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Project Summary

This report describes a project undertaken for the Resource and Conservation Assessment
Council (RACAC) as part of the regional assessments of western New South Wales.
RACAC advises the State Government on broad-based land use planning and allocation
issues. An essential process for the western regional assessments is to identify gaps in data
information and the best ways in which to proceed with data gathering and evaluation.

PROJECT OBJECTIVE/S

The biometrics component of the WRA/FRAMES process includes the development of a
model to predict forest growth.  The proposed growth model has five objectives:

n To collate and validate appropriate SFNSW repeated measurement data sets for Western
species into accessible format functions essential for formulating a growth model. These
data sets were the permanent growth plots and continuous forest inventories described in
section 1.2.

n To develop and test growth increment functions essential for building a growth model.
Chapter 1 describes the development of an individual-tree growth (basal area increment)
prediction model.

n To develop and test mortality and recruitment functions for a growth model. Chapters 2
and 3 describe the development of individual mortality and recruitment.

n To refine and test taper and volume functions for key commercial species. Little variation
to tree taper within the bioregion was found and a refinement of the taper and volume
functions was therefore not required.

n To combine key growth functions into a system of models (growth model) that can predict
future tree or stand variables suitable for predicting future management options for these
forests.
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METHODS

Data from State Forests Permanent Growth Plot (PGP) System and Continuous Forest
Inventory  (CFI) system were used to develop a set of equations for four species groups
based on a combination of individual tree and stand parameters.  Due to limited data for
some species (most species had less than 100 tree observations) there was a need to
amalgamate some species into groups. White cypress pine had sufficient data and was
modelled separately.

The same Growth Plots were used to develop a model to predict the number of stems
reaching a threshold diameter of 10cm at breast height (1.3 m).  Again due to limited data
(only 424 plot measurements available) a single model was fitted for all forest types.  This
model consists of two parts, a logistic function to predict the likelihood of recruitment to
occur and an equation to predict the amount of recruitment. These growth plots were again
used to develop a logistic function to predict mortality of individual trees based on a
combination of individual tree and stand parameters.  Due to limited data (only 650 dead
trees out of over 15 500 trees), four models (representing the species groups used for
modelling diameter growth) were fitted for all species in the Bioregion.  These models are
based on the probability of survival and then subtracting it from one to give the likelihood of
mortality for a given tree.  Important  (commercial) species groups (white cypress pine and
ironbark) were fitted with individual models.

KEY RESULTS AND PRODUCTS

The models developed were tested by simulation and found to behave in a manner consistent
with the theory of growth.  Therefore, it is assumed that they should be able to reliably
predict growth in diameter across a wide range of tree sizes, stand conditions and site
productivity classes in the Nandewar Bioregion of Western New South Wales.

It should be noted that the models developed for this study are not the only possible models
for modelling growth.

The recruitment model developed is expected to reliably predict across a wide range of forest
types and stand conditions reflected in the Nandewar Bioregion of Western New South
Wales.

The mortality models reliably predict mortality within a wide range of species groups and
stand conditions in the Nandewar Bioregion of Western New South Wales.  Apart from the
models for white cypress pine and ironbark, the models for the other two species groups
based on such a broad database for many species (shade tolerant and intolerant) are not
expected to be the best for a given species.



IV N SW  W EST ER N  R EG IO N AL A SS ES S MEN T S –  N AN D EW AR

BIOMETRIC MODELS

Acronyms and abbreviations

BBS

WRA

=

=

Brigalow Belt South

Western Regional Assessment

PGP = Permanent Growth Plot

CFI = Continuous Forest Inventory

DBH = Diameter at breast height (1.3m above ground) over bark in cm

DINC = Mean periodic diameter increment (cm/year)

DEC = Department of Environment and Conservation

CFI = Continuous Forest Inventory

BA = Stand basal area  (m2/ha)

BAL = Basal area of larger trees than a given tree or overtopping basal area

RACAC = Resource and Conservation Assessment Council

RACD = Resource and Conservation Division

SPH = Stocking (stems per ha)

SDI = Stand density index  (stems per ha)

SFNSW = State Forests of NSW
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1 DIAMETER GROWTH

1.1 INTRODUCTION

The Forest Resource and Management Evaluation System (FRAMES) developed for the
New South Wales Western Regional Assessment (WRA) and CRA/RFA process provides a
planning tool that can determine sustainable wood flow for a range of management options
and varying resource base.  A key element in FRAMES is a series of biometric models that
make up the growth model component of the Yield Simulator.  Most growth models require
the inclusion of many components, but the three major types of functions for native forest
growth modelling include diameter or basal area increment, mortality and recruitment.
These models, based on a range of long term repeated measurement plots, predict diameter
growth, mortality and recruitment of individual trees through time.

The Diameter or Basal Area Increment Models (DIMs or BAIMs) form the core of the
FRAMES growth models.  When applied to individual trees within each Strategic Inventory
Plot, the DIMs are capable of predicting the growth in diameter at breast height over bark
(dbhob) at yearly intervals.  As for the Coastal regions, Distance-Independent Individual
Tree Modelling approach was selected for diameter increment modelling in the FRAMES
Yield Simulator.  Distance-independent individual tree models are the most suitable diameter
growth models given the nature of the data available.  Distance-dependent individual tree
models were not utilised because of the lack of data on the spatial distribution of trees within
plots.  Spatial data are not routinely collected in inventories.  However, distance independent
models, using overtopping basal area and crown competition factors as measures of density,
have been found to be equally good if not better than distance dependent models (Vanclay
1994; Wykoff 1990; Huang and Titus 1995).

From the available literature (Vanclay 1994), there are many kinds of functions that could be
used for modelling diameter growth.  These models predict annual or periodic growth of
individual trees which is added to the initial tree size to give future tree size.  Growth and
yield can be modelled in terms of either basal area or diameter.  Some modellers prefer to
use tree basal area increment instead of diameter increment because basal area is more
directly related to volume.  However, Wykoff (1990) and Huang and Titus (1995) argue that
there is no difference between the two model forms. It does not matter which variable is
used, diameter or basal area.  Since growth is nonlinear, a literature review was undertaken
for a nonlinear model that could be used (see Zeide 1993; Vanclay 1994; Ratkowsky 1990).
Given the general factors that can affect diameter growth, it was necessary to choose (i) the
general structure of the model, (ii) the form of the dependent variable, (iii) the method for
handling the error structure of the model during prediction, and (iv) the appropriate
transformations of independent variables.  After careful consideration including a literature
review, it was decided to predict the mean periodic basal area increment rather than mean
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annual increment because plots are not remeasured annually.  State Forests PGP and CFI
plots are measured at irregular intervals due to harvesting or fires.  This periodic
measurement data is commonly used in Forest modelling data, (Wykoff 1990; Huang and
Titus 1995; Monserud and Sterba 1995).  It should be noted that measurement periods varied
from 1 to 20 years for data, which makes using periodic growth more difficult.  Mean
periodic Basal Area Increment Models (BAIMs), fitted for individual trees within species
groups, were defined as a function of:

n Species;

n Tree size (i.e. dbhob);

n Silvicultural treatment; and

n Tree competition (plot basal area, overtopping basal area).

Data were not available for site productivity factors such as soil drainage, rainfall, and
temperature.  Therefore, the models fitted for Nandewar Bioregion excluded these variables.

1.2 MATERIALS AND METHODS

1.2.1 Data Collation

Data collation was done for Brigalow Belt South (BBS) Project. This data was deemed
suitable for use in the Nandewar Region and no further data collation was undertaken.  The
descriptions below apply to both BBS and Nandewar data.

The growth models were developed from the data contained in the State Forests of NSW
PGP and CFI plots databases.  Continuous Forest Inventory plots were established as early
as 1964 in Pilliga State Forest, whilst elsewhere the first PGPs were established in 1996 and
have had only 2 re-measurements.

1.2.2 Plot Characteristics

All CFI plots were fixed area plots of 0.1011 hectares (ha).  The CFI plots were originally
established as quarter (1/4) acre plots.  The PGPs were established as concentric plots as
shown in Table 1-A.  From the table, it can be seen that dbhob measurement varied with the
plot size.  For the inner plot (0.2 hectares plot) all trees were measured, while for 0.5
hectares plot only trees bigger than 30 cm dbhob were measured.  Only the 0.2 hectare plots
could be used for modelling recruitment and mortality.

Since PGPs and CFI plots had different minimum dbhob measured at 8cm and 10cm
respectively, 10cm dbhob was used as the minimum dbhob for both CFI and PGPs. The
strategic inventory was also measured at 10cm minimum dbhob.
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TABLE 1-A

PLOT SIZES FOR PGP AND CFI PLOTS

Plot Type
Size Class

Dbhob (cm) Plot radius (m) Plot area (ha)

8+ 25.23 0.2PGPs

30+ 39.89 0.5

CFI 10+ 17.94 0.1011

The primary objective of the PGPs was to provide accurate and reliable growth data for the
main productive forest types.

PGPs were measured at establishment in 1996/7 and subsequently remeasured during the
CRA period 2000/2001 or at the time of harvesting.  CFI plots were measured at
establishment then remeasured in 1972/73, 1984/85 and 2000/2001.  As a result, these plots
have measurement intervals varying from one year to 20 years. Most of the PGP data had
only two re-measurements, while CFI plots have had up to 5 re-measurements (see Table 1-
B).

TABLE 1-B

NUMBER OF PLOTS AND MEASUREMENTS
FOR PGP AND CFI DATABASES

No. of Measures 1 2 3 4 5 6

No. of Plots (PGPs) 14 14

No. of Plots (CFI) 140 140 139 138 29 1

1.2.3 Data Preparation

Data preparation methods used for Coastal CRA projects were also applied to the Western
Regional Assessment  (WRA) data (see the Reports on Biometric Models for Upper and
Lower North Coast CRA, and South Coast and Riverina CRA Regions for details).

1.2.4 Data Analysis

After data checking, some preliminary analysis was carried out. This involved calculation of
plot information from tree information.  The plot information calculated included mean
diameter increment, mean basal area increment, stand basal area in square metres per hectare
(m2/ha), stocking density (stems per ha), basal area of larger trees (m2/ha), and stand density
index (stems per ha).
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In calculating plot information, it was necessary to make the following corrections to the
database in order to avoid bias (similar corrections were applied to Coastal CRA Regions
Database).

Due to a series of re-measurement inconsistencies individual trees were found to appear or
disappear in the plots between the re-measurements.  This represented a data quality issue
that was addressed by the following methods.

(1) If the missed trees had a large dbhob they were given a modelled average diameter
increment.  This increment was required so that basic plot volumation was not biased.  They
were also identified in the database with a special code. The code used to fix this problem is
attached as Appendix 1.1.

(2) Elimination of plots due to harvesting between measurements.  Plots that were harvested
and not remeasured within measurement interval have a similar problem to that caused by
missing trees.  Plot information at the second re-measurement underestimates the same
attributes recorded at the first measure.

Therefore, the following rules were used to eliminate some of the harvested plots.

a) All harvested plots were marked.

b) Number of trees harvested was calculated.

c) If the harvested tree had no dbhob measured, then the number of harvested trees with
missing dbhob as a proportion of the total was calculated.  This plot was excluded if more
than 10% of stocking or more than three trees had no dbhob measurement.  For example a
plot with 10 trees and having 2 trees harvested with missing dbhob would not be included,
while a plot with 80 trees with three trees harvested with missing dbhob would be included.

d) This routine has a bias in that plots with a few trees missed were hardly dropped
compared to plots with many trees.  For example a 40-tree plot with 3 harvested trees would
be retained while a 100-tree plot with 4 trees harvested would be dropped.  This routine was
used because it was thought that compensating for lack of data on more than 10% or 3 trees
would lead to biased plot information.

e) A new dbhob was calculated for the missing trees for harvested plots retained as: Previous
dbhob + (growth interval (years) × previous mean periodic increment).  By doing this, it is
assumed that the tree maintained the same growth rate in this growth period.  This is not
necessarily true because climatic conditions could vary or the tree could have changed status
(eg changed dominance class).  No obvious alternatives were available at the time.

f) All plots with more than three trees or more than 10% of stems harvested were excluded
from any further calculations.  This resulted in dropping zero (0) plot measures in the PGP
database and 30 plot measures in the CFI database.  Trees given a new dbhob because they
were harvested, had to be assigned a new status code because they were not included in the
database for basal area/diameter increment modelling.

(3) Trees with negative or very high positive periodic mean increments.   All individual tree
dbhob records were plotted against measurement date and diameter increments against
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dbhob per tree within a given species and plot.  These plots could be used to judge whether
the increment was genuinely negative or high positive. All increments labelled as suspect
were classified as measurement and/or rounding errors.  This was achieved by plotting for
every tree diameter increment against dbhob for every measurement period.  Individual trees
could be examined by serial measurements.  As a result some of these trees were found to be
incorrect entries.  These were corrected where possible, either by the technician or for
differences that were consistent with the plot sheets, by the district (to be field checked if
possible).  However, not all increments outside the range could be resolved in this way.
These remained in the database (see Table 1-E).  From the plots of mean periodic diameter
increments against tree dbhob for these plots, trends were plotted.  The trends indicated that
plots with short remeasure periods (particularly less than 2 years) tended to have bigger
negative and positive increments compared to plots with higher remeasure periods.  This is
because a small mistake in measurement of 1 or 2 cm for a remeasure period of 1 or 2 years
would result in an error of 0.5 or 1 cm in periodic mean increment.  An error of the same
magnitude for 5-year period would result in an error of 0.2 or 0.4 cm in periodic mean
increment.  The error of the same magnitude over a 10-year period would result in an error
of 0.1 or 0.2 cm in periodic mean increment.  It was decided that all plots with remeasure
periods less than 2 years that had negative plot increments, or plots with persistent big
negative or big positive values were dropped from the database.  This resulted in not using 3
plot measures.

TABLE 1-C

THE DISTRIBUTION OF MEASURED
DIAMETER INCREMENTS BEFORE

EXCLUSIONS AND EDITING

Measured DINC DBH (cm)

10-20 20-30 30-40 40+

>0 9651 4138 919 609

0 98 35 3 11

-0.1 – 0 135 55 19 16

<-0.1 3 2 0 1

After editing, checking and dropping some plots, the database that remained is summarised
in Table 1-D for the PGP and CFI Databases.  Table 1-E shows the distribution of periodic
mean increments by dbhob.
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TABLE 1-D

NUMBER OF PLOTS AND MEASUREMENTS
FOR PGP AND CFI DATABASES AFTER

EDITING

No. of Measures 2 3 4 5 6 Total

PGP 14 14

CFI 115 131 130 27 1 404

Total 129 131 130 27 1 418

Note: Measure 1 was excluded from Table 1-D because plots with only one measure cannot
be used in growth modelling.

Although most of the plots with negative increments were dropped, a few remained.  From
Table 1-E, it can be seen that some trees with periodic mean increments below –0.1 cm/yr
were retained because the plots involved had positive mean periodic increments.

TABLE 1-E

THE DISTRIBUTION OF MEASURED TREE
DIAMETER INCREMENTS AFTER

EXCLUSIONS AND EDITING

Measured DINC DBH (cm)

10-20 20-30 30-40 40+

>0 9605 2914 640 437

0 84 24 3 9

-0.1 – 0 82 8 0 1

<-0.1 0 0 0 0

1.2.5 Data Representativeness for Nandewar Bioregion

Table 1-F and Figure 1-A show the distribution of stand and tree variables available for
growth modelling. The range for both the PGP data used for modelling and the strategic
inventory data to which the growth models are applied are similar.

DBH (in cm) was put in classes of 10 –14.9 as class 10, 15-19.9 as class 15, 20-24.9 as class
20, 25-29.9 as class 25, 30-39.9 as class 30 and 40+ as class 40 shown in Figure 1-A.  This
shows that the distribution of the trees by DBH is the same for both strategic inventory
(INV) and the data used to fit the models (PGP).  The only difference is that the strategic
inventory has more data per diameter class than the PGP.
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TABLE 1-F

COMPARISON OF THE VARIABLES FOR
GROWTH MODELLING AND STRATEGIC

INVENTORY DATA

Nandewar PGPs Data Nandewar Strategic Inventory Data

Distribution Measures Distribution Measures

N Min Max mean SD SK KU N Min Max mean SD SK KU

BA 9 9.5 26.2 14.6 4.8 1.8* 7.1* 44 1.3 38.7 16.3 7.7 0.3 3.3

SPH 9 210 905 382 206 2.4* 9.6* 44 17 1167 512 281 0.2 2.2

DBH 632 10 81.0 20.5 8.4 2.2* 11.3* 1532 10 112.5 18.3 8.4 3.4* 24*

DBHwcp 495 10 38.5 18.9 5.7 0.5* 2.8 731 10 36.6 16.8 5.0 0.8* 3.4

DBHibk 45 11 52.5 23.9 10.2 0.9* 3.2 305 10 59.6 21.1 9.9 1.6* 5.4*

All PGPs (Nandewar and BBS) Data

BA 418 1.3 26.2 12.4 4.3 0.3 3.05

SPH 418 39 1147 350 174 0.5* 2.55*

DBH 10 107.5 18.4 8.4 2.7* 14.6*

Note: N=number of observations; Min=minimum value; Max=maximum value; Mean=mean value;
SD=standard deviation; SK=skewness; and KU=kurtosis. The star (*) on the skewness and kurtosis
values indicate that they were significantly different from 0 and 3 respectively.

FIGURE 1-A

DIAMETER DISTRIBUTION FOR FITDATA
(PGP) AND STRATEGIC INVENTORY (INV)

FOR NANDEWAR
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1.2.6 Model Selection

No ‘new’ models were selected as there was no additional data to the BBS PGPs and CFI
data.  The environmental variables such as temperature, rainfall and soil drainage were not
available in time therefore all the BBS had to have refit diameter increment models that
contained soil drainage, temperature or rainfall as independent variables.  From Appendix 2
of the BBS Biometrics report, it can be seen that all the four species groups had either soils
or temperature as independent variables. This required the data to be refitted for all four
biometric models.

1.3 RESULTS

1.3.1 Model Form

The model form of the dependent variable used was the natural log mean periodic basal area
increment (LBAi).  This model form is the same as one used for BBS. The only difference is
that environmental variables were removed. Thus, the dependent variable used was (LBAi)=
ln(BAinc+CF2); where BAinc is the mean periodic basal area increment (cm2/yr), ln is the
natural logarithm and CF2 is the constant. All the BAIMs developed for the Yield Simulator
have the following standard form:

++++++= )ln()100/()ln()/10( 5
2

43210 BAGDBHGDBHGDBHGDBHGGLBAi
   TRMTGAgeclassGBABALGBALGBAG 109876 )/( ++++ 1.1

where LBAi=the natural log of (mean periodic basal area increment+CF2) and the
predicted basal area increment (BAI) is calculated as: [Exp(LBAi)*CF1]-CF2.

CF2 = correction factor used to normalise the residuals and compensate for negative
and zero diameter increment values (as explained above),

CF1 = correction factor for the bias associated with logarithmic transformation
(Flewelling and Pienaar 1981),

Exp = exponential value (approximately 2.71828183); ln=natural logarithm,

Age_class = 1 for a tree regenerated 1950 and after and 0 for a tree regenerated
before 1950; and

TRMT=Silvicultural stand treatment used as a dummy variable (0 for untreated
stands and 1for treated stands).   All other variables as already defined.

Note that ‘Soils’ and ‘temp’ representing soil drainage and mean temperature from the model
form used for BBS have been removed.   These environmental variables were not available
for the strategic inventory, therefore they cannot be used in the model.

Since tree basal area increment was predicted instead of tree dbhob, predicted BAI was
converted into dbhob as follows:
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Predicted individual tree dbhob (cm) = ∑((tree BA+BAI)*4)/π), where π=22/7;

The models were fitted to over 13 500 observations, which implicitly recognised that the 4
species groups share varying diameter growth parameters.  Estimated parameters (G0 to G10)
and standard errors (in brackets) for the individual basal area increment (BAIM) equation
(Equation 1.1) are presented in Appendix 1.2.

1.3.2 Silvicultural Treatment/Management History

There were 10 stand structure classes used in the strategic inventory that related to stand
management history for BBS and these same classes were used for Nandewar Bioregion.
Stand management history was believed to influence both individual tree growth and
regeneration as well because treating a stand by thinning will open it up and increase the
nutrients available to individual trees creating gaps to allow regeneration. This could also
reduce the tree’s chances of dying due to competition and lack of nutrients. Table 1-G shows
the ten-stand treatment options.

TABLE 1-G

STAND STRUCTURE

Code Description

1 Predominantly thinned 1890’s stand

2 Predominantly thinned 1890’s stand and inadequately thinned 1950’s
regeneration (i.e. <6m spacing)

3 Predominantly thinned 1890’s stand and adequately thinned 1950’s
regeneration (i.e. =>6m spacing)

4 Predominantly thinned 1890’s stand and unthinned 1950’s regeneration

5 Predominantly unthinned 1890’s stand

6 Predominantly unthinned 1890’s stand and unthinned 1950’s regeneration

7 Predominantly inadequately thinned 1950’s stand (i.e. <6m spacing)

8 Predominantly adequately thinned 1950’s stand (i.e. =>6m spacing)

9 Predominantly unthinned 1950’s stand

10 No commercial cypress within the stand

For the purposes of modelling ingrowth (recruitment) and mortality, the 10 classes were
divided into 2 classes (a dummy variable) as: TRMT=0 when stand structure in (5,6,9,10);
else TRMT=1. These classes were used assuming that untreated or poorly treated stands will
not encourage regeneration.

For the purposes of modelling growth (basal area increment), the 10 classes were divided
into 2 classes (a dummy variable) as: TRMT=0 (for untreated stands) when stand structure
class was in (1,4,5,6,9,10) and else TRMT=1 (for treated stands). These classes were used
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assuming that untreated or poorly treated and old stands (1890 trees) stands will not be
growing as vigorous as young and treated stands.

1.3.3 Environmental Variables

There were no environmental variables in the Nandewar Strategic Inventory, hence they
were not included in the models

1.3.4 Goodness-of-fit tests for Basal Area Increment Model

Plots of residuals against predictor and predicted variables are a good indicator of how
biased a model is. Two figures for the plot of residuals are below.  Figures 1-B and 1-C show
the plot of residuals against predicted diameter (DBH) for cypress pine and ironbark (the
important commercial species) respectively and Figure 1-D shows the plot of residuals
against the measured diameter (DBH) for all species.

FIGURE 1-B

PLOT OF RESIDUALS AGAINST PREDICTED
DIAMETER FOR WHITE CYPRESS PINE

(SPECIES GROUP 1)

Please note that periodic residuals equal sum of mean periodic increments over the
measurement period due to availability of annual increments.  Thus Periodic residuals =
measured DBH – (measure period*predicted mean periodic increment) for the given tree.

From Figure 1-B, shows there is no systematic biases resulting from the use of Equation 1.1
to predict diameter increment for Nandewar.  There are large differences both negative and
positive, which indicates that the model will give unbiased predictions.  A similar trend is
observed for ironbark species (Figure 1-C).
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FIGURE 1-C

PLOT OF RESIDUALS AGAINST PREDICTED
DIAMETER FOR IRONBARK (SPECIES

GROUP 2)

Figure 1-D shows that predictions for the other species (non-commercial species).

FIGURE 1-D

PLOT OF RESIDUALS AGAINST MEASURED
DIAMETER FOR ALL SPECIES

1.4 DISCUSSION

1.4.1 Variation Between BAIMs
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Species group

BAIMs were developed for 4 broad species groups.  Because of the large number of species
and limited data, it was important to find sensible groupings of species based on their growth
potential.  The same four species groups were used for BBS.

The species groups were:

Group I – White Cypress Pine (WCP).

Group II – Ironbark species, all ironbark species were grouped together because only NIB
had enough data to be modelled separately.

Group III – included all other eucalyptus species (boxes, gums, stringybarks and
bloodwoods).

Group IV – Oaks (bull oak) and wattles could not be put together with any other group
because of their dbhob range.

Black cypress pine (BCP) was included with group 4 because its dbhob range (<=40cm) was
similar to that for WCP and group 4. It was not put together with WCP because WCP had
regeneration age, as an important measured variable while BCP did not.

BCP would not be included with groups 2 or 3 because these species groups have big dbhob
ranges. Experienced State Forest staff  assigned species with insufficient or no data into the
existing groups.  The species included in each group are listed in Appendix 1.3.

Availability of environmental parameters

Tree diameter growth in the west of the state is dependent on a range of environmental
factors, including rainfall, temperature, soil drainage and slope.  During modelling for BBS,
apart from soil drainage, the data range for the other variables was very narrow and as a
result for most species groups the variables were found to be insignificant.   However, for
Nandewar Bioregion, at least slope should be a significant variable because it is known that
trees on the lower slope and in the valleys tend to grow better than uphill trees because of
soil depth and nutrient availability. Slope could not be used as an independent variable
because it was found insignificant for the BBS model.   Since the Strategic Inventory was
stratified for the Nandewar resource by slope into the less than 10 degrees and 10+
categories, it is hoped that the strata are more homogenous and they will be modelled
without loss in precision.

1.4.2 Growth Model Modifier

The longer the time of simulation (ie 30 years or more), the less likely the individual tree
based recruitment and mortality models will be able to track the dynamics of the stand.
Predicted stand basal area (the sum of individual tree basal areas) could possibly reach
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levels, which have not been observed in these forests.  A parallel stand-based basal area
model was developed to constrain the individual tree growth model results.  The simple BA
model developed uses initial basal area, initial stocking and treatment history.  Due to data
limitation, a single model was developed for all species groups.

The general model for Predicted Stand Basal Area (BA2) fitted for all species groups was:

[ ]TRMTBSPHBBABBABBBABA 4131211012 )ln()ln(exp ++++= 1.2

where  BA2 = the predicted BA at future time 2,

 ln = natural logarithm,

 BA1 = BA at the beginning of the growth period,

 SPH1 = initial stocking (number of stems per ha),

TRMT= TRMT=0 when stand structure class in (1,4,5,6,9,10) and else
TRMT=1.

The environmental variable ‘Soils’, representing soil drainage, used for BBS Growth
Modifier was dropped for the Nandewar model because the soil drainage information is
missing for the Strategic Inventory for Nandewar.

The predicted basal area is used to constrain the diameter growth model predictions where
the sum of basal areas of projected individual trees, after the growth period, is found to be
higher than the predicted basal area.  The constraint is:

(1) Adjusted diameters: DBH(adjusted) = square root {(BA2/∑ba)} × DBH(unadjusted)

(2) Adjusted Basal Area of individual trees = (BA2/∑ba) × ba.

where ba is the future basal area of individual trees based on the basal area increment model.

The basal area model was fitted using about 418 plot observations.  Estimated parameters
(B0 to B4) and standard errors (in brackets) for Equation 1.2 are presented in Figure 1-H
below.  All variables were significant (α=0.05).

TABLE 1-H

STAND BASAL AREA MODEL COEFFICIENTS
AND THEIR STANDARD ERRORS
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Variable Coefficient (Standard errors)

B0 (Intercept) 0.06130(0.01020)

B1 (BA) 0.00104(0.00044)

B2 (Log(BA)) -0.03390(0.00632)

B3 (Log(SPH)) 0.00426(0.00080)

B4 (TRMT) 0.00198(0.00089)

1.4.3 Goodness-of-fit tests for Growth Model Modifier

Plots of residuals against predictor and predicted variables are a good indicator of how
biased a model is.  Figure 1-E shows the plot of residuals against predicted stand basal area
(m2/ha).  From Figure 1-E, it is seen that there is no systematic biases resulting from using
Equation 1.2 to predict future stand basal area for Nandewar (9 plots).).

Note that periodic residuals equal the sum of mean periodic increments over the
measurement period because annual increments were not available.  Thus Periodic residuals
= measured BA – (measure period*predicted mean periodic increment) for the stand.

FIGURE 1-E

PLOT OF RESIDUALS AGAINST PREDICTED
STAND BASAL AREA

 1.4.4 Growth Model Evaluation

To evaluate the model it is necessary to use simulation studies because no independent data
set was available.  It can be seen from Equation 1.1 that the model is dependent on individual
tree size, total stand basal area, overtopping basal area, and treatment history.  It is difficult
to allow stand treatment to vary for any simulation.  Hence, it was maintained as a constant

-2.00

-1.50

-1.00

-0.50
0.00

0.50

1.00

1.50

2.00

0 5 10 15 20 25 30

Predicted Stand Basal Area

Pe
rio

di
c 

Re
si

du
al

s



N SW  W EST ER N  R EG IO N AL A SS ES S MEN T S –  N AN D EW AR 15

value (TRMT=1 - for treated stands).   If the simulation uses WCP, then regeneration age has
to be fixed as well.  For this simulation, it was assumed that the stands were the 1950’s
stands (Ageclass=1).  That leaves the important variables as current tree size (dbhob), total
basal area (BA) or stand density, and Overtopping basal area (BAL) a measure of
competition.  Individual tree diameter is the most significant factor in tree growth as
modified by stand density, competition and the environment it is growing in.  Therefore,
dbhob is used as a continuous variable in the simulation.

To get meaningful evaluation of the model, three or four dominance classes (dominant or co-
dominant, subdominant (intermediate) and suppressed) and three or four stand density
classes (low density, BA=4; medium density, BA=8; high density, BA=14 and very high
stand densities, BA=25) were used.  It was assumed that a suppressed tree would have 95 to
99% of total stand basal area overtopping it, a subdominant with 50%, a co-dominant with
5% and dominant with 0% overtopping it. These percentages were translated into actual
values of overtopping basal area (see Table 1-I) and used in the model.  The results are
presented in Figure 1-F.

Figure 1-F shows that maximum growth for a tree occurs when the diameter at breast height
is around 10cm.  In addition Figure 1-F also demonstrates that optimum diameter increment
is obtained where there is minimal total basal area and trees have less overtopping basal area
(dominant trees).  These growth rates drop by approximately 20% or more if the tree is in a
subdominant or suppressed position in the same stand.  The effect of doubling basal area
from 20 m2/ha to 40m2/ha is roughly the same as dropping a dominance class.

TABLE 1-I

BA AND BAL USED IN DIAMETER GROWTH
MODEL SIMULATIONS

Overtopping basal area (BAL)

Basal Area (BA) Dominant Codominant Subdominant Suppressed

0% 5% 50% 95%

4 0 (BA4D) 0.2 2 (BA4I) 3.8 (BA4S)

8 0 (BA8D) 0.4 4 (BA8I) 7.6 (BA8S)

14 0 (BA14D) 0.7 7 (BA14I) 13.3 (BA14S)

25 0 (BA25D) 1.3 12.5 (BA25I) 23.8 (BA25S)

The co-dominant class was dropped to reduce overcrowding in the figures. The
combinations are represented in Figure 1-F legend as shown in the brackets.

Figure 1-F also demonstrates that a suppressed tree growing in a very dense stand with
25m2/ha total basal area will have minimal growth compared to a suppressed tree growing in
a less dense stand with 8m2/ha of total basal area.  This difference can be explained by the
fact that in a less dense stand there are still some gaps that can allow the tree to grow. There
will also be less competition for nutrients compared to trees in the denser stand. Figure 1-F
shows that the basal area increment model (Equation 1.1) behaves in the expected manner
and will allow some different growth rates to take place among trees of different sizes
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growing in different stand densities.  Even though the model is general for some species
(many species grouped together), it is expected to give reasonable predictions for all species.

1.4.5 Growth Model Implementation

The growth model has been formulated to use one set of diameter increment models.  The
pseudo code presented below demonstrates how the models are linked and how the growth
simulation fits into the greater context of the Growth and Yield System (the Yield
Simulator).  The code sequence that the Yield Simulator uses for implementing a full
individual tree growth modelling that is driven by tree and plot variables is shown in diagram
in Figure 1-G. This is a pseudo-English code sequence that describes the flow of data
through the Yield simulator.  The actual programming was done in Visual Basic.

FIGURE 1-F

SIMULATED DIAMETER INCREMENT (cm/yr)
OR WHITE CYPRESS PINE (REGENERATION

AGE 1950+ AND TREATED STANDS)
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FIGURE 1-G

THE DIAGRAM SHOWING CONTROL
SEQUENCE FOR THE YIELD SIMULATOR

For Simulation Year = 1 To 100
Output the plot status and stand statistics every fifth year

            Grow the stand one year
The growth module sequence includes

Determine the level of Recruitment and insert recruits into the stand
For each tree in the plot

Determine if the mortality model kills the tree
If the tree has not died then
            Grow the tree diameter for one year 

End If
Select the next tree in the plot

            Calculate plot level statistics that determine the level of basal area and volume
present

If stand condition suitable for harvest then Undertake Harvest Simulation
Next Simulation Year

Knowledge of stand dynamics is limited so it is assumed that the mortality and recruitment
models, which are of a general nature, may not capture the drastic changes in stands over
time.  After some years a basal area prediction model can be used to check on the diameter
increment models to make sure that the predicted values are not unrealistic.  The basal area
growth model adjusts the individual tree growth based on predicted overall basal area
change.  This stand basal area constraint provides an overall stand conditioning input in a
way that is not possible with a tree growth model alone.

1.5 CONCLUSIONS

The Diameter/Basal Area Growth Models project generated 4 BAIMs for the FRAMES
Yield Simulations for Nandewar, Western CRA Region.  The results presented here
modelled diameter growth successfully under a wide range of environments and stand
conditions, and represent the best available functions for the NSW CRA/RFA process for
Western CRA Region.
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The prediction abilities of the model for long serial measurements (such as hundreds of
years) are not known. Such long serial measurements were not included, as the database for
the model might not predict as accurately as short serial measurements.  However, the
database contains both short serial measurements and a few long serial measurements from
the CFI database.  The short serial measurements are based on very many plots representing
a large range of sites, stand densities and harvesting regimes.  It is anticipated that if the
model can simulate these conditions well, then it should be able to predict future stand
changes and growth of forests equally well.
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BIOMETRIC MODELS

2 RECRUITMENT MODEL

2.1 INTRODUCTION

The development of a growth model for uneven-aged mixed species regrowth forests must
address changes in forest structure and composition and reflect responses to silvicultural
operations.  Vanclay (1994) identified the components of such a model as: growth, ingrowth
(regeneration and recruitment), mortality (natural and catastrophic) and harvest.  With
selective harvesting systems practised in our native forests, ingrowth is an essential
component of long term management and yield forecasting (Vanclay 1994, Moser 1972,
Shifley et al. 1993).

Prediction of ingrowth can be approached in three stages: modelling seed production and
germination, then regeneration modelling, which attempts to predict the development of trees
from seed or seedlings, followed by recruitment (ingrowth) modelling, which predicts the
number of stems attaining some pre-determined threshold size.

This report is concerned with modelling recruitment into 10cm dbh class as the threshold
diameter size.  It is assumed that there are enough seeds and seedlings in the stands and that
seedlings grow into saplings, which in turn are recruited into the threshold diameter size
within any limiting factors. Modeling regeneration followed by recruitment would be
preferable, however this would mean collecting data for smaller (less than 10 cm diameter)
trees, which escalates the cost of both PGP and inventory measurements to unacceptable
levels, thus making this type of data scarce.

Regeneration and subsequent recruitment is known to be sporadic and tends to follow certain
events.  Some years will have no or very little ingrowth.  Conversely regeneration can be
prolific, especially after some silvicultural operation like thinning or harvesting.  For the
cypress pine forests, regeneration was linked to fire, sheep and rabbit grazing pressure.
However, with elimination (or reduction) of rabbits, regeneration is expected to be more
random and sporadic following silvicultural operations.

Such data are very difficult to model without knowing the trend of recruitment.  According
to Vanclay (1994, p.193-4), there are two approaches to modelling recruitment: static and
dynamic approaches (see Vanclay 1994 for discussion).  To overcome the problems
mentioned above, two-stage modelling (dynamic approach) was used for this study.  The
same approach was used for Upper and Lower North Coast by Lawrence (1997) and
Muhairwe (2000) for South Coast and Riverina Regions in the South Coast CRA.  This
approach involves first predicting the probability of recruitment and then predicting the
number of recruits, given that recruitment will occur.  For more details about recruitment
modelling approach taken, see reports by Lawrence (1997), Muhairwe (2000)  and Chapter
10, Vanclay (1994).



20 N SW  W EST ER N  R EG IO N AL A SS ES S MEN T S –  N AN D EW AR

Recruitment is a highly variable process and the approach adopted by Vanclay (1994) of
dividing the modelling process into two stages has much merit, allowing more precise
quantification of recruitment numbers by separating the probability of recruitment from the
prediction of numbers of stems.  The first stage consists of a logistic model which predicts
the probability that recruitment will occur in a given period.  The second stage then predicts
the number of stems (and species composition of recruits if necessary), given that
recruitment will occur.

2.2 DATA

The recruitment model was developed using data from State Forests Permanent Growth Plot
(PGP) System and Continuous Forest Inventory  (CFI).  The PGP system consists of
permanent plots located in Inverell Management Area (MA) and around Dubbo in areas
managed for long-term timber production.  Their primary objective is to provide growth data
for individual trees in productive forest types.  The Continuous Forest Inventory plots were
aimed at giving State Forests of NSW the information on growing stock following harvests.
In some areas, CFI plots were used as PGPs.  Details on "Data Preparation" are presented in
Section 1.2.

The PGP system uses concentric plots, consisting of two circular plots on a common centre,
designed to measure trees in a range of size classes (see Table 1-A).  All trees 8cm diameter
and above at breast height are measured in the interior 0.2ha plot, trees 30cm and above were
measured in the exterior 0.5ha plot.

Since PGPs and CFI plots had different minimum dbhob measured of 8cm and 10cm, 10cm
dbhob was used as minimum dbhob both CFI and PGPs. The strategic inventory also
measured 10cm minimum dbhob.

Since only the inner 0.2 ha plot had all trees measured, the dynamics of the stand (ingrowth
and mortality) were better captured in this plot size.  As a result, modelling recruitment was
based on only these 0.2 ha plots for the PGP data.  The CFI data were based on a single
fixed-area plot of 0.1011ha therefore all the data were used in modelling recruitment.  The
rest of data editing and preparations were the same as for diameter increment modelling and
are presented in Section 1.2.  Table 2-A provided summary statistics for plot and tree
variables.

Ingrowth is identified in the PGP and CFI data systems by the tree status code (TSC).  Table
2-B shows the number of ingrowth trees by species group (see Appendix 1.3 for definition of
species groups).   There were over 2620 ingrowth trees with white cypress pine (species
group 1) having highest ingrowth over 47% and ironbark species group (group 2) with very
low ingrowth (9%) (see Table 3).

TABLE 2-A
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SUMMARY STATISTICS

Plot Type N Mean SD Minimum Maximum

Ingrowth (N=325) 325 74 65 5 396

Years 418 11.2 3.8 0.8 20.1

Stand Basal Area (m2/ha) 418 12.4 4.3 1.3 26.2

Stocking (stems/ha) 418 350 174 39 1147

Quadratic mean diameter 418 22.7 6.2 12.4 49.1

Stand density index 418 354 120 52 799

Stand treatment 418 0 1

N = number of observations, SD = standard deviation.  Stand treatment is a dummy variable
with 0 representing untreated stands and 1 representing treated stands.

TABLE 2-B

SUMMARY STATISTICS FOR RECRUITED
TREES PER PLOT

Stand Basal
Area (m2/ha)

Stocking (stems/ha) Number of
recruits

(stems/ha)Species Groups

N

Min Max Min Max Min Max

1 1242 1.3 26.2 39 969 5 336

2 238 1.8 23.5 39 969 5 99

3 366 1.3 26.2 89 1147 5 316

4 777 1.3 22.7 39 1147 5 307

N = number of trees.

Examination of the data indicates that ingrowth for white cypress pine occurred equally after
the 1950s (49.8% or 619 trees) as before.  These trees are of DBH≥10cm and this eliminated
most of the 1950s recruitment because it has not yet reached the 10cm threshold.  If a lower
minimum dbhob was used the ingrowth of 1950s would be very high.  Stand density and
stocking are the major factors influencing recruitment following stand treatment.  Site
productivity may be equally important if better sites will support higher recruits than less
productive sites.  Measures of site productivity were not used, as none were available for the
Nandewar strategic inventory data.
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2.3 METHODS

The recruitment model forms part of a species group-based growth model driven by the
strategic inventory data.  The PGP and CFI databases, used to fit the model, contain tree
diameters and species, and stand treatment variables.  Environmental factors such as soil
drainage, mean monthly temperature and annual rainfall were not available for the strategic
inventory for Nandewar.

Based on the CFI and PGP databases and knowing where the models are to be applied a list
of possible variables and their transformations used in modelling are shown in Table 2-C.

TABLE 2-C

INDIVIDUAL TREE AND STAND VARIABLES

Variable Description

Ingrowth Ingrowth (stems/ha)

Years Period between measurements

BA Stand basal area (m2/ha)

SPH Stand stocking (stems/ha)

QD Quadratic mean diameter (cm)

SDI Stand density index (stems per ha when QD=20)

TRMT Dummy Variable (0=untreated stands and 1=treated
stands)

Stand density index (SDI) is calculated as: ∑(dbhob/20)1.6 (Long and Daniel 1990).

Note:  Environmental variables such as soil drainage, average temperature and rainfall were
not available for the Strategic Inventory so they are excluded from Table 2-C.

 2.3.1 Species Group

Because of the large number of species and limited data (28 for PGP and CFI data and over
60 for the strategic inventory), it was important to find sensible groupings of species based
on their growth potential and survival abilities.  The species groups formed are discussed at
length in subsection 1.4.1. The species contained in each group are listed in Appendix 1.3.

2.3.2 Silviculture

The effects of silvicultural operations on ingrowth should be included in any model so as to
enable it to handle ingrowth induced by silvicultural operations (Vanclay 1992, 1994).
Vanclay used years since treatment as one of the explanatory variables.  Unfortunately such
a variable was not available for the PGP/CFI data used in recruitment modelling and in the
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Strategic Inventory data.  A spatial layer indicating forest disturbance was merged with the
PGP and CFI databases to get stand structure which indicates the treatment history of the
stand.  The ten stand structures are shown in Table 1-G.

For the purposes of modelling ingrowth the 10 classes were divided into 2 classes of treated
stands and untreated stands and used as a dummy variable.  TRMT=0 when stand structure
was in (5,6,9,10), else TRMT=1. These classes were used assuming that untreated or poorly
treated stands will not encourage regeneration because they will retain relatively high basal
areas.  While treated stands with relatively low basal areas should encourage regeneration.

2.3.3 Threshold Diameter

Trees in the PGP system are first recorded when their diameter reaches 10cm. For most this
diameter is slightly above 10 cm.  Since the model is applied annually, it is assumed that for
good sites, trees will be recruited at 10 cm.  This means that on a good site, a tree of 9.8 cm
will put on only 0.2 cm in a year

2.3.4 Species Composition

Species composition of the recruited trees was assumed to be the same as the existing stand.
This is because some plots will change species composition.  For example, following fires,
some adapted species will have a better chance of regeneration and growth than less adapted
species. Fires do favour ironbark and other species over white cypress pine.  Therefore, in
areas that suffer severe frequent fires white cypress pine might be eliminated with time.
Since species composition for the strategic inventory, which is based on well distributed
plots throughout Nandewar, is used in assigning species compositions for the recruited trees,
it should be representative of the current and future stand structures.

2.3.5 Explanatory Variables

Because the model is to be used for projecting the strategic inventory data for yield
predictions, all driving variables should be readily obtainable in routine resource assessment.
Basic stand variables such as site quality and stand basal area are obvious candidates for
explanatory variables.  The presence of a species in the existing stand should also be an
important variable, though it is not necessary that a species exist in a stand for regeneration
to occur.

Species grouping were also screened as possible indicators.  Even though there were four
species groups (see Section 1.4), the data limitation could not allow modelling for each
species group.  During modelling the data proved to be limited and it was decided to
abandon groups and fit a single function for all stands.
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2.4 RESULTS

2.4.1 Probability of Recruitment Model

Data measured at varying time intervals presented difficulties in formulating the probabilities
for modelling the occurrence of recruitment, and for the implementation of a model on an
annual basis.  Although it is known that recruitment has occurred between successive
measurements, it is not known exactly when the event occurred, or if it occurred uniformly
over all of the intervening years.

Conversely, it is possible to state with certainty if recruitment has not occurred over a period
of time, simply because if there is no recruitment after the measurement period, then it
cannot have occurred in any of the intermediate years.  As a result a model can be built to
predict the probability of no ingrowth (p), and then obtain the probability of ingrowth (q) as
q = 1 - p.  This allows the probabilities to be derived with certainty.

The varying measurement intervals in the PGP and Research data sets are to be taken into
account by incorporating the number of years between measurements as an exponent to the
model (Hamilton and Edwards 1976; Monserud 1976, Lawrence 1997) or as weights
(Vanclay 1992, 1994).  The weighting approach involves fitting the models using the inverse
of the measurement interval as a weight to compensate for the differing measurement
intervals and provide annual probabilities of recruitment.  For this study, the inverse of the
measurement interval was used as the weight to compensate for the differing measurement
intervals (see Muhairwe 2000, Vanclay 1994).

The logistic model selected for predicting the probability of no ingrowth was:

{ }( )[ ] 1
5)/(4)ln(3)ln(210exp1)0( −

+++++−+= TRMTbSPHSDIbSPHbBAbBAbbP   (2.1)

where: P(0) =  Probability of no ingrowth and all other variables as already defined.
Measurement interval (years) was used as weight (inverse of years) because measurement
interval varied from <1 to over 20 years.

The parameter estimates as their standard errors (in brackets) are:

b0  =  3.7263(1.5737)
b1  =  0.2421.(0.0450)
b2  =  1.5867(0.6257)
b3  = -1.8048(0.2801)
b4  = -1.4052(0.2472)
b5  =  -0.3399(0.0789)

The inclusion of both BA and natural logarithm of BA was justified because it ensured that
low stand density had higher probabilities of recruitment than high stand density stands
which was consistent with the data available.  Stand density index was used even though it
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highly correlated with BA because it is a good measure of stocking in uneven-aged multi-
species stands (Long and Daniel 1990).  Equation 2.1 lacks a measure of site productivity
because there were no environmental variables.  Even for BBS, environmental variables
were found to be insignificant. The lack of significance for the environmental variables, in
the BBS model, was attributed to data limitations or due to limited data range.

2.4.2 Amount of Recruitment Model

Once the probability of recruitment occurring has been calculated, the second stage of the
model is to determine the number of recruits.  Since recruitment depends on plot condition,
stand basal area and stocking and their transformations are the only candidate variables.
When stocking was included in the model, it tended to give unrealistic predictions and it was
dropped.  As a result the model only uses stand basal area.  The selected model was fitted as
a non-linear function using the MODEL procedure in SAS/ETS (SAS, 1993).  The selected
model was:

[ ])ln(expRe__ 10 BAbbcruitsofNo += 2.2

where  b0  =  4.0986(0.0958)
  b1 =  -0.9264(0.0484)

The numbers in brackets are the standard errors for the parameter estimates.

Soil drainage, used a dummy variable ‘Soils’ for BBS was dropped from Equation 2.2
because the Nandewar strategic inventory data did not have any environmental or soil
drainage information.  Soil drainage was found to be only marginally significant for BBS.

2.4.3 Model Evaluation

To evaluate the model it is necessary to use simulation studies because no independent data
set was available.  From Equation 2.1, the model is dependent on total stand basal area,
stocking (number of stems per hectare), stand density index (a measure of stocking), and
most important stand treatment. To get meaningful evaluation of the model using
simulations, three of the four variables have to be fixed and allow one variable to be
continuous.  For this study only treated stands (TRMT=1) are used and fixed values for SPH
and SDI while BA is allowed to be continuous.  SPH values were fixed for low density
(open-grown) (SPH=100), medium-density stands (SPH=200 and 280), dense stands
(SPH=400 and 600) and very dense stands (SPH=800).  In another simulation, SPH could
become continuous while stand density becomes fixed at low light density BA=4; medium
density BA=8; high density BA=14; and very high density BA=25.  For this study, BA was
allowed to vary and six classes of SPH were used (see Figure 2-A).

The best way of fixing SDI could not be found while SPH is also fixed. A simple function of
BA and SPH to predict SDI (SDI=7.680 + 20.574*BA+0.251*SPH) using the fit data was
used.  From Figure 2-A, it can be seen that the probability of recruitment of any trees into the
stand decreases as the stand density (BA) increases for a given stocking.
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For stands with SPH=100, there was an insignificant decrease in recruitment with increase in
BA.  This could be most probably due to under utilising the sites and the model assuming
that with such a small stocking there will always be need for recruitment.  Another
explanation could be that data combination goes outside the range of the fit data and starts to
behave poorly.

FIGURE 2-A

PROBABILITY OF RECRUITMENT

Further evaluation was carried out using Equation 2.2. Figure 2-B shows that the number of
trees recruited decreases as the stand BA increases. Stands with BA>10m2/ha have little if
any recruitment.

FIGURE 2-B
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However, Figures 2-A and 2-B have shown that the recruitment model (Equations 2.1 and
2.2) behaves in the expected manner and will predict reasonable number of trees (recruits)
into the stand for the given stand density.

2.4.4 Model Implementation

The recruitment model should provide reliable estimates of future ingrowth across a wide
range of forest types.  It can be implemented either as a stochastic process or
deterministically.  In our simulation system, which is used to grow the strategic inventory
forward the stochastic recruitment model routine is implemented as individual trees are
being modelled.

After calculating the probability of recruitment, random numbers between 0 and 1 are
generated.  The random number is compared with the probability of recruitment.  If the
random number generated is greater than the probability of recruitment.   This means
recruitment will occur and Equation 2.2 is applied to calculate the number of recruited trees
otherwise no recruitment occurs.  A single random number seed is used to make the
simulation consistent.

Some manual overriders, which enable the model to apply to all situations, have been
included in the Yield Simulator.  Such manual over-rides are employed when the stocking
falls below critical values for a given forest type or species group.  Without using manual
over-rides the recruitment model would give biased predictions especially for stands not
represented in the modelling database.  Therefore, it was necessary to restrain the Yield
Simulator to deal with such cases (see the Report on the Simulator for more details).

2.5 DISCUSSION

The emphasis in this project has been to develop a robust recruitment model applicable to a
wide range of situations, which would be applied to any strategic inventory.  The available
data were fairly limited and the absence of a variable to estimate site quality (like site index
or even environmental variables such as soil drainage) might have reduced the precision of
the predictions.  However, the strategic inventory data for Nandewar are well stratified and it
is assumed that the stratification will improve the predictions even though soil drainage
(dummy variable) used for BBS was found to be marginally significant.  The data had very
limited long-term estimates of recruitment, both in number of plots and species diversity.
This may be a major limitation for the model.

Although it could be expected that recruitment in some forest types and on some sites could
be higher than others, these limitations could not be detected in the data.  It is possible
however, that using one model for all species groups is too broad to be able to explain the
highly variable nature of recruitment and that at least species groupings like those used for
diameter increment should have been used.  This was not possible with the data that was
available.
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Predicting the probability of no ingrowth and incorporating the number of years between
measurements in the model has made it possible to account for the varying measurement
intervals in the data.  The simulations by the model (Figs. 2-A and 2-B) indicate that the
model is behaving as expected

The very slow growth rates of some species mean that using single equations for all species
(fast and slow growing) will allow all trees to attain the threshold diameter (10cm) at the
same time.  However, it is known that slow growing species should take longer to reach the
threshold diameter.  The estimation of the number of years to reach the 10cm diameter will
be put in the system manually.  The data mainly came from white cypress pine, a slow
growing species, therefore the model should do very well with white cypress pine than any
other species.

The equation to predict the numbers of recruits is based on directly derived stand structural
information, where the recruitment rate increases with decrease in stand basal area, numbers
of stems, and stand density index.  Using small plots (0.1ha) like data from the CFI system
means that not many large trees can be found in the 0.1ha inner plot and it is only by setting
a low diameter class limit that meaningful trends can easily be identified For white cypress
pine, a species that tend to stagnate with high stocking, it is important that a lower dbhob
limit is used for both PGPs and Strategic Inventory.

2.6 CONCLUSIONS

Separation of the recruitment model into two stages is a useful technique for analysing the
highly variable data.  Although a high proportion of the variance remains unexplained, the
standard errors of the coefficients are low and there does appear to be a significant
relationship between recruitment and stand density (see Figures 2-A and 2-B). By using the
logistic function, it was thought that it is flexible enough and should be able to change in
shape and scale with changes in stand density (Vanclay 1992, 1994; Shifley et al. 1993).
Equation 2.1 did not take site quality into account, but stand treatment was the most
important variable.  This means that it was assumed that all sites will have the same
probabilities of recruitment for a given stand density
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BIOMETRIC MODELS

3 MORTALITY MODEL

3.1 INTRODUCTION

The development of a growth model, for uneven-aged mixed species regrowth forests must
address changes in forest structure and composition and reflect responses to silvicultural
operations.  Components of such a model have been identified as: growth, ingrowth
(regeneration and recruitment), mortality (natural and catastrophic) and harvest (Beers 1962;
Moser 1972; Vanclay 1994).  With selective harvesting systems practised in our native
forests, mortality varies a great deal and it is an essential component of long term
management and yield forecasting (Vanclay 1994; Moser 1972).

Mortality is commonly classified as ‘regular’ or ‘irregular’ (catastrophic) (Lee 1971,
Vanclay 1994).  Most models attempt to simulate regular mortality over time, making
allowance if necessary, for catastrophic mortality in a stochastic way.  Regular mortality is
primarily attributed to ageing, competition and suppression, some due to 'chance', and some
due to deaths induced by insects and diseases, which occur at low intensities over long
periods of time.  Catastrophic mortality is ascribed to major events such as epidemics (major
disease and pest outbreaks), wild fires or severe weather conditions such as storms and
cyclones.

Mortality is an important factor in uneven-aged natural forest.  The longevity of suppressed
stems is critical in determining mortality levels and more importantly the growth of other
stand components.  As a result, a number of methods have evolved for modelling the
mortality of suppressed stems, most based on comparing individual tree diameter increments
with a pre-determined threshold level, below which, trees are classified as dead (Botkin et al.
1972; Ek and Monserud 1974).

Mortality models are usually empirical or theoretically based.  They use tree and stand
variables such as stand density, competition (stand or individual tree) and/or tree vigour and
sometimes age.  Hamilton (1986) used both diameter and relative diameter (individual tree
diameter/mean diameter), the latter a measure of competitive ability.

Vanclay (1989, 1991) included a transformation of diameter to better model small trees, as
well as the basal area of trees larger than the subject tree, as a proportion of total stand basal
area, total basal area, and a site productivity variable.  Monserud and Sterba (1999) used
diameter, diameter squared, an inverse of diameter, crown ratio and basal area of larger trees
to predict the probability of mortality.  Lawrence (1997) used relative basal area, which he
defined as basal area of trees greater than 30cm in diameter to total plot basal area instead of
basal area of larger trees.  He further stated that diameter increment and relative diameter
increment were important factors.  What he did not state was that predicted diameter
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increment is different from measured diameter increment and the usefulness of predicted
diameter increment is very low (Monserud 1976).  The use of predicted diameter increment
as one of the explanatory variables reduces the portability of the model.

Buchman et al. (1983) predicted survival as a function of diameter and diameter increment, a
measure of tree vigour.  Previously a similar approach was used by Hann (1980) for
ponderosa pine, where trees were categorised by vigour class based on their expected basal
area growth.  Hamilton (1990) extended the range of applicability of his 1986 mortality
models by describing a number of factors.  He found that the impact of diameter increment
on mortality is best represented by diameter increment/potential increment ratio, where the
potential increment is the maximum increment for a tree of that species.  This makes
intuitive sense because a low value implies that the tree is either suppressed or approaching
senescence and will have a higher probability of mortality.  In the absence of actual diameter
increments the values can be predicted from tree and stand variables, although this approach
has been shown to be slightly less effective (Monserud 1976).

Vanclay (1994) provides a good summary of the various approaches used to model mortality
in both plantations and natural forests, including discussion of the relative merits of many of
the common variables used.  Additional information is contained in Alder (1995).  Lawrence
(1997) outlines the mortality model developed for Upper and Lower North CRA Process and
Muhairwe (2000) outlines the mortality model developed for South Coast and Riverina
Regions in the South Coast CRA Process.  The same modelling philosophy used by
Muhairwe (2000) will be used in this report.

3.2 DATA

The mortality model was developed from data contained in Data from State Forests
Permanent Growth Plot (PGP) System and Continuous Forest Inventory (CFI) system.  The
PGP system consists of permanent plots located in Inverell MA and around Dubbo in areas
managed for long-term timber production.  Their primary objective is to provide growth data
for individual trees in productive forest types.  The Continuous Forest Inventory plots were
aimed at giving State Forests of NSW the information on stocking growth following
harvests. In some areas, CFI plots were used as PGPs.  Details on "Data Preparation" are
presented in Section 1.2.

The PGP system use concentric plots, consisting of two circular plots on a common centre,
designed to measure trees in a range of size classes (see Table 1-A).  All trees 8cm diameter
and above at breast height are measured in the interior 0.2ha plot, trees 30cm and above were
measured in the exterior 0.5ha plot.

Since PGPs and CFI plots had different minimum dbhob measured of 8cm and 10cm
respectively, 10cm dbhob was used as minimum dbhob both CFI and PGPs. The strategic
inventory also measured 10cm minimum DBH.
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Since only the inner 0.2 ha plot had all trees measured, the dynamics of the stand (ingrowth
and mortality) were better captured in this plot size.  As a result, modelling mortality and
recruitment was based on only the 0.2 ha plots for the PGP data.  The CFI data were based
on a single fixed-area plot of 0.1011ha therefore all the data were used in modelling
mortality and recruitment.  The rest of data editing and preparations were the same as for
diameter increment modelling and are presented in Section 1.2.  Table 3-A provides
additional summary statistics for plot and tree variables.  Tables 1-F and 2-B provide more
data summary statistics.

TABLE 3-A

SUMMARY STATISTICS

Plot Type N Mean SD Minimum Maximum

Diameter at breast height (cm) 15495 18.4 9.7 10 119.6

Diameter increment (cm/year) 15495 0.14 0.14 -1.7 3.3

Overtopping basal area (m2/ha) 15495 9.5 4.8 0 26.1

Relative dominance (BAL/BA) 15495 0.7 0.3 0 1.0

Measurement interval (years) 424 11.2 3.8 0.8 20.1

N = number of trees or plots and SD = standard deviation.

Mortality is identified in the PGP and CFI data systems by a series of tree status codes.  The
categories of mortality recognised include:

n mortality due to fire;
n mortality due to insect attack;
n mortality due to wind;
n mortality due to logging damage;
n mortality due to silvicultural damage;
n mortality due to other causes (‘natural’ or competition induced mortality).

Examination of the data indicates that mortality occurs heavily in the lower diameter classes
for most species, but not for ironbark, and that most deaths attributed to fire and wind are
effectively ‘natural’ mortality and are not due to irregular or catastrophic events.  It seems
likely that tree deaths ascribed to fire, insect attack and wind may have been hastened by the
events but are unlikely to have been primarily caused by them.  For modelling purposes, four
categories (fire, insect, wind and natural causes) were amalgamated to form regular
mortality.  Wind mortality here refers to occasional wind blows not a major wind storm
mortality, which should be modelled as catastrophic mortality.  Mortality due to logging or
silvicultural damage was not included in the model, but modelled separately as harvest
mortality and damage reported elsewhere.

3.3 METHODS
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The mortality model forms part of a growth model driven by strategic inventory data.  The
PGP and CFI databases contain tree diameters and species, and stand treatment history.  The
strategic inventory data consists of tree lists (including dbh, total height and species).
Environmental variables data were used to condition biometric equations used in BBS forest
growth modelling.  However, no environmental data were available for Nandewar, therefore
the model used for the BBS was refitted using Nandewar biometric data without the
influence of environmental variables data.

3.3.1 Species Grouping

Because of the large number of species (28 for PGP and CFI data and over 60 for the
strategic inventory) and limited data, it was important to find sensible groupings of species
based on their growth potential and survival abilities.  The species groups were: Group I –
White Cypress Pine (WCP). Group II – Ironbark species, all ironbark species were grouped
together because only NIB had enough data to be modelled separately. Group III – included
all other eucalyptus species (boxes, gums, stringybarks and bloodwoods). Group IV – Oaks
(bull oak) and wattles could not be put together with any other group because of their dbhob
range.  They could have been grouped together with WCP, except it was thought WCP had
better survival abilities than these other species.  Black cypress pine (BCP) was included
with group 4 for both mortality and growth modelling because of its dbhob range (≤40cm)
and its very poor survival rate. It was thought that BCP had similar survival rates as WCP,
but as seen from Table 3-B, its survival is far poorer than WCP. It is unclear why BCP has
such poor survival rates. This may be due to the data (being limited for BCP) as BCP could
only be grouped together with species group 4.  Experienced State Forest staff assigned
species with insufficient or no data into the existing groups.  The species contained in each
group are listed in Appendix 1.3.

3.3.2 Explanatory Variables

Because the model is to be used for projecting the strategic inventory data for yield
predictions, all driving variables should be readily obtainable in routine resource assessment
(strategic and operational inventories).  Basic stand variables such as site quality and stand
basal area are obvious candidates for explanatory variables.  The presence of a species in the
existing stand should also be an important variable.

Individual tree measurement data were combined with estimates of stand parameters derived
from each plot and plot environmental variables.  An additional variable denoting tree status
was added, if the tree was alive at the end of a measurement period, the tree ‘status’ = 1 and
if the tree had died between measurements, the tree 'status' = 0.

The final data set contained 15495 individual tree observations with 654 trees labelled as
dead. Table 3-B shows that different species groups have different rates of mortality and
even though we had limited data  (only 654 dead trees), it was appropriate to use a single
model for all the species.  For model evaluation, it is not possible to split such limited data
set into the fit and test data sets so cross-validation technique was used to evaluate the
model.  All data were used in fitting the model and simulation was employed to check the
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behaviour and appropriateness of the model.  Table 3-C provides a list of possible tree and
stand variables to use in modelling individual tree mortality or survival.

TABLE 3-B

DATA SUMMARY FOR MORTALITY
MODELLING

Species Groups Dead Trees Alive Trees Total Percent

1 184 6831 7015 2.62%

2 60 1695 1755 3.42%

3 125 2591 2716 4.60%

4 244 3349 3593 6.79%

BCP 41 375 416 9.86%

Total 654 14841 15595 4.22%

TABLE 3-C

INDIVIDUAL TREE AND PLOT VARIABLES

Tree Variables Description

STATUS Alive (1) or dead (0)

SPECIES Species code (refer to Appendix 1.3)

D Diameter at breast height (1.30m) over bark (cm)

LD Natural log of DBH

DI Inverse of DBH

DD DBH squared

DINC Periodic diameter increment (cm/year)

RDINC DINC/Potential increment (Maximum Increment by species group

BAL Overtopping basal area or basal area of larger trees (m2/ha)

BALR 'Relative dominance' = BAL/BA

Stand Variables

Years Period between measurements (years)

BA Stand basal area (m2/ha)

LBA Natural log of BA

SPH Stand stocking (stems/ha)

QD Quadratic mean diameter (cm)

SDI Stand density index (stems/ha)



34 N SW  W EST ER N  R EG IO N AL A SS ES S MEN T S –  N AN D EW AR

3.4 RESULTS

3.4.1 Mortality Model

Data measured at varying time intervals present difficulties in formulating the probabilities
for modelling the occurrence of mortality, and for the subsequent implementation of the
resulting model.  This occurs because, although it is known that mortality has occurred
between successive measurements, it is not known exactly when the event occurred, or if it
occurred systematically or randomly over the intervening years for the measurement period.

Conversely, it is possible to state with certainty if mortality has not occurred over a period of
time simply because if there is no mortality after the next measurement, then it did not occur
in any of the intermediate years either.  As a result, it is better to construct a model to predict
the probability of survival (q), and obtain the probability of mortality (p) as: p = 1 - q.  This
allows the probabilities to be derived with certainty and the varying measurement intervals in
the PGP and CFI systems (see Table 3-A) to be taken into account either as a weighting
variable in the analyses, or more directly as an exponent in the mortality function.  This
involves fitting the models using the inverse of the measurement interval as a weight to
compensate for the differing measurement intervals and provide annual probabilities of
recruitment (Vanclay 1991, 1994).  For this study the inverse of the measurement interval
was used as the weight to compensate for the differing measurement intervals.

Since the mortality model developed for BBS did not include environmental variables, such
as rainfall, mean temperature and soil drainage, there was no need to refit the model.
Therefore the model used for BBS is presented below.

( ){ }[ ] 1
6543210exp1)( −++++++−+= BALRaBALaLBAaBAaLDaDaaSP 3.1

where: P(S)  = probability of survival for an individual tree and all other variables are as
defined in Table 3-C.

The parameter estimates and their standard errors (in brackets) for equation 3.1 are presented
in Table 3-D.

3.4.2 Model Evaluation

To evaluate the model it is necessary to use simulation studies because no independent data
set was available.  It can be seen from Equation 3.1 that the models are dependent on
individual tree size, total stand basal area and overtopping basal area.  To get meaningful
evaluation of the model for a given species group (for this case we used WCP – species
group 1), four dominance classes (dominant, co-dominant, subdominant and suppressed) and
four stand density classes (low density, BA=4; medium density, BA=8; high density, BA=14
and very dense stands, BA=25) were used.  It was assumed that a suppressed tree would
have 95% of total stand basal area overtopping it, a subdominant with 50%, a co-dominant
with 5% and dominant with 0% or none overtopping it.  These percentages were translated
into actual values of overtopping basal area and used in the model (see Table 1-I).
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TABLE 3-D

COEFFICIENTS AND THEIR STANDARD
ERRORS (in brackets)

Species Groups

Coefficients 1 2 3 4

a0 (Intercept) 4.3579(0.4613) -6.3513(0.8662) 7.7848(1.1247) -2.1501(0.6631)

a1 (DBH) 0.1850(0.0318) -0.0714(0.0097) -0.0260(0.0086) -0.1457(0.0123)

a2 (LD) 0 3.6515(0.2904) 1.5973(0.2512) 2.1674(0.2608)

a3 (BA) -0.0543(0.0166) -0.2777(0.0295) 0.6259(0.0543) -0.1193(0.0178)

a4 (LBA)) 0 1.8024(0.3811) -6.6205(0.5668) 1.2111(0.2281)

 a5 (BAL) 0 0 -0.2370(0.0319) 0

a6 (BALR) 0 0 2.5076(0.4428) -0.4851(0.1278)

The results are presented in Figures 3-A and 3-B.  Because the model for WCP does not
depend on BAL, another model was fitted which used BAL. Thus, Figure 3-B for species
group 4 (Bull Oak, Wattles, other non-commercial species and Black cypress Pine).  Figure
3-A shows that trees growing in open stands (very low BA=4) have very high chances of
survival and the probability of survival drops as the stands become dense.  For example, a 10
cm tree in a very dense stand (BA=25) has 93% chance of survival compared to 96% change
of survival when growing in a stand of BA=8 and has 98% chance of survival when growing
in a stand of BA=4. Another example for a big size tree,  a 50 cm tree in a very dense stand
(BA=25) has 87% chance of survival compared to 91% chance of survival when growing in
a stand of BA=8 and has 93% chance of survival when growing in a stand of BA=4.  This
means mortality rates depend on tree size, and the stand conditions (BA) will determine the
tree's survival abilities. White Cypress Pine as a species has very high survival rates
(compare Figures 3-A and 3-B). For a species with less survival rates like Bull Oak (see
Figure 3-B) the rates of survival drops drastically compared to WCP.

Figure 3-B shows that dominant trees (BAL=0) have very high chances of survival and the
probability of survival drops as the tree becomes overtopped by the suppressed trees (BAL
ratio of 95%).  For example, a 10 cm suppressed tree has 82% chance of survival if growing
in a stand of BA=25 compared to 87% chance of survival when growing in a stand of BA=8
and has 90% chance of survival when growing in a stand of BA=4. %).  A 50 cm suppressed
tree has 38% chance of survival if growing a stand of BA=25 compared to 46% chance of
survival when growing in a stand of BA=8 and has 54% chance of survival when growing in
a stand of BA=4.  This means mortality rates depend on tree size, the stand conditions (BA
and BAL) will determine the tree's survival abilities.

Figures 3-A and 3-B show that the mortality model (Equation 3.1) behaves in the expected
manner and will allow some mortality to take place among small trees growing in dense
stand and among big trees due to old age.  Even though the models are general for all species
groups, they are expected give reasonable predictions for future stands.
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FIGURE 3-A

SIMULATED MORTALITY FOR WHITE
CYPRESS PINE (NO OVERTOPPING BASAL

AREA)

FIGURE 3-B

SIMULATED MORTALITY FOR SPECIES
GROUP 4 (OAKS, WATTLES AND BCP)

3.4.3 Model Implementation

The mortality models should provide reliable estimates of future mortality of individual trees
within the species groups across a wide range of forest types.  They can be implemented
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either as a stochastic process or deterministically.  In our simulation system, which is used to
grow the strategic inventory forward, the mortality model routine is implemented as a
stochastic process as follows.  After calculating the probability of survival for a given tree
(one tree represent 10 trees per ha in 0.1 ha plots), random numbers between 0 and 1 are
generated a thousand times and an average obtained.  Then on each occasion the average
value is compared with the probability of survival.  If the random number generated is
greater than the probability of survival then that tree is killed.  At the end of the simulation
for one record (representing 10 trees), some trees might die and others remain.  Thereafter
the tree will carry a different weight.  For example, if three times out of the ten average
values the tree was killed, it will carry a weight of seven not ten into the next growth period
(see the Report on the Yield Simulator for more details).

Some manual over-rides which were incorporated into the Yield Simulator enable the model
to apply to all situations.  For example, it is known that some poor quality trees (trees that
suffered some growth impediment), such as pulp or waste coded in the strategic inventory,
are slow growing and should have higher chances of death than trees of the same size (trees
that have not suffered any growth impediment).  These trees are coded as high or low quality
in the strategic inventory.  Since we never used the quality code as one of the explanatory
variables in the mortality model, it was necessary to put a restraint in the Yield Simulator
that gives different mortality rates for such cases (see the Report on the Yield Simulator for
more details).

3.5 DISCUSSION

The aim of this project has been to develop a robust mortality model applicable in a wide
range of conditions.  Mortality models require a large amount of data, especially when the
underlying mortality rate, as in this case, is very low.  Ideally, these data should be collected
over very long time periods if they are to provide reliable estimates of the stand dynamics.
Even though some data with a few serial measurements from the CFI data set was obtained,
the data were limited and most measurement intervals were very large. All the data were
very limited in terms of serial measurements; the maximum number of repeated measures
was only 6. Mortality generally occurs in proportion to the species compositions and
characteristics of the forests.  For example, it is expected that shade intolerant species would
have higher rates of mortality than shade tolerant species growing in the same stand.
However, with very low mortality rates and limited data it was necessary to resort to major
amalgamations of species, making it difficult to discern differences between the species
particularly for species groups 3 and 4.  This limitation must be addressed as soon as more
data becomes available because it is expected that the models for species groups 3 and 4 just
give only an average and might be imprecise for all but a few of the most abundant species.
For example, black cypress pine included in species group 4 might have been better served if
its own model was developed.

Predicting the probability of survival allows the variable measurement interval to be taken
into account directly in the model.  It also enables the probabilities to be estimated over
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varying time intervals in the future.  However incorporating the period between successive
measurements indirectly, as a weighting variable (Hamilton and Edwards 1976; Vanclay
1991), contributed little to improving the ‘fit’ of the model.  The primary benefit is in the
structure of the function and its subsequent application because it is used to predict annual
mortality.

Measured and predicted diameter increment and related variables were tried as explanatory
variables for predicting the probability of mortality.  It was found that measured diameter
increment is a good indicator of mortality.  This is consistent with the findings of Hamilton
(1986).  However, using measured diameter increment (previous diameter increment)
resulted in losing more than half of the data because mortality at second measure had no
previous diameter increment.  This means losing all the PGP data (with only 2 measures) and
140 plot measures for CFI.  Data could not be lost due to  data limitation.  Therefore,
measured diameter increment was not used.  Predicted actual and relative diameter
increments were included in the model selection procedure but none proved useful.
Overtopping basal area seemed to have displaced them in the model.  The model developed
is more portable and flexible because it uses easily measured tree and stand variables during
routine strategic and operational inventories.

Catastrophic mortality due to wild fires, insect or pathological epidemic or storms has not
been taken into account in this model.  It has to be accounted for in the growth model for
long-term growth prediction. This can be included as a stochastic function of time, which
randomly kills a certain number of trees.   Mortality due to logging is a very important
component of the stand dynamics, as seen in the coastal forests and must be accounted for.

3.6 CONCLUSION

Mortality is a highly variable process, which occurs at a very low overall level in regrowth
forests of Western Region as seen in Table 3-B particularly for white cypress pine and
ironbark species because selective logging is used for ironbark and white cypress pine is a
shade tolerant species.  The results presented here simulate this process as well as it could,
given the data limitations and should be reliable under a wide variety of stand conditions.
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a Appendix 1.1

APPENDIX 1-1

SAS CODE TO ASSIGN DBH VALUES TO
MISSING TREES

    if tsc='11' then do; *tsc=Tree Status Code;

   if species in ('WCP',’BCP’) then do;

   if     dbhob<12 then prevdbh=dbhob-(0.12*age);

   else if 12<=dbhob<14 then prevdbh=dbhob-(0.13*age);

   else if 14<=dbhob<16 then prevdbh=dbhob-(0.14*age);

   else if 16<=dbhob<18 then prevdbh=dbhob-(0.16*age);

   else if 18<=dbhob<20 then prevdbh=dbhob-(0.18*age);

   else if dbhob=>20 then prevdbh=dbhob-(0.16*age);

   end;

   else do;

    if dbhob<14 then prevdbh=dbhob-(0.14*age);

   else if 14<=dbhob<16 then prevdbh=dbhob-(0.16*age);

   else if 16<=dbhob<18 then prevdbh=dbhob-(0.18*age);

   else if 18<=dbhob<20 then prevdbh=dbhob-(0.2*age);

   else if dbhob=>20 then prevdbh=dbhob-(0.18*age);

   end;
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b Appendix 1.2

APPENDIX 1-2

BAIM COEFFICIENTS AND STANDARD
ERRORS: Parts 1-3

Part 1

Species
groups

CF1 CF2 INTERCEPT

G0

DBH

G1

10/DBH

G2

LOG(DBH)

G3

1 1.1382 0.6 1.3263(0.1651) 0 0 0.7074(0.0320)

2 1.2226 0.6 3.1116(0.0761) 0 -1.0765(0.1544) 0

3 1.3008 0.6 2.4084(0.0894) 0 -0.8060(0.1465) 0

4 1.2568 0.6 4.0089(0.3609) 0 0 0

Part 2 – Appendix 1-2 continued

Species
groups

(DBH/100)2

G4

LOG(BA)

G5

BA

G6

BAL

G7

1 0 -1.0806(0.0823) 0.0828(0.0067) -0.0431(0.0030)

2 0 0 -0.0265(0.0040) 0

3 0.9913(0.2783) 0 -0.0220(0.0038) 0

4 0 -1.4612(0.2101) 0.1263(0.0192) -0.0458(0.0145)

Part 3 – Appendix 1-2 continued

Species
groups

BAL/BA

G8

Ageclass

G9

TRMT

G10

1 0 0.97983(0.02979) 0.0320(0.0159)

2 -0.8702(0.1127) 0 0

3 -0.6163(0.1004) 0 0

4 -0.5647(0.2210) 0 0
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c Appendix 1.3

APPENDIX 1-3

SPECIES GROUP AGGREGATIONS: Parts 1-3

Growth
Group name

Species
groups

Common Name Botanical Name Species
Code

White
Cypress Pine

1 White Cypress Pine Callitris glaucophylla WCP

Blueleaved Ironbark Eucalyptus nubila BIB

Broadleaved Ironbark Eucalyptus fibrosa FIB

Ironbark group Eucalyptus spp. IBK

Narrowleaved Ironbark Eucalyptus crebra NIB

Ironbark, Mugga Eucalyptus sideroxylon RIB

Ironbarks 2

Silverleaved Ironbark Eucalyptus melanophloia SIB

Apple Box Eucalyptus bridgesiana ABX

Brown Bloodwood Corymbia trachyphyloia
subsp trachyphloia

BBW

Brush Box Lophostemon confertus BBX

Bloodwood group Corymbia spp. BLW

Black Box Eucalyptus largiflorens BLX

Blue Box Eucalyptus bauerana BLX

Blakelys red Gum Eucalyptus blakelyi BRG

Cabbage Gum Eucalyptus amplifolia CGG

Dwyers red Gum Eucalyptus dwyeri DRG

Eucalyptus spp. Eucalyptus spp. EUC

Fuzzy Box Eucalyptus conica FBX

Forest red Gum Eucalyptus tereticornis FRG

Grey Box Eucalyptus dawsonii GBX

Grey Box Eucalyptus moluccana GBX

Small-fruited Grey Gum Eucalyptus propinqua GYG

Grey Gum Eucalyptus punctata GYG

Western red Box Eucalyptus intertexta IBX

Pilliga Box Eucalyptus pilligaensis LBX

All Other
Eucalyptus
species,
Bloodwoods
and Apples

3

Grey Box Eucalyptus microcarpa MBX



N SW  W EST ER N  R EG IO N AL A SS ES S MEN T S –  N AN D EW AR 45

Part 2 – Appendix 1-3 continued

Growth
Group name

Species
groups

Common Name Botanical Name Species
Code

Mountain Gum Eucalyptus dalrympleana MTG

Other commercial
Eucalypt

Eucalyptus spp. OCE

Narrowleaved
Stringybark

Eucalyptus oblonga OSB

Bimble Box Eucalyptus populnea ssp
bimbil

PBX

Apple, Roughbarked Angophora floribunda RAP

Bloodwood, Red Corymbia gummifera RBW

River red Gum Eucalyptus camaldulensis RRG

Red Stringybark Eucalyptus macrorhyncha RSB

Apple, Smoothbarked Angophora costata SAP

Stringybark group Eucalyptus spp. SBK

Scribbly Gum Eucalyptus haemastoma SCG

Scribbly Gum Eucalyptus racemosa SCG

Scribbly Gum Eucalyptus rossii SCG

Scribbly Gum Eucalyptus sclerophylla SCG

Scribbly Gum Eucalyptus signata SCG

Spotted Gum Corymbia maculata SPG

Silvertop Stringybark Eucalyptus laevopinea SSB

Tumbledown red Gum Eucalyptus dealbata TRG

White Box Eucalyptus albens WBX

White Stringybark Eucalyptus globoidea WSB

All Other
Eucalyptus
species,
Bloodwoods
and Apples
(continued)

3

Yellow Box Eucalyptus melliodora YBX

Mallee Cypress pine Callitris verrucosa ACP

Black Cypress pine Callitris endlicheri BCP

Belah Casuarina cristata BEL

Bull Oak Allocasuarina luehmannii BOK

Brigalow Acacia harpophylla BRI

Broombush Melaleuca uncinata BRO

Budda Eremophila mitchellii BUD

Butterbush Pittosporum phylliraeoides BUT

Carbeen Corymbia tessellaris CBN

Non-
commercial
species and
Black
cypress pine

4

Forest Oak Allocasuarina torulosa FOK
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Part 3 – Appendix 1-3 continued

Growth
Group name

Species
groups

Common Name Botanical Name Species
Code

Kurrajong Brachychiton populneus KUR

Wild Lemon Canthiun oleifolium LEM

Mallee group Eucalyptus spp. MAL

Murray Cypress pine Callitris glacilis subsp
murrayensis

MCP

Mulga Acacia aneura MUL

Myall Acacia pendula MYL

Non-commercial others (Various) NCO

Oak group (Various) OAK

Wild Orange Capparis mitchelli ORA

Rosewood Heterodendron oleifolium ROS

Unknown species UNK

Wattle group Acacia spp. WAT

Wilga Geijera parviflora WIL

Non-
commercial
species and
Black
cypress pine
(continued)

4

Yarran Acacia homalophylla YAR
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