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TEpl T o
In 1v1dual tree -yolume data obtained from 365 trees

collected &rom five-forest reglons 1n/Pasxn G1sku district

gf ‘Kenya . were used to ”derlve “regression equations for
estimating "total! and merchantable tree volume and : in
'~comparing the forest regions. The predictor variables were
= : 5 FE -

dlameter at ~b¢ea§t he1ght outside. bafk and total tree’

e Py N

o he;qht The technlques used 1n comparlng the various methods

Amcluded &egness:,on analys1s, analyms-of} variance and

S

The best equation for ‘total tree volume was a nonlinear

mubtiple comparison analysis.

o - _ oo /
.standard volume function, wh\11e‘merchan,table volume. was -

.
%

_ appropriately estimated ‘by a ratio function. All’ the
equations tested for' the_ two est1mat10ns gabe closely}*\

~¢»—wv§1m}laf results w1th1n the range of the data..Forest reglon

.comparlsons revealed-some differences) between one region and .

"+ the. othérs, but the real cause for th S diffefence ceuld not

"be evaluated w1th the data available 1n this’ study.

Y1e1d estimation Varlables 1ncluded [ ber of trees,

N . , ,
average‘“top height, basal area and age plantations.

Equat1ons based on age only gave poor est1mat1on_

]

equatlons derlved from field measurements of both

-;and amerage top helght in a non11near equatlon, ?he poor

~

relation is probably due to the exceésive,variation in

r

[ ’ I : R
number of trees. However, equations based on age are cheaper ™

E

to use since nqgiield measurement. is required.

n\t -
,/—," o ,>.,,
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<; lntroduction |
.A basic req {\emen; for objective forest managemenc and

planning ’igf_the ability to. assess: the growing stock ~

available at the present time and in the future, In Kenyan
forest management practices, the ba%'; unit for planning is
the plantation, and consequently, an accurate estiffate ot‘
stand vblbhe within ‘the plantation et various ages gver . the-
entlre rotation is essential. Although recogntzed as a

valuable resource, well adapted to intensive ﬁanagement, the -

"yield of eecadypt planCations in Kenya‘is-not adequately

documented This thesis reports on a study of the -basiof \
relat1onsh1ps necessary 59 estimate _individual tree and

stand volumes for Eucalyptus saligna/gqrandis in Uasin Gishu

district in Kenya. -
The two main exotic softwood speéies in  Kenya,

Cupressus lusitanica Miller and. Pinus patula Schlecht and

Cham., have had acceptable individual tree volume and stand
yield functions for over ten years due to their importanée

as sawtimber species. There .is an increasing need for volume

~and" stand yield functions for other species due to fuelwood

. B . ~
demand in the rural areas, where wood is the only source of

energy. - In the past’, individual tree'volume estimation has

p——

been based on scaling. Scaling is time consuming and

~expensive, and therefore, stand volume estimation 1is

preferred as\§stipﬁlated in the Kenya Forest department
genéral order nuhber 232. This study was undertaken to
p e .

facilitate the appl1cat1on of ’thié approach in eucalypt

-

plantations, . o a
0 v

~

While an individual tree volume function- exists for

eucalybts; its application inx'any particular area is

Ed 1

r~ 1



‘Aunjust1f1ed for severalﬁheasons. The data that were used to:'“
’ der1ve th - function’ wergﬁ compr1sed of 553 sample trees\
| COllected over the whole country. As such ‘,the‘,number g*
'too ‘small - o; represent any’ partlcular» area‘adequately.fi
| Secondly" e'lsample trees were older and consequently;
larger than trees ourrently belng -‘harvested ‘ fromA

”,plantatlons. Experlence plsewhere (Bredenkamp 1982), on: tHéﬁ

’,same specles, has shown that. aggregatlonxof all tree sizes o

\ln a 51ngle equatlon results‘in poor tree volume pred1ct1on.";
‘TﬁThlrdly, ‘several . eucalypt spec1es,- grow1ng 1n dlfferent
areas vere 1nc1uded~mak1ng the adequacy of volume pred1ct1on»
f*for any one _spec1es unknown. Flnally, both seedllng and“
vcopplce regenerated trees were used aS'sample trees,'w1th no,
:study carr1ed out to determrne 1f the aggregat1on of the twoﬂ'

’types of stems w%s acceptable.

>
»

The purpose of. thls study was to der1ve 1ndlv1dual tree"

volume and stand yleld funct16ns‘ for Eucafyp

v

sallgjs/grand1s 1n order to overcome the problems dlscussedkl

above._The data for the present study were collected in the

“pulpwood worklng c1rcle (Ua51n G1shu dlstrlct) cin the

summers of 1985/86 Although thls spec1es is successfully

~2

grown in most parts of Kenya, this study area, con51st1ng of

\

flve forest reglons, was}selectedv since it is_ planned as

\the major concentratlon~of eucalypt plantat1o§s comprlslng_

X‘;jat 1éast 25% o;,all plantatlons in the drstrlct.

Curve fltt;ng procedures,_ both- llnear and nonlinear
_1east ’squares, were ' ‘used ,to'f evalu te  the various

Q

;relat1onsh1ps of interest. Based on felled tree data, local”

1

,gr'and standard volumer functlons were f1tted and compared"

‘Reglonal : var1at1on ',was evaluated u51ng\‘ﬁnplys1s - of -
» "h. : . B ‘» . . . ."/'

&
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1covariancé, and merchantable volume ~re1ationship5‘ were

evaluated u51ng regre551on procedures. Add1t1ona1 data were

collected to evaluate stand y1e1d relatlons for plantatlons

between ages\2 and 10 years.

.

The' remalnlng chaptersv of , the thegis present the

/

r _ E
sesults- of the major components of ‘the study. The second ff

chapter descrlbes athe» data used to derlvr the tree volume

functlon, merchantable volume functlon and.. evaluat1on of t.e'

reglonal dlfferences. The next three chapters deal w1thf‘he

total tree volume funct1ons, merchantable volume funotlons

»‘and _the reglonal d1fferences respectlvely The last dhapter

is. devoted "to an evaluatlon of stand yield functlonsh

. ¢
" . )




11. Tree Volume.Data
¢ - . v

A. Site Description - o ' z/’

%he ‘data for both 1nd1v1dual ttee volume and stand

¢

‘yield equatlons were collected 1n Ua51n Gishu district in.

Kenya. . The Ua51n GlsHu district 1s in ‘the pulpwood work1ng_

c1rc1e. The d1str1ct lies berween 0° 30' South and 1° Of

'North latitude and 33° - 30" and 35p 0' East long1tude. It

v

‘rises from 1200 to 2500 metres ‘@bove ‘sea . level. ‘The

L " F,
altltudes of the dlfferent forest reg1ons are ‘shown in_table-

1. The total foreést land under g

.," _x'

stwdepartment amanagement
lls 61, 150" hectares and is comprrSe *oflsoftwood and hardwood
plantations and natural forest ; :;J . |
Although no deta11ed 5011 studles have been oatgéed out
‘1n the dlstrxct,' Ochleng 1968) d1d prel1m1nary soil
lsurvey Whlch showed that the whole dlstrlct is 51tuated on
'tertiary volcanlc rotks. The br1ef soil “ descr1pt1ons of .
1nd1v1dual forest reg1ons are 1nc1uded in table 1. Rapsa%ét'
and Turbo have sllghtly dlf}erent 50115 fro the other”’ three
xforest 'teglons, but - the\ 501lsv are similar and the whole.
‘region can beraSSumed to be of the same quality. ;
Gllead and Roseman (1958) Vsdégestg@ that vthefmost\.5
1mportant elements for plant ;growth»\afe temperature. and -
rainfall. The temperatures. in the . digtriot__ate féi;ly
nconstant“by“vittne of its location neat' thev equator.‘ The®
:d1str1ct experlences one long rainy. season between ‘March and

September and one season’ Wlth m1n1mum rainfa}jl between

» Co
& } ¢

2o ‘ . B . ‘ ‘ A‘, ) . . . ©
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Octobeﬁ’and February (Mathu 1983). The average ra1nfall for’
each forest reg1on in this study is shown in table 1,

| n " all \forest regions except Turbo, ‘stan'ds .were
: established' on cleared na'tural forest .sitgs ghich were
1n1t1a11y put under agr1cultural use.i'Cultivation (taungya.

system) was alloved. unt11 ~canopy closurez usually at the
3 , S ‘

third year after plantlng. The seedl1ngs were*-planted .2.5,“

p)
;metres apart‘ in rows spaced at 2. 75 metre 1ntervals. in

‘Turbo, the fields, which were mostly grasslands, .were
ploughed'.priorg‘to lplanting. ?he_seedlings_wére ueeded‘for
. the fifrst two years to eliminate “grags. competition. ‘The
‘stands: éEceiVe no further silvicdlturai;tending during the
entire rotation. - ‘

——

B. Collection of Tree Volume Data AV
._In each forest dregion, approximately 10 trees were
‘sampled from each’' age between 3 and 10 years. lhe sample»
trees had to be.yiSuallynstraight, with no multiple, leaders
and no signs"of suppression. The age range'and/number of
trees sampled from each forest are listed ins'table 1. In
total 365 trees ‘were -sampled covering the full range of
dlameters. The1r dls¢r1but1on in height- d1ameter classes ‘is
shown in table'2 Overbark dxameters for the sampled trees.
. were measured w1th ‘a diameter tape at stump he1ght (15 cm),
R metre and at breast helght (1.3 m) from ground level
_ before felllng. The breast he1ght po1nt was. . marked on two

opposite sides. o L

- -
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The sample trees were  felled, after . taking _the

¥

'preceding measurements, and overbark'diameters wert taken at

-~

2. 0 metres and at one metre 1ntervals above . this ‘point to

, -y
”’the top of the tree. Overbark\d1ameters were measured to the

—
v

e

v

nearest 0.1 m,’up to a point where diameter was less Vthag
*or ‘equal to\ 5 cm. Where the mark fellJon a knot, it was
moved upwards to the nearest point “free of the knot effect.
‘The total tree height was measured to the nearest 0. 05 metre
from ground level. The sample trées had an average height of
19.08 metres and an ‘average dlaﬂﬁter at hreast he1ght of

18.45-cm. ‘ ) | L
e : . - . \

2
C;.Calculation of Individual Tree Volume Coe
Total tree volume‘ can' be calculated using "any of
several formulas (Husch 'al. 1982) .- However, Smalian's
formula, though not the most accurate for long sectlons,_ is
commonly used 3xnce ‘the necessary measurements are easier to
-obtain. When‘Smalian's'formula is used on a frustum other
_ than that = of  a parabolgidi'or'cone,\it results ip biased-
est1mates (Husch et al. b9§2“Phi1ip- 1985) Husch et al.
(1982). c1ted a study which concluded tHat when log’ lengths”
: are'4“ feet (1. 2 «m) or . less, Smallan’s ﬁormula. y1elds
:accurate ?estimates. Philipw(1983) stated that errors due to
appl1cat1on of this formula are pvoport1onal to. the length
'“of' the log and' the ~square of the difference between the
diameters at the two ends. In other words, the longer the'-

log and the greater the taper, the greater the error,

= . .



fThe'.eucalypts in this ‘study have been described as .
' "shaft-like' (Penfold and Willis 1961), implying ~that they
éfe' not buttress;d.\ Further ghé tr;gﬁ are yéung and.have
little taper. These ‘factdks toééther, yith short section
lengths rjustif? using Smalién"s-formulaifor all sections of;

the tree.
o ’

<

a) Total tree volume
Angjl tree volume is -here defingd: as the volume
overbark ‘ffom the.stump (15vcmx to the top of the tree. The
volumes of the ‘ipéividuali‘seétiéns vere computed using
Smalian's formula and summed to.obtaih total tree-vb;ﬁme.
b)znerchantable‘Volume s | .
Me%ghéntablé. treei'volumé was defiped as the overbark
“@iume from the stump height to a 5 cm top diametér. ‘This
volqme was _ obtained b§ subtracting £he unmérchan;able-
portion of the stem from the total tree volume: As only a
few trees - had 'a““5.0 'cm diametér on “thé last diameter
méasufement, linea:,extrabolatiod Qasvuéed to determine the
height fo the 5.0 cm toprdiameter asfilluStrated in figure

[

l. The data gescribed.'above. are used in the-next thfeg
chap s to derive totai tree volume functrohs, to evaluéte
merchaﬁtable..volhme estimation and to compare the foresf‘

‘regjons from which théVdata‘wére~collected.



Figure 1: An illustration of determination of height to 5.0
c¢m top. overbark eéameter;
h=23x 1= 0.62

So height to 5.0 c¢m top diameter is’11.62 m. ,



" A. Introduction ' iy

» S1nce Tit is not

‘essential quantitative towls
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111. Estimation of Total Tree Volume

o
U

¢

Individual tree and stand . yblume £quations are

forest. management
't

(Aguirre-Bravo and Smith 1985). :H equat1ons are critical

elements in_-» inventory ‘”J.d_cgrowth and 'yield
A

kest1mat1on procedures (Clu 58

out  direct.

measurements of individual tree volumes -in daily forest

mensuration work, indirect methods of estimating volume are

needed. Of the varioﬁs'metﬁods available, the volume table
method is pefhaps the most ihﬁortant,~ﬁbth.5y reason of‘the
length of time that volﬁme tables have been used and their
almost universal application GSpur;'1952). The objective of -

a single tree volume table is to predict ‘accurately the

‘total volume of 'a ‘tree, without Felling it, using

Py

measurements that can be obtained accurately, easily and

cheaply (Philip 1983). Many independent variables have been . -

incorporated into regression eguations for predicting tree

volume, although measurements of stem diameter and height’
» . .

tend to account for the greatest proportion’ of the

'Nvarlablllty in volume (Avery 1975).

Tree volume is usually considered to be a function off

tree d1ameter at breast ~height °(DBH), height (ht), and

- sometimes an express1on of tree form (Avery 1975, Husch et

‘al. * 1982, Clutter et al. 1983). 'However, tree form is a

difficult variable to describe and there is .often a high,
degree of wvariability .in form, ‘both within and between
species (Honer 1965, Avery 1975). Clutter et al. (1983) gave

-,
11
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four reasons that make form undesirable in vg

o 12

estimation

equations. These .are: S

»

1.

Measurement  of upper stem diameter is time

A 4
errors. . o

consuming, expensive and subject to' large
Variation in tree form has a much smaller impact
on- tree volume as compared to diameter and

height.

~

N

With some species, form is relatively constant

. regardless of tree size.

In. other species, .form is often correlated with
t
tree size, so that DBH and height variables

often explain much of the variation calused by

the form difference.

q

Generally, three types of volume functions have been

used to predict individual tree volume. In simplified form,

‘these

are -

Volume = f(dbh)’

Volume = Ejdbh, ht)
 Volume = £(dbh, ht, form).

The first fype of relation is referred to as a local ‘wolume

funct

ion

and requires .only DBH as the independent vaffable.

The term local is used because the resultlng functions are

-~

restricted

&

-

to the locale for which the height- d1ameter

felationship is relevant (Husch et al. :1982). The second

relat

ion,

referred to as the standard volume function, has

DBH and heighf as the 1ndependent variables (Avery 1975,
et .al. - 1982, Clu&ter et al, '1983). Standard volume

Husch

functions, in one for? or the other, are the most common’ and

widely wused type .- of volume funct1ons. Flnally, form class
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volume functions require three independent variables: DBH,
heighﬁ and form. These functions may be more accurate and
applicable to larger areas than the other -two (Behre 1927),
However, owing to the limitations cited earlier, these
tables ‘.are less common and are not §jven further -
cbnsidefétion in this study. ” '

—~-. To derive the'mos; appropriate volume eqv;tion'from the
two types of volume functions for eucalypts, two comparisons

were made: ' N 0
Comparison 1: Compa;e the alternative equations
among local and standard volume functions.

Comparison 2: Compare the Schuqachér‘logar{thmic v
form, ~equation (10 below); with the currently
Esed_model.

-

L 4 . -

The first comparison was carried out to arrive at an

4

‘appropriaté equation for volume prediction fér eucalypts in
the study region, depending on the measurements available.
For o;hér eucalypt species,®equations Sésed on either DBH
only or DBH and height and tﬁeir inferaction§ as independent
variables have beenrused (Jacobs 1981). No comparison of -~

alternative models have been reported previously for this
: B :‘& .

.

species. -

For Eucalyptus saligna/grandis, the logarithmic
transformed equation (Schﬁmacher and Hall 1933), has 5een‘
fitted both in Kenya (Wanene 1986) and in South Africa
(Schonau 1971, 'Breaenkamp 1982). in Bredenkamp's (19;2)
study, Asubdivision‘ of the trees into wvarious diaﬁeter -

classes was found to improve the accuracy of prediction. The

A ’
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trees were divided into below ?0 cm, 20 to 40 cm; and above.
40 ‘cm diameter‘ classes. Since the tree sizes in the study
reported‘herg_ranged from 15 to 30 centimeters DBH, grouping
them into one group was appropriate. | R

The second comparison tries td assess how reasonable it
is to use the existing volume equatibn'within present forest
management practicé;. The planting of eucalypts in thé étﬁdy
area is nbeing intensified to cover at 1e¢t‘25% of all
p;antation areas, In development of the previous volume
equatio;, out of 553 trees, only 32 were sampled from this
region. Of these 32 trees, 24 were coppice. Fuygther, the two
plantations from which the 32 g%ees were_QFmpled were 13 and
24 years old. The,use of this equation in stands4tha£ are to
be harvested by age 10 needs to be verified.
B. ﬂbthods |

To assess the local-and standard volume functions, .10
commonly applied eéuations were fitted on 315.trees to test

the equations for suitability. The local volume functions

tested were:

e . 14

.

Vol = b, + b,dbh? =--=-==-=mmmmmmmmmemSamoo === 1y
(Kopénzky—GeQ;hardt cf.‘Higuchi and Ramm 1985).
Vol = b, + b,dbh + b,dbh? —-==-=------oomomooeooo .iz)
(Cunia 1964). | _
Log(vol) = b, + b,log(dbh) -==-=-=-==-r-msmoomoman(3)
(Bruce and Séhuhacherﬂ1950);

where: .
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. Vol = total tree volume :;l) . .‘~

dbh = diameter at breast height (cm)
’ log = logarithm to base 10¢and
, b's = Tegression coefficients.
Tﬁe standard volume functions fittea, which were

linear, linear transformed and nonlinear functions are

listed below: ‘

' ' o
Vol = b, + b,dbh*ht'---------cmvememr e me e (4)
‘ (Combined variable, Spurr 1952)
Log(vol) = b, + b,log(dbh?’ht) ---===-=-=-=--m—e—wo- (5)
(Logarit@mic combined variable, Spurr 1952)
Vol = badbh Pt ht Pt com o (6)
. (Schumacher and Hall 1933)
Wewol = bedbh Pt he P4 coomeeiooo mmmemm oo (7)

(Furnival 1961)

Vol = bsdbh?ht ~---===-c--srmrremc e m e e (8)
) (Constant form fécéor, Spurr 1952)
Vol = b, (dbh*ht) P 4-—-—--;—-—————————————-? ------ (9)
(Spurr 1952) -
Log(vol) = b, + b,log(dbh) + b,log(ht) --=-=-===-=(10)
(Schumacher and Hall 1933) t7
where: . -
Jitvol = volure divided by (diameter squared
times height) 4
ht = total height (m) -

Equation (7) is equivalent to (6) weighted by diamete

squared multiplied by height and~equétion (2) is a quadrafic

‘s

,"
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express1on (Cunla' 1964) EqUatlons (3), (S)fand-(TO) are -

logarlthm1c transformatlons, 1n1t1ally developed sq,a llnear‘q
'p regress1on ‘procedure fcould be used (Spurr 1952) Equatlon ,
(4) uses dlameter squared tlmes helght as the /1ndependeﬂt
- var1able 'and ‘is 51m11ar t equatlon (8)- except that the
latter is forced through the origin. Equatlons (6) (7)‘ and -
(9) are, nonl;near but haue equatlons (10) andu(5) as thelr’i
llnear form. excludlng equatlon (7) : Thef currentl; used
eqUatloh‘_iay s1mflar to equatlon (10), but its coeff1c1ents
f were-fobtained using data».w1th_ th d(\fbacks mentioned

~earlier. ' L e - e

fAccordjng” t§; (Philip} 1983) before models éan ‘be
included"‘ r further fahalysis,~ they must comply w1th the‘

/ a . . ’ R ) R . N e
ba51c condltions' '," - R » AR ¢

- /the varlance ratlo (F) must be significant at’

e . - the" chosen level of probablllty, L
.- a plot of re51dua1 must exh1b1t,'<' ',k*%;
vo b1as'v -

"bfz ‘constant Qariance. |
ilenear equat1ons wére fltted to the data ﬁ51ng thef-Mimitab-‘
statlstlcal ~ package (Ryanf et al 1976) -and the nonl1near

eduatlfns u51ng the BMDP. package (Dlxon 1979) .‘ |

' %oher. (1965) used‘ two factors for evaluating volume
"_ﬁunctions. These®were Simpl1clty and;laccuracy{‘ He defxned
s1mp11c1ty as;: the: re?%tipnshipa‘betweeﬁ“dependent ahd o
‘1ndepéndent varlables should be llnear and the assUmptions

concern1ng homogenelty of varlance should be satlsf1ed

9.,/ T o . . ‘."/,_» EE v}.‘
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Accuracy was deflned as: predlcted volume errorS"“bein'

. consistent and re%a‘ayely 1ndependent of tree “Size. With the

—

use of the computerLjﬂi,ﬁiEﬁ;;;ment of llnearltykls not a
nece551ty. Grey (1983) . 1nd1cat3§ that the ma1n aim of model
bu1ld1ng 'is' 'to jachleve (l) a hlgh coeff1c1ent of_
determ1nat1on, (11) a lon@standard error of;\estlmate, and
(111) ‘to match pred1cted to measured. values as closely as -
possible. WIth the fsmallest ‘number of easlly meagured,
£ readlly comphrens1ble, 1ndependént varlablei;/fhe/sfat1st1cs o
| necessary to evaluate the functlons she11d \erefore.be the “
sum of squared‘res1duals and the¥r¢d ~rit, tion with respecf

to predicted values, and the/pérformance of the equations
'when appl1ed to 1ndependent data. |

‘To carry out the first® comparlson, the coefficient " of
. 7
determination (R’) “the plot of residuals and the standard

errors of’ equations w1th the same form of‘ﬂ;dependentv

&
N z

Qariables were compared (Bur}ey et al.' 1972, Johnstone
;1976). For equatlons with transformed dependent Variables,j
Qalues: of R* and standard errors could not be compared w1thv
those of untransformed funct1ons. The standard errors of the

'.“

logar1thmic and welghted equatlons were therefore calculated

dlrectly from obifrved and predlcted values of the depe@ﬁent
i .
rvarlable asrshown below: ..(

N

i gein SQRT(SUM(I(]Y-—mY )‘))v

yhere: .

‘ L
- Se standard error

]

SQRT = square roof. .

, / . . .v ., / ‘ ‘ ‘ ) . ) ) ) /-{.
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and Y' .= observed ‘and predicted values - of

;dependent variable

number of observatlons

A\

number. of regre551on coeff1c1ents ‘in, the model

m
Slmllar11y, ‘an. estlmated coeff1c1ent of determlnatlon (R’)

was obtalned d1rectly from ’ . .

SST - ssn') o |

R? = ( x 100 \

- 55 S.ST.
. ‘w‘her_e.: :

S

SST- = sum of squares of untransformed Y
sSR? SUM(Y = Y )2' (Johnstone 1976) .

To assess the second\ comparlson, a\;subsample of _50
trees bwas. selected »randomly’ from - the or1g1nal 365,trees
sampled. Using coeff1c1ents of eguatlon (10) “and those of
the .currently used functlon, two sets of volume estimates
'for the 50 trees were obtalned‘and compared using .a paired

t—teSt (Freese 1967) The test was. performed between the

)

estimated volumes and the actual volumes and between the two

<
B

estlmated volumes. s

C. Results and Discussion

Local Volume Funct1ons I ' o L

‘The regressxon results for the three equatlons (1) - (2)
and (3) are llsted in table 3 The standard errors expressed'
as percewtage-of average tree vojume ranged between ZB.Q%-

for 'equation (2) . and '28.5%-'for equatlon (1). The

J.
d

coefficients in every equation are- s1gn1f1cant. The R?

valuesllin ‘all ' cases are greater than 85 percent. Plots of
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residuals versus predicted QOIUme from equation (1) and (2%
indieated ‘var1ance of volume increased with increasing treei
sizes. The logarxthm1c transformed equaflon (3), y1e1ded a‘:
'more constant varlance with no obvious systemat1c trend.

| Equatzon (3) showed a standard errar and R? nearly the
same as that of equatlon (2), but its residual plot showed a
better d15tr1but1on and at zero d1ameter, unlike ﬁﬁ@ ‘other,
pred1cted,ono volume. (See appendlx'1a for a comparison ot
- residual plots.from‘eqnations'(z) and (3)).

Equation (2) had an intercept term of 0.65503»m°, hence
the equation overestimated the volume ofrsnaTi trees and is
'notl very reliable. With ‘equation (3) passing thronéh the
origin, it gives a reasona?ﬁé'predittion for small trees.n
The fagt;.that _the standard error is larger than'that of
equation‘(z)_may imply that eqqation: (. yields' a‘ poorer
prediction for large . trees, ‘althéngh this -waa~3not
., determined. The gquestion of—which (equatidn is most

‘appropriate“‘depends on -the trees being considered}’but~frdm
a practidal point of view, either of .these two could be
' appl1ed - - \ i ' .

To evalaute how well .equationé “(2) 7a9d- (3) ‘5redict°,
Qolume, both equations were used to predict volume for‘theA
trees in, the independent data set. These predicted vaglues
vere cdmpared to, actuai tree AVOiumes and vere evaluated
based-on R’ values and standard errors (table 4). The valuesr
of these two staélstlcs again 1nd1cated tha¢ equatlon (2)

(3

was more approprlate than equat1on (3), although . the
’ ’ ‘. o . :: 25
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difference was relatively very small.

n; 2‘ ? ey

Staﬁbard Volume Functions
The regresSion" results .for the seven standard volume

~ functidns, (4) to (10) are listed in table ° 3. Ali of the

equations performed well based on standard error and Rz The

.standard errors of the seven equations‘ expressed .as
percentage of ~avei'age tfee volume ranéed from 1?.0% to
16.7%. R? values for all equations were .gteater tha# 95%.L
~The"rank1ng of the equat1ons based on both standard errors
and R* values is Shown in table 3. | | |
Comaprison of * the three ndniinear equations, (6), (7)
and (9)'indicatedAthat equatfon (65 was the most aﬁprepriate
with, the “lovest standard error and highest” R‘L(Value,
.aléhough the difference of- these two . statistics between -
equations (6) and (7) was quite small. Cenparing'the plot of
tesiduals aid_assuming the same assumptions hold . for
klinear. relatipnships, all equations, w1th an exception of
(7), showed inereasing variance. Equation (9) also had a -
larger standard error and smaller R? than the other two.

3 .
Equations (4) and (8), the linear equations, were

ranked lower  than - the dthers- and suffer from inceceasing

Herr6r variance with tree'Size. Among'the'two, equabion- (4)

was . more appropriate with a lower standard error and higher

R? than equation (8).. However, equation (8) was more

reaiistic in that-it has no intercept.

The twd logarithmic linear equations were such that
equatipn (10)° had both lower standard egror»and higher R?

LICY
i
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~ than equation (5). The d1fferenée was however very small, as

can be seen in table 3, and ('their plot .of residuals are

s1m11ar. .

The three best rankedréquatlons, (6), (7) and (10), are
" essentially the same model and d1ffer mainly in that (6) is
nonlinear, .(7) is weighted and ~(105 is a logarithmic
transformed equation, ﬁhile équatiow (6) was rénkgd as the
bést,lamong the three equations, ;ts iplot of residuals
suffers from increasing variadce (see apgendix‘1b). Plotting
the'residuals against predicted volume wden both eqﬁations
(7) and (10) were -used to estimdted,:dtuaiA volume, an
increaéing vérianee trend similar to that_‘of equation (6)
was Qbéervgd‘ (appedd&x ‘1c). Therefore;ﬂfthe statistical
bedefits of wéighting and logarithmic £ransfbrm;tionA to
equéliée the variances do ndt improve,prediCt}on'capébilitf.
Analogous to the. loéal volume functions, the three
equations, (6)L.(7) and (10) were tésfedfoh the,indeéendent
data.-Based on boﬁh computed standard errors aﬁd R?, the
same ranklng for these equatlogf was obtalned with equation
~(e) hav1ng the: lowest standard error and h1ghest R* followed
by equat;on (7) and finally (10). Therefore, among the
individual‘ tree volume functidhs, (6) ¢ - tra most
appropriate for prediction purposes. Tat.e - shows the
results of-these dompanisdns., |
ff wedghts_ are:noﬁlapplied'add the assump! ion is made

#

‘thatfvéfiances are equal, when in fact ‘they are not, the

~

regression technique will -place more emphasize on large
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resxduals " ande resu}t in" a good fit for those trees
assoc1ated wzth the large variances and vice versa for small
trees (Honer 1965). This is, however, consistent with the
useage of tree vélume functions, which éﬁg typically for
1afgér trees aésociated with large véfiances; ‘
Assuming the data used in this study  are
repgesgntative, ‘then the"éqnclusionS"drawn by Furnival
(1961) and,Cunia (1964) that 1increasing variance causes
iﬁefficient estimation 'of parameters’ apparently doe's not'
app}ly to the predictioa capabilities of equatlon (6)
Therefore, thé weighting or thé logarithmic trénsfqrmat1on
of equation (6) could be justified from statistical but not
ffom‘a prediction péint of view. i ~ )
To carry out the"second comparison, the values of
: coefficient% for equation (10) ;hd‘ fh% Cur;ently \used

equation in Kenya listed below were compared The

‘coefficients are:

equation (10) existing equation
- b -4,34442 -4.3687
b, - -1,75657 1.8139
b, _ 1.12342 1.1111

The d}ffe:enceé between these coefficienfs are nﬁmerically
" small and when exbressed aé percentages are 0.56%, 3.26%;and
1.11% respective;y. Hdwever,;when the two egquations were
used to éstiﬁété volume of an independent data set, a péired
t-testfrgvealéd!that the fwo' were significantly‘ différent
with a: computed t-value ' of 12,959 compared to a tabular

t-value of 2.009 at a 95% confidence levei. A t-test betweeﬁ
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actual.volumes and the eétimated volumes from the existing:
equation showed a significant difference with a tfvalﬁe of
3.41, The t-test betﬁeen actual volume and equa:ion (10)
estimates was insignificant with a t-value of‘6f013.

" The equation deveigped in this study estimated a
‘gmaller volume ' than the currently used equation‘in all
cases. The smaller volume, expressed as'a percentage of the
other, ranged between 91,0% and 96.9% with an average of
93%. The deviations from the actual volume were larger f;r
the currently used equation than eqlation (10). Listed below

is the total volume of 50 trees and estimates of the total

from the two equations with their respecfive deviations.

'y

Total Volume (m?) Deviation (%)

Previous Equation 13.344 +7.3
Actual Volume 12.244
Equation (10) 12,114 -1.1

4 f . \\ |

- D, Conclusion

' Overall, staﬁdérd volume functions are more accurate
than iocal ] volume functions. Of the standard ' volume
functions éxamined, the weighted nonlinear equation (7) or -
the logarithmic equationv (10) were the best chpice for

-

volume prediction from a statistiéal point' of view. If
lpredictive power = is of ;rimary importance and.incTEasing
variance with tree size is ignored, the best choice among
the func;ions fitted is' equatkon (6). with the smallest

stahdafd error. It .should, however, be noted that the
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differences among either local or standard volume functions
nghsidered separately is vefy small for all practical-
purposes, ; | 1 ' (

' The equétions ‘derived in this study are more accurate

than the c%rrently hsed.tree volume equation. In the study

\ region where plantétions are currently being hé;vested at
age 10, the Q?&ived equatiéﬁ should therefore be‘adépteé if
accurate estimates are to be obtained. Basea on Bredenkamp's

1 (1982) and Hohar's (1965)  studies, -two points are
ﬁoteworthy. T%é eaﬁations developed in this study are based
on’a well defined'popuLation and their utilization outside
of this population should be verified. Also if applied to

trees with DBH's greater than 30 cm, the equations may

introduce %Gme bias and thus should be applied'cautiously.
[ 3 ’ .o
~ - v



IV, Esiimation of Merchantable Volume

A. Introduction
Merchantable volume is the portion of the main tree
stem = volume within specified Qtifization“limits. The
relationship between merchantable volume and diameter and
height differs from that of total volume and these same
variables. Tﬂérefore, the equations derived in thebpreceding_
chapter ‘cannot be applied without correction to the problem
of merchantable “volume esﬁimation.,
Four general ﬁefﬁoﬁs have been used to estimate
merchantable volume (Cao et al. 1980, Philips 1983):
1. -Direct measurement, ie. sealingof felled trees.
2, Iﬁtégration of taper functions. »
3. Regression of merchantable volume with DBH and -
height.
4. Adjustment of total volume using a ratio of
ferchantable to total volume. The ratio is
" éstimateé as a fqpction qf DBH and height, sJap
as: -

a

; ‘ _ merchantable volume
» MR = f(dbh, ht) = =T Tome.

7

The first method is usually too costly to apply. routinely
but is used to provide data required in the last two
- methods. The taper function method was not considered in

this’ study even “though it allows for any definition of

27
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meréhantabiifty. In‘kenya, the limit of merchantability is
fixed and dhlikely to chan;e.

. This study deals, therefore, with applicatioﬁ«'of~ the
last tﬁb methods using several models for each and comparing
the performance of the best models between t%e two . methods.
While the third method has been applied for other'eucalypt.
species (Jacqbs 1981), only the fourth method has.Peen used

$

for Eucalyptus grandis[galidna in Kenyﬁ . (Wanene 1986) .

Unfortunately, the ratio _that was derived may currently be
of limited utility as it was based on data whose age range
was éboVé\the ormal current harvesting age..J -

. To carryqxé%g; the evaluation between the third and.
four;h method, the foilowing cbmparisons were done: |

. Comparison 1: Compare the difference in accuracy of
estimated merchantable volume among th;
merchantable . ratio and merchantable volume
equations. o

~

Comparison 2: Compare the merchantable ratio and

| merchantable votjyé’gquéfiohs.
/ |

B..ﬁéthods;

Based on past studies of eucalypts andg, also; the
literature concerned with volume estimation of a given
portion of stems, several merchantable ratio functions were

fitted to the sample data. These functions were: - "
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(similar tQ tM¢ currently used ratio, Wanene 1986).

»

MR = (1 = b,dbhP?) =memmmmm oo (2)
(Clutter et al. 1983)

MR = 1 - eP' 9P (3)
(Ratkowsky 1983)

MR N O (4)
1 + b'eszabh (

(logistic, Ratkowsky 1983)

MR = 1 + b‘eb’dbh‘

(restriction of (1) to b, = 1 and b, < 0 b, < 0)

where: e )
MR = merchantable ratio .
1°A : .dbh = diameter at breast height (cm) ° |
b's = regression coefficients
Ag\ﬁ = base.of natqral logarithm.

Equationé (J) and (5) are sdmilar except that equation
(1) has more flexibility than equation (5). The two are’
similar to an equation developed earlier, for eucalybEs in
-Kenya (Wanene 1986). In equatioh (1), b, should be close to
1~while b, aﬁd\ba must be less than 0 if a ratio less than A
is to be_pr;dicted. In\equation (5), b, is équal to 1, and
both b, and b, shoula be less than 0 to estimate a ratio

less than 1.

{
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L0 .
. Equat1on (2) is a rearrangement of angequatlon glven by

ClUtter et al. (1983, page 9, equatlon [1.12]). Eguatlon (3)

and (4)‘ 'reﬂ growth- equat1ons that have been appl;ed_1n~

‘-growth studles elsewhere : (Ratkowsky 1983). While b, i .

equat1on (3) must be less than 0 _1n'equation’(4)'b.'must

greater than 0 and bz less than 0, 1f rat1os between 0 and 1

A

'apé to be estlmated The testlng of these two equat1ons in

L

R AR R S SR S et e e e 300

" this §tde was 1n1t1ated because the merchantable rat1o :

-versus dbh plot was asymptot1cally approachlng 1. Although

Y : <

\ :

the‘ébove restrictions are thepretlcal no restrlctlons were'

r)

appl fed .when fitting the vequations~'to» the data, .énd‘i

‘therefore the1r values vere emp1r1cally determlned.

_To Nestlmate._merchantable volume dﬁrectly, 'Use\;of_
-merthantable rather than total height log1cally‘ﬁ1ncreases

the ° prec151on of the est;mates (Spurr 1952) However; there*-

is usually more error assoc1ated with the determination of

e o

;f'the merchantable helght théh total helght on standing trees.

N Study. ' t ‘ : ’“‘ B . ' - 44 / .

Jl

The followlng merchantable VOlume equatlons were fltted

4

N\, _ <
: ConseQUently, only total tree he1ght wasftons1dered 1n thls

o' the . data, malnly because of . thelr better £1t in total-

: volume est1mat10n-." L S v
| VAR ¥

_Log(vel) = b, */b,log(dbh) + b, log(ht) f—%-——f.e—é--(s)
Vol = b.,;,db,hb'ih"tb*_, -'-"-*"-'--?---,-f~?-.~'f4;»7 ———————————— (7).
_where: .

: L L4 e :
. Vol = .= merchantable volume’



i

"ht total tree height

"

e ‘/’ ‘
log(?ol)

logarlthm to base ten of volume.

-

To carry out the first compar1son, equatlons (1) to -

(5),' and equat1ons (6) and (7) were’ compared u51ng standard‘

errors, R* and analys;s of re51duals. In assessing the .-

second comparison, ;the‘ best equatlon from each of the two

2

methods were compared. The regress1on coeff1c1entsu,of the

Al'

'two equatlons were used to predict merchantable vojlle of 50

’ randomly selected 1ndependent trees énd the1r; estimates

compared u51ng a par1ed t test (Freese 1967) S S

: ﬁ.’i'

C. Results and D1scuss1on ' ‘ g

7

The ratio equatlons had .very small d1fferences in their
l

merchantable ratlo predlctlon. The actual merchantable to{

- total ‘volume rat@os ranged- from 0'905966 to' 0.998756.

Equatlon (1) had’ p;ed1cted ratios ranglng between '0‘919525 :

_and 0'997521. Equatlon (2) had ratlo values ranging from

- 0. 920371 to 0, 997878 Equat1on (3) . ratios varled from.

0. 892485/to 0. 999929 ‘and those of equat1on (4) from o 925988

to 0.999601. F1nally equation (5) ratios ranged ~ from

.]fO 939349' to . 0.59°750 ‘whi\h. is close to  the rangeﬁfor

equatlons (2) and (4). The regress1on results and parameter

estlmates of’ the f1ve equatlons are g1ven in table 5.
e

‘Among. the'f1ve ratlo equatlons, (1)” (2), (4) and/ (5)

3 prec1se than the rest as . determlned by the computed R? and

- standard »error. Equatlon p(z) is less precxse but has the

VA , /

T s
- are only sl1ghtly dlfferenb/ However, equatybn (1) is more

7/
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least number of regression coefficients to work with, This

‘may be the cause of the reduced precision.f .
. The plot of residuals for both eduatipps (4) snd (5{
‘;Qére 'similar'fbrbhll préctieal'purposes. ﬁdwever, ihnfﬁe two
equatiops, when both predicted and actuai merchantable ratio
were plotted agalnst -diameter at_preast helght, there was .
: overestlmatlon of ratios for trees with: DBH greater than 24
‘cm. .The plot of equatlon (3) showed a sl1ght underestlmatxonr’
of  the ratio for small trees and overestxmatlon for larger-
trees similar to ‘equations (4) and (5). The plots of
:quaﬁions (1) and (2) were similar and also'aecebtable,'with
" no ‘trend in overes%imetiné or underesrimatgﬁg,of‘the ratio,
hoﬁe_ver,'wi_th‘inj the range -of tree sizes in the data.
Therefore, to chodse f;vaequatith 01f eﬁd (2), both §’~and‘
standa.rd error had to be re!"on, which led to the choice
of equatlon (1)W=table 5) | .
iThe‘ merchané%ble volume equatibns: used deperdent.
wgrlables w1th d1fferent scales and so could not be dlrectlv
compared Equatlon (7) suffers from an 1ncreas1ng var1ance'
trend, but has a h1gher R? and lower standard error than
equat1on (6) (table 5). When using the results of these
~equations to predict merchantable volume - of a'lset Qf
1ndependent data, equatlon (7) y1elds a lower sum of squares
of re51duals, which implies that 1t is ‘more, appropr1ate than.
equation, (6). The fact that the two equatieons are the same,
differidg dnly is that one;"is nonlinear andjthe Other’.
logsrithyie transformed;_ ean wbe seen inf;'the shall

.
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diffetEnces between their _ﬁ' “and standatd'iertor values .
(tahle 5). | | |
'Predieted'me:chanteble volume using equati%ns (1) and
(l) were computed for;a set of inaepehdent data &nd R* and
~standard errors were oalculatedfueing the formules given by
.AJohnstone (1976). Fh 'pairedo t-test was also carr;ed out
between each of the two sets of"estlmated merchantable
vblumee‘ _and .the | actual - merchantable volume of the
independent data. The results from_these comparisons are:
.St. error R? . 'tfvélue

~

Equation (1) 0.042875 95.09%  0.28 ‘(ns)

»

Equation (7) 0.039028  95.93%  0.04 (ns)

Equation (1) is based'on the eestimates - of both the ratio
equation -and total volume estimates from eouation (6) of
=  chapter 3. | |

“ - Erom the above wresults, the difference between the
eetimates from the two equatioms are not significantly
-different from the actual merchantable volumes, although the
»merchantable volume equat1on is ]USt 'slightly better -than
the ratio equation. Thls finding ls not unexpecteat The |
f:atlo equatlon'ls based on two approxlmatlons, whereby, the -
errors assoc1ated w1th the estimation of total tree volume
are 1ncorporated in the merchantable volume estlmatlon using- -
,the ratio function. In contrast, the merchantable volume
. equatlon ut111ze{ the actual values whlch have \no previous

4

estlmatlon errors 1nvolved
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: If the ratio funct1on 1s utilized, 1t is approprlate
s1nce the merchantable volume is solely re11ant on the total
volume and therefore, w111 always be smaller than the total

P volume,. This cond1t1on does not exxst with the merchantable: e

\ «

volume equat1ons.' F1nally,. the "merchantable volume.. ratl

-~

*: - method is currently used in Kenya for other species qnd,
therefore, i's more compatlble with present volume est1mat1on

methods.

D. Concluslon
Although the accuracy in estimation of merohantable :

yolum: USing a merchantable volume function should be higher
with use of mérchantable he1ght (Spurr 1952), in the field
| its measurement is dlffloult (Husch et al. 1982) ‘and usually -7
not praotical. Presently, the"trend is toWards constructing
volume ztables that predict total Volume_and deriving from
",hese tables volume to specified’ top diameters -kPhilip
l'83); _This may suggest seleotion of a ,ratio eqUation
instead ofythe,merchantable volume_equation. The mcomparison‘
of"ratlo and - merchantable volume equations indicated né
*s1 nificant dlfferences, , | . |
Application of a merchantable rat1o equation for
me chantable volume est1mat1on is an ongo1ng exercise 1n the
Kenyan forest department. For other 'commerc1al species
51m1lar merchantable ratlos havgabeen in exlstence ?or the
'last 10 -years (Wanene 1986) The current merchantable ratio

equat1on for eucalypts in Kenya was based on thls same data,

)
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collected on mature trees of dszerent generat1ons, species
and from very d1ve‘se sites. The use of this function is
consequently qUest1onable and should be tested.

In this study,: only a 51ngle top diameter was

i)

considered, Whlch may apﬁéar ‘hs a draWback However,

different utilization standards are not anticipated for the
- following reasons. In the first. place, h1gher,Aut111zat1on

standaFds would mean total removal of the trees whlch may

have detrimehtal effectS'on the s1§es when associated with
xzthe fast growth r&te of the species. Secondly, considering
- that the growth rate is high, the top'section of the tree is.
.composed of very young ‘material which 'is~of lit{le use

'except as fuelwood "Finally, it is the pOllcy of vfhe' Ken&av
forest departmeht that tree tops with diameters less than 5
ch should not be. removed for any purpose ffom' the logging
site. Therefore, fhe ratiovdeveloped»here is adequate and
should be adopted in.the study regfop.i -
P



V. Regional Differences

A. Introduction ' . u | o

| One shértf%ll of the existing tree volume equati;n f;:
eucalypts iﬁ Kenyé has been the‘@hclﬁsion of data without
bafidation from a variety of sources. So ﬁar; thié study has
assﬁmed that all five forest*regiéns "from which the data
were collected are similar. Bruce. and Schumacher (1950)

the same form in all the forest regions concerned, then
. e "

‘prediction of volume using standéfd volume functions should

r

result in minimal errors. However, they!also point out that
this is rarely the case éhd]expérienpe.elSewhere_(Bredenkamp
1982) has Sﬁownzvthat there may be significant differences
between stands and/or regions. .

Therefore, before a single equation can be'aéapted for

the whole area, the similarity of the regions should be.

tested. To .achieve this, the following hypothesis -was

advanced and tested:

*

Hypothesis: There are no significant differences

between the five forest regions’ once variation

due to diameter and height has been controlled.

-

This hypothesis could be broken down into two questions:\

‘suggest that if the trees being estimated for volume are of .

1. Are separate equations fitted for each forest

région the same?
2. If- the above question is answered in’ the

negative, where do the regional differences

37
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B. Methods ' : »
! /

The hypothesis that'there were no differences between '

. the forest regions was tested on the logarithmic function

(equation (10) of chapter 3). A%though fhe function was not
the Bést as'-shown- eariier, it was selected because it
préviaed'a better basis for‘gtatistical tests. To Facilitate
comparisohs; inaicatorv‘variables "as defined below were
iqtroducéd into the eqhatidﬁ: |

Log(vol) = b, + b,log(dbh) + b,log(ht); |
to include effects due to regional differences. The expanded:

form is:

'+SUM(bizi) + b5x1+SUM(bi+

Y = by 52iXq) *+ bR +SUM(by, 142 X))
where:
Y =-log(vol)
X, = log(dbh) _ , -
X, = log(ht) . . ‘ |

N
b’s’;‘regression coefficients

Z'es = indicator variables such that

Z,

1 when region 1, -1 when region 5, else 0
Z, = 1 when region 2, -1 when region 5, else 0
"2, = 1 when region 3, -1 when region 5, else 0

Z. = 1 when region 4, -1 when region 5, else 0.

. With the indﬁpator variables aﬁd thé'model as stated, each

region. has its own logarithmic function. The equation was
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fitted to the data ‘Uusing multiple linear regression

.

procedures. -

Three multiple 'partial F tests (Kleinbaum and Kupper
1978, Steel and Torrie 1980) were used ts determine whegher
‘a singie model could be used for the pooled data from th;
five regions., The null.hyéothesis was that no differences
exist =cmong the Tregions, 'while the alternative was that
differences do exist. o . {
To carry out the first test, that the_equatiéns for the-
fiye regions all have the éame constant 1y-intércept,, the
ﬁarameters b,, b,; b, aﬁd.b4'in the expanded equ#tion were
set to 0. To test that the five regions :have the same .
coefficient attached to log(dbﬁs, the coefficiéntsbb. to b,
‘wege éet to 0 and finally,, to test for: the coeffic{épt
atthched to the log(ht), b,, to b143were set equal -to zero
and the eqpatio? refitted with all of the other parameters,
In each case, after aésumiﬁg regiénal paraméters were equal
;o\ierb} fhe gquation,was refitted'and reférrea‘ to as the
reapced foraﬁy as opposéd to the origihaljeéuation which is
krefér;ed vto“»;s the full equation. The F value was

subsequenfly computed as:

SSE(neducéd equation) - SSE(full equation)

F = .~ number of b's put to zero

MSE(full Qﬁuatioq)

This F vélue'was compared with the critical tabular F value:
;ﬁ(m, n, a)’-

4



where: m = number.ok b's put to zero

n = degrées of freedom fo; the full equation

a -‘confidegce level. .
. The coefficients for_ the $different regions were
significantly different if the coﬁputed partial F value was'
greater than the critical tabular F value.

1f significant differences were foﬁnd in the above

tests, eithér Schéffe's or the Bonferroni method could
'subsequently be used to db pairvjse éomparison of the
coefficients of the different forest regions. The choice of
" which test to use depends on which one provideé the §tric;ef

limitations (Neter et al. 1985), These tests use the

notation:

1 = - .
s* = (r 1)}';‘(l-a,r--1,N—r)
=. -a -
B t(1 52N r) |
‘where: S = Scheffe's constant

B = Bonferroni constant

r = number of independent populations

N = total number of observations -
a = confidence level

‘ : Y
s = number of comparisons beiag made. AR

o : | ‘ alre
While the two tests described above are general&?-ﬂi

T NU
conservative relative €Q other tests, they were preferred

because of unequal sample sizes:(Kleinbaum and Kupper 1978).
=8 o .

To decide the test to apbly,-if~hece$sary, both S and B were

calculated using the ingdividual tree volume data. At a.

Ve

confidence level of 95%, S was computed and found to be

-

“an
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3,079 while B was 3.612 which thus meant Scheffe's test was

to be used if requid. The difference between the
coefficients is significant when:

| b;

SQRT sgi + sgj)

- bJI

2 3 (Neter et al. 1985)
: ; )

where: S = Scheffe's constant

| !Ii, by = coefficients to be compared

b. ' Sp = the coefficients variances

SQRT = square root.

A confidence level of 95% was used in all the comparisons.

C. Results and Discussion

All the multiple partial F tests carried out were
réjecfed implying some differences existed between each of
the three coefficients among the five forest fegions. The
computed Fi values were 352697} 2.5934 and 8.6865 for a
Vcommon‘intercept, common log(dbh) coefficient and a common
logtht) coefficient ;espectively:;\These F'valqes were all
greater than the cr;tiCale value 2;40. Theréfére,l pairwise
comparison of the forest regions was requirgd.‘-‘

Kaétagat forest (region 4) had qn'intercept term that
~ was barely signfficantly-different f;om that of Penon forést
“(regien 5) with dn S value of 3.088. AIl the other pairvise
comparisons of the the ’intbrcepts were not significaﬁtiy
diffefent from each other. The slope éoéfficient attached to

A 5
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féé(dbh) term was also barely significantly = different
between Sabor forest (region 3) and‘éenon forest with an S
value value-of 3.1165, Finelly the coefficient, attached to
}9g9(ht) term was found significénfly different between Pénqh
forest and three other foregts. These are Turbo ,forest
(region 2), Sabor and Kﬁptagat forests, with S values of
4,0199, 4.4121.;nd 5.5784 respectively. Therefore, except
‘for the b, coefficient, which was significantly Wifferent
between the three forest‘reéions and one more (Peno;), the
other two coefficients were barely different at the 95%
confidencé level (compare 3.088 *with 3.079‘ and 3.1165 ‘and
3.079). |
All the significant différences were between Penon and,

éome other forest reéion. With no difference between the
other regions,_the pooling‘gj@%heir_data may be  acceptable,
while Penon should have a separate tree volume function.
Table 6 shows the statistical fesults of fitting data for
each region. " | o

| The above results were not expected mainly becausté the
regions are géographically close to each other. Similar
results, however, h;;e been reported elsewhere (Geary et a}.
1963) where eucalypts are being grown as exotics. Gé;ry et
al. (1983) found that withﬁi§§h6rt .distances in the same
stand, slight soil differences were résponsib{e for the
diffe;ences in grqwthbratesxwhich consequgntly may also have’
had soée influence on the tree fofms. ‘

T
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"D.UConclusion T 5 gf
. ~ i \

After‘ the” var1at1on due to dlameter and helght

.

d1fferences is accounted for, very 11ttle var1anoe remains e
-

and therefore, few reg1onal dlfferences exlst Based on the

{pairw1se compérlsontof_the forest-reglons, (th%- first four,~
regionS'COuld have a common.tree«volume‘estimating function.
The tree volume funcglon for Penon reglon should, howeverf‘

| be separéte. "7" e

;;.:; v

Cons1der1ng that other factors, such as seed‘ source;
silv1c\1tural treatments and tending of the plantatlons in
the flrst three years oE:Establlshment on top of difference

in -501ls, affect tree growth and form, ‘further studies of
these factors should _be carried out to -determine their
~effect and:‘consequently reduce‘ the unexplained,'fthough

/ -

small, varlatlon., : o

With the ava1lab111ty of' coMputers to estimate treew”

Nolumes, whether a 51ngle or several different equatlons for éﬁ
/ o -
dlfferent' forest reglons are used depends on the accuracyi*ﬁ

a vrequlred and ‘the exlstence of such equatlons. Thevefore, 1t

cg

is p0551b1e to est1mate tree volume for each reg1on based én

'an equatlon. derlved from ‘datg% collected w1th1

boundarles and w1th1n the harvestlng age rﬁnge, as 1n'tab1e
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VI. Stand Yield Prediction

.‘ ——‘ R . . e ~1‘ ‘. ._ Lo ’ -‘ (
- A, Introductxon L - . : . .

_As y1e1d predlctlon s reguired for planaing at the

. forest level, estimates must be available s for all

o

‘significant species,- sites and for the .range of harvestlng

| ages llkely to be encountered (Johnstone 1976 Dempster Tand

. Goudie 1984) Future growth and y1e1d of 4 g1ven forest can

be modeled based on two basic approaches-'.whole stand and

’/

and;vrdual trees (Clutter et al. 1983, Mathu 1983, Philips

f 1983) . The approach.used is largely dependent.on the type'of
data“ ava1lable..In th1s study, the whole stand approach was
cons1deﬁ;d mainly because there 1s no growth data for this
-species of eucalypt in Kenya. o | - |
‘ The best way to collect growth data for' an everi-aged

stapd would be to monitor its developmental process by

per1od1cally taking’ measurements. An alternative to this is

" to carry out .stem analyses. ~For this- study, due to

contlnuous;growth experlenced in the. trop1cs and ‘the lack . of‘

g

rel1able lnformatlon was to survey stands at different
stages of development (Sweda ‘and;:Umemura 1979);, This

alternative is complicated by sampling variability and

<z

product1v1ty in addition td gro#th T

s . ',_,1

o A w1de variety of 1nd1rect predxctlon methods bqaeg

varylng stand parameters has evolved td?keet the ?ange of‘

7 o : '/ »
45 . T
°‘ ’ ‘ ,‘ 5:"5',‘/'.

A

< 'remeasurement data, the only p0551b1e means for obta1n1ng‘

@ifference in stand characteristics. such as density and '
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cenditions‘ eadountered in the'forests (Spurr‘1952). Among
the stand varlables appl1ed the most commenly used are age,
51te quallty and stand dens1ty as well as 1nteract10ns among
these var1ables 1n a Schumacher “type yleld model (Curtls
'1967b, Murphy and Sternltzke 1979, Murphy and Beltz 1981
Ciutter et ai. 1983, Borders and Balley 1986) Accord1ng to J
Pienaar and . Shiver (1986), the Schumacher model 15/51mple

‘and eminently sensible as a yield function for ‘untblnned
: % o ' »

stands.

The main .difference"between 'this study and others

(Curtis 1967b, Borders and Ba1ley 1986, Pienaar and Shiver

1986) is.that temporary plot data are being used. Therefore,

L}

projection of . various varlables in ‘the future “is lnot

-possible, Consequently," y1e1d 'ia, this ‘étudy ‘will | be
O vy e .
estlmated based pr1mar11y on age of the stand, but a stand '

* o

yleld'equatlon based on other ‘measured var1ables ‘w111 be

included to compare estiﬁateg. with and w1thout field
¢ i ' :

_ measurements. } | : o e
. . rt, M - . o 3 !‘A . .
Bt;Collectian of Stand Data - . d .

S e . - L. t ) ‘
o In” each forest reg1on, except  Turbo, five

representatlve,t&gmporaryf flxed area plots were sampled ‘for
. ra
5 %é&h exlstlng age class in the region. Age claSses varied.
¥ ‘kfrom 2. te 10 years. For the Turbo reglon, remeasurement data

® were used and treated as 51ngle-exam1nat1on= data. Fifteen

N

plots were. inciuded in the , Turbo regioh data and two

measurement p01nts (at 1eas$g§¥o years apart) were used even

./
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“when more data was availaple. Twenty twe ;piots were 0.015 .
and 8 were 0,04 hectares‘in this regiqh. From the other 4
| regions,:zs plots had an area of 0.0z,hectares'and the rest
vere 0.04 hectares. In total"from:the fiQe regions,. 130

plots were - sampled The age dlstrlbutlon by reg1on ?s shown

1n table 7

i?ber of stems expressed on a per hectare - basis
< ” ‘

fr%nn‘425 to 1400. Dlameters at breast he1ght (DBH)

‘were measured to the nearest 0.1 cm for all trees w1th1n ‘the
plot and- top helght (helght of 100 1argest DBH trees per

hectare - usually 2 or 4 t;ees per plot), was measured to~

the nearest 0.5 metres u51ngla suunto c11nometén&_{

hectare’

The plot data, which were.sqmmarized on a
pbasis, ihcluded.number of trees, the average topphejght, age
df'the,stand, basal area and total volumeﬂ Height QaS'»the
average of 2 or 4‘1argestkaH”trees, depending on.thetplot
area. Age of the stand . was accurately obtalned fromi the
plantat1on records. Basal area was plot basal area d1v1a§§///
by plot area., Likewise, total volume was obta1ned by
kleldlng plot volume by plot area. Since only a small number °
of trees‘ were ?measured vfor! helght, a he1ght dlameter‘

' Yrelatiohship for .-each ﬂregion' was 1nyt1ally established

w(appendix 2), and applied to all trees in " that regionéjtgw*

estimate * height. ' The ' individual tree volupe functiof

" (equation (6)) developed in chapter 3 was used ‘to estimatef"

.y

individual tree volumes.

Bl
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C. Methods ~

One basic equation'form that hés been extensively used

for y1e1d est1mat1on is the Schumacher type variable density

l.," .‘

.equatlon of the form._. L e
B b+ b (3 ) + Ba£(S) + byg(D) =-mmmmmomososn(1)
'~ where: ' ' '
Y = yield per hectare
A < stand age
'f(S) = some fﬁnétion of site quality
é(D) = some function of stand denSLty
1n kx) = natural log of Y |
’ b;s =°regre551on coeff;cients

(Pienaar and Shiver 1986).

'This equetien forms the basis of this stﬁdy, \
‘Ambng the predlctor varlables, age - was accurately

. known, Jbut S1te quality was not. Owing to thg,51m11ar1ty of
. so0il typesxln the f1ve regions, site qua11ty was assumed to
.+ be the same in all regions. Stand denszty ‘can be expressed

' inlterms of'number of  trees or basal ' area per ghectare
(Bickford et al. 1957, Cuftis 196ib)1 With the latter.
expre551on, addltlonal f1eld measurements are requ1red 51nce
number of trees can be determlned from the initial number of
trees planted. Assuming constant plantlng density and little
or ino mortallty, number of. trees would be assumed constant.

For these-reasons, the 1n1t1a1 efforts at modelling" y1eld

concentrated on volume as it relates\to stapd age. \Mf
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¢

VOlume was  fitted to age using two d1fferent models.(

Equat1on (1) was f1tted to the data fﬂ the form:
Ln(Y) = b, *+ b,(3) ~—-—=-==--- ELTEEE === (2)

Equatlon (2) is based on the axiom from long term stud;es og
plantation yield that have shown that . yield 1ncreases
asymptotica&ly ‘with age (Pfenaar and Shiver - 1986) and
consequently', the. reciprocal of age. It is also the
Schumacher model assuming that site and dédsity are

constant : "
. .

_ The\second model was based 'oﬂi the Chapﬂun~Richa;ds
growth model (Richards 1959): = |

= bo (1 - e MyPr o semmmmommmeooo(3)

. ' L
Finally, a'nonlinear equation:

b, b,

Y = boBA H

where:

" BA basal area,

H

top height,

was introouced to compare the_ strength of prediction
relations with and w1thout field measurements. Equation (2)
was fitted‘tovthe é:ta with the m1n1tab statistical 'package:
(Ryan et al. 1976) while_the’nonlineaf equations, (3) andx
(4) were fltted with the BMDP package (bixon 1979). These”
equatlons were fitted to 105 sample plot data. Twenty flve'
: sample plots were w1ﬂhmeld as a test data set. Whlle _the

test data were composed of f1ve randomly seLected plots from

each»reglon,’the age ;angedvfrom“z to 8 years with 3, 9 and



10 year old plantations unrepfesented.' Also, age 2 was
represented by onay one -plot. .

The dependent. variables in the equatiions were not of

~the same form and the:#fore both R?* and standard errors from -

‘the transfo;&eﬁ equation‘were directl&gsomputed to make them

" comparable /with those of untransformed equations. (Burley et
lal. 197}; Johhstone 1976).
DR T o
D. Results and Discussion
‘Equations (2) and (3)fprovide‘teasonab1e predictions of
stand yield with R"values of .60.6% ahd 65.8% respeétiVel}
(table 9). 'Althouéﬁ the plot of res1duals of 1he “two
equat1ons indicated wide varlatlon, the plot of equat1on (2)
was more acceptable with less variation. I
Con51der}ng 'that these are plantat1ons of young trees,
a loglcel»questlon is: why isn t the relatlonshlp stronger?

The data correlatlon matrlx, table 8, and plots ofvvolume,

basal area, number —-of trees (density)"and height, all

related - t age (flgures 2 and 3) prov1de a part1a1 answer.i

The plot of volume versus age, (f1gure 2) shows substantial
var1ab111ty, _ particularly in the 7 and 8 year' old
plantatiohs where the range 'in volume is 150 ﬁo 450 and 100
to 300 CUblC meters ‘per hectare respect1ve1y. 51m11ar trends
.are ev1dent in the plot of basal area versus age.

Height versus - age’ afgure 3) shows much less

Ve

{frgab111ty, although the range 1ncreases somewhat in older_!

%énat1ons.‘ The surprising result, however, is seen 1n the
~ : ]

W
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/Figure 2. Stand volume and basal area versus age
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(a) Density (number of trees/ha) vs age :
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Figure 3: Plot of density and Height against age. *
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plot of number of trees versus age (figure 3). In spite of
> ‘ S

the ’assumption that initial densityM}s constant, the actual

density of plantations shows remarkable variability vith a

“rahge of more than 600 trees per hecﬁare at nearfy‘every age

from 2 to 8 years. ThlS is a sharp contrast with what would

theoretxcally be expected with an initial constant planting
4

dens1ty of T450 trees per hectare. Th1s observation combined
with the relatlvely less variability in he1ght suggests that
. density variation is the major cause for ‘the mediocre
gq{é}ion of volume.(aﬂd_basal area) with age.

As a resulf of these observhtions,/ the assumptien of
constant density was dropped and the Seﬁumacher edeation

(both linear and nonlinear fgrm)'- as fitted to the data

1nc1ud1ng density as a predlctor varlable.‘
Ln(¥) = b, + B, (3) + b,N

+ {)._(%) * DN

! . SRR R e gk Ry
Results in table 9 show only _slight, “thoygh'’' ?

& -Figure 3

Y

density at ages 9 and 1gwyears. Fo ) “é% tha» heﬂght

a ed w1th standB at. age'f; )

"\

high and the density is low as q%mp
10, which have high den51ty an&;iow helgh‘.t.,A loglcalﬂ“‘_~“'
queétlon then is: Is height affeo'ﬁd by dens1ty? Taklng datak- 
“for age 8 which had the greaég

P , '
@rlablthy,h a, simple‘

'

linear ' relation between heigh;;” ‘sityfyae‘deyeioped to.

: . R L S A
e R “g&yw K o RS 1}



answer the questiaon posed abovet ' .
, , ‘ .® '
| Ht = b, ¢ b,N b, = 20.358, b, = 0.003342. |

The correlation was not significant between height and
densfty at this age and thus the relation did not answer the
%above guestion. Although the correlation coefficient was
insignificant, its positive value and therefore tﬁe positive
slope coefficient (b,) suggest that height is increasing
with density: though only marginally. This‘binference is
| contrary to accepted theoretical expectations and shoulé be
invgstigated further. |

When eéqatdens (2) and (3), ang (5) ;na (6) were used

to predirt yield for the test data, the linear forms of the
: A Y

two types of equations gave better predictions, w* .
X o )
14

equation (5) giving the overall best’ estimate. This wa'

however, not egpecgfd and wal probably due tg problems with
the‘test seﬁple, Seéh aé; the variability in density, small
size of the sample and _the poor age distribution, . .
Equation (4), which was based -on basal area and average
top height, was fa better than the other eguations.
However, uynlike equation'(3) which predicts yield with.‘'age
only - or. (6) with both age and density, (4) cannot be
directly used without field measurements and 1is thus of
limited utilityJ *herefore, 1t is apparent that based on the
data used, equations (3) and (6) can be used to obtain y1e1d¢

estimates depending on whether density is known or not.

9,



~ E.. Conclusion
. L} .

=

’

Although the pﬁét data used in- der1v1ng these equat1ons
orlg;nated from d1f£erent forest reglons, . no attempv was
made to f1t separate equat ons for each reglon because-_

1. The YWata are llmlted - 130 sample plots.

é,rlThe data are from temporary sample plots and 50

_‘the growth process is merely belng approx1mated.° :

'3;‘ The forest reglon\“are geo@raphlcally close. to

each other and assgmed similar.

: . _ I .

- 4. Volume . tables compared in chapter 5 were nearly
o PRSI § a C v . .
T similar. o

v, ’ x

Oveiall the yleld functlon ‘ba'sed on age only (equatlon
3)'fgave predlctlons almost as aqcurate as the one based on‘
both .age and den51ty 6equat1on 6). Among - these - two

. , _ .

nguat1ons, ‘the flrst ch01ce for y1eld est1mat10n'ﬁs equatlon

3. Thls is because, a}though equatlon (6) is better than

equation (3)' 1t requ1res a morta11ty fUthlOQ/ZO estlmate '.

den51ty at varlous ages and thlS could not be aecompllshed

*w;th the avallable data. In addltlon, equatlon 63y'requ1res

‘_ o

~.no 1eld measurements once age is known and'ls ‘thus ‘easily

'.‘f'ie.lv

S

applida. . o
i G1ven phy51cal stand measurements- basal area and/?%hp
hsight. stand yleid can be accurately predlcted u51ng stand

iume equat1

s (equatlon 4), or . more. ~d4rectly from the

data dt elf 'w1thout us1ng equatlons. The essence of

=

©

¢

,('
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cost$. Stand volume equat1ons (egq. equation a)
!

although

dgiving more,‘accqrate,. ctions (table 9), require field

measurements .and thus

.

Dt convenient in application.

‘

Curtis (1967b) Cited elimination 'of much time delay

inherent in pe;manent?sagple‘plots and’reduced oosta as some
of; the possible,vadvaﬁfagea of appiying=tempofary'sampie
plots~as compared £o‘ permanent ones. With the observed'
| var1at1on 1n yield est1mat1on in this study, even w1th the

eduation based on measurements such as basal area and top

/

height, the above advantages cannot be justified. Therefore”
‘additional work on. expanding the permanent sample plot

program, already underway, is desirable* to’ obtain good
) : _

' growth data and also to. explain or reduce any excesqlve

va?1at10n in plantatlon densities and to quantlfy mortal1ty

relations, Ié should also form a falp/ background for

>

studylng ﬂtpe long .term,effect'of copp1c1ng the stands for

“
'several rotatlons.

The * current management of -euca@?pts plantatlons
involves planting 1450\Seedlipgs per' héctare (a constant-
_densfty).o Mortality after the first growing ‘season isf

reduced through' replanting any spots that have dead
seedlings. However, based on the observations made.(figure

3), density was . highly variable even at age two which
findicated a . plantation management probbem which reguires

further>study. Extrapolat;on of the results beyond age 10

/

years _1s “hot . fécommenaed since the age of sample plots

ranged between 2 andﬁ10 years. PO

PR B
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VII’ Genera1<Conc§us1ons and Recommendatlons

In the previous chapters, var1ous \ methods for
evaluating total volume,pmerchantable volume and stand yleld'
- were assessed. Although many other equat1ons exist for "each
‘type of est1matei those ‘presented’ here are’ the most common'
and"the ones whose data requ1rement were met Wby the
vavailable 1nformat10n. Reglonal dlfferences w1th1n the study .
‘area were also evaanted.

For/ total tree volume,’ standard volume :functions,
-although demandang more fieldA measurements, weré more
accurate in estlmatang volume/than local volume functions.
Among the standard volume functlons ' tested, ' the nonllnear.
equation was considered more approprlate ‘than either ,the
nonlinear welghted equation or the logarithmlc transformed
one. However, dlfferenoes" vere negligible: and - fpru all‘;
p?actical purposes any of them‘could be applied ‘

- An evaluation 'of the accuracy of the ex1sting volume
equat1on for Kenya was’ carrled .outﬁ and compared te the

equat1on developed‘1n this étudy. The former was found td be

.

lessl36curate, when appﬁﬁ‘d to/the data from the study area.
Th@ major “reason for reduced acturacy stems from the data N
source on wh1ch the exlst1nq equatign_ﬁﬂgs based. On the '
.other hand, the’ equatlon derlved héYe may not be approprlate-
outside .the Astudy “area. w1thout ver1f1catlon and/or
.modification. This ls' in conformlty w1th Honer. (1965) who
indicateszthat: when'fvolume _tables are constructed from":
sample trees' ‘that may have been truly representative of a

specific tree populatlon, and evén . when the vOIUmé

relat1onsh1p is establlshed by m1n1m1z1ng the sum of squared‘f"°

re51dUals, the tables are blased by deflnltlon when applled‘
L s “, i , . .

/ Lo d L o - .' .
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to trees outsidé- the specific population from which the
sample'was drawn. _ N a | ~
| Schonau «~ (1971): found that bark"thickness*fhad‘ a’

.51gn1f1cant effect on. the"variationi,of' tree volume for

Eucalyptus grandis Hlll .ex. Maiden. He further noted that
the‘difference ingyolume’ for the various bark thickness
classes couldv be as‘large as 15%.'A further observation in '’
,hls study was that = bark th{ckness 'varied with diameter,
' env1ronment, age, .stand .density and seed source. In this

: ‘ « : )
study, only overbark measurements ,were considered. The

effects of bark. thickness, if any, in the light of the'
- parameters shown by Schonau (1971) should be 1nvestlgated.
With 1nten51f1ed management'.of eucalypt plantat1ons,
‘coppice regenerated: stands wlll be a common ’feature in
Kenyan forests in the near futufe; Although Bredenkamp

(1982), study1ng Eucalyptus grandls Hill ex. Maldenr found

there was- no difference in form between seedllng and copplce
lregenerated stems, separate individual tree volume functlons
. should be developed for the two types of stems, and compared

to 3ust1fy their separatlon or. pooling. ;_w’\&

Merchantable volume was  best f estxmated .by a-

RS B

merchantable volume equatlon but the, differeﬁpe begween ,the Lo

merchantable ‘volume. and ratio equatlon was. 1n51gn1f1cant.
B V )
Based on the current system and convenbence,‘ the rat1o

¢ B

equatbon should‘ cont1nued as it 1is adaptable to the

current method;”

{~ volume est1mat1on ‘as done with other

?

commerc1a1 speoles. ;

The reglonal dlfferences vere qulte unusual One of the!ih’

reg1ons- was dlStlnCt%é dlfferent from the others, although>
0

all the reglons were: close to each other. Based on Geary et"

. T B . . . . .
, . o B . - N . .
s 3 . R ‘ .
B ‘ e, 3 “ . . .
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al.' (1983) | observations, : that significant growth
d1fferences were obvious withzn short distances 1n euoalypts~
plantatlons, and also con51der1ng Schonau S observatlons
about - bark thlckness, further‘ studies are necessary.
Detailed soil studles in these and other forest regions are
a prerequ151te to a better understandlng of the forests.-
Alsot\seedﬂorigin may have some effect on the growth of the
various plantations and should,-therefore, be incorporated
as a predlctor var1able. 1

' Ip deriving y1e1d functlons, wide variations were

éeV1dent with all of the ‘equatlons fitted. Onek conspicous

93 A o .
observation  was the wide variation in number of trees for

plots at varying ages which could not be easily explained;
Basacally, thlS was a reflection of the management practices
of eucalypts plantatlons.‘ To overcome this = obstacle,

permanent Sample _plots should be established in young

thantation54 from which growth can be followed QﬁA top of

e11m1nat1ng the assumed contlnuous growth progng based on

ﬁtemporary plots, . the permanent lots ‘would féél?ltate the.
P

¥

vunderstand1ng of the effect of cont1nued coppicing of the

stumps as far as ‘'yields are concerned.

Fdr»\ all the' equatlons derived in ‘this study;
extrapolatlon should not go beyond the age of 10 years. This
l1m1tat10n, however, may ~not presently be 51gn1f1cant for

mostrstands, since harvest is likely to occur prior to this

_age for the varlous poss1ble end products.

F1na11y, Burley et al, (1972) p01nt out that ~ volume
;abies .are not static and should therefore be - perfod1ca11y
tested against measured ‘trees. As such dur1ng harvestlng of

the trees “of this spec1es, 1nformat10n concernlng tree -

-



)
v

(1]
volume ‘estimate and other tree parameters including age and
seed sodrcé sh§uld-be- collected to facilitate continuous

¥

_testing of the equations and making any necessary'revisions1;

©

as deemed essential.

v
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Appendix 1a. Residuals plots for local volume functions
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Appendix 1b. Residual plots for the standard volume functions
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Appendix Ic. Pipt of residufls for
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A} Introductxon R

) Appendix 2. ﬁeight—Diameter helati?nship
¥ .\7\

Helght estlmatlon 1n the Ileld i§ a slow and expensyve

procedure and consequently, 1t is not desirable to measure

a large number of trees per unit area (Alder' 1980) ~ When -

stand volume is calcudated from measurements of d1ameters
Y -~

for all trees on an area and estimates of helght based on 'a;

A Pyl

. s
! sanple';o those trees, a: common procedure 1s to relate

.

By

o helght predlctor for any 1nd1v1dua1 stand

,{{: .\x.

helght to dlameter and then to obtaln volume per tree by

h

enterlng a. standand_ volume table \w;th the'measured'tree

;diameter. and the estlmated tree heighﬁ' given 'ﬁby~ a_x’
o height—diameter functlon (Curtls 1967a, Hilt and Dale 1982
hClutter_etial. 1983, Buford 1986).

' Curtis v (1967a)”"suggests7 thatv relating height . to

dlameter may 1nﬁroduce efratic and illogical fluctuations

' 1nto the est1mates. He observed that thlS 'was malnly because_.<‘

( .
the relatlonshlps are based on' small samplegs and usually
w1th : measurements by drfferent people. Howeverr these.

fluctuatl%hs could be ellmanated by 1nc1u51on of age asvian?

»1ndependent varlable, Alder (1980) howev%r, suggests that

e ‘-

data ﬁrom stands Qf dlfferent"ages Aand den51t;es should o
'z o

"‘;never be pooled together ‘as - the resultant functlon 1s a poor

“ L

S

Clutter et al \1983)~ahd Alder (1980) po1nt out that a

If s1ngle helght dlameterigelatlonsh1p should not be developedju.

] 1',:,0 .
for d1fferenq59tands unless prel1m1nary tests have shown theﬁﬁe




stands to +be similar. }Unfortunately, in some tropical
_ ..
spec?&ﬂ" thefe exlsts no strong relatlonshlp between he1ght *

and dlameter (Alder 1980)  Als

i no-_study known to the

-

_author- has dealt w;th ‘height-diameter relationship for
~eucalypts. h _

- Meyer (1936) suggests thatha.height-diameter‘functioh ;
‘should beamodefate y flex?ble Snd~,possess' the follbwlngm
AT AR - VORI
characteristics: . 4 ey, 4~1.%. i
1. tThe slope -of - the functldh sﬁhulé always be

~p051t1ve, approachlng Zzero as dlameter becomes
, large. ) s 1' o
o b -

S 24 The fUnctlon should ‘pass thpough the ortg1h

i

The ob1ect1ve of th1s appendlx vas to compare a numbqu of

~

alternatlve - hetght—d1ameter».f and he1ght-diameter-a§e

functlons. The selected functlon for each forest - reglon was

N
0
.

wﬁg&‘d 1 %atlon ,’fo ‘ t’?g .1nd1v1dual 7¢tree '3 volumes, to

accomplls y1eld pred1ct1on. ’ .
’." ' . : \

- B, Methods : S B . l~ . L

--f In each plot, DBH was measured for all trees.; HoWevefQ

only the helghts,of the domlnant trees (100 treest1th the °

"‘ largest DBH per’ hectare) vere measured “such T,the,

& Sk

| R
A w1de 'varlety f» equatlons .bave beg%¥ysed for the

//’ﬁunctlons developed here ete:basedj;on t evgominantbtree;ﬁ.

- .

e helghts and DBH”s.“»é_




g"';,dybwherer . . " - Lo A -9~fv.
%7, . Ht.' = total tree height, - . R T

o
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" y "” [ ' ) . ' . L]
encountered ip other studies are summarised in. Curtis
, by’ | : ma

(1967a). The equatlons can be subdivided +into .two main

' groups. One group is for equatlons w1thout transformatlon of

height and" the other has helght transformed (logar1thm ori

» ‘\ | ) o . - ) o ,. ) i; .
= v\) S (ﬂ!,yers 1966) - - o,

) Dbh/ht = b, + b,dbh + b, dbh - 5-—---—;4--r;-—7-—_-}gy/(ﬂ':

(Curt1s 1967a) :

- dbh

'diémeterdatfbreﬁﬁﬁSEiight; ‘¢,77 )
logarithm°toqbaseifoh_ ‘_ R

" 'Log

”dwe;ghted)u ‘Tpe equatlpns below were fitted to the data of
the'fiverforeat regions separately using the leastvaquares;
technique-anddcbmpared;: :

. Ln(ht) = byt bbb} mmmemmm e (1)
’ (Clutter et al 1983) | N "
. Ht = b, + b,dbh + bydbh* ~-cmm-mm=mmmmoooenoooo=(2)
. ?.;' (Staebler 1954) | .’k ' dﬁ.
o Ht = 1,3 + b,dbh ﬁfbdbh* :‘__,-_.-';_, ———————— “=-==-(3)
'(Trorey i932 Ker and Smith 1555) . .
. HE = 1.3+ b, (1 — ¢ 18P0 ) -———4JE2—#7r—4-—-?-—:-(4{
Y (Curtis 1967a) % . ’
Ht = by + b,dbh* +'b, dbho 54 b,.dbh"o's-———_—\-'—._‘_—-—(5),
_ h (Curtls 1967a) . ) ) t i )
| ' ‘. Log(ht) 2 b, + b, log(dbh) —‘:‘3-—_—-— —————————— J ———7'———-f(65
o | (Curtls 19672) N .7
'Ht - b, + b, log(dbh), e e (™
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Natural lothlthm,

base of natural logarlthm,

(1]
]

b's = regre551on coefficients. .

) ‘Of these‘eqnations, (i)' has probably been 'thé ~most
frequently 3'used N in recent studles ‘of he1ght d1ameter
relat10nsh1ps (Clutter et al. 1983, ' Burk ana Burkhart 1984

htBuford 1986) : In Buford s (1986) study, th1s equat1on was
found appropr1ate when appl1ed to an even aged plantat1on ofiﬁ W
iioblolly pine-at 15 years of age. Equatfons (2) and‘(3) haveJ,Q

- had conslderabbe USe' in the Notthwestern :state§ (Curtfe. n

sl

1967a), Equat1on (4), 1ke (1) is.a reallst1c model wh1ch

‘Jfﬂfeast helght when dlameter at breast he1ght is
 zero. Ation (5) was 1n1t1ally f1;tedras a pqunOmial with
several’variables using stepwise teéchniques, while (6) and

H,haVe been used elsewhere (Myers 1966) Equation (8)1s

a

of the form' = ,.' R E kg
. T ¥ ‘_ R

. Dz ‘ . ) :
H = 5% D ¥ b7 (Cprt1s 1967a

and thus reallstlc in- that 1t passes through the oYigin.
E . .

.The 11near equatlons were fitted to. the data u51ng the
' m1n1tab package ijan.et al, 1976) but equgglon ¢(3)  un11kee

the - oéhers was f1tted w1th no constant term, Equation (4)

I _
being fionlinear, was j1tted using }the BMDE stat15t1cal

* *

package;(Dixon 1979).

»



_was only poss1ble using anda enror, v .

}C, Results -and Discussion

The results of f1tt1ng the e1ght equatlons are :listed

in table 10a to 10e, for each forest -region separately.

Equatlon (3) was fitted w1th (HT - 1.3). as the dependent '
/ ' .

var;able,. but w1th no constant term. As a result, its R{,

el

- value Las not comparable “to ‘that of the others - and.

fconsequéntly was notocomputed The same argument follows for

»

o
comparlson of these two  equetions

equat1on (4). Therefore a

RS ’
Amohg the six equatlons whose R? were computed

L ',,‘v

equat1q$ (5) was the'most appropriate in all cases: However,
there 1s hqbcons1stency 1n ranklng among tH‘?i:malnlng f1Ve
‘eqUat1onsf* th51der1ng he0 standard error of -all elght
equatioﬁ%, equat1on (5) Wag ranked f1rst .for;'three forest

regdons. - In the two cases Phére\atﬁyas ranked dygferently
. = ~ xﬁ

. the dlfference between the best ranked and equat1on (5)a was:

xd1ameter, equat1on - (5) vas adopted Ppr all forest reg10ns.

.very small (0. 48% and 0. 51%) \Equatlon (4) on tbf otherzgand-‘“

had_the highest - standard . error and thus -was, the ﬂeas‘
S : - 1 Corra '

appropriate én:all-cases.,, R R o AR

. For 'bonsistency in _estimation  of heightsv given '

-

.”Age, as a predzctor varlable when 1ntroduced 1nto equatlon

'(5), d1d not 1mprove he1ght predlctlon. Since ‘both he1ght

'and basal area are p051t1vely and almost equally correlated‘”

to va' (table' 8), th1s meant-that the 1nclu51on of age }n
" he1gH§5est1matzon after basal area was not 51gn1f1cant.1,_n¢
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discussing a similar equatid

with eletioz oﬁfnonsignificant ferms.

*(

R : - 82

@ ‘ * o o -
Apparently, with the 4ow Values of't’ and hlgh standard

/o
errors of the equat1ons fltted every time an 1nventory is

, aargied -out, a ‘height-diameter function should be fitted

based on the data collected in that part1cu1ar forest stand.

&

- Equatﬁon (7) could be easily .fitted using a sc1ent1f1c

caloulator and thus-is suitable whenever quick so}utions are
requiredi Tﬁis 'is éspecialiy' so where estiﬂates'may'be
requ1red in the field. However, as poioted out by Curtis
(1967a)£@ the equatlon gives negat1ve°values for small trees
“and therefore is not rellable in such 51tuat1ons. |

“Equation (1) - is asyhptotic, passes through‘the origin

and the slope is positive everywhere. Curtis (1967a), wHen

'catedlthat powers other
¥ 1 . D, - . e ' R -
than fn may give . i@ﬁghtly’{better- results, in ~VQ;Y' youné

L &

stands. However; with the p0551b111ty of using permanent,

Y4 ot Ll i ¢ &

‘ plot data, an elaborate type of equatlon fequatlon (5)]

[

should ~be; fitted u51ng the stepw1se regression procedures ,

)
l'/'.'
L4 L3

D/’Conclusion
i

-

/< The poor height-diameter relatlonshlp pointed out in

(Alder 1980) was observed in the functions fltted here. AS a
result, wth thn adoption of eqqatlon (5), the quant1tathe

values of the\pooled data were not abpooprlate and therefore

data from each forest reglon were fltted separately. Unless
P ALY

an alternat1ye method of estlmatlng hei

veloped,

probably dsiqq’he1ght-age relationshipswpase on;»permahent

),

“H

o



samplé plot data, the suggestién,
here, is that geparate height-diamgter relations should be

&

derived at all times whenever s of this,,spgqgés are
being estimated in dny specific region. ' "%?$.

In cases requiring simple and easily éomputéd esgimates
ofb height,’tWO simple and genera%}y‘abcurate"eqqatioqsghave
been observed to be adequat;. These.aré equatioﬁs Q1)v and
(7). Theréforg, deﬁendihg on the, compﬁting facilities
available and the accuracy' feqﬁired, any of the three

equations, (1), (5).or. (7), mey be applied.

IWhen_height—diaméter measurements are available from

o / - —
hat may be iibropriate

‘;_'/sw : .

successive f}measurements of a permanent plots, the equation .

g

obtained by'-fitting one of the ‘three equations 'shéuld
proyide'more aééurate and consistent estimates of height';nd
consequently volume yielé.”Ho&ever, until the availability
of Such‘ data‘occUrs; estimates based on'single examinapion

~data should cbntinue being 7pplied.
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