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Alleged Breach #204 Logging of Trees over 100 
years old  (Toolangi, Victoria) 

On The Ground:   

 

Tree number 919 Circumference 7.50 meters at 1.3 meters height 
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Latitude:  37°29'27.00"S 

Longitude: 145°32'43.09"E 

Breach Type:  Alleged 

Breach Rating:  Major 

Notification date:  15th June 2010 

Updated date: 7th December 2010 

Notified to:  VicForests  

Undertaking Sought:   

DSE to investigate the breach  

If the breach is confirmed we would appreciate details on who was the recipient of the wood and where it 
is now in the supply chain. 

Breach Status:  Notified 

Breach Location:   Toolangi Australia  

Perpetrator: VicForests 
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Description:  

#204  A 105 Year old tree has been logged  

A cross section of the tree 919 pictured above was studied by Dr Matthew Brookhose from the Fenner 
School of Environment and Society from the Australian National University in 2010. (Appendix 1).  The 
executive summary found the tree to be 105 years old. 

 

 

The tree has a circumference of 7.50 meters at 1.3 meters height 

204.01 Forest Manager has allowed logging of a tree over 100 years which breaches the 
Central Highlands Forest Management plan Appendix G 

 
 
NB: the Central Highlands Forest Management Plan was written in 1998 and at the time of writing a pre 
1900 tree was 98 years old.  This is the age that trees are considered to develop hollows and become 
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habitat as highlighted in the following paper available here which was published at the same time 
Appendix 2); 
 

 
 
Furthermore on page 74 of the Central Highlands Forest Management Plan 1998 it states that “This Forest 
Management Plan applies until 2008 or until other circumstances warrant a major review” (see below). 
However it is now December 2010 and no review has taken place.  If this review had taken place then the 
“pre 1900” oversight would clearly have been updated.  Since the review has not taken place and since 
the intent of the 100 year age class is obvious for hollow development reasons, it is not correct to assume 
that trees now have to be 110 years old to be protected ie applying the same logic in 100 years time trees 
will have to be 210 years old to be protected from logging.  
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204.02 In accordance with the AFS standard 4.1.4 the forest manager has failed to ensure 
procedures were in place to achieve compliance with legislation , codes of practice and regional and 
local prescriptions, guidelines and other relevant controls. 

 

Contractor:  

Full Name: NA 

Business Name: NA 

Phone Number: NA 

Address: NA 

Geographic Location:   

Download Toolangi District Full Timber Release Plan 2010  

Also see Google map at the bottom of the page 

Coupe Number:   298-874-0003 

Coupe Details:  
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Download full schedule  

Response:  

TBA 

Outcome:   

Description: TBA 

Penalty Points awarded: TBA 
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Appendix 1  
 

Executive summary - The Tree age estimation of specimen 298-874-
003/919 
 
Fenner School of Environment and Society 
The Australian National University 
Action, ACT, 0200  December 2010 



Tree age ostimation of specimen 298-874-00031919

Analysis of Eueullptus ,egnans F. Muell stem cross-sections solleeted from coupe 298-874-
0003, Vic$oria, Completed for the Deparhnento'f Sustainability and Envirronment, Victoria;
Novernber,2010

Executlvc cummary

In this study, the origin year for t Eacalyphts regtrans speciman (specimen 919), felled

dnrlng lurve. ting aaivities o$ coupo nunrber 29E-874-m03 durlng Mnreh 2010, is

dctornrined using dend,rochronology. Samplc m*tarials comprisc oiern sross*sections

collected fronr the specimen (298-874-0003819) and hrro reference stuntps (298-8?4-0003

Reftrcnee I anil 29E-8?4-0003 Roftrcnec ?). Analysis was f,militated by lhe pesence of
clear earltrnvoodlatcrvootl couplets, stgm$ing anmral tree-rilry fqrnailon snd couistent

inter-annual trce-ring rvidth variability rvithin and behilecn sanrplcs. Duc ts the presencc of
internal prping, agc deternrination for specinten 298-8?4-00031919 rclied on an integration of
corxrls of crossdated treo rings and eslimation of rings lort to decay procceses. Trvo

indryendent pr,oecdurcr - onc uslng tree-ring rvidth dala f-ronn tpceimen 298-874-0003/919

and ihc dtle,r using lrcc+ing rvidth data from rc&renco earnpl* 29E 874-m3 Referencc I

and 29S-S74-0003 Rcfcrcnce 2 - werc used to cstim*te tho ycar of germ,hrailonlregenruation

for cpecftncn 29E-E7,1-00031919.

Examinot'ion of tree-ring rvidth* fronr speclnren 298.8?,{-0m3l919 revcaled ildd€rt ald
pcrsistcnt accelcraiiom in grorvth afier 1958. This acceleratiol io grorvth esincides with ttc
date ofdocrutented harvesllng in during 1958/59 and alnrosl certeinly rafleots relcase from

competitkm wftfo felled naigh oruing trccs. 'Ihis interpdetion ir srpporlcd by the date of
orQh frrbuh rcfcrarce trcer. lVhibt 298-874-0003 Reference I was afreatct{ by decaS less

tlmn 40rnm was lost ts tlrc associated intemal pipe. llenee, rvhi{si the inrernrosl ring was

datcd to 1961, 29&8?4S3 Referencc I cau alnrost certainly be altributed as regenoraticrt

fotlowing the 1958/59 harvesting event, This obrerva{ion is ccrxisler}t wit'lt the agc

daennined fnom lree rings for 298-8?44003 Reference 2. Inrportanlly the high level of
consisteney in inter-a$$ual variability in tree-ring widths b€{rveen both rcfercrnco santplcs

conflnus the reliabi{lty of tree-ring idcrtLif-lcation in this sttrdy.

Conslilsabt€ egf€€fil€n{ ie evi&nt betwcen lhe hvo indryedarl *go edinutes for sample

298-E?4-W3E|9. Belh npthode estirnate lhc ycar of odgin fs thc inncnnost ring lost to

interaal pstng ss 1906. 'ltis €sthnale docs nol includa the tinre taken for the specimen to

attain srurplo haight. Givcn olisqvcd ratcs of height growt$ fac E. rcgnatu in prcvious

shdiea, it ir likely thet spccimm 298-871-0@31919 germfuiatcd/rcgcnernted dtrdng ihe

grorving *eacm of 19S5/6.

Dr Matlhorv B.rookhottsc
Lecturer - Eco,togical Modelling and MEasurenren't

rn att/flEw. bro&h o t s c@wu, etlu. aa

f'cnner Sahool of Envlronrnent snd S tety
The Australlnn Natlotal Unlversity

Acton, ACT,0200
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Abstract

This paper describes a deterministic computer model for simulating forest dynamics. The model predicts the long-term

dynamics of hollow-bearing trees which occur in a single-species (monotypic) forest stand under an array of different timber

harvesting regimes over a time scale of centuries. It is applied to a number of different timber harvesting scenarios in the

mountain ash (Eucalyptus regnans F. Muell.) forests of Victoria, south-eastern Australia. Computer experiments give results

that have far-reaching implications for forest management and could not have easily been predicted without a model. These

include: (1) when the harvest rotation time is 100 years or less, a supply of trees with hollows cannot be ensured by only

retaining trees which already have hollows: and (2) when some retained trees are lost through logging-related mortality, the

effect on the number of trees with hollows is exaggerated. For instance, if half of the retained trees are lost via logging-related

mortality, it is not suf®cient to double the number of trees retained in order to maintain the same number of hollow-bearing

trees.

HOLSIM is a planning tool for forest and wildlife managers. it will assist them in forecasting long-term stand conditions

that result from particular forest management regimes. The ability to make predictions over several harvesting cycles is

extremely important for examining the effects of harvesting strategies on the dynamics and structure of forest ecosystems,

determining if given management strategies will meet particular targets, anticipating the impacts of forestry operations on

hollow-dependent fauna, and helping to better integrate biodiversity conservation within wood production forests. # 1999

Elsevier Science B.V. All rights reserved.

Keywords: Forest ecosystems; Forest management; Hollows; Cavities

1. Introduction

The potential impacts of timber harvesting opera-

tions on the conservation of biodiversity has become

a major planning and policy issue in the manage-

ment of Australian wood production eucalypt forests

(Resource Assessment Commission, 1992; The Com-

monwealth of Australia, 1992; Department of the

Environment, Sports and Territories, 1995). Of the

many species that inhabit wood production forests,

those that use hollows in trees are considered to be

amongst those most vulnerable to the impacts of

timber harvesting (McIlroy, 1978; Recher et al.,

1980; Lindenmayer et al., 1990a, b; Scotts, 1991;

Gibbons and Lindenmayer, 1996). This is because*Corresponding author.
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hollows suitable for occupation by wildlife may take

several hundred years to develop (Ambrose, 1982;

Saunders et al., 1982; Lindenmayer et al., 1991c,

1993; Gibbons, 1994) and the type of logging opera-

tions used, as well as the interval between harvesting

events, may prevent or severely impair the recruitment

of such trees (Lindenmayer et al., 1990b; Recher,

1996; Gibbons and Lindenmayer, 1996). This will

have a negative effect on the large number of verte-

brate and invertebrate taxa that are obligate or facul-

tative hollow-using species (Gibbons and

Lindenmayer, 1996). As hollow development in Aus-

tralian eucalypt trees takes a long time, rectifying

hollow shortages in wood-production forests will take

a long time as well (Lindenmayer and Possingham,

1995; Recher, 1996). Trees with hollows are a char-

acteristic component of forest ecosystems, not only in

Australia (Scotts, 1991; Lindenmayer et al., 1993) but

in many places around the world (Newton, 1994).

They are a key habitat component for a wide array

of vertebrate and invertebrate taxa (Gibbons and

Lindenmayer, 1996) and provide nesting and denning

sites as well as places for animals to roost and perch

(Lindenmayer and Franklin, 1998).

Tree retention strategies can help avoid hollow

shortages and mitigate the impact of logging on

hollow-dependent fauna. For example, studies of a

range of different types of eucalypt forest have high-

lighted the value of retained trees in facilitating the

recolonisation of logged sites by birds (Loyn et al.,

1980; Recher et al., 1980; Smith, 1985; Kavanagh and

Turner, 1994). However, the long-term effectiveness

of tree retention strategies remains unknown (Gibbons

and Lindenmayer, 1996). The long-term nature of

hollow dynamics makes it extremely dif®cult to assess

the ef®cacy of tree retention strategies in the ®eld. It

also means that it is extremely dif®cult for forest and

wildlife managers to forecast the stand conditions

which will occur well into the future as a result of

the management actions taken now. The long-term

dynamics of hollows in a forest stand are considerably

longer than the careers of professional foresters and

wildlife managers. Hence, individuals are unlikely to

observe the long-term consequences of a given man-

agement action, or easily comprehend the full effects

of their activities. This makes it dif®cult for forest

managers to track and/or visualise the long-term

changes in forest architecture, particularly relating

to tree hollows, that can be associated with particular

management actions, without the aid of forest models.

Given the dif®culty of predicting the impact of

harvesting on hollow dynamics, we developed HOL-

SIM, a computer-simulation Markovian model that

explores and forecasts the long-term changes in stand

structure which result from the implementation of

different management actions and tree retention stra-

tegies. The model is different from many other stand

models that have been developed because it is

focussed on the development of hollows and simulates

forest conditions well after growth rates have peaked

and trees have entered prolonged periods of senes-

cence. The model is of interest from a modelling

perspective, because its structure is determined by

the data that is available or readily obtainable, and

the questions of interest to the manager. For example,

stand development is modelled in a phenomenological

fashion, ignoring key driving processes like water,

light, and nutrients. This is because data on the

in¯uences of these processes on the long-term growth

of trees and formation of hollows is rare or non-

existent for most tree species.

A number of user-related issues were taken into

account in developing HOLSIM:

� It should be applicable to forests where there are

limited data on hollow ontogeny.

� The model has to allow a wide array of manage-

ment actions.

� It has to be able to simulate a long time scale.

� It has to be able to run on a personal computer in

reasonable time in order to be used as an explora-

tory forest manager tool.

Mountain ash typically occurs as a single species

stand (Ashton, 1976), making it inappropriate to use

any of the many forest succession models (see, for

example Acevedo et al., 1996; Lin et al., 1996; Osho,

1996). The general lack of knowledge about stand

dynamics (particularly the mechanisms of hollow

ontogeny over long time scales) made it inappropriate

to use existing generic vegetation models based on

ecological mechanisms, such as VAFS/STANDSIM

(Roberts, 1996), TREEDYN3 (Bossel, 1996), or other

descendants of JABOWA (Botkin et al., 1972) and

FORET (Shugart, 1984).

The model was tested with a number of different

timber harvesting scenarios in the mountain ash
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(Eucalyptus regnans F. Muell.) forests of Victoria,

south-eastern Australia. It was parameterised using

information generated from past studies of mountain

ash forests (see Table 1) including: rates of stand

growth (Dahl, 1940; Cunningham, 1960; Ashton,

1975a, b, c, 1976, 1981), typical stocking rates of

trees (Burgman et al., 1995; Ambrose, 1982; Banks,

1993), patterns of cavity ontogeny (Ambrose, 1982;

Lindenmayer et al., 1993), and patterns of decay and

collapse among hollow-bearing stems (Lindenmayer

et al., 1990a, 1997).

The model is generic and can be parameterised for

use in forest types characterised by different life-

history attributes and different management regimes.

Input data needed to run the model include:

� a transition matrix of the movement of trees

through various growth stages (i.e. tree forms);

� patterns of cavity ontogeny, such as the time

required for stems to begin to develop hollows;

� the rates of tree growth;

� tree density in stands of different ages; and

� rates of mortality of trees retained on logged sites.

2. The model

2.1. Model structure

HOLSIM models a single-species (monotypic) for-

est stand and simulates the composition of the forest

with respect to the size and life stage of the trees. We

assume that the number of hollows is only a function

of tree size and form and that, by modelling the

dynamics of the trees in a stand, we can predict the

dynamics of the number of hollow-bearing trees. In

this study, we use a default stand area of 25 ha. The

location of individual trees and the spatial distribution

of classes of trees within the stand is not included in

the model. For this reason the stand area is simply a

scaling parameter which can be set to any area.

The length of the time step used in the simulation

can be varied; we used a time step of ®ve years. In each

time step, the forest changes through a series of

processes, each of which is described below. These

processes are: growing the trees; computing the decay

of healthy trees; recruitment of new trees; tree death;

the decay of damaged trees; and changes to a stand

associated with timber harvesting operations. The

programme does not allow for any catastrophes

(e.g. wild®res or storms) or long-term environmental

changes, and is completely deterministic.

For the purposes of this study, we assumed recruit-

ment in mountain ash forests only occurs after a

disturbance (logging), at which point new trees ®ll

all the available space from the seed bank. Stands of

mountain ash regenerate well after disturbances like

wild®re and logging (Attiwill, 1994). Because the

only disturbance allowed in the simulations is logging,

a simulation without logging would be unrealistic as

we have little information about the dynamics of this

species when there is no disturbance for hundreds of

years [Therefore, scenarios without the effects of

timber harvesting were not pursued.]

2.2. Forest structure and tree growth

Trees are categorised into states determined by size

and condition. Because HOLSIM is a deterministic

Table 1

Some studies completed on the ecology of mountain ash forests and associated vertebrate fauna in the Central Highlands of Victoria (modified

from Lindenmayer and Franklin, 1998)

Type of study References

Stand growth and development Dahl (1940); Cunningham (1960); Ashton, 1975a, b, c; Ashton, 1976; Ashton, 1981)

Spatial and temporal variation in forest structure (Ashton, 1975a, b, c; Ashton, 1976; Ashton, 1981); Adams and Attiwill (1984);

(Lindenmayer et al., 1990d; Lindenmayer et al., 1991a)

Stand longevity and dendrochronology Ambrose (1982); Banks (1993)

Hollow ontogenty Ambrose (1982); Lindenmayer et al. (1993)

Impacts of logging on stand structure (Lindenmayer et al., 1990a, b, c; Lindenmayer, 1992a; Lindenmayer et al., 1994);

Ough and Ross (1992)

Impacts of logging on wildlife (Smith and Lindenmayer, 1988, 1992); (Lindenmayer, 1989, 1992b, 1994, 1995);

Lindenmayer et al. (1990b); Lindenmayer and Possingham (1995)
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model, the number of trees in each state is the expected

or average number of trees for that state. They are the

average which occur over a number of stochastic

simulations based on the same parameters.

Each tree in the forest has two de®ning attributes:

(1) its size class; and (2) its form, which is a measure

of its condition, or life stage (see Fig. 1). The size-

class category represents the size of the trees. There

are 50 distinct size classes, where the largest size class

contains mature trees of �250 years of age as well as

trees older than this. It is scaled so that a healthy tree

(one unaffected by decay and with no hollows) will

increase on average one size class in each time step (5

years). Before decay begins, the age of the tree will

roughly be its size class times the length of a time step.

The relationship between the average diameter at

breast height (DBH) of a size class and the average

age of the size class is calculated by a formula given

by Ashton (1976):

Y � X1:02; (1)

where Y is the DBH in centimetres and X the age in

years.

The form of a tree ranges from zero to eight,

re¯ecting advancing stages of senescence (Fig. 1).

The forms are de®ned as follows (after Smith and

Lindenmayer, 1988):

� Form 0, living tree without hollows;

� Form 1, mature living tree with hollows;

� Form 2, mature living tree with a dead or broken

top;

� Form 3, dead tree with most branches still intact;

� Form 4, dead tree with 0±25% of the top broken off,

branches remaining as stubs only;

� Form 5, dead tree with the top 25±50% broken

away;

� Form 6, dead tree with the top 50±75% broken

away;

� Form 7, solid dead tree with �75% of the top

broken away; and

� Form 8, hollow stump.

2.3. Transition processes

During each time step, the distribution of trees in

the forest changes through a series of transition pro-

cesses. The transition processes cause a fraction of

trees in each state to ¯ow into a variety of other states.

These processes include: senescence (using the form

transition matrix shown in Table 2 adapted from

Lindenmayer et al., 1998), mortality through over-

crowding, density-independent mortality, growth,

recruitment, and harvesting. The processes that cause

trees to change state are summarised in Fig. 2 and

described in the following.

2.4. Senescence and changing tree form

Senescence is the ®rst process applied in each time

step. It includes the senescence of already damaged

trees (tree forms 1±8) and density-independent mor-

tality (the mortality of healthy trees which is not

caused by overcrowding) (see Fig. 3). These transi-

tions are independent of the composition of the forest

in the model.

Mature trees (at or above size class 18) can form

hollows and, hence, be transferred from tree Form 0 to

tree Form 1 (mature living trees with hollows). The

rate at which they move is a linear function of stem

basal area and, hence, a quadratic function of size class.

No trees form hollows at size class 18 and 5% of trees

form them at size class 50 in any given time step. This

value was estimated by calibrating the model with

actual forests of known age (Lindenmayer et al., 1993).

Trees which are already higher than tree Form 0

have started the decay process and a form transition

matrix (Table 2) is used. It was derived from data on

Fig. 1. Tree forms 0±8. Tree Form 0 is a living tree which has not

formed any hollows; Form 1 is a mature living tree with hollows; Form

2, mature living tree with a dead or broken top; Form 3, dead tree with

most branches still intact; Form 4, dead tree with 0±25% of top broken

off, branches remaining as stubs only; Form 5, dead tree with top 25±

50% broken away; Form 6, dead tree with top 50±75% broken away;

Form 7, solid dead tree with �75% of the top broken away; Form 8,

hollow stump. (Modified from Smith and Lindenmayer, 1988).
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the change in condition of >2000 mountain ash trees

between 1983 and 1993 (Lindenmayer et al., 1998).

The form-transition matrix is applied to the trees in

forms 1±8 in each size class. The transition frequen-

cies are not dependent on the size classes of the trees;

the form of a tree can only increase.

Table 2

Transition frequency matrix. (Adapted from Lindenmayer et al. (1997)). The numbers are the proportion of trees of the row's tree form which

are transferred into the column's tree form at each time step

Old New Removed

Form 1 Form 2 Form 3 Form 4 Form 5 Form 6 Form 7 Form 8

Form 0 0 0 0.01 0 0 0 0 0 0

Form 1 0.99 0.01 0 0 0 0 0 0 0

Form 2 0 0.87 0 0.02 0.04 0.02 0 0 0.06

Form 3 0 0 0.21 0.43 0.21 0 0 0.07 0.07

Form 4 0 0 0 0.38 0.29 0.07 0.09 0.02 0.16

Form 5 0 0 0 0 0.53 0.26 0.11 0.03 0.08

Form 6 0 0 0 0 0 0.29 0.22 0.2 0.3

Form 7 0 0 0 0 0 0 0.43 0.36 0.21

Form 8 0 0 0 0 0 0 0 0.58 0.42

Fig. 2. Schematic diagram of transition processes. Trees are divided into size classes from 1 to 50 and tree forms from 0 to 8. The main

processes are: overcrowding mortality which transfers trees into tree Form 3 (dead trees with most branches intact, see Fig. 1) or removes

them from the system; growth increases the size class of trees and growth at a reduced rate increases trees of forms 1 and 2 (living trees with

hollows and those with missing crown); density-independent mortality moves trees from Form 0 to Form 1 (living trees without hollows to

those with missing crown); density-independent mortality moves trees from Form 0 to Form 1 (living trees without hollows to those with

hollows); senescence is the general process which increases the forms of trees until they eventually collapse and are removed from the system.

Note that mortality and senescence moves trees to the right and growth moves trees downwards ± the only two valid directions.
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Density-independent mortality affects living trees

(tree forms 0, 1 and 2). Trees below a cut-off size class

collapse when they die through self-thinning (Ashton,

1981) or density-independent mortality and are

removed from the simulation. Trees at, or above,

the cut-off size class will die, but not immediately

collapse. These trees are placed into tree Form 3 (dead

trees with most branches intact, see Fig. 1). The cut-

off size class, namely the size class below which trees

immediately collapse, has been set at 18 which cor-

responds to trees �90 years old. This means that trees

dying before this size class will not become hollow-

bearing stems (based on the work by Ambrose, 1982).

The rate of density-independent mortality is 1% of

trees in Form 0 (living stems with, and without,

hollows) as illustrated in the transition-frequency

matrix given in Table 2.

2.5. Growth

The model is parameterised using information on

the rate of growth in mountain ash gathered by Ashton

(1976). Living trees (tree forms 1, 1 and 2) grow at

each time step. It is possible for a tree to stay in the

same size class in a time step or to increase either one,

two, or three size classes in a single time step. It is not

possible for a tree to grow more than three size classes,

which would be a faster rate of growth than is known

to occur in mountain ash. In addition, it is not possible

for the size class of a tree to decrease. The proportion

of trees of forms 0, 1 and 2, which move to the

different size classes, is shown in Fig. 4. This is based

upon a normal curve with a mean of one size class and

a standard deviation of 0.25 size classes. The rates of

Fig. 3. Senescence processes. This is a subsection of Fig. 2. All

trees start in tree Form 0 and will increase their tree form until they

are eventually removed. Hollow formation moves trees from Form

0 (living with no hollows) to Form 1 (living with hollows).

Overcrowding either removes trees completely (through immediate

collapse) or transfers them to Form 3 (dead trees with most

branches intact). All these processes are also shown in Fig. 3.

Fig. 4. Growth rate distribution. The proportion of trees (of different tree forms) that increase 0, 1 or 2 size classes in each time step.
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growth of trees in tree forms 1 and 2 are less than the

rate of growth of trees of Form 0.

Deriving the growth parameters for this model from

observations of a forest is not straightforward. Trees

which grow faster than average will become the

dominant trees in an even-aged stand and, hence, have

a higher survival probability. Those which grow more

slowly tend to be `crowded out' and collapse, and

hence will not be observed. For this reason, it is

necessary to calibrate the growth parameters to agree

with observed forests. In this study, the standard

deviation for growth of Form 0 trees was estimated

using ®eld information from Lindenmayer (unpub-

lished data) to create realistic dynamics. The standard

deviation was adjusted so that the forest stand would

be similar in age structure to actual forest stands.

2.6. Crowding, recruitment, and self-thinning

`Crowding' is a term used to describe the number

and size of trees in a stand. The level of crowding of

trees in the forest is computed for the purposes of cal-

culating self-thinning and, when appropriate, recruit-

ment. It is assumed that each tree in each state uses a

particular amount of some limiting resource, such as

space, light, or water. By assuming that limiting resour-

ces are a linear function of space, measures of the

availability of space can be used to calculate the rate

of self-thinning, without loss of generality or the need to

specify exactly which resource is limiting. When the

amount of a resource that trees are using is greater than

the available resources, the stand is overcrowded.

Ashton (1976) included a general formula for the

maximum stocking of a plot. It is given as a function of

tree species and size and follows a general form from

Dahl (1940). Once an initial measure is taken from an

even-aged stand of a given tree species, it is possible to

determine the relative space required by trees of that

species for all sizes. The formula for the number of

possible trees of mountain ash of a given size is

N � eK

D1:605
: (2)

where D is the diameter, measured at breast height

(DBH), of a tree in centimetres, N the maximum

number of trees of the given DBH per hectare and

K a species-dependent parameter. For mountain ash, K

is 9.2633 (from Ashton (1976)).

The inverse of N is the amount of space a tree of

diameter D requires, S(D) (in hectares)

S�D� � eÿKD1:605; (3)

where S(D) is the space, in ha, each tree requires. For

example, S � 0.051 ha for a D of 50 cm and

S � 0.154 ha for a tree diameters of 1 m. The relation-

ship between the number of trees per hectare for

different diameters is shown in Fig. 5(a). Without

specifying the limiting resource, it is impossible to

calculate how much of the resource is used by trees in

various states of decay. For the purposes of this study,

tree forms 1±8 use, or prevent other trees from using,

progressively less of the limiting resource. For exam-

ple, we assumed a Form 5 tree uses 20% of the

resource required by a Form 0 tree of the same

diameter. The values used in this study are displayed

in Fig. 5(b). When the ratio of decayed to healthy trees

is high and the forest is near or at its maximum

crowding, then errors in the estimation of resource

use by these damaged and dead trees may be signi®-

cant. However, this situation rarely occurs in our

model.

Overcrowding can occur after the growth phase of

stand development and initiates the self-thinning

phase. In self-thinning, trees are removed (i.e. collapse

or die) from the forest until the stand is no longer

overcrowded. Trees of the smallest size class are

removed ®rst, followed by the next smallest, and so

on. Trees in size class 18 or higher might not imme-

diately collapse, but might be transferred to tree Form

3 (dead trees with most branches still intact, see

Fig. 1). The frequency with which these trees will

be transferred to tree Form 3 rather than collapsing is

based upon a quadratic function of the tree's size class.

[Hence, it is approximately linearly dependent on the

basal area of the trees.] The function is set so that trees

in size class 18 or lower have a 100% chance of

collapsing and 100% of trees in size class 50 will

remain standing in Form 3 after they die through

overcrowding. When overcrowding effects trees in

larger size classes, trees in Form 2 will be the ®rst

ones transferred to tree Form 3 followed by Form 1

trees and then those in Form 0, until the forest is no

longer overcrowded.

Recruitment generally occurs in mountain ash only

after a disturbance (Attiwill, 1994). The only source of

disturbance in this model is timber harvesting, because
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the impacts of wild®res have been excluded. During

the recruitment phase, trees ®ll out the ®rst size class

(trees <5 cm) so that the forest is again at maximum

stocking.

2.7. Timber harvesting

Timber harvesting is managed through the harvest-

ing sub-model, which allows the user to simulate most

of the typical harvesting regimes used in Australian

forests. There are two types of harvesting. In the ®rst

type, the user speci®es the number of trees of a

particular quality to be retained. An example might

be to retain ®ve `good' trees and three `mediocre' ones

on every hectare, where the characteristics of `good'

and `mediocre' trees are speci®ed in the sub-model.

For example, `good' could be all trees between size

classes 26 and 50 (the maximum size class) which are

in tree forms 0 or 1 and `mediocre' could be de®ned as

trees in tree forms 0, 1 and 2 (i.e. living stems) and

Fig. 5. Spatial requirements: (a) maximum number of Form 0 trees haÿ1 (calculated from Ashton, 1976), and (b) the amount of space used or

required by trees of different forms. These are given as a proportion of the amount of space a tree of Form 0 uses.
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between size classes 16 and 18. The second type of

instruction is the removal of a proportion of trees in

any given state or range of states. A simple example of

this prescription is to remove 100% of trees below a

certain size which have no hollows. A number of

harvesting instructions can be combined to make a

harvesting operation and any number of different

harvesting operations can be included in a rotation

period. The operations in a rotation period are

repeated for the length of the simulation.

The model does not allow any distinction to be

made between the trees in any single state. Hence, if

one tree is retained in a particular state, it will be an

average tree and cannot be a tree which is exceptional

in any characteristic for that state. Harvested trees are

completely removed from the system and no count is

kept of them.

When trees are set aside for retention and the rest of

a stand is harvested, there is an increased rate of

mortality for those retained stems. This higher mor-

tality rate is caused both, by the increased exposure of

the trees to changed wind, temperature, and other

environmental features after logging and the effects

of high-intensity post-logging burns used to promote

regeneration. Mortality rates can be set in the pro-

gramme as the proportion of the retained trees which

will collapse within a single time step. The default

setting for this is zero, which means that there is no

additional mortality or accelerated rates of collapse for

retained trees. The results of ®eld observations (Lin-

denmayer et al., unpublished data) indicates that we

would expect 50% or more of retained trees to collapse

soon after logging.

2.8. Hollows

The dynamics of three types of hollows in trees can

be followed in this model. This is especially important

for fauna species that prefer speci®c hollow types.

These types of hollows, for mountain ash trees, are

holes, ®ssures, and hollow branches. For each tree

form and size class, there is an expected number of

each of these hollows per tree. This can be used to

calculate the expected number of each type of hollow

for the entire stand. The values for mountain ash are

displayed in Fig. 6 and they are based on extensive

statistical analysis by Lindenmayer et al. (1993). The

default output of the model is the number of trees

which have hollows, rather than the total number of

different types of hollows summed across all hollow-

bearing stems of given types within the stand. The

programme also has the option of allowing the exam-

ination of each of the different types of hollows

individually.

Fig. 6. Number of different types of hollows in Form 1 trees (living with hollows) of different size classes. Adapted from Lindenmayer et al.

(1993).
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2.9. Output

HOLSIM allows the user to specify two types of

output. It can produce a time series of the number of

hollow-bearing trees in the stand, or the number of a

particular type of cavity (i.e. a hole, hollow branch or

®ssure). Additionally, it can extract the minimum,

average, and maximum number of hollow-bearing

trees over a pre-de®ned period. For the scenarios

described below, we extracted the `steady-state' sta-

tistics on the hollow dynamics by setting the statistical

extraction period to 650±749 years. This was ample

time for each of the scenarios to achieve a stable cycle

of number of trees with hollows and predicts hollow

dynamics if a harvesting system is implemented over a

long time.

The minimum number of hollow-bearing trees

was the primary measure taken in our study. This

was because it is a re¯ection of the likelihood that

a stand would support trees suitable for occupation

by hollow-dependent animals (Gibbons and Linden-

mayer, 1996).

2.10. Scenarios explored

We simulated three harvesting strategies in this

study. In each of them, a speci®ed number of trees

are retained and the rest removed during each

harvesting event. In every scenario, we use a 25-ha

logging area and a ®xed rotation time. In the ®rst

set of simulations, only trees which already contained

hollows were retained. In the second set of simula-

tions, the quota of trees to be retained was met by

®rst retaining trees with hollows, and then the other

trees if necessary. In both these sets of simulations,

there was no extra mortality of the retained trees

associated with each harvesting event. The number

of trees retained per hectare was varied along with

the harvest rotation length between each simulation.

In the last set of simulations, retained trees suffered

higher post-harvest mortality due to the effects of

increased exposure and also a high-intensity regen-

eration burn following logging. Here, we explored the

impact of changing the rotation time and increased

harvest-related mortality levels on hollow dynamics.

In all scenarios, the forest started as a newly cleared

stand with a 150-year period before the next tree

harvesting event.

3. Results

3.1. Scenario 1: Retention of hollow bearing trees

To ensure the stand supported some trees with

hollows at any particular time, it was ®rst harvested,

and logging did not begin until 200 years after initial

disturbance. In each scenario, 10 trees haÿ1 were

retained at every tree harvest, the rest being removed.

Only trees which already had hollows (tree forms 1±8)

were eligible for retention (when there are <10

trees haÿ1 with hollows on the stand, then all are

retained). The effect of the rotation length on the

hollow dynamics was explored with rotation lengths

of 50, 100, 120 and 150 years.

The number of hollow-bearing trees peaks before

the ®rst logging event and then tends towards zero

(Fig. 7). The strategy fails to sustain hollows in the

long term, because 50 years is too short for hollows to

develop. The only hollow-bearing trees that remain in

the system are those left after the ®rst cycle. When the

rotation time is 100 years or longer, it is possible for

new trees with hollows to develop and numbers even-

tually reach a non-zero equilibrium (Table 3). This

equilibrium usually occurred after 1000 year, and is

well below the 10 trees haÿ1 which we might naively

expect.

3.2. Scenario 2: Retention of trees with or without

hollows

In this scenario, when there were not enough trees

with hollows to ®ll the retention quota, other trees

were retained to make up the numbers, starting with

the largest stems. As in Scenario 1, there was no added

mortality among retained trees following harvesting.

Table 3

The long-term number of trees with hollows which arise when up

to 10 trees with hollows per hectare are retained with varying

rotation times

Retain only trees with hollows

rotation length trees with hollows per ha

50 0.00

100 0.44

120 1.80

150 2.81
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This might correspond to a situation where effective

windbreaks are added to protect retained trees, per-

haps clumping all the retained trees across the 25-ha

stand, and where logging debris was dispersed without

burning. Rotation lengths of 50 and 100 years were

tested with the number of trees retained per hectare

being 1, 5, 10, and 20. The performance measure is the

minimum number of trees which had hollows between

the years 650 and 749. This length of time was chosen

to allow the system to settle into a cycle. Generally, the

system had stabilised much sooner than 650 years. The

harvesting event occurred at the end of the cycle and

the stand was allowed to grow for 50 years before the

cycle started.

Fig. 8 displays the results of one run in Scenario 2.

The minimum values that occur when the system

stabilises is given in Fig. 8(b). The graph shows the

increasing number of trees with hollows supported at

different levels of tree retention. Our simulations

suggest that the harvest rotation time has little effect

on the abundance of hollow-bearing trees when there

is no extra post-logging mortality.

3.3. Scenario 3: Tree retention with post-logging

mortality ± 10 trees haÿ1 retained

The ®nal scenario examined focussed on the effects

of mortality of trees that were retained after timber

harvesting. Rotation lengths of 50 and 100 years were

tested. The level of mortality of retained trees imme-

diately after a harvest was varied between 0% and

90%. The output was the minimum number of hollow-

bearing trees which occurred between 650 and 750

years.

The results from this series of simulations are

displayed in Fig. 9 and they show that the minimum

number of hollow-bearing trees tapers off quickly as

mortality increases. This decline is more dramatic

when the rotation time is 50 rather than 100 years.

4. Discussion

4.1. Retaining trees with hollows

It is quite clear from our simulations that a harvest-

ing strategy only retaining trees which already have

hollows is a disastrous method for ensuring that a

given level of trees with hollows is maintained. Moun-

tain ash trees only start to form hollows after a

minimum of 90 years (Ambrose, 1982); and, if all

of the trees without hollows were removed each 50

years, new ones would never form (Fig. 7). With a

rotation time of 100 years, the number of trees with

hollows remains small. This situation can be amelio-

rated by increasing the rotation time or by retaining

recruit trees which have not yet formed hollows, but

which will eventually form hollows (Scenario 2).

Fig. 7. A time series showing a logging regime where, at each harvest, up to 10 trees with hollows are retained in each hectare and the rest are

removed. The stand starts as a newly cleared stand and the first harvest occurs in Year 200. The harvest rotation is 50 years.
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In the second scenario, a set number of trees are

retained whether or not they all have hollows. For a

rotation length of 100 years or less, if only one tree per

hectare is set aside ± but this tree need not have

hollows (Fig. 8), we still end up with more trees

having hollows than the case where we can retain

up to ten trees per hectare, but only those which are

already hollow-bearing (Table 3). As the rotation

times increase, there is less discrepancy because more

trees form hollows between harvests.

4.2. Tree retention without post-logging mortality

When there is no post-logging mortality, the num-

ber of trees which have hollows is directly propor-

tional to the number of trees per hectare being

retained. This proportion is relatively stable with

varying numbers of trees retained and under different

harvesting intervals. Approximately 35% of the trees

being retained are not hollow-bearing stems, but they

will replace the existing hollow-bearing trees that are

lost as a result of mortality.

4.3. Tree retention with post-logging mortality

It was not surprising that the number of trees with

hollows decreases as the mortality rate increases. The

interesting result is that this change is not linear. For

example, when there was 50% post-logging mortality,

the number of hollow-bearing trees remaining was less

Fig. 8. Results from Scenario 2. (a) Time series from a single run. The logging regime has 10 trees haÿ1 retained (with or without hollows)

and a 50-year rotation. The first harvest occurs at 200 years. (b) The minimum number of trees with hollows per hectare in each rotation cycle

after the simulation has stabilised. It is plotted against the number of trees retained.
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than half the number which occurred when there was

no additional post-logging mortality. This is evident

when a 100-year rotation was implemented, and it is

much stronger when the rotation length is only 50

years. The reason that this occurred is that with each

cut, a proportion of all retained trees collapsed (nota-

bly the largest stems which were being preferentially

retained). When there was limited mortality, these

trees persisted through several harvesting events and

fewer of the retained trees need be small hollowless

trees. However, with added mortality, few trees may

grow large enough for hollows to form. Replacement

is limited because of the length of time it takes for a

tree to form hollows.

4.4. Assumptions and limitations

The main limitations of HOLSIM were that:

� the stand consisted of a single species of trees;

� every year was the same, with no year-to-year

environmental variability;

� there was no spatial complexity in the stand; and

� random catastrophes, like fire, were not considered.

The primary limitation of the model is that the

modelled stand consists of a single species of trees.

This is appropriate in the study because stands of

mountain ash are generally dominated by this one

species. The effects of other organisms on the system

are assumed to be constant or insigni®cant, and pre-

sumably limited to non-tree species (such as shrubs

and insects). While many harvested stands have sev-

eral tree species, if the hollow-forming properties are

similar, then this model may still be useful to explore

the impact of various logging and tree-retention stra-

tegies.

Spatial complexity is not included in the model. If

complete information of the position of every tree and

the geography of every hectare were included, then it

would be dif®cult to parameterise the model and

would add no further insight into the impact of

different management options. More detailed spatial

information might be useful for a stand which contains

gross geographic features, such as half of it being on a

steep slope and the other half on ¯at ground. However,

in this case, the model could be used by simulating the

two sub-stands independently and then combining the

results.

Catastrophes were not included in the model. Ran-

dom events could not be added to the model without

turning it into a Monte-Carlo simulation, which would

then require extensive repetition to generate results.

Fires are an important part of Australian forest ecol-

ogy and excluding them places some constraints on

the applicability of the model. However, as the model

represents an average forest, the inclusion of ®res

Fig. 9. Results from Scenario 3. The minimum number of trees with hollows per hectare which occur in a rotation cycle after a steady cycle

has been reached. Mortality proportion is the proportion of trees which are to be retained, but collapse immediately following a tree-harvesting

event.
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would be very dif®cult. Wild®res can have a substan-

tial effect on an individual stand, but they occur at

unpredictable time intervals. It is, however, possible

to study the effects of a particular ®re event at a

speci®c time. If one were interested in observing

the effects of a single ®re on a stand, then the ®re

could be simply included as a special type of timber

harvesting operation.

5. Conclusions

HOLSIM is intended to be a planning tool for

wildlife planners and forest managers to help them

forecast long-term stand conditions arising from forest

management regimes. The programme aids in the

examination of the potential effects of an array of

interacting factors that in¯uence the dynamics and

structure of forest ecosystems. It can be used to

determine whether given management strategies are

likely to meet particular stand-structure targets that

have been set by managers. It also allows managers to

anticipate the possible impacts of forestry operations

on hollow-dependent fauna.

There are a number of points which arose from the

mountain ash scenarios which have implications for

tree harvesting operations upon these forests. These

are presented in the following.

� It is clear that it is not sufficient to retain only those

trees which already have hollows unless a very long

(>100 years) rotation cycle is in place. As the

hollow-bearing trees age and collapse, it is neces-

sary to retain trees which are not yet hollow bearing

in order to replace them with those that are.

� When the retained trees are completely protected

from the normal factors which increase mortality

during, and following a harvesting event, and

retained trees are not restricted to those already

possessing hollows, the minimum number of trees

with hollows is independent of the rotation length.

In this case, the number of trees with hollows which

persist on the stand is simply proportional to the

number which are retained.

� Additional mortality associated with logging on

retained trees cannot be countered simply by reser-

ving more trees so that the same number survive.

This is because of the non-linear effect of the

additional mortality. For example, when there is

50% mortality of retained trees, it is not enough to

double the number of trees retained to get the same

number of trees with hollows persisting in the

stand. A greater proportion of the trees retained

must be `recruitment' trees, which do not yet have

hollows, but are being retained to replace those

which do as they age, collapse, and suffer tree

harvesting-related mortality.

� A short rotation time can greatly exaggerate the

effect of additional post-logging mortality. This

implies that introducing measures to reduce post-

logging mortality could well be the most cost-

effective way of ensuring the persistence of ade-

quate numbers of trees with hollows. Such mea-

sures could include the retention of trees in clumps

to decrease effects of exposure and clearing brush

from the base of retained trees before applying

post-logging regeneration burns.
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