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Leaf area index of an old-growth Douglas-fir forest
estimated from direct structural measurements in
the canopy

Sean C. Thomas and William E. Winner

Abstract: Leaf area index (LAI) in old-growth Douglas-fiP6eudotsuga menziesiar menziesii(Mirb.) Franco) forests
exceeds that of any other forest ecosystem by some estimates; however, LAl determinations in coniferous forests have
generally been indirect, involving extrapolations of patterns observed in younger stands. Aided by a 75-m construction
crane for canopy access, we used a vertical line-intercept method to estimate LABA&GOayear-old Douglas-fir —

western hemlockTsuga heterophyllRaf.) Sarg.) forest in southwestern Washington state. LAl was calculated as the
product of foliage contact frequency and an “extinction coefficient” accounting for foliage angular distribution,-geome
try, and the ratio of “interceptable” to total leaf area. LAl estimates were 9.3 + 2.1 (estimate + 95% confidence inter
val), 8.5 £ 2.2, and 8.2 + 1.8 in 1997, 1998, and 1999, respectively, or 8.6 + 1.1 pooled across years. Understory
vegetation, including foliage of woody stems <5 cm diameter, represented 20% of this total. Sample points in which
Douglas-fir was dominant had a higher total LAI than points dominated by western hemlock, including a higher LAI of
understory vegetation. Our results do not support the contention that old-growth Douglas-fir — western hemlock forests
maintain an appreciably higher LAI than do other forest ecosystems. Moreover, LAl in very old stands may decline as
western hemlock replaces Douglas-fir through the course of succession.

Résumé: Selon certains estimés, I'indice de surface foliaire (LAI) dans les vieilles foréts de douglas de Menzies
(Pseudotsuga menziesiar menziesii(Mirb.) Franco) dépasse celui de n'importe quel autre écosysteme forestier. Ce-
pendant, la détermination de la valeur de LAl dans les foréts de coniféres a généralement été faite de fagon indirecte
en extrapolant les patrons observés dans de plus jeunes peuplements. En ayant recours a une grue de chantier de cons-
truction de 75 m pour atteindre la canopée, les auteurs ont utilisé une méthode basée sur l'interception d’'une ligne ver-
ticale pour déterminer la valeur de LAl dans une forét de douglas de Menzies et de pruche de MBugat (
heterophylla(Raf.) Sarg.) agée de plus de 450 ans et située dans le sud-ouest de I'Etat de Washington. La valeur de
LAl a été calculée comme étant le produit de la fréquence de contact avec le feuillage par un coefficient d’extinction

qui tient compte de la distribution angulaire et de la géométrie du feuillage ainsi que du rapport de la surface foliaire
qui peut étre interceptée sur la surface foliaire totale. Les estimés de la valeur de LAI étaient respectivement de 9,3 *
21,85+ 22 et 8,2+ 1,8 pour 1997, 1998 et 1999 ou de 8,6 + 1,1 pour I'ensemble des années (I'intervalle de
confiance est au niveau de 95%). La végétation de sous-bois, incluant le feuillage des tiges ligneuses de moins de

5 cm de diametre, représentait 20% du total. Les points d’échantillonnage ou le douglas était dominant avaient une
valeur de LAI plus grande que ceux ou la pruche de I'Ouest dominait, incluant une valeur de LAI plus élevée pour la
végétation de sous-bois. Nos résultats ne supportent pas I'affirmation voulant que les vieilles foréts de douglas de
Menzies et de pruche de I'Ouest aient une valeur de LAI plus élevée que les autres écosystemes forestiers. De plus,
dans les trés vieux peuplements la valeur de LAI peut diminuer a mesure que la pruche de I'Ouest remplace le douglas
de Menzies dans le cours de la succession.

[Traduit par la Rédaction]

Introduction ably, most useful comparative measure of foliage quantity

Leaf area index (LAIl), defined as the projected area o
foliage per unit ground area, is the most common and,-argub

f(Watson 1947; Parker 1995; Kram 1998). Accurate measure
ments of forest LAl are of fundamental importance as a
asis for estimating the exchange of carbon, water, nutrients,
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and light at the ecosystem level. LAl is thus a critical pa

rameter in physiology-based models of forest responses to
global environmental change (e.g., Nemani and Running 1989;
Potter et al. 1993; Kimball et al. 1997) and also one of the
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Alexandre 1981; Marshall and Waring 1986; Turner et al.age through the latter course of stand development (Ford
2000). and Newbould 1971; Kram 1998). Applications of the Beer—
The first-published estimates of LAl for old-growth for Lambert relationship or of gap-fraction calculations gener
ests dominated by Douglas-fiP¢eudotsuga menziesiar  ally involve assumptions of random spatial distribution of
menziesii(Mirb.) Franco) ranged from 10 to 22 (Gholz et foliage and a spherical or ellipsoidal distribution of leaf an
al. 1976; Grier and Running 1977; Waring et al. 1978;gles (Campbell and Norman 1989; Gower and Norman
Franklin and Waring 1981; Gholz 1982). Such values arel991; Huston et al. 1991; Martens et al. 1993; but see Chen
greater than those reported for any other forest system, irand Cihlar 1995; Van Gardingen et al. 1999). Conifers-typi
cluding other coniferous forests (Jarvis and Leverenz 1983zally exhibit highly clumped foliage, and thus, simple inver
Gower and Norman 1991; Jack and Long 1991; Chen 1996)ion of optical data results in a substantial underestimate of
temperate deciduous forests (Whittaker and Woodwell 1968;Al values in conifer stands (Smith et al. 1993; deBlonde et
Kira, et al. 1969; Parker et al. 1989; Tokar 1997; Cutini etal. 1994; Fassnacht et al. 1994; Stenberg et al. 1995; Sampson
al. 1998; Kram 1998), and tropical evergreen forests (Ogawand Allen 1995; Chen 1996; Kiner and Mosandl 2000).
et al. 1965; Kato et al. 1978; Kira 1978). Only from coast Canopies of old-growth systems are likely to be extreme in
redwood forests dominated bgequoia sempervirenfD. this regard, showing foliage clumping at various spatial scales
Don) Endl. have similarly high LAI values been reported (Van Pelt and North 1996; Parker 1997).
(Westman and Whittaker 1975). Some care must be taken in In the present study we estimate LAl for an old-growth
comparing these LAl values with others reported in theiter Douglas-fir — western hemlock forest employing a vertical
ature, since several definitions of LAl have been used fer coline-intercept method similar to that used in low-stature-veg
nifer species possessing non-flat leaves (Chen and Bladktation such as grasslands and deserts (e.g., Warren-Wilson
1992; Barclay and Goodman 2000). Here we take LAl to re 1965; Groeneveld 1997). Access to the canopy was provided
fer specifically to the vertically projected area of leaves ar by a large construction crane situated in an undisturbed
ranged horizontally per unit ground area, following thestand. Two main modifications were necessary to adapt the
original definition of Watson (1947). The most commonly line-intercept approach for coniferous forests. Firstly, inter
used alternative definition is half of the total external surfacecepts were estimated for branchlets, rather than individual
area of leaves per unit ground area (e.g., Chen and Bladkeedles, to insure that the linear dimensions of canopy ele-
1992), which we denote HTLAI. Douglas-fir and western ments were much larger than that of the vertical line
hemlock Tsuga heterophyllaqRaf.) Sarg.) have relatively (Warren-Wilson 1963). Secondly, calculations accounted for
flat needles, so the difference between HTLAI and LAl is notboth branchlet geometry and for the ratio of the projected
very large, with estimated conversion factors (HTLAI/LAI) area of space occupied by branchlets to projected needle
ranging from 1.07 to 1.19 (Gholz et al. 1976; Barclay andarea obtain estimate the ratio of contact frequency to LAL.
Goodman 2000). Our approach enabled formal randomization of observations
The exceptionally high LAI values originally reported for within the stand, and also direct, on-site determination of all
old-growth Douglas-fir forests were based on simple extrapgeometric and morphological parameters used in the calcula-
olations of allometric relationships between leaf area andions.
stem diameter ultimately derived from measurements in We addressed the following questions in this studylg
younger stands. Marshall and Waring (1986) found that estithe vertical line intercept described a tractable method for
mates based on allometric relationships between sapwoagbtimating LAl in tall coniferous forests? How do LAl
area and leaf area yielded LAI values more similar to thosestimates based on this method vary between years, and how
reported from other coniferous forests (e.¢8,3 for trees in  do they compare to previously published values for old-
a 450-year-old Douglas-fir — western hemlock stand in thegrowth Douglas-fir stands3ii) What is the relative contri
H.J. Andrews Experimental Forest, Oregon). Sapwood-baseeution of canopy and understory species to LAl at the site?
estimates for the Andrews site were also in relatively closdiv) How does the amount and species diversity of local LAI
agreement with indirect analyses involving light interceptionvary among canopy tree species?
analyzed via the Beer—Lambert relationship, and with analy
ses of litter fall and leaf demographic data (Marshall and
Waring 1986). However, even the most recently publishe
LAI values for mature and old-growth Douglas-fir stands Study site and line-intercept measurements

based on sapwood — leaf area allometric calculations range The study was conducted at the Wind River Canopy Crane site,
from 4.2 to 14.0 (Turner et al. 2000), with most of this varia |ocated within the Thornton T. Munger Research Natural Area of
tion attributable to the specific algorithm used. the Gifford Pinchot National Forest (45°48 121°58W) in south

To date, all published estimates of LAl for old-growthfor western Washington state. The site is situated in the Wind River
ests in the Pacific Northwest region have involved some elevalley at an elevation of 355 m, on relatively nutrient-poor, coarse-
ment of extrapolation of relationships observed in youngefextured soils developing over a 2-3 m deep layer of volcanic

stands or other assumptions not directly supported by on-sit§e°ta (Franklin et al. 1972). Annual precipitation averages

data. In particular, extrapolation of allometric data from 500 mm, and mean annual temperature is 8.7°C. On the basis of

ound stands is suspect in that h h | tree ring counts near the site, the largest trees in the standd&fe
y g pect In thal such an approach neg ets[éars old, with Douglas-fir and western hemlock dominant, with

ontogenetic changes in tree morphology and physiologyyestern redcedafThuja plicataDonn.) also an important element
(Yoder et al. 1994; Thomas and Ickes 1995; Thomas angbeBell and Franklin 1987). The tallest Douglas-fir individuals

Bazzaz 1999). In this regard, previous studies of deciduougach-~65 m in height at the site (Ishii et al. 2000). Other canopy
forests have suggested a gradual decline in LAl with standree species present includéies grandis(Dougl.) ForbesAbies

aterials and methods

© 2000 NRC Canada



1924 Can. J. For. Res. Vol. 30, 2000

procera Rehd., andPinus monticolaDougl., but these make up representativ®seudotsuga menziesind Tsuga heterophyllérees,
less than 2% of total basal area (and were not encountered duringith upper and lower canopy samples taken Thwja plicata and
line-intercept sampling). Understory tree species include abundarower canopy (only) forTaxus brevifoliaand Abies amabilis Fo-
pacific yew (Taxus brevifoliaNutt.) and Pacific silver fir Abies  liage at a given location was chosen by enumerating all accessible
amabilis (Dougl.) Forbes), which rarely attains heights >10 m atbranches, and then selecting a randomly determined set of 5-10
the site. Dominant species of the shrub and herb layers includbranches for measurements. Branchlet angle (deviation from-a hor
salal Gaultheria shallorPursh), vine mapleAcer circinatumPursh),  izontal plane) was measured to the nearest 1° using a clinometer
Oregon-grape Rerberis nervosaPursh), and vanillaleafAchlys  (Suunto MC-1, Suunto, Espoo, Finland), internode lengithwas
triphylla (Smith) DC). Botanical nomenclature follows Hitchcock measured to the nearest 1 mm, and the age-class of each measured
and Cronquist (1973). internode was noted. In addition, destructive samples (collected in
A Liebherr 550 HC tower crane (Morrow Crane Inc., Salem, conjunction with photosynthesis measurements for major tree spe
Oreg.), with jib height of 74.5 m and range of 87 m (crane circlecies) were used to measure total leaf area, and branchlet vdth (
area 2.3 ha) was used to access points above and within the foremtd height K1), measured normal to the growing axis to the edge of
canopy. Sampled points for vertical transects were chosen as the furthest projecting needles. The “interceptable” area of each
Poisson—Poisson spatial point process (Diggle 1983) within thénorizontally positioned branchlet was estimated as the area of an
crane circle. A list of random points was generated as Cartesiarllipse with major axis length = OL5 and minor axis length =
coordinates, and then transformed into azimuth and radius valugd5W. Foliage was harvested and stored at 0°C prior to measure
corresponding to the crane operator’s output for “swing” and “trol ment, and digital images were collected to determine total (one-
ley,” respectively. The personnel platform (“gondola”) was posi sided) leaf area for each branchlet. The ratio of “interceptable” to
tioned at a given coordinate and lowered to a position within 2 mtotal leaf area (ITAR) was calculated separately for each sample
of the canopy at that point. A vertical line was then lowered from a(note that ITAR will typically be greater than the silhouette to total
fixed position on the gondola. To minimize line thickness while re leaf area ratio (STAR) commonly measured in studies of conifer
taining sufficient line strength, we used one edge of a fiber glasgunctional morphology, e.g., Stenberg et al. 1995). Images of hori
measuring tape (thickness <0.10 mm) bearing a lead weight. Theontally displayed branchlets and of detached leaves were col
line was slowly lowered and each intercept point (“contact”) waslected with either a Connectix QuickCam or a Umax Astra 600S
checked following cessation of line sway and branch movement. Alatbed scanner, and analyzed using NIH Image version 1.59. We
contact was scored where a horizontal layer of foliage overlappedid not correct for three-dimensional needle geometry in estimat
the specified edge of the tape; only intercepts for vascular planing total needle area of each sampled branchlet, except as indicated
foliage (not branches) were tallied. For each contact we noted spde calculate whole-stand HTLAI. For this purpose, the following
cies and canopy layer (“upper canopy,” “midcanopy,” “lower can- constants were used to convert “projected” needle area to “half to-
opy,” and “understory”). The latter classification was based on atal” needle area: 1.18 foP. menziesji 1.07 for T. heterophylla
subjective evaluation of foliage morphology, with absolute heights1.50 for T. plicata 1.07 forT. brevifolia and 1.16 forA. amabilis
varying by species, tree height, and degree of crown exposure. Wgholz et al. 1976).
elected to use this subjective scheme, rather than absolute height in

the canopy, to better match intercept counts with measured mor- : P ;
phological characteristics of foliage. Contacts which were consid-l‘AI estlmatllon. proced.ures and assumpthns
The area index of a given canopy elemdnt,is related to the

ered uncertain due to difficulties in visibility, line sway, or contact fr n f vertical linear transects throuah th n b
interference from branches were noted. All vertical intercept mea- equency ot vertical linear transects through the canopy by

surements were obtained during periods of low air movement.

Three rounds of line-intercept sampling, each involving 30 Iine(gj_] L = &
drops were conducted on Sept. 9, 1997; July 18, 1998; an K;
Sept. 25, 1999.

Using observers with binoculars positioned both in the crang,arenN is the contract frequency of thieh canopy elements;
gondola and on the forest floor, it was possible to obtain accuratg,s weytinction coefficient,” is defined as the ratio of the total -pro
counts of the numbe.r of vertical line intercepts with foliage Iayers-ected area of canopy eléments (in their original orientation) on a
in the manner described above. However, in some cases a contgel;ontal plane to the total projected area of the elements each ro
could represent more than one branchlet, such as when the lingieq 15 a horizontal orientation (Warren-Wilson 1965; Anderson
contacted a point where two or more branchlets intersected. It wWaggge: Campbell and Norman 1989). The subsciimdenotes a
not possible to accurately resolve these instances of multiple co iven’ class of canopy elements The.extinction coefficient for
tacts from a distance nor was it possible to position the crane gonig 4 canopy elements (having 6ne dimension much smélier than
dola sufficiently close to all contact positions to accurately makeothers as in many plant leaves), is entirely a function of the angu
this distinction. We therefore conducted an additional sampling ex,, disltribution of these elemenis (Campbell and Norman 1989)
ercise to estimate_ the average number of branchlet contacts per OL\owever, K, for canopy elements that are not flat will be deter '

d f lecti f foli call . dl - Smined by both the angular distribution and three-dimensional ge
used for collection of canopy foliage, a vertically oriente aser?metry of the elements.

was positipned at randomly selected points above an accessible In a companion paper we describe a “rotated ellipsoidal distribu
layer of foliage. The actual number of contacts per observable C%Mion” model used here to empirically estimate leaf and branchlet
It:%r\/\:‘gf ttr?grégrﬁ}ﬁgr?tmcidng%;?rggtsg];égg_?ri?spdz?etssgf\r/vfa??aa%ngle distributions (Thomas and Winner 2000). The model eorre
augmented by additional measurements o.f this type on branch %)onds geometrically to an ellipsoid with canopy elements normal
taken from recently fallen trees at the site 43 the syrfe_lce _and prowded a better description of observed foliage

) angle distributions than did the commonly used “ellipsoidal distri

bution” of Campbell (1986, 1990). The probability distribution

Morphological measurements function for the rotated ellipsoidal distribution is
We sampled additional foliage characteristics necessary for LAI

calculations at selected intervals from September 1996 through 2X3 cosd

June 1999. For canopy foliage, representative locations were chd2] g = - >

sen for upper, middle, and lower canopy positions of two or three A(Sin® 8 + X% cos’6 ¥
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Table 1. Morphological characteristics for dominant canopy and understory species used in deriving LAl estimates at the Wind River
Canopy Crane site.

Branch Mean

Species Height  overlap  angle (°) X' ITAR L/W HW

Canopy trees

Pseudotsuga menziesii Upper 1.31 29 0.793 0.594+0.229 2.484+0.927 0.963 0.477
Middle 1.26 41 1.328 0.697+0.189 2.330+0.702 0.940 0.525
Lower 1.22 34 1.019 0.792+0.152 2.082+0.397 0.676 0.628

Tsuga heterophylla Upper 1.33 36 1.073 0.908+0.273 1.411+0.317 0.366 0.630
Middle 1.25 25 0.657 1.232+0.327 1.446+0.301 0.327 1.015
Lower 1.17 33 0.951 1.231+0.359 1.675+0.654 0.244 0.917

Thuja plicata Upper 1.10 56 2.402 1.363 — — 0.508
Middle (1.15) (58) (2.601) 1.268 — — 0.495
Lower 1.20 60 2.790 1.155 — — 0.481

Subcanopy trees

Taxus brevifolia Lower ~1.00 14 0.33 1.292+0.201 1.587+0.117 0.050 1.619

Abies amabilis Lower ~1.00 21 0.54 1.548+0.056 1.547+0.065 0.278 1.461

Note: Variables measured are described in text: height, qualitative canopy position; branch overlap, number of internodes per observable foliage
intercept; mean angle, arithmetic mean of measured internode aXglgzarameter of the rotated ellipsoidal angle distribution function defined by eq. 2;
ITAR, interceptable to total area ratio (values are mean + $D), ratio of internode length to width (values are mean + SH)V, ratio of internode
height to width;K;, extinction coefficient, estimated for a given species and canopy layer on the basis of the preceding morphological parameters. Values
in parentheses are interpolated; branch overlap values for subcd@iaepg brevifoliaand Abies amabilisare assumed = 1.0.

(6) For a given species and canopy layerL/W, H/W, and ITAR
were assumed to be independent. Empirical estimateg,for
H/W, and the mean and standard deviation of |bg\), and
log(ITAR) were used to calculat€; for each species and can-

wheref is the angle from the horizontad() is the probability dis-
tribution of8, andy is the ratio of the horizontal semiaxis length to
the vertical semiaxis length of a spheroid (an ellipsoid with two
semiaxis lengths equal).

Forx < 1: opy layer. Note thaK; values for conifer species are based on
4 branchlet units for which the projected area may be greater
[2a] A= X t(sin 5), £ =(-x2)V2 than the total leaf area and may thus take values greater than
one. Monte-Carlo simulations were implemented with a C++

program, incorporating numerical approximations of cumula-
and forx > 1: tive distribution functions for the lognormal and rotated ellip-
IN[(L+€)/(1- €)] soidal distr_ibution functions. The extinctio_n coefﬁcie_nt for
[2b] A=x+——2A= =/ e=(@1-x2)Y? each species and canopy layer was estimated using 5000
2eX Monte-Carlo simulations. The final estimate of LAl for a
) ) ) ) given species and canopy layer was calculated by eq. 1.
Expressions foK; involving non-flat elements necessarily pro
duce ratios of random variables, mitigating against an analytica
solution. We therefore employed a Monte-Carlo simulation proce
dure to approximate values & for a given species and canopy
layer, making the following assumptions.

E}tatistical analyses
Statistical analyses were performed using DataDesk version 4.2
(Data Descriptions Inc., Ithaca, N.Y.), and Statistica version 4.1
(Statsoft Inc., Tulsa, Okla.). Deviations of morphological variables
(1) Branchlet angles were assumed to be distributed as a rotatdtbm normal or log-normal distributions were tested using
ellipsoidal distribution, defined by eq. 2 above (however, notelLilliefors’ test (Lilliefors 1967). Standard correlation and regres
that the angular distribution for individual needles need notsion analyses were used to test for statistical independence ef mor
follow eq. 2) phological variables. Confidence intervals for leaf area index
(2) For the purposes of estimating projected area potentially invalues are based on a normal approximation for the distribution of
tercepted by vertical line transects, branchlets were approxileaf area per vertical transect sample. Confidence intervals for LAI
mated as ellipsoidal volumes. The major axis length wasdo not incorporate uncertainty in estimates of morphological-char
considered equal to half of internode lendth(a; = 0.5.), acteristics.
and minor axes with length equal to half of branchlet width
W (a, = 0.5W), and half of branchlet heightl (a, = 0.5H).
We also assumed that branchlets were inclined only along thiResults
major axis (i.e., were inclined along the main growing axis).
The projected area of such an ellipsoid inclined at atgle Fgliage morphology and tests of assumptions
onto a horizontal plane was calculated/fas pa,(a, cosd + Estimation of LAI on the basis of branchlet intercept data
% sin ). depends on the angular distribution of foliage elements, on

®) gg?Orga;g;;ﬁ;aggwieguggm to widtit W) was assumed to foliage geometry (branchldt/W ratio andH/W ratio), and
(4) Branchlets were assumed to have a lognormally distribute®” the ratio of the interceptable to total leaf area (ITAR) of

values for interceptable to total leaf area ratio (ITAR). branchlets. Empirical estimates for these variables are listed

(5) The ratio of branchlet height to widtHH(D) was assumed in Tables 1 and 2. TypicaK; values for canopy foliage
constant. ranged from 0.45 to 0.95. However, in a number of cases
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Table 2. Morphological characteristics for dominant understory
shrubs and herbs at the Wind River Canopy Crane site.

Species Mean angle (°) X' K;

Acer circinatum 11 0.250 0.973
Berberis nervosa 24 0.643 0.873
Gaultheria shallon 31 0.864 0.822
Achlys triphylla 14 0.336 0.953
Other species 23 0.596 0.891

Note: The mean angle is the arithmetic mean of measured internode
angles;X" is the parameter of the rotated ellipsoidal angle distribution
function; andK; is the corresponding extinction coefficient.

Table 3. Effects of alternative assumptions of branchlet geometr
on stand-level estimates of canopy (trees >5 cm DBH) and tota
(canopy + understory) LAI

y
|

Total % Canopy %
Geometry LAI difference LAl difference
Ellipsoidal (used) 8.61 6.91
Spheroidal 8.29 3.7 6.61 4.4
Cylindric 8.00 7.0 6.32 8.6
Flat elliptical 8.70 -1.1 7.01 -14
Cubic 7.86 8.7 6.19 10.5

Note: Alternative geometries are compared with the ellipsoidal
assumption, judged to be the best geometric approximation and used in
subsequent calculations.

species with relatively sparse foliage had estim#tgdalues
greater than one. The assumptions used in estimafing
were in close agreement with empirically observed patterns.

1)

In a separate paper we show that branchlet and leaf a

gles were approximately distributed as a rotated ellip-

soidal distribution, as defined by eq. 2 above (Thoma
and Winner 2000).

The ratio of branchlet length to widthAW) did not sig
nificantly deviate from a lognormal distribution for
dominant conifer species at the site (Lilliefors te3t>
0.50 for T. heterophyllaand P. menziesji

ITAR was likewise approximated by a lognormal distri
bution (Lilliefors test:P > 0.50 forT. heterophyllaand

P. menziesji

For a given species and canopy layer, branchlet angl
length, width, and ITAR were only very weakly cofre
lated in those few cases where correlations were signifi
cant (pairwiser? values for the dominant tree species
ranged from —0.087 to 0.048).

(2)

®3)

(4)

S
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Fig. 1. Mean contact frequency per vertical transect as a function
of the number of transects sampled, based on three sets of 30
random points at the Wind River Canopy Crane site, conducted
in September 1997, July 1998, and September 1999. All foliage
contacts, regardless of plant species, are included.

Mean contacts / transect

15 20 25

Sample size

mates for canopy and total LAl incorporating these assump
tions are listed in Table 3. Estimates for total LAl using al-
ternative geometric assumptions were withia0% in all
cases, including the extreme cases of cuboidal and flat fo-
liage displays.

LAI estimates

The average number of observed contacts with foliage
layers was 5.8 in 1997, 5.4 in 1998, and 5.7 in 1999. Addi-
tional sampling beyond 20 transects yielded relatively little
hange (<4%) in the average value in any sampling round
Fig. 1). Qualitatively scored uncertainty in intercept counts
as low; in only 2 of 90 cases was the vertical line com-
pletely obscured from viewing locations above and below
the canopy, and in both cases onl2—3 m of the transect
was affected. Of a total of 505 contacts scored, 19 (3.7%)
were considered “uncertain.” Following the precedent of op
tical methods in forest mensuration (such as relascope esti
mation of basal area: Husch et al. 1982), borderline cases
were scored as half of an intercept count.

Whole-stand LAl for the pooled data was estimated as
.6 £ 1.1 (values listed = 95% confidence interval), of which
.7 (20%) was understory vegetation, including tall shrubs
and trees <5 cm in diameter at breast height (DBH)- (Ta
ble 3). LAl estimates by year were 9.3 £ 2.1 in 1997, 8.5 +
2.2 in 1998, and 8.2 + 1.8 in 1999. In terms of total contri
bution by speciesT. heterophyllawas dominant, with 3.46

W

Two related assumptions used in the calculations are nd@0% of total LAI), followed by P. menziesji with 2.44
easily testable: namely, branchlet geometry was approxi(28%), andT. plicata with 1.27 (15%) (Table 4). Among
mated as an ellipsoid volume, and the relative thickness ofinderstory specied\. circinatum A. triphylla, B. nervosa
branchlets /W ratio) was considered a constant. In bothG. shallon and T. brevifolia each contributed >0.1 unit of
cases, alternative assumptions did not result in large effectsAl (Table 4). Using conventional corrections (Gholz et al.
on the final results. Plausible alternative assumptions fod976) to convert from projected to total leaf area, HTLAI for
branchlet geometry are cylindrical and spheroidal volumesthe stand is estimated at 9.9 + 1.4.

These alternative assumptions were tested using the Monte-

Carlo simulation procedure for estimatikg In addition, we  Heterogeneity in canopy structure

examined the effect of two relatively implausible geometri  Local LAl showed significant variation according to the
cal assumptions: that all branchlets were completely flat andippermost species encountered in each vertical transeet sam
that branchlets desplayed a cubic geometry. Stand-level esfple (Fig. 2). Total LAl was highest in samples with
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Table 4. Contact frequencies and estimated LAI values for-can Fig. 2. Local LAl as a function of the uppermost tree species
opy and understory species at the Wind River Canopy Crane siteencountered, estimated on the basis of pooled vertical line-inter
with data combined among years. cept data at the Wind River Canopy Crane site (PSME,
Pseudotsuga menziesiHPL, Thuja plicata TSHE, Tsuga

Species Canopy layer  N* LAl canadensisTABR, Taxus brevifolia GAP, no mid- or upper-
Pseudotsuga menzi€sii Upper 0.52 1.10  canopy foliage encountered). Shading corresponds to canopy
Middle 0.58 1.11  layer, arranged from bottom to top as understory, lower-canopy,
Lower 0.12 0.19  mid-canopy, and upper-canopy foliage. The proportions of-sam
Tsuga heterophylla Upper 0.36 0.57 ple points within each category are listed below each bar.
Middle 1.27 1.25 \ \
Lower 1.24 1.35 161
Thuja plicata Upper 0.12 0.24 ] [
Middle 0.25 0.50 2 1
Lower 0.23 0.47 |
Taxus brevifolid Lower 0.16 0.10 = 3 T
Abies amabilié Lower 0.03 0.02 2
Acer circinatum Understory 0.37 0.38 N ‘ L
Tsuga heterophylla Understory 0.23 0.26 ] W W i
Berberis nervosa Understory 0.18 0.20 04 L
Gaultheria shallon Understory 0.12 0.15 23% 11% 47% 3% 13%
Achlys triphylla Understory 0.11 0.12 PSME ~ THPL ~ TSHE  TABR  GAP
Taxus brevifolid Understory 0.08 0.08 Canopy tree species
Abies amabilié Understory 0.08 0.07
Vaccinium parvifolia Understory 0.03 0.06
Heucherasp. Understory 0.08 0.05
Blechnum spicant Understory 0.04 0.05 - -
Corylus cornuta Understory 0.03 0.04 Discussion
Pteridium aquilinum Understory 0.03 0.04 Estimation of LAl using the line-intercept method de-
Thuja plicata Understory 0.03 0.04 scribed was found to be logistically tractable and repeatable,
Athyrium filix-femina Understory 0.02 0.02 given canopy access as provided by the crane facility at the
Clintonia uniflora Understory 0.02 0.02  study site. The first important logistical issue to address was
Polystichum munitum Understory 0.02 0.02 that of visibility: we had initially anticipated that randomly
Vancouveria hexandra Understory 0.02 0.02 placed vertical lines might commonly be obscured in dense
Vaccinium ovalifolium Understory 0.02 0.02 foliage, making it impossible to obtain accurate counts.
Actaea rubra Understory 0.01 0.01 However, in practice this difficulty was encountered in <3%
Linnea borealis Understory 0.01 0.01 (2/90) of the random line drops. The second logistical issue
Trillium ovalis Understory 0.01 0.01 was that of difficulty in maintaining a still, vertically posi
Viola sempervirens Understory 0.01 0.01 tioned line under field conditions. Intercept counts qualita
Xerophyllum tenax Understory 0.01 0.01 tively scored as uncertain as a consequence of these
Middle and upper canopy 3.11 4.78 problems accounted for less than 4% of the total intercept
Lower canopy 1.78 2.14 counts. Repeated use of the method also yielded consistent
Understory 1.59 1.69 overall LAI values, with estimates equal to 9.3, 8.5, and 8.2
Total 6.48 8.61 over the 3 years. Several large Douglas-firs and other domi
"N, 15 the branchlet or leaf contact frequency. nant trees within the crane circle died during the course of
'For needle-leaved specie, is adjusted by a correction factor to the study. The temporal decline in LAI, although not statisti
account for branchlet overlap within a given horizontal foliage layer. cally significant, may thus possibly represent more than a

stochastic sampling effect.

P. menziesiior T. plicata dominant, and lower in samples  The LAl values presented are necessarily based en as
dominated by T. heterophyllaor in gaps (indicated by sumptions and simplifications, violations of which could po
transects with no foliage contacts in the upper or midcanopyentially introduce bias. Analyses of morphological data
layers) (ANOVA, F = 14.27,P < 0.001). Samples with indicated that assumptions concerning leaf angle distribu
T. heterophyllaor T. plicata dominant had understory LAl tions and branchlet geometry were reasonable apprexima
values averaging 1.4 and 0.9, respectively, while gap-santions. Branchlet geometry was approximated as an
ples had understory LAl values 6f3.0 (ANOVA, F = 4.89, ellipsoidal volume. Although this assumption is difficult to

P = 0.013). Transects witR. menziesidominant were inter  test directly, modification of the Monte-Carlo simulation
mediate, with an average understory LAl-€?.1. The num  program to incorporate other reasonable geometric approxi
ber of understory species encountered in each transeatations of branchlet shape suggests that this assumption did
showed a similar trend (though not statistically significant),not have a very large effect on the overall LAl estimate. In
with approximately one understory species per transect iaddition, because not all parts of the canopy were accessible
gap andP. menziesisites, but values of 0.8 and 0.4 under by the canopy crane, it was not possible to conduct a formal
T. heterophyllaand T. plicata respectively. randomization for measurements of branchlet morphology.
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The estimates oK, therefore rely on collection of “represen ponderosaDougl. ex Laws. in Montana (O’Hara 1996). To
tative” samples of accessible foliage. Thus, an additionathe degree that spatial variability within the stand cerre
possible source of bias is a systematic difference in branctsponds to temporal patterns, the data presented may also
let morphology between outer, accessible parts of tree crowngjve an indication of changes in LAI through succession in
and inner parts of the crown close to the trunk. As with mostDouglas-fir stands. Local LAl values of13 were found in
tree species, foliage in old-growth Douglas-fir and westernvertical transects in which Douglas-fir trees were the domi
hemlock is heavily concentrated in the most exposechant species, compared with values-af in western hem
portions of the crown. We therefore reason that any bias relock dominated locations. These values likely bracket the
lated to oversampling relatively exposed foliage is alsorange of LAl occurring in Douglas-fir — western hemlock
likely to be small. ecosystems. The local differences further suggest that the
Leaf area index values vary spatially and temporallyhighest LAl values may obtain in younger stands where the
within all ecosystems, including those dominated by treesipper canopy is completely dominated by Douglas-fir and
with “evergreen” phenology (e.g., Penner and Deblondghat LAl generally declines as hemlock replaces Douglas-fir
1996; Chen 1996). In the present study the spatial scale i very old stands.
the radius of the canopy crane circle, and we explicitly-ran
domly sampled within this area. There may also be substan
tial year-to-year variation in leaf area index, resulting fromAcknowledgments
variation in climate, phenology, and successional changes in
species composition, among other factors. In particular, lea
losses due to winter storm damage are likely to vary greatl
among years. For example, a February 1997 ice storm re<. ; .
sulted in a loss of-1.5 LAI from canopy trees at the study Hinckley, and Doug Sprugel for helpful input at various
site (based on visual approximations of foliage material orst@9€s of the project. Clifton Cooper and Sarah McCarthy

snow following the storm: S.C. Thomas and W.E. Winner,&'€ @lso thanked for assistance with canopy sampling and

personal observations). On this basis alone, one might exf'orPhological measurements. This work was supported by a

ect LAl at the site to varv from betweeri7 and 10 from drant from the National Institute for Global Environmental
Sear o year. y Change (NIGEC-WESTGEC).
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