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FOREWORD

ENFOR is the bilingual acronym for
the Canadian Forestry Service’s ENergy from
the FORest (ENergie de la FOR&t) program
of research and development aimed at secur-
ing the knowledge and technical competence
to facilitate in the medium to long term a
greatly increased contribution from forest
biomass to our nation’s primary energy pro-
duction. This program is part of a much larger
federal government initiative to promote the
development and use of renewable energy as a
means of reducing our dependence on petro-
leum and other non-renewable energy sources.

ENFOR projects are selected from
among proposals submitted by private and
public research organizations according to

scientific and technical merit, in the light of
program objectives and priorities. Regardless
of proposal source, projects are carried out
primarily by contract. For futher informa-
tion on the ENFOR program, contact

ENFOR Secretariat
Canadian Forestry Service
Environment Canada
OTTAWA, Ontario

K1A OET7T.

This report, based on ENFOR project
P-92, was prepared by the Canadian Forestry
Service. Field data were collected under con-
tract (DSS Contract Nos. KL015-9-0002 and
KL015-9-0276) by Woodlot Service (1978)
Ltd.
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ABSTRACT

Ten major tree species of the prairie
provinces were sampled for aboveground bio-
mass in 1979 and 1980 in order to develop
regional biomass equations. Measurements
were taken of diameter, height, crown length
and width, age, and the biomass weights of
subsamples obtained from tree stem and non-
stem components. Ovendry weights for the
subsamples were determined in the laboratory
and were used to calculate the dry/fresh
weight ratios and bark/wood weight ratios for
the sampled tree components. Five variables
based on diameter and height measurements
(D, H, D*H, D?, and D?) were tested in all
combinations as predictors for biomass. A
multiple regression model using all five vari-
ables provided the best estimates. A polyno-
mial model based on D, D?, and D® and a
model based on only D?*H were nearly as
good. Equations derived from the three
models are presented for each of the 10 tree
species.

iii

RESUME

En 1979 et 1980, on a échantillonné
dix essences d’arbres importantes des Prairies
pour déterminer la biomasse au-dessus du sol
afin d’établir des équations régionales de la
biomasse. On a mesuré le diamétre, la hauteur
ainsi que la longueur et la largeur du houppier
des arbres, et on a déterminé leur age ainsi
que le poids de la biomasse de sous-échantil-
lons prélevés sur les tiges et sur d’autres
parties des arbres. Au laboratoire, on a séché
a4 l’étuve et pesé les sous-échantillons pour
calculer les rapports du poids sec au poids
frais ainsi que du poids de I’écorce au poids
du bois. On a vérifié dans toutes leurs com-
binaisons possibles 5 variables (D, H, D*H,
D?, et D?) ol entraient la mesure de diamétre
et de la hauteur et qui permettraient de cal-
culer la biomasse. On a obtenu les meilleurs
résultats avec un modéle a régression multiple
utilisant les 5 variables. Un modeéle a poly-
ndémes utilisant D, D?, et D® et un modéle ou
entrait seulement D?H ont été presque aussi
bons. Pour chacune des 10 essences, on pré-
sente les équations établies a ’aide de ces
trois modéles,
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INTRODUCTION

The rapid increase in the price of oil
since 1973 has provided an impetus for re-
search to explore and develop alternative
sources of energy. It has also served to focus
attention on the inevitable depletion of the
world’s nonrenewable resources if the indus-
trialized nations continue to consume these
resources for energy production at the current
rates. Canada, in spite of some still untapped
fossil fuel energy supplies, is no exception.

Many recent reports (Department of
Energy, Mines, and Resources 1976; Evans
1974; Karchesy and Koch 1979; McCarthy
1979; Nautiyal 1979; Purschwitz 1979;
Sampson 1979) have considered the potential
of biomass for augmenting the energy produc-
tion requirements. Forest biomass consists of
all tree and shrub materials from root tips to
leaf or needle tips. Biomass is gaining recogni-
tion as a potentially viable renewable resource
offering at least a partial solution to the exist-
ing energy problems on the North American
continent (Wellwood 1979). The cultivation
of forest crops is gaining support as a rela-
tively efficient way of capturing and storing
solar energy (McCarthy 1979).

Gathering quantitative information on
the availability of forest biomass on a sus-
tained basis is a prerequisite to the future use
of this resource. At present only very limited
data are available for reliably estimating the
existing forest biomass in the prairie prov-
inces. The great diversity of vegetation cover-
ing widely different sites over a vast geograph-
ical area makes such estimations exceedingly
difficult. For example, poplars have the wid-
est range and largest volume of any hard-
woods in Canada, occupying sites with quite

different growth rates (Maini and Cayford .

1968). Poplars also are the fastest growing
species on many sites in the prairies and,
along with other free species, present attrac-
tive possibilities for future use as a source of

. energy from forest lands.

Much information is already available
in the regional forest inventories on the mer-
chantable volume of the growing stock, at
least for important species. Such inventories
are constantly being updated and expanded
through modern techniques. By collecting

additional information on relatively few
parameters, it is possible to incorporate bio-
mass estimates into timber inventories. Predic-
tion equations for regional application can
thus be derived, based on the regional forest
volume inventories and biomass weight data
sampled in the field.

The objective of this study was to
develop regional biomass equations that even-
tually could be used to convert a conventional
forest inventory to a biomass inventory.

METHODS

The study was conducted in Alberta,
Saskatchewan, and Manitoba during the
summers of 1979 and 1980. Sixty trees of
each of the following species were sampled:

Softwoods

Jack pine (Pinus banksiana Lamb.)

Lodgepole pine (Pinus contorta Dougl.
var. latifolia Engelm.)

White spruce (Picea glauca (Moench)
Voss)

Black spruce (Picea mariana (Mill.)
BSP)

Balsam fir (Abies balsamea (L.) Mill,)

Alpine fir (Abies lasiocarpa (Hook.)
Nutt.)

Larch (Larix laricina (Du Roi) K.
Koch)

Hardwoods
Trembling aspen (Populus tremuloides
Michx.)
White birch (Betula papyrifera Marsh.)
Balsam poplar (Populus balsamifera
L)

In each province, five trees for each of
eight species were sampled by diameter classes
of 0-10, 11-20, 21-30, and 31+ cm. Lodgepole
pine and alpine fir were sampled only along a
north-south gradient in Alberta, with 15 trees
in each diameter class,

FIELD PROCEDURES

The following field information was
recorded for each tree:



tree identification number,

species,

location (latitude, longitude),

diameter at breast height outside bark
(dbh) at 1.3 m,

total height,

crown width,

crown length,

stump age,

height to 10-cm diameter outside bark
(dob) top,

10. height to 2-cm dob top, and

11. diameter outside bark at base of live
Crown.

e ba =

@l O3 O

Field data on stem and nonstem com-
ponents were obtained according to proce-
dures outlined by Young (1979, 1980).

The tree was limbed, and all branches
were sorted into piles of live and dead
branches on a plastic sheet or tarp. Live
branches were further separated into two sub-
categories: (1) small branches (SB)—branches
and foliage less than 2 cm dob, and (2) large
branches (LB)—branches 2 cm and greater
dob. Total fresh weight was obtained for each
of the three categories. Three subsamples
were taken from each category, and the fresh
weights were measured to the nearest 0.1 g.

On the felled and limbed tree stem,
marks were made to indicate where the bole
was 10 and 2 cm dob and, depending on stem
size, a number of further measurements were
obtained (Figs. 1 and 2). On merchantable
stems, four equidistant points between the
cut end and the 10-cm dob mark were located,
flagged, and measured for diameter outside
bark and height, or length, of each section.
These were labeled MS1, MS2, MS3, and MS4.

On nonmerchantable stems, three
equidistant points between the 10- and 2-cm
dob marks were similarly located, flagged, and
measured for their heights and diameters.
These were labeled NM1, NM2, and NMS3.
For the section from 2 cm dob to the tip of
the tree stem, the midpoint (T1) was located
and flagged, and the diameter and height were
determined.

The tree stem was cut and weighed for
the total fresh weight of the merchantable
stem, nonmerchantable stem, and stump
(ground level to stump height of 0.15 m).
Subsamples 1.0 ecm thick were taken at each
flagged location, and the disks so obtained
were sealed immediately in plastic bags. Fresh
weight to the nearest 0.1 g was determined
within 24 hours, Disk subsamples of up to 1
cm thickness were similarly taken at the
marks for breast height (MBH) and stump
height (SH). A small subsample of approxi-
mately 30 g was obtained from coniferous
trees for cone moisture determination.

Alemdag (1980) and Newbould
(1967) provide detailed descriptions of the
methods and procedures commonly used for
the data collection and development of forest
biomass relationships.

LABORATORY PROCEDURES

All disk subsamples (SH, MBH, MS1,
MS2, MS3, MS4, NM1, NM2, NM3, T1) and
the live large (2 c¢m and greater dob) branch
subsamples (LB1, LB2, LB3) were debarked.
The wood and bark from each subsample
were oven-dried at 1038 + 2°C for 24 hours or
until a constant weight was obtained. The
ovendry weight was measured to the nearest
0.1g.

The live small branch plus foliage sub-
samples less than 2 cm dob (SB1, SB2, SB3)
were not debarked and were oven-dried at the
same temperature to a constant weight. The
dead branch subsamples (DB1, DB2, DB3)
were also similarly oven-dried. Both sets of
samples were weighed to the nearest 0.1 g.

COMPUTER PROGRAMMING AND PROCEDURES
FOR BASIC COMPUTATIONS

Computer programs in FORTRAN
were written for obtaining biomass informa-
tion on individual trees from the field and
laboratory subsampling data'. The basic step
involved in these computations was the deri-

These computer programs were developed for the PDP 11/60 minicomputer by Nadine Leenders and Chi Martin
of the Northern Forest Research Centre and are available on request.

Small diameter trees

Large diameter

015m

Figure 1. Locations of stem subsamples taken from the merchantable and nonmerchantable trees.



Small branches plus folioge < 2 cm

LB3

Large branches 2 2 em Dead branches

Figure 2. Locations of nonstem subsamples taken from the tree canopy.

vation of volume-weighted dry/fresh weight
ratios (Rj) and volume-weighted bark/wood
dry weight ratios (rj) for the disk subsamples:
SH, MBH, MS1, MS2, MS3, and M54 for the
merchantable stem; NM1, NM2, NM3, and T1
for the nonmerchantable stem; and LB1, LB2,
and LB3 for the large live branches. Only the
dry/fresh weight ratio computations were
done for the subsamples SB1, SB2, and SB3
for the small live branches and foliage; DBI1,
DB2, and DB3 for the dead branches; and the
cone subsample obtained from the coniferous
trees.

The above-mentioned ratios were
weighted on a volume basis to obtain im-
proved estimates. The following equation was
used to compute the volume (V) of the stem
segments from which the disk subsamples had
been obtained:

Vi =%(D032i + 1 +DOB?{)(Hj + 1 - Hj)

DOB; + 1 is the diameter outside bark at the
smaller end and DOB;j is the diameter outside
bark for the larger end for each stem section.
H;j + 1 and Hj are the heights of the tree at
each of these ends, respectively. Total volume
of the tree stem is obtained from the sum of
the components V = ZVj.

The ratios Rj and ri for each subsam-
ple disk were determined as follows:

By Dry weight of wood + Dry weight of bark
* Fresh weight

_ Dry weight of bark
Dry weight of wood + Dry weight of bark

b1

The weighted ratios R'i and r'j for the tree
stem components were obtained as follows:

’ i + Ry
R'j= 2L By
v

¥ = Ei(EiL]ﬁﬂi Vi)

\Y%

The weighted ratios R'i and r'; were
used to determine the dry biomass weight of

an entire tree component (DW) and its parti-
tion into dry weight of bark (DWB) and dry
weight of wood (DWW):

DW = R'j (Fresh weight of tree component)
DWB =r'; (DW)

For large branch subsamples, the
ratios Rj and r{ were obtained and their aver-
ages were used (instead of weighting by vol-
ume) to obtain the dry bark and dry wood
biomass weights. For small branches, the aver-
age Rj was used to compute the dry biomass
weight, without further partitioning into the
bark and wood subcomponents. The biomass
dry weights were similarly derived for the
dead branches and for cones. All tree com-
ponents (with the exception of dead branches,
cones, and foliage on branches <2 cm dob)
were summed to provide the dry biomass
weights for the entire tree above ground.

DERIVATION OF BIOMASS PREDICTION EQUA-
TIONS

Preliminary regression analyses were
performed on five predictor variables based
on diameter at breast height (D) and total
tree height (H): D, H, D?H, D?, and D?.
These analyses showed that in most cases the
most important predictor for the various tree
components was D?, followed by D?® and
D,

Since diameter is the most readily
available information (all timber inventories
contain measurements of diameter at breast
height), it was decided to extract the fullest
possible prediction of biomass weight (W)
from the linear, quadratic, and cubic terms of
this variable. A third-degree polynomial of the
form

[Model 1]
W, =ay, +a,D+a,D? +a;D°

was therefore tested and recommended for
use when only dbh measurements are avail-
able. The model parameters a,, a, , a,, and a,
are the regression coefficients estimated from
the biomass data.



If the tree height data are also avail-
able, a model of the form

[Model 2]
W,=a,+a;D+a,H+a;D*H+a,D* +a,D?
can be selected to provide a better fit,

As both of the above-mentioned
models use linear combinations of predictors
and avoid logarithmic or other nonlinear scale
transformations, each model has the advan-
tage of being additive and unbiased. A third
model, commonly used for volume determina-
tion and of the form

[Model 3]
W, =a, +a, D*H

was also used to assist in the development and
assessment of local biomass prediction and
variation in the height-diameter relationships.
The use of measures of tree size such as
diameter and height has also the generally
accepted advantage of reflecting the accumu-
lated history of growth (Madgwick and Kreh
1980) compared to measures based on can-
opy components, which are more affected by
the current growth and environment.

Regression analyses for the models
were done through specially written computer
programs® . In addition to providing statistical
information on the model coefficients, these
programs have a built-in feature allowing deri-
vation of confidence bands for the multiple
regression cases dealing with three predictor
variables (Model 1) and five predictor vari-
ables (Model 2). The numerical data for the
upper and lower limits (for the individual and
for the mean biomass weights in either case)
were computed and used to plot® the confi-
dence bands for the entire living tree above
ground at a 95% confidence level.

Research Centre.

is available upon request.

4

' % These are on file and are available from the author,

RESULTS

The dry/fresh weight ratios for the
disk subsamples SH, MBH, MS1, MS2, MS3,
M54, NM1, NM2, NM3, and T1 were summa-
rized for the 10 prairie tree species to provide
a listing of statistical characteristics such as
mean, standard deviation, range, and coeffi-
cient of variation®*. As expected, the ratios
show a general decline upward along the tree
stem, thus confirming that there is greater
moisture content in the more recent growth
and less in the heartwood in relation to soft-
wood along the stem. The average dry/fresh
weight ratios for each species on the basis of
the 10 stem components were balsam fir
0.433, white spruce 0.473, black spruce
0.552, jack pine 0.525, trembling aspen
0.548, alpine fir 0.475, lodgepole pine 0.501,
tamarack larch 0.469, balsam poplar 0.496,
and white birch 0.521. The overall average
ratio for all the sampled tree species was
0.499,

The statistical characteristics of the
bark/wood dry weight ratios of the 10 species
for the 10 stem components were similarly
summarized®. In general, for all species the
mean ratios are usually lowest at MS1 (>0.1)
and increase in both directions, attaining their
highest values near the stem tip (>0.4).

Biomass prediction equations based
on the three models are presented in Tables
1-10 for each tree species. The tables include
each stem and nonstem component’s mean
biomass weight, standard deviation, R?Z,
standard error of estimate, and the number of
samples used in the derivation of the equa-
tions.

A bar diagram (Fig. 8) depicting the
fresh and dry weights of biomass for the sam-
pled tree species provides a visual comparison
of the weight loss that occurs in various tree
species when dried to a constant weight from

These computer programs were developed by Douglas Whitfield and are available from the Northern Forest

This computer plotting program was developed by Nadine Leenders of the Northern Forest Research Centre and

Balsam White
poplar birch

Tamarack
larch

Trembling
aspen

Jack
pine

Black

White

Balsam

fir

500

100

300
0

Mean weights (kg)

100

Lodgepole
pine

Alpine

fir

spruce

spruce

Tree Species
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Front bar, dry weight

Figure 3. Fresh and dry weight biomass of the 10 tree species.
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their field conditions. Pie diagrams (Fig. 4)
illustrate the proportion of stem and nonstem
components in the total dry weight of bio-
mass in the entire tree. The distribution of
biomass in the stem or branches can be deter-
mined from the ratios obtained for each tree
species. Confidence bands were plotted (Fig.
5) for the predicted individual and mean bio-
mass dry weights for each species, based on
the polynomial model.

Biomass prediction equations were
also obtained for each province separately
and are available on request.

DISCUSSION

The polynomial model (Model 1)
based on D, D?, and D?® provides R* values
ranging from 0.96 to 0.99 for the total
aboveground tree dry weight biomass. This is
noteworthy because the model is based on
diameter measurement for a given species and
the results are in agreement with those of
Payandeh (1981) indicating that tree biomass
is primarily a function of dbh.

The addition of another two terms, H
and D*H (Model 2), provides a slightly better
fit with R? values ranging from 0.96 to 0.99.
The distribution of R? values (Tables 1-10)
for the polynomial model was: 0.96—two
species, 0.97—three species, 0.98—four spe-
cies, and 0.99—one species. After adding the
two additional terms, the distribution changed
to 0,96—one species, 0.98—ftive species, and
0.99—four species. There was a corresponding
shift (decrease) in the standard errors of esti-
mate after including the above-mentioned
extra two terms in the model. )

The model containing the D?H term
only (Model 3) shows R? values ranging from
0.94 to 0.99 for the total aboveground ftree
dry weight biomass. The distribution of R?
values in this case was: 0.94—one species,
0.96—one species, 0.97—one species, 0.98—
three species, and 0.99—four species. Similar
trends are'obvious from the standard errors of
estimate. Obviously, Model 2, using five pre-
dictor variables based on different combina-
tions of D and H, provided a better fit than
the model using D? H only (Model 3).

Tables 1-10 also show that some tree
stem and nonstem component categories
(such as stem <10 cm, live branches =2 cm,
and live branches <2 cm) are usually better
predicted by either of the two multiple regres-
sion models (models 1 and 2) than by the lin-
ear model based on the D?*H predictor only
(Model 3).

The standard least squares regression
models are based on a number of assump-
tions, but as pointed out by Cunia (1979), “it
is ordinarily understood, at least implicitly,
that seldom if ever the ... assumptions are
strictly fulfilled by random samples drawn
from finite populations.” The plotting of
biomass data showed heterogeneity of vari-
ance, i.e,, larger variance was noticed for large
values of D, H, and D? H than for small values.
Use of logarithmic transformation or weighted
regression could have taken care of such
unequal scatter but was avoided in order to
retain additivity as one of the criteria for the
required prediction equations. This approach
offered a practical compromise, and as
Keeping (1966) suggests, even though the
ordinary statistical tools (t-test and F-test)
make several assumptfions, ‘“‘these tests do
appear to be approximately valid in many
cases, even for considerable departures from
the assumed conditions (...they are ‘robust’).”
Thus only the standard regression modeling
approach using untransformed variables was
used in the study.

For reasons mentioned earlier, predic-
tion equations for tree biomass weights have
leaned heavily toward using convenient trans-
formations such as logarithms (Bella and
De Franceschi 1978; Brown 1976; Duinker
1981; Johnstone 1970; Ker 1980; Koerper
and Richardson 1980; Pastor and Bockheim
1981; Schlaegel 1975; Stanek and State 1978;
Zavitkovski et al. 1981). Such transforma-
tions inadvertently introduce bias in the mean
predicted values and need corrections for
obtaining the unbiased estimates (Baskerville
1972; Meyer 1941). The equations presented
in this report avoid the use of such transfor-
mations, thus providing direct estimates and
obviating the need for corrections. Further,
because the models obtained are additive they
have the advantage of providing various com-
binations of predicted estimates by simply

adding the existing coefficients in the predic-
tion equations (Bella 1968; Kozak 1970).
This is in line with the approach taken by
other workers for similar reasons (Alemdag
1980 and 1981; Alemdag and Horton 1981;
Crow and Laidly 1980; Johnstone and Petex-
son 1980).

The standard errors of the regression
coefficients were also computed®. An exami-
nation of these values showed that the stand-
ard errors of coefficients were extremely low
in all models for the entire tree aboveground
biomass.

Total dry matter is a measure of the
efficiency of an ecosystem for energy conver-
sion. It also represents the total energy (solar)
put into a given system (Newbould 1967).
Thus ecologically similar vegetation areas are
likely to show similar responses, in total dry
matter production, to similar energy inputs
within a region. The excellent fit obtained in
the derived prediction equations for estimat-
ing the entire tree biomass of each species,
even when pooled over three sampling sites in
the three prairie provinces, shows that total
biomass is one of the best available ecological
indicators of an ecosystem under study.

Because of the excellent fit and the
low standard errors of estimate and coeffi-
cients, the regional equations presented in the
report can be used for predicting the tree bio-
mass weights in ecologically similar areas in all
three provinces. The only limitation, however,
is that because the data for these equations
were collected primarily from the central por-
tions of the provinces, their application to the
extreme northern or extreme southern areas
would, at best, provide only first-approxima-
tion estimates.

CONCLUSIONS

The following conclusions can be

¢+ drawn from the present study:

1. It is possible to obtain aboveground bio-
mass weights of 10 prairie tree species by

® These are on file and are available from the author.

using simple measurements such as diame-
ter at breast height and the total height of
the tree. Such estimates are highly accu-
rate for predicting the entire living tree
biomass but decrease in accuracy for pre-
dicting the stem and nonstem component
biomass weights separately. Within com-
ponents, merchantable stem components
are better predicted than the nonmer-
chantable components of the tree,

2. The best results were from the model W =
a, ta,D+a,H+a;D?H+a,D? +a,D?,
but the polynomial model W=a, +a; D +
a, D? + a,D*® was nearly as good for esti-
mating the entire tree biomass weight of
the 10 tree species. This could be of con-
siderable help when measurements on only
one variable (dbh) are available for obtain-
ing first-approximation biomass estimates
of a forest stand. When the additional
measurement of total height is also avail-
able, the estimates provided by the model
W = a, + a;D*H are nearly as good as
those by the model containing all 5 predic-
tor variables.

3. The regional equations are valid for appli-
cation in the middle portions across the
three prairie provinces; however, a slightly
better fit may be possible by using individ-
ual province prediction equations. On the
other hand, the coefficients of the regional
equations are likely to have yielded more
stable values, being based on a much larger
number of samples than the individual
province equations. This aspect will be
explored and assessed in a proposed pilot
project demonstrating the use of biomass
equations to obtain biomass inventories
for each province.
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