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Abstract diameter at breast height outside bark (DBHOB), but could 

VDlume and thickness of bark were studied for 32 species groups 
of British Columb~a. Over 32,000 trees constituted the data base to 
derive bark volume equations. Because of its simplicity and good 
predictive power, the equation of Vb = a'HTbDBHCBTd is recom- 
mended for bark volume prediction. The possibility to develop bark 
taper equations and to estimate bark thickness at any given height 
above breast height were also investigated. 

Le volume et I'epaisseur de 1'6corce furent Btudies pour 32 
especes de la Colombie Britannique. Plus de 32,000 arbres ont 
servi a continuer les don?ees qui ont permis de construire des 
equations volume-ecorce. A cause de sa simplicit6 et sa capacite 
de prediction, Isequation Vb = a ' b ~ ~ ~ C ~ ~ d  est recommandee. La 
possibilite de developper des equations sur le defilement de 
IrBcorce et d'estimer I'epaisseur de I'ecorce a quelque niveau de la 
tige au dessus du DHP a Bte Btudiee. 

Introduction 

Currently unused residues from timber harvesting and 
processing represent a potential source of energy which 
could be tapped profitably. Bark has received much more 
emphasis than other residues because of its abundance in 
quantity and its high heating values (Schneider, 1977). A pro- 
cess to pelletize Douglas-fir bark has been developed, and 
bark pellets, which are a high energy fuel, have been com- 
mercially produced (Blackman, 1978). 

Bark studies have been predominantly on the determina- 
tion of bark thickness in relation to tree diameter (MacKin- 
ney 1934; Hale 1955; Smith and Kozak 1971 ; Lange 1971 ; 
Fedvccia and Mann 1976). Some efforts have been made to 
estimate bark thickness from tree parameters (Smith and 
Kosak 1967; Brickell 1970), but few attempts have been 
made to estimate bark volume. With advances in forest pro- 
ducts technology and the increasing demand for alternative 
sources of energy, the need to estimate the volume of bark 
which is potentially available for utilization becomes critical. 
This study investigated bark volume equations for commer- 
cial trees in British Columbia and developed a taper system 
to predict bark thickness on the tree bole at any specific 
heights above ground. 

Equations for Estimating Bark Thickness and Volume 

Meyer (1946) developed mathematical equations for 
estimating bark thickness and volume 

where B is bark thickness, V, is bark volume, D is usua'lly 

'~rofessor and Associate Dean, Faculty of Forestry. THe University of British Columbia. 
Vancouver, BC V6T 1W5. Financial support of the National Research Council of Canada 
is gratefully acknowledged. 
'~ormer Research Associate Faculty of Forestry. UBC. Now Project Leader, Regenera- 
tion Survey. American Can of Canada Ltd.. Marathon. Ontario. POT 2EO. 

be diameter outside bark (DOB) at any point on the tree; V is 
stem volume including bark and k is the regression coeffi- 
cient for the relationship of diameter inside bark (DIB, d) to 
DOB. Meyer plotted DIB as a function of DOB and obtained 
a constant ratio with a straight line passing through the 
origin. Thus, the constant k is determined by the equation 

[3] k = Zd = ED - ZDBT 
TD t D  

where DBT is double bark thickness. 
Stayton and Hoffman (1970) modified Meyer's equations 

by use of different k and D values to be more accurate for 
estimating average bark thickness and bark volume for 
sugar maple (Acer saccharurn Marsh). However, as admit- 
ted by Meyer, the change of the form in the surface of the 
bark, which often occurs when a tree reaches a diameter of 
about 5 to 10 inches (12 to 25 cm), may make it difficult to 
represent the relationship between bark thickness and 
diameter by a single straight line over the entire range of 
diameters. Therefore, to estimate accurate bark volume for 
trees in wide diameter ranges, it is necessary to include 
some size variables such as DBH, height (HT), bark 
thickness (expressed as double bark thickness at breast 
height, DBTBH) and others. Indeed, in his recent study of 
mathematical models for determining the bark volume of 
spruce in relation to certain size variables, Dimitrov (1976) 
found the best models were three non-linear functions which 
expressed bark volume as a function of DBH, height, 
volume, age and site class. 

Data Base and Methods 

The stem analysis data for this study were collected by 
the British Columbia Forest Service Inventory Division. Over 
32,000 trees, which constitute the data base for deriving 
logarithmic volume equations and for many related 
studies,were used. The data base has been described by 
Demaerschalk and Kozak (1977) in their study for tree pro- 
file systems. Briefly, these trees were stratifled into 32 
groups according to species, maturity, and region. For each 
tree, measurements were made for diameters to the 
nearest 0.1 in (0.254 cm) inside and outside bark at 1, 1.5,2, 
and 4.5 ft (30, 45, 60 and 137 cm) and at each 10th of the 
height above breast height. Total height was recorded to the 
nearest 0.1 ft. 

Original measurements recorded in Imperial units were 
converted to metric units; diameters at 1.3 m for each tree 
were determined by using a non-linear function developed 
by Demaerschalk and Kozak (1977). Bark volume for each 
section was computed as the difference between volumes 
excluding and including bark; the Smalian formula was used 
to compute the sectional volumes. Table 4 contains some 
general descriptions of the data base. 

Logarithmic Bark Volume Equations 

A total of 34 regression equations with bark volume or 
logarithmic bark volume as a dependent variable and DBH, 
H'T, DBTBH and their logarithmic transformations as in- 
dependent variables were first fitted to 12 species groups to 
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evaluate bark volume data. The five best equations were 
chosen based on the magnitude of standard error of 
estimate (SEE) for subsequent tests for the rest of the data. 
Among the 34 tested equations, those with logarithmic 
transformation of the dependent variable had consistently 
better standard errors of estimate than equations without 
transformation. The five most promising bark volume equa- 
tions are as follow: 

[4] log V, = a + b logHT + c IogDBH + d logBT 

[5] log V, = a + b logHT + c DBH + d IogDBH + e IogBT 

[6] log V, = a + b logHT + c IogDBH + d BT + e Io'gBT 

[7] log V, = a + b IogHT + c IogDBH + d DBH2 + e IogBT 

[8] log V, = a + b logHT + c IogDBH + d BT2 + e IogBT 

where' V, is bark volume, BT is double bark thickness at 
breast height, and a, b, c, d, and e are regression coefficients. 

. It can be noted in Table 1 that no equation is consistantly 
better than the others in all 12 species groups tested. In ad- 
dition, differences in precision in terms of the standard error 
of estimate among functions are practically negligible. In 
order to select a function which reliably estimates the bark 
volume for trees in various maturity stages and inventory 
zones in BC, the five chosen equations were then fitted to all 
32 species groups and a ranking system was used in the 
selection. For a species group, the rank 1, 2, . . ., or 5 was 
assigned to a function according to the magnitude of SEE of 
the function fitted to the species group, a function with the 

1 and so c smallest SEE within the group being asslyl r u  

Table 2 presents the relative merits of the five cnosen run 
tions in 32 species groups as indicated by SEE. 

With the aid of Table 2, it is possible to single out Equation 
[7] as the best estimator for bark volume for trees in BC. 
The standard errors of estimate of Equation [7] range from 
0.0035 m3 for maple with 139 trees to 0.6974 m3 for coastal 
mature Douglas-fir with 603 trees tested. In view of the small 
SEE, it can be concluded that the estimator is very precise. 

The accuracy of an estimating system also is important; it 
is measured by the magnitude of bias. Bias was computed 
as the average of the differences between observations and 
predictions of the system. The bias of Equation [7] ranges 
from 0.0001 m3 for yellow cedar with 296 sample trees to 
0.035 m3 for the coast mature Douglas-fir with 603 trees. 
The estimator is very accurate as evidenced by the small 
magnitude of bias. However, as indicated In Table 3, the 
bias increases with the increase of DBH. In addition, the 
logarithmic bark volume equation underestimates the true 
value. 

For practical purposes, however, Equation [4] is simpler 
than Equation [7], and could be expressed as 

[9] V, = ~ ' H T ~ D B H ' B T ~  where a' = anti-log a 
which is very similar to the logarithmic volume equations 
presently used in British Columbia. The precision of thls 
equation is not significantly different from Equation [7] 
(Table 1). Therefore, it is suggested that Equation [4] should 
be accepted for practical use to estimate bark volume from 
DBH, height and double bark thickness at breast height. 
Table 4 summarizes the regression coefficients and the 
coefficients of determinations for the 32 species groups3. 

Meyer's k Values for BC Trees 

Meyer's method to estimate bark volume has been tested 
by several investigators with satisfactory results. However, 
when the method was examined with the data of 32 species 
groups the estimator was found to be highly variable and 
biased. Table 4 presents the k values (computed from Equa- 
tion [3]). 

The coefficients of the other equations are available on request. 

Table 1. Comparison of standard error of estimates' of five bark volume equations for some selected species group. 

Species groups Equation no. 
No. of 

Species Maturity Zones trees . 4 5 6 , 7  8 

Standard error of estimate (m3) 
Douglas-fir Mature Coasf 603 0.6988 0.7030 0.7051 0.6974 0.7042 ' 

Douglas-f ir All Interior 3026 0.0875 0.0999 0.0884 0.0888 0.0881 
Red cedar ' Mature Coast 595 0.2537 0.2233 0.2533 0.2481 0.2657 
Red cedar All Interior 1465 0.0925 0.0884 0.0912 0.0863 0.0903 
Hemlock Mature Coast 1276 0.1406 0.1 524 0.1375 0.1515 0.1492 
Hemlock Immature Coast 736 0.0196 0.0196 0.0284 0.0198 0.01 71 
True fir ("Balsam") All Coast 816 0.1035 0.1036 0.1037 0.1038 0.1036 
True fir ("Balsam") All S, Interior 3797 0.0234 0.0224 0.0234 0.0221 '0.0234 
Spruce Mature Coast 353 0.3296 0.3305 0.3203 0.3341 0.3199 
Spruce All N. Interior 301 8 0.0159 0.0157 0.0155 0.0155 0.0155 
Lodgepole pine All Coast & 271 1 0.01 27 0.0126 0.0127 0.0125 0.0126 

S. Interior 
Lodgepole pine All N. Interior 1361 0.0086 0.0085 0.0086 0.0086 0.0087 

1 Based on actual (Vbi) and back transformed (vbi) bark volumes, such as: 

where n = number of observations. 
m = degrees of freedom for the 

residual variance. 
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for . trees . of small Table 2. Ranks of SEE for five bark volume functions fitted The Meyel a III~LIIUJ was designed 

to 32 species groups in BC from low (1) to high (5). diameter; for larger trees the system IS Inapplicable. 
However, if the k values were calculated based on a fairly 
large number of tree sections (each sampled tree was cut 

Number of species groups ranked as into more than 11 sections), a reliable average double bark 
Function 1 2 3 4 5 thickness of each species group could be obtained readily 

4 6 5 5 10 6 
from the value by the following formula: 

5 8 12 4 4 4 [ lo] DBT% = (1 -k)100 
6 4 4 10 7 7 The percentage of bark thickness varies not only from 
7 12 8 4 4 4 species to species but also inventory zone to inventory 
8 2 5 12 7 6 zone. As implicitly indicated in Table 4, the thick-bark 

species are Douglas-fir, western larch, and yellow pine 
while thin-barked species are lodgepole pine, spruce and 
yellow cedar. The bark of larch (tamarack) grown in the Nor- 

The SEE of the Meyer's estimating system ranges from thern Interior is thinner than that grown on the Coast and in 
0.0044 m3 for maple to 0.8047 m3 for coastal mature the Southern Interior. The same is true for lodgepole pine. 
Douglas-fir while bias varies from 0.001 m3 to -2.510 m3. On the other hand bark of western red cedar and hemlock 
The SEE increases with the increase of tree maturity and grown in the Interior is relatively thicker than that grown on 
therefore DBH. the Coast. 

Table 3. Bias of the bark volume equation by DBH classes 

Douglas-fir DBH class, cm 10-31 32-52 53-73 ' 74-94 95-1 15 1 16-1 36 137-1 57 1 58-1 78 179-220 

# Trees 45 136 174 105 67 30 25 14 7 

Bias, m 3  0.0002 0.0019 0.0181 0.0859 0.0259 0.2873 0.1599 0.9514 0.2544 

Maple DBH class, crn <lo 11-15 15-18 19-22 23-26 > 26 
# Trees 16 38 32 28 15 10 

Bias, rn3 0.0000 0.0004 0.0000 0.0006 -0.0009 0.0039 

Table 4: Bark volume, DBH, bark thickness, regression coefficients (a,b,c,d and e) for estimation of bark volume'by Equation [4] 
and Meyer's k values for the 32 species groups studied. 

'Zone No. of Bark volume(m3) DBH(cm) Bark thlckness(cm) . 
Species maturity trees a b c d R* k Average S" Average S Average S 

Douglas-fir CIM 603 -4.19620 0.73909 1.46969 0.482433 0.9857 0.852 2.5522 ,1.3182 73.68 36.47 12.42 5.67 

Douglas-fir CII 394 -4.20952 0.78074 1.35076 0.585837 0.9886 0.890 0.2258 0.3013 28.28 14.85 3.55 2.94 

Douglas-fir IIA 3032 -4.13409 0.61843 1.45167 0.576435 0,9911 0.867 0.3781 0.5279 35.96 19.89 5.49 3.79 

Hemlock CIM 1276 -4.29412 0.86817 1.34631 0.644137 0.9867 0.927 0.4585 0.6553 42.19 26.58 2.90 1.38 

Hemlock CII 736 -4.33095 1.15274 1.06655 0.746054 0.9849 0.931 0.0737 0.1044 20.95 10.94 1.38 0.62 

Hemlock IIA 1785 -4.35480 0.99948 1.22023 0.814267 0.9894 0.910 0.2338 0.3858 29.20 16.42 2.55 1.47 

Red cedar CIM 595 -4.39268 0.95073 1.29418 0.609702 0.9778 0.949 0.6162 0.8250 61.94 35.30 2.60 1.33 

Red cedar CII 428 -4.30405 1.18026 1.01422 0.631686 0.9850 0.950 0.0650 0.0906 . 24.96 14.39 1.12 0.60 

Red cedar IIA 1477, -4.36710 1.17559 1.08835 0.655165 0.9897 0.934 0.2470 0.4318 35.53 23.95 2.21 1.54 

Spruce CIM 353 -4.19423 1.07863 1.04495 0.541633 0.9711 0.968 0.9083 0.9324 88.79 52.05 2.45 1.06 

Spruce CII 318 -4.33343 1.15342 1.05585 0.521193 0.9866 0.956 0.1529 0.1517 36.84 19.34 1.43 0.68 

Spruce SllA 4450 -4.24751 0.97753 1.16496 0.656430 0.9869 0.945 0.1432 0.1741 31.27 16.32 , 1.67 0.88 

Spruce NllA 3018 -4.17203 0.88951 1.22249 0.575227 0.9656 0.940 0.0820 0.0734 27.10 10.39 1.34 0.47 

True fir 

("Balsam") CIA 816 -4.39799 0.88246 1.37483 0.695576 0.9899 0.949 0.4393 0.5459 45.57 27.02 2.07 0.98 

True fir 

("Balsam") SllA 3797 -4.26872 0.95117 1.21132 0.715892 0.9847 0.935 0.0765 0.1214 23.37 11.14 1.39 0.79 

True fir 

("Balsam") NllA 577 -4.45344 1.09079 1.24714 0.522846 0.9805 0.934 0.0946 0.0812 28.15 9.53 1.64 0.72 
Lodgepole pine C + SIIA 2711 -4.28505 0.97562 1.18034 0.590564 0.9765 0.949 0.0603 0.0494 24.06 9.38 1.20 0.49 
Lodgepole pine NllA 1361 -4.26332 0.85445 1.29959 0.524125 0.9539 0.955 0.0443 0.0297 23.37 7.46 0.94 0.32 
White pine CIA 86 -4.41588 0.96629 1.29757 ,0633136 0.9918 0.950 0.3472 0.4085 44.78 24.20 2.07 0.92 
White pine IIA 254 -4.03941 1.01475 0.96437 0.839314 0.9884 0.946 0.2163 0.2118 37.92 16.59 1.87 0.93 
Yellow cedar AIA 296 -4.42241 1.00200 1.29648 0.711722 0.9857 0.951 0.1536 0.3030 32.00 21.38 1.13 0.72 
Larch C + SIIA 756 -4.05447 0.87749 1.18462 0.576797 0.9853 0.848 0.3921 0.4167 34.69 18.07 5.40 3.54 
Larch NIIA 203 -4.20803 1.01854 1.12148 0.514917 0.9447 0.926 0.0413 0.0231 20.12 5.46 1.32 0.32 
Cottonwood C + SIIA 322 -4.39843 0.72475 1.50737 0.653938 0.9876 0.901 0.3376 0.6382 , 31.66 21.82 3.18 2.73 
Cottonwood NllA 550 -4.15263 0.81570 1.18451 0.922958 0.9829 0.880 0.4101 0.5435 36.48 15.76 4.29 2.13 
Birch C+SIIA 302 -4.22285 1.03463 1.07032 0.826289 0.9690 0.936 0.0392 0.0303 19.91 6.55 1.13 0.45 
Birch NIIA 193 -4.86505 1.35959 1.25575 0.520260 0.9124 0.935 0.0428 0.0199 20.62 4.73 , 1.18 0.29 
Aspen C + SIIA 768. -4.41309 0.84644 1.43301 0.607954 0.9919 0.916 0.0773 0.0932 19.39 11.79 1.60 1.22 
Aspen NllA 1050 -4.34423 0.69426 1.56423 0.461012 0.9727 0.916 0.1086 0.0974 26.66 9.07 2.04 1.11 
Maple AIA 139 -4.73984 1.24069 1.26095 0.573554 0.9772 0.958 0.0291 0 0298 7.21 6.32 0.96 0.35 
Alder AIA 519 -4.50048 1.23768 1.11687 0.717046 0.9860 0.945 0.0555 0.0585 21.31 9.40 1.01 0.49 

White bark pine AIA 641 -4.07331 0.63586 1.41424 0.602972 0.9926 0.872 0.4370 0.5139 38.92 21.43 5.55 2.74 

R~ = Coefficient of determination for Equation [4]. 

' Zone. C = Coast 

1 = Interlor 

SI = South Interlor 

Ni = North Intertor 

A = All zones 

Maturtty I = Immature 

M = Mature 

A = All age classes 

1 * *  S = Standard deviation 
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Fable 5. Stanoara emor of estimare ana biasf for estimation of bark thickness at various heights. 

Species Maturity Zone 

Yellow cedar All All 
Yellow pine All All 
Larch All Coast + 

S. lnterior 
Cottonwood All Coast + 

S. lnterior 
Birch All Coast + 

S E ~  -...--...... ; .............. Average bias of Bark Thickness of ---. . . .. . .. . . ... . .. . . 
cm O.1HT 0.2HT 0.3HT 0.4HT 0.5HT 0.6HT 0.7HT 0 HT 1.OHT 

0.609 0.001 0.074 0.087 0.127 0.128 0.183 0.127 0.046 0.006 0.000 
0.756 0.000 -0.206 0.158 -0.039 0.079 0.229 0.261 0.221 0.054 0.000 

0.767 -0.000 -0.146 -0,100 -0.030 0.124 0.217 0.238 0.212 0.071 0.000 

Maple 
Alder 

S. lnterior 
All All 0.150 0.000 -0.011 0.010 0.021 0.035 0.051 0.047 0.016 0.012 O.OOC 
All All 0.185 0.000 -0.015 -0.000 0.004 0.009 0.025 0.029 0.026 0.008 0.OOC 

Douglas-fir Mature Coast 1.508 0.000 -0.464 -0.419 -0.134 0.1 17 0.326 0.400 0.327 0.1 11 -0.00: 
Douglas-fir Immature Coast 0.468 0.000 -0.086 -0.061 0.012 0.060 0.097 0.086 0.029 -0.015 O.OOC 

Positive bias indicates underestimation and negative bias indicates overestimation. 

SEE = Standard error of estimate. 

HT = Total height. 

Bark Taper Equation , 

Bark thickness at a specific tree height is often needed 
when appraising timber. An unsuccessful attempt was made 
by Stayton and Hoffman (1970) to develop accurate equa- 
tions that predict bark thickness at a specific tree height for 
sugar maple. As described in previous sections, bark 
thickness at 1 foot, 4.5 feet, and tenths of tree he~ght above 
breast height had been measured in this study, therefore, 
these measurements facilitate the development of bark 
taper equations. For many function forms, linear as well as 
non-linear techniques, have been tried. It was found that a 
non-linear function used by Demaerschalk and Kozak (1977) 
to describe upper bole p~ofiles, fits satisfactorily the bark 
thickness data from the first tenth of height above breast 
height to the top of tree. The function is 

.where BT is double bark thickness at any point above one 
tenth of the tree height, h the height where bark thickness to 
be estimated, HT the total tree height, RH the distance of 
the first tenth height from the top relative to HT, b, and b, 
are regression coefficients estimated from data, and BTI is 
the double bark thickness at first tenth of height, which can 
be estimated with a very high precision from bark thickness 
at breast height. The DBTBH alone accounts for more than 
80% of the variability in BT1. 

Table 5 illustrates the standard error of estimates and 
bias at various positions along the bole for 9 species groups. 
The SEE ranges from 0.150 cm for maple to 1.508 cm for the 
Coastal mature Douglas-fir and the bias each tested position 
is less than 0.5 cm. Therefore the bark taper equation is 
~recise and accurate enough for practical applications. 

iummary 

Several equations have been studied in order to select 
he most practical one to predict bark volume with high 
)recision and accuracy. Because of its simplicity and good 

qedictive power, Equation [4], Vb = alHTbDBHCBTd is 
recommended for bark volume prediction. Bark taper equa- 
tions, to estimate bark thickness at any given height above 
breast height, were also studied. Further research is 
qresently underway to improve the findings of this study by 
roviding better bark taper equations. 
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