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Influence of canopy structure on the understory
environment in tall, old-growth, conifer forests

Robert Van Pelt and Jerry F. Franklin

Abstract: The effect of the spatial distribution of trees and foliage on understory conditions was examined in six tall
old-growth forests along the Pacific Coast: two sites each in Washington, Oregon, and California. Detailed field mea
surements of crown parameters were collected on over 9000 trees encompassing over 14.5 ha in the stands: Crown pa
rameters were used to construct a spatially explicit model useful in analyzing the variability of crown distributions in
both vertical and horizontal dimensions. Sapwood measurements of over 400 trees in combination with published equa
tions and 240 hemispherical photos were used to assess leaf area and understory light levels, respectively. Shrub and
herb cover was used as a biological indicator of growing conditions in the understory. Although leaf area is-often as
sumed to be correlated with the amount of light penetrating the canopy, this is not the case in tall, old-growth forests.
The semivariance of the horizontal distribution of canopy volume was strongly correlated with shrub cover and
understory light levels and was an overall predictor of canopy structure. This variability gives rise to potentially higher
understory light levels and shrub cover values when compared with a forest lacking this vertical heterogeneity and may
allow the stand to support a higher volume of foliage.

Résumé: Les auteurs ont examiné I'effet de la répartition spatiale des arbres et du feuillage sur les conditions du
sous-étage, dans six vieilles foréts de forte dimension situées le long de la cdte du Pacifique. Deux sites en ont été
examinés dans chacun des Etats de Washington, de I'Oregon et de la Californie. Des mesures détaillées des parameétres
de la cime ont été prises sur plus de 9000 arbres couvrant plus de 14,5 ha de peuplements. Les parametres de la cime
ont été utilisés pour construire un modéle spatialement explicite, utile dans I'analyse de la variabilité de la répartition

de la cime selon les deux dimensions, soit verticale et horizontale. Des mesures d’aubier sur plus de 400 arbres, com-
binées a des équations publiées et a 240 photos hémisphériques, ont été utilisées pour estimer, respectivement, la sur-
face foliaire et le niveau de luminosité en sous-étage. Le recouvrement des arbustes et des herbacées a servi
d’indicateur biologique des conditions de croissance en sous-étage. Bien qu’'on assume souvent que la surface foliaire
soit corrélée avec la quantité de lumiéere qui traverse la canopée, ce n'est pas le cas dans les vieilles foréts de forte di-
mension. La semi-variance de la répartition horizontale du volume de la canopée est fortement corrélée avec le recou-
vrement des arbustes et avec le niveau de luminosité en sous-étage et sert, globalement, a la prédiction de la structure
de la canopée. Cette variabilité donne lieu a des niveaux potentiellement plus élevés de luminosité en sous-étage et a
des valeurs plus grandes de recouvrement des arbustes, comparativement a une forét qui n'a pas cette hétérogénéité
verticale. Cela permet au peuplement de supporter un plus grand volume de feuillage.

[Traduit par la Rédaction]

Introduction fluence of canopy structure on the understory light environ

During the last two decades there have been huge adnent and the dlstrlbutlop of understory plants is of particular
vances in the study of forest canopies (Lowman andtérest (Van Pelt 1995; Song 1998). ,
Nadkarni 1995). What started with a few crudely equipped A traditional approach to quantifying the canopy environ
pioneers has blossomed into major a scientific field involv ment is to calculate leaf area index (LAl). LAl is the
ing hundreds of researchers throughout the international scPne-sided surface area of all leaves over a unit of ground.
entific community. In western North America, canopy 'he old-growth forests along the Pacific coast of North
researchers have focused on the structure in old-growth cd\merica have some of the highest LAl values in the world;
niferous forests, notably the old-growth research sites at théome stands have values over 12 (Franklin and Waring
Wind River Experimental Forest (Parker 1996; Song et al1980). Although LAl values give some indication of poten
1997; Lyons 1998; Van Pelt and North 1999) and the H.Jtial light levels in an understory, they can be misleading
Andrews Experimental Forest (Pike et al. 1977; MassmarParker et al. 1989; Smith et al. 1992). An even-aged forest

1982; Cohen and Spies 1992; McCune et al. 1997). The incomposed of similar-sized trees with the foliage of the entire
stand concentrated in one layer will have dramatically differ

Received April 30, 1999. Accepted March 10, 2000. ent understory light conditions than a tall, multilayered-for
est with the same amount of leaf area. This is particularly
X - . important at high latitudes where extreme sun angles are
g:zggcﬁk\%giggoﬁsssiloo’ University of Washington, common. In these environments, the organization of the fo
' B liage in three-dimensional space may be much more impor
ICorresponding author. e-mail: abies2@u.washington.edu tant than the total amount of foliage (Van Pelt 1995).
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Fig. 1. Study site locations. Two sites were located in each of problems arise when a temporal framework is considered;
Washington, Oregon, and California. The two Oregon sites are trees in Pacific coast old-growth forests can survive for-cen
both at H.J. Andrews Experimental Forest. turies in the forest understory without appreciable growth
(Henderson et al. 1989), resulting in understory spatial pat
terns asynchronous with the gaps above.

While canopy structure may still be poorly defined (Van
Pelt and North 1996), the controlling influence of canopy
structure on many ecosystem functions has been recognized
(Harr 1982; Campbell and Norman 1989; Lowman and
Nadkarni 1995). At the stand scale, there is interest in how
crowns occupy the three-dimensional space of the canopy
and how the understory light environment is influenced by
different canopy structures. The quantity of light that
reaches the forest floor is affected by the quantity and spatial
distribution of foliage in a stand (Reifsnyder et al. 1971;
Oker-Blom and Kellomaki 1982; Massman 1982). The age
of the stand, the spacing and sizes of canopy gaps, the spe
cies present, and the multilayering of foliage within the
stand all influence the three-dimensional distribution of fo
liage (Stewart 1986; Spies and Franklin 1989; Van Pelt
1995; Van Pelt and North 1999).

In this paper we analyze the horizontal and vertical distri
bution of foliage in six tall, Pacific coast forests and assess
how this distribution affects the amount of light reaching the
forest understory and the spatial distribution of understory
plants. Understory light levels and canopy leaf area were
measured and then compared with understory tree locations
as well as herb and shrub cover. Measures of canopy density,
canopy gaps, and tree heights also were compared with these
understory measures. Finally, we propose a measure of can-
opy structure superior to either LAl or the gap-phase re-
placement concept that incorporates the three-dimensional
complexity and spatial heterogeneity of forest canopies.

Materials and methods

Study site descriptions

Six forest stands were used for this research, two each in Wash
ington, Oregon, and California (Fig. 1). These six stands repre
sented typical old-growth forest types found in this region. Two of
the stands were located in intact sites near ongoing research into
the effects of artificial gaps placed in old-growth forests (see Spies
et al. 199®; Gray and Spies 1996). These were located at the
Wind River Experimental Forest and H.J. Andrews Experimental
Forest. Three of the stands were placed in permanent sample plots.
These plots are part of ongoing research into the population dy
. . __namics of old-growth forests (see Franklin and Van Pelt 1990;

Gap-phase replacement has been cited as the primajtker et al. 2000). One of these was also at the H.J. Andrews Ex
driver of succession between major disturbances (Braperimental Forest, one was near Goat Marsh in Mount St. Helens
1956) and often is used as the basis for models of stand dyational Volcanic Monument, and the third was at Giant Forest in
namics (Botkin et al. 1972). While this has been shown to beSequoia National Park. An additional site was recently mapped
useful in tropical (Brokaw 1985; Uhl et al. 1988) and tem along Bull Creek in Humbolt_jt Redwoods St_ate F_>ark by rese_archers
perate broadleaf (Runkle 1981, 1990; Hibbs 1982) forests, it Humboldt State University and the University of Washington
the tall forests along the Pacific coast its use is limited (Var(Table 1).
Pelt 1995; Van Pelt and North 1996). The primary problem And d
with the gap-phase replacement concept when applied-to PE"‘J' ndrews stands

e - . ey . 3 The H.J. Andrews Experimental Forest occupies the 6400-ha
cific coast forests is that it is a two-dimensional model- Pa Lookout Creek watershed which is located about 80 km east

cific coast forests are much taller than other forest typeg; Eugene, Oreg., in the McKenzie River Valley (Table 1). This

while also tending to be at higher latitudes. Moreover, theirg 4 growth stand is dominated by Douglas-fiPseudotsuga
gaps tend to be as small as or smaller than those in broadlegfenziesii (Mirb.) Franco) and western hemlock Tguga

forests because of the narrow-crowned nature of the cenifeheterophylla(Raf.) Sarg.), and in some areas western redcedar
ous trees (Spies et al. 1990Canham et al. 1990). Further, (Thuja plicata Donn ex D. Don) is prominent. Dominant
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Table 1. Summary of site characteristics.

Mean annual

Precipitation (cm)

Plots

temperature and

Snowfallrange (°C)

Area

Slope (%)

Elevation

(m)

July—Sept.

13
13
12
17

Annual

258

(ha) Plant association

No.

and aspect

Site

8.5 (0.6-17.8)
8.5 (0.6-17.8)

8.0 (0-17.5)
4.7 (0.4 to 10.7)

8.1 (0.2-17.9)
14 (6.8-21.9)

295
295
233
767

1.57 Tsuga heterophyli8erberis nervosa
1.71 Tsuga heterophyli®erberis nervosa
2.26 Tsuga heterophylidchlys triphylla

4
3

5-15, W
0-5, SW

0-12, S
5, SW

880
780
610

H.J. Andrews (underburned)
H.J. Andrews (unburned)

Wind River

258

253

4

337*
110

Abies amabiliTiarella unifoliata

4

945
2219

Goat Marsh
Giant Forest

Bull Creek

482

Abies concolatPteridium aquilinum

2

1

10, SW-SE

3

Sequoia semperviref@xalis oregana  146*

3

31

Note: Giant Forest is the driest site, but its deep, slow-melting snowpack and porous soils allow productivity throughout the summer. The Bull Creadnséandlluvial flat, thus reducing the

need for summer precipitation.

*Does not include interception from fog, which can add 20-30% (Harr 1982).
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understory trees are western hemlock, western redcedar, and
Pacific yew {[Taxus brevifoliaNutt.). The oldest trees established
after fires which burned in the late 1400s and early 1500s
(Teensma 1987). This stand will be referred to as the HJA un
burned stand. Nearby, an additional stand was used that had the
same early history as that just mentioned, but between 1836 and
1857, four separate fires burned through the understory of this
stand (Teensma 1987). The fires were severe enough to create
large openings, although about half of the dominant Douglas-firs
survived. A dense cohort of western redcedar and western hemlock
developed in the openings. Survivors of this cohort now dominate
the midcanopy section of the stand and outnumber the older trees.
This 150-year-old midcanopy cohort has provided dense shade and
limited understory in some areas. This stand will be reffered to as
the HJA underburned stand. Plots were initially established in
1990 with additional plots added in 1992.

Wind River stand

The 4380-ha Wind River Experimental Forest lies within the
Gifford Pinchot National Forest near Carson, Wash. The
old-growth forests at this site are dominated by Douglas-fir and
western hemlock. The study site is within the western hemlock
zone (Franklin and Dyrness 1973) but is at the cooler end, as indi
cated by the dominance of Pacific silver fiAlfies amabilis
(Dougl.) Forbes) in the understory (Table 1). Pacific yew is eom
mon as a small understory tree. There is no evidence of major fire
episodes at the site in at least 300 years, and ring counts on stumps
in nearby areas indicate that some trees were more than 500 years
old when cut in the 1970s (Franklin and Waring 1980). The domi-
nant disturbance now is one of small-scale gap formation from
windthrow, insects, and pathogens (Franklin and DeBell 1988).
Plots were initially established in 1990 with additional plots added
in 1992 and 1993.

Goat Marsh stand

Goat Marsh Research Natural Area is a federally designated re-
search natural area within the Mount St. Helens National Volcanic
Monument in Washington. The study stand is about 350 years old
and is dominated by noble firApies proceraRehd.), a common,
seral, montane species (Table 1). Smaller amounts of Douglas-fir
are also present in the canopy. The main midcanopy and understory
species are western hemlock and Pacific silver fir. The 4-ha plot
was initially established in 1977 and remeasured in 1989, 1994,
and 1996.

Giant Forest stand

The fifth stand is located at midelevation in the mixed conifer
forest zone of the southern Sierra Nevada Mountains. A 2-ha per
manent plot straddles Crescent Creek, a small stream flowing
through Giant Forest at 2200 m in elevation (Table 1). While the
giant sequoia%equoiadendron giganteuthindl.) Buchholz)is the
dominant species in terms of volume or basal area, white fir has a
much greater stem density. California red fikbjes magnificaA.
Murray), another shade-tolerant fir, is also abundant. Other species
present include sugar pin®ifius lambertianaDougl.) and Jeffrey
pine (Pinus jeffreyiGrev. & Balf.). The plot was established in
1979 with remeasurements in 1987 and 1994.

Bull Creek stand

Bull Creek flows through the heart of Rockefeller Forest in Hum
boldt Redwoods State Park, California. The alluvial flats along Bull
Creek have the highest recorded biomass of any forest known
(Westman and Whittaker 1975; Fujimori 1977). This region also
contains many of the world’s tallest trees, several of which are over
110 m tall. The forests in this stand contains many trees between
1000 and 2000 years old, and it is overwhelmingly dominated by a
single species, the coast redwodk@uoia sempervirer3. Don,
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Table 1). In openings or near streams tanodithpcarpus  were measured on each stump from the center (pith) to the bark.
densiflorusHook. & Arn.), California laurel Umbellularia calr The width of sapwood along each radius was measured. The four
fornica Hook. & Arn.), and Douglas-fir are present in small rum sapwood measurements on each tree were used to determine the
bers. A 3-ha plot was established in the summer of 1997 along theapwood area at stump height. Regressions were then developed

lower section of alluvial flat near the Eel River. for each species at each site that predicted sapwood area from
DBH (diameter at breast height). Additional data relating DBH to
Field procedures sapwood area was obtained through published and unpublished re

At each site, both plots and transects were used. Plots werBOrts (Parks 1952; Westman 1987; Means et al. 1994).
needed for the point pattern analysis and transects for the- semi
variance and correlations. All sampling occurred in large, Analysis
low-gradient blocks of forest located well away from openings To analyze the horizontal and vertical distribution of tree crowns,
such as roads or clearcuts. All data was pooled for the stand-levehe location of each crown must be known. The crown parameters
analyses. Plot areas ranged from 0.7 to 4 ha, depending on eircurthat were measured in the field were used to model each tree crown
stances. In the three Douglas-fir forest types, plots were establishegk a simple conic shape (Van Pelt and North 1996). Conics are sim
as part of a larger study examining the effects of experimental gapglistic models that provide an outer boundary for crown modeling and
on understory processes (Spies et al. I9%Bray and Spies 1996, are easily analyzed in three-dimensional space, making them suitable
1997; Van Pelt and Franklin 1999). The other three plots are parfor stand-scale analyses (Terborgh and Petren 1991; Van Pelt and
of the permanent plot network maintained by Oregon State UniverNorth 1996). While this method ignores the fact that tree crowns
Sity. are not solid foliage, it does keep the spatial arrangement of the

On both plots and transects, all trees taller than 50 cm in heightrowns in three-dimensions intact (Van Pelt and North 1999).
were mapped and measured for species, vertical stratification (see Stand-scale calculations were made at each site for vertical and
below), and canopy class (dominant, codominant, intermediate, dforizontal distribution of tree crowns. The three-dimensional mod
suppressed). Breast height diameters were measured on all treels allowed for precise coordinates of crown parameters to be
taller than 1.37 m; otherwise, basal diameters were measuredummed and tallied. The three-dimensional space of each plot was
Height, crown height, and four cardinal crown radii were measuredseparated into 1-m cubes. Each cube was then tallied as to whether
on as many trees as possible (85% overall), and nonlinear regref contained all or part of a tree crown. These were used to examine
sion was used to estimate the remaining tree heights and crown réhe variability of tree crown distribution in both horizontal and ver-
dii (Van Pelt 1995; R. Van Pelt unpublished data). Tree heights andical planes. Vertical projections of foliage density for three of the
crown heights were measured with tape and clinometer. The cliforest types were used to analyze the variability of canopy density.
nometer was also used to find the edge of the crown for the crown
radii measurements.

Two 200-m north—south transects were placed in each stang'
with the additional objective of measuring and correlating under-

story cover and potential light levels. Cover values for shrub an ation system (ARC-INFO 1997). A stem map and crown projec-

Eﬁgz?gfgroissEggti?e\gea:ﬁ)r?;t;rs:rrlzggdliLnegomg]rﬁfs?h2Ir?cn;$t§t:ototion map was then generated to delineate areas and locations of
: . f Xpan nd cl n rding to traditional
were taken along the transects and in the plots at a height of 1.5 Igaps, expanded gaps, and closed canopy according to traditiona

h o= X ap sampling protocol (Runkle 1992). Using this terminology, a
in eaph forest type for estimating light levels in the understory. De- ap is an area that is not covered by the projection of a tree-crown.
pending on the circumstances, up to 184 photos were taken at

expanded gap is an irregular polygon formed by connecting the

site, although no less than 36 were taken at a given sif[e. Ad.ditor.]aﬂunks of the trees whose crowns define the gap. Cosed canopy is
images were developed from computer-generated hemispherical iMhen all of the remaining space. This was then used in conjunction

ages based on modeled trees (see Van Pelt and North 1996) so tgh, 16 gtem map of understory trees to determine their locations
a contour map of the understory light environment of each stan elative to gaps

was generated. This allowed the understory light environment to be

compared with understory measurements of growth and abundance. . .
Hemispherical photographs

Vertical stratification Each photo was analyzed and the amount of open sky in each
The forest canopy was stratified into four levels to indicate thePhoto was used to calculate the indirect site factor (ISF), which is

relative dominance of a given tree relative to its neighbors (Rich @n estimate of the amount of diffuse radiation that is annualy re

ards 1952). Each tree was classified as being part of the emergefgived by that point (Anderson 1964). CANOPY image analysis

layer, main canopy, intermediate canopy, or understory. Anhougﬁoftwgre was used for calculations of ISF from black and white

this idea was developed in tropical forests, it has been adapted fdlegatives (Rich 1989).

use in temperate coniferous forests (Stewart 1986). As with-tropi

cal forests, this is a somewhat subjective procedure, because it 8emivariance analysis

not based on absolute height but on relative height (i.e., relative to The spatial distribution of tree crowns influences many under

the trees immediately surrounding the subject tree). Therefore, thstory variables, including light distribution and shrub cover. The

aps — expanded gaps — closed canopy
Once the trees were mapped, all crown radii were then used to
enerate elliptical crown projections for use in a geographic infor-

tree heights may overlap slightly between vertical layers. variability of foliage distribution is key to this structure and to the
comparisons between the six sites. Semivariogram analysis was
Leaf area used to test the variability of the foliage distribution between the

Leaf area was estimated in each stand to compare with other esix sites. Semivariograms for foliage distribution were based on the
timates of species dominance. Sapwood area is significantly-correawo 200-m transects in each stand. The data were extracted from
lated with foliage biomass and leaf area (Waring et al. 1982the transect data to form two-dimensional series data, with one di
Maguire and Hann 1988). Several nearby trees were cut at the H.dension being the distance along the transect and the other being
Andrews and Wind River sites in the winter of 1990 as part of an the canopy volumenia 9 nt cylinder above that point. Semivariance
other study (Spies et al. 1990 Sapwood measurements were-col analysis not only detects the dominant scale of pattern present in
lected on 437 trees as they were removed. The trees representéte data (the lag) but also measures the amount of variability
the full array of species and sizes found on the plots. Four radiwithin the data (the sill) (see Cohen et al. 1990).
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Table 2. Summary of canopy volume distribution and stand dimensions.

Canopy Basal Stem
volume area volume Height
Research site Species (m3ha) (m?/ha) (m®ha) (m)
H.J. Andrews Taxus brevifolia 600 0.6 0.6 11
(underburned plot) Thuja plicata 19 700 38.3 408.5 57
Tsuda heterophylla 56 900 24.1 458.5 57
Pseudotsuga menziesii 20 400 41.9 1431.9 75
Total 144 400 129.7 2397.0
H.J. Andrews Taxus brevifolia 2100 1.1 8.7 18
(unburned plot) Thuja plicata 13700 175 243.7 51
Tsuga heterophylla 75 100 24.7 391.7 70
Tsuga heterophylla 75 100 24.7 391.7 70
Pseudotsuga menziesii 53 500 86.1 1750.3 77
Total 144 400 129.7 2397.0
Wind River Taxus brevifolia 1500 0.6 5.8 12
Abies amabilis 6 400 5.3 64.4 45
Tsuga heterophylla 90 000 40.3 399.9 54
Pseudotsuga menziesii 38 300 53.3 968.2 57
Total 136 200 99.5 1447.7
Goat Marsh Abies amabilis 17 400 9.8 121.9 45
Tsuga heterophylla 58 700 135 229.7 59
Pseudotsuga menziesii 29500 31.2 780.6 84
Abies procera 48 100 67.5 1987.3 90
Total 153 700 122.2 3119.5
Giant Forest Abies magnifica 4700 3.8 68.8 77
Abies concolor 39 000 37.4 653.1 72
Pinus spp. 1900 0.9 111 52
Sequoiadendron giganteum 35200 121.9 2597.7 87
Total 80 800 164.0 3330.7
Bull Creek Sequoia sempervirens 229 300 265.2 8070.5 112
Umbellularia californica 800 0.2 1.1 22
Total 230100 265.4 8071.6
Point pattern analysis and vertically; the variability of this distribution; and the

Ripley’s K(d) statistic is a second-order analysis used to detectpatial pattern of canopy trees. For the Canopy gaps and
the type and scale of pattern, particularly concerning interactionginderstory response section, we examine understory light
between groups of trees (Ripley 1981). Because it uses all tree-pajgyels and shrub—herb cover values of the six stands and

combinations, Ripley'sK(d) analysis provides opportunities for c5mpare these with overstory variables. The spatial patterns

more detailed analysis of point interactions (univariate), as well as¢ understorv tree and shrub distribution are examined and
providing for both within-class and among-class analysis of points y

(multivariate). To detect patterns of aggregation, randomness, orrmated to overstory variables.
regularity among the six stands, the univariate measure was used

on both the canopy-dominant trees in each stand, as well as th@anopy structure

understory trees.

A bivariate form of this analysis is also possible, allowing one Tree crown distribution
to see attraction or repulsion between differing groups of data The peak in crown density on the H.J. Andrews urder
(Moeur 1993). In this analysis, the bivariate form of Riplei(&d) burned plots was between 15 and 20 m (Fig). Zhis was

was performed by comparing the observé(t) to Monte Carlo ) ] .
simulations, using the shifting torus method described by Lotwickdue to the abundance of 150-year-old hemlock-redcedar

and Silverman (1982). Several bivariate comparisons were mad((‘éanopy.fthat Qevglopeddf:c)llowmgd the fire.” The ifees were
using either understory trees or snags to see if patterns of mortality€’y Uniform in size and form a dense canopy at 15-25 m.

followed the gap-phase replacement idea of forest dynamics. he Douglas—fi_rs that survived _the fire fo'rm an emergent
canopy extending well above this, with heights of 60—70 m
Results and crown volumes peaking at 40-45 m.

The unburned site at H.J. Andrews (Fidy) 2ot only has
The Results section is broken up into two main sectionsa greater canopy volume of Douglas-fir than the under
Canopy structure and Canopy gaps and understory respondmirned site but also of hemlock. About half of the
For the Canopy structure section, we examine the distribuDouglas-fir population in the underburned site was lost in
tion of tree crowns among the six stands, both horizontallythe fire (Tables 2 and 3). While hemlock is growing rapidly,
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Table 3. Numbers of individuals for each species within each canopy layer.

Main
Research site Species Emergent canopy Intermediate Understory
H.J. Andrews Taxus brevifolia — — 1 86
(underburned plot) Thuja plicata — 26 55 513
Tsuga heterophylla — 43 158 454
Pseudotsuga menziesii 19 2 — —
Total 19 71 214 1053
H.J. Andrews Taxus brevifolia — — 2 95
(unburned plot) Thuja plicata — 21 12 424
Tsuga heterophylla 1 50 33 782
Pseudotsuga menziesii 33 33 — —
Total 34 104 47 1301
Wind River Taxus brevifolia — — 3 41
Abies amabilis — 11 16 1355
Tsuga heterophylla — 61 72 438
Pseudotsuga menziesii 1 51 — —
Total 1 123 91 1834
Goat Marsh Abies amabilis — 18 35 81
Tsuga heterophylla — 20 18 293
Pseudotsuga menziesii 2 14 — —
Abies procera 5 40 1 3
Total 7 92 54 377
Giant Forest Abies magnifica 1 3 8 97
Abies concolor 1 34 57 240
Pinus spp. — 1 4 9
Sequoiadendron giganteum 12 5 4 5
Total 14 43 73 351
Bull Creek Sequoia sempervirens 2 46 111 1794
Umbellularia californica — — 3 27
Lithocarpus densiflorus — — 1 11
Total 2 46 115 1832

Note: Values are given on a per-hectare basis.

it has yet to attain the canopy volume of the unburned sitelower basal areas than the other five sites, crown volumes
comprising only 75% of the volume of the unburned plots.are comparable. This is primarily due to the greater domi
While the density peak for hemlock is at about 20 m at bottnance of western hemlock, resulting in a greater canopy vol
sites, it was achieved by far fewer stems of both larger andime.

smaller size classes in the unburned plot (Figsa@d ). The canopy at Goat Marsh is very tall. The main canopy
While the canopy volume of the underburned site has altrees average over 65 m, and several trees are over 85 m tall.
most returned to pre-burn levels (at least for hemlock; se&Vhile it is an old-growth stand~@50 years), the forest is
Table 2), a much greater number of stems was required tetill developing some of its old-growth structure. There is
achieve this. The number of trees in the main canopy layer ia distinct upper canopy layer composed of noble fir and
only slightly lower, but there are nearly five times as manyDouglas-fir and an intermediate—understory layer composed
stems in the intermediate layer as in nearby unburned powf western hemlock and Pacific silver fir. The separation of
tions of the forest (Table 2). these two canopy layers is evident in Figl. In addition, the
Based on plant associations and tree heights, the site prshade-tolerant component of this canopy makes up a much
ductivity at Wind River is much lower than that of either of lower percentage than in the three previously mentioned
the H.J. Andrews sites (Wind River has no trees over 60 nbouglas-fir stands (<50% as opposed to 79, 63, and 75% for
tall versus 11/ha at the Andrews unburned site, even thoughHJA unburned, HJA underburned, and Wind River, respec
both are the same age). In addition, the hemlocks at Wintively) (Tables 2 and 3).
River are nearly as tall as the Douglas-firs. An overwhelming The canopy at Giant Forest is much more open than the
canopy dominance of western hemlock is evident (FiD. 2 others in this study, as will be discussed later. Even though
Although the uppermost canopy is dominated bythe basal area and wood volume are very high in this stand
Douglas-fir, the entire middle and lower canopy is demi (Table 2), the canopy volume and stem density are much
nated by western hemlock. lower than the stands previously mentioned (Tables 2 and 3,
Tree crowns on the Wind River site are distributed simi Fig. 2e). The foliage is found at all levels as in the other
larly to the crowns on the unburned plot at H.J. Andrews.old-growth forests, but the total number of tree crowns is
Although the Wind River site has much shorter trees andnuch lower than the other five sites. Even though the forest
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Fig. 2. Vertical canopy volume profiles for the six stands. Summary information is given in Table 2.
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is more open, it still has a tall, multilayered canopy. Individ height. The volume of canopy is much higher than for the
ual trees on the plot range up 6 m indiameter (basal area other plots, and the peak in density is also higher. The maxi
of 28.3 nf). The stem volume of the largest tree on the plotmum occurs at a height of about 50 m, whereas the other
is nearly 1000 ry equal to more than half a hectare of treesplots peaked at 15-35 m.
in the Wind River stand.

The forest at Bull Creek is almost entirely composed ofSemivariance analysis
coast redwood, which is found in all size classes (Tables 2 Underburned sections at the H.J. Andrews show a much
and 3, Fig. ®. This forest type comprises the world’s tallest lower semivariance than the five other forest types (Table 4).
canopy; the 3-ha plot averages 15 trees/ha over 94 m iffhe concentration of foliage in one fairly uniform layer
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Table 4. Semivariance results: gap size, understory light levels, shrub—herb cover, and leaf area index (LAI) for the six stands.

H.J. Andrews

Underburned Unburned Wind River Goat Marsh Giant Forest Bull Creek
Semivariance sillyf 2121 6043 3930 3482 3318 4434
Semivariance lag (m) 9.8 9.6 8.9 7.2 12.2 9.7
Gap area (M 51.5 (13.2) 81.7 (83.3) 25.5 (16.6) 75.4 (172) 366 (373) 145 (119)
Light levels (ISF) 0.0827 (0.036) 0.1465 (0.085) 0.1267 (0.074) 0.0873 (0.027) 0.1917 (0.102) 0.0958 (0.037)
Shrub—herb cover (%) 7.64 (17.95) 23.38 (29.07) 25.42 (26.34) 19.67 (12.64) 37.63 (30.98) 45.92 (25.17)
LAl 11.07 (0.92) 13.75 (2.75) 11.58 (2.79) 11.63 (1.16) 8.17 (1.11) 11.71 (2.03)

Note: Values for gap area, light levels, shrub—herb cover, and LAl are means with SD given in parentheses. The lag value is a measure of the scale of
the dominant pattern. ISF, indirect site factor (a measure of percent open sky).

Fig. 3. Semivariogram summaries for the vertical layers for the areas of homogeneity in the two stands. The Goat Marsh
three Douglas-fir forest types. Each data point shows a sill valuestand has a dominance of trees taller than 60 m (48/ha; more
from semivariograms calculated separately for each 5-m layer. than any of the other stands), which creates a realatively flat,
Note the overall low semivariance above 40 m at Wind River, homogeneous canopy when viewed from above. The Giant

yet this site has the highest below 30 m. Forest stand has a dominance (>50%) of gap, which lowers
the overall variability.
x The semivariance lag values (in metres) for the six stands

represent the dominant scale detected in the transects
(Table 4). The Giant Forest stand has the highest lag, pri
marily because of the large size of the gaps in that stand.
Goat Marsh had the lowest lag, which is a reflection of the
uniformly tall canopy rather than of gap size. The lag detects
HJA unburned the dominant scale in the tree crown distribution data. At Gi-
ant Forest this is caused by the gaps; at Goat Marsh and Bull
Creek, this is due to the tree crowns; and with the others, it
Wind River is probably a combination of both.

Semivariance patterns for the vertical distribution of fo-
liage were calculated for the three Douglas-fir dominated
plots only. This was done independently for each 5-m hori-
zontal layer. The sill value for each layer was then used as a
point, and all the points were then plotted to compare the
three forest types. The vertical semivariance structures for
all three forest types were then plotted together (Fig. 3).
Overall, the Wind River transects have the highest semi
variance of the three plots for values below 30 m but the
— T T T T T lowest above 40 m. The Wind River’'s short stature relative

0 200 400 600 800 1000 1200 1400 to the H.J. Andrews forests accounts for this quick decline.
. The underburned transects at H.J. Andrews have higher
Semivariance 7y semivariance values than the unburned transects for the can
opy below 25 m. This lower section is where the bulk of the
foliage in the underburned transects is located. The un
within the regenerated cohort contributes to this patternburned section at H.J. Andrews, however, has much higher
Since the main canopy is composed of smaller, more numewariability between 35 and 65 m, accounting for its overall
ous trees, the gaps are smaller, and the densest areas bakggh variance in the horizontally projected semivariograms.
on vertical projections of crown volume are less dense than
those in the unburned old-growth forest. Canopy tree spatial patterns

The semivariance values for horizontal foliage distribution The spatial patterns of individual species were random or
on the Wind River transects lie intermediate between the twaggregated at each of the six sites. When only main canopy
transect types at H.J. Andrews (Table 4). Even though thé&rees of all species were considered, however, inhibition
unburned portions of the H.J. Andrews and Wind River(regular spacing) occurred at five of the six sites at scales of
transects have similar histories and multilayering, the large# m (Fig. 4). At three of the sites the regular spacing was
stature of the H.J. Andrews forests are reflected in the highepronounced over a greater range. The Goat Marsh and Bull
variability of the tree crowns there. The forest at Bull Creek,Creek sites had main canopy trees regularly spaced at scales
while having the greatest stature of the forest types examfrom 4 to 14 m.
ined, has the bulk of its crowns up high in the stand, thus
having less total variability than the unburned Douglas-fir —Canopy gaps and understory response
western hemlock stand at H.J. Andrews. The relatively low The amount of light reaching the understory varied greatly
values for the Goat Marsh and Giant Forest are due to largamong the six stands. Light levels were lower in the
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B!

50 1

40 1
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20 1

Height (m)

JA underbuyned
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Fig. 4. Results of the univariate Ripleyk(d) analysis for the main canopy trees. Each graph represents a single analysis. The solid
lines with plus signs show(d) (the square root transformation &{d)), the broken lines are the confidence interval generated through
100 Monte Carlo simulations. The shaded areas indicate significant departures from a Poisson distribution; those above the zero line
show significant aggregation and those below show dispersion to a uniform (regular) distribution. Note the regular distributien (inhibi
tion) of trees at small scales for four of the six sites. The two exceptions are the HJA underburned site, which lost some of the main
canopy trees in a fire, and the sequoia site, which has a partly open canopy.

HJ Andrews Underburned HJ Andrews Unburned

L(d)
o
[¢;]

L(d)

e Ny
0 2 4 6 8101214 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
dx) 4

Wind River Goat Marsh

051, ..

L(d)
o

-0.5 T\ T

I I I I I I I i
T

} } } } T T T T T T U
0 2 4 6 8 10 12 14 16 18 20 22 24

| | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20 22 24
d(x) d(x)

Giant Forest Bull Creek

— B e s B B
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
d(x) d(x)

© 2000 NRC Canada



1240 Can. J. For. Res. Vol. 30, 2000

Table 5. Number of understory trees (>50 cm in height) per hectare in each canopy category.

Expanded Closed Percentage

Gap gap canopy in gap
HJA, underburned 21.1% 44.0% 34.9% 27/19
Taxus 21 (21) 48 (32) 17 (19) 24
Thuja 87 (7) 304 (9) 122 (3) 17
Tsuga 172 (41) 216 (55) 66 (26) 38
HJA, unburned 32.3% 46.9% 20.8% 21/50
Taxus 20 (12) 49 (25) 27 (6) 21
Thuja 59 (8) 101 (30) 264 (127) 14
Tsuga 196 (99) 222 (76) 364 (219) 25
Wind River 12.0% 39.9% 48.1% 20/29
Abies 277 (188) 630 (447) 448 (202) 20
Taxus 7 (<1) 20 (2) 14 (<1) 17
Tsuga 87 (39) 281 (49) 70 (32) 20
Goat Marsh 24.2% 35.1% 40.7% 29/23
Abies 11 (2) 49 (11) 21 (7) 14
Tsuga 98 (22) 129 (19) 66 (28) 33
Giant Forest 56.0% 36.6% 7.4% 30/3
A concolor 69 (12) 162 (13) 9 (3) 29
A. magnifica 34 (11) 62 (14) 1(<1) 35
Pinus spp. 2 (<1) 7 (2) 0 (0) 22
Bull Creek 19.3% 42.9% 37.8% 21/29
Sequoia 382 (111) 892 (189) 520 (227) 21
Umbellularia 4 (2) 17 (8) 6 (4) 15

Note: Values are means with SD given in parentheses. The first row at each site is the percentage of land
area in each canopy category. In this analysis, gaps were defined as holes in the emergent, main canopy, and
intermediate layers that were at least 18 ithe final column is the percentage of each understory tree species
found in the gaps.

underburned H.J. Andrews stand than in the other standsnderburned plot had among the lowest. The effect of the
(Table 4) because of the uniformly dense canopy of thdire was to remove significant portions of leaf area from the
post-fire cohort in the underburned stand. The othestand. The subsequent regrowth has not yet brought the leaf
Douglas-fir dominated plots had light values (ISF) similar toarea back up to pre-fire levels. The lowest LAl was the se-
each other, which are 153-177% of those on theguoia mixed conifer forest at Giant Forest, largely due to the
underburned plots. Light levels were also low in the Goatopenness of the stand. The remaining three stands (two very
Marsh and Bull Creek plots. These two plots have very highall, complex forests and the Wind River site with its high
levels of standing biomass. The Goat Marsh stand had proportion of western hemlock) had similar values.

very dense upper canopy in addition to over 20% of the po  ynderstory trees grew in gaps at all sites (Table 5). How
tential light being intercepted by tree boles. The Bull Creekeyer, in all cases, more understory trees were found growing
stand had over 30% of the potential light being interceptecyytside of gaps than in gaps. The percentage of trees found
by tree boles as well as the greatest amount of foliage of thg, gaps varied from 21.2 to 30.3% across the six sites
six stands. The Giant Forest stand had the highest light leTaple 5). In all cases, more trees were found growing in ex
els. This stand had a much lower density of trees thus allowyanded ‘gaps than in either closed canopy or canopy gap
ing more light to penetrate to the forest floor. positions. In addition, most plots had more understory trees

Shrub cover values were related to those of the light val growing under closed canopy conditions than under canopy
ues with some significant differences (Table 4). For the thre aps.

Douglas-fir stands, there was a strong correlation between

the amount of light reaching the understory and the abun i

dance of shrubs and (or) herbs present. The Goat MarsHnderstory tree spatial patterns

stand had light levels only slightly higher than the under Understory trees are very strongly aggregated at all six of

burned stand at H.J. Andrews yet had over twice as muckhe research sites (Fig. 5). The bivariate form of Ripld¢,’s

understory vegetation. The two California stands had thén which understory tree locations are compared with canopy

highest cover values of understory vegetation, although mostariables, provided the most interesting analyses. In five of

of the cover in the Bull Creek stand was represented byhe six sites, a significant repulsion was detected between

a single species of shade-tolerant ground cow@xalis the locations of understory trees and canopy trees (Table 6).

oregana(Nutt.). The exception, Goat Marsh, was probably due to the domi
Leaf area was calculated for each tree and then summeathince of western hemlock in the understory, which was very

by species to calculate LAI for each stand (Table 4). The unstrongly associated with logs or stumps (98.4%), whether in

burned plot at H.J. Andrews had the highest LAI, while thegaps or not.
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Fig. 5. Results of the univariate Ripleyk(d) analysis for understory trees. See description for Fig. 4. The strong aggregation of the

understory trees is evident in all plots, as is common in most forest types.
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Table 6. Bivariate results from Ripley'&(d) analysis.

Understory trees vs. main Understory snags vs. main  Understory trees vs. recent

canopy canopy canopy shags
Significance Scale (m) Significance Scale (m) Significance Scale (m)

HJA, underburned R 4-13 A 4 to >24 No —

HJA, unburned R 1-13 A >20 R >23

Wind River R 1-19 A >14 No —

Goat Marsh No — na A 1-4

Giant Forest R 14-22 A 18-22 No —

Bull Creek R 2-20 na na

Note: When significance occurs in comparisons of the understory variables with either main canopy trees or snags, trees are
categorized as either attracted (A) or repulsed (R). Scale gives the range in metres where the significant result was acting. na, not
applicable (insufficient snags to do the analysis).

Table 7. Spearman rank correlation coefficients for transect data. In general there was no significant pattern between under
story trees and recent canopy snags, which would indicate

Understory tree  Shrub an attraction to canopy gaps (Table 6). While a repulsion of
density density  nderstory trees away from main canopy trees was indicated,
H.J. Andrews, underburned this repulsion was random with regard to gaps.
Heights -0.069 -0.308* Canopy-understory interactions were also tested using
Vertical density -0.093 -0.251* transect data. Three canopy variables (tree heights, canopy
Gap — expanded gap — canopy 0.009 0.164* density, and canopy gaps) were compared with shrub—herb

cover and understory tree locations to look for interactions.
Each of the data sets were extracted from the transect data
and represented a spatially continuous 200 m long data set.

H.J. Andrews, unburned
Heights -0.092 -0.271*

! . .
\éig'iaggsgﬁgﬁd gap — canopy 0'%1375 —0.%9301* These were then compared with each other using a simple
' : Spearman rank correlation. In all cases the occurrence of
Wind River understory trees was not correlated with canopy conditions
Heights -0.092 -0.271* directly above them (Table 7). Shrub—herb cover often was
Vertical density -0.041 -0.033 correlated with canopy measures, which may indicate a
Gap — expanded gap — canopy 0.039 0.121 closer temporal link than in the case of long-lived understory
Goat Marsh trees.
Heights —-0.155 -0.016
Vertical density —-0.069 -0.126 Discussion
Gap ~ expanded gap — canopy 0.032 0.064 A relationship between understory tree locations and can
Giant Forest opy gaps was not detected in this study. This is in sharp con
Heights -0.125 —-0.373* trast with gap studies from outside this region (Runkle 1981;
Vertical density —-0.054 -0.271* Hibbs 1982; Brokaw 1987; Martinez-Ramos et al. 1989; Uhl
Gap — expanded gap — canopy 0.154 0.412* et al. 1988). Tall, narrow-crowned trees at high latitudes

combined with long-lived understory trees contribute to this

Bu'.l Creek lack of pattern. While shade-tolerant understory trees may
Heights —0.059 0.184 need a gap to establish and perhaps also to eventually ascend
Vertical density —-0.058 —-0.248

to the canopy, a “snapshot” view of the forest at any given
Note: Significant correlationso( = 0.05) are indicated by an asterisk.  time does not reflect this. The ability of the understory trees
Note understory variables generally show negative (although weak) to persist between disturbance events allows the canopy
correlations with overstory canopy variables. Also, while understory tree . . .
density or shrub density is occasionally correlated with gaps, the enV|r9nment to change, Wh'le the underStory. trge locations
correlation is weak and at times even negative. remain the same. In addition, the changes in light due to
canopy gaps often do not affect the same piece of ground
where the belowground resources of the same gap appear.
A spatial attraction was shown (at various scales) wheThis decoupling of above- and below-ground resources after
locations of recently dead understory trees were comparea disturbance is more pronounced in this region than in other
with the locations of canopy trees (Table 6). The Bull Creektemperate or tropical regions (Canham et al. 1990).
stand had so few snags of any size that it was excluded from Other gap studies from within this region, however, show
the analysis. A significant interaction of understory tree lo mixed results. The gap area and percent gap found in this
cations and canopy tree locations was indicated by the- constudy is comparable with other research from this region
bination of understory trees being repulsed from canopySpies et al. 199 Lertzman and Krebs 1991). This is due
trees and dead understory trees being attracted to canogymply to the nature of the stands and their structure. Conifer
tree locations. trees tend to have relatively narrow crowns, regardless of
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their size or age. Gaps, in this study and others, tend to bleurned sections at H.J. Andrews, leading to the lower light
small and formed by one or a few trees. Seedling presencand shrub cover values found.
in gaps was shown to be not much different from the-sur The strongly varied canopy, both vertically and horizon
rounding forest in young—mature stands of Douglas-fir intally, is highly correlated with understory light and shrub
Oregon (Stewart 1988). However, underneath western-hentover values. Although these forests have among the highest
lock there were fewer seedlings. Stewart’s sites were choselpAl values in the world, the understory light levels are rela
to study the influence of fire on understory development andively high when compared with smaller stature forests with
not for old-growth structure. Lertzman (1989) actually foundhigh LAl values (Fujimori 1971). The relative amount of
that sapling density was lowest within gaps compared withspace occupied by foliage is not exceptional when compared
the surrounding forest. Conversely, Spies et al. (8990 with some other forest types because of the height of the for
found a higher density of western hemlock seedlings withinest. For any given vertical layer, there is usually more than
gaps. The present study found that, while western hemlock0% open space. When a LAl of 11 is spread out over a ver
seedlings were strongly associated with logs (84%), theréical dimension of 70 m or more, there is plenty of oppertu
was no greater abundance in gaps. nity for light to penetrate. The high latitudes of western
Overall understory conditions were influenced by canopyforests combined with the height of the canopy forces light
structure as indicated by the higher correlation between th&® penetrate at relatively low angles, reducing the signifi
herb—shrub layer and the canopy light environment. Ever$ance of a canopy gap on the point of ground directly be
though Stewart (1988) found spatial patterns in the herb anfeath it.
shrub layer, he found no correlation between the light-envi
ronment and what was directly above, illustrating the need to
consider three dimensions. Knowledge of how the patternf&cknowledgements

of distribution and variance of foliage within a forest canopy 11 majority of this research was supported by grants
affect understory conditions is essential. Further researchyy, the National Science Foundation (grant  No.

may reveal how canopy structure influences not onlygsrggp9037) and United States Forest Service (grant No.
understory plant dynamics but also many other ecosystergny 91-0065). We would like to thank the more than 50
processes by creating greater habitat diversity. poeple who assisted with various aspects of the fieldwork,
Traditional measurements of the canopy environment havhich took the better part of five field seasons to collect. We
focused on LAI and visual approximations of foliage layers.would like to thank Tom Spies, Andy Gray, Mark Easter,
These have provided needed, but rough, information on giquan Chen, Malcolm North, and Steve Lowe for helping us
complex three-dimensional ecosystem. However, LAl is adevelop the ideas used in this research. Thanks to Steve

poor indicator of the understory light environment, which is Sjllett, Tom Hinkley, David Ford, and Kathy Van Pelt for
unfortunate since many measures of LAl are based on optieading earlier versions of the draft.

cal measurements. These will necessarily be erroneous,
since the same LAI can have wildly different optical condi-
tions as determined by differing canopy structures. StrucReferences

tural analysis is necessary to examine patterns and variance )
of occupied space among forest canopies. Acker, S.A., McKee, W.A., Harmon, M.E., Franklin, J.F. 2000.

. Long-term research on forest dynamics in the Pacific Northwest:
While the underburned H.J. Andrews stand had the lowest = 2. o ¢ permanent forest plotén Proceedings, Forest

LAI of the three Douglas-fir forests, it also had the lowest  gjqgiversity in North, Central, and South America and the Ca
understory light levels. This directly contravenes the €om yippean, 23-25 May 1995, Washington, D.Edited by F.
mon assumption that leaf area is related to the amount of pajimeier and J.A. Comiskey. UNESCO and the Parthenon Pub
light transmitted through the canopy. Without examining the |ishing Group, Camforth, Lancashire, U.K. Res. Monit. Man
vertical and horizontal heterogeneity of the canopy, one Biosphere Ser. 22. pp. 93-107
might incorrectly assume that the higher LAl indicated re Anderson, M.C. 1964. Studies of the woodland light climate I. The
duced understory light conditions. photographic computation of light conditions. J. EC62 27—
The semivariance sill value of the horizontal distribution 41.

of tree crowns was the best single measure of canopy-struierimaier, F.A., and McKee, A. 1989. Climatic summaries and
ture. It not only incorporates the vertical diversity of tree documentation for the primary meteorological station, H.J: An
heights, but also the horizontal distribution of trees and their drews Experimental Forest, 1972 to 1984. USDA For. Serv.
associated gaps. The cathedrallike Douglas-fir stand at the G€n- Tech. Rep. PNW-GTR-242. _
H.J. Andrews with its dense, multilayered western hemlockBOtin. D.B., Janak, J.F., and Wallis, J.R. 1972. Some ecological
understory and the coast redwood stand were the most struc gggi%%ences of a computer model of forest growth. J. BCol.
turally diverse. The other stands, while sharing many fea ‘ .

. Bray, J.R. 1956. Gap phase replacement in a maple—basswacod for
tures with these stands, all had one or more elements that Ecology37: 598-600.
simplified their structure enough to reduce the semlvarlanceBrockwayl D.G., Topik, C., Hemstrom, M.A., and Emmingham,

Dynamics in understory light and plant communities can w.A. 1983. Plant association and management guide for the Pa
be better understood as being driven by the heterogeneity of cific silver fir zone. Gifford Pinchot National Forest. USDA For.
foliage distribution rather than simply the amount of canopy Serv. R6-ECOL-130a-1983.
leaf area. The semivariance results indicate a much loweBrokaw, N.V.L. 1985. Gap-phase regeneration in a tropical forest.
variability in the horizontal distribution of foliage for the Ecology, 66. 682—687.

© 2000 NRC Canada



1244 Can. J. For. Res. Vol. 30, 2000

Brokaw, N.V.L. 1987. Gap-phase regeneration of three pioneer tree gross crown dimensions and sapwood area at crown base in

species in a tropical forest. J. Ec@ls: 9-19. Douglas-fir. Can. J. For. Re49: 557-565.

Campbell, G.S., and Norman, J.M. 1989. The description and meaVartinez-Ramos, M., Alvarez-Buylla, E., and Sarukhan, J. 1989.
surement of plant canopy structurtr Plant canopies: their Tree demography and gap dynamics in a tropical rain forest.
growth, form and functionEdited byG. Russel, B. Marshall, Ecology, 70. 555-558.

and P.G. Jarvis. Cambridge University Press, Cambridge, MassMassman, W.J. 1982. Foliage distribution in old-growth coniferous
Canham, C.D., Denslow, J.S., Platt, W.J., Runkle, J.R., Spies, T.A., tree canopies. Can. J. For. R42 10-17.

and White, P.S. 1990. Light regimes beneath closed canopiedlcCune, B., et al. 1997. Vertical profile of epiphytes in Pacific

and tree-fall gaps in temperate and tropical forests. Can. J. For. Northwest old growth forests. Northwest S€il: 145-152.

Res.20: 620-631. Means, J.E., Hansen, H.A., Koerper, G.J., et al. 1994. Software for
Cohen, W.B., and Spies, T.A. 1992. Estimating structural attributes computing plant biomass—BIOPAK users guide. USDA For.

of Douglas-fir'western hemlock forest stands from LANDSAT  Serv. Gen. Tech. Rep. PNW-GTR-340.

and SPOT imagery. Remote Sens. Envirdf. 1-17. Moeur, M. 1993. Characterizing spatial patterns of trees using
Cohen, W.B., Spies T.A., and Bradshaw, G.A. 1990. Semi stem-mapped data. For. SG9: 756-775.

variograms of digital imagery for analysis of conifer canopy Oker-Blom, P., and Kellomaki, S. 1982. Theoretical computations

structure. Remote Sens. Envird®d: 167-178. on the role of crown shape in the absorption of light by forest

Franklin, J.F., and DeBell, D. 1988. Thirty-six years of tree popu  trees. Math. Biosci59: 291-311.

lation Change in an O|d_growtﬁseudotsuga'rsugaforest. Can. Parker, G.G. 1996. Canopy structure and ||ght environment in old
J. For. Res18 633—-639. growth Douglas fir/western hemlock forest. Northwest Sdi.

Franklin, J.F., and Dyress, C.T. 1973. Natural vegetation of Ore  261-270. ) . . ]
gon and Washington. USDA For. Serv. Gen. Tech. Rep. pNw-g Parker, G.G., O'Neill, J.P., and Higman, D. 1989. Vertical profile
Franklin, J.F., and Van Pelt, R. 1990. Old-growth reference stand and canopy organization in a mixed deciduous forest. Vegetatio,

network in the Pacific Northwest: recording long-term ecesys 89 1-12. L .
tem dynamics. Northwest Environ. 6. 423-424. Parks, W.H. 1952. Redwood log characteristics: sapwood -thick

Franklin, J.F., and Waring, R.H. 1980. Distinctive features of the €SS bark thickness and log taper. Unpublished report. Califor

northwestern coniferous forest: development, structure, and M@ Redwood Association, San Francisco, Calif.
function. In Forests: fresh perspectives from ecosystem analysis. K& L.H., Rydell, R.A., and Denison, W.C. 1977. A 400-year-old
Douglas-fir tree and its epiphytes: biomass, surface area, and

Edited byR.H. Waring. Oregon Sate University Press, Corvallis. i A
their distributions. Can. J. For. Re&. 680-699.

pp. 59-86. . . : .
Fujimori, T. 1971. Analysis of forest canopy on the basis of aRen‘snyder, WE., .Fu.rnlvgl, G.M., and Hprqwﬁz, J.L. 1971. Spatial
Tsuga heterophylidorest. Jpn. J. EcoR1: 134-139. and temporal distribution of solar radiation beneath forest cano-
pies. Agric. Meteorol9: 21-37.

Fujimori, T. 1977. Stem biomass and structure of a maBagquoia Rich. PM. 1989. A Lt Ivsis of hemispherical
sempervirenstand on the Pacific coast of northern California. J. 1ch, F.M. - A manual Tor analysis of hemisphérical canopy
photography. Los Alamos National Laboratory, Los Alamos,

Jpn. For. Soc59: 435-441. N.M. Manual LA-11733-M.

Gray, A.N., and Spies, T.A. 1996. Gap size, within-gap position_. . . . .
and canopy structure effects on conifer seedling establishmenﬁ'chards’ P-W. 1952.‘ The tropical rain forest. Cambridge Univer-
3. Ecol.84: 635-645. _S|ty Press, Cambrldg_e, U.K._ _ _

Ripley, B.D. 1981. Spatial statistics. Wiley, New York.

Grﬁ?]/, A(\;‘:’s\lt.a,lbellir;?]rﬁ(re):]etsi’nnﬁ).r]?ﬁrgi(.):\élls?cc):zsilrgeo cont;ol: ogcgle:_@j eed Runkle, J.R. 1981. Gap regeneration in some old-growth forests of
9 Py gaps. ' the eastern United States. Ecolo§®: 1041-1051.

H 2453_5413.82 Fod drib in the Bull R icinal watershed Runkle, J.R. 1990. Gap dynamics in an OWoerFagus forest
arr, R.D. - 709 drip In the Bull Run municipal watersned, 5,4 speculations on the geography of disturbance. Can. J. For.
Oregon. Water Resour. Bull8: 785-789. Res.20: 632—-641

Henderson, J.A., Peter, DH Lesher, R.D., aqd Shayv, D.C. lgg%?unkle, J.R. 1992. Guidelines and sample protocol for sampling
Forested plant associations of the Olympic National Forest. ¢ . gaps. USDA For. Serv. Gen Tech. Rep. PNW-GTR-283
.USDA For. Serv. Tech. Pap..R6i001-88. Smith, A.P, Hogan, P., and Idol, J.R. 1992. Spatial and temporal

Hibbs, D.E. 1982. Gap dynamics in a hemlock-hardwood forest. patterns of light and canopy structure in a lowland tropical moist

Can. J. For. Resl2: 522-527. forest. Biotropica24: 503-511.
Jensen, E.C., and Long, J.N. 1982. C-rown structure of a54ng, B., Chen, J., Desanker, P.V., Reed, D., Bradshaw, G.A., and
codominant Douglas-fir. Can. J. For. R&S: 264-269. Franklin, J.F. 1997. Modeling canopy structure and heterogene

Lertzman, K. 1989. Gap-phase community dynamics in a ity across scales: from crowns to canopy. For. Ecol. Man@ge.
sub-alpine old-growth forest. Ph.D. dissertation, University of 217_229.

British Columbia, Vancouver. Song, B. 1998. Three dimensional forest canopies and their spatial

Lertzman, K., and Krebs, C.J. 1991. Gap-phase structure of a relationships to understory vegetation. Ph.D. dissertation, Michi
sub-alpine, old-growth forest. Can. J. For. RR&. 1730-1741. gan Technological University, Houghton.

Lotwick, H.W., and Silverman, B.W. 1982. Methods for analysing Spies, T.A., and Franklin, J.F. 1989. Gap characteristics and- vege
spatial processes of several type of points. J. R. Stat. &bc. tation response in coniferous forests of the Pacific Northwest.
406-413. Ecology, 70: 543-545.

Lowman, M.D., and Nadkarni, N.M. 1995. Forest canopies.-Aca Spies, T.A., Franklin, J.F., and Klopsch, M. 189@anopy gaps in
demic Press, San Diego, Calif. Douglas-fir forests of the Cascade Mountains. Can. J. For. Res.

Lyons, B. 1998. Crown structure and spatial distribution of 20: 649—-658.
epiphytes on western hemlock, Wind River, WA. M.S. thesis, Spies, T.A., Vogt, K.A., Franklin, J.F., and Van Pelt, R. 1890
Evergreen State College, Olympia, Wash. Above- and below-ground response of coniferous ecosystems to
Maguire, D.A., and Hann, D.W. 1988. The relationship between tree-fall gaps. Northwest Environ. 8: 435-436.

© 2000 NRC Canada



Van Pelt and Franklin 1245

Stewart, G.H. 1986. Population dynamics of a montane conifer forVan Pelt, R., and Franklin, J.F. 1999. Response of understory trees
est, western Cascade Range, Oregon, USA. Ecolegyb34— to experimental gaps in old-growth Douglas-fir forests. Ecol.
544. Appl. 9: 504-512.

Stewart, G.H. 1988. The influence of canopy cover on understoreyan Pelt, R., and North, M.P. 1996. Analyzing canopy structure in
development in forests of the western Cascade Range, Oregon, Pacific Northwest old-growth forests using a stand-scale crown
USA. Vegetatio,76: 79-88. model. Northwest Sci70(Spec. Issue): 15-30.

Teensma, P.D.A. 1987. Fire history and fire regimes of the centraVan Pelt, R., and North, M.P. 1999. Testing a ground-based canopy
western Cascades of Oregon. Ph.D. dissertation, University of model using the Wind River Canopy Crane. Selbyd&ta,357—

Oregon, Corvallis. 362.
Terborgh, J., and Petren, K. 1991. Development of habitat structurg/aring, R.H., Schroeder, P.E., and Oren, R. 1982. Application of
through succession in an Amazonian floodplain foréstdabi the pipe model theory to predict canopy leaf area. Can. J. For.

tat structure: the physical arrangement of objects in space. Res.12: 556-560.
Edited byS.S. Bell, E.D. McCoy, and H.R. Mushinsky. Chap Westman, W.E. 1987. Adveground biomass, surface area, and pro

man & Hall, London. duction relations of red fir Abies magnifica and white fir
uhl, C., Clark, K., Dezzeo, N., and Maquirino, P. 1988. Vegetation (Abies concoloy. Can. J. For. Resl7: 311-319.
dynamics in Amazonian treefall gaps. Ecolo@® 751-763. Westman, W.E., and Whittaker, R.H. 1975. The pygmy forest re

Van Pelt, R. 1995. Understory tree response to canopy gaps in gion of northern California: studies on biomass and primary pro
old-growth Douglas-fir forests of the Pacific Northwest. Ph.D.  ductivity. J. Ecol.63: 493-520.
dissertation, University of Washington, Seattle.

© 2000 NRC Canada



