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Eucalyptus s a l i g ~  trees grown in short-rotation 
plantations on the island of Hawaii were meas- 
ured, harvested, and weighed to provide data for 
developing regression equations using   on-de- 
structive stand measurements. Regression analy- 
sis of the data from 190trees in the 2.0- to3.5-year 
range and 96 trees in the 4- to 6-year range related 
stem-only and total above-ground biomass to 
diameter at breast height and total height. Equa- 
tions developed for each age class are recom- 
mended over equations developed for the com- 
bined data base (286 trees). For younger stands 
(<4-years) recommended equations include one 
based on diameter measurements only, thus sim- 
plifying field measurements. 

Retrieval 'lierm: biomass equations, prediction 
equations, short rotation silviculture, Hawaii, 
Eucalyptus saligna 

ood fiber, when available, is used to 
supplement bagasse (sugarcane resi- 

due) as fuel for generating electricity in 
Wawaii. In recent years, wood chips have 
supplied power on the islands of Hawaii, 
Mui, Molokai, and Kauai. Several high- 
yielding eucalyptus species have been 
planted in intensively-cultured, short-rota- 
tion (3- to 7-years) plantations in Hawaii.' 
One is saligna (Eucalyptus saligna Sm.). It 
provides wood with a high BTU content? 
grows rapidly, is adapted to a wide range of 
site conditions, and is relatively free from 
insects and diseases. 

To assess the growth and yield of euca- 
lyptus planrations, land managers need esti- 
mates of abve-ground biomass. Such data 
are useful if they can be obtained cheaply- 
especially without destructive sampling. 
Biomass equations that predict individual 
tree weights from diameter and height 
measurements can estimate stand biomass 
by summation. Equations to estimate bio- 
mass of individual trees have been derived 
for other species of Eucalyptus; e.g., E. 
grandis in Australia3 and in South Af r i~a ;~  
and E. globulus in Australias and in South 
A f r i ~ a . ~  But similar equations for E. 
saligna are lacking. Estimates of biomass 
production rate were published for E. 
saligna in New Zealand7 but without pre- 
diction equations. 

Plantations along the Hamakua Coast 
north of Hilo on the island of Hawaii (lat. 
19O50' N, long. 15Y09' W) were sampled. 
Elevations range from 420- to 480-m. At 
this locale, the annual rainfall often exceeds 
6,000 mm, and is usually distributed fairly 

even throughout the year, although any 
given month may be the wettest. The soil is 
Akaka silty clay loam formed in volcanic 
ash, and classified as a thixotropic isomesic 
Typic Hydrandept. Tree growth increases 
on these wet soils during dry periods. 

Aplantation at 540 rn elevation atNinole, 
Ka'u District, about 10 km southwest of 
Pahala town (lat. 19"10' N, long. 155"33' 
W), was also sampled. Annual rainfall is 
about 1,800 mm, with the wettest period 
occurring between December and April. 
Extended dny periods may occur during 
summer. The two soils on this site are 
Kiloa, an extremely stony muck derived 
from organic matter overlying a'a lava rock 
(classified as a dysic isothermic Typic Tro- 
pofolist), and an extremely stony silty clay 
loam, AIapai series, formed from volcanic 
ash (classified as a thixo~opic isothermic 
Typic Hydrandept). These soils are rocky 
and very shallow? 

This note provides biomass equations for 
2- to 6-year-old E. saligna sapling and pole- 
size trees, based upon biomass data ob- 
tained by destructive sampling. 

Sample Tree-Selection and Measure- 
ment 

From these two sites, 190 Eucalyp6us 
saligna trees ranging in age from 2- to 3.5- 
years were sampled, and their individual 
green weights determined. Two years later, 
96 trees ranging from 4- to 6-years-old were 
also sampled and their weights determined. 
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Table I-Number oftrees, diamter, am' heightfir three s a v l e  tree &fa bases, Eucalyptus saligna, island and 'J.5-yez-oM; 2) older, 96 smple trees, 
of Hawaii, 1988 4- to 6-year-old; arid 3) Combined, 236 

Data base Trees Mean Minimum / Maximum sample sees, 2- to 6-yea~-old. Predicted 
D.b.h. I Height I D.b.h. I Weight I ~ . b . h .  / Weight values included both stem-only and total 

abve-mound biomass, to simulate two 

Younger 
Older 12.6 

286 

Diameter breast height (d.b.h.) of ehe com- 
bined data base ranged from 1.7- to 24.7- 
cm, with total tree height ranging from 2.3- 
to 27.9-m (table I). An addieiond 12 trees 
were sampled from 5- and 6-year-old plan- 
tations on the Hamakua Coast to provide an 
equaeion check. One tree's c8.b.h. feu out- 
side the data-base range, while two trees 
were taller (23.6 m and 29.1 m) than the 
tallest dab-base tree (27.9 m). 

Felled eees were sepsaled into two 
componenrs: stems, and a combined leaf 
and branch toid. Green weights of these 
cornponein& were determind by using a 
Chatillon scale (accuracy: 9 0.23 kg). 
Wood dish (2.5 cm thick) were extracted at 
d.b.h. and at 5 m for the calculation of 

moistwe conkne. Subsamples of h e  leaves 
and branches, md wocd disks were taken to 
the laboratow for dry weighing. 

Data Analysis 
Green weights were converted to dry 

weights by using moisture content values 
developd from stem disk, leaf and branch 
samples. Inieid prediction of wee biomass 
from regression analysis with tree diameler 
and height resulted in increasing variances 
with increasing wee size. Logserithmic 
mnsformation was used lo equalize vari- 
ances over the range of m e  size, an assump- 
tion essenkid to regression analysis. 

Equabons were developd from thee 
data bases: 1) Younger, 190 sample trees, 2- 

differenat levels of harvesting and utiliza- 
tion. Tree d.b.h. was used as an independ- 
ent variable in combinaeion with tree height. 
Two eqmLion forms were tested in regres- 
sion analysis of see  biomass: 

Model 1: InY = a + 2b*In(D) (diameter- 
only) 

Model 2: InY= a + 2b*ln(D) + c*ln(I-T) 
(diameter plus height) 
in which In = natural logarithm, Y = dry 
biomass in kg/&, D = diameter at breast 
height (1.3 m) in centimeters, and 11 = total 
height in meters. Model 1 was used to con- 
sider the effect of removing the height 
component, thereby simplifying field op- 
erations by not m e a s ~ n g  heights. Model 2 
was used to assess the conwibu~ons the 
height pameters and correspnding "t" 
values made to the prediction equa&on 
(tables 2,3). 

?To comect for bias in the estimak due to 
the logarihmic transformation, acornlion 
factor (cf) for each derived equation was 
calculated utibizing the formula cf = eVFffi.  
The variance is the square of the root mean 
square error (BMSE~) in logaTithmic form. 

Table 2--Jiegressioa chrrractarisdics for two total above-grod biomass equa?ion? form for Eucalyptus 
saligna, three data bases, Sand of Hawaii, 1988 This conection is necessary due to the fact 

that reegression fitthg in logarithms esti- 

Younger t I 
Data base 

Older 1 

2 

Combined 

Model1 

1 1: y = + Zb'k'D") * Cf 
I 2: y = (e[a + Zb'b'D) + c'ln(NI1 + c 
I f 

in which: 
Y, = total asbove-gmnd biomass kghree 
e = natural anti-logarithm 
In = na tud  logarithm 
a = intercep (trmsfomed) 
c = height coefficient (transformed) 
cf = c o m t i m  factor (de-transformed) 

a Observed signilimce level of regression model 
Correction factor (de-erannfomed) 

RESULTS AND DISCUSSION 

arithmetic man?  
Parameter1 
estimates 

Of the two mdels tested, Model 2 had the 
best overall cmfficienbs of variation (c.v.) 
and adjusted cwfficienes of determination 

cO.oOo1 (It2) (rrable 4). Values for c.v. range from 
< o . m 1  

1.016 
9.7- to 17.5-pent ,  with adjust& R2 val- 

< o . m 1  ues ranging from 0.968 to 0.993 for Model 
1.015 2. E q a ~ o n s  derived from Model 1 tend to 

~ 0 . 0 ~ 0 1  have higher coefficienes of variation (16.3- 
co.o~of to 24.8-percent) and lower adjusted R2 val- 

ues (0.958 bo 0.978) than Model 2 (table 5). 
Qusntions &at use d.b.h. but do not re- 

quire height measwement can provide 
more rapid md less costly estimales of 
biomass. The equations for the younger age 
~ P O U ~  had similar c.v.'s and adjust& R2's 
for h t h  models. However, for the older age 
gmup and combined eqwdons, Nlodel 1 
was clearly less su i~b le  for biomass predic- 
tion than Mdel2 .  

hn 
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Table 3-Regressioa characteris~ics for two stem-only b eqwtion forms for Eucalyplus saligna, three 
&la bases, islaad of Hawaii, 1988 

Data bane 

Younger 

Older 

Combined 

Model1 I Pamererl I CP 
estimates 

1 1: y = (e[a +Zb'ln'O)l) * Cf 

2: Y ,  = (e[. + 2b"h'D) + c'ln(H>l) ii. Cf 

in which: 
Y = stem-only biomass kgttree 
e = natural anti-logarithm 
In = natural 1qgarit.m 
a = intercept (transformed) 
b = diameter coefficient (transformed) 
c = height coefficient (transformed) 
cf = correction factor (de-transformed) 

Observed significance level of regression model 
' Correction factor (de-transformed) 

Table 4--De-transformed regression aquatiom based on three sample tree data bases used to predict stem-ortly 
and total above-ground biomass per free for Eudyptus saligna, hiand of Hawaii (Model 21,1988 

Data base 
(age) 

Regression equation1 

Younger 
(2-3.5 years) 

y= 0.05501 * * (H0.J"9 
Y,= 0.12022 * (DZ '"3 * (H0.1352) 

Older 
(4-6 years) 

Adjusted I g; :;1 R2 

y,= 0.01444 * @1.7a10) 9 (~1.2341) 
Y,= 0.019% * @1.9144) * (H0.9916) 

Combined 
(2-6 years) 

' Y, = predicted stem-only dry weight (kg) 
Y, = predicted total dry weight (!-cg) 
D = diameter at breast height (cm) 
H = total height (m) 
De-transformed coefficient of variation 

y= 0.03260 * (D1.8130) * (H03563 
Y,= 0.08360 ' (DZ 15") * 

To check the accuracy of the regressions, 
the average predicted biomass per tree for 
each equation was compared to the average 
actual biomass per tree for each data base 
and each equation (table 6). Not unexpect- 
edly, all equations tested well against aver- 
age actual biomass per tree for their own 
equation data base. Thecombined, Model 2 

equation overestimates average tree bio- 
mass for the younger data base (Combined: 
-1-4.0 percent stem-only and i-1.7 percent 
total biomass) and underestimates biomass 
for the older data base (Combined: -7.3 
percent stem-only and -4.5 percent total 
biomass). The older tree data base's equa- 
tions predicted biomass quite accurately 

when compard to the actual average bio- 
mass for the 96 older trees (Older: 0.0 per- 
cent stem-only and + 0.7 prcent total bio- 
mass). As expected, perfomance of the 
combined equation on the overall data base 
was best for ?.he total abve-gound biomass 
(Combined: -2.2 percent vs. Older: -8.0 
gereent vs. Younger: -9.9 percent). For 
stem-only biomass however, the older tree 
equarion was closer to the actual biomass 
than was the combined equation (Older: - 
2.0 percent vs. Combined: -3.6 percent). 

W e 1  1 tested well against the actual 
biomass per tree for the younger data base, 
in fact it performed identically to Model 2 
(Younger: -1.6 percent stem-only and -0.6 
percent total biomass). For the older and 
combined data bases Model 1 did not per- 
form as well as Model 2. 

Twelve 5- t 6-year-old trees, from 
IIamakua Coast plantations, were felled 
and weighed to provide a check of the accu- 
racy of the older tree stem-only and total 
biomass eqwtions (Model 2: diameter + 
height). The mean predicted stem-only and 
total biomass for th'e 12 trees was compared 
to the actual measured mean biomass. The 
prediction equations pedormed quite well, 
with the stem-only form underestimating 
the actual stem-only biomass by 3.5 percent 
and the total biomass equation underesti- 
mating the actual total biomass of the, 
twelve trees by 2.1 percent (tables 7,8). 

The predicted biomass for each individ- 
ual tree also tested quite well against its 
actual measured biomass. The 95 percent 
prediction limits for the older tree biomass 
equations were used to assess the accuracy 
of che prediction. Utilizing the total bio- 
mass equation, 11 of the 12 trees (92 per- 
cent) were within the prediction limits 
(table 7). The one 'tree which did not meet 
the prediction limits, had d.b.h. and height 
measuremenrs which were outside the 
range of da@ used t derive the older bio- 
mass equation (maximum sized sample 
tree: d.b.h.=24.7cmandheight=27.9 m vs. 
tree numkr 2: d.b.h. = 25.0 cm and height 
= 29.1 m). 

For the stem-only biomass equation, 9 of 
the 12 trees (75 percent), fell within the 
prediction limits for the equation (table 8). 
Again the biomass for tree number 2 is. 
interpolated outside of the data, while tree 
numbers 1 and 3 exceed their prediction 
limits by 15 and 17 percent, respectively. 
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Table 5--D@-tranrforwd regression equaliom based oa t kee  sample iree &la h e s  u e d  lo predict stem- 
only opul fotal above -grod  biomass par tree for Eudyprus sdigna, klanQ of Hawaii (Model 1)' 1988 

Data base 
(age) 

Younger 
(2-3.5 years) 

Regression equation1 

Y,= 0.089898 * @PZ49 
YI= 0.135798 * @21339 

Older 
(4-6 years) 

Y =predicted s t e m d y  dry weight (kg) 
YI = predicted total dry weight (kg) 
D = diameter at breast height (crn) 
De-transformed coefficient of variation 

Y,= 0.0535 17 9 (D".J412) 
YI= 0.W941 * (D2-'n2) 

Combined 
(2-6 years) 

Table 4-Average biomass predicted for Eucalyptus stlligna by three equations and two models, ond actual 
above-grod biomass per tree for three data bascs, i s l ad  of Hawaii, 1988 

CV2 
@ct) 

Y,= 0.061 198 * ww) 24.83 0.958 
YI= 0.102794 + (P3814) 18.13 0.975 

Adjusted 
R 

'Model: 1 = lnY = (a + 2b*ln[D]) 
2 = lnY = (a + 2b91n[D] + c91n[H]) 

Model1 and 
data base 

Younger 

Older 

Combined 

Model 2 
Younger 

Older 

Combined 

Table 7-Performance of thc 4- lo 6-year-old Eucalyptus saligna b w m s  eqrcatwn' in predicting total dry 
biomass for 12 rrees 5- to 6-years-&, island of Hawaii, 1988 

T ~ p e  

kglfree 
23.6 
~53.4~ 
22.2 
-7.5 
17.8 
0.1 

-22.6 
-29.7 
-27.1 

0.5 
4.9 
-3.5 

kgltree kglfree pct kgltree pct kgltree pct 

Stem 12.5 12.3 -1.6 - - 14.6 +16.8 
T d  18.1 18.0 -0.6 - - 19.2 +6.1 
Stem 50.4 - - 51.1 +2.2 42.5 -15.7 
Total 57.6 - - 58.6 +1.7 53.1 -7.8 
Stan 25.2 19.0 -24.6 28.5 +13.1 24.0 4.8 
Total 31.4 27.6 -12.1 32.5 +3.5 30.6 -2.5 

Stem 12.5 12.3 -1.6 - - 13.0 +4.0 
T a d  18.1 18.0 -0.6 - 18.4 +1.7 
Stem 50.4 - - 50.4 0.0 46.7 -7.3 
Toid 57.6 - - 58.0 +0.7 55.0 -4.5 
Stem 25.2 20.9 -17.1 24.7 -2.0 24.3 -3.6 
Tctal 31.4 28.3 -9.9 28.9 -8.0 30.7 -2.2 

Actual 
avg. 

Tree 
No. 

TZle recommended melhod of eshadng 
sm-only and total abve-pund biomas 
for E. saligna @ees in IIawaiian energy 
planrations is to use h e  younger Lree equa- 
tions for 2- and 3.5-year-old trees and the 
older tree equadons for 4- to Qyear-old 
trees. Equations using Model 1, developed 
from the younger data base, are recom- 
mended as alternative biomass equations 
for young E. saligna stands (c4-year-old 
trees). Combined equations for E. saligna 
are not recommended across the entire 
energy plantation age range. 

Difference 

Mean 

The research r e p o d  herein wan supported in pm 
by funds of the U.S. Depment  of Energy's Short 
Rotation Woody Crops Program pmvided under con- 
mct to BioEnergy Development Corporation. We 
thank the staff of the Co'pomticn and of the Foreat 
Service's Institute of Pacific Islands Forestry, Hm- 
olulu, Hawaii and other members of the Pacific South- 
west Forest and Range Experiment Station, for assis- 
tnnce in field work, planning, and data mnlysir. 

Predictive equation, by stand age 

Prediction 
limits 

Total 
height 

-- - 

23.5 17.2 129.4 126.7 2.7 

The research was performed under Subcontract No. 
19X-090516 with Oak Ridge National Labwa~ory 
under Marrtin Marietta Energy Systems, Inc. contract 
DE-AC05-840R21400 with the U.S. Department of 

Younger 

1 YI= 0.01996 * (Dl.9144) * (H'3.979 
Statistically non-significant at p>O.M 

Energy; and under Interagency Agreanent number 
DE-AI05-8@R21651 for the U.S. Department of En- 
ergy. 

Older I Combined 

D.b.h. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

Mean 

m CRI kg/tr@d 
27.5 18.6 161.0 132.3 28.T ~25.0 
29.1 25.0 300.2 235.9 64.3' 144.5 
26.1 17.3 133.7 109.5 24.7 ~20.7 
22.9 16.3 80.9 84.1 -3.2 ~16.0 
23.7 21.0 136.2 135.7 0.5 125.7 
21.1 14.1 60.7 59.6 1.1 ~ 1 1 . 4  
24.3 19.3 102.5 121.0 -18.5 k22.9 
28.6 22.1 165.3 186.8 -21.5 135.3 
25.8 22.8 153.7 173.6 -19.9 132.8 
11.3 5.7 6.4 5.8 0.6 ~2.2 
22.5 13.7 56.4 61.0 -4.6 11 1.7 
18.8 10.0 24.9 28.4 -3.5 - 4.7 
23.5 17.2 115.1 111.1 4.0 

Diffemce Tot& 
heig~ht 

Predicted 
biomass 

D.b.h. Act& 
biomass 




