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ABSTRACT
Article History As trees grow larger in even-aged, monoculture forests, stand density increases, taller
ge“fi"zdilzg/{“ghgzgfﬂ trees shade smaller trees and a group of smaller, suppressed trees develops that may
Ai;;eted 6 NE; 2029 show little or no growth. Subsequent morta}ity is most common f.rom this group. This
Published: 23 May 2022 work compares three models that may describe well the relationship between individual
tree basal area growth rates and tree basal areas in a forest stand when a suppressed
giyyzrff group of trees is present or not. The models are tested using a large collection of data
rowth mode . . . . .
Individual tree from permanent sample plots in blackbutt (Eucalyptus pilularis Smith) forests in
Basal area growth subtropical eastern Australia. An example is given for one stand showing how model
Nonlinear models 1 h h d . this ill h h dels hav
Even-aged monoculture paramgter values may change as the stand ages; this 1llustrates .ow.t‘ ese models have
Suppressed trees. potential for use in the first stage of model development to relate individual tree growth

rates to tree sizes and stand characteristics. Such models may then be used widely
across the forest population under consideration.

Contribution/Originality: This work examines the properties of some nonlinear models, that have been little
used before, to relate individual tree growth rates to tree size in a stand. It examines the statistical processes

required to fit them and describes their potential use in growth modelling systems.

1. INTRODUCTION

The rate at which an individual plant grows during its lifetime depends on several factors. Firstly, its size
determines how much live tissue it contains, tissue with which it can metabolise and grow new biomass. Secondly,
the environmental circumstances of the site on which it is growing determine if it is exposed to temperatures that
allow growth and the availability to it of the resources it needs for growth, light, water and nutrients. Thirdly, if
other plants occur nearby to it, they may compete with it for those growth resources and so limit its ability to grow.

Over many years and for many forest types around the globe, models have been developed to predict individual
tree growth in relation to the factors that control it. Commonly, these models predict growth over intervals of only
one or a few years, recognising that growth behaviour is likely to change as the forest develops. Such models may
provide useful information about the ecological factors that determine growth and may serve also to predict future
forest conditions for management purposes. Major texts offer substantial reviews of such modelling work [e.g. [1-

One approach to the development of such models is to accumulate individual tree growth data from a large
number of forest stands that cover a wide range of tree sizes, of forest ages and of environmental and silvicultural
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management circumstances. Regression analysis is then applied to relate tree growth rates to whatever set of
predictor variables is available. Often, the relationship between individual tree growth rates and tree sizes in each
stand of the data set is not examined explicitly in such model development. However, such relationships must
underlie the final form the model takes; the present work is concerned with such relationships. It examines several
models that might prove valuable in describing the relationship between tree growth rates and tree sizes, over
growth periods up to a few years long, in individual stands of even-aged, monoculture forests.

An approach used sometimes when formulating a general model to predict individual tree growth rates over a
large forest population is to develop the model in two stages. The first stage involves relating tree growth rates, for
any particular growth period, to tree sizes (and, perhaps, to other growth controlling factors that are particular to
individual trees) separately for the data available for each and every stand (usually represented by a forest plot) in
the entire data set. The second stage involves relating the estimates of one or more of the first stage parameters for
each plot to predictor variables that are particular to each plot, variables such as plot age and the environmental and
silvicultural management circumstances of each plot. Examples of this two-stage process (or examples that employ
it inherently) can be found in models of individual tree growth [e.g. [4-17]7 as well as in cases with response
variables other than tree growth [17-297. Statistical problems involved in fitting such models have been considered
[17, 30-327.

It is the form of such first stage individual tree growth models that is of interest to the present work. These
models are not only of concern with respect to the development of broad-scale forest growth models, but sometimes
individual tree growth behaviour per se is the matter of interest [e.g. [38-40]7]. Those cases may be concerned with
the comparison of growth behaviour in different treatments of an experiment [e.g. [41-4977]. Another use is to
employ methods developed by Hara [507 to predict changes over growth periods of the frequency distribution of
plant sizes in a stand [e.g. [47, 51-55] 7.

As will be shown later, in a stand of even-aged, monoculture forest the relationship between tree stem basal
area growth rate and tree stem basal area at the start of a growth period of no more than a few years is often best
represented as a simple straight line. However, as time passes and the trees grow bigger, stand density (degree of
crowding of trees) increases. Then, taller (bigger) trees may shade smaller trees; reduced sunlight limits
photosynthetic capability of the smaller trees and may also reduce their light use efficiency or increase their
respiration rates [56-637. This group of smaller, suppressed trees may then grow only to a small extent or not at
all. There are examples of this type of growth behaviour for various forest types in various parts of the world [8,
34, 35, 47, 64-69]. As time passes and density increases further, trees start to die; it is amongst the suppressed
group that mortality is most frequent.

It is common also in forest management practice to thin stands from time to time, usually by removing smaller
trees. This aims to allow stem diameter growth rates of the remaining trees to accelerate. It takes some years for
the crowns of the trees in the stand to expand after the thinning, then for shading of smaller by taller trees to
redevelop and for a group of suppressed trees to reappear. Such practices and behaviour are described in forest
silviculture texts [e.g. West [707], Chapters 7-87. Thus, if tree growth behaviour is to be modelled properly, a form
of model will be required that incorporates jointly the growth (or lack of it) behaviour of the group of suppressed
trees as well as that of the larger trees.

In this work, we compare three ‘stick’ models that might be suitable to relate individual tree basal area growth
rates to tree basal area in individual forest stands. The first is a ‘bent stick’ model. This function has two sections
that describe the growth behaviour separately of both the suppressed and non-suppressed tree groups and which are
joined by a smooth curve. The second is a ‘broken stick’ model, where the join between the two sections, each of
which is a straight line, is direct with no smooth transition between them. These models have origins in various

works [[71-747, Section 6.6, Dhote [757]. The third model is a ‘straight stick’, which is a simple straight line;
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that may be appropriate when no group of suppressed trees is present. Finally, an example is given to illustrate the

potential use of such models in an individual tree growth modelling context.

2. DATA

Native blackbutt forests (Eucalyptus pilularis Smith) extend along a coastal strip of subtropical eastern Australia
over a latitudinal range of 25—87°S and inland to the Great Dividing Range. These forests are essentially even-aged
monocultures containing only occasional individuals of other (usually eucalypt) species.

Data were available from permanent sample plots, established by the New South Wales and Queensland
government forest services, in both native and plantation forests scattered over a latitudinal range of 26—30°S; these
data were collated by Mattay and West [767]. Plot areas ranged over 0.06—0.2 ha. Many of the plots had been
thinned from below once or more times during their lifespan; such thinnings would often have involved removal of
about half the standing basal area of the plot.

Data were available also from 27 plots in an experimental blackbutt plantation located near Coffs Harbour
(30°18'S, 153°08'E) that had been measured five times over 2.5—6.6 years of age [47, 77, 787. The climate and many
soils of the region are ideal for plant growth; intensively managed blackbutt plantations there may grow as fast as
forests anywhere in the world.

At each measurement, the diameters at breast height (1.8 m) over bark of live trees in a plot were measured to
give stem basal areas. Stem basal area growth rates were determined as the change per year in basal area between
measurements.

The final data set contained data from 1,116 growth periods from 121 plots. Table 1 summarises the plot data.

These data have been used previously to examine maximum tree growth rates in these forests [797.

Table 1. Minimum-mean-maximum values of various stand variables in the blackbutt data set used here.

Variable Value

Age (yr) 8—24—61

Basal area (m? ha) 0.1—20.2—70.1

Stocking density (stems ha) 55—417—2.012

Quadratic mean diameter (cm) 2—29—66

Growth period length (yr) 0.4—1.9—10.2
3. METHODS

3.1. Models

The ‘bent stick’ model derived from the work of Deleuze, et al. [437], who used it to describe individual tree
basal area growth rates in relation to tree circumferences at breast height. It was modified slightly here to relate
growth rates to tree basal areas, but that did not alter its properties in any appreciable way. The model (Equation 1)
is:

AB= (p1/2){B pops + [(pops+ By — 4B} (1)

Where ABis tree basal area growth rate (m? yr-'), B (m?) is tree basal area and pi, p. and ps are parameters.

Figure 1(a) illustrates this function. The data shown there are for a plot that had been thinned at around 18
years of age. By some 19 years later, at the time of the growth period shown in the figure, it is apparent that a
group of smaller trees, with basal areas less than about 0.06 m?, is displaying low growth rates relative to their sizes
when compared to the larger trees in the plot. This is assumed to be a group of suppressed trees that is developing
in the stand. Note that small trees may have negative growth rates; this is often observed in forest growth data and
usually arises through measurement errors with small trees and/or stem shrinkage and swelling in response to

differences in soil water availability at different times of measurement [80-827.
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Figure 1. Scatter plots (-) of tree basal area growth rates against tree basal area for regrowth plot number 8, between 87-39 years of age (a) and
23-24 years of age (c) and for regrowth plot number 1009, between 24-26 years of age (b). The solid lines show the fit to the data in each case,
determined using methods described in the text, for (a) the bent stick Model (1), (b) the broken stick Model (2) and (c) the straight stick Model
(3). The dotted line in (b) indicates the tree basal area below which the broken stick model delimits the suppressed tree group from the non-
suppressed.

The bent stick Model (1) appears to fit the data of Figure 1(a) well, showing a gradual transition from the trend
apparent in the data for the non-suppressed group to the trend apparent in the data for the suppressed group. The
model is such that, in the limit (as B—), it describes the growth of the non-suppressed group as the straight line,

AB=—pipo + p1B (1a)

The parameter ps (>1) defines the shape of the function. The model passes through the origin so that it predicts
that AB=0 when B=0. The parameter estimates for the line drawn in Figure 1(a) were $;=0.0705, $,=0.0542 and
$5=1.070.

The broken stick Model (2) is a variation on models used by others [35, 45, 55, 717. It is (Equation 2).
AB= qi + q(B=¢s) + ¢s| B=¢:| (2)
where ¢i, ¢o, s and ¢4 are parameters. It describes two straight lines which intersect at B=g,. It is assumed here that
trees with basal areas below that point constitute the group of suppressed trees and larger trees make up the non-
suppressed group. The straight line, derived from this model, that defines growth of the non-suppressed trees
(B=g¢4) is then given by Equation 2a as:
AB= ¢i + (¢:+¢3) (B~q1) (2a)
whilst the line defining growth of the suppressed trees (B<gs) is given by Equation 2b as:
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AB= ¢i + (¢:7¢s) (B=¢) (2b)

Figure 1(b) illustrates the shape of this broken stick model when fitted to data from a regrowth plot which had
never been thinned and had a stocking density at the time of measurement of 1,420 stems ha"'. The parameter
estimates of the model fitted in that case were ¢;=0.000303, ¢.=0.0402, ¢s=0.0281 and ¢;=0.0249. The group of
suppressed trees there appears to be well developed below a basal area determined by the value estimated for g¢,; its
position is shown by the vertical dotted line on the figure. Unlike Model (1), Model (2) provides a parameter value
(¢s) that clearly separates the suppressed group of trees from the non-suppressed group. As well, it does not
necessarily pass through the origin.

Figure 1(c) is an example from the same plot as in Figure 1(a), but measured at an earlier age before there was
any hint of the development of a group of suppressed trees. In that case, the straight stick model, a simple straight
line, given by Equation 38 as:

AB=r + rnB (3)
Where 7 and r, are parameters, appears to be appropriate to describe growth of all trees. The fit to the data in

that case is illustrated in Figure 1(c), where parameter estimates were r,=—0.000837 and 7,=0.054:9.

3.2. Heteroscedasticily

The first problem apparent with data sets such as those shown in Figure 1, is that the data may be
heteroscedastic. In Figure 1(b), it appears that variation in tree growth rate increases progressively with tree size.
That is less apparent in Figure 1(a) and not at all apparent in Figure 1(c). If least-squares regression analysis is to
be used to fit models satisfactorily to such data, it will be necessary to apply weighted least-squares regression
when this heteroscedasticity applies.

A method designed to offer a suitable relationship between variance of residuals and tree size was developed for
each of the 1,116 growth data sets as follows. Firstly, an ordinary least-squares straight line relationship relating
tree growth rate to tree size was determined, that is Model (8). For a case such as Plot 1009 in Figure 1(b), the
presence of the group of suppressed trees means that model does not fit the data particularly well. However, it was
felt that the scatter of the data about that line could be used to describe reasonably the heteroscedasticity in the
data. The residuals from the relationships were considered in order of increasing tree size and the variance and
mean tree size of each successive set of seven residuals determined.

Figure 2 shows a scatter plot of the natural logarithms of the variances so determined against the natural
logarithms of mean tree sizes from the data of IFigure 1(b). The fit to the data there suggests that the relationship
between the variance of residuals in basal area growth rate (7, m* yr) and tree basal area might be determined for a
growth period of a plot as

V=aBf (4)

Where o and 3 are parameters. For the example in Figure 2, @=0.000159 and f=1.55. This process was
repeated for all 1,116 growth periods. For cases such as that in Figure 1(c), where there was no group of suppressed
trees and where there was little apparent trend of variance of residuals with changing tree size, there was indeed
found to be no significant trend (at p=0.05). For that case, parameter estimates for Model (4) of @=0.115 and =0

were most appropriate.

25
© 2022 Conscientia Beam. All Rights Reserved.



Journal of Forests, 2022, 9(1): 21-38

5

esiduals) (m? vrrh)

of

ariance
1

In(V
1]

In(Mean basal area) (m?)

Figure 2. For the data of the plot growth period in Figure 1(b), a scatter plot (-) is shown of the natural
logarithms [In ()] of the variance of residuals from a straight line fit to the data against the natural
logarithms of the mean basal areas of groups of seven residuals used to determine those variances. The
solid line is the ordinary least-squares straight line fit to the data.

The results for each of the growth periods in the data set were then used subsequently to provide weights for
use in weighted least-squares regression when fitting Models (1—3). In practice, for each observation a weight is
required that is proportional to the reciprocal of the variance of the residuals at that point. Given Model (4), this

means that the constant of proportionality, &, is unimportant and weights may be determined as 1/ B

3.8. Nonlinear Regression

Models (1) and (2) are both nonlinear in their parameters, whilst Model (3) is linear. Major texts [74, 83, 84
make clear that using least-squares regression to fit nonlinear models involves difficulties that are not encountered
with linear models. In contrast with linear regression, the estimators in nonlinear regression are unbiased, normally
distributed, minimum variance estimators only asymptotically. This can lead to substantial difficulties in achieving
convergence to a satisfactory solution with the various algorithms that are used commonly to fit nonlinear
regressions.

Methods are available to examine the estimation behaviour of nonlinear regression models. Firstly, ‘intrinsic’
nonlinearity measures the curvature of the solution locus of the problem. This is an issue inherent to the model and
data set under consideration. Secondly, ‘parameter effects’ nonlinearity is a function of the way in which the
parameters in the model are scaled. Various methods have been developed to examine these issues to see if they pose
a problem for any particular model-data set combination. Further, when problems are encountered with parameter
effects nonlinearity, it may be possible to Teparameterise’ the model in such a way that it then displays ‘close-to-
linear’ behaviour so that standard methods, such as the Gauss-Newton method, may be applied to achieve rapid
convergence to a set of parameter estimates with little bias. Ratkowsky [747] describes these matters and discusses
solutions that might be possible.

Examination of data sets available here that contained a suppressed tree group suggested that these problems
with parameter effects nonlinearity often applied with both Models (1) and (2). It was found that these problems
could often be overcome through ‘expected value’ reparameterisations of both models; the theory and practice of
this procedure are discussed in Ratkowsky [847, [Section 2.37. In brief, it involves replacing parameters in the

model with other parameters that are predicted values of the response variable calculated from specific values of the
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explanatory (i.e., regressor) variable. In practice, the specific values of the explanatory variable may be observed
values in the data set under consideration, often the trees with the smallest and largest basal areas in the data sets
considered here.

For Model (1), it was found necessary, largely by trial and error, to replace one of its parameters, p;, with an
expected value parameter, z;. When the model was then fitted, an initial value for zi, as required by nonlinear
regression fitting algorithms, was chosen as an observed tree basal area growth rate near the centre of the range of
tree basal areas in the plot, with its corresponding observed tree basal area B.. The reparameterised model is
shown by Equation 5 as:

AB= 2 {B— pops + [(ppot B)? = 4paB1*/ {Ba— pops + [(papst Ba)? — 4po BT%) (%)

Once this model had been fitted satisfactorily, its parameter estimate z; could be converted back to a value for

p1,as in the original Model (1), as:
pr=221/{ B — pops + [(pops+ Ba)? — 4pe B %} (5a)

In the case of Model (2), it was found necessary to replace three of its parameters, ¢, ¢. and ¢s with expected
value parameters, y1, y. and ys, respectively. Initial values for these three parameters were chosen, respectively, as
the observed basal area growth rate in the data set concerned at the lowest stem basal area in the data set, B, the
observed growth rate for a mid-range basal area, B, and the observed growth rate for the largest basal area in the
data set, Bs. The choice of which observations in the data set to use for this purpose is not crucial; any convenient
trio might have been used, preferably spread over the range of the data and not close to the value of the parameter
that was not to be changed (¢.). The expected value reparameterisation of Model (2) is then shown in Equation 6 as

AB= {[(D|E|~E|D| + (| D|~| E|)(B-g:) + (E-D)| B-¢:|1 +
RL(E|C]=CIE] + (| E|=|C[)(B~¢:) + (CTE)[ B~¢:|] +
LCID|=D|C| + (| C|=|D[)(B-¢s) + (D=C)| B~¢:| ]}/ 4 (6)
where C=(Bi—q.), D=(B:—q4), E=(Bs—¢qs) and 4 = C(|D|—|E|) + D(|E|—|C|) + E(|C|—|(D]).
Once Model (6) has been fitted satisfactorily, its parameter estimates may be converted back to give those of

the original (and simpler to use) Model (2) as:

¢ = Dn(DIE|=E|DJ) + 3.(E| C|=C| E|) + 3(C| D|=D| C|)1/4 (6a)
= Dn(IDI=[E]) + 2| EI=[ C]) + 35| €| = D)1/ 4 (6b)
gs = D(E=D) + yo( C-E) + 35(D-C)]/ 4 (6¢)

whilst ¢, remains unchanged.

3.4. Choosing the Models

Given the model forms being considered here, the first step in deciding which is the most appropriate for any
data set is to determine if the simple Model (3) will be adequate. If not, then one of the more complex Models (1) or
(2) may be needed. The decision to use either of the latter two models will depend on the presence of a suppressed
group of trees.

To make the initial decision as to model choice, it was assumed firstly that no group of suppressed trees was
present in the stand so that Model (8) would be appropriate. That model was then fitted by weighted least-squares
linear regression, using weightings as described earlier. The need to use Model (2) was then explored. It was
assumed that perhaps a group of suppressed trees was present in the stand and that the tree basal area that
separated this group from the non-suppressed trees occurred at a basal area of ¢, (m?). The choice of that value was
quite arbitrary, but was usually chosen initially to be close to the smallest basal area that occurred in the data set
under consideration. With that value chosen, Model (2) reduces to a linear regression with three parameters, ¢, ¢
and ¢s. That model could then be fitted using weighted least-squares linear regression. The statistical significance
of the increase in the explained sum of squares by using Model (2) with that particular value of g¢i, over that

obtained with Model (3), was then determined using the conventional extra sum of squares test. That process was
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then repeated, using other values for ¢, to determine which value of ¢; yielded the highest probability of
significance. If that highest probability was less than some significance level considered appropriate (p<0.05 was
used here), it was then considered reasonable to suggest that a group of suppressed trees was indeed present in the
stand and that Model (2) might be appropriate to apply in that stand, rather than the simpler Model (8). Computer
programmes written by one of us (PWW) were used for this purpose. The value of ¢, that was found to best
improve the fit to the data was then used as an initial estimate for g in fitting the nonlinear Model (2), through its
expected value reparameterisation (Model 6).

If it was decided that a suppressed group of trees was present, Model (6) was fitted and the original parameter
values of Model (2), ¢i, ¢. and gs, determined from this using Equations (6a-c). These values could then be used to
give initial parameter values for use with Model (1), through its reparameterisation (Model 5). Its parameter p. is
the tree basal area at which AB=0 in Model (1a). Model (2a) predicts that basal area as Equation 7.

B= (e g)q-1 1/ (¢t ¢5) (7)

Which may then be used as an initial estimate of p, for use in fitting Model (5). Trial and error suggested that
an initial estimate of 1.0 for ps seemed to serve well.

The procedure NLIN of the SAS® statistical package! was used here to fit the weighted least-squares nonlinear
regressions for Models (6) and then (5) when the presence of a suppressed group of trees deemed it appropriate to
do so. As long as convergence was successful, which was not always the case as discussed later, the package
provided estimates of the parameters, a measure of the degree of bias in each estimate [857 as well as the weighted

residual sum of squares of the weighted model.

4. RESULTS
4.1. Fit to the Data

For the 1,116 growth periods for which data were available here, use of the reduced linear version of Model (2),
as described in the previous Section, suggested that a suppressed group of trees was present in 155 cases. Using
Model (6), the full Model (2) was then fitted to these cases. Successful convergence was obtained in only 145 of
these. Visual inspection of the data in each case suggested that in some cases, both with and without convergence,
there was in fact little evidence of the presence of a suppressed group of trees.

An example of such an unsuccessful case is illustrated in Figure 8, for a young, unthinned regrowth plot
growing over 4—7 years of age with a stocking density of 983 stems ha-'. The successful fit to the data of Model (2),
as shown by the solid line, suggested there was a sharp break in the fitted model at a stem basal area of 0.00332 m?;
above that point, the slope of the fitted line was less than that of the line below that point. Visual inspection
suggests that a simple straight-line (Model 3) fits the data well, as shown on Figure 3, and there is no sign of the
presence of a suppressed group of trees. In such a case, it seemed that, by chance, the data had led to an
inappropriate judgement as to which was the most appropriate model to use. After visual inspection of the 155
cases, it was concluded that only 88 of them had converged successfully and did indeed have a suppressed group.
The example of Figure 1(b) is such a case. These results stress the need to visually inspect the outcome of model

fitting for each growth period being considered.

'Documentation for the SAS statistical package is available at https://support.sas.com/en/documentation.html (accessed May 2022).
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Figure 3. Scatter plot (-) of tree basal area growth rates against tree basal area for the unthinned
plantation plot number 58, between 4—7 years of age. The solid line (—) is the fit to the data of
Model (2) for which ¢ = 0.00105, ¢. = 0.258, ¢s = —0.0554 and ¢z = 0.00332. The dashed line (- - -) is
the fit to the data of Model (3) for which 71 = 1.089%x 10" and 7. = 0.2708.

Model (1) was then fitted (using Model 5) for the 88 cases for which Model (2) had been fitted successfully and
for which a suppressed group was found to be present. Successful convergence was achieved in 78 of those cases.
The estimates of the degree of bias in the parameter estimates for both Models (6) and (5) suggested there was little
bias (generally <1%) in the expected value parameters. Other parameters generally had bias <5%, although
occasionally more. The implication was that it is difficult to discern a parameterisation for these models that will
prove completely satisfactory for all data sets.

Where satisfactory convergence was reached in both, Models (1) and (2) fitted the data well and quite similarly.
This is illustrated in Figure 4 which shows results for two measurements of Plot 8 (Figures 1 a,c show other
measurements for that plot). The fit to the data of both models is shown in Figure 4 and it is clear how little
difference there is between them. However, over the 78 cases for which both models were fitted satisfactorily,
Model (2) tended to fit slightly better than Model (1) with a 4.4% smaller weighted residual sum of squares on
average. Both gave similar estimates of the slope of the straight line defining growth of the non-suppressed group

of trees (see Equations 1a and 2a), although on average the estimate from Model (2) was 4.8% smaller.
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Figure 4. Scatter plots (-) of tree basal area growth rates against tree basal area for regrowth plot number 8 between 29-31 years of age (a) and
47-49 years of age (b). The dotted lines (-++++) are the fit to the data of Model (1) and the solid lines (—) are the fit to the data of Model (2).
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For the 1,028 growth periods in which no suppressed group could be identified, it appeared that a simple
straight line (Model 8) fitted the data adequately; an example of that is illustrated in Figure 1(c). It was perhaps
unsurprising that there were this many cases from amongst the total 1,116 cases available here. Many growth
periods were measured at young ages and many plots had been thinned at one time or another before measurement,

reducing the likelihood of a suppressed group of trees developing.

4.2. A Practical Application

This paper was concerned with the practicalities of finding and fitting appropriate models to predict individual
tree basal area growth rates against tree basal area with data sets for growth periods over no more than a few years.
In this section an attempt is made to describe the use that might be made of such models as part of the development
of a more general growth modelling system for a species of interest.

The example uses information from regrowth forest plot number 8 in the data set. This plot was measured 19
times between 18 and 63 years of age. Intervals between measurements were as short as one year and as long as 12
years. Growth periods between measurements varied over the range 1—3 years. The plot was thinned from below at
some time shortly before its first measurement, from a stocking density of about 1,500 stems ha!' to 651 stems ha.
Over the next seven growth periods, there was little evidence of the presence of a group of suppressed trees as the
stand gradually increased its density following the thinning. Then, in growth periods from 28 years of age on, a
suppressed group started to appear and some mortality started amongst smaller trees, so that the stocking density
had declined to 619 stems ha™! by 47 years of age. At some time during an interval then of 10 years, during which
measurements ceased, the stand was thinned again to leave a residual stocking density of 476 stems ha'. No group
of suppressed trees was evident in the next growth period, but had reappeared in the last growth period before
measurements ceased.

Data from four growth periods of this plot were used as examples in earlier discussion. The data in Figure 1(c)
are from an early measurement before any suppressed group of trees had developed. A suppressed group had
developed at the times of the three later measurement periods shown in Figures 1(a) and 4. The fits to the data of all
of Models (1-3) are illustrated in those figures.

Appropriate models were fitted for each of the other 14 growth periods of this plot. For this example, results
are shown that were obtained by fitting either Model (2) or Model (3), whichever was appropriate for the growth
period concerned, depending on the presence or absence of a suppressed group of trees. Figure 5 shows a scatter
plot of the estimates obtained for the slope of the relationship between growth rate and tree basal area for the non-
suppressed trees against plot age at the start of each of the 18 growth periods. Indicated on the figure is which of
Model (2) or (3) was used as deemed appropriate for the data set concerned. When Model (2) was used, that slope
was determined as (¢.+¢s) (see Equation 2a) and as 7, when Model (8) was used.

These results suggest that tree growth rates of non-suppressed trees tended to decline as age increased. This is
a phenomenon well known in studies of tree growth behaviour [e.g. [79, 86, 87]7. Of course, stand variables other
than age (variables such as stand basal area, biomass or density) might well be used in addition to age as part of
such studies. Results such as these might prove useful during studies of tree growth dynamics. In such studies,
growth behaviour of suppressed trees is generally of lesser interest than that of non-suppressed trees. The use of
Model (2) allows their growth rate to be estimated appropriately, as illustrated in Figure 5. Model (2) has the
advantage over Model (1) of clearly delimiting the group of suppressed trees if it exists; this may aid development of

mortality models, since it is amongst those trees that mortality generally occurs most frequently.

30
© 2022 Conscientia Beam. All Rights Reserved.



Journal of Forests, 2022, 9(1): 21-38

0l r

008

002

I} i i i i i i i i i i i i i i i i i i i i i e ] i i
15 25 35 45 &5 G5
Age (yr)

Figure 5. For 18 growth periods of regrowth plot number 8, a scatter plot against stand age at the start of a
growth period of the slope of the relationship between tree basal area growth rate and tree basal area. Results for
non-suppressed trees in the plot were determined using Models (2a) (O) or (3) (®), as found appropriate for the
growth period concerned. The solid line (—) appeared to model their trend satisfactorily; its equation was
Slope=1.468Age 0% Where a suppressed group was present, the slope of their relationship was determined
using Model (2b) (). The dashed line (- - -) modelled their trend; its equation was Slope=0.02881-0.00047Age.

5. DISCUSSION AND CONCLUSIONS

In this work, we related tree stem basal area growth rate to stem basal area. Other work has often considered
diameter growth rate in relation to diameter. However, stem diameters and basal areas are simply converted to each
other. It seems that both may be used in growth studies, resulting in only minor differences in conclusions [West
[847; Shifley [887; Lynch and Zhang [897]]. West and others [West and Smith [477]; West, et al. [557]
considered diameter growth rate in relation to diameter in stands of even-aged, monoculture eucalypt forest. They
used a model similar in structure to the broken stick Model (2), but which included a quadratic term to allow a
curvilinear relationship to be described. However, there seemed no evidence in the present work that anything
other than linear terms were required (Figures 1, 4) when basal area growth rate was being used.

Other measures of tree size are often considered in studies of tree growth behaviour. Biomass of the whole tree
or of its parts is used commonly, as is the volume of wood in tree stems, a variable of particular interest for forest
management purposes. These tend to be measured less commonly than tree diameters, hence basal areas, in forestry
data sets. In any case, stem basal area generally relates closely to tree biomass [[907], Chapter 7] and the ready
availability of tree diameter measurements perhaps explains why they are used so often in studies of growth
behaviour.

The emphasis in the present work was the development of models that could fit data from individual stands
when a group of suppressed trees was present. Various functions have been used by other authors in attempting to
relate growth rates of individual tree diameters, basal areas or, indeed, other growth variables to plant size in
individual stands. As found here, a simple straight line (Model 8) may suffice when no group of suppressed
individuals is present in a stand; this is often the case for young or less dense stands. In older or denser stands,
curvilinear functions have been often used. These show the growth trend in, but do not delimit clearly, the group of
suppressed trees when it is present. Such functions have included simple quadratic functions [West [87]; West
[827; [847]; West [417; Hara [507; Hara [517]; Hara [527]. Zeide [36] listed a number of other functions that

have been used widely; tests here of several of those suggested they often fitted the data as well as the curvilinear

31
© 2022 Conscientia Beam. All Rights Reserved.



Journal of Forests, 2022, 9(1): 21-38

Model (1) used here, but they did not allow estimates of the slope of the straight line relationship between growth
rate and size as does Model (1) (see Equation 1a).

Broken stick models that clearly delimit a suppressed group of trees from a non-suppressed group have been
used in other examples [47, 557. It is of interest that the curvilinear bent stick Model (1) used here is quite easily
transformed to the broken stick model used by West and Borough [357; to do so requires setting the parameter
ps=1 and introducing an intercept term to the model. The resulting model defines a suppressed group of trees with
a horizontal line relationship between growth rate and tree size: that was appropriate for West and Borough [85]
who used data from an unthinned, plantation experiment of radiata pine (Pinus radiata D. Don) in which such a
heavily suppressed group of trees was present consistently.

The general conclusion from the results and this discussion is that if a group of suppressed trees is present in a
stand, both the bent and broken stick models (Models 1 and 2, respectively) may be used to fit the data well and
determine satisfactorily the slope of the growth against size relationship for the non-suppressed trees. If an
intercept term is added to the bent stick Model (1), its limitation that it passes through the origin can be removed,;
some simple tests with data here showed that including that intercept would render an even closer fit to that of the
broken stick Model (2) shown in Figure 4. However, the bent stick model retains a curvilinear form as its fit to the
data transitions from the non-suppressed to the suppressed group. Whilst this is perhaps more biologically realistic
than the sharp break that occurs with the broken stick model, that sharp break provides a clear estimate of the tree
size that separates the two groups, a variable that might be of interest in further model development. None of the
other curvilinear functions referred to above [e.g. Zeide 3777 has a form that is sufficiently flexible to describe
growth satisfactorily over the suppressed and non-suppressed groups; such functions become less and less capable
of doing so as the suppressed group becomes more heavily suppressed and the slope of their part of the growth
relationship approaches zero.

One difficulty that does arise with the use of the bent and broken stick models is that they are nonlinear in their
parameters. To achieve satisfactory convergence of the least-squares algorithms available to fit nonlinear regression
models, it may be necessary to reparameterise the models. That process can be quite complex, as was found for the
models considered here. Even then, it was not found possible to obtain a satisfactory, successfully converged result
for every data set that was used in the present work. These issues are discussed formally and in detail by Ratkowsky
[747; Ratkowsky [847], work that has informed approaches taken in the algorithms used to fit nonlinear regressions
in statistical packages such as SAS.

The present work has considered growth behaviour only in even-aged monoculture forest. Growth rates are
likely to be rather more difficult to deal with in the more complex, uneven-aged, multi-species forests. Both the
different ages of trees and the different physiological characteristics, such as shade tolerance, of different species will
inevitably affect how growth rates change with tree size [e.g. [15, 91-9477]. In such cases it is less likely that a
suppressed group of trees will develop that is quite distinct from a non-suppressed group; trees with different
physiological capabilities and at different successional stages may form rather less well defined groupings. Under
those circumstances, one or other curvilinear function might be more appropriate to relate tree growth rates to tree
sizes [e.g. [14, 16, 95, 96 ]. For these more complex forests, it has sometimes been found that growth rate declines
with increasing tree size instead of progressively increasing [e.g. [16, 97, 9877. In these forests, bigger trees are
often likely to be older trees; it is well known that tree growth rates decline with age (hence size), probably as a
consequence of increasing respiratory costs incurred by larger trees West [797. Ricker and Rio [997 developed a
function to describe tree relative diameter growth rates in relation to tree diameters that allowed several size
groups of trees to be identified in a stand; this might present an option to deal with more groupings than just
suppressed and non-suppressed groups.

The overall conclusion here is that the bent and broken stick models considered have considerable potential for

use in relating individual tree growth rates to tree sizes in even-aged, monoculture forest stands when a group of
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smaller, suppressed trees is present in the stand. The broken stick model provides a clear estimate of the tree size in

the stand below which that group occurs. If no suppressed group is present, a simple straight line model may

suffice. These models provide parameter estimates that may then be related to other stand variables (e.g. Figure 5).

This allows model development to continue to provide, ultimately, a growth model for individual trees that may be

used widely across the forest population under consideration.
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