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ABSTRACT

Fueled by the insistencies of wildfire mitigation, bioenergy development,
and carbon sequestration, there is growing demand for reliable
characterizations of crown and stem biomass stocks in conifer forests

of the Interior Northwest, United States (western Montana, northern
Idaho, and eastern Washington). Predictive equations for crown biomass
have been developed for this region but they have limited empirical
support and supply markedly different predictions. This paper provides a
methodological overview and preliminary results from an on-going study
aimed in part at describing the accuracy of existing tree biomass equations
for the Interior Northwest. Crown biomass estimates obtained from
destructive sampling of 81 trees exhibited considerable variation around
predictions from commonly used crown biomass equations based on DBH
(diameter at breast height, 1.37 m). Some of this variation is attributable
to within-tree sampling error, but initial results suggest that an appreciable
proportion is due to variation in crown dimensions within DBH classes.
Continuing data collection efforts will permit statistical descriptions of
the accuracy of existing equations, as well as a basis for developing more
integrative and precise tree biomass equations.

INTRODUCTION

The management of western North American conifer forests
is increasingly attentive to the quantity and distribution

of non-merchantable biomass in tree crowns and small-
diameter trees. The aggregate mass and distribution of
foliage have long been recognized as important determinants
of tree and stand growth (see Long and Smith 1990).
Likewise, in intensively managed systems, considerable
research has focused on stand tending practices to control
conifer crown architecture and thus wood quality (e.g.,
Waring and O’Hara 2005). However, it is the potential

of conifer foliage and non-merchantable branch wood in
processes other than stem development that have become
central to the management of public and private forests
across the inter-mountain western USA. Specifically,

these forests are increasingly being managed to mitigate
wildfire risk, to provide bio-energy stocks, or to sequester
atmospheric carbon. Foliage and branch wood distributions

strongly affect wildfire behavior and, by the same token,
form the primary constituents of bioenergy feedstocks.
Thus, multiple emerging management goals have generated
converging demands for accurate characterizations of
conifer crown biomass, its distribution by component and
branch size, and even its vertical distribution on the bole
(see e.g., Dymond and others 2010, Keyser and Smith 2010,
Reinhardt and others 2006).

BACKGROUND

Numerous studies undertaken across western North America
have reported conifer biomass relationships and developed
allometric equations (see reviews by Jenkins and others
2004, Ter-Mikaelian and Korzukhin 1997). Yet many of
these studies have been confined to individual stands or
have drawn data only from a particular subset of forest
conditions, rendering the results unsuitable for widespread
application. In practice, the biomass equations used in
decision support for forest and fuels management in the
Interior Northwest (i.e., from eastern Washington to western
Montana) come primarily from a pair of studies carried out
by Brown (1978; see also Brown and Johnston 1976) and by
Jenkins and others (2003).

In 1978, Brown published a set of species-specific crown
biomass equations for Rocky Mountain conifers. The
equations were developed largely from dominant and
codominant tree data collected in Idaho and Montana,

but additional data from separate studies undertaken in
Nevada and California were also incorporated. Brown
developed predictive equations for multiple crown biomass
components (foliage, dead branches, live branches of
various size classes) but not for stem wood or stem bark.
Separate equations were developed for 11 conifer species,
including interior Douglas-fir (Pseudotsuga menziesii),
western larch (Larix occidentalis), ponderosa pine (Pinus
ponderosa), and lodgepole pine (P. contorta). Brown
developed log-linear predictive equations based solely on
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tree DBH (i.e., diameter at breast height, 1.37 m) as well as
equations based on DBH, height, and dominance. His crown
biomass equations have been integrated into the Forest
Vegetation Simulator’s Fire and Fuels Extension (Crookston
and Dixon 2005, Reinhardt and Crookston 2003) and thus
are now widely used in stand development simulations and
fire behavior modeling.

The biomass equations of Jenkins and others (2003) were
developed to provide a consistent basis for estimating tree
biomass at large scales (e.g., at the regional or national
level). Their DBH-based biomass equations were derived
through meta-analysis of published biomass allometries
(including the equations of Brown 1978) rather than from
direct measurement of tree biomass. Based on similarities
in equation form, Jenkins and others developed broad-
based total aboveground biomass equations for species
groups (e.g., all Pinus species; Cupressaceae plus Larix
species) or, in the case of Douglas-fir, for both coastal and
interior variants. Furthermore, since the study’s primary
emphasis was on total aboveground tree biomass, Jenkins
and others (2003) developed a single set of component ratio
equations to fractionate the total for any species into foliage,
branch wood, and other tree biomass components. These
component ratio equations are now used for tree biomass
reporting in the Forest Inventory and Analysis (FIA)
program (U.S.D.A. Forest Service 2010) and therefore find
widespread application across the West.

The behavior of predictions from Brown’s (1978) DBH-
based equations and of those from Jenkins and others’
(2003) crown biomass ratio equations are illustrated in Fig.
1. Both sets of equations were fit in log-linear form and
while Brown’s published equations incorporate a correction
factor for logarithmic transformation, the equations from
Jenkins and others do not. Within each of the 4 species
shown, the predictions from these equations follow a
similar exponential form but differ in magnitude. This

is not surprising given the differences in the equations’
derivations, intended spatial scales of application, and
biological supports. As noted, the equations of Jenkins

and others (2003) were intended for application across the
continent and provide identical predictions for ponderosa
and lodgepole pine; Brown (1978) focused exclusively on
interior tree populations and estimated distinct allometric
relationships for the two pine species in Fig. 1.

Figure 2 illustrates the magnitude of the differences between
the predictive equations across a range of tree DBHs. The
differences are appreciable, particularly for larger trees and
for ponderosa pine, where crown biomass predictions from
Brown’s equations are consistently about 40 percent larger
than those from the equations of Jenkins and others.

248

OBJECTIVES

The research presented here is part of a more extensive, on-
going study of conifer biomass distributions in the Interior
Northwest. The discrepancies evident in Fig. 2 between
biomass equations applied in this region are large and
consequential for applications involving fuels management,
bioenergy feedstock estimation, and carbon sequestration.
There is a clear need for assessments of the validity and
scope of these equations. To date, there has been little work
to validate Brown’s (1978) equations (but see Gray and
Reinhardt 2003, Keyser and Smith 2010) and no evaluation
of the bias or accuracy of the equations developed by
Jenkins and others (2003) when applied to the major
commercial conifer species of the Interior Northwest. The
objectives of this study are therefore to:

1. formulate and implement efficient tree biomass data
collection strategies for the major commercial conifer
species in the Interior Northwest;

2. describe the bias and accuracy of existing tree biomass
equations by species, across stem and crown components,
and as a function of whole-tree dimensions; and,

3. develop and evaluate new equations for tree biomass
as well as its distribution across components and over the
vertical profile of the stem.

This paper provides an overview of the data collection
strategies that were developed and presents preliminary
results regarding the accuracy of the crown biomass
equations described above.

SAMPLING METHODS

Biomass equation validation and development efforts
require sizable samples for individual species, preferably
distributed across the region of interest and its forest
habitat types. This is complicated by the high cost and
destructive nature of tree biomass assessment. Stem
biomass determination necessitates bole weight or wood
density measurements. Biomass assessment of crown
components demands defoliation of individual branches
and the separation of branch wood into various size classes.
Green tree materials also need to be oven-dried to obtain
dry weights. To mitigate the high cost of tree-level biomass
assessment and collect a large sample of trees, this study
implemented a three-phase biomass sampling strategy to
select stands, trees, and finally individual branches or stem
discs along the boles of selected trees.
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STAND AND TREE SELECTION

Second-growth stands across the Interior Northwest were
selected to ensure broad geographic support (Fig. 3). Spatial
coverage and dispersion across forest habitat types (Pfister
and Arno 1980) were the primary factors in stand selection,
but no formal systematic or random mechanism was applied.
Only stands with no treatment history over the previous
decade were candidates for sampling. Stand selection

was also conditioned by the availability of permits for
destructive sampling. Stands selected in 2009 and 2010 were
located on federal, State, tribal, and private forest lands.

Within selected stands, sample points were located
systematically at 100 m intervals on the Universal
Transverse Mercator (UTM) grid. At each sample point a
narrow angle gauge (2.3-4.6 m?*/ha basal area factor) was
used to identify candidate sample trees. Candidate trees
were then barred if they were not among the species of
interest or had damaged or missing crowns. Up to two of
the remaining candidate trees at a sample point were then
selected uniformly at random for destructive sampling.

TREE BIOMASS ASSESSMENT

Individual trees were sub-sampled to estimate stem,

branch wood, and foliage biomass. Trees were felled and
then randomized branch sampling (RBS; Gregoire and
Valentine 2008) was employed to select 5 live branches
with probability proportional to branch cross-sectional area.
For selection purposes, the branches making up the live
crown were artificially clustered into 1-m intervals. That

is, beginning at the lowest live branch, all branches found
within successive 1-m segments on the bole were treated as
distinct whorls so that in addition to branch basal diameters
only a single stem diameter (at the top of a 1-m segment)
was needed. RBS focuses sampling efforts on the larger
diameter branches that account for the majority of the crown
biomass. The corresponding estimators capitalize on the
strong allometric relationships between branch mass and
branch basal area (Fig. 4) to provide precise and unbiased
estimates of whole-crown biomass.

The selected branches were separated into size-class
components so that separate biomass estimates could

be obtained for foliage and for branch wood within the
0-0.64 cm, 0.64-2.5 cm, and 2.5+ cm diameter classes
(corresponding to 1-hour, 10-hour, and 100-hour time lag
fuel classes). Dead and epicormic branches encountered
along the live-branch selection paths were also cut and
weighed. All live branch material as well as selected bolts of
dead branch wood were oven-dried at 105°C. Drying times
varied by component and were determined by evaluating the
time needed to achieve a constant weight.

Though not discussed below, data were also collected to
estimate the stem biomass of selected trees. Discs were

cut from the downed tree at a systematically selected set
of heights or, in some stands, at heights determined by
merchantability criteria (e.g., at the tops and bottoms of
the first two logs). Cross-sectional area and wood density
were measured on the discs and calibration estimators (see
Gregoire and Valentine 2008) based on regional tree taper
equations were then used to obtain whole-stem biomass
estimates. A more thorough description of the stem and
crown sampling procedures can be obtained from the
authors.

RESULTS AND DISCUSSION

In 2009, biomass data were collected from 81 trees in 11
stands in western Montana and eastern Washington (Fig.

3). Data from Engelmann spruce (Picea engelmannii) and
grand fir (4bies grandis) were collected but the bulk of

the data were from ponderosa pine, Douglas-fir, western
larch, and lodgepole pine. The size-class distribution of the
2009 sample trees of these four species is shown in Fig. 5.
Within each of the species, the sample trees spanned a wide
range of DBH. The ponderosa pine sample was also well
distributed across crown ratio classes but in other species
high crown ratios were rarely observed at larger DBHs.
This is broadly consistent with the growing conditions of
these species. However, data spanning the DBH, height, and
crown ratio domains are needed to characterize variation in
crown biomass across these dimensions and to assess the
utility of the DBH-based equations from Brown (1978) and
Jenkins and others (2003).

Figure 6 shows the relationship between tree DBH and
estimated total crown mass for the 4 most commonly
selected species in the 2009 sample. Total crown mass
includes the mass of foliage, live and dead branch wood,
and the stem above a 5 cm top. The crown mass estimates
are based on subsamples (drawn by RBS) from the crowns
of individual sample trees and are thus subject to sampling
error. In Fig. 6, this tree-level sampling error is conflated
with among-tree differences in crown biomass potentially
attributable to variations in tree height, tree crown length
(or crown ratio), stand stocking, stand species composition,
and site productivity, in addition to intrinsic heterogeneity.
Only the conditioning effect of tree DBH is shown in Fig.
6 with the result that considerable variation in crown mass
is evident. This is particularly true for larger trees and for
ponderosa pine, where crown biomass estimates for trees
above 40 cm DBH range from 123-482 kg.

Predictions from the DBH-based equations of Brown (1978)
and Jenkins and others (2003) are superimposed on the data
in Fig. 6, as are smoothed loess regression curves. Though
little data are presently available for lodgepole pine, the
pine and Douglas-fir predictions from Jenkins and others’
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equations appear to track the empirical trends more closely
than those from Brown’s equations. The opposite is true
for the limited western larch dataset. In all cases, however,
there exists substantial variation around the crown mass
predictions for large-DBH (i.e., above 30 cm) trees.

As more data are made available for these and other
species, more exacting assessments of the overall bias and
conditional bias (see e.g., Reynolds and Chung 1986) of
Brown’s (1978) and Jenkins and others’ (2003) prediction
equations will be undertaken. At this preliminary stage,

our interest is primarily in describing the sources and
magnitudes of variation in crown biomass estimates around
predictions. Figure 7 focuses on the performance of the
predictive equations of Jenkins and others (2003) for
Douglas-fir and ponderosa pine. The trend lines in Fig. 7 are
smoothed loess regressions. In the case of Douglas-fir, the
trend line identifies a DBH-class (approximately 15-35 cm
DBH) for which the predictions exceed the observed crown
mass estimates. On ponderosa pine, the empirical trend is
more consistent but runs strictly above 0 percent, reflecting
the tendency for this equation to consistently understate
crown biomass relative to the levels observed. For both
species the sample trees’ crown biomass estimates diverge
on the order of -100 to +50 percent from predictions.

Individual trees are drawn as solid or open circles in

Fig. 7 according to whether their destructive sampling
estimates respectively exceed or fall short of the DBH-
based predictions from Jenkins and others’ equations. This
symbology is carried through to Fig. 8 where the sample
trees’ crown ratios are plotted against DBH. By this means,
Fig. 8 shows that crown biomass estimates falling short

of predictions are predominantly observed on trees with
lower crown ratios within their respective DBH classes,
and vice versa. This result accords with both dimensional
and ecological considerations. After tree DBH, dimensions
related to crown length should have the greatest impact

on total crown mass. Likewise, in untreated stands, crown
length and ratio reflect the past growing conditions of the
tree and thus integrate the influences of stand density and
species composition.

Future analyses will focus on the importance of crown ratio,
tree height, and stand density in modifying foliage, branch
wood, and total crown mass. In doing so, these analyses will
provide information on the bias and accuracy of biomass
predictions based only on tree DBH as well as on the
potential need for predictive biomass equations integrating
other tree and stand characteristics.
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SUMMARY AND FUTURE RESEARCH

Management of conifer forests in the Interior Northwest

for wildfire fuels reduction, bioenergy extraction, or carbon
sequestration requires reliable estimates of tree and crown
biomass. The bias and accuracy of the predictive equations
currently applied in the region have not been evaluated and
in many cases these equations supply markedly different
predictions (Fig. 2). Based on a preliminary dataset of

81 trees selected from across the region in 2009, existing
DBH-based biomass equations broadly follow the empirical
trends in crown biomass but fail to account for considerable
variation in individual-tree estimates. Some of this variation
is attributable to within-tree sampling error. However, it is
anticipated that a substantial portion of this variation is due
to among-tree differences in crown length, tree height, and
stand conditions. In particular, exploratory analyses of the
2009 data point to crown ratio as an important modifier of
crown biomass in Douglas-fir and ponderosa pine (Fig. 8).

The present study is on-going and as more data become
available for these and other species it will be feasible to
statistically assess the presence of trends in the bias and
accuracy of existing crown biomass equations as a function
of tree DBH, tree height, crown ratio, and stand density. To
do so, sampling procedures should ensure that trees selected
for destructive biomass sampling span a broad range of

tree sizes, crown lengths, and stand conditions. Future
analyses will also examine variations in stem biomass for
the commercial species of the region and the accuracy of
existing stem biomass prediction algorithms, including those
used in FIA reporting.

ACKNOWLEDGMENTS

Funding for this project was provided by the Joint Fire
Science Program (10-1-02-13), the Spokane Tribe of
Indians, the Inland Northwest Growth & Yield Cooperative
(INGY), and the USDA Forest Service Region 1 Renewable
Resource Management office. The project would not have
been possible without the cooperation of many people with
the USDA Region 1 National Forest System, the Spokane
Tribe of Indians, Plum Creek Timber Co., the Montana
Dept. of Natural Resources and Conservation, the University
of Montana, the Confederated Salish and Kootenay Tribes,
and the Coeur d’Alene Tribe. The authors thank the

INGY Technical Advisory Committee for its assistance

in developing and implementing the project, as well as

the contributions of dedicated field personnel. Dennis
Ferguson and John Goodburn provided helpful comments in
reviewing earlier drafts of this manuscript.



2010 Joint Meeting of the Forest Inventory and Analysis (FIA) Symposium and the Southern Mensurationists

LITERATURE CITED

Brown, J.K. 1978. Weight and density of crowns of Rocky Mountain
conifers. Res. Pap. INT-197. Ogden, UT: U.S. Department of Agriculture,
Forest Service, Intermountain Forest and Range Experiment Station.

Brown, J.K.; Johnston, C.M. 1976 Debris Prediction System. Fuel Science
RWU 2104. Missoula, MT: U.S. Department of Agriculture, Forest
Service, Intermountain Forest and Range Experiment Station, Northern
Forest Fire Laboratory.

Crookston, N.L.; Dixon, G.E. 2005. The Forest Vegetation Simulator:
A review of its structure, content, and applications. Computers and
Electronics in Agriculture 49: 60-80.

Dymond, C.C.; Titus, B.D.; Stinson G.; Kurz, W.A. 2010. Future quantities
and spatial distribution of harvesting residue and dead wood from natural
disturbances in Canada. Forest Ecology and Management 260: 181-192.

Gray, K.L.; Reinhardt, E.D. 2003. Analysis of algorithms for predicting
canopy fuel. In: Proceedings of the 2nd International Wildland Fire
Ecology & Fire Management Congress and 5th Symposium on Fire
and Forest Meteorology, 16-20 Nov 2003, Orlando FL. American
Meteorological Society, Boston MA.

Gregoire, T.G.; Valentine, H.T. 2008. Sampling Methods for Natural
Resources and the Environment. Chapman & Hall/CRC, Boca Raton, FL.

Jenkins, J.C.; Chojnacky, D.C.; Heath, L.S.; Birdsey, R.A. 2003. National-
scale biomass estimators for United States tree species. Forest Science
49:12-35.

Jenkins, J.C.; Chojnacky, D.C.; Heath, L.S.; Birdsey, R.A. 2004.
Comprehensive Database of Diameter-Based Biomass Regressions for
North American Tree Species. Gen. Tech. Rep. NE-319. Newton Square,
PA: U.S. Department of Agriculture, Forest Service, Northeastern
Research Station.

Il

Keyser, T.; Smith, F.W. 2010. Influence of crown biomass estimators and
distribution on canopy fuel characteristics in ponderosa pine stands of the
Black Hills. Forest Science 56: 156-165.

Long, J.N.; Smith, F.W. 1990. Determinants of stemwood production in
Pinus contorta var. Latifolia forests: the influence of site quality and
stand structure. Journal of Applied Ecology 27: 847-856.

Pfister, R.D.; Arno, S.F. 1980. Classifying forest habitat types based on
potential climax vegetation. Forest Science 26: 52-70.

Reinhardt, E.D.; Crookston, N.L. 2003. The Fire and Fuels Extension to
the Forest Vegetation Simulator. Gen. Tech. Rep. RMRS-116. Ogden,
UT: U.S. Department of Agriculture, Forest Service, Rocky Mountain
Research Station.

Reinhardt, E.D.; Scott, J.; Gray, K.; Keane, R. 2006. Estimating canopy
fuel characteristics in five conifer stands in the western United States
using tree and stand measurements. Canadian Journal of Forest Research
36:2803-2814.

Reynolds, M.R., Jr.; Chung, J. 1986. Regression methodology for
estimating model prediction error. Canadian Journal of Forest Research
16: 931-938.

Ter-Mikaelian, M. T.; Korzukhin, M.D. 1997. Biomass equations for sixty-
five North American tree species. Forest Ecology and Management 97:
1-24.

U.S.D.A. Forest Service. 2010. The Forest Inventory and Analysis
Database: Database Description and Users Manual Version 4.0 for Phase
2 (Draft Revision 3). Arlington, VA: U.S. Department of Agriculture,
Forest Service, Forest Inventory and Analysis Program.

Waring, K.M.; O’Hara, K.L. 2005. Ten-year growth and epicormic

sprouting response of western larch to pruning in western Montana.
Western Journal of Applied Forestry 20: 228-232.

1

I L 1 1 1 1
Douglas-fir Western larch

L 1 1 1 1 I L
Ponderosa pine Lodgepole pine

500 —
400 ~
300

200 -

Crown mass
predictions (kg)

100

0

1 TR, ARRN RS .
50 60 10 20 30

40 50 60
Tree DBH (cm)

T T T T
10 20 30 40

T T
50 60

Figure 1 —Diameter-based crown biomass equations from Jenkins and others (2003; solid lines) and Brown (1978; dashed line);

predictions are of oven-dry mass.
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Figure 6—Estimated oven-dry crown biomass of sample trees with loess smoothed trend (dotted line) and with
diameter-based crown biomass equations from Jenkins and others (2003; solid lines) and Brown (1978; dashed line).

1 1 1

1 1 1
Douglas-fir

It 1
Ponderosa pine

.

50- @ L] .... e o
. o L) ©°

o] & ¥l e e
) o o

-50 - o °° Q

A )
-100 - o

| R VR N
10 20 30 40 50 60

vt & T T T 1
10 20 30 40 50 60

Tree DBH (cm)
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estimates higher than predicted from the equations of Jenkins and
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254

1

1

1 1 1
Douglas-fir

1 1 1 1
Ponderosa pine

Crown ratio (%)
3
1

o
f s .
o % o ® e
g° o© ° . ® o
] %e
o oo
8 ol @ T 1| & T Bi®
o o
o
T T T T T T T T T T T T
10 20 30 40 50 60 10 20 30 40 50 60
Tree DBH (cm)

Figure 8—Tree size distribution and crown mass prediction errors
associated with the equations of Jenkins and others (2003);
solid circles denote trees with higher than predicted crown mass
estimates while open circles denote trees with estimates below

predictions.






