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ABSTRACT

Linear regression analysis is used to estimate models suit

able for predicting the volume and increment of trees to be 

thinned from radiata pine stands in the south east of South 

Australia.

The volume model predicts the volume of the trees selected 

for removal in thinning, from measurements made at time of 

thinning. The model is an extension of the combined variable 

equation including stand density, site potential, age and 

thinning variables.

The increment model predicts the increment that the tree 

will put on between inventory and time of thinning between one 

and six years later. The model predicts increment from relat

ive tree size, site potential age, stand density and thinning, 

variables, and the estimated volume of the tree at time of 

inventory.

Data were derived from 157 thinning operations, the volume 

model being based on 1418 observations, the increment model 3035.

The models are biologically sound and have been extensively 

tested to ensure that the assumptions underlying linear regression 

analysis are met; and have been tested against independent test 

data.

A number of indices of stand density were evaluated, basal

area being marginally better than the ratio of basal area to



(xi)

the maximum basal area the site can sustain, as derived from a 

model of stand dynamics.

A site potential measure in South Australia, based on 

volume production, site quality, was marginally better than 

site index, a measure based on upper stand height.
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I .  INTRODUCTION

South A u s t r a l ia  i s  th e  d r i e s t  s t a t e  in  th e  Commonwealth, 

w ith  on ly  1.2% o f th e  a re a  r e c e iv in g  ov er 25 in c h e s  (635 mm) 

o f r a i n f a l l  p e r  y e a r  (B e d n a ll, 1957). I n te n s iv e  p la n ta t io n  

f o r e s t r y  i s  g e n e ra lly  l im ite d  to  th e s e  h ig h e r  r a i n f a l l  a r e a s ,  

th e  la r g e s t  zone o f w hich i s  in  th e  s o u th - e a s t  o f th e  s t a t e .

The main p la n ta t io n  a re a  i s  s i t u a t e d  in  th e  s o u th -e a s t  

o f th e  s t a t e  and has been d e s c r ib e d  by D ouglas (1970) and 

B ednall (1957). The r e g io n a l  re so u rc e  ( in c lu d in g  a d ja c e n t 

V ic to r ia n  p la n ta t io n s )  c o n s is ts  o f some 232,000 a c re s  

(93,900 ha) of softw ood p la n ta t io n s  and i s  m ain ly  c o n t ro l le d  

by fo u r o rg a n iz a t io n s .  The Woods and F o re s ts  D epartm ent o f 

South A u s t r a l ia  c o n t ro ls  59%, Softwood H old ings L td . 16%, 

Southern  A u s t r a l ia  P e rp e tu a l  F o re s ts  L td . 16%, and th e  F o re s t 

Commission o f V ic to r ia  9%. The Woods and F o re s ts  p la n ta t io n s  

a re  p r im a r i ly  (90%) r a d ia ta  p in e ,  P in u s r a d i a t a  (D .D on), and 

th i s  a re a  c u r r e n t ly  p ro v id e s  about 75% o f  th e  raw m a te r ia l  

supp ly  f o r  th e  re g io n s  in te g r a te d  wood b ased  in d u s t r i e s .  The 

in d u s try  in  th e  re g io n  i s  f u l l y  u t i l i z i n g  th e  p re s e n t  a llo w ab le  

cu t from th e  r a d i a t a  p in e  p la n ta t io n s  o f th e  Woods and F o re s ts  

D epartm ent. To e n a b le  management to  make sound p o lic y  

d e c is io n s  re g a rd in g  fu tu r e  usage o f t h i s  f o r e s t  re so u rc e  i t  

i s  e s s e n t i a l  th a t  th e  te c h n iq u e s  o f y ie ld  p r e d ic t io n  be 

soundly  b a se d , and o f a h igh  o rd e r  o f a c c u ra c y .
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This th e s i s  i s  concerned  w ith  th e  s h o r t  term  volume and 

increm en t p re d ic t io n  te c h n iq u e s  n e c e s s a ry  to  e n a b le  s i l v i c u l t u r a l  

o p e ra tio n s  to  be sch ed u led  fo r  a f iv e  y e a r  p la n n in g  h o r iz o n .

M e tr ic a tio n

A ll c a lc u la t io n s  and r e s u l t s  a re  re p o r te d  in  im p e r ia l  

u n i t s .  A ll th e  d a ta  used a re  c u r r e n t ly  reco rd ed  in  im p e r ia l

u n i t s .  M etric  co n v ers io n  of th e se  d a ta  fo r  t h i s  s tu d y  was

n o t u n d e rta k e n , as co n v ers io n  would on ly  be p r a c t i c a l  a f t e r  

a com puter b ased  d a ta  s to ra g e  and r e t r i e v a l  system  has been 

designed  and implemented^ th a t  w i l l  in c lu d e  a l l  perm anent 

sam ple p lo t  d a ta .

To f a c i l i t a t e  a p p l ic a t io n  o f th e  r e s u l t s  to  m e tr ic  f i e l d  

d a ta  which w i l l  b e  c o l le c te d  in  fu tu r e  in v e n to ry  w ork, th e  

m e tr ic  e q u iv a le n ts  o f some o f th e  more im p o rta n t e q u a tio n s  

a re  re p o r te d  b u t w ith  th e  a d d i t io n  o f s u b s c r ip t  (m) to  th e  

e q u a tio n  number to  show th a t  i t  i s  m e tr ic .

W ith in  th e  t e x t  some of th e  more im p o rta n t d e f in i t i o n s  

and m easurem ents a re  co n v erted  to  th e  m e tr ic  e q u iv a le n t 

and reco rd ed  in  b ra c k e ts  fo llo w in g  th e  im p e r ia l  d e f in i t i o n  o r 

m easurem ent. The c o n v e rs io n s  a re  n o t n e c e s s a r i ly  m a th e m a tic a lly  

e x a c t b u t  r e p re s e n t  th e  p r a c t i c a l  co n v e rs io n  o f  th e  im p e r ia l  

q u a n t i ty .  Thus volume to  a fo u r  in c h  top  d ia m e te r underbark  

w i l l  be e q u iv a le n t  to  th e  volume to  a 10 cm to p  d ia m e te r  

u n derbark  and n o t 10.16 cm; th e  co n v ers io n  e r r o r  in c u rre d  

b e in g  co n s id e re d  in c o n s e q u e n tia l .



4

Notation

The more commonly used variables and parameters have been 

abbreviated when used in the text and in equations. Definitions 

of these have been summarised in Appendix 3. Abbreviations of 

less common variables are defined below the relevant equations 

in the text.

0
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I I .  YIELD PREDICTION: PRACTICE AND PROBLEMS

CURRENT PRACTICE

The m e n s u r a t io n  and management p r a c t i c e  i n  S ou th  A u s t r a l i a  

h a s  been  d e s c r i b e d  by  Lewis (1957) and R eeves (1 9 7 0 ) .  However 

i t  i s  n e c e s s a r y  t o  r e i t e r a t e  t h e  m a jo r  p o i n t s  so t h a t  t h e  

p rob lem  t o  be  i n v e s t i g a t e d  can be  s e t  o u t  c l e a r l y .

S t r a t i f i c a t i o n

In  S ou th  A u s t r a l i a  i t  h a s  b een  found  t h a t  s t r a t i f i c a t i o n  

o f  t h e  f o r e s t  i n t o  volume p r o d u c t i v i t y  c l a s s e s  i s  more e f f e c t i v e  

th a n  s t r a t i f i c a t i o n  b a s e d  s o l e l y  on some c o n v e n ie n t  m easure  

o f  u p p e r  s t a n d  h e i g h t  (R eev es ,  1970) .  T h is  h a s  l e d  to  th e  

deve lopm en t o f  a  S i t e  Q u a l i t y  a s se s s m e n t  t e c h n i q u e ,  b a s e d  cn 

t o t a l  volume p r o d u c t io n  t o  a A in c h  to p  d i a m e te r  u n d e rb a rk  a t  

age 9 h .  T h i s  t e c h n iq u e  d e s c r i b e d  b y  Lewis i n  1954 and by 

Reeves (1970) p r o v id e s  a  d e t a i l e d  s t r a t i f i c a t i o n  o f  t h e  f o r e s t  

t h a t  can be  u s e d  a t  t h e  t im e  o f  s u b s e q u e n t  i n v e n t o r y .

On a l l  a r e a s  o f  r a d i a t a  p in e  t o  be  a s s e s s e d ,  tem p o ra ry  

o n e - t e n t h  a c r e  (0 .0 5  ha )  p l o t s  a r e  f i r s t  l o c a t e d  s u b j e c t i v e l y  

c o v e r in g  th e  r a n g e  o f  f o r e s t  ty p e s  t o  b e  found  in  t h e  a r e a .

The sam p lin g  r a t e  v a r i e s  from l o c a l i t y  t o  l o c a l i t y  b u t  a p p r o x i 

m a te ly  150 p l o t s  a r e  m easu red  o v e r  t h e  c u r r e n t  a n n u a l  a s s e s s m e n t



area of approximately 5,000 acres (2,000 ha). These plots are 

measured for predominant height and tree diameter, the height 

to the base of the green crown being measured on 12 randomly 

selected sample trees. From these measurements volume to a 

four inch top diameter underbark is estimated through a predom

inant height tarif relationship. A number of useful indices 

such as mean diameter, stocking, average height to the base of 

the green crown, the range of tree diameters, basal area and 

predominant height are also calculated.

These plots are inspected before assessment commences in 

each area and this inspection ensures that the assessment is 

consistent between assessors. Reference to the yield table 

at age 9h ensures consistency between widely separated areas, 

and between plantations with different years of planting.

Assessment is by parallel strips 3 chains (60 m) apart, 

with each assessor mapping Vi chains (30 m) on either side of 

his strip. A considerable amount of accessory information on 

live stocking, mortality, initial planting spacing and the 

proportion of ineffective trees is obtained from a systematic 

3x5 chain (60x100 m) grid system of .05 acre (.02 ha) plots 

superimposed on these strips.

Following the assessment, site quality maps are prepared 

by joining the strip maps together and copies are provided for 

the District Forester of each Forest Reserve and for Head Office. 

Reports are also prepared giving for each area details of 

stocking, spacing, form, access, thinning capabilities and any
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o th e r  in fo rm a tio n  co n sid e re d  r e le v a n t .  The s i t e  q u a l i ty  p la n s  

form th e  b a s i s  o f any s t r a t i f i c a t i o n  fo r  in v e n to ry  p u rp o ses .

Perm anent Sample P lo ts

The f i r s t  f o r e s t  in v e n to ry  was made in  th e  s o u th - e a s t  under 

th e  d i r e c t io n  o f E .H .F . Swain in  1934. F o llow ing  t h i s  work th e  

D epartm ent e s ta b l i s h e d  and m a in ta in ed  a s e r i e s  o f perm anent 

sample p lo t s  which have been g ra d u a l ly  augmented so th a t  a t  

p re s e n t th e re  a re  some 320 p lo t s  in  r a d i a t a  p in e  p la n ta t io n s  in  

the  s o u th -e a s t  o f South A u s t r a l i a .  The p lo t s  have been  r e 

m easured a t  v a r io u s  in t e r v a l s  and p ro v id e  a b a s ic  poo l o f d a ta  

u n p a ra l le le d  in  A u s t r a l ia .  The p rim ary  o b je c t iv e  o f th e se  

p lo t s  i s  to  de term ine  th e  fo llo w in g  in fo rm a tio n .

(1) The th in n in g  tre a tm e n ts  th a t  w i l l  p ro v id e  a maximum 

s u s ta in e d  y ie ld  of tim b e r .

(2) The th in n in g  tre a tm e n ts  th a t  w i l l  p ro v id e  th e  p ro d u c t 

mix in  term s o f pulpwood and saw logs o f v a r io u s  s iz e s  

and ty p e s  th a t  i s  d e s ire d  by th e  in te g r a te d  in d u s try  

in  th e  re g io n .

(3) The th in n in g  tre a tm e n ts  t h a t  y ie ld  th e  h ig h e s t  m onetary 

r e tu r n  c o n s is te n t  w ith  (1) and (2) above.

The s ta n d in g  volume o f each p lo t  i s  e s tim a te d  from th e  

measurement o f sample t r e e s ,  chosen a t  random from th e  range  of 

d iam ete r c la s s e s  w ith in  th e  p lo t .  Sample t r e e  volumes a re  

d e riv e d  e i t h e r  by th e  10 fo o t s e c t io n a l  method o r by th e  use
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of th e  R eg ional Volume T able (Lewis and M cIn ty re , 1963). The 

number of t r e e s  measured i s  de te rm in ed  from a graph d e r iv e d  by 

Keeves (1961) w hich aims to  keep th e  co n fid en ce  l im i t s  o f th e  

e r r o r  in  volume due to  sam pling  to  w ith in  3%. Work by Keeves 

(1961) and J o l ly  (1950) dem on stra ted  th e  r e l a t io n s h ip  betw een 

volume and b a s a l  a re a  o f t r e e s  in  r a d i a t a  p in e  s ta n d s  in  South 

A u s t r a l ia  to  be l i n e a r  over a w ide range o f c o n d i t io n s ,  and i t  

i s  th rough  th e  use o f t h i s  r e l a t io n s h ip  th a t  s ta n d in g  p lo t  

volumes a re  com puted. Lewis (1963) h as  used  th e  perm anent p lo t  

d a ta  to  develop  a f l e x i b l e  th in n in g  g u id e , w hich d e f in e s  th e  

range o f th in n in g  tre a tm e n ts  w hich w i l l  s a t i s f y  th e  management 

o b je c t iv e s  o f th e  Woods and F o re s ts  D epartm ent.

Lewis and Keeves have p re p a re d  a y ie ld  t a b l e ,  as y e t 

u n p u b lish e d , fo r  th in n e d  s ta n d s  o f r a d i a t a  p in e  b ased  on th e  

d a ta  from th e  perm anent p lo t s  showing th e  average  y ie ld s  p e r  

a c re  in  v a r io u s  s iz e  a s s o r tm e n ts ,  th a t  may be ex p ec ted  from th e  

th in n in g s  and c le a r  f a l l i n g  g iven  th e  s i t e  q u a l i ty  and th e  

th in n in g  reg im e.

In v e n to ry  d a ta

In  South A u s t r a l i a  f iv e  y e a r  p la n s  a re  p re p a re d  p r e s c r ib in g  

where lo g g in g  o p e ra tio n s  a re  to  be c a r r i e d  o u t ,  and th e  r e s id u a l  

s to c k in g s  to  be m a in ta in e d  a f t e r  th in n in g .  These p la n s  a re  

p rep a red  by th e  Working P la n s  Branch a f t e r  c o n s u l ta t io n  w ith  th e  

f o r e s te r s  s ta t io n e d  on th e  F o re s t  R eserv e . These p la n s  a re  

based  on an in v e n to ry  g e n e ra l ly  c a r r ie d  o u t in  th e  y e a r  p re c e d 

ing  th e  i n i t i a l  y e a r  o f th e  w orking p la n  p e r io d .
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W ithin  each y ea r  of p l a n t in g  on a F o re s t  Reserve th e  a re a  

i s  d iv ided  i n t o  a number of lo g g in g  c l a s s e s .  Each logg ing  c l a s s  

i s  a group of  compartments o r  sub-com partm ents  t h a t  have r e c e iv e d  

s i m i l a r  s i l v i c u l t u r a l  th in n in g  t r e a tm e n t  in  th e  p a s t  and which 

can re c e iv e  s im i l a r  t r e a tm e n t  in  th e  f u t u r e .  I t  i s  t h e r e f o r e  

a uniform  a r e a  f o r  logg ing  purposes  b u t  n o t  n e c e s s a r i l y  f o r  

y i e ld  p r e d ic t io n  p u rposes .

Logging c l a s s e s  average ap p ro x im a te ly  65 a c r e s  in  a re a  and 

a re  f u r t h e r  s t r a t i f i e d  by s i t e  q u a l i t y  and i f  n e c e s s a ry  by 

s to c k in g .  Randomly lo c a te d  o n e - f i f t h  a c re  p l o t s  a re  e s t a b l i s h e d  

such th a t  on the  average  logg ing  c l a s s  f i v e  p l o t s  a re  e s t a b l i s h e d ,  

th e  number o f  p l o t s  in  each s t r a t a  b e in g  p r o p o r t i o n a l  to  th e  

a re a  of each s t r a t a .  Unpublished work by Dundon (Keeves, 1970) 

i n d i c a t e s  t h a t  t h i s  i s  a minimum sam pling  i n t e n s i t y  and e x t r a  

p l o t s  a re  g e n e r a l ly  e s t a b l i s h e d  in  lo g g in g  c l a s s e s  w ith  a wide 

range of s t r a t a  o r  which a re  due to  be  c l e a r  f e l l e d .

This in v e n to ry  i s  c a r r i e d  ou t in  a l l  a re a s  due to  r e c e iv e  

a second or subsequen t th in n in g ,  o r  which a re  due to  be c l e a r  

f e l l e d  du ring  th e  f iv e  y e a r  Working P lan  p e r io d .  Y ie ld s  from 

a re a s  to  be f i r s t  th in n e d  a re  e s t im a te d  by i n t e r p o l a t i o n  w i th in  

th e  unpub lished  th in n ed  s ta n d  y i e l d  t a b l e  p rep a red  by Lewis.

No p l o t s  a re  e s t a b l i s h e d  in  th en .

For each p l o t  a number o f  b a s i c  p a ram e te rs  a r e  e i t h e r  

measured or d e r iv e d  from r e c o rd s .

(1) P lo t  a r e a ;  c a l c u l a t e d  from measurements o f  th e  s id e s  o f

th e  p l o t ,  assuming the  p l o t  to  be t r a p e z o i d a l .
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(2) E x tra c tio n  row freq u en cy ; th e  r a t i o  betw een th e  number 

of e x t r a c t io n  rows removed from th e  p lo t  and th e  number 

of rows in  th e  p l o t ,  in c lu d in g  e x t r a c t io n  row s.

(3) Age; th e  c u r re n t  y e a r  of m easurem ent minus th e  y e a r  

o f p la n ta t io n  e s ta b l is h m e n t .

(4) S i te  Q u a li ty ;  d e r iv e d  from th e  s i t e  q u a l i ty  assessm en t 

c a r r ie d  ou t a t  age 9^ .

(5) Predom inant h e ig h t ;  d e r iv e d  from L e w is 's  u n p u b lish e d  

y ie ld  ta b le  f o r  a g iven  age and s i t e  q u a l i ty .  I f  t h i s  

does n o t app ea r to  be  c o r r e c t  from f i e l d  o b se rv a tio n  

then  th e  predom inan t h e ig h t i s  e s tim a te d  from th e  mean 

h e ig h t of th e  s ix  l a r g e s t  t r e e s  on th e  o n e - f i f t h  a c re  

p lo t  u s in g  an u n p u b lish ed  r e la t io n s h ip  developed  by 

K eeves.

(6) D iam eter b r e a s t  h e ig h t  o v e rb a rk ; m easured on a l l  t r e e s  

on th e  p lo t .

The number of t r e e s  to  be l e f t  a f t e r  th e  n e x t th in n in g  i s  

th en  e s tim a te d  from th e  th in n in g  range  o f Lewis (1963) and th e  

t r e e s  to  be removed a re  marked on th e  g round. The th in n in g s  

e l e c t  a re  s e le c te d  on p r a c t i c a l  s i l v i c u l t u r a l  c o n s id e ra tio n s  

which may v a ry  from l o c a l i t y  to  l o c a l i t y  a lth o u g h  th e  th in n in g  

can g e n e ra lly  be c a te g o r is e d  as b e in g  a th in n in g  from below , 

o r a low th in n in g .  The d ia m ete r o f each  t r e e  to  be th in n e d  i s  

re c o rd e d . C a re fu l s u p e rv is io n  o f th e  te c h n ic a l  s t a f f  who
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mark th e  th in n in g s  e l e c t  in  th e  in v e n to ry  p l o t ,  and th e  s t a f f  

who in  p r a c t ic e  mark th e  t r e e s  to  be removed in  com m ercial 

th in n in g , en su re s  th a t  th e y  a re  c o n s is te n t  one w ith  th e  o th e r  

and w ith  d e s ire d  p r a c t i c e .

Short Term Y ie ld  P re d ic t io n

From th e se  d a ta  th e  volume o f th e  th in n in g s  to  be removed 

i s  e s tim a te d  th rough  th e  volume -  b a s a l  a re a  l i n e  o f  th e  

th in n in g s .  P redom inant h e ig h t ,  age and th e  p e rc e n ta g e  number 

o f t r e e s  to  be removed a re  th e  in d ep en d en t v a r ia b le s  used to  

e s tim a te  th e  c o e f f i c i e n t s  o f th e  v o lu m e-b asa l a re a  l i n e  (K eeves, 

1970). An e x p re s s io n  o f th in n in g  ty p e  was t r i e d  in  th e  

o r ig in a l  c a l c u la t io n  o f th e  r e g r e s s io n s ,  b u t was found to  be 

n o t s i g n i f i c a n t ,  p ro b ab ly  due to  th e  narrow  ran g e  o f th in n in g  

ty p e  in  th e  d a ta  u sed . For p lo t s  to  b e  c l e a r  f e l l e d  th e  volume- 

b a s a l  a re a  l i n e  c o e f f i c i e n t s  a re  r e l a t e d  to  predom inan t h e ig h t 

a lo n e .

S ize  a sso rtm e n ts  a re  e s tim a te d  from u n p u b lish e d  t r e e  s iz e  

a sso rtm en t ta b le s  w hich show th e  p e rc e n ta g e  o f th e  volume to  

fo u r in ch es  top  d ia m e te r  th a t  i s  w ith in  v a r io u s  to p  d ia m ete r 

l i m i t s ,  g iven  th e  tree  d ia m e te r  a t  b r e a s t  h e ig h t .  The r e l a t i o n 

sh ip  was developed  by Lewis who found th a t  th e  p e rc e n ta g e  was 

independen t of th e  t r e e  h e ig h t .

These c a lc u la t io n s  en ab le  an e s tim a te  to  be made o f th e  

volume of each t r e e  a t  tim e of in v e n to ry , w hich can th en  be 

ag g reg a ted  to  p ro v id e  an e s tim a te  of th e  volume a v a i la b le  from
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the thinnings elect sub-population. As the stands may grow 

from one to six years before they are felled it has been found 

essential to incorporate an estimate of this increment in the 

calculations.

In the case of stands due to be clear felled this increment 

is estimated from the unpublished thinned stand yield table of 

Lewis and Keeves. This approach cannot be used for the thin

nings elect sub-population because the thinnings elect will 

have a lower increment than the main crop, being predominantly 

a thinning from below.

Leech has developed an unpublished increment function 

which estimates the current annual increment percent for the 

thinnings elect sub-population. This function uses predominant 

height, thinning intensity and a measure of stand density, as 

the independent variables. The function does not include a 

measure of site potential and in fact assumes an average site 

quality for each logging class. This leads to some anomalous 

results which although of little consequence in the estimation 

of the increment on the thinnings elect from a Forest Reserve, 

should be investigated.

The calculations of volume and increment are incorporated 

in a computer system which processes the inventory plot data 

to the stage where a proposed list of logging operations is 

prepared by logging classes, for each year of the Working Plan 

period.
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DISCUSSION OF THE PROBLEM

The s t r e n g t h  o f  t h e  Sou th  A u s t r a l i a n  p r a c t i c e  c u r r e n t l y  

l i e s  i n  th e  m ark ing  on th e  ground o f  t h e  t r e e s  t h a t  a r e  

c o n s id e r e d  l i k e l y  t o  be  removed i n  t h e  n e x t  t h i n n i n g .  T h is  

a v o id s  t h e  n e c e s s i t y  f o r  a v e r a g in g  s t a n d s  t o  d e te r m in e  an 

a v e ra g e  t h in n i n g  i n t e r v a l ,  t h i n n i n g  ty p e  and t h i n n i n g  i n t e n s i t y  

and e n a b le s  th e  s t a n d  t o  be  t r e a t e d  in  th e  m anner w hich  p a s t  

e x p e r ie n c e  h a s  shown t o  be th e  most e f f e c t i v e .  Each s t a n d  i s  

marked f o r  t h in n i n g  on i t s  m e r i t s  w i t h i n  th e  fram ew ork o f  

L e w is 's  t h in n i n g  reg im e  (1 9 6 3 ) .  By u s in g  t h i s  reg im e a l lo w a n c e  

can be  made f o r  changes  i n  s t a n d  c o n d i t i o n s  b e tw een  i n v e n t o r y  

and t h i n n i n g ,  as  th e  s t o c k i n g  a f t e r  t h i n n i n g  i s  d e te rm in e d  from 

e s t i m a t e d  p red o m in an t  h e i g h t  a t  t im e  o f  t h i n n i n g .

The t r e e s  t o  b e  t h i n n e d ,  o r  t h in n i n g s  e l e c t ,  h a v in g  been  

i d e n t i f i e d  i n d i v i d u a l l y ,  a r e  th e n  a g g r e g a te d  w i t h i n  th e  p l o t  

and w i t h i n  t h e  s t a n d  t o  p r o v id e  an e s t i m a t e  o f  t h e  s t a n d i n g  

volume o f  th e  t r e e s  t o  b e  t h in n e d .  The in c r e m e n t  on t h e s e  

t r e e s ,  be tw een  t im e  o f  i n v e n t o r y  and t im e  o f  t h in n in g ,  must 

th e n  be e s t im a te d  so  t h a t  an u n b ia s s e d  e s t i m a t e  o f  t h e  volume 

o f  t h i n n i n g s  can be  u s e d  i n  th e  c o m p i la t io n  o f  th e  f i v e  y e a r  p l a n .

The in c re m e n t  on t h e  t h i n n i n g s  e l e c t  s u b p o p u la t io n  can be  

c o n s i d e r a b l e .  A s tu d y  o f  pe rm anen t sam ple  p l o t  i n f o r m a t io n  

showed t h a t  on some p l o t s  on h ig h  s i t e  q u a l i t y  s i t e s  th e  

in c re m e n t  o v e r  a f i v e  y e a r  i n t e r v a l ,  on t h e  second  th in n i n g s  

e l e c t ? was e q u a l  t o  t h e  volume o f  th o s e  t h in n i n g s  e l e c t  a t  th e  

s t a r t  o f  th e  f i v e  y e a r  p e r i o d .  T h is  volume o b v io u s ly  ca n n o t
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be ignored if a high standard of management is to be attained 

and maintained.

In an average five year Working Plan the volume currently 

estimated as available from thinnings from the combination of 

all the logging classes during the plan period is approximately 

15% higher than the standing volume of these thinnings elect 

at time of inventory, further emphasizing the need for an 

accurate estimate of increment.

The aim of this thesis is to develop models for radiata 

pine that will predict volume and short term increment on the 

individual trees of the thinnings elect sub-population.

It is desirable that the increment model be redeveloped 

along sound biological and statistical lines and that the 

increment model be developed along lines compatible with the 

volume model (Clutter, 1963).

Only parameters currently available from inventory plot 

measurements are to be used. The models should estimate tree 

volume and tree increment so that later estimation of assortments 

is facilitated, the estimates for the subpopulation of thinnings 

elect being obtained by aggregating the estimates for each tree.
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I I I .  STATISTICAL ANALYSIS

The e s t im a tio n  of th e  r e l a t io n s h ip  betw een one v a r ia b le  

and a number o f o th e rs  i s  a common problem  in  f o r e s t r y  to  w hich 

th e  tech n iq u e  o f m u lt ip le  l i n e a r  r e g re s s io n  a n a ly s is  can be 

a p p lie d . L in e a r  re g re s s io n  r e f e r s  to  th e  l i n e a r i t y  o f  th e  

c o e f f i c ie n t s  o f th e  independen t v a r ia b le s  and c o n t r a s t s  w ith  

n o n - l in e a r  r e g re s s io n  a n a ly s is  in  w hich th e  c o e f f i c i e n t s  to  

be e s tim a te d  may be th e  power to  w hich a v a r ia b le  i s  r a i s e d .

The a n a l y t i c a l  te c h n iq u e s  used  in  n o n - l in e a r  r e g re s s io n  

a n a ly s is  a re  s t i l l  b e in g  developed  and e v a lu a te d  and s t a t i s t i c a l  

in fe re n c e  i s  s t i l l  in  a p r im it iv e  s t a t e .

On th e  o th e r  hand th e  th e o ry  u n d e r ly in g  l i n e a r  r e g re s s io n  

a n a ly s is  i s  w e ll  e s ta b l i s h e d  (Jo h n s to n , 1960). F re e se  (1964) 

c o n ta in s  a co n c ise  developm ent o f th e  te c h n iq u e  w ith  s p e c i f i c  

re fe re n c e  to  f o r e s t r y  a p p l ic a t io n s .  Jo h n sto n  (1 9 6 0 ), Acton 

(1959) and Sokal and R ohlf (1969) c o n ta in  a more g e n e ra l 

developm ent o f b o th  th e  th e o ry  and th e  a p p l ic a t io n .  Because 

n o n - l in e a r  te c h n iq u e s  a re  n o t w e ll  developed  i t  was d ec ided  

to  use  l i n e a r  re g re s s io n  a n a ly s is  in  t h i s  s tu d y .

ASSUMPTIONS IN LEAST SQUARES LINEAR REGRESSION ANALYSIS

A number o f assum ptions a re  made in  l i n e a r  re g re s s io n  a n a ly s i s .
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Homogeneity o f th e  v a r ia n c e

The v a r ia n c e  o f th e  r e s id u a l  o r e r r o r  term  o f th e  r e g re s s io n  

i s  assumed to  be c o n s ta n t over th e  range  o f th e  r e g re s s io n  d a ta  

and th e re fo re  ind ep en d en t o f th e  m agnitude o f th e  dependent o r  

independen t v a r ia b le s .

I f  th e  v a r ia n c e  i s  h e te ro g en eo u s  th e n  th e  e s t im a te s  o f th e  

c o e f f i c ie n t s  in  th e  re g re s s io n  w i l l  be n o t as  p r e c i s e  as th e y  

would have been  i f  th e  v a r ia n c e  was homogeneous. N e v e r th e le s s  

th e  e s tim a te s  w i l l  s t i l l  be u n b ia sse d  ( Jo h n s to n , 1960).

There a re  th r e e  commonly used  t e s t s  o f  hom ogeneity  o f th e  

v a r ia n c e . In  a l l  th e se  t e s t s  th e  d a ta  i s  p a r t i t i o n e d  over th e  

range o f th e  dependent v a r ia b le  and th e  v a r ia n c e  o f th e  r e s id u a l s  

w ith in  each o f th e s e  c e l l s  i s  c a lc u la te d .  The s t a t i s t i c s  used  

in  th e  th r e e  d i f f e r e n t  t e s t s  can th e n  be c a lc u la te d  from th e  

c e l l  v a r ia n c e s .  H a r t le y 's  (1950) maximum F - r a t i o  t e s t s  th e  

r a t i o  o f th e  l a r g e s t  c e l l  v a r ia n c e  to  th e  s m a l le s t  c e l l  v a r ia n c e .  

Cochrans t e s t  (1941) u se s  th e  r a t i o  o f th e  l a r g e s t  c e l l  v a r ia n c e  

to  th e  poo led  v a r ia n c e s  fo r  a l l  c e l l s .  Both th e s e  t e s t s  a re  

on ly  a p p l ic a b le  i f  th e  number of o b s e rv a tio n s  used  to  compute 

th e  v a r ia n c e  i s  th e  same fo r  each c e l l .  However, H a r tle y  

b e l ie v e s  th a t  th e  s e n s i t i v i t y  o f th e  t e s t  i s  n o t s e r io u s ly  

dependent on t h i s  assum ption  and su g g e s ts  th e  u se  o f  th e  

s t a t i s t i c  as a rough t e s t  even when th e  number o f o b s e rv a tio n s  

a re  d i f f e r e n t .  B a r t l e t t ' s  t e s t  (1937) i s  th e  on ly  one th a t  

a llow s fo r  d i f f e r i n g  numbers of o b s e rv a t io n s .  The t e s t  in v o lv e s  

th e  c a lc u la t io n  of a more complex s t a t i s t i c  (s e e  F re e se  (1967)
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fo r  d e t a i l s )  w hich i s  t e s t e d  a g a in s t  th e  s t a t i s t i c  C h i-sq u a re .

Acton (1959) c o n s id e rs  th a t  none o f th e s e  th r e e  t e s t s  a re  

ro b u s t ,  a l l  b e in g  s e n s i t i v e  to  n o n -n o rm a lity  in  th e  u n d e r ly in g  

d i s t r i b u t i o n s .  However th e re  ap p e a rs  to  be  g e n e ra l agreem ent 

(A cton, 1959; Sokal and R o h lf, 1969) th a t  B a r t l e t t ’ s t e s t  i s  

th e  most ro b u s t and most a p p ro p r ia te  o f th e s e  t e s t s  f o r  t e s t i n g  

fo r  hom ogeneity o f th e  v a r ia n c e .

I f  B a r t l e t t ' s  t e s t  in d ic a te s  t h a t  th e  v a r ia n c e  i s  n o t 

homogeneous th e n  w e ig h tin g  (C uni^  1964; F rayei; 1966; F re e se , 

1964) can be used  to  e l im in a te  h e te ro g e n e i ty  o r  red u ce  i t  to  

a c c e p ta b le  l e v e l s .  In  some case s  t h i s  may a ls o  be ach iev ed  

by tra n s fo rm in g  th e  dependent v a r i a b le .

G errard  (1966) p a r t i t i o n e d  h i s  t r e e  d a ta  in to  c e l l s  of one 

inch  d iam ete r and f iv e  f e e t  in  h e ig h t ,  c a lc u la te d  th e  v a r ia n c e  

o f each c e l l  and th en  e s tim a te d  th e  fu n c tio n  r e l a t i n g  the  

lo g a rith m  o f v a r ia n c e  to  th e  mean t r e e  d ia m e te r  and mean t r e e  

h e ig h t o f each c e l l .  The w e ig h tin g  fu n c tio n  used  was th e  

r e c ip r o c a l  of th e  ex p ec ted  v a lu e  o f th e  v a r ia n c e .  However, 

Cunia (1964) c o n s id e re d  th a t  p a r t i t i o n i n g  th e  d a ta  on D2Ht was 

s a t i s f a c to r y  and found th a t  v a r ia n c e  cou ld  be s a t i s f a c t o r i l y  

e s tim a te d  as a fu n c tio n  o f  (D2H t)2 .

In  p r a c t ic e  th e n , i t  i s  d e s i r a b le  to  conduct a p re lim in a ry  

exam ination  o f th e  v a r ia n c e ,  develop  i f  n e c e s s a ry  a w e ig h tin g  

fu n c tio n  and develop  th e  r e g re s s io n  m odels u s in g  t h i s  w e ig h tin g  

fu n c tio n . When a s t a t i s t i c a l l y  and b io l o g ic a l ly  s a t i s f a c t o r y
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model has been formulated the data is ordered according to the 

expected value of the dependent variable, partitioned into 

approximately equal cells and the variance of each cell tested 

using Bartlett’s test (1937). If the weighting function is 

adequate then Bartlett’s test should be non-significant. If 

however the test indicates significant heterogeneity of the 

variance, then a better weighting function should be estimated 

and the cycle of operations continued until Bartlett’s test is 

non-significant.

Measurement error

In linear regression analysis one of the assumptions that 

must be met if efficient estimates are to be made of regression 

coefficients and confidence limits is that the variables are 

measured without error.

If the dependent variable is measured with error, but the 

error is unbiassed, then the mean square residual will be 

inflated resulting in a. reduced level of significance in the 

analysis of variance. Provided that the regression explains 

a large amount of the variation then this problem is relatively 

minor.

The dependent variable, volume of the tree to four inches 

top diameter underbark, includes errors caused by faulty use of 

the girth tape and the bark guage and by technique errors 

associated with the use of the ten foot sectional method. The 

latter can be ignored as they are relatively small, and are
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consistent in all data used in South Australia. Errors due to 

the incorrect use of the girth tape are biassed but seem likely 

to be less than the other errors associated with the measurement 

of volume, which are generally unbiassed.

If the independent variables are measured with error then 

there is little effect provided that they are unbiassed and 

provided that the completed regression model will be applied to 

data measured with the same source, frequency and degree of error 

as the data used to develop the model.

The independent variables are, with the exception of errors 

in diameter through faulty use of the girth tape, estimated 

without bias. They are all consistent in that similar errors 

are included in the basic data as are likely to be included in 

the measurement of inventory plots. This is because the same 

operators are responsible for both measurements, working to 

essentially the same procedures.

The effect of measurement errors on this analysis can be 

considered to be of little consequence.

Serial correlation

If correlation exists between the residuals when a regression 

model is fitted to successive observations then serial correlation 

or auto-correlation is said to exist. If serial correlation 

exists then although the estimates of the regression coefficients 

are unbiassed, the predictions of the dependent variable will
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be i n e f f i c i e n t  and w i l l  have n e e d le s s ly  la rg e  sam pling  v a r ia n c e s  

(Jo h n s to n , 1960).

The volume and inc rem en t m odels developed  may be ex p ec ted  

to  s u f f e r  from s e r i a l  c o r r e l a t i o n  b ecau se  th e re  a re  a number o f 

t r e e s  chosen from each p lo t  f o r  each th in n in g ,  and th e s e  t r e e s  

w i l l  sh a re  th e  same v a lu e s  of th e  s ta n d  p a ra m e te rs . To 

f a c i l i t a t e  th e  t e s t i n g  o f  th e  more im p o rta n t m odels th e  d a ta  

w ere a rran g ed  in  o rd e r .

For th e  volume model a l l  th e  t r e e s  from each th in n in g  in  

each p lo t  w ere grouped to g e th e r .

For th e  increm en t m odel, a l l  th e  t r e e s  from each p lo t  w ere 

grouped to g e th e r .  A lso a l l  th e  m easurem ents from th e  same 

t r e e  ( d i f f e r e n t  number o f  y e a rs  b e fo re  th in n in g )  w ere grouped 

to g e th e r .

To t e s t  w hether s e r i a l  c o r r e l a t i o n  was a p rob lem , th e  

Durbin-W atson Md" s t a t i s t i c  (D urbin and W atson, 1950, 1951;

T h e il  and N agar, 1961) was c a lc u la te d .  B ecause o f th e  la rg e  

number o f o b se rv a tio n s  th e  "d" s t a t i s t i c  o f T h e il  and N agar 

(1961) u s in g  th e  Von Neumann r a t i o  had to  b e  u sed .

T e s tin g  th e  models f o r  s e r i a l  c o r r e l a t i o n  sho u ld  fo llo w  

t e s t s  of hom ogeneity o f  v a r ia n c e .  In  t h i s  s tu d y , i f  s i g n i f i c a n t  

s e r i a l  c o r r e la t io n  does o ccu r th en  th e  o b s e rv a tio n s  from th e  

same t r e e  o r  p lo t  may be random ly c u l le d  in  an a tte m p t to  remove 

th e  problem  s in c e  in  g e n e ra l an ample number o f o b s e rv a tio n s
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and degrees  of freedom a re  a v a i l a b l e .

N orm ality  o f  r e s id u a l s

In  l i n e a r  r e g re s s io n  a n a ly s i s  th e  r e s i d u a l  o r  e r r o r  term  

of th e  r e g r e s s io n  i s  assumed to  be n o rm a lly  d i s t r i b u t e d .

However i t  i s  r a r e  to  f in d  in  th e  l i t e r a t u r e  c o v e r in g  th e  

d e r iv a t io n  o f  m athem atica l models o f  f o r e s t  g row th , s t a t i s t i c a l  

t e s t s  used to  prove th a t  th e  r e s i d u a l s  a r e  n o rm ally  d i s t r i b u t e d ,  

a l though  Johnston  (1960) c o n s id e r s  such a t e s t  shou ld  be made. 

Sokal and Rohlf (1969) c o n s id e r  t h a t  th e  consequences o f  non- 

n o rm a l i ty  a re  n o t  too  s e r io u s .  Only a v e ry  skewed d i s t r i b u t i o n  

would have a marked e f f e c t  on th e  s i g n i f i c a n c e  l e v e l  of th e  

a n a ly s i s  o f  v a r i a n c e ,  b u t  Sokal and R ohlf re c o g n ise  t h a t  i t  

shou ld  be t e s t e d  and c o r r e c te d  where p o s s i b l e  by s u i t a b l e  

t r a n s fo rm a t io n  o f  th e  d a ta .

Cochran and Cox (1957) su g g es t  t h a t  th e  n o rm a l i ty  o f  th e  

r e s id u a l s  should  be t e s t e d  by a C h i-sq u a re  t e s t ,  a l th o u g h  th e y  

p o in t  ou t t h a t  t h i s  t e s t  i s  no t s p e c i f i c  and does n o t  i n d i c a t e  

w hether  skewness o r  k u r t o s i s  i s  th e  problem . They and o th e r s  

(Sokal and R oh lf ,  1969; Snedecor and Cochran, 1967) d e s c r ib e  

tech n iq u es  f o r  e s t im a t in g  moment s t a t i s t i c s  o f  k u r t o s i s  and 

skewness. These two s t a t i s t i c s  a re  th en  compared w ith  " t "

(two t a i l e d  t e s t )  f o r  i n f i n i t e  d eg rees  o f  freedom. The l a t t e r  

t e s t  i s  r e a d i l y  a p p l ie d  and as i t  i n d i c a t e s  th e  type  o f  

d e p a r tu re  from n o rm a l i ty  i t  was chosen as th e  a p p r o p r ia t e  t e s t .
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TECHNIQUE USED

A com puter program  REX w r i t t e n  by G rosenbaugh (1967) 

was used to  c a lc u la te  th e  l i n e a r  r e g r e s s io n s .  T h is  program  

i s  ex trem ely  f l e x i b l e  and p roduces a l l  n ecessary 7 s t a t i s t i c s  

to  en ab le  an a n a ly s is  o f  v a r ia n c e  to  be c a lc u la te d .  W eighted 

re g re s s io n s  can be c a lc u la te d  and r e g re s s io n s  can be c o n d itio n e d  

to  pass  e i th e r  th rough  th e  o r ig in  o r th e  mean. A c o r r e l a t i o n  

m a tr ix  fo r  a l l  v a r ia b le s  used in  a model can a ls o  be c a lc u la te d .

Choice o f th e  le v e l  of s ig n i f ic a n c e  to  be used

In  c l a s s i c a l  th e o ry  o f s t a t i s t i c s  i t  i s  d i f f i c u l t  to  d e r iv e  

q u a n t i ta t iv e ly  th e  l e v e l  of s ig n i f ic a n c e  t h a t  shou ld  be used  in  

th e  s t a t i s t i c a l  t e s t s  a s s o c ia te d  w ith  model developm ent. Two 

ty p e s  o f e r r o r s  must be c o n s id e re d . Type I  e r r o r s  a re  o c c u r in g , 

when a t r u e  n u l l  h y p o th e s is  i s  r e j e c te d ;  type  I I  e r r o r s  a r i s e  

when a f a l s e  n u l l  h y p o th e s is  i s  a cc ep ted  (Sokal and R o h lf , 1969; 

Dixon and M assey, 1957). I t  i s  d e s i r a b le  t h a t  b o th  type  I  and 

ty p e  I I  e r r o r s  shou ld  be reduced to  th e  minimum. However, 

s in c e  red u c in g  th e  p r o b a b i l i ty  o f a ty p e  I  e r r o r  in c re a s e s  th e  

p r o b a b i l i ty  o f a ty p e  I I  e r r o r  i t  i s  more a p p ro p r ia te  to  s t r i v e  

f o r  a compromise betw een each ty p e .

For th e  volume model developm ent i t  was ex p ec ted  th a t  

r e g re s s io n s  would e x p la in  a h ig h  p ro p o r tio n  o f  th e  v a r i a b i l i t y  

o f  th e  d a ta ,  e s p e c ia l ly  as th e re  a re  1418 o b s e rv a tio n s  from 

157 p lo t s .  For t h i s  phase  th e  s ig n i f i c a n c e  le v e l  chosen was

p ■ .0 1 .
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For th e  in crem en t model developm ent, a lth o u g h  th e re  w ere 

more o b s e rv a tio n s ,  3035, th e  r e g re s s io n  models w ere n o t c o n s id e re d  

l i k e ly  to  e x p la in  as h ig h  a p ro p o r tio n  o f th e  v a r i a t io n  as th e  

volume m odels. Whereas e r r o r s  o f m easurem ent a re  sm a ll r e l a t i v e  

to  volum e, th ey  a re  la rg e  r e l a t i v e  to  in c re m e n t. S easo n a l 

f lu c tu a t io n s  in  grow th a re  a ls o  l i k e l y  to  a f f e c t  in c rem en t more 

th an  volum e. Because o f t h i s  a low er s ig n i f i c a n c e  l e v e l  was 

more a p p l ic a b le  fo r  th e  in c rem en t m odel, th e  le v e l  s e le c te d  

b e in g  p = .0 5 .

Summary

The p ro ced u re  adop ted  can be sum m arised as fo llo w s :

(1) Form ulate th e  l i n e a r  models to  be t e s t e d .

(2) Examine th e  v a r ia n c e  o f th e  dependent v a r i a b le .

(3) I f  n e c e s s a ry , develop  an e q u a tio n  to  p r e d ic t  v a r ia n c e  

and d e r iv e  a w e ig h tin g  fu n c tio n .

(4) F i t  th e  m odels to  th e  d a ta ,  u s in g  w e ig h ts  i f  n e c e s s a ry .

(5) E v a lu a te  th e  m odels chosing  th e  m ost a c c e p ta b le  model on 

s t a t i s t i c a l  and b io l o g ic a l  g rounds.

(6) T es t fo r  hom ogeneity  o f th e  v a r ia n c e .  I f  th e  v a r ia n c e  

i s  h e te ro g en eo u s th e n  r e - e s t im a te  w e ig h tin g  fu n c tio n  and 

re p e a t s te p s  (4) to  (6 ) .



26

(7) Test for normality of the residuals. If significant 

non-normality then transform the dependent variable, 

recalculate the regressions and retest.

(8) Test for serial correlation. If there is significant 

serial correlation then fit the accepted model to a 

reduced data base and re-evaluate. Repeat until serial 

correlation is not significant.

(9) When all tests are satisfactorily completed test the 

model on independent data.



PART 1 A CONSIDERATION OF STAND DENSITY
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IV. STAND DENSITY INDICES 

INTRODUCTION

" F o re s try  i s  b e d e v i l le d  by a w ide range o f  p a ram e te rs  o f 

d e n s i ty ,  th e  on ly  common f e a tu r e  among them b e in g  t h e i r  g e n e ra l 

in e f f e c t iv e n e s s ."  B a s k e rv il le  (1962) in  n o t in g  t h i s  fo cu ses  

a t te n t io n  on one o f th e  p e rp le x in g  problem s o f f o r e s t  m ensura

t io n  and management, f o r  i f  a m ean ing fu l in d e x  o f th e  le v e l  o f 

co m p e titio n  o r d e n s ity  o f th e  s ta n d  can b e  ev o lved  th e n  i t  i s  

l i k e ly  to  be a s ig n i f i c a n t  v a r ia b le  in  any model p r e d ic t in g  

growth o r y ie ld .

For a v a r ia b le  to  b e  in c lu d e d  in  a h y p o th e s iz e d  model i t -  

must be cap ab le  o f b e in g  m easured w ith  some d eg ree  o f  a cc u racy . 

The concept o f s ta n d  d e n s ity  o r  co m p e titio n  i s  an a b s t r a c t  

q u a l i ty  th a t  seems in c a p a b le  o f  p r e c is e  d e f i n i t i o n ,  so i t  i s  

lo g ic a l  th a t  a l l  so c a l le d  m easures o f d e n s i ty  be reg a rd ed  

sim ply as in d ic e s .  A lthough some in d ic e s  a re  cap ab le  o f 

p re c is e  u n b ia ssed  m easurem ent th ey  a re  on ly  a proxy f o r  th e  

in ta n g ib le  concept r e f e r r e d  to  as s ta n d  d e n s i ty .

A number o f a tte m p ts  have been made to  d e f in e  s ta n d  d e n s ity  

b u t they  a re  n o t p r e c i s e .  Spurr (1952) th in k s  o f s ta n d  d e n s ity  

as th e  degree  to  w hich th e  a re a  i s  u t i l i z e d  by t r e e s .  Two of 

th e  w o rld ’ s le a d in g  f o r e s t r y  a s s o c ia t io n s  d e f in e  s ta n d  (o r  crop)
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d e n s ity  as th e  d e n s ity  o f s to c k in g  ex p re sse d  in  number o f t r e e s ,  

b a s a l  a r e a ,  volume o r o th e r  c r i t e r i a ,  on a p e r  a c re  b a s i s ,  (Soc. 

A m .For., 1958; Empire F o re s try  A s s o c ia t io n ,  1953). C u rtin  

(1968) p re s e n ts  a n o th e r  d e f in i t i o n  in  w hich s ta n d  d e n s i ty  i s  

d e fin e d  as th e  average in t e n s i t y  o f c o m p e titio n  w hich i s  

o c c u rr in g  betw een in d iv id u a l  t r e e s  w ith in  a s ta n d .

A lthough i t  seems u n l ik e ly  t h a t  a u n iv e r s a l  and p r e c is e  

d e f in i t i o n  o f s ta n d  d e n s ity  w i l l  e v e r  be ach iev ed  th e re  a re  

some g e n e ra l req u ire m en ts  th a t  a re  c o n s id e re d  d e s i r a b le .

W hatever th e  prim e d e fe c ts  th e  index  sh o u ld  be c l e a r ,  c o n s i s te n t ,  

o b je c t iv e  and easy  to  ap p ly  (B ic k fo rd , B aker and W ilson , 1957). 

Spurr (1952) c o n s id e rs  t h a t  i t  sh o u ld  n o t be r e l a t e d  to  age or 

s i t e  p ro d u c t iv i ty  and t h i s  t e s t  has o f te n  been used as one o f 

th e  c r i t e r i a  f o r  e v a lu a tin g  th e  e f f e c t iv e n e s s  o f a s ta n d  d e n s ity  

in d e x . As n o te d  b e f o r e ,  C u rtin  (1968) c o n s id e rs  t h a t  th e  prim e 

requ irem en t o f a m easure o f d e n s i ty  i s  th a t  i t  shou ld  ex p re ss  

th e  in t e n s i t y  o f c o m p e tit io n . B a s k e rv i l le  (1962) s t a t e s  th a t  

" . . .  any m ean ingfu l m easure o f d e n s ity  must a s s e s s  s iz e  and 

number s im u lta n e o u s ly  and r e l a t e  t h i s  to  a range  which c o n s t i tu te s  

f u l l  occupancy f o r  a g iven  s i t e " ,  a p o in t  o f view th a t  i s  a ls o  

h e ld  by Baker (1950).

A number o f in d ic e s  can be s e le c te d  and te s t e d  in  th e  

developm ent o f  th e  m odels so  t h a t  th e  in d ex  f i n a l l y  chosen w i l l  

be th e  one th a t  i s  s t a t i s t i c a l l y  th e  m ost e f f e c t i v e  in  th e  m odel. 

The rank in g  o f  th e  in d ic e s  may n o t be v a l id  fo r  o th e r  management 

models b u t i t  w i l l  be s a t i s f a c t o r y  fo r  th e  p r e d ic t io n  m odels fo r  

r a d ia ta  p in e  th in n in g s .
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The common in d ic e s  o f s ta n d  d e n s ity  can be c l a s s i f i e d  

acco rd in g  to  th e  v a r ia b le s  used in  t h e i r  e s t im a t io n  in to  one of 

fo u r  c a te g o r ie s  (C u r tin ,  1968; V ezina , 1964).

(1) Number o f T re e s .

(2) Number o f T rees and D iam eter.

(3) Number of T rees and H e ig h t.

(4) Number o f T re e s , D iam eter and H e ig h t.

NUMBER OF TREES AS AN INDEX OF DENSITY

The s im p le s t index  o f  s ta n d  d e n s ity  i s  number o f t r e e s  p e r  

u n i t  a re a  b u t i t s  e f f e c t iv e n e s s  i s  l im ite d  u n le s s  mean d ia m e te r , 

h e ig h t  or age a re  h e ld  c o n s ta n t and th e r e f o r e  by in f e r e n c e ,  

ta k en  in to  acc o u n t. The use o f th e  s in g le  p a ram e te r number o f 

t r e e s  was found by N elson and B render (1963) to  be to o  i n e f f i c i e n t  

to  be s e r io u s ly  c o n s id e re d  as an index  o f d e n s i ty .  A lthough 

ig n o red  by most w orkers i t  i s  th e  s im p le s t  in d ex  to  m easure and 

sho u ld  be a t  l e a s t  t e s t e d .

REINEKE'S STAND DENSITY INDEX( l )

^1  ̂ The re se a rc h  re p o r te d  in  t h i s  s e c t io n  i s  th e  r e s u l t  of
j o i n t  work by D r. I .S .  Ferguson of th e  A u s tra l ia n  N a tio n a l 
U n iv e rs ity  and th e  a u th o r .
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R eineke (1933) examined d a ta  from evenaged s ta n d s  o f f u l l  

d e n s ity  and concluded  th a t  th e  number o f  t r e e s  p e r  a c re  N was a 

fu n c tio n  of th e  q u a d ra t ic  mean d ia m e te r  , th e  d iam ete r 

co rresp o n d in g  to  th e  mean b a s a l  a re a  p e r  t r e e .

N = b Q Di  b l ............................................................................  E qu a tio n  IV. 1

The c o n s ta n ts  bo and b j in  e q u a tio n  I V .1 w ere e s tim a te d  

by re g re s s io n  a n a ly s is  fo llo w in g  a lo g a r i th m ic  tra n s fo rm a tio n  

to  co n v ert th e  eq u a tio n  to  a l i n e a r  form .

log  (N) = log  (b ) + b log  (D .) ..................... E qu a tio n  IV .2
10 10 0 1 10 1

The s lo p e  c o e f f i c i e n t  b^ ap p ea red  to  be c o n s ta n t (-1 .6 0 5 ) 

fo r  12 o f th e  14 s p e c ie s  exam ined.

Reineke used e q u a tio n  IV .2 to  d e f in e  an in d ex  o f s ta n d  

d e n s ity  on th e  assum ption  th a t  th e  same s lo p e  w ould h o ld  fo r  th e  

r e la t io n s h ip  betw een th e  lo g a rith m s  o f th e  number o f stem s p e r 

ac re  (N^) and q u a d ra t ic  mean d ia m e te r  (D^) in  s ta n d s  which had 

n o t reached  f u l l  d e n s i ty .  The s ta n d  d e n s i ty  index  SDI was 

a r b i t r a r i l y  d e fin e d  as th e  number o f t r e e s  p e r  a c re  in  a s ta n d  

hav ing  a q u a d ra t ic  mean d ia m e te r  o f 10 .0  in c h e s  w hich was o f 

eq u a l d e n s ity  to  th e  s ta n d  in  q u e s tio n .  T h is  l a t t e r  f ig u re  

reduced th e  com putation  in v o lv ed  in  c a lc u la t in g  th e  s ta n d  

d e n s ity  index  where lo g a rith m s  to  b a se  10 w ere u sed .

S u b s t i tu t io n  and t r a n s p o s i t io n  o f th e  e lem en ts  in v o lv ed  

in  th e  d e f in i t io n  y ie ld e d  e q u a tio n  IV .3.
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log  (B) = lo g  (N .) -  b log  (D .) + b ............E quation  IV. 3
10 10 1 1 10 1 1

This e x p re s s io n  has been used w id e ly  to  e s t im a te  s ta n d  

d e n s i ty ,  o f te n  u s in g  th e  same c o n s ta n t ( -1 .6 0 5 )  w hich R eineke 

e s ta b l is h e d  fo r  most o f th e  sp e c ie s  he exam ined.

In  view o f th e  use o f t h i s  in d ex  i t  i s  s t r a n g e  th a t  th e  

assum ptions u n d e rly in g  th e  b io lo g ic a l  p ro c e s se s  in v o lv ed  have 

la rg e ly  been ig n o re d . The index  sh o u ld  th e r e f o r e  be c r i t i c a l l y  

examined in  r e l a t io n  to  s ta n d  dynam ics in  p la n ta t io n s  of 

r a d ia ta  p in e .

The d a ta

In  s e le c t in g  s ta n d s  which had reach ed  " f u l l  d e n s i ty " ,

R eineke sim ply p lo t te d  a l l  th e  a v a i la b le  d a ta  (m ain ly  from 

tem porary  p lo t s )  on d o u b le -lo g  graph p ap e r and co n fin ed  h is  

r e g re s s io n  a n a ly s is  to  th o se  p o in ts  w hich f e l l  on th e  extrem e 

r ig h t  o f th e  s c a t t e r .  T h is  i s  u n s a t i s f a c to r y  s in c e  th e re  i s  

no g u a ran tee  th a t  th e  p lo t s  s e le c te d  w ere u n ifo rm ly  o f  th e  

same d e n s ity .

C u rtin  (1968 ), in  d e f in in g  d e n s i ty  as th e  average  i n t e n s i t y  

o f co m p e titio n  betw een th e  in d iv id u a l  t r e e s  in  th e  s ta n d ,  p o in te d  

out th a t  s u b s t a n t i a l  n a t u r a l  m o r ta l i ty  p ro v id ed  a c l e a r  in d ic a t io n  

o f when a s ta n d  had reach ed  maximum d e n s i ty .  A d m itted ly , 

se a so n a l c l im a t ic  f lu c tu a t io n s  from y e a r  to  y e a r  in tro d u c e d  a 

s to c h a s t ic  e lem en t in to  t h i s  c o n d itio n  o f maximum d e n s i ty ,  s in c e  

th e  re so u rc e s  a v a i la b le  to  su p p o rt th e  s ta n d  w i l l  change in
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accord  w ith  th e  c l im a te .  N e v e r th e le s s ,  t h i s  concep t o f maximum 

d e n s ity  i s  p ro b ab ly  as uniform  a c o n d itio n  as one can hope to  

ach iev e .

The e x is te n c e  o f n a tu r a l  m o r t a l i ty ,  how ever, may n o t be a 

s u f f i c i e n t  c o n d itio n  to  id e n t i f y  s ta n d s  w hich have reach ed  

maximum d e n s ity .  M o r ta l i ty  can a r i s e  from cau ses  o th e r  th an  

in te n s e  c o m p e tit io n . These o th e r  c a u s e s , such as in s e c t  and 

pathogen a t ta c k ,  a re  o f te n  superim posed on , o r i n t e r a c t  w ith ,  

c l im a t ic  f lu c tu a t io n s  and th u s  m o r ta l i ty  can n e v e r p ro v id e  a 

com ple te ly  unambiguous c r i t e r i o n  of maximum d e n s i ty .  N ev erth e 

le s s  th e  e x is te n c e  o f s u b s t a n t i a l  and c o n tin u in g  m o r ta l i ty  

p ro v id es  a re a so n a b ly  c o n s is te n t  and o b je c t iv e  means o f e n su r in g  

th a t  s tan d s  have reached  e q u iv a le n t  c o n d it io n s  o f c o m p e titio n  

and d e n s ity .

As n o te d  in  c h a p te r  I I  th e re  a re  some 320 perm anent sam ple 

p lo t s  in  r a d ia ta  p in e  p la n ta t io n s  and among th e se  a re  a number 

o f u n th in n ed  p lo t s  th a t  p ro v id e  an o p p o r tu n ity  to  s e le c t  s ta n d s  

which have reach ed  maximum d e n s i ty .  To t h i s  d a ta  w ere added 

d a ta  from a number o f p lo t s  t h a t  a re  n o t perm anent sam ple p l o t s ,  

b u t which have been  l e f t  u n th in n ed .

The d a ta  shown in  f ig u re  IV .1 have been  chosen to  

i l l u s t r a t e  th e  s e le c t io n  o f th e se  o b se rv a tio n s  w hich had 

reached  maximum d e n s ity .

The p lo t s  in c lu d e d  in  f ig u re  I V .1 cover a w ide range o f 

tre n d s  in  m o r ta l i ty .  P lo t  369 fo r  exam ple, p re s e n te d  no 

problem s in  d e te rm in in g  th e  o n se t o f maximum d e n s i ty .  O th e rs ,
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l i k e  P lo t  513 p ro v id ed  some d i f f i c u l t y  in  d e c id in g  w hich o f  th e  

o b se rv a tio n s  re p re se n te d  th e  s t a r t  o f maximum d e n s ity  by th e  

c r i t e r i o n  o f s u b s t a n t i a l  m o r ta l i ty .  In  such c a s e s ,  w hich were 

ty p ic a l  of th e  m a jo r ity  of th e  d a ta  exam ined, a c o n s e rv a tiv e  

approach was adopted  and th e  e a r l i e r  o b s e rv a tio n s  w ere ex c lu d ed . 

For a few p l o t s ,  such as P lo t  EP24C, th e r e  was much g r e a te r  

u n c e r ta in ty  b u t  ag a in  a c o n se rv a tiv e  approach  was adop ted  in  

s e le c t in g  o b s e rv a tio n s .

Some 160 o b se rv a tio n s  from 34 p lo t s  w ere s e le c te d  as 

c l e a r ly  r e p re s e n t in g  c o n d itio n s  o f maximum d e n s i ty .  These 

d a ta  w ere f u r th e r  c u l le d  by s e le c t in g  on ly  th e  f i r s t  and l a s t  

o b se rv a tio n s  in  each p lo t .  These m easures reduced  th e  

c o r r e la t io n  betw een su c c e s s iv e  m easurem ents and th e  s t a t i s t i c a l  

problem s w hich o th e rw ise  a r i s e .  The 59 o b se rv a tio n s  in  th e  

f i n a l  s e t  o f d a ta  w ere used to  exam ine th e  e m p ir ic a l  n a tu re  of 

s ta n d  dynamics under c o n d itio n s  o f maximum d e n s i ty .

Growth

As many p re v io u s  s tu d ie s  have shown, th e  b a s a l  a re a  p e r  

a c re  o f " f u l ly  s to ck ed "  s ta n d s  i s  a fu n c tio n  o f ag e , a long  w ith  

o th e r  v a r ia b le s .  H o p e fu lly , th e  d a ta  used in  t h i s  s tu d y  a re  

b ased  on a more p r e c is e  and c o n s is te n t  d e f in i t i o n  o f d e n s i ty  

than  th e  h ig h ly  s u b je c t iv e  d e f in i t i o n s  w hich c h a ra c te r iz e d  

many o f th e se  s tu d ie s .

Given th e  ty p e  o f  d a ta  a v a i la b le  i t  i s  somewhat e a s ie r  to  

e s t im a te  th e  y ie ld  fu n c tio n  f o r  b a s a l  a re a  th an  th e  growth 

fu n c tio n . E quation  IV .4 r e l a t e s  b a s a l  a re a  B to  age A, s i t e



potential SI and initial stocking after establishment E, 

(table IV.1).
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log (B) = 0.7569 - 4.584 i + 0.0185 SI 10 A

- 0.635 10“4 SI2 + 0.243 log (E) ....  Equation IV.4
10

The multiple coefficient of determination of 0.92 indicates 

that the model is satisfactory. Several other models with 

different curvilinear forms in SI were tested but equation IV.4 

was significantly better. Basal area reaches a maximum 

corresponding to a site index of 148 feet which is well above 

the best site found in South Australian radiata pine plantations. 

The Durbin-Watson "d" statistic was computed and the test was 

inconclusive, but it seems likely that the effect of any serial 

correlation would be small and would have little impact on the 

estimated regression coefficients and their standard errors.

It is proposed to examine the data further using other 

non-linear models and non-linear regression techniques.

However, this model is adequate to examine the dynamic aspects 

of stand behaviour which underlie Reinekefs index.

Basal area per acre is related to the number of stems per 

acre and quadratic mean diameter as in the indentity, equation 

IV.5.

B s' Ni V
576

log (B) 
10

= log (N.) - 2.0 log (D.) + log( 7T /576) 
10 i 10 i

Equation IV.5
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TABLE I V . 1

REGRESSION STATISTICS EQUATION IV.A

lo g  (B) = 0 .7569  -  A.58A ~  + 0 .0 1 8 5  SI 
10 A

-  0 .6 3 5  10"4 S I 2 + 0.2A3 lo g  (E)
10

w here E = i n i t i a l  s t o c k i n g  a f t e r  e s t a b l i s h m e n t

lo g  = lo g a r i th m s  to  t h e  b a s e  10 
10

Source  o f  V a r i a t i o n D .F . S .S . M.S.

R e g re s s io n A 0 .76795 0 .19199

R e s id u a l s 5A 0 .06636 0 .0 0123

T o t a l 58 0.83A31

F = 156 i . e .  s i g n i f i c a n t  a t  p = .001
4 / 5 4
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Substituting equation IV.5 in equation IV.4 the following 

relationship between the number of stems per acre, quadratic 

mean diameter and other variables is obtained for stands of 

maximum density:-

log (N ) = 3.0202 - 2.0 log (D.) - 4.584 7- + 0.0185 SI - 0.635 
1 0  ^  1 0 ^- “

10 4 SI2 + 0.243 log^ E ....... . Equation IV.6

The difference between the slope coefficient for quadratic 

mean diameter in equation IV.6 compared with Reineke’s result 

(-1.605) raises some doubts about Reineke’s function, but dis

cussion of these is best left until the model of stand dynamics 

has been completed.

Equation IV.6 defines the locus of all possible combinations 

of initial stocking after establishment E and quadratic mean 

diameter for a given age, site index and initial stocking.

It does not define the dynamic path which a particular stand 

would take in terms of the values of and at each point in 

time.

Mortality

In order to examine the dynamic path of the values of KL 

and for a particular stand, it is necessary to examine the 

other dynamic process involved, mortality. To be consistent with 

the manner of measurement and the nature of the process, the 

mortality variable has been defined as the geometric mean annual

survival ratio.
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P = t N/N(t) .........................  Equation IV. 7

where P denotes the geometric mean annual survival ratio,

t denotes the number of years between the observation 

used in the final data set and the preceding 

measurement of that plot,

N denotes the number of living stems per acre of the 

observation in the final data set,

N(t) denotes the number of living stems per acre at the 

time of the preceding measurement.

This definition is relevant because survival is a multi

plicative process, a 90% survival in one year followed by a 70% 

survival in the second year gives an overall survival after two 

years of 63%. Successive measurements on any one plot were 

made at irregular intervals varying from 2 to 6 years so that 

explicit recognition of the time between measurements was 

essential.

Various forms of the relationship between survival, site 

and age were tested. Equation IV.8 appears to be the most 

satisfactory, table IV.2.

log (N) - log (N(t)) = -0.0092 t .............. Equation IV.810 10

where N, N(t) and t are defined as for equation IV.7.

The coefficient of multiple determination for the regression 

was 0.79. Other models incorporating site potential and age
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TABLE IV .2

REGRESSION STATISTICS EQUATION IV .8

log  (N) -  log  ( N ( t ) ) = -0 .0092  t  
10 10

where

t  = th e  number o f  y e a rs  between th e  o b s e rv a t io n  used in  th e

f i n a l  d a ta  s e t  and the  p rece d in g  measurement o f  t h a t  p l o t ,

N = the  number o f  l i v i n g  stems p e r  a c re  of the  o b s e rv a t io n  

in  the  f i n a l  d a t a  s e t ,

N (t)  = th e  number o f  l i v i n g  stems p e r  a c re  a t  the  tim e o f  

p reced in g  measurement.

Source of V a r ia t io n D.F. S .S . M.S.

R egress ion 1 0.07363 0.07363

R esidua ls 58 0.01955 0.00034

T o ta l 59 0.09318

F = 217 i . e .  s i g n i f i c a n t  a t  p = .001
1/58



w ere n o t s ig n i f i c a n t l y  d i f f e r e n t  from e q u a tio n  IV .8. S u rv iv a l 

was a p p a re n tly  c o n s ta n t over th e  range o f  ages and s i t e s  in  th e  

sam ple d a ta ,  th e  e s tim a te d  mean an n u a l s u r v iv a l  r a t i o  b e in g  

0 .8 4 . T his i s  somewhat s u r p r is in g  s in c e  o th e r  s tu d ie s  ( fo r  

example Meyer (1938)) su g g es t t h a t  s u r v iv a l  in c re a s e s  w ith  

in c re a s in g  ag e , and to  a l e s s e r  d e g re e , w ith  in c re a s in g  s i t e .  

However, M eyer's  tr e n d s  were based  on g ra p h ic a l  a n a ly se s  and 

on d a ta  from a much w ider range o f ages and s i t e s .

The second term  in  e q u a tio n  IV .8 i s  tra n sp o se d  to  th e  

r ig h t  hand s id e  to  p ro v id e  e q u a tio n  IV .9 ,  th e  second p a r t  of 

th e  model o f s ta n d  dynam ics.

log  (N) = log  (N ( t) ) -  0 .0092 t  ................................. E qu a tio n  IV .9
10 10

Given th e  s to c k in g  e x i s t in g  a t  some p re v io u s  p o in t  o f tim e 

under c o n d itio n s  o f maximum d e n s i ty ,  e q u a tio n  IV .9 e n a b le s  

c u r re n t  s to c k in g  to  be p re d ic te d .

A Simple Model o f S tand Dynamics

42

E qu atio n s  IV .6 and IV .9 a re  s im u ltan e o u s  p ro c e s se s  whose 

in t e r a c t io n  t r a c e s  ou t th e  dynamic p a th  o f th e  r e la t io n s h ip  

betw een th e  number o f stem s p e r  a c re  and q u a d ra t ic  mean d iam eter^  

over tim e. T his i s  i l l u s t r a t e d  fo r  a g iv en  s i t e  index  and 

i n i t i a l  s to c k in g  in  f ig u re  IV .2.

The s lo p in g  l i n e s  a re  th e  l o c i  t r a c e d  ou t by e q u a tio n  IV .9 

f o r  th o se  same p o in ts  in  tim e. The in t e r s e c t i o n  p o in ts  show th e
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F I GU R E  IV. Z

E X A M P L E  OF  T H E  D Y N A M I C  R E L A T I O N S H I P  
B E T W E E N  N U M B E R  OF T R E E S  P E R  ACRE 
AND M E A N  D I A M E T E R

10 ( D i o m e f e r 1)
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dynamic p a th . Comparison o f th e  tre n d s  in  f ig u r e  IV .2 w ith  

th e  o b se rv a tio n s  c la s s e d  as r e p re s e n t in g  maximum d e n s i ty  in  

f ig u re  IV .1 shows th a t  th e  e s tim a te d  t r e n d s  conform  w ith  the  

g e n e ra l b eh av io u r of th e  d a ta .

F ig u re  IV .3 p ro v id e s  a s p e c i f i c  com parison o f th e  a c tu a l  

and e s tim a te d  in t e r s e c t i o n  p o in ts  f o r  th r e e  o f th e  p lo t s  w ith  

la r g e r  number o f m easurem ents d u rin g  maximum d e n s i ty .

A lthough an o b je c t iv e  s t a t i s t i c a l  t e s t  o f th e  d i f f e r e n c e  

betw een th e  a c tu a l  and e s tim a te d  p o in ts  in  f ig u r e  IV .3 i s  n o t 

p o s s ib le ,  because  some o f th e  d a ta  w ere used  to  e s t im a te  th e  

dynamic r e l a t io n s h ip s ,  th e  v i s u a l  agreem ent i s  s u f f i c i e n t  to  

dem onstra te  th a t  th e  concep t o f two in t e r a c t in g  p ro c e s se s  i s  

soundly  b ased .

S tand d e n s ity  index

The model of s ta n d  dynam ics has so  f a r  o m itte d  any e x p l i c i t  

r e c o g n it io n  o f R e in ek e?s e q u a tio n , IV .2 , w hich i s  c a l le d  th e  

" re fe re n c e  cu rve"  f o r  s ta n d s  o f f u l l  d e n s i ty .  I f  e q u a tio n  IV .2 

i s  added to  th e  model b ased  on eq u a tio n s  IV .6 and IV .9 th e n  th e  

system  has th r e e  e q u a tio n s  in  on ly  two endogenous v a r ia b le s  

(N and D ^). Such a system  i s  in c o n s i s t e n t  b ecause  th e  th r e e  

eq u a tio n s  cannot be j o i n t l y  s a t i s f i e d  by a s in g le  p a i r  o f v a lu e s  

o f th e  endogenous v a r ia b le s  under any re a so n a b le  assum ptions 

about th e  n a tu re  o f th e  system . P la in ly ,  R e in e k e 's e q u a tio n  

IV .2 i s  a t  f a u l t  s in c e  i t  i s  h a rd  to  e n v isag e  a system  which 

la c k s  e i t h e r  a growth o r  a m o r ta l i ty  p ro c e s s .
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Reineke's equation IV.2 can therefore be considered an 

artifact created by fitting a static function to data which 

reflect two simultaneous dynamic processes, growth and mortality, 

and the stand density index therefore lacks any dynamic biological 

foundation. The slope coefficient for Reineke’s equation 

(-1.605) will nearly always differ from the true value (-2.0) 

because the true relation between number of stems and diameter 

is confounded by the dynamic processes which have been ignored. 

Figure IV.2 illustrates the dynamic processes for a permanent 

plot.

It is concluded that Reineke's stand density index should 

not be used as an index of stand density because it has no sound 

biological foundation. On the other hand the ratio of standing 

basal area to the theoretical maximum basal area is soundly 

based and should be evaluated in the volume and increment models 

as an index of stand density.

Where the observations used are from temporary plots it 

is more difficult to describe the source of the confounding of 

Reineke's index, but the same principle holds. For a given 

species in natural stands of full density, the number of stems 

per acre will tend to be inversely correlated with age by the 

very nature of the processes of regeneration, growth and mortality. 

Hence the observations which Reineke selected from the extreme 

right of the scatter will be subject to the same confounding 

apparent if the dynamic processes were to be ignored in figure 

IV.2. Moreover the reference curve will tend to be based on

stands of high site potential rather than low site potential



47

because the latter tend to lie to the left of those from sites 

of high potential.

However, equation IV.4 provides a means of estimating, for 

any area of forest, the theoretical maximum basal area that the 

site could sustain.

In practical inventory the use of the measure would need 

the initial plantation spacing. This can generally be estimated, 

or is available from planting records although the order of 

accuracy is low. The ratio of the standing basal area to the 

theoretical maximum basal area appears a logical measure although 

the difference between the logarithms to the base 10 of the two 

basal area components could be used, the choice of the measure 

depending on the transformations, if any, of the dependent 

variable in the volume and increment models.

OTHER INDICES USING NUMBER OF TREES AND DIAMETER

The most commonly used indices of stand density relate the 

number of trees per acre to the mean diameter of the stand, or 

some other measure of diameter. However, these indices are 

affected by previous thinning history which led Hummel (1953) to 

argue in favour of a measure using height rather than diameter.

On the other hand, the fact that number of trees and diameter 

are affected by thinning may enable a very useful parameter to 

be derived, using them in combination, to describe the differences 

in density due to past thinning history.
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B asa l a re a  p e r  ac re

T his i s  th e  most w id e ly  used  m easure o f s ta n d  d e n s ity  and 

has th e  advantage o f b e in g  r e a d i ly  m easured . Assmann (V ezina , 

1963) found th a t  c u r re n t  annual in c rem en t o f volume can be 

r e la te d  to  r e l a t i v e  b a s a l  a r e a ,  b u t t h i s  meant t h a t  an optimum 

v a lu e  o f b a s a l  a re a  had to  be s e t ,  and a c r i t i c a l  l e v e l  chosen 

a t  which in c re m e n ta l lo s s  was an a r b i t r a r y  5%. T h is  method 

depended on th e  e s ta b lis h m e n t o f an o p tim a l b a s a l  a re a  w hich i s  

v e ry  d i f f i c u l t  to  do in  p r a c t i c e ,  and th e  method has in  conse

quence n o t found w id esp read  a c c e p ta n c e .

Work in  New South Wales (G e n tle , Henry and Shepherd ,

1962) in d ic a te s  th a t  th e  minimum b a s a l  a re a  th a t  w i l l  avo id  

in c re m e n ta l lo s s  in c re a s e s  w ith  age . As i t  may be argued  th a t  

th e  minimum b a s a l  a r e a ,  below  w hich in c re m e n ta l lo s s e s  o c c u r, 

r e p re s e n ts  a c o n s ta n t l e v e l  of c o m p e tit io n , t h i s  su g g e s ts  th a t  

b a s a l  a re a  may n o t be a p a r t i c u l a r l y  good in d ex  o f d e n s ity  a t  

l e a s t  a t  th a t  p a r t i c u l a r  l e v e l ,  and t h a t  b a s a l  a re a  to  some 

power l e s s  th an  one may be more a p p ro p r ia te .

However, b a s a l  a re a  does r e f l e c t  th e  le v e l  o f c o m p e tit io n , 

a t  l e a s t  i f  h e ig h t  i s  c o n s ta n t ,  and i t  sh o u ld  be c o n s id e re d  as 

a v a r ia b le  in  th e  growth and y ie ld  m odel.

Crown co m p e titio n  f a c to r

In  1961 K ra jic e k , Brinkman and G in g rich  d e sc r ib e d  an 

index  o f d e n s i ty ,  th e  Crown C om petition  F a c to r ,  b ased  on th e  

o b se rv a tio n  th a t  f o r  open grown t r e e s  th e  crown w id th  i s
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l in e a r ly  re la te d  to  tr e e  d iam eter, and the assumption th a t the  

number o f tr e e s  whose open grown crown area e x a c t ly  covers one 

acre rep resen ts a constant le v e l  o f stand d en s ity  reg a rd less  o f  

diam eter.

Using the d e f in it io n  of open grown tr e e s  adopted by K rajicek  

(K rajicek e t  a l ,  1961) ten  open grown ra d ia ta  p ine tr e e s  were 

measured for  diam eter (b reast h e ig h t over bark) and the p ro jec tio n  

of the crown on the ground was mapped. The edge o f the crown 

was ragged but i t  was approxim ately c ir c u la r ,  although the tr e e  

b o le  was ra re ly  in  the cen tre  o f the c i r c l e ,  b ein g  d isp la ced  

towards the w est and north w est , the d ir e c t io n  o f  the p r e v a ilin g  

w inds. The d isplacem ent was g r e a te s t  in  tr e e s  on exposed s i t e s ,  

le a s t  on tr e e s  th a t were r e la t iv e ly  s h e lte r e d . I t  was concluded  

th a t the mean o f two measurements o f crown w idth a t r ig h t  an gles  

to  one another would g ive  a s a t is fa c to r y  approxim ation o f crown 

w idth , c a lc u la t io n  of crown area from a crown map being  considered  

too time consuming.

A t o t a l  o f 109 open grown rad ia ta  p ine tr e e s  were then 

measured fo r  diam eter and crown w id th , and an estim ate  was made 

o f the p o te n t ia l s i t e  q u a lity  o f the s i t e .  This e stim a te  o f s i t e  

p o te n t ia l used current unpublished Woods and F orests  Department 

assessm ent techniques for  unplanted land. The data were subdivided  

in to  th ree groups based on the estim ated  s i t e  p o te n t ia l and the  

graph, f ig u re  IV .4 , o f crown width a g a in st tr e e  diam eter was 

p lo tte d . Linear r e g r e s s io n s , using crown width as the dependent 

v a r ia b le  and tr e e  diam eter as the independent v a r ia b le ,  were 

ca lcu la ted  for  each o f th e  th ree  data groups, and then for  

com binations o f them. A covariance a n a ls is  in  the manner
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o u tl in e d  by F reese  (1964) in d ic a te d  no s i g n i f i c a n t  d i f f e r e n c e  

betw een th e  th r e e  groups o f d a ta ,  a lth o u g h  from f ig u re  IV .4 i t  

ap pears  th a t  th e  t r e e s  on s i t e s  o f poor s i t e  p o t e n t i a l  may have 

b ro a d e r  crowns fo r  th e  same d ia m e te r .

As th e  r e l a t io n s h ip  d e r iv e d  from t h i s  d a ta ,  i f  a c c e p te d , 

w i l l  be used to  develop  volume and in c rem en t models fo r

th in n in g s  on s i t e s  ra n g in g  from SQ I  to  SQ V i t  was d ec ided

a r b i t r a r i l y  to  ex clude  th e  44 t r e e s  on th e  p o o re r  s i t e s  and 

use on ly  th e  r e la t io n s h ip  c a lc u la te d  fo r  th e  65 t r e e s  on s i t e s

e s tim a te d  as h av ing  a s i t e  p o t e n t i a l  betw een SQ I  and SQ V.

E quation  V I I .12 r e s u l t e d ,  th e  a n a ly s is  o f v a r ia n c e  b e in g  shown 

in  T able IV .3.

CW = 2.371 + 1.700 D ............................................................  E quation  V II . 12

where CW = Crown w id th  in  f e e t .

From t h i s  e q u a tio n  th e  "Maximum Crown A rea" can be 

c a lc u la te d ,  e x p re s s in g  in  p e rc e n t o f an a c r e ,  th e  a re a  th a t  

would be occupied  by th e  crown of an open grown t r e e  o f  s p e c i f ie d  

d ia m e te r . From t h i s  th e  Crown C om petition  F a c to r  CCF was 

c a lc u la te d  in  a manner s im i la r  to  t h a t  o u t l in e d  by K ra jic e k  

(K ra jic e k  e t  a l ,  1961).

CCF = -7  Ar
NAr _ ......................A r

0 .01039  N + 0 . 0 1 4 5 3 l X  D + 0 .0 0 5 2 0 8 X  (D2)

E quation  I V .13
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TABLE IV.3

REGRESSION STATISTICS EQUATION IV.12

CW = 2.371 + 1.700 D

where

CW = Crown width in feet

Source of variation D.F. S.S. M.S.

Regression 1 23140.1 23140.1

Residual 63 599.3 9.513

Total 64 23739.4

F = 2432 i.e. significant at p = .0011 / 6 3
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where CCF = Crown C om petition  F a c to r

Ar = Area o f th e  s ta n d  in  a c re s

N. = Number o f t r e e s  in  th e  s ta n d  Ar

The Crown C om petition  F a c to r ,  as c a lc u la te d ,  i s  based  on 

a s t a t i s t i c a l l y  s a t i s f a c to r y  r e g re s s io n  b u t th e r e  a re  a number 

o f  problem s a s s o c ia te d  w ith  i t s  u se .

The b a s ic  d a ta  fo r  open grown t r e e s  a re  r e l a t i v e l y  im p re c is e . 

I t  i s  d i f f i c u l t ,  e s p e c ia l ly  on th e  la r g e r  t r e e s ,  to  s a t i s f a c t o r i l y  

m easure t r e e  d ia m e te r a t  b r e a s t  h e ig h t  b ecau se  th e  heavy low er 

w horls th a t  occur in  open grown t r e e s  cause  se v e re  f l u t i n g  and 

sw e llin g . I t  i s  a ls o  im p o ss ib le  to  be a b s o lu te ly  c e r t a in  th a t  

th e  t r e e  i s  in  f a c t  open grown and has n o t been  su b je c te d  to  

co m p e titio n  f o r  a p e r io d  of tim e e a r ly  in  i t s  l i f e .  The 

d e f in i t i o n  of an open grown t r e e  used  te n d s  to  m inim ize th e  r i s k  

o f m easuring a t r e e  w hich has s u f fe re d  p a s t  c o m p e tit io n , b u t 

i t  i s  s t i l l  a p o s s i b i l i t y .  The m easurem ent o f crown w id th  was 

shown on th e  te n  s e le c te d  t r e e s  to  be a d i f f i c u l t  ta s k  due to  

th e  ragged  shape of th e  crown, and th e  f a c t  t h a t  exposure  has 

a f f e c te d  th e  crown o f most t r e e s  on ly  em phasises t h i s  d i f f i c u l t y .

A part from m easurement d i f f i c u l t i e s  i t  i s  d o u b tfu l w hether 

th e  o r ig in a l  a ssu m p tio n , th a t  th e  number o f t r e e s  whose open 

grown crown a re a  e x a c t ly  cov ers  one a c re  r e p re s e n ts  a c o n s ta n t 

le v e l  o f d e n s i ty ,  i s  te n a b le .  In  p r a c t i c e  t r e e  crowns in c re a s e  

l a t e r a l l y  w ith  ag e , so th a t  u n t i l  some e x te r n a l  co m p e titio n  a f f e c t s  

them th e  crowns a re  roug h ly  c i r c u l a r  in  sh ap e . The co m p e titio n  

may be e i t h e r  above o r  below  ground, th e  l a t t e r  b e in g  more l i k e ly
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to occur first as tree roots commonly occur further from the tree 

bole than the length of the largest lateral branch. Even open 

grown trees of radiata pine suffer competition in that their 

roots are competing for water and nutrients with the pasture or 

herbaceous plants occuring under them. It is evident that there 

is some competition before the stage is reached where tree crowns 

could just cover the whole area, and while this competition may 

be relatively slight it does cast doubts on the applicability of 

the technique.

Thus, although a Crown Competition Factor has been developed 

for radiata pine it is unlikely to be satisfactory in practice 

and will not be tested in the models.

Tree Area Ratio

Chisman and Schumacher (1940) postulated that the ground 

area that a tree occupies is related to its diameter.

N N
l = b + b V D  + b Y  (D2)

0 1^  2 ^
1 1

They then tested the relationship on 133 fully stocked 

sample plots of loblolly pine calculating the value of the 

constants by the method of least squares. The index of stand 

density adopted was to substitute the plot data into the 

equation derived, and multiply the answer by 100 to obtain the 

percentage stocking relevant to the average of the fully 

stocked plots.



The u se  o f th e  T ree A rea R a tio  has th e  d isa d v a n ta g e s  of 

R e in ek e ’s S tand  D en sity  Index o r  b a s a l  a re a  and th e re  i s  th e  

d i f f i c u l t y  o f  d e f in in g  f u l ly  s to ck ed  s ta n d s .  Because o f t h i s  

th e  m easure was n o t co n s id e re d  f u r th e r .

INDICES USING NUMBER OF TREES AND HEIGHT
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In  a l l  th e  in d ic e s  o f d e n s i ty  in  t h i s  c a te g o ry  th e  m easure 

of h e ig h t  r e f e r s  to  th e  t a l l e s t  p a r t  o f th e  s ta n d  a lth o u g h  th e  

m easures vary  c o n s id e ra b ly  in  th e  ch o ice  o f t r e e s  t h a t  c o n t r ib u te  

to  th e  m easure . I t  w i l l  be shown in  C hap ter V th a t  th e  South 

A u s t r a l ia n  m easu re , p redom inant h e ig h t ,  i s  as s a t i s f a c t o r y  as any 

o th e rs  and i t  i s  assumed th a t  th e  d i f f e r e n t  m easures o f s ta n d  

h e ig h t a re  in te rc h a n g e a b le .

H a r t ’ s Index

One o f th e  e a r l i e s t  in d ic e s  o f d e n s ity  was developed  by 

H art in  1928 (L ew is, 1959; Crowe, 1967) who used  th e  r a t i o  o f 

sp a c in g  to  h e ig h t  ex p re ssed  as a p e rc e n ta g e . A lthough Becking 

(L ew is, 1959) assumed th a t  th e  t r e e s  in  th e  s ta n d  a re  spaced 

ev en ly  a t  th e  a p ic e s  o f e q u i la te r a l  t r i a n g l e s ,  most a u th o rs  have 

assumed th a t  a sq u are  sp ac in g  i s  more s u i t a b l e .

As in  South A u s t r a l ia  th e  predom inant h e ig h t  i s  n o t 

s i g n i f i c a n t l y  a f f e c te d  by th e  low th in n in g  th a t  i s  g e n e ra lly  

c a r r i e d  ou t (v id e  c h a p te r  V ), any index  of d e n s i ty  b ased  on 

h e ig h t  and number o f t r e e s  p e r  a c re  i s  u n l ik e ly  to  be a f f e c te d  

by p re v io u s  th in n in g  t r e a tm e n t,  a f a c to r  c o n s id e re d  d e s i r a b le



by some a u th o rs  (Crowe, 1967; Hummel, 1953), le a d in g  them to  

use th i s  index  in  p re fe re n c e  to  th o se  in d ic e s  in c lu d in g  mean 

d ia m e te r .

Hummels H e ig h t/S p ac in g  r a t i o

T his i s  s im i la r  to  H a r t ’ s index  b u t, f o r  s im p l ic i ty ,  th e  

s to c k in g  p e r u n i t  a re a  i s  r e la te d  to  th e  s to c k in g  p e r  u n i t  

a re a  which i s  e q u iv a le n t  to  20% o f th e  top  h e ig h t  o f  th e  s ta n d  

(Hummel, 1953; Hummel e t  a l ,  1959).

The on ly  d isa d v a n ta g e  of t h i s  index  compared w ith  H a r t ’ s 

index  i s  th a t  i t  assumes a base  v a lu e  w hich i s  a r b i t r a r i l y  

d e term ined .

INDICES USING NUMBER OF TREES, DIAMETER AND HEIGHT 

Volume
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L o g ic a lly ,  th e  b e s t  m easure o f  th e  l e v e l  o f c o m p e titio n  

would be th e  t o t a l  p ro d u c tio n  o f d ry  w eig h t and th e  b e s t  index  

o f t h i s  i s  volum e. However, what i s  r e q u ire d  i s  th e  b e s t  in d ex  

of s ta n d  d e n s ity  fo r  use  in  volume and in c rem en t p r e d ic t in g  

e q u a tio n s  fo r  th e  th in n in g s  su b p o p u la tio n . As i t  i s  o b v io u s ly  

im p ra c tic a l  to  m easure th e  volume o f a s ta n d  and u se  t h i s  as an 

e s t im a to r  o f th e  volume o f th e  th in n in g s  s u b -p o p u la t io n , t h i s

index  has n o t been co n s id e re d  f u r th e r .
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Bole Area

The most commonly quoted index involving the three 

parameters is bole area, first proposed by Lexen (1943). In 

essence bole area is the area of cambial surface on the boles 

of the trees in a stand. Lexen, however did not measure this 

direct but calculated a bole area index from the product of 

number of trees per acre, mean stand diameter and mean stand 

height.

The measure of mean height is difficult to define but it 

would appear logical to use Lorey’s mean height which is the 

mean height of the trees in the stand weighted in proportion 

to their basal area. In practice it is common to use a 

measure of stand top height instead of mean height (Hummel 

et al, 1959). Lexen found that for ponderosa pine, bole area 

was linearly related to mean diameter and mean height, but it 

is not possible to confirm if this linearity also holds for 

radiata pine.

The measure is the most likely of the indices using 

diameter, height and number of trees and should be tested in 

the model, using predominant height instead of mean stand height.

Schumacher and Coile's stocking percent

Schumacher and Coile (1960) working with southern pines 

introduced an index of stand density based on basal area per acre, 

dominant height and age, which refers to the ground area a stand



occupies. It is considered to have no advantage over the 

measures using number of trees and diameter.
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SUMMARY

A number of indices of stand density have been considered, 

some of them have been shown to have disadvantages and their use 

is considered to be undesirable, others are soundly based.

It is difficult to determine which of the soundly based indices 
is likely to be best, so it is proposed that a number of indices 
be evaluated in the volume and increment models to determine 

which is most appropriate.

Five indices are considered to be worth evaluating in the 
models. These are as follows:

(1) Number of trees per acre.

(2) Standing basal area per acre.

(3) Hart’s index.

(4) Lexen’s bole area index.

(5) The ratio of standing basal area to the theoretical maximum 

basal area that the site can sustain, as calculated from 

equation IV.4.
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Of these five indices the latter four are expected to be 

better than number of trees per acre, and are likely to be 

approximately equal in their effect in the models. As basal 

area appears from the literature to be the most commonly used 

index and is a logical index, it was decided to develop the 

volume and increment models using basal area as the index of 

stand density and then, after the models are developed, test 

the other indices by substitution in the models.



PART 2 VOLUME AND INCREMENT MODELS FOR 
RADIATA PINE THINNINGS
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V. SELECTION OF VARIABLES TO BE USED

VOLUME

DIAMETER

RELATIVE TREE SIZE 

HEIGHT

SITE POTENTIAL

D is c u s s io n  o f  s i t e  p o t e n t i a l  m e a s u re s

D e f i n i t i o n  o f  s i t e  p o t e n t i a l  m e a s u re s

THINNING

T h in n in g  ty p e

T h in n in g  i n t e n s i t y

T h in n in g  i n t e r v a l

AGE

STAND DENSITY



V. SELECTION OF VARIABLES TO BE USED

It is desirable that the variables used in the models should 

be capable of being measured precisely, without bias, and at low 

cost. The variables should also be biologically sound, in that 

the use of a statistically significant variable that is not 

soundly based may lead to the development of models that are 

innaccurate if used in practice.

In practice the efficiency of forest inventory is fixed by 

the quantity of labour available, labour costs being the 

greatest component in inventory costs. To achieve maximum 

efficiency a balance has to be established between making more 

measurements on a plot and measuring more plots. In South 

Australian practice (described in chapter II) such a balance 

is believed to have been attained, although it cannot be proven 

by objective criteria at this stage.

Models developed in this study will provide estimates of 

the precision of volume and increment estimated from plot 

measurements. Further studies using different measurement 

techniques and different sampling intensities can be compared 

with these models and an objective choice made as to how best 

to deploy the limiting labour resource to achieve the most 

accurate estimate of the volume available from a forest in the 

next five year Working Plan period.
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The fo llo w in g  in fo rm a tio n  i s  a v a i la b le  fo r  each in v e n to ry

p l o t :

(1) D im ensions o f th e  p lo t .

(2) Number o f rows in  th e  p l o t ,  and th e  number o f e x t r a c t io n  

rows removed from th e  p lo t .  T here i s  g e n e ra l ly  one 

e x t r a c t io n  row, th e  number o f rows in  th e  p lo t  g e n e ra l ly  

b e in g  th e  same as th e  number o f rows from one e x t r a c t io n  

row to  th e  n e x t .

(3) Age of th e  p lo t .

(4) S i te  q u a l i ty  r a t i n g  o f th e  p lo t  as mapped a t  age 9^ .

(5) P redom inant h e ig h t o f th e  p lo t .

(6) D iam eter o f each t r e e  in  th e  p lo t .

(7) T hinn ing  h i s to r y  o f th e  p lo t .  T h is  i s  used  to g e th e r  

w ith  th e  th in n in g  range o f Lewis (1963) to  d e te rm in e  

th e  s to c k in g  to  be l e f t  a f t e r  th e  p roposed  th in n in g .

(8) T h inn ings e l e c t ;  a re c o rd  o f w hich t r e e s  have been 

s e le c te d  fo r  rem oval in  th e  p roposed  th in n in g .

T his in fo rm a tio n  can be used  to  e s t im a te  th e  fo llo w in g

v a r ia b le s .



VOLUME

The dependent variable to be used in this study is the 

volume of a tree to be removed in thinning, measured underbark 

to a four inch (10 cm) top diameter underbark in cubic feet.

DIAMETER

The diameter (overbark) D of the tree at breast height 

is measured by girth tape giving a direct conversion to diameter 

and is recorded to the nearest 0.05" (0.1 cm) for trees less 

than 12" (30 cm) and the nearest 0,1" (0.2 cm) for trees greater 

than 12" (30 cm). Breast height is defined as A’3" (1.3 m) 

above ground, taken on the high side of the tree if the plot is 

located on a slope, and is marked as a single mark if the point 

is unaffected by swelling due to branches. Two marks are used 

if the point A’3" above ground is affected by branches or other 

malformation, diameter being taken as the mean of the diameter 

at each mark.

RELATIVE TREE SIZE

A measure of the relative size of the tree would indicate 

the relative level of supression of the tree and should there

fore be of significance in the increment model because the level 

of supression is likely to influence the proportion of the stand 

increment that accrues on an individual tree. As the level of 

supression will also affect the crown structure of the tree and 

hence tree form, it may be of significance in the volume model

as well.
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A measure suggested by Clutter (Pers. comm.) is the ratio 

of tree diameter to the mean diameter of the stand. Mean 

diameter is defined as the diameter corresponding to the 

arithmetic mean basal area (i.e. quadratic mean diameter).

HEIGHT

Stand height is one of the most commonly used parameters 

in the construction of growth and yield models. Crowe (1967) 

points out that if stand height is to be used to construct a 

growth or yield model it is essential to differentiate between 

mean height and top height, and to select the measure best 

suited for the model that is being constructed.

Mean height can be defined in a number of ways (Crowe,

1967; Jerram, 1939) but is generally affected by the type and 

intensity of the thinning to be carried out (Braathe, 1957; 

Spurr, 1952).

In any model constructed by regression analysis it is 

desirable that the independent variables used are not correlated 

and that changing the value of one independent variable does 

not cause a change in another. It is thus advisable that the 

measure of height used should be relatively unaffected by the 

type and intensity of thinning (Braathe, 1957; Crowe, 1967; 

Spurr, 1952).

In South Australian practice the stands are generally 

thinned from below so that all measures of mean height are
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l i k e l y  to  be a f f e c t e d  by th e  th in n in g .  I t  i s  t h e r e f o r e  

d e s i r a b l e  t h a t  th e  h e ig h t  measure adopted  be a measure o f  

upper s ta n d  h e i g h t ,  o r  top  h e i g h t .

Of th e  m easures of upper s ta n d  h e i g h t  N a s lu n d 's  top  h e ig h t  

and W iese 's  top h e i g h t ,  (Crowe 1967), a r e  based  on th e  mean 

t r e e  and a re  thus  l i k e l y  to  be a f f e c t e d  by th in n in g  and shou ld  

th e r e f o r e  n o t  be used . O ther measures o f  top  h e ig h t  a r e  based  

on th e  mean h e ig h t  of the  l a r g e s t  t r e e s  p e r  u n i t  a r e a ,  o r  the  

mean h e ig h t  of th e  t a l l e s t  t r e e s  p e r  u n i t  a r e a .  Although i t  

i s  e a s i e r  to  i d e n t i f y  th e  l a r g e s t  t r e e s ,  i t  has  always been 

con s id e red  more d e s i r a b l e  in  South A u s t r a l i a  to  measure th e  

t a l l e s t  t r e e s ,  because  th e  l a r g e s t  t r e e s  ten d  to  have a h igh  

p ro p o r t io n  of m alfo rm ations  which a f f e c t  t h e i r  h e i g h t .

The measure o f  top  h e ig h t  used in  South A u s t r a l i a  i s  c a l l e d  

predominant h e ig h t  H and i s  d e f in e d  as th e  mean h e ig h t  o f  th e  

t a l l e s t  30 t r e e s  p e r  a c re  w ith  th e  r e s t r i c t i o n  th a t  th e  number 

of t r e e s  chosen from each q u a r t e r  of th e  ap p ro x im a te ly  o n e - f i f t h  

ac re  p lo t  a re  to  be th e  same, or as  c lo s e  as  p o s s i b l e .  As 

s to c k in g  a t  c l e a r  f e l l i n g  i s  g e n e r a l ly  above 45 t r e e s  p e r  a c r e ,  

and th in n in g s  a re  g e n e r a l ly  from below , i t  i s  l i k e l y  t h a t  th e  

measure i s  independen t of th in n in g .

Grut (1970) w orking w ith  r a d i a t a  p in e  in  South A f r ic a  found 

th a t  top  h e ig h t  was a f f e c t e d  by th in n in g .  I t  was t h e r e f o r e  

decided  to  i n v e s t i g a t e  w hether  p redom inant h e i g h t  i s  a f f e c t e d  

by th in n in g  by i n v e s t i g a t i n g  th o se  permanent sample p l o t s  t h a t  

might most rea so n a b ly  be expec ted  to  show a d i f f e r e n c e .
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Three b ro ad  c a te g o r ie s  o f th in n in g  m ight be ex p ec ted  to  a f f e c t  

p redom inant h e ig h t .

(1) F i r s t  th in n in g s ,  which commonly in v o lv e  th e  rem oval of 

some dominant t r e e s  such as "w o lf"  t r e e s  and la rg e  

m alformed t r e e s .

(2) Heavy th in n in g s  to  a low s to c k in g  such t h a t  th e  th in n in g  

may be a crown th in n in g  r a th e r  th an  a low th in n in g .

(3) L a te  th in n in g s  to  a s to c k in g  o f ap p ro x im ate ly  30 t r e e s  

p e r  a c r e ,  f o r  in  th e se  l a t e  th in n in g s  sp ac in g  i s  th e  most 

common reaso n  f o r  rem oval, and th e  s to c k in g  a f t e r  th in n in g  

i s  on ly  s l i g h t l y  h ig h e r  than  th e  number o f t r e e s  used in  

th e  e s t im a tio n  of predom inant h e ig h t .

T ab les V .l ,  V .2 , V.3 show p lo t s  th a t  have been  th in n e d  in  

th e  p a s t  in  a manner th a t  would be c o n s id e re d  to  f a l l  in to  one 

o f th e se  c a te g o r ie s .  The d a ta  was chosen by s u b je c t iv e  

s e le c t io n  of th o se  p lo t s  known to  have re c e iv e d  a th in n in g  th a t  

m ight f i t  one o f th e  th re e  c a te g o r ie s  d e s c r ib e d .

A lthough th e  predom inant h e ig h t a f t e r  th in n in g  i s  alw ays 

le s s  than  or eq u a l to  th e  predom inant h e ig h t  b e fo re  th in n in g ,  

ap p rox im ate ly  h a l f  th e  o b se rv a tio n s  in  each c a te g o ry  d i f f e r  by 

le s s  th an  0 .2  f e e t .  I t  th e re fo re  ap p ea rs  th a t  a b ia s  of 

ap p rox im ate ly  one fo o t may sometimes o c c u r . But as th e se  

c a te g o r ie s  were chosen as examples o f th e  extrem e m agnitude of 

th e  e f f e c t ,  i t  i s  c o n s id e re d  th a t  th e  b ia s  in tro d u c e d  f o r  an
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TABLE V.l

FIRST THINNINGS

Plot
Stocking 

(trees per acre)
Predominant Height 

(feet)

Before
Thinning

After
Thinning

Before
Thinning

After
Thinning Difference

389 867 369 65.5 65.5 0.0
177A 911 351 49.6 48.3 1.3
177C 837 355 49.3 49.1 0.2
176B 895 350 49.8 49.8 0.0
387 790 300 66.1 65.1 1.0
397 759 250 62.0 62.0 0.0
176A 876 249 47.1 46.9 0.2
177E 882 250 49.9 49.4 0.5
177J 896 250 48.8 48.8 0.0
399 769 178 76.6 75.2 0.4
395 708 151 56.7 56.2 0.5
398 790 157 62.1 62.0 0.1
177B 919 152 48.7 47.7 1.0
176C 878 151 48.2 47.5 0.7
177D 827 148 49.7 49.4 0.3
177H 846 149 49.6 49.1 0.5
176G 770 148 48.8 48.3 0.5
176J 747 152 46.7 46.1 0.6
158

L. ___________

639 155 65.8 65.7 0.1

Mean 0.4



P l o t

396

394

156

439

150

153

398

395

158

394

69

TABLE V.2

HEAVY THINNINGS TO LOW STOCKINGS

S to c k in g  
( t r e e s  p e r  a c r e )

P re d o m in a n t  H e ig h t  
( f e e t )

B e fo re
T h in n in g

A f t e r
T h in n in g

B e fo re
T h in n in g

A f t e r
T h in n in g D i f f e r e n c e

243 148 73 .5 73 .5 0 .0

168 130 7 2 .4 72 .4 0 .0

252 145 84 .4 84 .3 0 .1

173 113 8 0 .8 80 .8 0 .0

249 110 9 1 .4 90 .6 0 .8

180 105 9 4 .8 9 4 .8 0 .0

157 100 83 .2 83 .2 0 .0

151 92 75 .1 75 .1 0 .0

155 84 85 .4 8 4 .8 0 .6

130 82 9 5 .5 9 5 .3 0 .2

Mean 0 .2



Plot

53
75
57
129
42
41
125
54
402
404
138
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TABLE V.3

LATE THINNINGS TO A STOCKING OF APPROXIMATELY 
30 TREES PER ACRE

Stocking 
(trees per acre)

Predominant Height 
(feet)

Before
Thinning

After
Thinning

Before
Thinning

After
Thinning Difference

142 80 119.1 119.1 0.0
125 77 133.3 133.3 0.0
82 57 138.5 137.7 0.8
85 52 135.7 135.0 0.7
139 52 127.4 127.4 0.0
92 51 131.2 131.2 0.0
101 51 131.1 130.6 0.5
101 51 115.5 115.3 0.2
73 46 134.6 134.6 0.0
94 45 135.5 134.5 1.0 .
67 39 137.6 136.4 1.2

Mean 0.4
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average  th in n in g  i s  of l i t t l e  consequence and can be ig n o red  in  

th e  developm ent o f th e  m odels.

SITE POTENTIAL

D iscu ss io n  o f s i t e  p o t e n t i a l  m easures

At th e  tu rn  o f th e  c e n tu ry  th e  s ta n d a rd  system  o f e s t im a t in g  

s i t e  p o te n t i a l  in  Germany was b ased  on volume a t  age 100 (M ader, 

1963), and t h i s  was a c c ep ted  by many f o r e s t e r s ,  a lth o u g h  in  

p r a c t ic e  i t  was found to  be  d i f f i c u l t  to  a p p ly . From t h i s  

p o in t  onwards th e re  developed  th r e e  d i f f e r e n t  system s fo r  

e s t im a tin g  s i t e  p o t e n t i a l ;  volume g row th , h e ig h t  grow th and 

s i t e  ty p e .

One o f th e  fo rem ost p ro p o n en ts  o f volume grow th as an 

in d ex  o f s i t e  was B a te s , who in  1918 s t a t e d ,

" th e  on ly  c r i t e r i o n  o f  s i t e  q u a l i ty  i s  th e  c u r r e n t  
annual cub ic  fo o t  in crem en t o f a f u l l y  s to ck ed
s ta n d  o f th e  s p e c ie s  under c o n s id e ra t io n  .................
I  argue th a t  w h ile  h e ig h t  grow th i s  a c r i t e r i o n  o f 
one of th e  most im p o rta n t q u a l i t i e s  o f th e  s i t e ,  
i t  does n o t sum up a l l  th e  q u a l i t i e s  w hich a f o r e s t e r  
must be i n t e r e s t e d  i n ,  and w hich he a t te m p ts  to  
ex p re ss  in  th e  te rm  S i te  Q u a li ty " .

The use of volume growth as an in d e x  o f  s i t e  p o te n t i a l  has 

th e  advan tage of b e in g  d i r e c t l y  r e l a t e d  to  what th e  f o r e s t e r  i s  

p r im a r ily  concerned  w i th ,  tim b er p ro d u c tio n . P ro v id in g  th a t  

volume growth can be a c c u r a te ly  a s s e s se d  i t  i s  th e  id e a l  in d ex  

o f s i t e  p o t e n t i a l .  However, volume grow th i s  c o s t ly  and 

d i f f i c u l t  to  m easure and b ecau se  o f t h i s  i t  h a s  n o t been  w id e ly

used .



The most commonly used index of site potential is site 

index or stand top height at a given age. The way in which 

it is commonly used in prediction models makes the assumption 

that height growth is closely related to volume growth. 

Generally, the advantages of using a readily measured index 

outweighs the disadvantages inherent in the basic assumption. 

Stand top height-age curves can generally be prepared with more 

accuracy than volume-age curves because it is possible to 

measure a larger pool of basic data and because estimates of 

volume generally include a larger sampling error than the 

estimates of stand top height.

The third technique of assessment of site potential is 

from environmental factors. This technique was expounded by 

Cajander (1926, 1949) and was later used to assess suitability 

of native forest for reafforestation with exotic conifers in 

New Zealand, (Ure, 1950) and to predict volume growth (Havel, 

1967). Rennie (1963) has summarised the extensive literature 

in this field. The technique suffers from the disadvantage 

that correlations between volume production and environmental 

parameters are generally not high, probably because the basic 

interactions between environmental factors are not well under

stood.

Definition of site potential measures

In South Australia all unplanted land is assessed for 

suitability for afforestation with radiata pine or maritime 

pine P,Pinaster, Soland. Tree and ground vegetation, soils
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and to p o g rap h y , a re  compared w ith  o th e r  s i t e s  th a t  have a lre a d y  

been p la n te d  and an e s tim a te  made o f l i k e ly  volume p r o d u c t iv i ty .  

At p re s e n t  i t  has n o t been  p o s s ib le  to  develop  an a c c u ra te  method 

(Lewis and H ard in g , 1963) b u t i t  i s  p o s s ib le  to  o b ta in  an 

approx im ate a sse ssm en t.

At age 9% a l l  r a d i a t a  p in e  p la n ta t io n s  in  th e  so u th  e a s t  

of South A u s t r a l i a  owned by th e  Woods and F o re s ts  D epartm en t, 

a re  a s s e s se d  fo r  s i t e  q u a l i ty .  The method o f a ssessm en t i s  

d e sc r ib e d  in  c h a p te r  I I .

T his assessm en t i s  based  on volume p ro d u c tio n  r a th e r  th a n  

a m easure o f s ta n d  h e ig h t .  For th e  p u rposes o f t h i s  t h e s i s ,  

s i t e  q u a l i ty  SO i s  d e f in e d  as th e  t o t a l  volume p ro d u c tio n  to  

fo u r  in c h es  to p  d ia m e te r , u n d e rb a rk , m easured in  cu b ic  f e e t  

p e r a c re  a t  age t h i r t y .

Age t h i r t y  was chosen as th e  b a se  age b ecau se  i t  was 

c o n s id e re d  to  be  ap p ro x im ate ly  in  th e  m iddle o f th e  range  

o f age over w hich th e  model w i l l  p ro b ab ly  be  u sed . T h is 

age has been  used  in  th e  p a s t  as th e  b a se  age f o r  p redom inan t 

h e ig h t in  o th e r  South A u s tr a l ia n  p u b l ic a t io n s  by Keeves (1966) 

and Lewis (1967). I t  i s  ap p ro x im ate ly  tw o - th i rd s  o f th e  

r o ta t io n  a g e , which i s  in  l i n e  w ith  common p r a c t i c e  (C arro n , 

1968).

The more w id e ly  used  m easure o f s i t e  p o t e n t i a l  i s  s i t e  

in d e x , which h as  been  in c lu d e d  fo r  com parison pu rp o ses  and i s  

h e re  d e fin e d  a s  th e  p redom inan t h e ig h t o f  th e  s ta n d  (mean
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height of the 30 tallest trees per acre), measured in feet, 

at age 30.

It is considered that site quality SQ is a better index 

of site potential than site index SI, so the models will be 

developed using SQ, and after the models are developed SI will 

be substituted for SQ to see if in fact the choice of the 

measure is correct.

THINNING REGIME

The description of a thinning regime can be separated into 

three parts (Lewis, 1959).

(1) Thinning type; indicating which categories of trees 

are to be removed either on a size or crown classifi

cation basis.

(2) Thinning intensity; indicating how many trees are to 

be removed.

(3) Thinning interval; indicating at what stages in the 

development of a stand these removals are to be made.

Thinning type

Qualitatively, thinning type ranges from a low thinning in 

which a percentage of the smaller trees or poorer trees are 

removed, to a crown thinning, or thinning from above in which a
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percentage of the largest or best trees are removed.

The most used quantitative definition of thinning type is 

the ratio of the mean diameter of trees thinned to the mean 

diameter of the stand before thinning (Lewis, 1959; Braathe, 

1957; Joergensen, 1957). Vezina (1963) characterises a low 

thinning as having a ratio less than 0.7, a severe low to light 

crown thinning a ratio of between 0.9 and 1.0 and a selection 

thinning a ratio greater than 1.0. A similar index uses the 

mean diameter of the stand after thinning instead of before 

thinning but this is considered inferior as the use of the 

mean diameter of stand before thinning gives a better represen

tation of the characteristics of the stand that produces the 

thinning.

Another measure that has been used is Ullens Index (Lewis, 

1959; Braathe, 1957; Vezina, 1963) which is defined as the 

ratio between the percentage number of trees removed and the 

percentage volume removed, but this index is not widely used as 

it is difficult to apply in practice. It is necessary to 

measure the volume of thinnings and main crop before felling 

the thinnings if it is desired to thin to Ullens Index. This 

is considerably more difficult than measuring the diameter of 

all trees in a plot.

The ratio of the mean diameter of the thinnings to the 

mean diameter of the stand before thinning is considered the 

best measure of thinning type. Current South Australian 

practice is to carry out a low thinning which commonly varies,
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using the above definition, from 0.75 to 0.95 with the average 

about 0.85. There is thus not a wide range of thinning type 

evident in practice.

Thinning Intensity

The intensity of thinning is essentially an attempt to 

measure the change in stand density due to thinning. Thinning 

is generally specified in practice in terms of either residual 

basal area (Gentle et al, 1962; Robinson, 1968) or as residual 

number of trees (Lewis, 1963).

The most logical measure of thinning intensity is the 

proportion of the forest cut (Buckman, 1962), either as basal 

area or number of trees, but it will only be valid if stand 

density before thinning is included in the model so that the 

percentage can be related to an absolute level.

Although there is little to choose between the two measures 

for use in the volume model, the percentage of basal area cut 

should not be used in the increment model. This is because 

between inventory and time of thinning the percentage of basal 

area cut is likely to change, but the percentage of number of 

trees per unit area cut is not likely to change. Therefore 

the percentage of the number of trees per unit area removed in 

thinning is preferred as the measure of thinning intensity for 

testing in the models.
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Thinning Interval

This is defined as the interval in years between thinnings. 

A compromise must be reached between the possible value loss 

due to uneven ring widths in stands left for long periods 

between thinnings, and the high cost of extracting small 

volumes in thinning.

In South Australia the optimum is considered to be five 

years for SQ I and SQ II, six years for SQ III, and seven years 

for SQ IV and SQ V. In thinning research plots there are few 

plots with different thinning intervals, and in field operations 

the 5, 6, and 7 year intervals are adhered to if at all 

possible. There is currently little fluctuation in practice, 

and as available plot data does not fluctuate widely either it 

is unlikely that this parameter will be of significance in 

this model.

AGE

Buckman (1962) considers age to be the most important 

independent variable in growth and yield studies. It has the 

advantage of being capable of precise measurement, and is 

generally available for any even aged stand.

All plantations in South Australia are established in 

winter with one year old seedlings. The age of the plantation 

is taken as the difference between the current date and the 

year of planting, ignoring the period in the nursery.
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All permanent sample plot data is collected in the three month 

period following the end of May, with the work program starting 

in the same locality each year and progressing logically so that 

measurements in each plot are made on approximately the same 

date each year.

This ensures that as far as possible increment figures 

obtained refer to exact multiples of one year, and the seasonal 

fluctuations that occur in the growth of radiate pine (Pawsey, 

1964) are largely eliminated. Seasonal fluctuations in growth 

are probably related to fluctuations in rainfall and other 

climatic factors but these variations cannot be accurately 

measured for each plot and have therefore been ignored.

STAND DENSITY

The indices of stand density have been discussed at length 

in Part 1. The conclusions are summarized briefly here so that 

the chapter is complete.

Basal area is the index of stand density considered most 

significant for this study although other indices worthy of 

trial are number of trees pe-*" acre, Hart's height spacing ratio 

(1928), Lexen's bole area index (1943), and the ratio of the 

standing basal area to the maximum basal area as calculated 

from equation IV.4.
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VI. DATA PREPARATION

The data to be used in the development of the models had 

to be extracted from measurements of permanent sample plots.

These data are currently held in manilla folders, one for field 

use and one for office use. The data required for this study 

are the individual tree data for trees removed in silvicultural 

thinning, and one plot may provide information for up to six 

thinnings which may have been made up to thirty years ago.

The total available data is voluminous, the office files 

alone occupying some 16 filing cabinet drawers. These data 

will ultimately be stored on magnetic tape which will make data 

extraction for a project such as this a simpler task.

However the proposed computer system is a large one needing 

complex editing and update procedures and will not be implemented 

for some time. The data therefore had to be extracted manually 

after careful culling had reduced the plots to be extracted to 

an adequate well balanced number of plots.

CULLING THE DATA

As the aim of the study is to provide models for use in 

inventory calculations, it is desirable that the data used to 

develop the models should have a similar range as the data 

collected at inventory. In fact it would be ideal if the data
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used to  develop th e  model covered a w id e r  range  so t h a t  e x t r a 

p o la t io n  of th e  model in  p r a c t i c e  i s  reduced  to  a minimum.

Stands due to  r e c e iv e  t h e i r  f i r s t  th in n in g  have t h e i r  y i e l d s  

e s t im a te d  by i n t e r p o l a t i o n  w i th in  th e  u n p u b lish ed  th in n e d  s ta n d  

y ie ld  t a b l e s  p re p a re d  by Lewis. F i r s t  th in n in g s  shou ld  th e r e f o r e  

be excluded from th e  d a ta  to  be. e x t r a c t e d  as  th e  model w i l l  n o t  

be used to  e s t im a te  t h e i r  volume.

I f  a s ta n d  i s  th in n e d  acc o rd in g  to  th e  th in n in g  range of 

Lewis (1963) th e n  th e  t o t a l  volume removed from second and 

subsequen t th in n in g s  w i l l  range from ap p ro x im ate ly  60,000 su p e r  

f e e t  per  a c re  i f  th e  s ta n d  i s  SO V to  ap p ro x im ate ly  130,000 

super  f e e t  p e r  ac re  i f  th e  s ta n d  i s  SO I .  I f  th e  s ta n d  i s  

SQ VII the  co r re sp o n d in g  y ie ld  i s  ap p ro x im a te ly  25,000 su p er  

f e e t  p e r  a c r e .  However th e re  i s  c o n s id e ra b ly  more a re a  of 

SQ IV and SQ V than  o f  SQ I  and I I  so t h a t  th e re  i s  more volume 

removed from SQ V a r e a s  than  from SQ I  or SQ I I  a r e a s .  The 

p ro p o r t io n  o f  each s i t e  q u a l i t y  s t a t a  in  each age c l a s s  v a r i e s  

frcm f o r e s t  to  f o r e s t  so i t  i s  d i f f i c u l t  to  de te rm ine  the  

r e l a t i v e  im portance o f  each s i t e  q u a l i t y  s t r a t a  in  term s of 

t o t a l  volume a v a i l a b l e  from second and subsequen t th in n in g  

o p e ra t io n s .  I t  i s  th e r e f o r e  d e s i r a b l e  t h a t  a l l  s i t e  q u a l i t y  

s t r a t a  be app rox im ate ly  e q u a l ly  r e p re s e n te d  in  th e  d a t a  so t h a t  

th e  model w i l l  be e q u a l ly  p r e c i s e  over th e  range of s i t e  q u a l i t y .
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Thus, as a p re lim in a ry  to  d a ta  e x t r a c t i o n ,  th e  sam ple p lo t  

r e g i s t e r s  w ere in sp e c te d  and a l i s t  o f  p lo t s  p re p a re d  th a t  e l im in a te d  

p lo t s  in  th e  c a te g o r ie s  l i s t e d  below .

(1) P lo ts  t h a t  were un th inned  a t  tim e o f l a s t  volume m easurem ent.

(2) P lo ts  t h a t  had re c e iv e d  on ly  one th in n in g .

(3) P lo ts  w hich w ere n o t p la n te d ,  b u t e s ta b l i s h e d  by n a t u r a l  

r e g e n e ra t io n .

(4) P lo ts  t h a t  w ere n o t p la n te d  w ith  r a d ia ta  p in e .

A ll rem ain in g  p lo t s  were th e n  s t r a t i f i e d  in to  s i t e  q u a l i ty  

c la s s e s  b ased  on th e  t o t a l  volume p ro d u c tio n  to  fo u r in c h es  to p  

d ia m e te r  u n d erb ark  u s in g  th e  u n p u b lish e d  p r o v is io n a l  y ie ld  t a b l e  

f o r  r a d ia ta  p in e  developed  by L ew is. An in s p e c t io n  then  re v e a le d  

th a t  a l l  SQ V II p lo t s  had been e l im in a te d  as no SQ V II p lo t  had 

a t  th a t  tim e been second th in n e d . A ll  b u t one SQ VI p lo t  was 

e lim in a te d  fo r  th e  same re a so n . The e x c lu s io n  o f a l l  SQ VI and 

SQ V II p lo t s  i s  u n l ik e ly  to  be a s e r io u s  d isa d v a n ta g e  in  p r a c t i c e  

becau se  few a re a s  o f  such low s i t e  p o t e n t i a l  have re c e iv e d ,  o r 

a re  schedu led  f o r ,  a second th in n in g  in  th e  n e x t s ix  o r  seven  

y e a r s .  In  th e  fu tu r e  more low s i t e  q u a l i ty  s ta n d s  w i l l  r e c e iv e  

a second o r su b seq u en t th in n in g ,  b u t by th a t  tim e perm anent 

sam ple p lo t  d a ta  w i l l  have been c o l le c te d  e n a b lin g  an ex am in atio n  

o f th e  problem . Because h ig h e r  s i t e  q u a l i ty  a re a s  grow f a s t e r  

and a re  th in n e d  more f r e q u e n t ly ,  th e  number o f second o r su b seq u en t 

th in n in g s  was c o n s id e ra b ly  h ig h e r  in  th e  h ig h e r  s i t e  q u a l i ty  

p l o t s ,  than  th e  low er.
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Sample plots thinned soon after the first plots were 

established in 1935 were generally more lightly thinned than 

is currently commercial logging practice. The available data 

therefore includes more plots that are lightly thinned than 

plots that are heavily thinned so that it was therefore considered 

desirable to stratify the available data into stand density or 

competition levels. The plots were subdivided into three broad 

density categories based on the stocking after thinning.

(1) Above the optimum thinning range (Lewis, 1963).

(2) Within the optimum thinning range.

(3) Below the optimum thinning range.

Many of the permanent sample plots have received more than 

two thinnings and therefore have a number of thinnings available 

for consideration. The term plot thinnings is therefore used 

to separate these different thinnings which can be regarded as 

distinct entities cccuring in different years.

The data in the last category, below the optimum thinning 

range, were in the minority. The number of plot thinnings 

selected for analysis included as many as possible thinned to 

below the optimum thinning range, and an approximately equal 

number of plots from the category above the optimum thinning 

range. These latter were selected at random. The remainder 

were chosen at random from the plot thinnings within the optimum 

thinning range.
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The selection was further constrained by the desire to 

have approximately equal numbers from each site quality class.

The minimum class was the SQ V class so all 29 plot thinnings 

in this class were chosen. Similarly all the plot thinnings 

below the optimum thinning range were chosen in the four 

higher site quality classes.

A random selection of the other classifications was made 

difficult by the desire to have if possible, equal numbers of 

second, third, fourth and fifth thinnings. This was not 

possible because relatively few plots have received fourth and 

fifth thinnings. However, a random selection was made from 

those cells where the number of plot thinnings desired was less 

than the number available.

Table VI.1 shows the breakdown of plot thinnings in the 

broad after thinning density classes, and table VI.2 the 

breakdown by operation. Table VI.3 demonstrates the breakdown 

of the plot thinnings by predominant height classes. From 

these three tables it can be seen that the data is fairly evenly 

distributed between site quality class, predominant height class, 

density class and operation. All but the last are dynamic and 

the classification only demonstrates the broad distribution over 

the continuous range. The number of plot thinnings which were 

of low site quality, and the number of plot thinnings which were 

late multiple thinnings were maximised within this range.

Having decided which plot thinnings to use it was desirable 

to cull the available tree data so that the only necessary data

be extracted.
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TABLE V I .1

NUMBER OF PLOT THINNINGS BY SITE QUALITY 
AND DENSITY

S i t e  Q u a l i ty T o ta l
I I I I I I IV V

Above Optimum T h in n in g  Range 5 5 4 5 5 24

W ith in  Optimum T h in n in g  Range 19 25 22 21 13 100

Below Optimum T h in n in g  Range 6 6 3 7 11 33

T o ta l 30 36 29 33 29 157

A perm anen t sam ple p l o t  may be  r e p r e s e n te d  by a num ber o f 

p l o t  t h in  n in g s ,  each  one r e p r e s e n t in g  a d i f f e r e n t  th in n in g  - 

o p e ra t io n  c a r r i e d  o u t i n  d i f f e r e n t  y e a r s .
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TABLE VI.2

NUMBER OF PLOT THINNINGS BY SITE QUALITY 
AND THINNING OPERATION

Operation
Site Quality

Total
I II III IV V

Second Thinning 13 13 12 15 2A 77

Third Thinning 13 11 11 12 5 52

Fourth Thinning 3 7 5 A 0 19

Fifth Thinning 1 A 1 2 0 8

Sixth Thinning 0 1 0 0 0 1

Total 30 36 29 33 29 157

A permanent sample plot may be represented by a number of 
plot thinnings, each one representing a different thinning 

operation carried out in different years.
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TABLE VI.3

NUMBER OF PLOT THINNINGS BY SITE QUALITY 
AND PREDOMINANT HEIGHT

H
Site Quality

Total
I II III IV V

<  70 0 0 0 2 5 7
70*i - 80 4 0 2 1 1 8
80*2 - 90 7 7 9 5 9 37

90*2 - 100 5 7 3 7 6 28
100*2 - H O 8 6 5 10 7 36
110*2 - 120 3 4 6 4 1 18

^  120*i 3 12 4 4 0 23
Total 30 36 29 33 29 157

A permanent sample plot may be represented by a number of 
plot thinnings, each one representing a different thinning 

operation carried out in different years.
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In practice inventory takes place the year before the first 

year of the five year working plan, and it is thus necessary to 

predict volume increment over a five year period. In some 

rare cases inventory is carried out two years before the start 

of the working plan period, and in some plans a sixth year of 

the plan is tentatively prepared. These cases are rare but as 

they do occur it was decided to extract data up to and including 

six years before thinning but not data over six years before 

thinning. The time interval for increment, the increment 

period, is denoted throughout this study as x, measured in years.

Although other data are available it is necessary to 

extract data comparable with that measured or derived for 

inventory plots. This can be done for each year between one 

and six prior to thinning on some plots, but generally only 

for two of the six possible years. Data at time of thinning 

can also be extracted.

DATA EXTRACTION

Because of the relative inaccessibility of the large volume 

of available data it was necessary to develop an efficient 

extraction technique. The basic data were extracted by hand, 

coded into 80 column punch cards and then edited and reformatted 

by three computer programs into card image records on magnetic 

tape which could be used as the basic input into the model 

development phase of the study.

The stand data were kept separate from the tree data and
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were coded onto  p lo t  c a r d s ,  a number o f  which formed a p l o t  

r eco rd  (see  Appendix 1 f o r  card  and re c o rd  l a y o u t s ) . A p l o t  

code was re c o rd e d ,  b e in g  1 f o r  a l l  th e  p l o t s  in c lu d e d  in  th e  

b a s i c  sample and 2 f o r  th e  p l o t s  coded up ready  f o r  use  as 

independen t t e s t  d a t a .

The t r e e  d a ta  were coded on a t r e e  ca rd  which was r e 

fo rm a t ted  i n t o  a t r e e  r e c o r d ,  (Appendix 1 ) .  A t r e e  code was 

used which enab led  th e  d a ta  chosen f o r  p a r t i c u l a r  a n a ly s e s  to  

be r e s t r i c t e d  to  c e r t a i n  s p e c i f i c  s u b p o p u la t io n s .

In  c u r r e n t  p r a c t i c e  a t r e e  g r e a t e r  than  4 .2  in ch es  dbhob 

(10 .5  cm) i s  c l a s s e d  as a normal t r e e  (A t r e e )  i f  i t s  volume 

to  fo u r  in c h es  u nderbark  i s  n o t  a f f e c t e d  by a fo rk  o r  mal

fo rm ation  below t h i r t y  f e e t  (10 m). This  i s  des igned  to  keep 

s e p a ra te  g ro s s ly  malformed t r e e s  (B t r e e s )  where th e  volume to  

4 inches  top  d ia m e te r  i s  g r o s s ly  a f f e c t e d  by m a lfo rm ation .

A l l  e x i s t i n g  South A u s t r a l i a n  volume and increm en t models used 

in  in v e n to ry  a re  b ased  on the  normal A t r e e  s u b p o p u la t io n ,  i t  

b e ing  assumed th a t  th e  malformed t r e e s  have s i m i l a r  c h a r a c t e r i s 

t i c s .  I t  i s  p roposed  to  develop  a model f o r  th e  non malformed 

t r e e s  and l a t e r ,  as a subsequen t s tu d y ,  examine th e  malformed 

t r e e  d a ta  c o l l e c t e d  and develop i f  n e c e s s a ry  new m odels. As 

few malformed t r e e s  a r e  l e f t  a f t e r  f i r s t  th in n in g ,  malformed 

t r e e s  a re  n o t  a m ajor problem in  p r a c t i c e .

The normal t r e e s  were f u r t h e r  su b d iv id e d  so t h a t  a v a ry in g  

number of randomly s e l e c t e d  t r e e s  cou ld  be chosen from each p l o t .  

The number chosen were one, f i v e ,  te n  and a l l  a v a i l a b l e  t r e e s .

As a l l  p lo t s  a re  ap p ro x im a te ly  un ifo rm  in  s i z e  t h e r e  a r e



90

considerably more trees removed per plot in second thinning 

than in the later thinnings. To prevent bias being introduced 

because of this it was decided to choose ten random trees per 

plot thinning as the basic set of data. If, after the models 

had been developed, analysis showed serial correlation to be a 

significant problem then the data could be reduced by stages to 

one randomly selected tree per plot, a data set that theoretically 

should show no serial correlation.

The plot and tree records were sorted and then input into 

the third program which prepared the final record for use in 

model development; the layout of the record being described in 

Appendix 1.

A single data card was used to enable the basic plot and 

tree records to be manipulated to produce the data output required.

DISTRIBUTION OF THE DATA

The later thinnings remove relatively few trees compared 

with the second thinning. To avoid the problem of over- 

representation of earlier thinnings, and to try to avoid the 

problem of auto-correlation, the initial data base was chosen 

using ten random trees from each plot for those plots where 

more than ten normal trees were removed in thinning.

Eight sets of data were prepared, the first set being for 

the trees at time of thinning. For this set, there were where 

possible ten random trees from each plot thinning. Table 

VI.4 shows the distribution of the 1418 trees in this data set
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TABLE V I .4

NUMBER OF TREES BY SITE QUALITY 
AND PREDOMINANT HEIGHT

H

S ite  Q u a li ty

T o ta l
I I I I I I IV V

70 0 0 0 18 48 66

0 
001JPor-'- 40 0 18 6 10 74

80if -  90 60 66 81 47 90 344

90*i -100 50 57 28 69 61 265

c*-H1wVoor—
4 70 49 46 98 70 233

noh  -120 27 40 49 34 10 160

^120*$ 20 78 39 39 0 176

T o ta l 267 290 261 311 289 1418

From each p lo t  th in n in g  te n  norm al t r e e s  w ere s e le c te d  

a t  random. I f  l e s s  than te n  t r e e s  w ere removed in  

th in n in g  th en  a l l  norm al t r e e s  were in c lu d e d .
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which is graphically depicted in Figure VI.1. This table is 

equivalent to table VI.3 for 157 plots. The difference between 
157 plots multiplied by 10 trees per plot and 1,418 being due 

to a few plots having less than 10 normal trees removed in 

thinning. The distribution was not as uniform as would be 

desirable but it was the best available. It was hoped that 

the large total number of trees in the set would counterbalance 

any possible bias due to the data not being distributed uniformly. 

These data were used to develop the volume models.

Six subsets of data were prepared for trees measured in each 

of the six years prior to thinning. Ten random trees were chosen 
where possible from each plot thinning. These data are tabulated 
in tables VI.5 to VI.10. These six subsets of the data were 
amalgamated to provide the basic data for increment model 
development, table VI.11.

It is desirable that if possible the combined data be used 
because the individual subsets are not well distributed. As in 
current South Australian practice thinning interval is generally 
fixed for each site quality class it follows that measurement 
intervals are also relatively fixed for each site quality class, 

changing between site quality classes because the thinning 

interval changes. This is shown in Table VI.12 where it can 
be seen that SQ IV plots, are generally measured two, four and 

six years before thinning, SQ II plots two, three and five years 
before thinning wheras SQ I plots are rarely measured six years 

before thinning because the thinning interval is generally five 

years. The choice of one representative year is difficult as 

all years show some maldistribution. The combined set,
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TABLE V I . 5

NUMBER OF TREES
MEASURED ONE YEAR BEFORE THINNING 

BY SITE QUALITY AND PREDOMINANT HEIGHT

H
S i te  Q u a l i ty

T o ta l
I I I I I I IV V

^ 5  70 0 0 0 18 38 56

c00i\(M 20 0 8 0 0 28

OO
NlJC*oG
O 51 10 10 10 0 81

90*2 -  100 10 0 0 0 0 10

100*2 -  110 26 0 0 0 0 26

110*2 -  120 0 0 0 0 0 0

2=2.120^ 0 0 0 0 0 0

T o ta l 107 10 18 28 38 201

From each  p l o t  th in n in g  t e n  n o rm a l t r e e s  w ere  s e l e c t e d  

a t  random . I f  l e s s  th a n  te n  t r e e s  w ere  rem oved in  

th in n in g  th e n  a l l  n o rm a l t r e e s  w ere  in c lu d e d .
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TABLE V I .6

NUMBER OF TREES
MEASURED TOO YEARS BEFORE THINNING 

BY SITE QUALITY AND PREDOMINANT HEIGHT

u
S i t e  Q u a l i ty

T o ta l
I I I I I I IV V

<  70 0 0 0 18 48 66

c001JCor- 40 0 18 6 0 64

80*2 -  90 41 48 56 37 20 202

90*3 -  100 40 16 0 59 50 165

100*2 -  n o 60 34 10 38 20 162

110*2 -  120 27 0 20 24 0 71

^  120*2 3 0 0 39 0 42

T o ta l 211 98 104 221 138 772

From each  p l o t  th in n in g  t e n  no rm al t r e e s  w ere  s e l e c t e d  

a t  random . I f  l e s s  th a n  te n  t r e e s  w ere rem oved in  

t h in n in g  th e n  a l l  n o rm al t r e e s  w ere in c lu d e d .
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TABLE VI. 7

NUMBER OF TREES
MEASURED THREE YEARS BEFORE THINNING 

BY SITE QUALITY AMD PREDOMINANT HEIGHT

tl Site Quality
Totaln

I II III TV V

-=r:70 0 0 0 0 0 0
70!i - 80 10 0 8 0 0 18
801* - 90 38 28 25 10 10 111
901* - 100 20 22 10 10 0 62
1001, - 110 70 5 36 40 10 161
110*s - 120 10 30 12 10 0 62

10 18 19 0 0 47

Total 158 103 110 70 20 461

From each plot thinning ten normal trees were selected 

at random. If less than ten trees were removed in 

thinning then all normal trees were included.
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TABLE VI.8

NUMBER OF TREES
MEASURED FOUR YEARS BEFORE THINNING 

BY SITE QUALITY AMD PREDOMINANT HEIGHT

u
Site Quality

Totaln
I II III IV V

70 0 0 0 18 48 66
70*$ -  80 48 0 18 6 10 74
80*5 - 90 22 20 56 27 60 185

90!̂  - 100 30 8 0 39 40 117

100*ä - 110 70 10 10 30 30 150

110*5 - 120 0 0 7 17 10 34

^120*5 0 17 0 39 0 56

Total 162 55 91 176 198 682

From each plot thinning ten normal trees were selected 

at random. If less than ten trees were removed in 
thinning then all normal trees were included.
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TABLE VI.9

NUMBER OF TREES
MEASURED FIVE YEARS BEFORE THINNING 

BY SITE QUALITY AND PREDOMINANT HEIGHT

H
Site Quality

Total
I II III IV V

rs 7o 0 0 0 0 0 0

0 001JT*o 0 0 0 0 0 0
80*2 - 90 38 56 0 20 0 114
90*2 -  100 30 38 0 20 21 109
100*2 - 110 70 15 0 30 10 125
110*2 - 120 27 30 10 10 0 77

=?120!s 20 15 20 0 0 55

Total 185 154 30 80 31 480

From each plot thinning ten normal trees were selected 

at random. If less than ten trees were removed in 

thinning then all normal trees were included.
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TABLE V I .10

NUMBER OF TREES
MEASURED SIX YEARS BEFORE THINNING 

BY SITE QUALITY AND PREDOMINANT HEIGHT

u
S i t e  Q u a l i ty

T o ta l
I I I I I I IV V

< = : 70 0 0 0 0 0 0

70*2 -  80 0 0 18 0 0 18

80*2 -  90 0 20 61 20 10 111

90*2 -  100 0 0 18 29 0 47

100*2 -  HO 0 14 46 38 10 108

110*2 -  120 10 0 19 24 0 53

120*2 0 63 19 20 0 102

T o ta l 10 97 181 131 20 439

From each  p l o t  th in n in g  te n  no rm al t r e e s  w ere  s e l e c t e d  

a t  random . I f  l e s s  th a n  te n  t r e e s  w ere rem oved in  

th in n in g  th e n  a l l  n o rm al t r e e s  w ere in c lu d e d .
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TABLE V I .11

NUMBER OF TREES
MEASURED IN ALL YEARS BEFORE THINNING 

BY SITE QUALITY AND PREDOMINANT HEIGHT

H

S i t e  Q u a l i ty

T o ta l
I I I I I I IV V

70 0 0 0 54 134 188

70*3 - 80 110 0 70 12 10 202

80*2 - 90 190 182 208 124 100 804

90*i - 100 130 84 28 157 111 510

100*3 - 110 296 78 102 176 80 732

110*1 - 120 74 60 68 85 10 297

—
120*i 33 113 58 98 0 302

T o ta l 833 517 534 706 445 3035

From each  p l o t  t h in n in g  te n  n o rm al t r e e s  w ere  s e l e c t e d  

a t  random . I f  l e s s  th a n  te n  t r e e s  w ere  rem oved in  

th in n in g  th e n  a l l  n o rm a l t r e e s  w ere in c lu d e d .
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TABLE V I .12

NUMBER OF TREES
MEASURED IN EACH YEAR BEFORE THINNING 

BY SITE QUALITY

Number o f  
y e a r s  b e fo r e S i t e  Q u a l i ty

T o ta ltn in n in g  
when p lo t  
m easured

I I I I I I IV V

1 107 10 18 28 38 201

2 211 98 104 221 138 772

3 158 103 110 70 20 461

4 162 55 91 176 198 682

5 185 154 30 80 31 480

6 10 97 181 131 20 439

T o ta l 833 517 534 706 445 3035

From each  p l o t  th in n in g  te n  norm al t r e e s  w ere s e l e c t e d  

a t  random . I f  l e s s  th a n  te n  t r e e s  w ere  removed in  

th in n in g  th e n  a l l  no rm al t r e e s  w ere in c lu d e d .
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t a b le  V I .11, i s  f a i r l y  w e ll d i s t r i b u t e d  and p ro v id e s  a sound 

b ase  fo r  th e  developm ent o f th e  in c rem en t m odel.
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V I I .  MODEL FORMULATION

The a im  o f  t h i s  t h e s i s  i s  t o  d e v e lo p  m o d e ls  f o r  r a d i a t a  

p i n e  w h ich  w i l l  p r e d i c t  vo lum e an d  s h o r t  t e r m  i n c r e m e n t  on t h e  

t h i n n i n g s  e l e c t  s u b p o p u l a t i o n .  The m o d e ls  s h o u l d  u s e  o n l y  

t h o s e  p a r a m e t e r s  c u r r e n t l y  a v a i l a b l e  f ro m  i n v e n t o r y  p l o t  

m e a s u r e m e n ts .  The o b j e c t i v e  o f  t h i s  c h a p t e r  i s  t o  f o r m u l a t e  

a  num ber o f  a l t e r n a t i v e  volum e and i n c r e m e n t  m o d e ls  f o r  

s u b s e q u e n t  e v a l u a t i o n .

VOLUME MODELS

C h o ic e  o f  t h e  d e p e n d e n t  v a r i a b l e

I n  t h e  l i t e r a t u r e ,  t r e e  vo lum e e q u a t i o n s  h a v e  b e e n  

d e v e lo p e d  u s i n g  e i t h e r  vo lum e o r  t h e  l o g a r i t h m  o f  v o lu m e a s  

t h e  d e p e n d e n t  v a r i a b l e  ( S p u r r ,  1 9 5 2 ) .  The u s e  o f  t h e  l o g a r i t h 

m ic t r a n s f o r m a t i o n  (S ch u m ach er  and  H a l l ,  1933) i s  a m eans o f  

c o n v e r t i n g  c e r t a i n  n o n - l i n e a r  e q u a t i o n s  i n t o  a  l i n e a r  fo rm  

s u i t a b l e  f o r  l i n e a r  r e g r e s s i o n  a n a l y s i s .  H ow ever i n  m ak in g  

t h i s  t r a n s f o r m a t i o n  t h e  a s s u m p t io n  i s  made t h a t  t h e  e r r o r  t e r m  

i n  t h e  o r i g i n a l  e q u a t i o n  i s  m u l t i p l i c a t i v e  r a t h e r  t h a n  a d d i t i v e .  

T h is  a s s u m p t io n  i s  d i f f i c u l t  t o  s u s t a i n .  I t  w o u ld  a p p e a r  m ore  

d e s i r a b l e  t o  p o s t u l a t e  a n o n - l i n e a r  m o d e l  w i t h  an a d d i t i v e  e r r o r  

t e rm  and  e s t i m a t e  t h e  c o e f f i c i e n t s  b y  n o n - l i n e a r  t e c h n i q u e s  

r a t h e r  t h a n  u s e  t h e  l o g a r i t h m i c  t r a n s f o r m a t i o n .
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As the study is to be restricted to the use of linear 

regression analysis techniques, volume is preferred as the 

dependent variable.

The combined variable equation

Of all the tree volume equations using diameter and 

height to predict tree volume the simplest and most commonly 

used model is the combined variable equation, generally attri

buted to Spurr (1952) but better attributed to Naslund (1947), 

equation VII.1.

V = b + b D2H ............................  Equation VII. 10 1

In this equation the constant b^ will be referred to 

later as the combined variable constant, and the constant 

b^, the combined variable coefficient.

This equation has probably been used more frequently 

than any other equation, and is the basis on which many other 

authors have developed equations. In fact, in the literature 

reviewed, no two way tree volume equation was examined that 

did not include the combined variable D2Ht or D2H as an 

independent variable.

When this equation, or others derived from it, are used 

in practice then the measure of height used is generally tree 

height, but there is no valid reason why the measure of height 

cannot be a measure of upper or mean stand height. A measure
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o f upper s ta n d  h e ig h t ,  p redom inant h e ig h t ,  i s  a v a i la b le  from 

th e  d a ta  and w i l l  be used in  th e  s tu d y .

I f  t r e e  d iam ete r and t r e e  h e ig h t a re  used  in  e q u a tio n

V I I .1 to  e s tim a te  t o t a l  stem  volume then  th e  combined v a r ia b le

c o n s ta n t b would lo g i c a l ly  be z e ro . However as th e  dependent 
0

v a r ia b le  i s  volume to  a fo u r  in ch  top  d ia m e te r , and th e  h e ig h t 

m easure used i s  a measure o f upper s ta n d  h e ig h t ,  i t  i s  lo g ic a l  

to  in c lu d e  a n e g a tiv e  c o n s ta n t .

Models u s in g  d ia m ete r and h e ig h t

A lthough th e  s im ple combined v a r ia b le  e q u a tio n  has  been 

used by many re s e a rc h  w o rk e rs , o th e rs  have f e l t  i t  d e s i r a b le  

to  b u i ld  up a model c o n ta in in g  as many as  te n  te rm s . These 

eq u a tio n s  g e n e ra lly  in c lu d e  some o r a l l  o f th e  f i r s t  and second 

o rd e r  in t e r a c t io n s  betw een d ia m ete r and h e ig h t ,  b u t few a u th o rs  

e x p la in  t h e i r  ch o ice  o f co m b in a tio n s .

G errard  (1966) c o n s id e re d  fo u r  im p o rta n t q u e s tio n s  

concern ing  th e  fu n c t io n a l  form o f th e  volume e q u a tio n

"1 . I s  th e  Combined V a r ia b le  Form ula o f S p u rr (1952: 
p 94) ad equa te  to  accoun t fo r  a l l  th e  sy s te m a tic  
v a r ia t io n  found in  t o t a l  cu b ic  volume d a ta?

2. Should cu rves of volume over h e ig h t  w ith in  dbh 
c la s s e s  e x h ib i t  c u r v i l in e a r i ty ?

3. Are second deg ree  cu rv es  of volume over dbh w ith in  
h e ig h t c la s s e s  s u f f i c i e n t ,  or a re  sigm oid cu rves 
p re fe ra b le ?

4. Would a c o n s ta n t te rm  o f ze ro  r e p re s e n t  an undue 
c o n s t r a in t  upon th e  re g re s s io n ? "
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From a c o n s id e r a t io n  of th e s e  q u e s t io n s  he fo rm u la ted  

f iv e  models of in c re a s in g  com plex ity  s t a r t i n g  w ith  th e  s im ple  

combined v a r i a b l e  e q u a t io n .  His second e q u a t io n  used H in  

com bination w ith  D and D2 to  f i t  a model in  which th e  curve 

o f  volume over h e ig h t  in  d ia m e te r  c l a s s e s  was l i n e a r ,  e q u a t io n  

V I I .5.

V = b + b D + b H + b DH + b D2 + b D2H . .E q u a t io n  V I I . 5
0 1 2 3 4 5

The t h i r d  e q u a t io n  in c lu d e d  H2 and DH2 and th e  f o u r th ,

D2H2 com pleting  the  s e r i e s  o f  i n t e r a c t i o n s .  F i n a l l y  D3 and H3 

were added, th e  cub ic  term s a c t in g  as  a proxy f o r  sigmoid cu rv e s .  

E quation  V I I .6 i s  s i m i l a r  to  G e r r a r d 's  f i n a l  e q u a t io n  excep t 

t h a t  th e  only  fo u r th  power com bination  D2H2 has  been r e j e c t e d  

as  any tendency  to  a s ig m o id a l  fu n c t io n  sh o u ld  be shown by t h i r d  

and l e s s e r  power com bina tions .

V = b + b D + b  H + b DH + b D2 + b  D2H + b K2 + b DH2
0 1 2 3 4 5 6 7

+ b D3 + b H3 .....................................................  E quation  V I I .6
8 9

An a l t e r n a t i v e  to  G e r r a rd ’s model development i s  to  c o n s id e r  

th e  e f f e c t  o f  th e  use o f  predom inant h e ig h t  i n s t e a d  o f  t r e e  

h e ig h t  and the  use  o f  volume to  fo u r  in c h es  top  d ia m e te r .  In

the  combined v a r i a b l e  e q u a t io n  a s im ple  c o n s ta n t  r e d u c t io n  to  

d iam ete r  may be s u f f i c i e n t  to  a l low  f o r  th e  use  o f  volume to  a 

fo u r  inch  top  d ia m e te r .  I f  p redom inant h e ig h t  i s  a proxy f o r  

t r e e  h e ig h t  then  e q u a t io n  V I I . 2 r e s u l t s .
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V = b + b (D-b ) 21I 
0 1 2

or

V = b + b H + b  D H + b  D2H
0 1 2  3

E quation  V I I . 2

The e f f e c t  of the  use of predom inant h e ig h t  i s  d i f f i c u l t  

to  p o s tu l a t e  b u t  i f  a s im ple  c o n s ta n t  r e d u c t io n  to  predom inant 

h e ig h t  i s  in c o rp o ra te d  in  e q u a t io n  V I I . 2 then  e q u a t io n  V I I . 5 

r e s u l t s .

V = b 0 -f b ! (D-b2) (H-b3)

V = bo + b i  D2K — 2 b jb 2 DH + b j b 2 H -  b j b 3 D2 + 2b}b2b 3 D

-  b j b 22b 3 o r

V = b 0 + b x D + b 2 H + b 3 DK + b 4 D2 + b 5 D2H . . .  E quation  V I I . 5

I f  th e  c o r r e c t io n  a p p l ie d  to  d ia m e te r  used to  develop  

e q u a t io n  V I I . 5 i s  r e p la c e d  by a c o r r e c t io n  to  th e  b a s a l  a r e a  t h i s  

r e s u l t s  i n  e q u a t io n  V I I , 3.

This  e q u a t io n  has been c a l l e d  th e  A u s t r a l i a n  e q u a t io n  

(S p u rr ,  1952) as  S to a te  (1945) was one o f  th e  f i r s t  to  propose 

i t s  u se .  I t  was t e s t e d  by Spurr  (1952) on l i m i t e d  d a ta  and 

proved to  be b e t t e r  than  th e  combined v a r i a b l e  e q u a t io n  fo r  

some p l o t s .

V = b 0 + b j  (D2- b 2) (H-b3)

V = bo + b j  D2H -  b j b 2 11 -  b ^ b 3 P2 + b j b 2b 3 or

V = b 0 + b l H + b 2 D2 + b 3 D2H ................................. Equation  V I I . 3

In  South A u s t r a l i a  volume e q u a t io n s  have p r e v io u s ly  been 

developed u s in g  th e  vo lum e-basa l a re a  l i n e  approach . Keeves



109

(1961) u s in g  South A u s t r a l i a n  d a ta  f o r  r a d i a t a  p in e  dem onstra ted  

th a t  f o r  each permanent sample p lo t  the  t r e e  volume i s  l i n e a r l y  

r e l a t e d  to  t r e e  b a s a l  a r e a ,  w ith  th e  c o n s ta n t  b e in g  known as th e  

volume l i n e  c o n s ta n t  and th e  c o e f f i c i e n t ,  th e  volume l i n e  

c o e f f i c i e n t .  He then  developed e q u a t io n s  to  p r e d i c t  th e  volume 

l i n e  c o e f f i c i e n t  and c o n s ta n t  from predom inant h e i g h t ,  th e  

c o e f f i c i e n t  b e in g  r e l a t e d  to  H and th e  c o n s ta n t  to  H and H2 .

I f  th e se  eq u a t io n s  a re  combined then  e q u a t io n  VII.A r e s u l t s .

V = b 0 + b x H + b 2 D2 + b 3 H2 + b 4 D2K ................. E qua tion  V II .  4

The use o f  the  square  of h e ig h t  was c o n s id e re d  by Spurr 

(1952) to  be unsound b i o l o g i c a l l y ,  a l th o u g h  i t  was used  by 

Naslund (1941, 1947). I f  th e  e q u a t io n  i s  changed by e l im in a t in g  

t h i s  pa ram ete r  then  i t  i s  the  same as th e  A u s t r a l i a n  e q u a t io n  as 

used by Henry (1960),  e q u a t io n  V I I . 3. Keeves (1961) found th a t  

th e  r e l a t i o n s h i p  between th e  volume l i n e  c o n s ta n t  and predom inant 

h e ig h t  was l i n e a r  f o r  th in n ed  p l o t s  b u t  th e  a d d i t io n  of a quad ra 

t i c  term was very  h ig h ly  s i g n i f i c a n t  in  th e  case  of un th inned  

p l o t s .  As th e  comparison between th in n e d  and u n th in n ed  p l o t s  

showed th a t  th e r e  was no s i g n i f i c a n t  d i f f e r e n c e  between them, 

he combined the  d a ta  and c a l c u l a t e d  the  r e g r e s s io n  u s in g  H and 

H2 . I f  th e  l i n e a r  r e l a t i o n s h i p  f o r  th in n e d  s ta n d s  i s  a c c e p te d ,  

t h i s  would reduce the  volume e q u a t io n  by th e  one te rm  n o t  found 

in  th e  A u s t r a l i a n  e q u a t io n .

S ix  models have been fo rm u la ted  around th e  combined

v a r i a b l e  e q u a t io n .  These models cover a range  of a l t e r n a t i v e  

hypo theses  and a l l  should  be f i t t e d  to  th e  d a ta  and e v a lu a te d .
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Models u s in g  o th e r  v a r i a b l e s

In  a d d i t io n  to  d ia m e te r  and h e ig h t  o th e r  v a r i a b l e s  may have 

an e f f e c t  on volume. The most obvious of th e s e  p a ram e te rs  i s  

t r e e  form. The most e f f e c t i v e  measure o f  form would be a measure 

of t a p e r  up the  t r e e  (Lewis and M cIn ty re ,  1963), b u t  t h i s  i s  

im p r a c t i c a l  to  measure on In v e n to ry  p l o t s .

The combined v a r i a b l e  c o e f f i c i e n t  in  e q u a t io n  V I I . 1 

embodies th e  e f f e c t  of form and i s  s i m i l a r  to  th e  "form f a c t o r "  

(S p u rr ,  1952; Je rram , 1939). The use o f  th e  combined v a r i a b l e  

c o n s ta n t  in  e q u a t io n  V I I . 1 i s  n o t  i n c o n s i s t e n t  w ith  t h i s  as th e  

c o n s ta n t  can be reg a rd ed  as  a proxy f o r  th e  e f f e c t  o f  th e  use of 

predom inant h e ig h t  and volume to  a fo u r  inch  top d ia m e te r .

There a r e  a number o f  p a ram ete rs  t h a t  may a f f e c t  th e  form 

o f  a t r e e  and o f  th e s e  the  one most l i k e l y  to  be s i g n i f i c a n t  i s  

s tan d  d e n s i ty .  B a s k e r v i l l e  (1962) c i t e s  Canadian and Japanese  

ev idence  th a t  i n d i c a t e s  t h a t  w ith  in c r e a s in g  l e v e l s  o f  co m p e ti t io n  

th e  p o in t  o f  maximum cam bial a c t i v i t y  moves up th e  t r e e  and from 

t h i s  i n f e r s  t h a t  form f a c t o r  in c r e a s e s  w i th  in c r e a s in g  d e n s i ty .

However i f  t r e e s  o f  equa l  d ia m e te r ,  from s ta n d s  o f  d i f f e r e n t  

s tan d  d e n s i ty  a re  c o n s id e re d ,  th en  g e n e r a l ly ,  th e  more dense th e  

s tan d  th e  more su p re s se d  th e  t r e e  w i l l  b e .  From th e  accep ted  

c u r v i l i n e a r  form of th e  t r e e  h e ig h t  -  d iam ete r  r e l a t i o n s h i p  

(S p u rr ,  1952; C arron , 1968) i t  fo l lo w s  t h a t  th e  more su p re sse d  

a t r e e  th e  lower i s  i t s  d iam ete r  r e l a t i v e  to  th e  o th e r  t r e e s  in  

th e  s ta n d  and the  g r e a t e r  th e  d i f f e r e n c e  between t r e e  h e ig h t  and
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stand top height. Therefore the tree in the stand of higher 

density will, in general, have a lower tree height than the tree 

in the stand of lower density. Thus as the stand density 

increases, the position of the point of maximum cambial activity 

will be higher relative to tree height (Baskerville, 1962), but 

may be lower relative to predominant height. The effect of 

stand density on the form factor may therefore be positive or 

negative depending on the magnitude of the two opposing effects.

Despite confusion as to the direction of the effect stand 

density should be tested in the model. In Part 1 of this thesis 

the indices of stand density were discussed and it was concluded 

that a number of indices are worth evaluating in the model.

(1) Number of trees per acre.

(2) Basal area per acre.

(3) Hart’s height-spacing ratio.

(A) Lexen’s bole area index.

(5) Ratio of basal area to theoretical maximum basal area.

These indices of stand density are likely to have a similar 

effect in the model so it is logical to evaluate the model using 

one index alone. After the model has been developed, and the 

form of the model fixed, the other indices can then be substituted 

in the model.

This will enable a practical assessment of each of the 

indices to be made. Basal area appears to be the most promising

index and will be tested in the first instance.
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A part from s ta n d  d e n s i ty ,  s i t e  p o t e n t i a l  may have an e f f e c t  

on t r e e  form. In  the  unpub lished  y i e l d  t a b l e  f o r  th in n e d  s tan d s  

of r a d i a t a  p in e  of Lewis, a s ta n d  based  form f a c t o r  can be c a lc u 

l a t e d  as  th e  t o t a l  p ro d u c tio n  volume to  fo u r  in ch es  to p  d iam ete r  

per  a c re  d iv id e d  by th e  p roduc t o f  b a s a l  a r e a  p e r  a c re  and p r e 

dominant h e i g h t .  This  s tand  based  form f a c t o r  in c r e a s e s  w ith  

in c re a s in g  s i t e  p o t e n t i a l ,  a lthough  a t  l a t e r  ages th e  in c r e a s e  i s  

l e s s  marked. From t h i s  i t  i s  i n f e r r e d  th a t  t r e e  form f a c t o r  as 

used in  t h i s  model may in c re a s e  w ith  in c r e a s in g  s i t e  p o t e n t i a l ,  

and t h a t  th e  in c lu s io n  of a q u a d ra t ic  te rm  may a l s o  be s i g n i f i 

c a n t .

I t  i s  expec ted  t h a t  s i t e  q u a l i t y  SO, w i l l  be more e f f e c t i v e  

measure than  s i t e  index SI bu t b o th  shou ld  be t e s t e d  in  th e  model. 

I n i t i a l l y  however i t  w i l l  be d e s i r a b l e  to  t e s t  th e  model u s ing  

SQ and a f t e r  the  volume model i s  developed  r e - e s t i m a t e  th e  co

e f f i c i e n t s  and t h e i r  s ig n i f i c a n c e  u s in g  SI as  a rep lacem en t f o r  

SQ.

A volume model can be fo rm u la ted  from th e s e  v a r i a b l e s ,  

e q u a t io n  V I I . 7

V = b 0 + b i  D2H + b 2 D2HB + b 3 D2HSQ .....................  E qua tion  V II .  7

In  view of th e  l i k e l y  e f f e c t  o f  s i t e  q u a l i t y  on form a t  

l a t e r  a g es ,  age shou ld  a l s o  be in c lu d e d  in  th e  model. I t  i s  

l i k e l y  t h a t  form and hence volume w i l l  be i n v e r s e l y  p ro p o r t i o n a l  

to  age i f  d iam ete r  and h e ig h t  a re  c o n s ta n t  (Nelson e t  a l ,  1961).
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O ther a u th o rs  (Gruschow and Evans, 1959; Mesavage, 1961), how

e v e r ,  found th a t  age was as s a t i s f a c t o r y  as th e  r e c i p r o c a l .  As 

age i s  th e  s im p le r  form i t  w i l l  be used i n i t i a l l y  and i f  i t  i s  

found to  be s i g n i f i c a n t  th e  r e c i p r o c a l  w i l l  be e v a lu a te d .

Thinning  type may a l s o  a f f e c t  th e  form o f th e  t r e e  fo r  

i f  th e  th in n in g  i s  from below th e n  t r e e s  w ith  lower than  average  

form f a c t o r  w i l l  g e n e r a l ly  be removed in  p r e f e r e n c e  to  th o se  o f  

h ig h e r  form f a c t o r .  Thinn ing  type  v r i l l  p ro b ab ly  be s i g n i f i c a n t  

in  th e  model w ith  a p o s i t i v e  c o e f f i c i e n t .

I t  i s  e v id e n t  from a c o n s id e r a t io n  o f  th e  e f f e c t  of s ta n d  

d e n s i ty  t h a t  a change in  r e l a t i v e  t r e e  s i z e  R may e f f e c t  t r e e  

form, the  lower th e  v a lu e  of R th e  lower th e  form f a c t o r .  How

e v e r  th in n in g  type and r e l a t i v e  t r e e  s i z e  R may have a combined 

e f f e c t .  As th e  s m a l le s t  d iam ete r  c l a s s e s ,  lower R, a re  g e n e r a l ly  

com ple te ly  removed in  th i n n in g ,  th e se  t r e e s  w i l l  a l l  be removed 

i r r e s p e c t i v e  o f  th in n in g  ty p e .  As R in c r e a s e s  th e  t r e e s  chosen 

f o r  removal in  th in n in g  a re  only a p r o p o r t io n  of th e  t r e e s  in  a 

p a r t i c u l a r  d iam ete r  c l a s s  and i f  th e  th in n in g  i s  a low th in n in g  

th e  t r e e s  chosen f o r  removal a re  more l i k e l y  to  have a lower than  

average t r e e  form f a c t o r .  The e f f e c t  o f  th e  th in n in g  type  v a r i 

ab le  TT and r e l a t i v e  t r e e  s i z e  v a r i a b l e  R may t h e r e f o r e  be m u l t i 

p l i c a t i v e  r a t h e r  than  a d d i t i v e .  The combined te rm  should  be 

t e s t e d  in  th e  model, b u t  i t  i s  n o t  c o n s id e re d  l i k e l y  to  be s i g 

n i f i c a n t .

Thinning  i n t e n s i t y  shou ld  a l s o  be c o n s id e re d ,  f o r  th e  

h ig h e r  th e  th in n in g  i n t e n s i t y  N% th e  h ig h e r  w i l l  be the  average
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form f a c t o r  o f  t r e e s  to  be removed in  a g iven d ia m e te r  c l a s s .  

However, as th e  e f f e c t  of th in n in g  i n t e n s i t y  i s  a l s o  r e f l e c t e d  in  

p a ram ete rs  such as s tan d  d e n s i ty ,  t r e e  rank  and th in n in g  ty p e ,  i t  

i s  n o t  c o n s id e re d  l i k e l y  to  be s i g n i f i c a n t ,  a l th o u g h  i t  shou ld  be 

t e s t e d .

A part from the  e f f e c t  o f  t r e e  and s ta n d  v a r i a b l e s  on form , 

th ey  may w e l l  a c t  as p ro x ie s  f o r  th e  e f f e c t  of th e  use  of p r e 

dominant h e i g h t  and volume to  fo u r  in c h e s  top  d ia m e te r .  The 

combined v a r i a b l e  c o n s ta n t  in  e q u a t io n  V I I . 1 may change w ith  ag e ,  

f o r  th e  o ld e r  th e  s tan d  the  l e s s  w i l l  be the  d i s t a n c e  between 

fo u r  in ch es  to p  d iam ete r  and the  t i p  and t h e r e f o r e  th e  unm erchant

ab le  volume w i l l  be l e s s .

S im i la r ly  r e l a t i v e  t r e e  s i z e  R may be  s i g n i f i c a n t  as th e  

s m a l le r  t r e e s  a re  more l i k e l y  to  have i n e f f e c t i v e  volume.

O ther p a ram ete rs  t h a t  a re  w orth  e v a lu a t in g  a re  s ta n d  

d e n s i ty  B, s i t e  p o t e n t i a l  SQ, th in n in g  ty p e  TT and th in n in g  

i n t e n s i t y  N%.

A part from form v a r i a b le s  in c lu d in g  s ta n d  d e n s i ty  and s i t e  

p o t e n t i a l ,  e q u a t io n  V I I . 7, i t  i s  d i f f i c u l t  t o  d ec id e  which o f  

th e  o th e r  v a r i a b l e s  a re  most l i k e l y  to  be s i g n i f i c a n t .  However 

t h r e e  e q u a t io n s  V I I . 8 to  V I I . 10 a r e  fo rm u la ted  w ith  in c r e a s in g  

numbers o f  v a r i a b l e s  in  each , such t h a t  in  e q u a t io n  V I I . 10 a l l  

th e  v a r i a b l e s  a re  in c lu d e d .
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V = b 0 + b i  D2H + b 2 D2HB + b 3 D2HSQ + b 4 D2HTT + b 5 A 4- b 6 R

..............................  E qua t ion  V I I . 8

V = b 0 + b !  D2K + b 2 D2HB + b 3 D2HS0 + b 4 D2HTT + b 5 D2HN% + b 6

D2HA + b 7 D2HR + b 8 A + bg R ................................  E qua tion  V I I .9

V = b 0 + b j  D2H + b 2 D2HB + b 3 D2HSO + b 4 D2HSQ2 + b 5 D2RTT + b 6

D2HN% + b 7 D2I1A + b 8 D2HR + bg D2HTTR + b 10 A + b n  R + b 12 B 

+ b 13 SQ + b 14 TT + b 15 N% ..............................  E qua t ion  V I I . 10

Combined models

The two a l t e r n a t i v e  l i n e s  o f  model development can be com

b in ed  as th e y  a re  n o t  in c o m p a tib le .  In  fo rm u la t in g  combined 

models i t  i s  n e c e s s a ry  to  use s im ple  e q u a t io n s  so t h a t  th e  r e 

s u l t i n g  e q u a t io n  i s  n o t  to o  l a r g e .  E q u a t io n s  V I I . 2 and V I I . 3 

a re  l o g i c a l  t h r e e  v a r i a b l e  e q u a t io n s  developed  u s in g  predom inant 

h e ig h t  and t r e e  d iam ete r  and com binations  of them as independen t 

v a r i a b l e s .  E quation  V I I . 7 i s  a l o g i c a l  e q u a t io n  u s in g  o t h e r '  

s ta n d  p a ra m e te rs .  Two combined e q u a t io n s  V I I . 11 and V I I . 12 can 

then  be fo rm u la ted  from th e s e  e q u a t io n s .

V = b 0 + b! D2H + b 2 D2 + b 3 H + b 4 D2HB + b 5 D2HSQ

..............................  E quation  V I I . 11

V = b 0 + b j  D2H + b 2 DH + b 3 II + b 4 D2HB + b 5 D2HSQ

..............................  E qua tion  V I I . 12

The combined models can be compared w ith  e q u a t io n s  V I I .5 

and V I I . 8 to  de term ine  which i s  th e  b e t t e r  l i n e  o f  model deve lop

ment, o r  w hether  th e  com bination  i s  b e s t .
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Summary

Twelve volume models have been fo rm u la ted  and th e se  a re  

ta b u la te d  in  ta b le  V I I .1. They re p re s e n t  two m ajor a l t e r n a t i v e  

form s, one th e  two way volume e q u a tio n s  u s in g  d ia m e te r , h e ig h t  

and com binations of th e se  two p a ram e te rs  as th e  indep en d en t v a r i 

a b le s ,  and the  o th e r  a l t e r n a t iv e  form b ased  on th e  e f f e c t  o f 

o th e r  t r e e  and s ta n d  p a ram e te rs  on th e  s im p le  combined v a r ia b le  

e q u a tio n . Two e q u a tio n s  a re  fo rm u la ted  in c o rp o ra t in g  b o th  l in e s  

o f developm ent. I t  i s  e v id e n t th a t  once th e se  m odels a re  f i t t e d  

and e v a lu a te d  i t  may be found d e s i r a b le  to  t r y  o th e r  a l t e r n a t i v e  

com binations b u t u n t i l  th e  tw elve models a re  e v a lu a te d  i t  i s  

d i f f i c u l t  to  d e term ine  w hich com binations to  choose.

INCREMENT MODELS

The in c rem en t model w i l l  be used to  p r e d ic t  th e  volume th a t  

th e  t r e e  w i l l  p u t on betw een in v e n to ry  and th e  tim e o f th in n in g  

up to  s ix  y e a rs  l a t e r ,  and n e c e s s i t a t e s  th e  summation of t r e e  

increm ent over t h i s  p e r io d .

The w orking p la n  (v id e  c h a p te r  I I )  d e t a i l s  lo g g in g  o p e ra 

t io n s  fo r  each y e a r  o f th e  f iv e  y e a r  p la n ,  and th e  d a ta  a v a i la b le  

fo r  model developm ent a re  m easured a t  y e a r ly  i n t e r v a l s .  I t  i s  

th e re fo re  co n v en ien t to  c o n s id e r  t r e e  in c rem en t in  th e  c o n te x t 

of th e se  models as composed o f two m u l t ip l i c a t iv e  com ponents, 

increm en t p e r io d  and annual in c rem en t.
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Choice o f  th e  dependent v a r i a b l e

I t  i s  d e s i r a b l e  t h a t  the  dependent v a r i a b l e  chosen f o r  th e  

inc rem ent model should  be c o n s i s t e n t  w ith  th e  dependent v a r i a b l e  

chosen fo r  th e  volume model.

In  most p rev io u s  work, inc rem en t has  e i t h e r  been e s t im a te d  

in  a b s o lu te  terms o r  as a p e rc e n ta g e  of th e  e s t im a te d  volume 

s ta n d in g  a t  th e  s t a r t  o f  the  inc rem en t p e r io d  ( P e t r i n i ,  1957; 

Kuusela and K i l k i i ,  1969) b u t  inc rem en t p e r c e n t  ap p ea rs  to  o f f e r  

few advantages  over inc rem en t .

The dependent v a r i a b l e  i s  th e r e f o r e  th e  d i f f e r e n c e  between 

the  e s t im a te d  t r e e  volume s ta n d in g  a t  tim e o f  th in n in g  and the  

e s t im a te d  t r e e  volume s ta n d in g  a t  in v e n to ry  1-6 y e a r s  (x) p r i o r  

to  th in n in g .  The volumes a re  to  be  e s t im a te d  from th e  volume 

model a f t e r  i t  has been proven to  be s t a t i s t i c a l l y  and b i o l o g i 

c a l ly  a c c e p ta b le .

Increm ent p e r io d

Im m ediately  a f t e r  a th in n in g  th e  s ta n d  does n o t  f u l l y  occupy 

the s i t e  and th e  s ta n d  w i l l  n o t  p u t  on as much growth as a s ta n d  

th a t  has n o t  been th in n e d .  T h is  la g  in  growth due to  th in n in g  

w i l l  be ap p aren t  in  the  growth r a t e s  of a l l  i n d i v id u a l  t r e e s  in  

th e  s ta n d .  The e x t e n t  of t h i s  la g  i s  l i k e l y  to  be g r e a t e r  in  

a re a s  o f  lower s i t e  p o t e n t i a l  where growth r a t e s  a re  s lo w e r ,  and 

w i l l  be g r e a t e r  a f t e r  a heavy th in n in g .  Evidence from permanent
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sample plots indicates that unless the thinning is extremely 

heavy this lag is either not apparent or is of only one year 

duration.

In practice the model will generally be used to predict 

increment from one to five years ahead with the average prediction 

period being three years. Thinning interval is generally not 

less than five years for SQ I and SQ II, six years for SQ III 

and seven years for SQ IV and SQ V. Thus if the lag is taken 

as one year then this will have very little effect in SQ III,

SQ IV and SQ V, as inventory will be at least one year after 

thinning. Only stands of SQ I and SQ II due to be thinned in 

the last year of the five year plan period will be affected.

In a few cases a six year projection period is used but these 

are relatively rare. Thus if the lag is one year then it will 

affect one-fifth of the SQ I and SQ II areas and not affect the 

SQ III, SQ IV and SQ V areas. As SQ I and SQ II areas combined 

represent between 10 and 15% of the area currently thinned or 

likely to be thinned, within the next five years it is evident 

that the practical effect of the lag is minimal as less than 

2-3% of the area may be affected.

After the stand fully reoccupies the site, growth will 

continue at a steady rate following the sigmoidal volume - age 

curve. However as the increment period is only a small propor

tion of the rotation length a simple linear approximation is 

likely to adequately represent the effect of increment period during 

this phase.



120

If the thinning interval is long and the stand is at a 

high level of stand density, then as the stand approaches the 

time of next thinning the less vigorous trees, likely to be the 

next thinnings, will begin to be suppressed and their increment 

relative to the main crop of the stand will be reduced. This 

is not to say that stand increment will tend to fall off, only 

the increment on the thinnings elect subpopulation.

In practice nearly all stands are thinned at intervals 

within one year of that considered desirable, so that excessive 

thinning intervals are avoided. The optimum thinning range of 

Lewis (1963) has been used to prescribe the last thinning and 

in many cases the last two thinnings so that stands are rarely 

left to become overstocked. Permanent sample plot evidence 

indicates that annual basal increment on the thinnings elect 

subpopulation was depressed only if the thinning interval was 

at least two years longer than current practice, and then only 

in those plots that have been deliberately kept at stand density 

levels higher than is current practice.

It is evident that a simple linear function of time may be 

an adequate approximation, although the lag and the competition 

effect indicate that a sigmoidal relationship may be more desir

able theoretically. Obviously the effect of the increment 

period x must be conditioned so that when it is zero there is no 

increment.

It was therefore decided to develop an increment model in 

which all independent variables in the annual increment component



were m u l t ip l i e d  by x , the  inc rem en t p e r io d ,  and then  t e s t  the  

assum ption o f  a sim ple l i n e a r  e f f e c t  w ith  r e s p e c t  to  tim e by th e  

use of dummy v a r i a b l e s  as d e f in e d  in  t a b l e  V I I . 2.

In  e f f e c t  th e  use of dummy v a r i a b l e s  ( Jo h n s to n ,  1960) in  

p la c e  o f  th e  increm ent p e r io d  v a r i a b l e  e n ab le s  s e p a r a t e  r e g r e s 

s io n s  to  be f i t t e d  to  th e  d a ta  f o r  each d i f f e r e n t  inc rem en t 

p e r io d .  An a n a ly s i s  of v a r ia n c e  can th en  be used to  t e s t  w he ther  

th e  c o e f f i c i e n t s  of a p a r t i c u l a r  v a r i a b l e ,  such as s i t e  p o t e n t i a l ,  

a re  the  same over th e  range of in c rem en t p e r io d  f o r  a l l  v a lu e s  o f  

s i t e  p o t e n t i a l .  This  te c h n iq u e  makes no assum ptions  about th e  

e f f e c t  of t im e , b u t  an exam ina tion  o f  th e  c o e f f i c i e n t s  of each 

v a r i a b l e  w i l l  enab le  co n c lu s io n s  to  be drawn about t h i s  e f f e c t .

Annual increm ent
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Of a l l  th e  v a r i a b l e s  t h a t  a re  c o n s id e re d  l i k e l y  to  a f f e c t  

t r e e  increm ent one o f  th e  most im p o r ta n t  i s  l i k e l y  to  be s i t e  

p o t e n t i a l .  T h is  v a r i a b l e  has been used by many w r i t e r s  (Gruschow 

and Evans, 1959; Nelson e t  a l ,  1963; Wenger e t  a l ,  1958;

Dahms, 1964; D e e t l e e f s ,  1954) to  e s t im a te  s ta n d  inc rem en t and 

i t  i s  l o g i c a l  t h a t  i t  should  a l s o  be an im p o r ta n t  p a ram ete r  in  

any t r e e  inc rem en t p r e d i c t i o n  e q u a t io n .  G en e ra l ly  s i t e  p o t e n t i a l  

i s  in c lu d ed  as a l i n e a r  te rm  b u t  N elson and Brender (1963) found 

the  q u a d ra t ic  form to  be s i g n i f i c a n t .  Whether s i t e  index  SI or 

s i t e  q u a l i t y  SQ should  be used as th e  s i t e  p o t e n t i a l  measure in  

e v a lu a t in g  th e  increm ent models w i l l  depend on which i s  th e  more 

s i g n i f i c a n t  in  th e  volume model, b u t  SQ i s  l i k e l y  to  be b e t t e r .
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TABLE VII.2

DEFINITION OF DUMMY VARIABLES

Dummy variables
X x i x2 X3 x4 X5 x6

1 1 0 0 0 0 0

2 0 1 0 0 0 0

3 0 0 1 0 0 0

4 0 0 0 1 0 0

5 0 0 0 0 1 0

6 0 0 0 0 0 1

x = Increment period in years
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The q u a d ra t ic  i s  cons idered  u n l i k e ly  to  be of s i g n i f i c a n c e ,  b u t  

i t  should  be e v a lu a te d .  As inc rem en t shou ld  in c r e a s e  w ith  i n 

c r e a s in g  s i t e  p o t e n t i a l  the  c o e f f i c i e n t  o f  SQ should  be p o s i t i v e .

The i n t e r a c t i o n  w ith  r e l a t i v e  t r e e  s i z e  RSO i s  l i k e l y  to  be 

more e f f e c t i v e  in  the  model than  SQ b ecause  th e  in c lu s io n  o f  R 

w i l l  ap p o r t io n  th e  t o t a l  s tand  increm en t between th e  i n d i v id u a l  

t r e e s  in  p ro p o r t io n  to  t h e i r  s i z e .

Age i s  a l s o  l i k e l y  to  be an e f f e c t i v e  v a r i a b l e  f o r  in  th e  

unpub lished  y i e l d  t a b le  of Lewis, p e r io d i c  annual inc rem en t de

c l in e s  w ith  age in  a c u r v i l i n e a r  manner t h a t  over th e  range of 

the  d a ta  i s  approxim ated by th e  r e c i p r o c a l  o f  age. However th e  

increm ent model w i l l  be used over a r e s t r i c t e d  range  o f  ages and 

so age may w e l l  be as s i g n i f i c a n t  as  th e  r e c i p r o c a l .

As w ith  s i t e  p o t e n t i a l ,  th e  i n t e r a c t i o n s  RA and R/A are* 

l i k e l y  to  be more e f f i c i e n t  t h a t  A and 1/A as  th e  i n t e r a c t i o n  

w i l l  ensu re  t h a t  each t r e e  r e c e iv e s  a p r o p o r t io n  of th e  s ta n d  

increm ent acc o rd in g  to  i t s  r e l a t i v e  t r e e  s i z e .  As RA and R/A 

a re  co n s id e re d  l i k e l y  to  be e q u a l ly  e f f i c i e n t  th e  s im p le r  form 

RA w i l l  be t e s t e d  in  the  f i r s t  i n s t a n c e .

I f  s i t e  p o t e n t i a l  and age a re  c o n s ta n t  th en  changes in  

s tan d  d e n s i ty  w i l l  a f f e c t  t r e e  in c re m e n t ,  f o r  w ith  in c r e a s in g  

s ta n d  d e n s i ty  th e re  a re  g e n e ra l ly  more t r e e s  to  s h a re  the  a v a i l 

a b le  increm ent on th e  s i t e .  T ree inc rem en t w i l l  t h e r e f o r e  be 

in v e r s e ly  p r o p o r t i o n a l  to  s tan d  d e n s i ty .  The index  of s tan d  

d e n s i ty  to  be e v a lu a te d  i n i t i a l l y  in  th e  inc rem ent model shou ld
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be the  same as t h a t  found to  be th e  most e f f i c i e n t  in  th e  volume 

model, and t h i s  i s  l i k e l y  to  be b a s a l  a r e a  B. Again th e  i n t e r 

a c t io n  w ith  r e l a t i v e  t r e e  s i z e  i s  l i k e l y  to  be  more e f f e c t i v e  

than  s ta n d  d e n s i ty  a lo n e ,  which le a d s  t o  th e  fo rm u la t io n  o f  fo u r  

a l t e r n a t i v e  forms of th e  d e n s i ty  v a r i a b l e  of which R/B i s  l i k e l y  

to  be more e f f e c t i v e  than  1/B, RB o r  B. The c o e f f i c i e n t  o f  R/B 

shou ld  be p o s i t i v e .

Thinning  may a l s o  a f f e c t  t r e e  in c rem en t f o r  i f  th in n in g  

type  TT o r  th in n in g  i n t e n s i t y  N% in c r e a s e  th e n  i t  i s  more l i k e l y  

t h a t  t r e e s  w ith  good Increm ent p o t e n t i a l  w i l l  be in c lu d e d  in  

th e  th in n in g s  e l e c t  s u b p o p u la t io n .  The e f f e c t  o f  th in n in g  w i l l  

p o s s ib ly  be masked by the  i n t e r a c t i o n s  RSQ, RA and R/B, b u t  they  

should  be t e s t e d  in  the  model.

A part from th e  v a r i a b l e s  c o n s id e re d  so f a r  th e  e s t im a te d  

volume o f  th e  t r e e  a t  time o f  in v e n to ry  x y e a r s  b e f o r e  th in n if ig  

may be a s i g n i f i c a n t  v a r i a b l e  in  th e  inc rem en t model, as i n c r e 

ment may be p r o p o r t i o n a l  to  th e  volume on which i t  i s  p roduced.

Of th e  v a r i a b l e s  co n s id e re d  th e  v a r i a b l e s  in c lu d in g  s i t e  

p o t e n t i a l ,  age and s tan d  d e n s i ty  a r e  c o n s id e re d  l i k e l y  to  be 

more e f f i c i e n t  than  the  th in n in g  v a r i a b l e s  and the  e s t im a te d  

volume a t  time of th in n in g .

Summary

Combining th e  inc rem en t p e r io d  x and annual inc rem ent 

v a r i a b l e s  p ro v id es  th e  inc rem en t f u n c t io n .  Only a f t e r  the
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increment model i s  developed u sin g  th is  sim ple time fu n ction  w i l l  

i t  be d es ira b le  to t e s t  the e f f e c t  of s u b s t itu t in g  dummy v a r ia b le s  

to  eva lu a te  the e f f e c t  o f increm ent p eriod . Annual increment 

can be form ulated at th ree le v e ls  o f com p lex ity , so th e fo llo w in g  

models should be evaluated  i n i t i a l l y ,  a l l  bein g  con d ition ed  to  

pass through the o r ig in .

Equation V I I .13 in c lu d es the th ree  in te r a c t io n s  RSQ, RA and 

R/B which are considered  l ik e ly  to  be the most e f f e c t i v e .

Increment = b i xRSQ + \> 2  xRA + b 3  ~  ................. Equation V II. 13

Equation V I I .14 in corporates the th in n in g  v a r ia b le s .

yD
Increment = bj xRSQ + \>2 xRA + b 3 —  + bi+ xTT + bs xN%

.........  Equation V I I .14

Equation V I I .15 in corp orates the estim ated  volume o f the  

tr e e  a t time o f  th in n in g .

•yR  a
Increment = b i xRSQ + b£ xRA + b 3  + b 4  xTT + bs xN% + bg xV

.......... Equation V I I .15

These equations are summarised in  ta b le  V I I .3.
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VIII. MODEL EVALUATION AND DEVELOPMENT

WEIGHTING FUNCTION FOR THE VOLUME MODELS 
VOLUME MODELS

Testing the volume model

WEIGHTING FUNCTION FOR THE INCREMENT MODELS 

INCREMENT MODELS 

Testing the increment model 

METRIC MODELS



128

V II I .  MODEL EVALUATION AND DEVELOPMENT 

WEIGHTING FUNCTION FOR THE VOLUME MODELS

In c h a p te r  I I I  i t  was no ted  th a t  one o f th e  c o n d itio n s  

u n d e rly in g  l i n e a r  r e g re s s io n  a n a ly s is  i s  t h a t  th e  v a r ia n c e  i s  

homogeneous. B efore commencing to  e v a lu a te  th e  models i t  i s  

th e r e f o r e  n e c e ssa ry  to  a n a ly se  th e  v a r ia n c e  o f th e  dependent 

v a r i a b le ,  t h i s  b e in g  a proxy fo r  th e  v a r ia n c e  of th e  r e s id u a l s  

th a t  w i l l  r e s u l t  when a model i s  f i t t e d  to  th e  d a ta .  I f  th e  

v a r ia n c e  i s  n o t homogeneous th e n  a s u i t a b le  w e ig h tin g  fu n c tio n  

must be developed .

To f a c i l i t a t e  th e  a n a ly s is  o f th e  v a r ia n c e  th e  d a ta  was- 

p a r t i t i o n e d  in to  c e l l s ,  each c e l l  c o v e rin g  a one in ch  range o f 

d ia m e te r  and a te n  fo o t range o f predom inan t h e ig h t .  The 

v a r ia n c e  was th en  c a lc u la te d  fo r  each c e l l  th a t  had g r e a te r  

th an  two o b se rv a tio n s  in  i t .  These v a r ia n c e s  a re  summarised 

in  ta b le  V I I I . 1. I t  i s  e v id e n t th a t  c e l l  v a r ia n c e  range 

w id e ly , from 0 .3 4  to  113 .97 , b u t g e n e ra l ly  in c re a s e  w ith  

in c re a s in g  h e ig h t and d ia m e te r . B a r t l e t t ’ s t e s t  ( B a r t l e t t ,

1937) was c a r r ie d  ou t in  th e  d a ta  and gave ev id en ce  of s i g n i f i 

can t h e te ro g e n e ity  a t  a p r o b a b i l i ty  l e v e l  o f p = .0 1 . I t  I s  

th e re f o r e  n e c e s sa ry  to  rev iew  th e  p o s s ib le  v a r ia n c e  models so  

th a t  a s u i t a b le  w e ig h tin g  fu n c tio n  fo r  t h i s  s tu d y  can be dev e lo p ed .
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Cunia (1962) using the combined variable equation, developed 

the hypothesis that variance is linearly related to (D2H)2.

Cunia found that the simple function D2H was not as satisfactory 

as (D2H)2. Frayer (1966) considered that for tree volume 

estimates a constant should be added. If Frayer is correct then 

it is better to test the two equations below, VIII.1 and VIII.2, 

rather than Cunia’s simplified form.

Variance = bo 4- b̂  D2K ..................  Equation VIII. 1
Variance = b0 + bj D2H + b2 (D2H)2 ........  Equation VIII.2

Inspection of the data in table VIII.1 suggests that the 

variance is roughly proportional to diameter and height, equation 

VIII.3.

Variance = bo + bj D + b2 H ................ Equation VIII. 3

Gerrard (1966) found that the exponential form was the best 

and used the logarithm of variance as the dependent variable and 

D and H as the independent variables, equation VIII.A.

log (Variance) = bg + bj D + b2 H ..........  Equation VIII.4

However inspection of the cell variances for the data 

suggested that D2H may be a satisfactory independent variable, 

either in the simple linear form or the quadratic form, equations

VIII.5 and VIII.6.
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log  (V ariance )  = bo + b^ D2H ................................. E quation  V I I I . 5

log  (V ariance) = b 0 + b 1 D2H + b 2 (D2H)2 .......... E qua t ion  V I I I . 6

F i n a l l y  th e  lo g a r i th m ic  e q u a t io n  V I I I . 7 appea rs  p rom is ing ,  

log  (V ariance )  = bo + bj. log  (D) + b 2 log  (H)

.......... E qua tion  V I I I . 7

These seven models were then  f i t t e d  to  th e  53 o b s e rv a t io n s  

in  t a b l e  V I I I . 1. The eq u a t io n s  a re  summarised in  t a b l e  V I I I . 2 

and th e  a n a l y s i s  o f  v a r ia n c e  s t a t i s t i c s  f o r  th e  r e g r e s s io n s  a re  

summarised in  t a b l e  V I I I . 3.

Of th e  th r e e  e q u a t io n s  u s in g  v a r ia n c e  as th e  independen t 

v a r i a b l e  a l l  have a n e g a t iv e  c o n s ta n t  which r e s u l t s  in  n e g a t iv e  

e s t im a te s  o f  v a r ia n c e  f o r  some t r e e s  i n  th e  d a ta .  T h is  i s  

obv io u s ly  e rro n eo u s  as v a r ia n c e  must be p o s i t i v e , so th e s e  th r e e  

models were r e j e c t e d  fo r  t h a t  reason  a lo n e .

A l l  fo u r  models hav ing  th e  lo g a r i th m  of v a r ia n c e  as th e  

dependent v a r i a b l e  appear s e n s i b l e .  The a d d i t io n  of (D2H)2 i s  

s i g n i f i c a n t  when added to  D2H. The model p ro v id in g  th e  b e s t  

f i t  was e q u a t io n  V I I I . 7 w ith  log  (D) and log  (H) as th e  independ

e n t  v a r i a b l e s ,  and t h i s  was s e l e c t e d  f o r  use  in  th e  development 

of th e  volume model. This i s  e q u a t io n  V I I I . 7, d e p ic te d  in  

f ig u r e  V I I I . 1.

log  (V ariance) = -13 .9364  + 3.3735 log  (D) + 1.6674 lo g  (H)

E quation  V I I I . 7
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TABLE VIII.3
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From t h i s  fu n c t io n  the  w e igh t to  be used can be d e r iv e d  

as th e  r e c i p r o c a l  o f  th e  square  r o o t  of th e  e s t im a te d  v a r ia n c e  

i f  th e  o b s e rv a t io n s  a re  to  be m u l t i p l i e d  by th e  w e ig h t in g  

f u n c t io n ,  or as th e  r e c ip r o c a l  o f  th e  e s t im a te d  v a r ia n c e  i f  

w eigh ted  r e g r e s s io n  a n a ly s i s  i s  to  be u sed .  Both te c h n iq u e s  

a re  v a l id  and g ive  the  same r e s u l t s  ( F u m iv a l ,  1961).

VOLUME MODELS
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In  c h a p te r  VII tw elve volume models were fo rm u la ted  fo r  

t e s t i n g ,  a long  two a l t e r n a t i v e  l i n e s  o f  developm ent. One l i n e  

of development u s in g  t r e e  d ia m e te r ,  predom inant h e ig h t  and 

com binations  o f  them as th e  independen t v a r i a b l e s ,  and th e  o th e r  

based  on N aslund’s combined v a r i a b l e  e q u a t io n  u s in g  o th e r  t r e e  

and s ta n d  v a r i a b l e s .  Two e q u a t io n s  were fo rm u la ted  u s in g  a 

com bination o f  th e  two app roaches .  These tw elve e q u a t io n s  

( t a b l e  V I I . 1) were th en  f i t t e d  to  th e  d a t a ,  th e  r e g r e s s io n  s t a t 

i s t i c s  b e in g  summarised in  t a b le  V I I I . 4. The c o r r e l a t i o n  

c o e f f i c i e n t s  between the  independen t v a r i a b l e s  f o r  each o f  th e  

two a l t e r n a t i v e  l i n e s  of model development a r e  t a b u la te d  in  

Appendix 2 , t a b l e s  A2.1 and A2.2.

The sim ple  combined v a r i a b l e  e q u a t io n  o f  N aslund , e q u a t io n  

V I I . 1, i s  in  i t s e l f  a r e l a t i v e l y  p r e c i s e  e s t im a to r  o f  th e  volume 

of each t r e e  to  be removed in  th in n in g  as  ev idenced  by th e  v a lu e  

of th e  m u l t ip le  c o e f f i c i e n t  o f  d e te rm in a t io n  R2 o f  .94 .

Table V I I I . 4 shows th a t  the  A u s t r a l i a n  e q u a t io n ,  e q u a t io n  

V I I . 3, i s  m a rg in a l ly  b e t t e r  than  e q u a t io n  V I I . 2 ,  and b o th  a re
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s i g n i f i c a n t l y  b e t t e r  than the  s im ple  combined v a r i a b l e  e q u a t io n ,  

eq u a t io n  V I I . 1. The a d d i t io n  of th e  v a r i a b l e  H2 to  e q u a t io n  

V I I . 3 i s  s i g n i f i c a n t  (e q u a t io n  V I I . 4) b u t  th e  a d d i t io n  of D and 

DH, e q u a t io n  V I I . 5 a re  n o t  s i g n i f i c a n t .  E quation  V I I . 6 

in c lu d in g  n in e  v a r i a b l e s  i s  s i g n i f i c a n t l y  b e t t e r  th a n  e q u a t io n  

V I I . 3.

These r e s u l t s  su p p o r t  Reeves (1961) model based  on th e  

volume -  b a s a l  a re a  l i n e .  They a l s o  i n d i c a t e  th a t  G e r r a rd ’ s 

h y p o th e s i s ,  t h a t  th e  graph of  volume a g a i n s t  h e ig h t  w i th in  

d iam ete r  c l a s s e s  may be c u r v i l i n e a r ,  i s  l i k e l y  to  be c o r r e c t  

as th e  d i f f e r e n c e  between e q u a t io n  V I I . 6 which i s  s i g n i f i c a n t l y  

b e t t e r  than  e q u a t io n  V I I . 3 , and e q u a t io n  V I I . 5 which i s  n o t ,  

a re  a l l  v a r i a b l e s  In c lu d in g  q u a d r a t i c  and cub ic  te rm s .  However 

t h i s  l i n e  o f  development was n o t  pursued  as none of th e  models 

u s in g  t r e e  d ia m e te r ,  predom inant h e ig h t  and com binations  o f  them 

e x p la in  as much of th e  v a r i a t i o n  as e q u a t io n  V I I . 7, based  on - 

N as lu n d 's  e q u a t io n  and o th e r  t r e e  and s ta n d  p a ra m e te r s ,  u s ing  

only  th r e e  independen t v a r i a b l e s .

The a d d i t io n  of o th e r  t r e e  and s ta n d  p a ram e te rs  to  e q u a t io n  

V I I . 7 shows in  t a b le  V I I I . 4 t h a t  each e q u a t io n  from V I I . 8 to  

V I I . 10 i s  s i g n i f i c a n t l y  b e t t e r  th an  th e  p re v io u s  one. This 

r e s u l t  i s  anomalous as  ex p e r ie n c e  s u g g e s ts  t h a t  more than  seven in  

dependent v a r i a b l e s  a re  seldom w orthw hile  (Grosenbaugh, 1967).

The combined approach , e q u a t io n s  V I I . 11 and V I I . 12 a re  

s i g n i f i c a n t l y  b e t t e r  than  e q u a t io n  V I I . 7 w i th  e q u a t io n  V I I . 11 

be ing  m a rg in a l ly  th e  b e t t e r .  As t h i s  e q u a t io n  i s  b e t t e r  than
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e q u a t io n  V I I . 8 which has  one more v a r i a b l e ,  and e q u a t io n  V I I .9 

i s  n o t  s i g n i f i c a n t l y  b e t t e r  than  i t ,  i t  was s e l e c t e d  as th e  most 

a p p ro p r ia te  o f  th e  models fo rm u la ted  in  c h a p te r  V II .

The l i n e  of model development based  on N as lu n d ’ s combined 

v a r i a b l e  eq u a t io n  and o th e r  t r e e  and s ta n d  p a ram e te rs  e x p la in s  

c o n s id e ra b ly  more of th e  v a r i a t i o n  than  th e  models u s in g  t r e e  

d ia m e te r ,  predom inant h e ig h t  and com binations  o f  them. The 

r e s u l t s  of e q u a t io n s  V I I . 7 to  V I I . 10 a re  however anomalous and 

in d i c a t e  t h a t  a lthough  they  in c lu d e  s i g n i f i c a n t  v a r i a b l e s  th e  

r e l a t i v e  im portance of each v a r i a b l e  i s  n o t  as  fo rm u la ted  in  

c h a p te r  V II .

Using e q u a t io n  V I I . 11 as a b a se  model tw elve e q u a t io n s  were 

fo rm u la ted ,  e q u a t io n s  V I I I . 8 to  V I I I . 19 in  which each of th e  

v a r i a b l e s  in  e q u a t io n  V I I . 10 t h a t  a r e  n o t  i n  e q u a t io n  V I I . 11 

a re  added s in g ly  to  th e  b ase  model. These a re  summarised in  

t a b l e  V I I I . 5 and th e  r e g r e s s io n  s t a t i s t i c s  a re  summarised in  

Appendix 2, t a b l e  A 2.3.

Of th e  tw elve v a r i a b l e s  t e s t e d  s i x  a re  s i g n i f i c a n t  and s i x  

a re  n o t .  Age, th in n in g  type  and th in n in g  i n t e n s i t y  a r e  a l l  

s i g n i f i c a n t  when in c lu d e d  e i t h e r  as a measure of form o r  as a 

proxy f o r  th e  combined v a r i a b l e  c o n s ta n t .  R e la t iv e  t r e e  s iz e  

i s  n o t  s i g n i f i c a n t  r e g a r d l e s s  o f  how i t  i s  in c o rp o ra te d  in  the  

model. Stand d e n s i ty  B and s i t e  q u a l i t y  SQ a r e  no t s i g n i f i c a n t  

when used as a proxy f o r  th e  combined v a r i a b l e  c o n s ta n t .

Although s i t e  q u a l i t y  i s  s i g n i f i c a n t  when used as a form v a r i a b l e ,  

th e  q u a d r a t ic  term  i s  n o t .



[O
DE
LS
 E

VA
LU
AT
ED

139

TABLE VIII.5

No
.

o
f

va
ri
ab
le
s

vo vo vo vo vo vo vo vo vo vo vo vo r-» t'-»

In
de
pe
nd
en
t 

va
ri
ab
le
s

%N X X

LX X X

bs X

9 X

X

V X X

HLLH3d X

*Hza X

VHza X X X X X X

%NH3a X

X

xxH3a X

X

jöSH2a X

bSH3a X X X X X X X X X X X X X X X X X

9H3a X X X X X X X X X X X X X X X X X

X X X X X X X X X X X X X X X X X

H X X X X X X X X X X X X X X X X X

h 3q X X X X X X X X X X X X X X X X X

Eq
ua
ti
on O ' - ' c s i c O ' ^ - L n v o r ^ o o o ^ O ' - ' C M C O v t  

00 OV r ""* H  r-4 H H r-t CM CM CM CM CM
. . . . . . . . . . . . . . . . .

W M W M W W M M W W M W W W W W W  
M W M M M W I —I W M W M W H M M M W  
M M M M M H M M M M M M M M M M M  > > > > > > > > > > > > > > > > >



140

Age i s  b e t t e r  than  e i t h e r  of th e  th in n in g  v a r i a b l e s  and i s  

b e t t e r  in c o rp o ra te d  in  com bination  w ith  D2H as an e s t im a to r  of 

form. This  e q u a t io n ,  V I I I . 11, p ro v id e s  th e  b e s t  b a se  fo r  

f u r t h e r  development. To t h i s  e q u a t io n  were added s in g ly  each 

of th e  f iv e  v a r i a b l e s  t h a t  were s i g n i f i c a n t  when added to  e q u a t io n  

V I I . 11; and th e s e  were f i t t e d  to  th e  d a ta  as eq u a t io n s  V I I I .

20 to  V I I I . 24 t a b l e  V I I I . 5 w ith  th e  r e g r e s s io n  s t a t i s t i c s  summar

i s e d  in  Appendix 2, t a b l e  A2.4.

Of th e  v a r i a b l e s  t e s t e d  on ly  th in n in g  i n t e n s i t y  was s i g n i f 

i c a n t  and then  only  when used as a proxy f o r  th e  combined v a r i 

ab le  c o n s ta n t .  E quation  V I I I . 24 appears  to  be a s a t i s f a c t o r y  

model b u t  to  confirm  t h i s  a s e r i e s  o f  a n a ly se s  o f  v a r ia n c e  were 

c a r r i e d  o u t .

To t e s t  t h a t  each v a r i a b l e  in  e q u a t io n  V I I I . 24 i s  s i g n i f i 

c a n t ,  seven e q u a t io n s  were c a l c u l a t e d ,  each of s i x  independen t 

v a r i a b l e s ,  each v a r i a b l e  b e in g  exc luded  in  t u r n .  A nalyses of 

v a r ia n c e  comparing th e s e  eq u a t io n s  w i th  e q u a t io n  V I I I . 24 showed 

th a t  th e  a d d i t io n  of each v a r i a b l e  i s  s i g n i f i c a n t  when a l l  the  

o th e rs  a re  in c lu d e d .  T h is  t e s t  i s  e q u iv a le n t  to  co n firm ing  t h a t  

each c o e f f i c i e n t  i s  s i g n i f i c a n t l y  d i f f e r e n t  from zero  by a t  t e s t .

To confirm  t h a t  no o th e r  v a r i a b l e  sho u ld  be in c lu d ed  in  

th e  volume model a s e r i e s  o f  e q u a t io n s  o f  e i g h t  independen t 

v a r i a b l e s  were c a l c u l a t e d  in  which each o f  the  v a r i a b l e s  c o n s id 

e red  in  c h a p te r  VII as w orth  e v a lu a t in g  were added s in g ly  to  

e q u a t io n  V I I . 24. A nalyses o f  v a r ia n c e  show th a t  none of th e  

o th e r  16 v a r i a b l e s  a re  s i g n i f i c a n t  th e re b y  co n firm ing  th a t  equa-



141

t i o n  V I I I . 24 i s  a s a t i s f a c t o r y  model. The c o r r e l a t i o n  c o e f f i 

c i e n t s  between the  independen t v a r i a b l e s  in  e q u a t io n  V I I I . 24 

a re  t a b u la te d  in  Appendix 2 , t a b l e  A2.5.

V = -1 .1 6 1  -  1.7739 10-2 H + 7.3651 K T 2 D2 + 8.7154 IO“ 4 D2H

-  2.2024 10-6 D2HB + 4.0774 10"8 D2HSQ + 1.1455 10” 5 D2HA 

+ 1.9502 10"2 N% ...................................................  E qua t ion  V I I I . 24

In  c h a p te r  IV f iv e  in d ic e s  of s ta n d  d e n s i ty  were s e l e c t e d  

as b e in g  l o g i c a l  in d ic e s  to  be t e s t e d  in  th e  model. In  c h a p te r s

V and VI two a l t e r n a t i v e  m easures of s i t e  p o t e n t i a l  and two 

a l t e r n a t i v e  v a r i a b l e s  based  on age were p roposed . E quation  V I I I .  

24 was then  changed by s u b s t i t u t i n g  each o f  th e  a l t e r n a t i v e  v a r 

i a b l e s  in  t u r n ,  th e  sums o f  th e  squared  d e v ia t io n s  due to  th e  

r e g r e s s io n s  b e in g  summarised in  t a b l e  V I I I . 6 ,  th e  e q u a t io n s  b e in g  

e q u a t io n s  V I I I . 25 -  V I I I . 30.

The t a b l e  d em onstra te s  t h a t  SQ i s  m a rg in a l ly  b e t t e r  than 

S I .  This  r e s u l t  i s  s t r i c t l y  only  v a l i d  f o r  t h i s  p a r t i c u l a r  

model b u t  i t  does su p p o r t  th e  South A u s t r a l i a n  c o n te n t io n  t h a t  

s t r a t i f i c a t i o n  of th e  f o r e s t  i n t o  volume p r o d u c t i v i t y  c l a s s e s  

i s  more e f f e c t i v e  than  s t r a t i f i c a t i o n  based  s o l e l y  on some con

v e n ie n t  measure of upper s ta n d  h e i g h t  (Keeves, 1970).

Of th e  i n d i c e s  of s ta n d  d e n s i ty  b a s a l  a r e a  p e r  a c re  was 

m a rg in a l ly  b e t t e r  th an  Lexen’s b o le  a re a  index  and th e  r a t i o  of 

s ta n d in g  b a s a l  a r e a  to  th e  t h e o r e t i c a l  maximum b a s a l  a r e a  as 

d e r iv e d  in  c h a p te r  IV. Number of t r e e s  p e r  ac re  and H a r t ’ s 

h e ig h t  sp ac in g  r a t i o  were c o n s id e ra b ly  p o o re r .  The s ig n  o f
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TABLE V I I I . 6

o\ o
t" CO <—I 00

00 oo 00 000 0  VO vO
m mm m m m m

vO vO vO vO vO

4-J 4-1
t o  t o  4->

4-1 4-1

C M

M 4-1

>-i 4-1
CO -H

O' M

•vf VO o  00
CM CM CM CM

M M M  M  M  M M M
M M M M M W M M
M M W M M M M W



143

th e  c o e f f i c i e n t s  f o r  th e  s ta n d  d e n s i ty  v a r i a b l e  were a l l  c o n s i s 

t e n t  i n d i c a t i n g  t h a t  r e g a r d l e s s  of th e  cho ice  o f  in d e x ,  th e  use 

o f  predom inant h e ig h t  in s te a d  o f  t r e e  h e ig h t  masks th e  e f f e c t  o f  

s ta n d  d e n s i ty  on t r e e  form. Although only  m a rg in a l ly  b e t t e r ,  

th e  use o f  b a s a l  a re a  as th e  index  o f  s ta n d  d e n s i t y  f o r  th e  

volume model i s  j u s t i f i e d .  However t h i s  r e s u l t  may n o t  be 

a p p l ic a b le  in  o th e r  management m odels .

Age proved to  be s l i g h t l y  b e t t e r  th a n  th e  r e c i p r o c a l  and 

i s  th e r e f o r e  p r e f e r r e d .

T e s t in g  th e  volume model

B efore s t a t i s t i c a l  t e s t s  a re  conducted  on any model i t  i s  

a d v is a b le  to  in s p e c t  the  c o e f f i c i e n t s  o f  the  model to  see  i f  th e  

s ig n s  a re  l o g i c a l .

In  e q u a t io n  V I I I . 24 th e  c o e f f i c i e n t  o f  th e  m ajor independen t 

v a r i a b l e  D2H i s  p o s i t i v e ,  which i s  as  ex p e c te d .  The c o e f f i c i e n t  

i f  D2HB i s  n e g a t iv e  in d i c a t i n g  t h a t ,  as h y p o th e s iz e d  in  c h a p te r  

V II ,  th e  use of predom inant h e ig h t  i n s t e a d  o f  t r e e  h e ig h t  i s  

g r e a t e r  than  th e  e f f e c t  of d e n s i ty  on t r e e  form. With i n c r e a s 

in g  s i t e  p o t e n t i a l  and ag e ,  form f a c t o r  i n c r e a s e s ,  which i s  b i o 

l o g i c a l l y  sound. The th r e e  v a r i a b l e s  H, D2 and N% to g e th e r  

w ith  the  c o n s ta n t  a re  in c lu d ed  because  t r e e  volume to  a fou r  

inch  top  d iam ete r  i s  used as th e  dependent v a r i a b l e  and because  

predominant h e ig h t  i s  u sed ,  r a t h e r  than  t r e e  h e i g h t .  When 

th in n in g  i n t e n s i t y  i s  low only  t r e e s  w ith  poor form and low 

v ig o u r  a re  removed so t h a t  i t  i s  l o g i c a l  t h a t  th e  c o e f f i c i e n t
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o f N% be p o s it iv e .  The s ig n  o f the c o e f f ic ie n t  o f R i s  

n e g a tiv e , as p ostu la ted  in  the development o f  equation V I I .3 , 

but the s ig n  o f D2 i s  p o s i t iv e .

This r e s u lt  appears to  be anomalous and c a s ts  doubt on 

the o r ig in a l assumptions in  equation  V I I .3. However the e f f e c t  

of the use of volume to  a four inch top diam eter in stea d  o f  t o t a l  

stem volume could exp la in  th is  apparent d iscrep an cy . As tr e e s  

get o ld er and larg er  there i s  l e s s  stem volume above the  

arb itra ry  top diam eter l im i t ,  th a t i s ,  the h e ig h t to  the  

a rb itrary  top diam eter l im it  approaches tr e e  h e ig h t . Thus the  

volume o f th is  unmerchantable p ortion  i s  in v e se ly  p rop ortion a l 

to  tr e e  s iz e  a proxy for which i s  tr e e  b a sa l area.

T otal stem volume -V = bo -  bj D2

where bo b \  are ab so lu te  v a lu es  o f co n sta n ts .

From the combined v a r ia b le  eq u ation , i f  t o t a l  stem volume 

i s  the dependent v a r ia b le  and tr e e  diam eter and tr e e  h e ig h t the  

independent v a r ia b le s  then there should be no constant term , as 

in  the fo llo w in g  equation .

T ota l stem volume = b£ D2 Ht

I f  th ese  two equations are combined, Ht being  rep laced  by 

(H-b3  ) ,  D2 by (D2-b 4 ) as in  the d er iv a tio n  o f equation  V I I .3, 

then the fo llo w in g  equation r e s u l t s .
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V = - b 0 + b! (D2- b 4) + b 2 (D2- b 4) (H-bo)

V = (~bo”b ib 4 4- b2b 3b4) + (b}-b2b 3) D2 -  b 2b4 H 4- b 2 D2K

where bg , b j ,  b 2 , b 3 , b 4 a re  a b s o lu te  v a lu e s  of c o n s ta n t s .

From t h i s  i t  i s  e v id e n t  t h a t  a l th o u g h  th e  c o e f f i c i e n t  of 

D^H must always be p o s i t i v e  and th e  c o e f f i c i e n t  o f  H always 

n e g a t iv e .  Depending on th e  v a lu e s  of th e  c o n s t a n t s ,  th e  c o n s t 

a n t  term in  th e  r e g re s s io n  model and th e  c o e f f i c i e n t s  o f  D2 

may be e i t h e r  p o s i t i v e  or n e g a t iv e .

The s ig n s  o f  th e  c o e f f i c i e n t s  of th e  v a r i a b l e s  in  eq u a t io n  

V I I I . 24 can th e r e f o r e  be s a t i s f a c t o r i l y  e x p la in e d  on l o g i c a l  

g rounds, so th e  model was then  t e s t e d  to  ensu re  t h a t  b a s ic  

assum ptions u n d e r ly in g  l i n e a r  r e g r e s s io n  a n a l y s i s  were no t 

v i o l a t e d .

The f i r s t  t e s t  a p p l ie d  was th e  t e s t  f o r  homogeneity  of 

th e  v a r ia n c e  o f  th e  r e s i d u a l s  t h a t  r e s u l t e d  when th e  model was 

f i t t e d  to  th e  d a ta .  The 1418 o b s e rv a t io n s  were d iv id e d  i n t o  

tw enty ap p rox im ate ly  equa l groups and B a r t l e t t ’ s t e s t  (1937) and 

Cochran’s t e s t  (1941) a p p l ie d .  Both were n o t  s i g n i f i c a n t  a t  

a p r o b a b i l i t y  l e v e l  of p = .0 1 ,  th e  v a lu e  o f  C h i-sq u a re  fo r  

B a r t l e t t ’s t e s t  b e in g  2 1 .1 ,  th e  v a lu e  o f  th e  s t a t i s t i c  f o r  

Cochran’ s t e s t  0 .0 3 3 .

The r e s i d u a l s  were then  t e s t e d  f o r  n o rm a l i ty ;  n e i t h e r  th e  

moment s t a t i s t i c  of k u r t o s i s  or th e  moment s t a t i s t i c  of skewness 

(Sokal and R o h lf ,  1969) b e in g  s i g n i f i c a n t  a t  a p r o b a b i l i t y  l e v e l  

o f  p = .0 1 ,  th e  s t a t i s t i c s  b e in g  -0 .0 3  and 0 .25  r e s p e c t i v e l y .
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The Durbin-Watson d s t a t i s t i c  was a l s o  c a l c u l a t e d  and 

t e s t e d  as  d e s c r ib e d  in  c h a p te r  I I I ,  th e  v a lu e  of d b e in g  1.91 

which was n o t  s i g n i f i c a n t  a t  a p r o b a b i l i t y  l e v e l  o f  p = .01 .

Two s e t s  of t e s t  d a ta  were th e n  e x t r a c t e d .  There were 590 

t r e e s  n o t  in c lu d ed  in  the  ten  randomly s e l e c t e d  t r e e s  from each 

p l o t  and 390 t r e e s  in  p lo t s  t h a t  were no t in c lu d e d  in  th e  b a s i c  

d a t a  p o o l .  Independent t  t e s t s  were c a r r i e d  out ( F r e e s e ,  1967; 

Sokal and R oh lf ,  1969) t e s t i n g  th e  mean e r r o r  of each of th e s e  

p o p u la t io n s  based  on e q u a t io n  V I I I . 24. V alues l e s s  than  .001 

r e s u l t e d  in  each case  and i t  was t h e r e f o r e  concluded th a t  th e  

model can be used to  e s t im a te  volume a t  time of th in n in g .

B efore the  model could  be used to  d e te rm ine  th e  dependent 

v a r i a b l e  f o r  th e  increm ent models i t  was n e c e s s a ry  to  ensu re  

t h a t  th e  volume model i s  s a t i s f a c t o r y  as an e s t im a to r  fo r  t r e e s  

to  be th in n ed  when measured a t  in v e n to ry  up to  s ix  y e a rs  b e fo r e  

th e  th in n in g .  A d a ta  s e t  of 217 o b s e rv a t io n s  was e x t r a c t e d ,  

c o n s i s t i n g  o f  t r e e s  measured f o r  volume a number o f  y e a r s  p r i o r  

to  th in n in g .  A t  t e s t  was c a r r i e d  out to  compare th e  mean 

r e s i d u a l  t h a t  r e s u l t e d  when e q u a t io n  V I I I . 24 was f i t t e d  to  th e s e  

d a t a .  A v a lu e  o f  .015 r e s u l t e d  which i s  n o t  s i g n i f i c a n t  a t  a 

p r o b a b i l i t y  l e v e l  o f  p = .01 .  The model can t h e r e f o r e  be s a f e l y  

used to  e s t im a te  volume a t  some time p r i o r  to  t h i n n in g ,  as w e l l  

as  a t  th in n in g .

WEIGHTING FUNCTION FOR THE INCREMENT MODEL

As w ith  th e  volume models i t  i s  n e c e s s a ry  to  a n a ly se  th e
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v a r ia n c e  of th e  dependent v a r i a b l e  to  de te rm ine  w hether  a w e ig h t

ing  fu n c t io n  w i l l  be r e q u i r e d  o r  n o t .  The dependent v a r i a b l e  i s  

th e  d i f f e r e n c e  between the  e s t im a te d  volume a t  time of th in n in g  

and th e  e s t im a te d  volume when in v e n to ry  i s  c a r r i e d  out 1 to  6 

y e a rs  (x) p r i o r  to  th in n in g .

Increm ent i s  dependent on th e  le n g th  of the  inc rem en t p e r io d  

so th e  d a ta  was p a r t i t i o n e d  on x as  w e l l  as  on D and H. Each 

c e l l  covered a s in g le  y ea r  inc rem en t p e r io d ,  two inch  d ia m e te r  

range and twenty fo o t  predom inant h e ig h t  r a n g e .  The v a r ia n c e  

was then  c a l c u l a t e d  fo r  each c e l l  w ith  more than  two o b s e rv a t io n s  

in  i t ,  th e se  v a r ia n c e s  b e in g  summarised in  t a b l e  V I I . 7. C e l l  

v a r ia n c e s  range w id e ly ,  from 0 .07  to  5 6 .1 6 ,  g e n e r a l ly  i n c r e a s in g  

w ith  in c re a s in g  d iam ete r  and inc rem en t p e r io d  b u t  re d u c in g  w ith  

in c r e a s in g  h e i g h t .  For t r e e s  of s i m i l a r  s i z e ,  inc rem en t w i l l  

be lower a t  l a t e r  ages and in  t h i s  c o n te x t  predom inan t h e ig h t  

a c t s  as a proxy f o r  age.

I t  i s  p robab ly  d e s i r a b l e  t h a t  th e  w e ig h t in g  f u n c t io n s  used 

f o r  th e  volume model and th e  inc rem en t model be s i m i l a r  in  form. 

There a re  two ways t h a t  th e  inc rem en t p e r io d  can l o g i c a l l y  be 

in t ro d u c e d  i n t o  th e  v a r ia n c e  e s t im a t in g  f u n c t io n .  The e f f e c t  

o f  th e  increm ent p e r io d  i s  p robab ly  m u l t i p l i c a t i v e  r a t h e r  than  

a d d i t i v e  as i t  i s  l o g i c a l  to  assume t h a t  th e  v a r ia n c e  o f  annua l  

inc rem ent w i l l  be c o n s ta n t  f o r  a g iven  d ia m e te r  and predom inant 

h e i g h t .  log (D) and log  (H) could  be m u l t i p l i e d  by th e  in c rem en t 

p e r io d ,  which i n f e r s  a m u l t i p l i c a t i v e  e f f e c t  o f  inc rem en t p e r io d  

on th e  lo g a r i th m  of v a r i a n c e ,  e q u a t io n  V I I I . 31. A l t e r n a t i v e l y ,  

lo g  (x) can be added to  log  (D) and log  (H) to  make t h r e e  in d e -
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TABLE V I I I . 7

CLASS VARIANCE

INCREMENT

P r e d o m i n - T r e e  d i a m - I n c r e m e n t  p e r i o d
a n t  h e i g h t e t e r  r a n g e 2£

r a n g e i n
i n  f e e t i n c h e s 1 2 3 4 5 6

4 0 ^ -  60 6 . 0  -  7 . 9 5 0 . 1 1 0 . 2 4 0 . 5 3
8 . 0  -  9 . 9 5

1 0 . 0  - 1 1 . 9 5
1 2 . 0  - 1 3 . 9 5
1 4 . 0  - 1 5 . 9 5
1 6 . 0  - 1 7 . 9 5
1 8 . 0  - 1 9 . 9 5
2 0 . 0  - 2 1 . 9 5

0 . 1 0 0 . 1 9 0 . 1 4

60*$- 80 6 . 0  -  7 . 9 5 0 . 1 4 0 . 3 8 0 . 2 7 0 . 8 9 0 . 7 1
8 . 0  -  9 . 9 5 0 . 4 7 1 . 3 8 2 . 5 3 3 . 6 1 3 . 2 6

1 0 . 0  - 1 1 . 9 5
1 2 . 0  - 1 3 . 9 5
1 4 . 0  - 1 5 . 9 5
1 6 . 0  - 1 7 . 9 5
1 8 . 0  - 1 9 . 9 5
2 0 . 0  - 2 1 . 9 5

0 . 4 4 1 . 6 7 3 . 1 7 4 . 7 1 6 . 2 1

8 0 ^ - 1 0 0 6 . 0  -  7 . 9 5 0 . 0 7 0 . 1 4 0 . 4 6 0 . 4 9 1 . 2 1 0 . 7 4
8 . 0  -  9 . 9 5 0 . 1 8 0 . 5 7 1 . 2 8 1 . 8 9 3 . 1 5 2 . 9 0

1 0 . 0  - 1 1 . 9 5 0 . 3 2 1 . 6 1 3 . 7 8 3 . 3 2 7 . 3 6 7 . 1 2
1 2 . 0  - 1 3 . 9 5
1 4 . 0  - 1 5 . 9 5
1 6 . 0  - 1 7 . 9 5
1 8 . 0  - 1 9 . 9 5
2 0 . 0  - 2 1 . 9 5

0 . 7 6 5 . 7 2 5 . 0 1 2 . 8 5 9 . 9 4

1 0 0 ^ - 1 2 0 6 . 0  -  7 . 9 5 0 . 0 7 0 . 1 8 0 . 2 6 0 . 3 7
8 . 0  -  9 . 9 5 0 . 3 3 0 . 6 8 1 . 1 2 1 . 7 9 1 . 3 2

1 0 . 0  - 1 1 . 9 5 0 . 4 4 1 . 5 3 3 . 1 4 5 . 4 3 7 . 6 7 3 . 3 1
1 2 . 0  - 1 3 . 9 5 0 . 7 4 3 . 4 6 4 . 5 0 1 0 . 0 0 1 3 . 2 1 5 . 4 1
1 4 . 0  - 1 5 . 9 5
1 6 . 0  - 1 7 . 9 5
1 8 . 0  - 1 9 . 9 5
2 0 . 0  - 2 1 . 9 5

5 . 7 8 7 . 4 6 1 8 . 7 1 2 7 . 6 7 1 . 8 3

1 2 0 ^ - 1 4 0 6 . 0  -  7 . 9 5
8 . 0  -  9 . 9 5

1 0 . 0  - 1 1 . 9 5 0 . 2 0 0 . 5 2 0 . 9 2 0 . 2 4 2 , 0 0
1 2 . 0  - 1 3 . 9 5 0 . 8 0 1 . 8 8 2 . 3 9 5 . 2 6 1 0 . 0 3
1 4 . 0  - 1 5 . 9 5 0 . 3 2 1 . 4 0 1 . 5 5 4 . 6 6 6 . 4 4
1 6 . 0  - 1 7 . 9 5 4 . 1 3 3 . 9 5 1 5 . 5 3 1 8 . 2 9
1 8 . 0  - 1 9 . 9 5 2 8 . 6 0
2 0 . 0  - 2 1 . 9 5 5 6 . 1 6

D a t a  m e a s u r e d  1 - 6  y e a r s  p r i o r  t o  t h i n n i n g  ( x )  , p a r t i t i o n e d  i n t o  
tw o i n c h  d i a m e t e r ,  t w e n t y  f o o t  p r e d o m i n a n t  h e i g h t ,  a n d  one  y e a r  
i n c r e m e n t  p e r i o d  c l a s s e s .  C e l l s  w i t h  l e s s  t h a n  o r  e q u a l  t o  
tw o  t r e e s  e x c l u d e d .
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pendent v a r i a b l e s ,  i n f e r r in g  a m u l t i p l i c a t i v e  e f f e c t  o f  increm ent  

per iod  on v a r ia n c e ,  equation  V I I I . 32. A t h ir d  model, eq u ation  

V I I I . 33 , i n f e r s  th a t  increm ent p er io d  has no e f f e c t  on v a r ia n ce  

and th a t  the  form o f  the  v a r ia n c e  e s t im a t in g  f u n c t io n  i s  the  

same fo r  volume and fo r  increm en t.

lo g  (V ariance) = bg + bj lo g  (D) + b 2 lo g  (H) + b 3 lo g  (x)

...........................  Equation V I I I . 31

lo g  (V ariance) = bo + bj x lo g  (D) + b 2 x lo g  (H)

........................... Equation V I I I . 32

lo g  (V ariance) = bo + bj lo g  (D) + b 2 lo g  (H)

...........................  Equation V I I I . 33

These th r ee  models were then f i t t e d  to  th e  91 o b s e r v a t io n s  

in  ta b le  V I I I . 7 . The eq u a t io n s  d e r iv e d  are summarised in t a b le  

V I I I .8 ,  and the  a n a l y s i s  o f  v a r ia n c e  s t a t i s t i c s  fo r  t h e s e  r e g r e s 

s io n s  are summarised in  t a b le  V I I I . 9 .

A l l  have p o s i t i v e  c o e f f i c i e n t s  fo r  lo g  (D) and n e g a t iv e  

fo r  lo g  (H ), as  su g g e s te d  by th e  in s p e c t io n  o f  the d a ta .  The 

a d d i t io n  o f  lo g  (x) to  lo g  (D) and lo g  (H) was s i g n i f i c a n t  at a 

p r o b a b i l i t y  l e v e l  o f  p = .0 5 ,  and t h i s  th r e e  v a r ia b le  eq u ation  

was s i g n i f i c a n t l y  b e t t e r  than the  two v a r ia b le  e q u a t io n  u s in g  

x lo g  (D) and x lo g  (H) as  independent v a r i a b l e s ,  s u g g e s t in g  

th a t  the e f f e c t  o f  increm ent p e r io d  i s  m u l t i p l i c a t i v e  on v a r ia n c e  

r a th er  than th e  logarithm  o f  v a r ia n c e .  The f o l lo w in g  e q u a t io n ,  

V I I I . 31, was s e l e c t e d  fo r  use  in  development o f  th e  increm ent  

m odel, and i s  d e p ic te d  in  f ig u r e  V I I I . 2.
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TABLE V I I I . 8
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log  (V ariance) = -1 .9102  + 4.5908 log  (D) -  2.2484 log  (H)

+ 1.5212 log (x) ................... E quation  V I I I . 31

The w e ig h t in g  fu n c t io n  to  be used in  th e  development of 

th e  inc rem ent model can be d e r iv e d  in  a s i m i l a r  manner to  t h a t  

d e s c r ib e d  fo r  th e  volume model.

INCREMENT MODELS

The th r e e  increm ent e q u a t io n s  fo rm u la ted  in  c h a p te r  V II ,  

eq u a t io n s  V I I . 13, V I I . 14 and V I I . 15, t a b l e  V I I . 3, were then 

f i t t e d  to  th e  d a ta .  The r e g r e s s io n  s t a t i s t i c s  a re  summarised 

in  t a b le  V I I I . 10 w ith  the  c o r r e l a t i o n  c o e f f i c i e n t s  between th e  

independen t v a r i a b l e s  summarised in  Appendix 2 ,  t a b l e  A2.6.

Equation V I I . 13, which in c lu d e s  th r e e  independen t v a r i a b l e s ,

xRSQ, xRA and xR/R i s  a r e l a t i v e l y  p r e c i s e  e s t im a t in g  fu n c t io n

w ith  a m u l t ip le  c o e f f i c i e n t  o f  d e te rm in a t io n  R2 o f  .73 . The

a d d i t io n  of two independen t v a r i a b l e s  TT and N% to  e q u a t io n

V I I . 13 to  form eq u a t io n  V I I . 14 i s  s i g n i f i c a n t  as a l s o  i s  th e  
/\

a d d i t io n  of xV to  e q u a t io n  V I I . 14, f i t t e d  as e q u a t io n  V I I . 15. 

Increm ent = 3.7038 10“ 5 xRSQ -  2.2765 10“ 2 xRA + 86.695 — ■c

-  0 .61993 xTT + 5.4327 10"3 xN% + 4.9783 10” 2 

xV ..............................................................  E quation  V I I . 15

To t e s t  t h a t  each v a r i a b l e  in  e q u a t io n  V I I . 15 i s  s i g n i f i 

can t  s i x  e q u a t io n s  were c a l c u l a t e d  in  which each v a r i a b l e  was 

excluded  in  tu r n .  A nalyses of v a r ia n c e  showed t h a t  each v a r 

i a b l e  was s i g n i f i c a n t  when a l l  th e  o th e r s  a re  in c lu d e d .  This
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is equivalent to a t test confirming that each coefficient is 

significantly different from zero.

In chapter VII a number of alternative variables were pro

posed including site potential, age and stand density. Eight 

equations VIII.34 to VIII.41 were then formulated in which each 

variable in turn was replaced by the alternative forms. These 

are summarised in Appendix 2, table A2.7, with the regression 

statistics summarised in table VIII.11.

From this table it can be seen that the best variables are 

those forms used in equation VII.15, relative tree size being 

included in all three variables. Age was better than its rec

iprocal which although not entirely logical (vide chapter VII) 

was not unexpected. The reciprocal of stand density was better 

than the simple linear form as expected.

In developing the volume model the various indices of stand 

density and site potential were evaluated and basal area per acre 

B and site quality SQ were adopted although only marginally 

better than other alternative forms. Equation VII.15 was modi

fied by substituting SI for SQ, equation VIII.42, and by sub

stituting the various indices of stand density, equations VIII.43 

to VIII.46. The regression statistics are summarised in table 

VIII.12 which shows that the forms used in the volume model are 

marginally better in the increment models also. Of the indices 

of stand density, number of trees per acre, Lexen’s bole area 

index and the ratio of basal area to the theoretical maximum 

basal area are almost as effective as basal area, but Hart's
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index is considerably poorer. Site quality and site index are 

very similar in their effect on the model.

Equation VII.15 was therefore accepted as the best incre

ment model assuming that the time element is a linear one.

To test this assumption a 36 independent variable equation 

VIII.47 was calculated in which the increment period element x 

was replaced by the dummy variables as described in chapter VII. 

Thus xTT was replaced by six variables xiTT, X2TT, X3TT, X4TT, 
X5TT, XßTT, and the other five variables were each replaced in 
a similar manner.

The regression statistics for equstion VII.47 are summarised 

in table VIII.13 and show that the equation is not significantly 

better than equation VII.15. It was concluded that the simple 

linear time function is satisfactory and that equation VIII.15 

is an acceptable model.

Testing the increment model

In equation VII.15 the signs of the coefficients are such 

that increment increases with increasing tree size, relative tree 

size, site potential and stand density, and decreases with 

increasing age, all of which are biologically sound. The effect 

of thinning intensity is also logical, as increasing thinning 

intensity increases the likelihood of thinning trees with greater 

increment potential. The coefficient of thinning type cannot 

be assessed in the same way, as increasing thinning type
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in c re a s e s  th e  average v a lu e  o f  r e l a t i v e  t r e e  s i z e  f o r  th e  

component t r e e s  o f  th e  th in n in g  e l e c t  s u b p o p u la t io n ,  so t h a t  

th in n in g  type cannot change w ith o u t  changing th e  average  

r e l a t i v e  t r e e  s i z e  fo r  the  e l e c t  th in n in g s  in  the  s ta n d  a l th o u g h  

i f  th in n in g  ty p e  i s  c o n s ta n t  r e l a t i v e  t r e e  s i z e  can change.

Thus a l l  the  c o e f f i c i e n t s  t h a t  can r e a d i l y  be c o r ro b o ra te d  

b i o l o g i c a l l y  a re  c o r ro b o ra te d  and th e  inc rem en t model appears  

to  be sound.

In  th e  same way t h a t  th e  volume model was t e s t e d ,  s t a t i s 

t i c a l  t e s t s  were then  a p p l ie d  to  en su re  t h a t  th e  b a s i c  assump

t i o n s  u n d e r ly in g  l i n e a r  r e g r e s s io n  a n a l y s i s  were n o t  v i o l a t e d .

The 3035 o b s e rv a t io n s  were d iv id e d  in t o  tw enty  ap p ro x im ate ly  

equa l  groups and B a r t l e t t ’ s t e s t  (1937) and Cochran’ s t e s t  

(1941) a p p l ie d .  Both were n o t  s i g n i f i c a n t  a t  a p r o b a b i l i t y  

l e v e l  of p = .0 5 ,  the  v a lu e  of C h i-sq u a re  f o r  B a r t l e t t ' s  te s t- ,  

a f t e r  c o r r e c t i o n ,  b e in g  30 .09 ,  th e  v a lu e  o f  th e  s t a t i s t i c  f o r  

Cochran’ s t e s t  0 .0 6 9 .

Although th e  t e s t s  a re  no s i g n i f i c a n t  th e  r e l a t i v e l y  h igh  

v a lu es  of th e  s t a t i s t i c s  i n f e r  t h a t  th e  w e ig h t in g  fu n c t io n  i s  

n o t  as e f f i c i e n t  as i t  might have b een .  This  i s  n o t  s u r p r i s i n g  

as the w e ig h t in g  fu n c t io n  i s  based  on v a r i a b l e s  t h a t  a re  n o t  

used in  th e  f i n a l  inc rem en t model a l th o u g h  they  a re  in h e re n t  in  

the  use o f  volume as measured a t  in v e n to ry  x y e a rs  b e fo r e  

th in n in g .  A lthough i t  i s  l i k e l y  t h a t  a b e t t e r  w e ig h t in g  func

t i o n  could  be d eve loped ,  th e  one developed  i s  adequa te  and 

s t a t i s t i c a l l y  s a t i s f a c t o r y .
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The r e s i d u a l s  were then  t e s t e d  f o r  n o rm a l i ty ,  n e i t h e r  th e  

moment s t a t i s t i c  of k u r t o s i s  no r  th e  moment s t a t i s t i c  of skew

n e ss  (Sokal and R oh lf ,  1969) b e in g  s i g n i f i c a n t  a t  a p r o b a b i l i t y  

l e v e l  o f  p = .05 ,  th e  s t a t i s t i c s  b e in g  1.92 and 0 .6 0  r e s p e c t i v e 

ly .  These a re  c o n s i s t e n t  w ith  th e  t e s t s  f o r  hom ogeneity  of 

th e  v a r ia n c e  in  t h a t  th e  d i s t r i b u t i o n  tends  to  be l e p t o k u r t i c  

i f  th e  v a r ia n c e  i s  h e te ro g e n e o u s .  A v a lu e  of 1.96 f o r  the 

moment s t a t i s t i c  o f  k u r t o s i s  would have in d i c a te d  s i g n i f i c a n t  

l e p t o k u r t o s i s .

The Durbin-Watson (1950, 1951) d s t a t i s t i c  d e s c r ib e d  in  

c h a p te r  I I I  was th e n  c a l c u l a t e d ,  th e  v a lu e  o f  d b e in g  1 .85.

T his  was s i g n i f i c a n t  u s in g  th e  s t a t i s t i c  o f  T h e i l  and Nagar 

(1961). To reduce s e r i a l  c o r r e l a t i o n  to  an a c c e p ta b le  non 

s i g n i f i c a n t  l e v e l  i t  was n e c e s s a ry  to  reduce the  number of 

s e r i a l l y  c o r r e l a t e d  o b s e rv a t io n s  from each p l o t ,  r e - e s t i m a t e  the  

r e g r e s s io n  c o e f f i c i e n t s  and r e - e v a l u a t e  th e  d s t a t i s t i c .

The d a ta  d e s c r ib e d  in  c h a p te r  VI was reduced  so th a t  on ly  

f iv e  random t r e e s  were s e l e c t e d  from each p lo t  th in n in g  and the  

c o e f f i c i e n t s  o f  e q u a t io n  V I I . 15 were r e - e s t i m a t e d .  The d s t a t 

i s t i c  was r e c a l c u l a t e d  f o r  t h i s  r e g r e s s io n  and was s t i l l  s i g n i 

f i c a n t  a t  1 .89 , i n d i c a t i n g  t h a t  a f u r t h e r  c u l l i n g  o f  th e  d a ta  

was n e c e s s a ry .

The d a ta  was then  f u r t h e r  reduced so t h a t  f i v e  random t r e e s  

were s e l e c t e d  from each p l o t  th i n n in g ,  measurements b e in g  e x t r a c t 

ed f o r  only one o f  th e  s i x  p o s s i b le  y e a rs  o f  measurement p r i o r  

to  th in n in g .  Also where a p l o t  was r e p re s e n te d  by more than  two
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p l o t  th in n in g s  th e  number o f  p l o t  th in n in g s  (each r e p r e s e n t in g  

a d i f f e r e n t  th in n in g  o p e ra t io n  c a r r i e d  ou t in  a d i f f e r e n t  y e a r )  

was r e s t r i c t e d  to  two. T h is  reduced  th e  number of p l o t  th in n in g s  

from 157 to  147 and th e  number of o b s e rv a t io n s  to  731. The 

c o e f f i c i e n t s  o f  e q u a t io n  V I I . 15 were r e - e s t i m a t e d  and a re  shown 

below in  eq u a t io n  V I I I . 48, r e g r e s s io n  s t a t i s t i c s  b e in g  summarised 

in  Appendix 2 , t a b l e  A 2.8 . For t h i s  e q u a t io n  th e  Durbin-W atson 

d s t a t i s t i c  was 1.93 which i s  n o t  s i g n i f i c a n t  u s in g  th e  s t a t i s t i c  

of T h e i l  and Nagar.

Increm ent = 4.9077 10” 5 xRSQ -  1.4804 10“ 2 xRA + 71.578 ~
J D

-  0 .80638 xTT + 7.9239 10~3 xN% + 4.4680 10“ 2 xV

............................ E quation  V I I I . 48

To t e s t  th e  model independen t t e s t  d a ta  were then  e x t r a c t e d .  

One random measurement was s e l e c t e d  from each o f  th e  390 t r e e s  

used to  t e s t  th e  volume model. A t  t e s t  (F r e e s e ,  1967; Sokal 

and R oh lf ,  1969) was c a r r i e d  out comparing th e  r e s i d u a l s  r e s u l t 

ing  when th e  inc rem en t model, e q u a t io n  V I I I . 48, was f i t t e d  to  

b o th  s e t s  o f  d a ta .  A v a lu e  of 1.85 r e s u l t e d  which i s  n o t  s i g 

n i f i c a n t .  I t  was concluded  t h a t  th e  model was s a t i s f a c t o r y .

As th e  model deve lo p ed ,  e q u a t io n  V I I I . 48, was b i o l o g i c a l l y  

sound, was based  on sound s t a t i s t i c a l  a n a l y s i s ,  met th e  assump

t io n s  of l i n e a r  r e g r e s s io n  a n a l y s i s  and s a t i s f a c t o r i l y  t e s t e d  

on independen t d a t a ,  i t  was acc ep ted  as th e  inc rem ent model.
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METRIC MODELS

I n  S o u th  A u s t r a l i a ,  a s  w i t h  t h e  r e s t  o f  A u s t r a l i a ,  f u t u r e  

f o r e s t  i n v e n t o r y  w i l l  b e  c a r r i e d  o u t  u s i n g  m e t r i c  m e a s u r e m e n ts .  

To f a c i l i t a t e  t h e  c a l c u l a t i o n  o f  t h e s e  m e t r i c  i n v e n t o r y  d a t a  

t h e  r e l e v a n t  e q u a t i o n s  h a v e  b e e n  c o n v e r t e d  t o  m e t r i c  u n i t s .

The w i e g h t i n g  f u n c t i o n  f o r  t h e  vo lum e m odel  i s  d e r i v e d  

f ro m  e q u a t i o n  V I I I .7 m  w h ich  e s t i m a t e s  v a r i a n c e .

l o g  ( V a r i a n c e )  = - 2 0 .5 6 1 0  4- 3 .3 7 3 5  l o g  (Dm) + 1 .6 6 7 4  l o g  (Hm)

...............................  E q u a t i o n  V I I I .7 m

The volum e e q u a t i o n  i s  e q u a t i o n  V I I I .2 4 m

Vm = - 3 .2 8 7 6  10~2 -  1 .6 4 8 0  10“ 3 Hm + 3 .2 3 2 6  10“ 4 Dm2 + 1 .2 5 5 0  

IO "5 Dm2Hm -  1 .2 0 1 5  10"6 Dm2HmBm +  8 .3 9 0 9  1 0 "9 Dm2HmSQm - 

+ 1 .6 4 9 5  1 0 - 7 Dm2HmA + 5 .5 2 2 3  1 0 -4 N%

............................. E q u a t i o n  V I I I .2 4 m

The w e i g h t i n g  f u n c t i o n  f o r  t h e  i n c r e m e n t  m o d e l  i s  d e r i v e d  

fro m  e q u a t i o n  V I I I .3 1 m  w h ic h  e s t i m a t e s  v a r i a n c e .

l o g  ( V a r i a n c e )  = - 1 8 .2 3 8 0  + 4 .5 9 0 8  l o g  (Dm) -  2 .2 4 8 4  l o g  (Hm)

+ 1 .5 2 1 2  l o g  (x )  .....................  E q u a t i o n  V I I I .3 1 m

The i n c r e m e n t  m odel i s  e q u a t i o n  V I I I . 4 8 m .
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Increm ent m = 1.9861 10~5 xRSQm -  4 .1920 10

~  -  2 .2834 10"2 xTT + 2.2438 Bm
_o A10 2 xVm ...................................

4 xRA + 0 .46530 

10” 4 xN% + 4 .4680 

E qu a tio n  V III.48m
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IX. CONCLUSIONS

In  South A u s tr a l ia n  r a d ia ta  p in e  fo re s ts  in v e n to ry  p reced es  

th in n in g  by from one to  s ix  y e a r s .  T ree volume and in crem en t 

models have been  developed w hich w i l l  en ab le  e s t im a te s  to  be 

made o f th e  volume a t  tim e of in v e n to ry  o f t r e e s  s e le c te d  fo r  

removal in  th in n in g ,  and the  in c rem en t th a t  w i l l  be added to  

th e se  t r e e s  betw een in v e n to ry  and th e  tim e o f  th in n in g .

The models w ere e s tim a te d  by l i n e a r  r e g re s s io n  a n a ly s is  

and appear to  be soundly  b ased . The volume model h a s  a m u l t ip le  

c o e f f i c i e n t  o f d e te rm in a tio n  o f 0 .96  and th e  mean volume o f 

19.26 cu b ic  f e e t  has an e s tim a te d  s ta n d a rd  d e v ia t io n  o f 2 .92  

cub ic  f e e t .  The increm en t model has a m u l t ip le  c o e f f i c i e n t  -of 

d e te rm in a tio n  o f  0 .85  and th e  mean increm en t o f 1.67 cu b ic  f e e t  

has an e s tim a te d  s ta n d a rd  d e v ia tio n  o f 0 .92  cu b ic  f e e t .

E x ten s iv e  s t a t i s t i c a l  t e s t s  were c a r r ie d  out to  en su re  th a t  

th e  assum ptions u n d e rly in g  l i n e a r  r e g re s s io n  a n a ly s is  w ere m et. 

Independen t t e s t  d a ta  w ere used to  t e s t  th e  m odels , b o th  of 

which w ere s a t i s f a c t o r y .

The s tu d y  dem on stra tes  th a t  s a t i s f a c t o r y  m odels can be 

developed  u s in g  a com bination  o f t r e e  and s ta n d  p a ra m e te rs .
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B asal a r e a  was accep ted  as th e  index  of s ta n d  d e n s i ty  

b e ing  m a rg in a l ly  b e t t e r  than  th e  r a t i o  o f  b a s a l  a r e a  to  th e  

maximum b a s a l  a r e a  t h a t  th e  s i t e  can s u s t a i n ,  an index  d e r iv e d  

from an in v e s t i g a t i o n  of m o r t a l i t y  and s ta n d  dynamics d u r in g  an 

exam ination  of R e in ek e’ s s ta n d  d e n s i ty  in d e x .  L exen’ s b o le  

a re a  index  (1943),  H a r t ' s  h e ig h t - s p a c in g  r a t i o  (1928) and 

number o f  t r e e s  p e r  ac re  were l e s s  e f f i c i e n t .

F u r th e r  development of th e  s im ple  model o f  s ta n d  dynamics 

p re s e n te d  in  c h a p te r  IV may le a d  to  th e  development of a b e t t e r  

index than  the  r a t i o  u sed ,  and t h i s  index  may be b e t t e r  than  

b a s a l  a r e a  in  b o th  the  volume and in c rem en t m odels.

S i t e  q u a l i t y  SQ, a measure of s i t e  p o t e n t i a l  based  on 

volume p ro d u c t io n ,  was m a rg in a l ly  b e t t e r  than  s i t e  index  S I ,  

a measure based  on s ta n d  top h e i g h t .

Age was shown to  be b e t t e r  th an  i t s  r e c i p r o c a l  in  b o th  

th e  volume and inc rem en t models.

Thinn ing  i n t e n s i t y  N% was s i g n i f i c a n t  in  b o th  volume and 

increm ent models b u t  th in n in g  type  TT was s i g n i f i c a n t  on ly  in  

the  inc rem en t model. That th in n in g  type  was n o t  s i g n i f i c a n t  

in  th e  volume model was n o t  unexpec ted  as p re v io u s  ev idence  

(Keeves, 1970) i n d i c a te d  a s i m i l a r  r e s u l t ,  a t t r i b u t i n g  th e  l e s u l t  

to  th e  r e l a t i v e l y  narrow range o f  th in n in g  type  in  th e  d a ta .

In th e  d a ta  used in  t h i s  s tudy  th e  average  v a lu e  o f  th in n in g  

type was 0 .86  w ith  a s ta n d a rd  d e v ia t io n  o f  0 .0 5 ,  i n d i c a t i n g  

th a t  th e  range of th e  d a ta  i s  r e l a t i v e l y  r e s t r i c t e d .
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The d a ta  used  to  develop  th e  m odels w ere s e le c te d  from t r e e s  

n o t s e r io u s ly  m alform ed, and i t  i s  p o s s ib le  th a t  th e  m odels w i l l  

n o t s a t i s f a c t o r i l y  e s tim a te  th e  volume and in c rem en t o f m alform ed 

t r e e s .  As p a r t  o f a fu tu re  s tu d y  th e  a p p l i c a b i l i t y  o f th e  

models developed  to  th e  e s t im a tio n  o f m alform ed t r e e s  w i l l  be 

in v e s t ig a te d .  However few malform ed t r e e s  rem ain in  th e  s ta n d  

a f t e r  f i r s t  th in n in g ,  on ly  2.5% o f th e  t r e e  d a ta  a v a i la b le  fo r  

t h i s  s tu d y  were s e r io u s ly  malform ed and 4.0% had m inor m alform a

t io n s .  U n t i l  th e  problem  i s  in v e s t ig a te d  th e  m odels developed  

a re  u n l ik e ly  to  cause s e r io u s  e r r o r s  when used  in  p r a c t i c e .

In  c u r re n t  in v e n to ry  p ro ced u re s  th e  volume on a re a s  to  be 

c l e a r  f e l l e d  i s  e s tim a te d  by th e  use  o f a p redom inan t h e ig h t 

t a r i f  r e l a t io n s h ip  developed  by Keeves (1961 ). Increm en t i s  

e s tim a te d  from th e  u n pub lished  y ie ld  t a b le  p rep a red  by Lew is. 

These r e la t io n s h ip s  a re  s tan d  b ased  r a th e r  th a n  t r e e  b ased  so 

i t  i s  d e s i r a b le  th a t  th e  models developed  in  t h i s  s tu d y  be 

ex tended  to  p r e d ic t  volume and in c rem en t on th e  main c ro p , as 

w e ll  as on th e  th in n in g s  e l e c t  s u b p o p u la tio n , so t h a t  a l l  

in v e n to ry  c a lc u la t io n s  w i l l  be c o n s i s te n t .

In  summary, th e  s tu d y  has been  s u c c e s s fu l  in  th a t  volume 

and increm en t m odels have been s a t i s f a c t o r i l y  developed .

The volume model i s  e q u a tio n  V I I I . 24 below :

V = -1 .1 6 1  -  1.7739 10“ 2 H + 7.3651 10“ 2 D2 + 8.7154 1CT4 D2H

-  2 .2024 10~6 D2HB + 4.0774 K T 8 D2HSQ + 1.1455 10"5 D2HA

+ 1.9502 10” 2 N% E quation  V I I I ,24



The increm ent model i s  e q u a t io n  V I I I . 48 below:

Increm ent = 4.9077 10~5 xRSQ -  1.4804 10~2 xRA + 71.578 ~
jD

-  0.80638 xTT + 7.9239 10“ 3 xN% + 4.4680 10"2 xV

E quation  V I I I . 48
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TABLE A2.8

REGRESSION STATISTICS EQUATION V I I I . 48

In c re m e n t  = 4 .9077  10 5 xRSQ -  1 .4804  10 2 xRA + 71 .578  

-  0 .8 0 6 3 8  xTT + 7 .9239 10~3 xN% + 4 .4680
D

10” 2 xV

Source  o f  V a r i a t i o n D .F . S .S . M.S.

R e g re s s io n 6 4770 .4 795.1

R e s id u a l s 725 9 1 9 .4 1 .268

T o t a l : 731 5 6 8 9 .8

F
6 / 7 2 5

627 i . e .  s i g n i f i c a n t
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NOTATION



Definition Abbreviation Description

The number of years before thinning when the inventory 
plot was measured. X

The volume of the tree to a four inch (10 cm) top diameter, underbark, Tree volume
in cubic feet. V
in cubic metres. Vm

The diameter at breast height are overbark, Tree diameter
in inches. D
in centimetres.

The ratio of the tree diameter to the quadratic mean diameter of the
Dm

stand, (before thinning if measured at time of thinning). R •' • iv* f per -
Age in years. A Age
The mean height of the tallest 30 trees per acre, with the restriction 
that the number of trees chosen from each quarter of the approximately 
one-fifth acre plot is as close as possible to the same,

Predominant height

in feet. H
in metres. Hm

The height of the tree, Tree height
in feet. Ht
in metres. Htm

The total production volume to 4" top diameter, underbark, at age 30, Site Quality
in cubic feet per acre. SQ
in cubic metres per 
hectare.

SQm

The Predominant height of the stand at age 30, Site index
in feet. SI
in metres. Sim

The standing basal area, Basal area
in square feet per acre. B
in square metres per 
hectare.

Bm

Number of trees. Number of trees
per acre. N
per hectare. Nm

The ratio of the quadratic mean diameter of thinnings to be removed (or Thinning type
thinnings elect) to be quadratic mean diameter of the stand before thinning. TT
The ratio of the quadratic mean diameter of thinnings or thinning elect 
to the quadratic mean diameter of the stand, (before thinning if measured N%

Thinning intensity
at time of thinning), expressed as a percentage.

Log Natural logarithm
Constants and coefficients used in models. bo b1 b2 bJ 

b4 .... bn
Constants


