
it becomes impossible to estimate the foliage area inside it.
The dense top of black spruce crowns alows very little light
penetration and hence violates this assumption. Under such
extreme conditions, the TRAC underestimates the clumping
effect and LAI.

According to the foliage density distribution presented in
Figure 7, it is possible to estimate this unconventional clump-
ing effect. Assuming 50% foliage is grouped in the conical part
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Figure 7. Profiles of foliage area of three trees classified as
dominant (D), codominant (M), and suppressed (S) in a ma-
ture black spruce stand in the southern study area. In destruc-
tive sampling, each tree crown was separated into four sec-
tions: top (T), middle (M), low (L), and residua (R). The area
of the rectangles indicates the average foliage area for the
height class, and the curves are reconstructed from the average
values, assuming the conical + cylindrica crown shape. The
measurements are drawn to scale.

of the crown and the shadow areas of the crown sections T, M,
and L are approximately the same on the ground (the projec-
tion of section R can be ignored), the extreme clumping at the
tree top then reduces the projection on the ground by 25%.
This means the canopy gap fraction would decrease by 25% if
no such extreme clumping occurs at the tree top. With the
canopy gap fraction of about 0.3 at the zenith angle of 40" in
SOBS, the reduction of the canopy gap fraction by 25% would
cause L, to increase by 20%. However, the increase of small
canopy gaps by 25% would increase the (), cadculated from
the canopy gap size distribution, by 10%, resulting in a 10%
decrease in LAI. The net effect of such extreme clumping is
then to increase LAI by about 10%. We therefore believe the
optical methods underestimate LAI by about 10% in black
spruce stands. If this correction is made, the optical LAI is 5.3
for NOBS and 4.4 for SOBS over the whole SE transect or 5.2
over the first 150 m of the SE transect and 4.2 over the 500 m
west transect.

The opposite effects of the extreme clumping on L, and Q
demonsgtrate the robustness of the optical methods when both
LAI-2000 and TRAC are used. In other types of stands, such
as jack pine and aspen where no such dense clumps exist, these
optical methods are very reliable, as demonstrated in Figure 6.

5 Summary

Since direct measurements of LAI in forest stands are labo-
rious and destructive in nature, our goal for future studies is to
measure LAI using only optica instruments. Accurate optical
measurements of LAI require consideration of canopy archi-
tecture at various scales. Measurement of the effective LAI
(L,) is the first criticadl step in the optica measurements.
LAI-2000 is very useful for this purpose and is recommended
for future studies. Hemispherical photograph techniques are
also useful for measuring L, when the appropriate threshold
vaues are selected to distinguish the foliage from the sky. L,
vaues measured in conifer stands were typically 50-70% direct
estimates of LAI because of foliage clumping. The new optical
instrument TRAC was able to measure the effect of foliage
clumping at scales larger than the shoot, but the clumping
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within shoots must be estimated from shoot samples. The Sun-
fleck Ceptometer can be operated under the finite-length av-
eraging principle to reduce the foliage clumping effect but
cannot remove the small-scale clumping effect within the av-
eraging length. With the fixed averaging length (0.8 m), the
proportion of the clumping effect removed depends on the
foliage element size and is not easily assessed. We therefore
recommend the combined use of LAI-2000 (or hemispherical
photography) and TRAC for future investigations. The LAI-
2000 (or hemispherical photography) measures L, without
knowledge of the foliage angle distribution, and the TRAC
measures (), which quantifies the effect of foliage spatia
distribution on LAI measurements. These two parameters are
combined (5) for the calculation of LAI. The other two pa
rameters (a and yg) in (5) are less variable in mature boreal
forests.

Allometric and optical results were in reasonable agreement
for seven of the eight stands investigated. The difference be-
tween the results was 4% for SOJP, 10% for SY JP, 21% for
NYJP, 9% in NOBS, 16% in NOJP, 34% in SOA, 36% in
NOA, and 45% in SOBS. For the first five conifer stands, good
agreement was found because the stands were relatively ho-
mogeneous at large scaes and the difference in the optical and
allometric measurement locations did not have a significant
effect. For the two deciduous stands (SOA and NOA), the
optical technique might have underestimated LAI because of
(1) the inaccuracy in determining the clumping index due to
the strong penumbra effect in the tall stands and (2) possibly
the strong multiple scattering effect due to large leaf reflec-
tance and transmittance. The worst case was found in SOBS,
where tree density was highly variable. In SOBS the alometric
plots and optical LAI transects were about 50-200 m apart,
and therefore different LAI estimates were obtained. In addi-
tion to the spatial variability of LAI, alometric and optica
results also contain considerable errors from different sources.
In the alometric method, measurement errors in each step,
such as leaf arealweight ratio, relationship between tree diam-
eter and leaf area, and extrapolation from sample trees to plots
and to the whole stand, etc., can accumulate, and it is difficult
to keep the total error under 25%. In optical measurements
there are three major sources of errors: (1) the measurement
of clumping within shoots, (2) the effect of extreme foliage
clumping, and (3) the estimation of contribution of woody
materials. Each of these errors is in the range of 5-10%,
making the sum of the error in the range of 15-30%. The error
in optica results is therefore comparable to that in allometric
results, and the validation of opticd results by destructive
sampling may not always be necessary if the accuracy require-
ment is about 75% of the true value. However, we do not
exclude the possibility of much larger errors in optica results
for stands with extreme architecture.

The measurements of LAI-2000 and TRAC are fairly easy
and straightforward, but the major work load in making optical
measurements of LAI is in obtaining the needle-to-shoot area
ratio and woody-to-total area ratio. Nevertheless, these ratios
are quite conservative in terms of their variability in mature
stands. When quick LAI measurements are made with mod-
erate accuracy requirements, constant values listed in Table 3
for these ratios can be used. The element clumping index
measured by TRAC fals in the range 0.65-1.0, with most
stands having values within 0.1 of 0.75 [Chen and Cihlar, 1996].
The typical values of thisindex are 0.65 (including the extreme
clumping effect) for mature boreal black spruce and 0.75 for
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