IMPROVED PREDICTION OF HARDWOOD TREE BIOMASS
DERIVED FROM WOOD DENSITY ESTIMATES
AND FORM FACTORS FOR WHOLE TREES
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Abstract.—Data from hardwood trees in Michigan were analyzed to investigate how
differences in whole-tree form and wood density between trees of different stem diameter
relate to residual error in standard-type biomass equations. The results suggested that
whole-tree wood density, measured at breast height, explained a significant proportion

of residual error in standard-type allometric equations, but whole-tree form factors
explained more. However, such form factors are highly variable from tree to tree and
may be difficult to predict with any precision from simple tree measurements. Whole-tree
form factors were found to be highly correlated with the percentage of total aboveground
mass in tree branches, which likely relates to the allometric scaling of the deliquescent
hardwood growth form. These results suggest that further studies are needed to
understand whole-tree form factors and incorporate them into tree biomass equations.

INTRODUCTION

The basic problem for accurate forest mass inventory
is that standing trees cannot be weighed, so biomass
estimates must be derived from allometric scaling
principles and dimensional measurements of trees,

principally tree stem diameter at breast height (d.b.h.).

Since trees with the same basic measurements can
have very different form and growth rates, allometric-
scaling relationships should vary widely over space
and time due to differences in tree form and wood
density. In principle, if one could measure tree form
and wood density on every standing tree, generalized
allometric scaling equations could be made very
accurate across diverse ecosystems. Wood density
can be determined from tree cores (Williamson and
Wiemann 2010) or can be derived from published
values (Chave et al. 2005). However, wood density
estimates are generally taken at breast height and
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may not represent the whole tree. While methods for
estimating the form of the main stem (a.k.a. the bole)
of a tree are available (e.g., Flewelling et al. 1998),
methods for estimating the form of a whole tree are
lacking (but see Cannell 1984).

Here, data from hardwood trees in Michigan were
analyzed to investigate how differences in whole-tree
form and wood density between trees of different
stem diameters relate to residual error in standard-type
biomass equations. Methods of predicting whole-tree
form from other tree attributes were also examined.

Data

The study location was Fred Russ Experimental
Forest, which is owned by Michigan State University
(MSU) and is located in Decatur, MI. Following a
major storm event, 32 hardwood trees ranging from
15t0 91 cm in size were selected from a larger group
of wind-felled trees for whole-tree measurements

and destructive sampling. Tree species included
American basswood (Tilia Americana L.), American
beech (Fagus grandiolia Ehrh.), black cherry (Prunus
serotina Ehrh.), slippery elm (Ulmus rubra Muhl.),
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and sugar maple (Acer saccharum Marsh.). Beginning
at the point where the trunk flares, stem diameter
outside bark was measured at 2-meter intervals until
the first forking point (defined as the crown base)
occurred. From that point, three paths were followed
from the first fork to a terminal twig including the
dominant path, which was the largest branch leading
to an apical control point (i.e., the top of the tree),

and two random paths selected using random branch
sampling protocols with probability proportional to
branch cross-sectional area (Gregoire et al. 1995).

In addition to measurements along the path at 2-m
intervals, the stem diameter before each forking point
and all stem diameters after each forking point were
also measured, which allowed for variable probability
sampling.

After all measurements were taken, tree discs were
removed from all measurement locations starting at
d.b.h. The discs were measured and weighed fresh
after transport to the laboratory and then dried to a
constant mass at 105 °C. Basic wood density was
estimated following procedures outlined in Williamson
and Wiemann (2010).

Analysis

Whole-tree wood volume (V) and mass (M,,)
estimates were generated using the sample data

and expansion factors derived from random branch
sampling (Gregoire et al. 1995), and component
volume and mass values were also estimated for
branches and the dominant stem. Breast height wood
density (p) was calculated from the disk removed

at breast height, and wood density of the dominant
stem, branches, and the whole tree were estimated by
dividing the mass by the volume of those components.
Diameter of the stem was measured at breast height
(D) and stem height (H) was measured. Whole-tree
form factor (F) was computed as the ratio of whole-
tree volume to a proxy tree volume: F=V, /V,,
where V, = VinD?H.
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A standard d.b.h.-based allometric equation was fit to
the tree data:
M,, = aDP @

where MW is the dry mass of a whole tree (without
leaves), and a and [ are the scaling and power
coefficients of a power function. The coefficients
were estimated with least squares regression. Relative
error (RE) in biomass estimation (predicted-observed/
observed) from equation 1 was related to p and F to
determine their contribution to RE.

RESULTS AND DISCUSSION

When the RE of biomass prediction from the equation
1 was regressed against breast-height p and whole-tree
F, it was found that both explained significant fractions
of the relative error in biomass estimation from d.b.h.,
but F explained a greater proportion of the RE than p.
While several studies have shown that adding p can
improve allometric equations (e.g., Chave et al. 2005),
there has been little attention to F. However, Canell
(1984) showed that the allometric scaling coefficients
of aboveground biomass equations derived from stand
basal area and average tree height were positively
correlated with the percentage of total aboveground
biomass comprised of branches, and that the
percentage of branches was correlated with average
stand F. The results presented here suggest that whole-
tree F correlates directly with error in individual

tree mass estimation and should be a useful addition
to allometric equations, where it can be estimated.
However, estimation of F requires that whole-tree
volume be estimable on standing trees.

Since F was shown to be related to the percentage
of whole-tree mass found in the branch component
(Cannell 1984), F was plotted as a function of the
percentage of mass in branches (Fig. 1a), and they
were found to be well correlated (70 percent).
MacFarlane (2011) suggested several predictors of
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Figure 1.—Whole-tree form factor (F) as a function of:

(a) percent mass in branches; and (b) the product of the
diameter of the largest branch (d.l.b.) in a tree and the stem
diameter at breast height (d.b.h.).

percent branch volume, and these were examined

as possible predictors of F. Unfortunately, the best
predictor of F, the product of the diameter of the
largest branch (d.1.b.) in the tree and d.b.h., explained
only about 42 percent of the variation in F (Fig. 1b),
which may not be precise enough to improve accuracy
of the biomass equation. However, it may be possible
to directly estimate whole-tree volume on standing
trees (Van Duesen and Roesch 2011) along with
standard measurements of d.b.h. and tree height, in
which case F could be directly estimated rather than
predicted.
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