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Biomass and dynamics of attached dead branches
in the canopy of 450-year-old Douglas-fir trees

Hiroaki Ishii and Tomoko Kadotani

Abstract: The amount, physical characteristics, and spatial distribution of attached dead branches in the canopy of
450-year-old Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco var. menziesii) trees were studied over a 5-year period
(1998-2003) to quantify their contribution to the canopy woody detritus pool of an old-growth Douglas-fir — western
hemlock (T'suga heterophylla (Raf.) Sarg.) forest in the western Washington Cascades. We developed a five-class decay
rating for attached dead branches. From the size distribution and relative amounts and vertical distribution of attached
dead branches in the five decay classes, we inferred that death of large original branches had occurred in the recent
past, followed by the production and death of epicormic branches. Tree height was an important variable for predicting
branchwood dry mass per tree. We estimated that attached dead branches of Douglas-fir contributed 63.8% of the total
canopy woody detritus pool of the stand. During the study period, 0.24%-year' of live branchwood mass died attached,
and 0.37%-year! and 4.34%-year™!, respectively, of live- and dead-branch mass were lost due to branchfall and frag-
mentation. Because branch death and branchfall are stochastic processes, long-term monitoring in the canopy and on
the ground is needed to understand the dynamics of canopy woody detritus.

Résumé : La quantité, les caractéristiques physiques et la distribution spatiale des branches mortes attachées dans la
canopée de douglas de Menzies typiques (Pseudotsuga menziesii (Mirb.) Franco var. menziesii) dgés de 450 ans ont été
étudiées sur une période de 5 ans (1998-2003). L’ objectif était de quantifier la contribution des branches mortes atta-
chées au pool de détritus ligneux de la canopée d’une forét ancienne de douglas de Menzies typique et de pruche de
I’Ouest (Tsuga heterophylla (Raf.) Sarg.) dans la partie ouest de la chaine des Cascades, dans I’Etat de Washington.
Les auteurs ont développé un systeme d’évaluation a cinq classes de la décomposition des branches mortes attachées.
A partir de la distribution des dimensions, des quantités relatives et de la distribution verticale des branches mortes at-
tachées dans les cinq classes de décomposition, ils ont déduit que la mort des grosses branches originales était sur-
venue récemment suivie par la production et la mort des branches adventives. La hauteur des arbres était une variable
importante pour prédire la masse anhydre de matiere ligneuse dans les branches par arbre. Ils ont estimé que les bran-
ches mortes attachées du douglas de Menzies typique représentent 63,8 % du pool total de détritus ligneux de la ca-
nopée du peuplement. Durant la période de 1’étude, 0,24 %-an~! de la masse de branches vivantes devenait des
branches mortes attachées et 0,37 %-an~' de la masse de branches vivantes et 4,34 %-an”! de la masse de branches
mortes €taient perdues via la chute des branches et la fragmentation. Parce que la mort et la chute des branches sont
des processus stochastiques, un suivi a long terme dans la canopée et au sol est nécessaire pour comprendre la dyna-
mique des détritus ligneux de la canopée.

[Traduit par la Rédaction]

Introduction

Coniferous forests of the Pacific Northwest region of the
United States have the highest potential for carbon accumu-
lation in the world (Smithwick et al. 2002). Old-growth for-
ests of this region contain enormous biomass (Waring and
Franklin 1979; Franklin and Waring 1980) and represent the
culmination of carbon (C) storage in ecosystems (Field and
Kaduk 2004). Significant amounts of C are sequestered in
both above- and below-ground biomass of old-growth conif-
erous forests. In addition to the great amount of living bio-
mass, detrital biomass, or necromass (including woody detritus
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and soil organic matter), accumulates with increasing forest
age and contributes a significant amount to the total C store
(Grier et al. 1981; Gholz 1982; Sollins 1982; Harmon et al.
1990). In a recent study, Harmon et al. (2004) estimated that
detrital biomass accounted for 36% (22 092 g C-m™2) of the
total C store (61 899 g C-m™) in a 500-year-old Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco var. menziesii) — western
hemlock (Tsuga heterophylla (Raf.) Sarg.) forest in the west-
ern Washington Cascades (Wind River Canopy Crane Re-
search Facility, WRCCREF). Of this, woody detritus contributed
43% (9550 g C-m~2) and mineral soil 42% (9300 g C-m™).
Their results indicate that quantification of the amount of
woody detritus and its decomposition rate is an important
and critical step in understanding C cycling of old-growth
forests.

The amount of woody detritus on the forest floor, espe-
cially that of coarse woody debris (CWD, downed logs and
snags), has been well documented for various forest types
(Harmon et al. 1986), including coniferous forests of the Pa-
cific Northwest (Spies et al. 1988; Tyrrell and Crow 1994,
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Stone et al. 1998). The amount and types of CWD are recog-
nized as distinguishing characteristics of unmanaged, old-
growth forests (Cline et al. 1980; Franklin et al. 1981; Spies
and Franklin 1991). The canopy component of the above-
ground woody detritus pool, however, has been much less
studied. The canopy woody detritus pool consists mainly of
dead branches that remain attached or suspended in the canopy
of live trees. They are thought to fragment and decompose
in the canopy and eventually fall to the ground, but the dy-
namics of canopy woody detritus are mostly unknown (Fonte
and Schowalter 2004). Of the various components of tree
biomass (stem wood, bark, foliage, live branches, dead
branches, etc.), dry mass estimates of attached dead branches
in the canopy have the largest uncertainty associated with them
(Grier and Logan 1977; Gholz et al. 1979; Grier and Milne
1981; Gholz 1982; Gower et al. 1987), indicating that the
canopy woody detritus pool is difficult to estimate accurately.
Harmon et al. (2004) and Grier and Logan (1977) esti-
mate that fine woody litter including twigs and cones con-
tribute as much as 32% of total litterfall in old-growth
Douglas-fir — western hemlock forests of the Pacific North-
west. The high contribution of fine woody litter to total
aboveground litterfall suggests that the woody detritus pool
in the canopy of these forests may be quite large. Ishii and
Wilson (2001) found that attached dead branches made up
21%-53% of the total number of branches of 450-year-old
Douglas-fir trees at WRCCRF. In Douglas-fir trees, attached
dead branches are first produced in significant amounts in
the crown of young trees after crown closure when lower
crown branches die and the live crown recedes upward with
increasing tree height (Maguire and Hann 1990; Winter et al.
2002; Franklin and Van Pelt 2004). When the stand reaches
old-growth stage, openings in the canopy created by individ-
ual tree mortality allow light to penetrate into the lower
crown. This is thought to stimulate production of epicormic
branches, especially from the axils of dead branches in the
lower crown (Franklin and Van Pelt 2004). Ishii and Wilson
(2001) found that epicormic branches occurred in all parts of
the crown of old-growth Douglas-fir trees, contributing
15%—48% of the total number of live branches per tree. We
observed that many of these epicormic branches may be rel-
atively short lived and their death may result in a second
phase of branch deaths in the course of Douglas-fir crown
development. We also observed that both original and
epicormic branches remain attached for long periods after
death. This would result in accumulation of large amounts of
woody detritus in the canopy of old-growth Douglas-fir —
western hemlock forests as large old trees of Douglas-fir in-
crease in age. Franklin et al. (1987) speculated that woody
detritus, including heartwood and dead branches, may con-
tribute as much as 90% of the total mass of mature trees.

Stand-level estimation of canopy woody detritus in old-
growth Douglas-fir — western hemlock forests are based on
allometric equations from a limited number of empirical stud-
ies (e.g., Fujimori et al. 1976; Grier and Logan 1977; Gholz
et al. 1979; Gholz 1982; Snell and Max 1985). For example,
using allometric equations developed by Gholz et al. (1979),
Harmon et al. (2004) estimated that attached dead branches
contributed 3.4% (320 of 9550 g C-m™2) of the C stored in
woody detritus at WRCCREF. In addition, Harmon et al. (2004)
assumed that, over their 5-year study period, there was no
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net change in the canopy woody detritus pool, meaning that
rates of production and loss of attached dead branches in the
canopy are at equilibrium. However, the amount and accu-
mulation rate of woody detritus in the canopy is likely to
vary spatially depending on stand age and history and also
fluctuate with time. Grier and Logan (1977) recognized that
the history of mortality, including disturbance and periodic
death events, cause large fluctuations in the amount of dead
biomass of a stand and inferred that the accumulation of
woody detritus may be a nonequilibrium process. The same
could be said of dead branches in the canopy, that is, the
amount and accumulation rate are dependent on the history
of crown development and crown disturbances such as fire,
herbivory, and crown dieback, which are stochastic in space
and time. The canopy woody detritus pool may fluctuate with
periods of accumulation and loss in relation to canopy de-
velopment. Direct observations in the canopy are needed to
establish reliable estimates of C stored in canopy woody detri-
tus.

In this study, we describe the amount, physical character-
istics, and spatial distribution of attached dead branches in
the canopy of 450-year-old Douglas-fir trees. We developed
a five-class decay rating for attached dead branches in the
canopy, adapted from stages of deterioration of snags (Cline
et al. 1980). We estimated dry mass of live and dead branches
in the crown and their turnover rate over the 5-year study pe-
riod. We also measured C and nitrogen (N) content of branches
at different stages of decay. Based on these observations, we
inferred the contribution of attached dead branches of Douglas-
fir to the stand-level canopy woody detritus pool.

Materials and methods

Study site

The study was conducted in a 500-year-old, Douglas-fir —
western hemlock forest at WRCCREF located in the Thornton
T. Munger Research Natural Area, Gifford Pinchot National
Forest, in southwestern Washington State, USA (45°49'N,
121°57W; 371 m elevation). More than 42% (35.4 of
82.9 m*ha™!) of the stand basal area is dominated by Douglas-
fir, with western hemlock contributing 32% (Shaw et al.
2004). Other tree species in the stand include (in order of
basal area): western redcedar (Thuja plicata Donn ex D.
Don), Pacific yew (Taxus brevifolia Nutt.), Pacific silver fir
(Abies amabilis (Dougl. ex Loud.) Dougl. ex J. Forbes), and
grand fir (Abies grandis (Dougl. ex D. Don) Lindl.). Shaw et
al. (2004) give a detailed description of the study area.

Six Douglas-fir trees were selected for detailed measure-
ment of crown characteristics (Table 1, after Ishii and Wil-
son 2001). The trees were located less than 100 m south of
the 4 ha permanent research plot established around the can-
opy crane (Shaw et al. 2004). The study trees were selected
to represent the size distribution of Douglas-fir trees within
the research plot. Mean DBH (measured at 1.3 m above
ground level) and tree height of Douglas-fir in the research
plot are 111.0 cm and 52.0 m, respectively (Shaw et al.
2004). Douglas-fir is not regenerating in the understory of
this forest, and the size-frequency distribution is nearly nor-
mal. The Douglas-fir trees in the stand are believed to be a
cohort that established after a stand-replacing major distur-
bance in the area about 500 years ago (Franklin and DeBell
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Table 1. Structural characteristics of the six old-growth
Douglas-fir trees studied in southwestern Washington State
(Wind River Canopy Crane Research Facility) in 1998.

Tree DBH Breast-height
Tree height (m) (cm) age (years)
Tallest 61.6 135.3 415
Tall 61.0 126.9 410
Tall-medium 58.7 153.5 —*
Medium-short 53.8 104.3 405
Short 51.3 87.1 395
Shortest 50.8 93.9 405

Note: Total basal area was 6.7 m>.
*Breast-height age could not be accurately determined because
of incomplete core sample.

1988). Breast-height age estimates of the six study trees
ranged from 395 to 415 years. These estimates agree with
ages of Douglas-fir stumps in nearby clearcuts (Franklin and
DeBell 1988).

Measurement of live and dead branches in the canopy

The six study trees were climbed in June—July of 1998 us-
ing the single-rope technique (Moffett and Lowman 1995).
All primary branches attached to the main stem (>0.5 m in
length) were permanently tagged and distinguished as live
(with foliage) or dead (without foliage). For each branch,
branch height above ground (4, m) was measured using a
tape measure that was stretched vertically along the main
stem of the tree. Branch diameter (d, cm) was measured im-
mediately outside the branch collar using diameter tape. Branch
length (/, m) was measured by extending a 2.5 cm wide en-
gineer’s tape from the main stem to the farthest foliage for
live branches and to the farthest point for dead branches.
Measurements were not taken on branches in the top 1-2 m
of each tree because they could not be reached safely.

The six trees were climbed for a second survey in June
2003 to document the death and loss of branches and branch
parts from the canopy. All branches were identified by their
tagged number and distinguished as live, dead, or broken at
<0.5 m from the main stem since 1998. Branch d and / were
remeasured using the same methods and tools as in 1998.
Branches that were damaged as a result of climbing activity
were disregarded. Attached dead branches were distinguished
into the following five decay classes (DC1-DCS5), adapted
from stages of deterioration of snags (Cline et al. 1980) (Fig. 1):

DC1: Recently dead branch with fine branching structure
and bark still intact.

DC2: General branching structure remains, but bark is be-
ginning to slough.

DC3: Branching structure is mostly gone. Bark is sloughing.

DC4: Bark is mostly gone and the exposed wood is begin-
ning to decay.

DC5: Bark is completely gone and the exposed wood is de-
teriorating.

Tree-level estimation of live- and dead-branch mass in
the canopy

To estimate dry mass of attached dead branches in the
canopy, 5-13 sample branches were cut from each decay

Can. J. For. Res. Vol. 36, 2006

class and brought back to the laboratory. All epiphytes (mainly
mosses and lichens) were removed, and care was taken not
to remove any bark. Fresh mass of each sample branch was
measured to the nearest 0.5 g using a large digital balance
(Pennsylvania 5600, Pennsylvania Scale Co., Leola, Penn-
sylvania). Sample sections (2-15 cm in diameter and 5—
15 cm in length) were cut from each sample branch and
weighed to the nearest 0.001 g using a precision digital bal-
ance (TS400D, Ohaus Corp., Florhan Park, New Jersey).
The sample sections were then dried to constant mass at
105 °C, and the dry mass was measured. The dry mass of
each sample branch was calculated by multiplying the fresh
mass of the sample branch by the dry mass / fresh mass ratio
of its sample section.

Nonlinear least squares regression was used find the best
model for predicting dry mass of the sampled dead branches
(mp, g) from measurements of d and /. The following three-
parameter allometric relationship was derived:

(1] mp=3671d"512  (R? = 0907,P < 001, n =37)

As discussed later, this relationship did not vary among
the different decay classes (ANCOVA, F = 0.932, P = 0.458).
Therefore, eq. 1 was used to estimate dry mass of each at-
tached dead branch (i, g) in the six study trees from mea-
surements of d and [. Because destructive sampling of live
branches was restricted in the T.T. Munger Research Natural
Area, eq. 1 was also used to estimate branchwood dry mass
(excluding foliage) of each live branch (#;, g) from mea-
surements of d and [.

Estimates of ni; and rip for all live and attached dead
branches were summed for each sample tree to obtain esti-
mates of total branchwood dry mass of live and attached
dead branches for each tree (M; and Mp, resgectively, kg).
The following allometric equation was fit to M in relation
to DBH (D, cm), measured at 1.3 m above ground level, and
tree height (H, m) of the six study trees:

[2] M, =a D’H¢

where a, b, and ¢ are parameters estimated using nonlinear
least squares regression. The same equation was applied to
and the same parameters were estimated for M,

C and N contents and dynamics of the canopy woody
detritus pool

To estimate C and N content of attached dead branches,
the oven-dried sample sections taken from sample branches
in each decay class (DC1-DC5), were used to estimate C
and N concentrations. Disks (5 mm in thickness) were cut
from each sample section. The proportion of bark included
in the disk samples was adjusted to represent that of the
sample section. The disk samples were ground to a fine
powder, and C and N concentrations (percent dry mass) were
measured with an NC analyzer (Sumigraph NC-900, Sumika
Chemical Analysis Service Ltd., Osaka, Japan). For estima-
tion of C and N pools, decay class weighted mean C and N
concentrations were calculated based on the dry mass contri-
bution of each decay class. The estimated total dry mass of
attached dead branches in the six study trees was multiplied
by the decay class weighted mean C and N concentrations to
obtain estimates of C and N pools in attached dead branches
in the six study trees.

© 2006 NRC Canada



Ishii and Kadotani

381

Fig. 1. Examples of different decay classes (DC1-DC5) of attached dead branches in the canopy of old-growth Douglas-fir trees in
southwestern Washington State (Wind River Canopy Crane Research Facility).

We also assessed the dynamics of the canopy woody detri-
tus pool. Equation 1 was applied to all branches surveyed in
1998 and 2003 and summed for each tree to obtain estimates
of M; and My, for both years. We then calculated the net
change in M over the 5-year period as a result of input
from the death of live branches and losses due to branchfall
and fragmentation (kg-year™!). Using estimates of C and N
concentrations, we calculated losses of C and N from the
canopy woody detritus pool.

Comparison with previous studies

Previous studies relied on DBH as the only independent
variable for estimating biomass of canopy components (Grier
and Logan 1977; Gholz et al. 1979; Snell and Max 1985).
We compared our method of tree-level estimation, which

uses both diameter and tree height as independent variables,
with those of previous studies. Grier and Logan (1977) de-
veloped equations for estimating branchwood dry mass of
live and attached dead branches in the canopy of Douglas-fir
trees in a 450-year-old Douglas-fir — western hemlock forest
in western Oregon (watershed 10, H.J. Andrews Experimen-
tal Forest). Gholz et al. (1979) developed equations for esti-
mating dry mass of tree components for many tree species in
the Pacific Northwest region, which have been used to esti-
mate primary production of different forest types in western
Oregon (Gholz 1982). Snell and Max (1985) developed
equations to estimate dry mass of live and attached dead
branches in the crown of old-growth Douglas-fir trees in
western Washington (Wind River Experimental Forest). Es-
timates based on equations from previous studies (Table 2)

© 2006 NRC Canada
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Table 2. Equations for estimating branchwood dry mass of live and attached dead branches
in the canopy of old-growth Douglas-fir trees in western Oregon and Washington, USA.

Equation R? n Source

[3] In M, = -4.786 + 2.389InD 0.97 29 Grier and Logan 1977
[4] In MD = -2.455 + 1.400InD 0.86 17

[5] In ML = -3.694 + 2.138InD 0.92 123 Gholz et al. 1979

(6] In My, = ~3.529 + 1.7503InD 0.84 85

[7] In ML = 4.0068 + 0.0206D 0.73 32 Snell and Max 1985
[8] In MD = -10.6294 + 3.2692InD 0.79 32

Note: A:I L, branchwood dry mass of live branches; M b, dry mass of attached dead branches. D, DBH.

Fig. 2. Box-whisker plots of the frequency distribution of diameter and length for live branches and attached dead branches (DC1-
DCS5) in the canopy of old-growth Douglas-fir trees in southwestern Washington State (Wind River Canopy Crane Research Facility).
Box length is the interquartile range (the middle 50% of the data). The line inside the box is the median. The “whiskers” represent
cases that are within 1.5 box lengths of the upper and lower edge of the box. Cases outside this range are plotted as asterisks.
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were compared graphically with our estimates of M, and
M, for the six study trees.

Results

Characteristics of dead branches in the canopy

A total of 318 dead branches were measured in 1998 in
the six study trees. Of these, 265 branches were remeasured
in 2003 and 53 were broken at less than 0.5 m length from
the main stem (branchfall). The diameter and length distri-
butions of both live and attached dead branches in the can-
opy were positively skewed, with many small branches and
few large branches (Fig. 2). For live branches, median diam-
eter and length in 1998 were 5.9 cm and 3.0 m, respectively.
For attached dead branches, median diameter and length in-
creased from DC1 to DC3 and decreased from DC3 to DCS.
The allometric relationship between branch diameter and length
was significant for live branches and all decay classes of
attached dead branches (Fig. 3). The relationship was stron-
gest for live branches, followed by DC2 and DC1 branches,
as indicated by high R? values. The diameter-length rela-
tionship became weaker as the variance in branch length
increased from DC3 to DCS5. The diameter—length relation-
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ship also indicated that mean branch length for a given
branch diameter decreased with increasing decay class from
DC3 to DCS.

Of the five decay classes of attached dead branches, there
were relatively few DCI and DC2 branches in the six study
trees: 2.6% and 4.4% of the total number of branches, re-
spectively. The mass contribution of DC1 and DC2 branches
were 1.8% and 6.7%, respectively, of the total dry mass of
attached dead branches in the six study trees. DC3 contrib-
uted 19.4% of the total number of attached dead branches
but its mass contribution was much greater (43.7%), reflect-
ing the large size of individual branches in this decay class.
DC4 branches contributed 20.2% of the total number and
21.4% of the total mass. DC5 was the most abundant, con-
tributing more than half (53.5%) of the total number of at-
tached dead branches, but its mass contribution was only a
quarter of the total (26.5%), reflecting the relatively small
size of individual branches in this decay class.

The vertical distribution of live branches was top heavy
(Fig. 4). The greatest number of branches was found in the
top 90% of tree height, and the maximum dry mass occurred
at 70%—-80% of tree height. In contrast, the greatest number
and dry mass of attached dead branches occurred at 50%—
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Fig. 3. Branch diameter in relation to branch length for live (a) and attached dead branches (b) in the canopy of old-growth Douglas-
fir trees in southwestern Washington State (Wind River Canopy Crane Research Facility). Lines indicate significant allometric relation-
ships represented by the equations shown for each branch type (P < 0.05).
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60% of tree height. DC1 and DC2 branches were found
widely throughout various heights in the crown, while DC3—
DCS5 branches occurred in greater number and dry mass in
the middle to lower crown.

Tree-level estimates of live- and dead-branch mass in
the canopy

Total branchwood dry mass of both live and attached dead
branches increased with increasing tree size (Fig. 5a). The
following equations were derived for total branchwood dry
mass in relation to D (cm) and H (m) for the six study trees:

[9] M, =1061x10"7 D"8*H*31 (R? = 0984)

[10] My =3141x107° D"H"* (R? = 0914)

The scaling exponents indicate the relative influence of D
and H on estimates of branchwood dry mass. The scaling ex-
ponent for H in eq. 9 was larger than for D. The scaling ex-
ponent for H in eq. 10 was slightly smaller than for D.

Equations from previous studies for estimating M, based
only on D (Table 2) were in good agreement with each other
(Fig. 5a). Our estimates of M| for the six study trees were
comparatively smaller. For the tall-medium tree (D = 153.5 cm),
estimates based on previous studies were 146%—-173% of
our estimates. Equations from previous studies for estimat-
ing M were highly variable. Our estimates agreed best with
eq. 8 (Snell and Max 1985). However, their estimate for the
tall-medium tree was 151% of our estimate.

The allometric relationship between M; and My, of the six
study trees was approximated by the following equation
(Fig. 5b):

[11] My =1081 M *™ (R* = 0961)

The scaling exponent was less than one, indicating that
the rate of increase in My, slows with increasing M - The re-
lationships between M; and My, from previous studies were

highly variable amongst each other and did not agree with
our estimates.

C and N contents and dynamics of the canopy woody
detritus pool

C concentration of attached dead branches showed no di-
rectional trend with decay class (Table 3), though C concen-
trations of DC2 and DC3 branches were higher than those of
DC1, DC4, and DC5 branches (ANOVA, F = 5.36, P <
0.01). N concentration decreased with increasing decay class
(F = 2.89, P = 0.04) such that N concentration of DCI1
branches was higher than those of DC3, DC4, and DC5
branches (P < 0.04). Decay class weighted mean concentra-
tions based on the relative proportions of dry mass in each
decay class were 46.45% for C and 0.115% for N.

During the 5-year study period, 6.99 kg-year™! of live
branches died attached and 10.76 kg-year' were lost be-
cause of branchfall and fragmentation from the six study
trees. These amounts corresponded to mean annual losses of
0.24% and 0.37%, respectively, of the total branchwood dry
mass of live branches. Three large live branches (d = 5.9—
13.9 cm, [ = 4.2-5.3 m) were broken in the tallest tree and
the tall-medium tree during the winter of 1999-2000, con-
tributing 8.1% (4.38 of 53.80 kg over the 5-year period) of
branchfall and fragmentation of live branches. The amount
of branchfall and fragmentation of attached dead branches
was greater than for live branches (Table 4). During the win-
ter of 2000-2001, a neighboring snag fell down, damaging
the lower crown of the shortest tree and causing many dead
branches in the lower crown to break. In addition, a large
dead branch (d = 16.5 cm, [ = 1.6 m) was broken in the tall-
est tree. During the 5-year study period, we observed de-
creases in 7 for 65% of the total number of attached dead
branches of the six study trees. Nearly half (45%) of the at-
tached dead branches showed decreases in length greater
than 0.1 m. The amount of dry mass loss was relatively low
for DC1 and DC2 and higher for DC3-DCS5. Percent annual
loss was low for DC1-DC3 and higher for DC4 and DCS.
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Fig. 4. Vertical distribution of the number and dry mass of live and attached dead branches in the canopy of old-growth Douglas-fir
trees in southwestern Washington State (Wind River Canopy Crane Research Facility). Relative height in tree is the height above
ground of each branch divided by tree height. For the live branches, bars represent percentages relative to the total for all live
branches in the six study trees. For the dead branches, bars represent percentages relative to the total for all attached dead branches in
the six study trees distinguished by decay class.
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Fig. 5. Comparison of estimates of total branchwood dry mass of live and attached dead branches in relation to DBH (a) and the rela-
tionship between total branchwood dry mass of live branches and that of attached dead branches per tree (b). Estimates for the six old-
growth Douglas-fir trees in southwestern Washington State (Wind River Canopy Crane Research Facility) are shown as data points.
Equations for estimating branchwood dry mass from DBH from previous studies are shown as lines.
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Table 3. Carbon (C) and nitrogen (N) concentration of attached
dead branches in the canopy of old-growth Douglas-fir trees in
southwestern Washington State (Wind River Canopy Crane Re-
search Facility).

% dry mass
Decay class C N
DC1 45.86 (0.32)a 0.155 (0.007)a
DC2 47.79 (0.35)b 0.131 (0.014)ab
DC3 47.31 (0.27)b 0.110 (0.010)b
DC4 45.32 (0.56)a 0.107 (0.011)b
DC5 45.63 (0.47)a 0.121 (0.009)b
Decay class weighted mean 46.45 0.115

Note: Figures in parentheses indicate 1 SE. Values labeled with the
same letter are not significantly different from each other (ANOVA fol-
lowed by Tukey’s test, P < 0.05). The mean concentrations weighted by
decay class are based on dry mass estimates in each decay class (see text).

Together, branchfall and fragmentation of attached dead
branches resulted in the loss of 35.94 kg-year™' of dead-
branch mass, corresponding to a mean annual loss of 4.34%.
Using estimates of C and N concentrations in each decay
class (Table 3), we estimated that branchfall and fragmenta-
tion of attached dead branches resulted in losses of 16.69 kg
C-year™! and 41.33 g N-year™! from the six study trees.

Discussion

Characteristics of dead branches in the canopy

Means et al. (1992) found that size of logs on the forest
floor decreased progressively with increasing decay class in
a 450-year-old Douglas-fir forest in the H.J. Andrews
Experimental Forest, Oregon, and inferred that large trees
constituted recent deaths and that smaller logs decayed more
rapidly. In this study, diameter of attached dead branches
were smaller for DC1 and DC2 compared with those for
DC3-DCS5, suggesting that small, presumably young branches
constituted recent branch deaths, while death of large-
diameter branches had occurred in the recent past. Branch
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Table 4. Estimates of annual dry mass loss of at-
tached dead branches between 1998 and 2003 in the
canopy of old-growth Douglas-fir trees in southwest-
ern Washington State (Wind River Canopy Crane
Research Facility).

Decay class Dry mass loss (kg-year™!)

DC1 0.43 (3.15)
DC2 1.72 (3.31)
DC3 9.78 (2.93)
DC4 9.82 (5.20)
DC5 9.14 (4.19)
Branch fall 5.05 (0.61)
Total 35.94 (4.34)

Note: Losses due to fragmentation were distinguished ret-
rospectively by decay class determined in 2003. Decay class
could not be determined for broken branches (branchfall).
Figures in parentheses for each decay class, branch fall, and
total indicate percent annual losses relative to dry mass esti-
mates in 1998.

length progressively decreased from DC3 to DCS5, reflecting
fragmentation of attached dead branches with the progres-
sion of decay in the canopy.

The relationship between diameter and length also indi-
cated that DC1 and DC2 branches maintained relatively
good allometric relationships. However, as decay progressed
from DC3 to DCS, the diameter—length relationship became
weaker as the result of more variable branch lengths. Ishii et
al. (2000a) showed that stochastic events such as breakage
and partial death of live branches in old-growth Douglas-fir
trees contributed to weaker allometric relationships compared
with branches of young trees. From our observations in the
canopy, we inferred that as decay progressed from DC3 to
DC5, the bark and sapwood were lost and higher order axes
and branch tips were broken, leaving only a short, heart-
wood core of the branch attached to the main stem. The
stochasticity of branchwood fragmentation and sloughing is
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likely to contribute to increasing the variability in branch
sizes as decay progresses in the canopy.

The total number of branches increased with increasing
decay class and was greatest for DC5, suggesting that dead
branches remain attached for long periods and accumulate in
the canopy of old-growth Douglas-fir trees. Large branches
in DC3 and DC4 together contributed 65.1% of the total
mass of attached dead branches in the canopy. These mainly
occurred in the middle to lower crown of the study trees and
comprised large original branches that died in the recent
past. Comparatively smaller branches in DC1 and DC2 oc-
curred widely throughout all canopy heights and comprised
small epicormic branches that died relatively recently. Ishii
and Wilson (2001) observed that several epicormic branches
sprouted from the axils of old original branches that had
died. Others have observed these sprays of epicormic branches
to often form in the lower crown following the death of original
branches, resulting in a downward extension of crown depth
as trees reach the old-growth stage (Franklin and Van Pelt
2004, their Fig. 3). These epicormic branches may eventu-
ally be thinned and a few dominant branches remain. From
the size distribution and relative amounts and vertical distri-
bution of attached dead branches in the five decay classes,
we inferred that death of large original branches had occurred
in the recent past, followed by production of epicormic branches.
Currently, the trees seem to be at the stage of crown devel-
opment where death of epicormic branches is occurring.

Many of the Douglas-fir trees in this stand have reached
maximum tree height and crown volume (Ishii et al. 20005,
2003). Winter et al. (2002) showed that height growth rate
decreased considerably after about 250 years in old-growth
Douglas-fir, while diameter growth continued indefinitely.
This suggests that respiratory surface area continues to in-
crease in old Douglas-fir trees even after foliage amount
culminates. This would result in a decreasing ratio of produc-
tive to nonproductive tissue, leading to decreased crown pro-
ductivity (Remphrey and Davidson 1992). Self-pruning of
branches is one mechanism that reduces the amount of non-
productive woody tissue (Maguire and Hann 1987; Gerrish
1990). The death of large original branches in the middle to
lower crown of the study trees probably contributed to large
reductions in the amount of nonproductive woody tissue. In
old Douglas-fir trees, self-pruning of original branches fol-
lowed by epicormic branching may work to maintain crown
productivity by increasing the ratio of productive to non-
productive tissue.

Tree-level estimates of live- and dead-branch mass in
the canopy

For CWD on the forest floor, wood density generally de-
creases with the progress of decomposition (Harmon et al.
1986). Studies of wood decay on the forest floor have shown
that wood density of Douglas-fir logs on the forest floor de-
creases with increasing decay class (Sollins 1982; Sollins et al.
1987). In contrast, our analysis indicated that the relation-
ship between size and dry mass of attached dead branches in
the canopy did not change with decay class (eq. 1). Abiotic de-
composition processes such as fragmentation and sloughing
are presumed to be more dominant in the canopy than on the
forest floor (Fonte and Schowalter 2004). The constant size—
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dry mass relationship of attached dead branches suggests that
there is a threshold density below which fragmentation and
sloughing occur, such that the density of the branchwood left
attached to the tree remains constant regardless of decay class.

Grier and Milne (1981) contend that allometric equations
for predicting biomass components from DBH for a given
species tend to be widely applicable. In the absence of alter-
natives or resources for developing site-specific equations,
many researchers have applied allometric equations from the
literature beyond the range of data and conditions from which
they were derived. There have also been efforts to derive
“universal” equations for predicting various biomass compo-
nents for a given region (e.g., Gholz et al. 1979 for the Pacific
Northwest, USA). The results of this study indicated that
this practice may lead to widely variable estimates of bio-
mass, C, and nutrient stores. When applied to the six study
trees, estimates of total branchwood dry mass of live branches
(ML) based on equations from previous studies were consis-
tently higher than our estimates. One reason for the lower
estimates in this study may be because our equation for esti-
mating branchwood dry mass of individual live branches (i} )
was derived from the relationship between branch size and
dry mass of dead branches (eq. 1). Live branches include
more fine axes and twigs that are not found on dead branches.
Our estimates of M 1, may have been greater had we been able
to sample live branches separately and developed separate
equations for estimating 71 . Another reason for the compar-
atively smaller estimates in this study may be because the
Douglas-fir trees used in previous studies were taller than
our six study trees. The six study trees fell within the range of
diameters covered by previous studies. However, the diameter—
height relationship may be different. Grier and Logan (1977)
sampled trees up to 76.5 m tall. Gholz et al. (1979) and
Snell and Max (1985) only give diameter ranges for their
sample trees, but their trees may also be taller than our study
trees. Equation 9 indicated that H was more important than
D in predicting M; . Of the six study trees, D was greatest
(153.5 cm) for the tall-medium tree, but this tree was the
third tallest. Our estimate of M; for the tall-medium tree
based on eq. 9 was much smaller than estimates based on
equations from previous studies. Our results suggested that
estimates of ML based on diameter alone may result in large
discrepancies if applied to stands with different diameter—height
relationships and that tree height is an important predictor
variable in estimating biomass of canopy components.

Grier and Logan (1977) estimated that mean dry mass of
attached dead branches per tree was 39.9 kg for a 450-year-
old Douglas-fir — western hemlock forest at H. J. Andrews
Experimental Forest. Our estimates ranged between 57.2 and
225.0 kg-tree”! and best agreed with eq. 8 (Snell and Max
1985), whose study was conducted in the same region. How-
ever, as with M|, our estimate of My for the tall-medium
tree was lower than that predicted by eq. 8. The large vari-
ability found among previous studies reflected the uncer-
tainty associated with estimation of Mp. In addition to
directional processes of crown development such as self-
pruning and epicormic branching, stochastic processes such
as crown disturbance influence branch mortality rates. The
implications of this study are limited because of the small
sample size (six trees). However, we showed that direct ob-
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servations in the canopy can elucidate the effects of crown
developmental history on canopy detritus stores and help to
refine estimates of the canopy woody detritus pool.

Although the rate of increase in My, decreased with in-
creasing M, , the positive slope of the relationship and the
presence of numerous DCS5 branches in the canopy sug-
gested continuous accumulation of attached dead branches
in the crown of old-growth Douglas-fir trees with increasing
tree size. Grier et al. (1981) found that dry mass of attached
dead branches was four times as large (7.9 Mg-ha™') in 180-
year-old mature Abies amabilis stand than in the 23-year-old
young stand (2.0 Mg-ha™) in the Washington Cascades. These
observations suggest that the canopy woody detritus pool ac-
cumulates with increasing stand age. Studies of CWD on the
forest floor have shown that Douglas-fir snags and logs are
relatively more resistant to decay than western hemlock and
the true firs (Abies spp.) (Graham and Cromack 1982; Erickson
et al. 1985; Sollins et al. 1987). Similarly, attached dead
branches in the canopy of old Douglas-fir trees may persist
for many years, contributing an increasing amount to the
stand-level canopy woody detritus pool.

C and N contents and dynamics of the canopy woody
detritus pool

Harmon et al. (2004) estimated that the total C store for
attached dead branches in this stand was 318 g C-m~2. Using
the decay class weighted mean C concentration (46.45%),
we estimated that C stored in attached dead branches of the
six study trees in 1998 was 384.5 kg. If we extrapolate this
estimate to the stand level using the ratio of basal area of the
study trees (6.7 m?) to the stand total (35.4 m>ha™'), our
stand-level estimate for C stored in attached dead branches
of Douglas-fir is 203.1 g C-m2. This accounts for 63.8% of
the stand total estimated by Harmon et al. (2004). Large old
trees of Douglas-fir contribute more than 42% of the total
basal area of this stand. In addition, the decay rate of Douglas-
fir wood is very slow. For example, logs and snags of Douglas-
fir contributed 45.8% (1920 of 4190 g C-m™) of the total C
store in logs and 75.1% (2170 of 2890 g C-m~) of the total
C store in snags (Harmon et al. 2004). Similarly, attached
dead branches in the crown of old Douglas-fir trees may
contribute a large proportion of the total canopy woody de-
tritus pool in this stand.

Our results showed that fragmentation and branchfall of
attached dead branches resulted in loss of biomass from the
canopy woody detritus pool. Harmon et al. (2004) estimate
that 3 ¢ C-m2-year™! was transferred from the canopy to the
forest floor as a result of fragmentation and branchfall of at-
tached dead branches in this stand. If we extrapolate our es-
timate of C loss from the canopy of the six study trees to the
stand-level using the same calculations as before, our stand-
level estimate of C transfer from the canopy to the forest
floor is 8.82 g C-m~2-year~!. This estimate may be too high
because not all losses due to branchfall and fragmentation
resulted in transfer to the forest floor and some pieces may
remain suspended in the canopy. Observations made in the
canopy need to be combined with measurements of litterfall
made on the forest floor to account for suspended woody de-
tritus. On the other hand, Harmon et al. (2004) conducted
experiments using branches hung near the forest floor to es-
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timate the rate of mass loss of attached dead branches due to
fragmentation (M. Harmon, personal communication, June 2004).
Abiotic processes such as fragmentation and sloughing are
thought to dominate in the decomposition of attached dead
branches in the canopy (Fonte and Schowalter 2004). We
observed that loss of higher order axes and reduction in
branch length were the main causes of fragmentation of at-
tached dead branches. It may be difficult to reproduce these
processes to the degree to which they actually occur in the
canopy using suspended samples. Our results suggested that
rates of dry mass and C loss due to fragmentation in the can-
opy may be greater than previously thought. More long-term
observations of branch dynamics in the canopy combined
with measurements of litterfall on the forest floor are needed
to confirm this result.

Our results also suggested that fragmentation and branchfall
of attached dead branches resulted in loss of N from the can-
opy woody detritus pool. Although N content of branchwood
is very low, significant amounts fall from the canopy to the
forest floor each year in temperate coniferous forests (Grier
and Logan 1977; Harmon et al. 2004). For example, Sollins
et al. (1980) estimated that 0.38 g N-m~2-year”' was trans-
ferred from the canopy to the forest floor in the form of fine
woody litter at watershed 10, H.J. Andrews Experimental
Forest. In this study, N concentration of attached dead branches
increased with increasing decay class probably because, as
decay progresses, fragmentation and sloughing results in the
loss of bark and sapwood, both of which have high N con-
centrations. Because the occurrence of tree and snag falls is
sporadic, fine woody litter resulting from fragmentation of
attached dead branches may be important as a constant source
of N-rich substrate for fungi and other decomposers that use
woody litter on the forest floor. Researchers have found that
fungal colonization of branchwood occurs in the canopy even
before branches fall to the forest floor (e.g., Swift et al.
1976; Chapela and Boddy 1988a, 1988b). Because charac-
teristics of the forest canopy has important implications for
nutrient cycling in forest ecosystems (Prescott 2002), the
supply of woody detritus from the canopy to the forest floor
through fragmentation and branchfall deserves more atten-
tion in nutrient cycling studies (Edmonds 1987).

Harmon et al. (2004) assumed there was no net change in
the canopy woody detritus pool during their 5-year survey of
C stores in this stand. However, as with tree mortality, branch
death is a stochastic process influenced by stand history and
crown development, such as the timing of crown closure and
the types and frequency of crown disturbances. Tree mortal-
ity is highly variable through time and causes large fluctua-
tions in stand biomass (Grier and Logan 1977; Franklin et
al. 1987). Several studies point out the importance of distur-
bance history in determining the amount of CWD (Lambert
et al. 1980; Spies et al. 1988; Webb 1989). Similarly, branch
mortality in the canopy may be highly variable, with fluctua-
tions resulting from periodic death events (Maguire 1994).
During our 5-year study, we observed that disturbances such
as a falling snag can cause large amounts of branchfall and
fragmentation. These observations suggest that the canopy
woody detritus pool may not be a steady-state system. Clark
et al. (2001) found that annual variation in the amount of
branchfall can be very high in tropical forests and recom-
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mended that measurements over 5- to 10-year periods may
be necessary to obtain reliable “background” rates. This study
represents the first effort to make direct long-term observa-
tions in the canopy to investigate the dynamics of the can-
opy woody detritus pool.

Conclusions

Buchmann and Schultze (1999) found that net ecosystem
flux rates of CO, were lowest in stands younger than 20 years
and highest in intermediate-aged stands (30-80 years). Rates
in stands older than 160 years fell in between these two age-
classes, suggesting that old-growth stands may not be at
equilibrium with respect to C balance. If old-growth forests
are a C sink, primary production rates may be higher or de-
composition and respiration rates may be lower than the cur-
rent estimates. Accumulation of woody detritus both on the
forest floor and in the canopy may contribute to increasing C
storage as stands increase in age because decomposition rate
of woody detritus is slow and there is considerable accumu-
lation as CWD on the forest floor and as attached and sus-
pended woody detritus in the canopy. Randerson et al. (2002)
stress the importance of considering all possible sources of
C flux in and out of ecosystems to accurately estimate net
ecosystem production (NEP). Because “background” rates of
stochastic processes such as tree mortality and branch death
are difficult to quantify in short-term investigations, long-term
monitoring is needed to understand these processes in more
detail.

Various studies (e.g., Cline et al. 1980; Harmon et al.
1986) propose that management of woody detritus is impor-
tant for maintaining plant and wildlife habitat in old-growth
forests. Our study indicated that a significant amount of
woody detritus exists in the canopy of old-growth Douglas-
fir trees. Because various structural components in the can-
opy, including attached dead branches, are used as habitat by
canopy-dwelling organisms, epiphytes, and decomposers, we
contend that canopy woody detritus is an important compo-
nent of managing habitat for old-growth conditions.

Acknowledgments

We thank the field crew and lab assistants at the College
of Forest Resources, University of Washington, for their as-
sistance in 1998 and members of the Laboratory of Forest
Resources, Kobe University, for their assistance in 2003.
WRCCREF staff and S. Greene facilitated the study. Ideas for
this study were developed while H.I. was a visiting scholar
at the University of Washington and Research Associate at
Hokkaido University Field Science Center. Special thanks to
E.D. Ford, D.C. Shaw, T. Hiura, and A. Bidelspach for facili-
tating the stay. We thank K. Bible and the reviewers for
helpful comments on the manuscript. Dr. N. Tokuchi, Kyoto
University, kindly offered use of their NC analyzer. This
study was partly funded by the Andrew W. Mellon Founda-
tion, Hyogo Science and Technology Association, and the
Japanese Ministry of Education, Culture, Science, Sports,
and Technology (Grant-in-Aid for Scientific Research (B)
15380107).

Can. J. For. Res. Vol. 36, 2006

References

Buchmann, N., and Schulze, E.-D. 1999. Net CO, and H,O fluxes
of terrestrial ecosystems. Global Biogeochem. Cycles, 13: 751-
760.

Chapela, I.H., and Boddy, L. 1988a. Fungal colonization of at-
tached beech branches I. Early stages of development of fungal
communities. New Phytol. 110: 39-45.

Chapela, I.H., and Boddy, L. 1988b. Fungal colonization of at-
tached beech branches II. spatial and temporal organization of
communities arising from latent invaders in bark and functional
sapwood, under different moisture regimes. New Phytol. 110:
47-57.

Clark, D.A., Brown, S., Kicklighter, D.W., Chambers, J.Q.,
Thomlinson, J.R., and Ni, J. 2001. Measuring net primary pro-
duction in forests: concepts and field methods. Ecol. Appl. 11:
356-370.

Cline, S.P,, Berg, A.B., and Wight, H.M. 1980. Snag characteristics
and dynamics in Douglas-fir forests, western Oregon. J. Wildl.
Manage. 44: 773-786.

Edmonds, R.L. 1987. Decomposition rates and nutrient dynamics
in small-diameter woody litter in four forest ecosystems in
Washington. Can. J. For. Res. 17: 499-509.

Erickson, H.E., Edmonds, R.L., and Peterson, C.E. 1985. Decom-
position of logging residues in Douglas-fir, western hemlock,
Pacific silver fir, and ponderosa pine ecosystems. Can. J. For.
Res. 15: 914-921.

Field, C.B., and Kaduk, J. 2004. The carbon balance of an old-
growth forest: building across approaches. Ecosystems, 7: 525—
533.

Fonte, S.J., and Schowalter, T.D. 2004. Decomposition in forest
canopies: In Forest canopies. 2nd ed. Edited by M.D. Lowman
and B. Rinker. Academic Press, San Diego. pp. 413—422.

Franklin, J.F., and DeBell, D.S. 1988. Thirty-six years of tree pop-
ulation change in an old-growth Pseudotsuga—Tsuga forest. Can.
J. For. Res. 18: 633-639.

Franklin, J.F., and Van Pelt, R. 2004. Spatial aspects of structural
complexity. J. For. 102(3): 22-27.

Franklin, J.F., and Waring, R.H. 1980. Distinctive features of the
northwestern coniferous forest. Forests: fresh perspectives from
ecosystem analysis. Edited by R.H. Waring. Oregon State Uni-
versity. Annu. Biol. Colloq. 40: 59-86.

Franklin, J.F., Cromack, K., Denison, W., McKee, A., Maser, C.,
Sedell, J., Swanson, F., and Juday, G. 1981. Ecological charac-
teristics of old-growth Douglas-fir forests. USDA For. Serv.
Gen. Tech. Rep. PNW-118.

Franklin, J.F., Shugart, H.H., and Harmon, M.E. 1987. Tree death
as an ecological process. Bioscience, 37: 550-556.

Fujimori, T., Kawanabe, S., Saito, H., Grier, C.C., and Shidei, T.
1976. Biomass and primary production in forests of three major
vegetation zones of the northwestern United States. J. Jpn. For.
Soc. 58: 360-373.

Gerrish, G. 1990. Relating carbon allocation patterns to tree senes-
cence in Metrosideros forests. Ecology, 71: 1176-1184.

Gholz, H.L. 1982. Environmental limits on aboveground net pri-
mary production, leaf area, and biomass in vegetation zones of
the Pacific Northwest. Ecology, 63: 469-481.

Gholz, H.L., Grier, C.C., Cambell, A.G., and Brown, A.T. 1979.
Equations for estimating biomass and leaf area of plants in the
Pacific Northwest. Oreg. State Univ. For. Res. Lab. Res. Pap. 41.

Gower, S.T., Grier, C.C., Vogt, D.J., and Vogt, K.A. 1987. Allometric
relations of deciduous (Larix occidentalis) and evergreen coni-
fers (Pinus contorta and Pseudotsuga menziesii) of the Cascade
Mountains in central Washington. Can. J. For. Res. 17: 630-634.

© 2006 NRC Canada



Ishii and Kadotani

Graham, R.L., and Cromack, K., Jr. 1982. Mass, nutrient content,
and decay rate of dead boles in rain forests of Olympic National
Park. Can. J. For. Res. 12: 511-521.

Grier, C.C., and Logan, R.S. 1977. Old-growth Pseudotsuga menziesii
communities of a Western Oregon watershed: biomass distribu-
tion and production budgets. Ecol. Monogr. 47: 373-400.

Grier, C.C., and Milne, W.A. 1981. Regression equations for calcu-
lating component biomass of young Abies amabilis (Dougl.)
Forbes. Can. J. For. Res. 11: 184-187.

Grier, C.C., Vogt, K.A., Keyes, M.R., and Edmonds, R.L. 1981.
Biomass distribution and above- and below-ground production
in young and mature Abies amabilis zone ecosystems of the
Washington Cascades. Can. J. For. Res. 11: 155-167.

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory,
S.V,, Lattin, J.D. et al. 1986. Ecology of coarse woody debris in
temperate ecosystems. Adv. Ecol. Res. 15: 133-302.

Harmon, M.E., Ferrell, W.K., and Franklin, J.F. 1990. Effects on
carbon storage of conversion of old-growth forests to young for-
ests. Science (Washington, D.C.), 247: 699-702.

Harmon, M.E., Bible, K., Ryan, M.G., Shaw, D.C., Chen, H.,
Klopatek, J., and Li, X. 2004. Production, respiration, and over-
all carbon balance in an old-growth Pseudotsugal/Tsuga forest
ecosystem. Ecosystems, 7: 498-512.

Ishii, H., and Wilson, M.E. 2001. Crown structure of old-growth
Douglas-fir in the western Cascade Range, Washington. Can. J.
For. Res. 31: 1250-1261.

Ishii, H., Clement, J.P., and Shaw, D.C. 2000a. Branch growth and
crown form in old coastal Douglas-fir. For. Ecol. Manage. 131:
81-91.

Ishii, H., Reynolds, J.H., Ford, E.D., and Shaw, D.C. 2000b. Height
growth and vertical development of an old-growth Pseudotsuga—
Tsuga forest in southwestern Washington State, USA. Can. J.
For. Res. 30: 17-24.

Ishii, H., Ford, E.D., and Sprugel, D.G. 2003. Comparative crown
form and branching pattern of four coexisting tree species in an
old-growth Pseudotsuga-Tsuga forest. Eurasian J. For. Res. 6:
99-109.

Lambert, R.C., Lang, G.E., and Reiners, W.A. 1980. Loss of mass
and chemical change in decaying boles of subalpine balsam fir
forest. Ecology, 61: 1460-1473.

Maguire, D.A. 1994. Branch mortality and potential litterfall from
Douglas-fir trees in stands of varying density. For. Ecol. Man-
age. 70: 41-53.

Maguire, D.A., and Hann, D.W. 1987. A stem dissection technique
for dating branch mortality and past crown recession. For. Sci.
33: 858-871.

Maguire, D.A., and Hann, D.W. 1990. Constructing models for di-
rect prediction of 5-year crown recession in southwerstern Ore-
gon Douglas-fir. Can. J. For. Res. 20: 1044-1052.

Means, J.E., MacMillan, P.C., and Cromack, K., Jr. 1992. Biomass
and nutrient content of Douglas-fir logs and other detrital pools
in an old-growth forest, Oregon, USA. Can. J. For. Res. 22:
1536-1546.

Moffett, M.W., and Lowman, M.D. 1995. Canopy access tech-
niques. In Forest canopies. Edited by M.D. Lowman and N.M.
Nadkarni. Academic Press, San Diego. pp. 3-26.

389

Prescott, C. 2002. The influence of the forest canopy on nutrient
cycling. Tree Physiol. 22: 1193-1200.

Randerson, J.T., Chapin, E.S., III, Harden, J.W., Neff, J.C., and
Harmon, M.E. 2002. Net ecosystem production: a comprehen-
sive measure of net carbon accumulation by ecosystems. Ecol.
Appl. 12: 937-947.

Remphrey, W.R., and Davidson, C.G. 1992. Spatiotemporal distri-
bution of epicormic shoots and their architecture in branches of
Fraxinus pennsylvanica. Can. J. For. Res. 22: 336-340.

Shaw, D.C., Franklin, J.F., Bible, K., Klopatek, J., Freeman, E.,
Grenne, S., and Parker, G.G. 2004. Ecological setting of the
Wind River old-growth forest. Ecosystems, 7: 427—439.

Smithwick, E.A.H., Harmon, M.E., Remillard, S.M., Acker, S.A.,
and Franklin, J.F. 2002. Potential upper bounds of carbon stores
in forests of the Pacific Northwest. Ecol. Appl. 12: 1303-1317.

Snell, J.A.K., and Max, T.A. 1985. Estimating the weight of crown
segments for old-growth Douglas-fir and western hemlock.
USDA For. Serv. Res. Pap. PNW-329. pp. 1-22.

Sollins, P. 1982. Input and decay of coarse woody debris in conif-
erous stands in western Oregon and Washington. Can. J. For.
Res. 12: 18-28.

Sollins, P., Grier, C.C., McCorison, EM., Cromack, K., Jr., Fogel, R.,
and Fredriksen, R.L. 1980. The internal element cycles of an
old-growth Douglas-fir ecosystem in western Oregon. Ecol.
Monogr. 50: 261-285.

Sollins, P., Cline, S.P., Verhoeven, T., Sachs, D., and Spycher, G.
1987. Patterns of log decay in old-growth Douglas-fir forests.
Can. J. For. Res. 17: 1585-1595.

Spies, T.A., and Franklin, J.F. 1991. The structure of natural young,
mature and old-growth Douglas-fir forests in Oregon and Wash-
ington. In Wildlife and vegetation of unmanaged Douglas-fir
forests. Edited by L.F. Ruggiero, K.B. Aubry, A.B. Carey, and
M.H. Huff. USDA For. Serv. Gen. Tech. Rep. PNW-GTR-285.
pp. 91-109.

Spies, T.A., Franklin, J.F., and Thomas, T.B. 1988. Coarse woody
debris in Douglas-fir forests of western Oregon and Washington.
Ecology, 69: 1689-1702.

Stone, J.N., MacKinnon, A., Parminter, J.V., and Lertzman, K.P.
1998. Coarse woody debris decomposition documented over
65 years on southern Vancouver Island. Can. J. For. Res. 28:
788-793.

Swift, M.J., Healey, L.N., Hibberd, J.K., Sykes, J.M., Bampoe, V.,
and Nesbitt, M.E. 1976. The decomposition of branch-wood in
the canopy and floor of a mixed deciduous woodland. Oecologia,
26: 139-149.

Tyrrell, L.E., and Crow, T.R. 1994. Dynamics of dead wood in old-
growth hemlock-hardwood forests of northern Wisconsin and
northern Michigan. Can. J. For. Res. 24: 1672-1683.

Waring, R.H., and Franklin, J.F. 1979. Evergreen coniferous forests
of the Pacific Northwest. Science (Washington, D.C.), 204:
1380-1386.

Webb, S.L. 1989. Contrasting windstorm consequences in two for-
ests, Itasca State Park, Minnesota. Ecology, 70: 1167-1180.
Winter, L.E., Brubaker, L.B., Franklin, J.F., Miller, E.A., and
DeWitt, D.Q. 2002. Initiation of an old-growth Douglas-fir stand
in the Pacific Northwest: a reconstruction from tree-ring re-

cords. Can. J. For. Res. 32: 1039-1056.

© 2006 NRC Canada



