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Preface

The material in this report is a contribution to one of the core research
projects in the Cooperative Research Centre for Catchment Hydrology (CR-
CCH), entitled "Development and evaluation of predictive tools for water
production in natural, disturbed and managed forests”. The project aims to
clarify how water, soils, trees and catchments interact. A key part of this
project has been a study linking forest leaf area development to stand water
use and catchment runoff.

This report summarises a study aimed at improving the estimation of leaf
area index in mountain ash forests; the key forest species in the Melbourne
Water Supply area. It builds upon early work carried out by the Melbourne
and Metropolitan Board of Works (now known as Melbourne Water). Those
initial studies have been complemented by further field experiments con-
ducted by CRCCH researchers. The work has culminated in the development
of a model which can be used to estimate leaf area index for mountain ash
forests of different ages.

In future work the model will be used to explain the long-observed relation-
ship between forest age and water yield in mountain ash forest. This will help
catchment managers to predict better the impact of wildfires and logging on
water yields from mountain ash forest.

Prof. Russell Mein

Director

Cooperative Research Centre for Catchment Hydrology
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Abstract

A model is presented enabling the prediction of the leaf area of an individual
Mountain Ash (Eucalyptus regnans) tree given both the diameter at breast
height (DBH) of the tree and the mean In(DBH) of all trees in the stand
from which the tree came. The model was calibrated using linear regressions
on natural log data obtained through destructive measurement of the leaf
areas of 78 trees.

Predictions of the leaf area of individual trees and of the total leaf area of a
sample of trees were tested using destructive leaf area measurements from a
further 88 trees. Tests of individual predictions showed that the model was
able to accurately reproduce the dominant patterns of intra-stand variability
in leaf area. Tests of total leaf area predictions revealed that the model could
predict the leaf area index (LAI) of stands with errors ranging from 10% to
32% for trees younger than 60 years old, to a maximum of 88% for old-growth

trees (225 years old).

The model was applied to a database of 2079 DBH measurements from 17
Mountain Ash stands. This application proceeded in two ways. Firstly,
in a direct application of the model, individual tree leaf area predictions
were made from each of the 2079 DBH measurements, and summed over
respective stand areas to give LAI predictions for the 17 stands. When
plotted against stand age and adjusted for variations in stocking rate, LAI
predictions followed an expected pattern peaking at just under 4 m?/m? for
10 to 20 year old forest and decreasing to less than 2 m?/m? for old-growth
stands.

A more general application of the model was to anayltically combine the key
model equation, predicting leaf area from DBH and mean In(DBH), with
regression equations describing age-related variation in the stem diameters
of Mountain Ash forest. In particular the variation with age of mean stand
In(DBH), intra-stand distribution of DBH, and stocking rate were charac-
terised. The combination of these equations produced an equation relating
LAI to stand age which predicted a similar pattern of variation with age to
the direct LAI predictions. This equation provided continuous estimates of
LAI over a wide range of ages of Mountain Ash forest.
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1. Introduction

In the Mountain Ash (Eucalyptus regnans) forests of south east Australia,
stand age is a major determinant of catchment runoff rate. It is now well
documented that regrowth Mountain Ash yields significantly less runoff than
old-growth Mountain Ash (Langford, 1976; Kuczera, 1987; Jayasuriya et
al., 1993). These water yield patterns have been attributed inter alia to
transpiration differences caused by age-dependent changes in forest density
and structure (Vertessy et al. 1994). A great deal has been revealed about the
hydro-ecologic functioning of Mountain Ash forests through investigations on
root development (Ashton 1975), stand structure (Ashton, 1976), tree water
relations (Connor et al., 1977) and nutrient cycling (Feller, 1981; Polglase &
Attiwill, 1992; Polglase et al., 1992a, 1992b). However, comparatively little
has been reported on the leaf area index of Mountain Ash.

Leaf area index (LAI) is the ratio of leaf area of a forest stand to the area
on the ground which it occupies. It is a major determinant of a number of
hydrologic processes in forests including rainfall interception, transpiration
and radiation partitioning. For these reasons, LAl is a key parameter in most
process-based catchment hydrological models, being frequently used as the
‘change parameter’ to represent vegetation cover dynamics and its affect on
water balance (Band et al., 1993; Vertessy et al., 1993, 1996).

In this paper, we describe a simple technique to estimate LAI from stem
diameter at breast height over bark (DBH) measurements. The model is an
empirical one, being based on a limited sample of measurements collected
in the Mountain Ash forests of the Victorian Central Highlands. However,
the model performs well when tested against several independent data sets
collected from the same area. Further, by combining our model with known
relationships between mean stem diameter, stocking rate and age, we develop
an analytical expression that predicts LAI for different ages of Mountain Ash.
This expression helps to elucidate the mechanisms behind the stand age/
water yield relationship reported by Langford (1976) and Kuczera (1987).




2. Existing techniques for measuring leaf area
index

A number of techniques, of varying accuracy and difficulty, have been devel-
oped for measuring LAI These include:

Destructive sampling This involves felling a sample of trees, weighing all
their leaves, and measuring the leaf area of a weighed sub-sample of
leaves using a planimeter. It is the most accurate means of measuring
the leaf area (LA) of individual trees. The LAI can be calculated if all
the trees in a known area are felled.

Estimation from DBH measurements DBH measurements are far more
convenient to make than leaf area measurements. Thus, if only a sample
of trees in a plot of known area is felled, and DBH measurements are
taken for all trees in the plot, then LAI can be estimated by correlating
LA and DBH from the sampled trees. The resulting fitted relationship
can be applied to the DBH data for the remaining trees to get the total
LA which when divided by the plot area gives the LAI This method has
been used by Vertessy et al. (1995, in prep.), who used power-function
relationships (see Section 3), and Teskey & Sheriff (1996), who used a
linear relationship.

Estimation from sapwood area measurements Sapwood area can be
used in a similar way to DBH for predicting LAI. The technique has
the advantage that sapwood area is a measure of living conductive tis-
sue in the stem which is likely to be more closely related to LAI than
DBH. It has the disadvantage that sapwood area is less easily mea-
sured than DBH. Jarvis & Leslie (1988) predicted LAI from sapwood
area in old-growth Mountain Ash forest using a weak (r? = 0.657) leaf
area/sapwood area regression given by Ronan (1984). These authors
also give a tentative LAI versus age curve.

Hemispherical photographic analysis (HPA) This involves taking a pho-
tograph of the sky hemisphere looking upward through the forest canopy
(Rich 1990, Rich et al. 1993). Photographs are digitally scanned and
the LAI of the stand is calculated from digital measurements of the
amount of sky obscured by vegetation using some assumptions about
leaf geometry and distribution within the canopy.

2



Light interception analysis using light meters This involves compar-
ing radiation incident on a light meter above the canopy with that inci-
dent on a light meter beneath the canopy. The ratio of above-canopy to
below-canopy radiation reflects the integrated effect of obstruction of
light by vegetation - from which an estimate of LAI can be made using
similar logic to HPA. Specialised units are available for such measure-
ments, including the LICOR LAI-2000 Plant Canopy Analyser (PCA)
(Welles and Norman 1991), the CEPTOMETER (Pierce and Running
1988, Rich et al. 1993), and the DEMON (Lang et al. 1985, Whitford
et al. 1995).

Remote sensing of LAI This involves correlating multispectral satellite
or aerial imagery with ground based measurements of LAI. The corre-
lations can be used to predict the spatial distribution of LAI from the
imagery where there are no ground measurements. The approach has
been used successfully in coniferous forests in the Northern Hemisphere
(Nemani et al., 1993) but has had limited application to broadleaf
forests. We are currently exploring applications to Australian eucalypt
forests.




3. Previous methods for estimation of LAI
from stem diameter measurements

In the Maroondah Catchments, Vertessy et al. (1995, in prep.) have fitted
power-function curves to measurements of leaf area (LA) and DBH from a
sample of trees within plots of known area. Figures 1 to 3 illustrate the
relationships which were found for 4 year old, 16 year old', and 56 year old
Mountain Ash forest respectively. The corresponding regression equations
predicting the LA of individual trees were as follows:

4 year old forest (Vertessy, unpub.)
IA=0259 DBH*® r?=081 n=20 (1)

16 year old forest (Vertessy et al., 1995)
LA =0.003DBH*® *=093 n=19 (2)

56 year old forest (Vertessy et al., in prep.)
LA =0.005DBH>*" r?=066 n=11 (3)

For a given stand, the LAI was calculated by applying the fitted relationship
to DBH measurements for all trees in a plot to estimate the LA for every
tree. The leaf areas were then summed and divided by the plot area to give
LAL

The method is useful for measuring the LAI of a plot by converting destruc-
tive LA measurements of a sample of trees to stand LAI, but it has two key

limitations:

1. The process of directly fitting power functions is sensitive and not ro-
bust with respect to the software used to fit the curve. Vertessy et al.
(1995) used Macintosh-based Cricket Graph and Kaleidagraph soft-
ware. While these yielded similar fits, different PC-based curve fitting
software produced different equations.

1Vertessy et al. (1995) report the age as 15 years, which is calculated using the date of
seeding as the origin of the stand. In this report, we use the date of cessation of logging
and burning as the origin date, in order that the ages of seeded and un-seeded stands (e-g.
those burnt by wildfire) are consistent. This results in an age of 16 years for this stand.

4
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Figure 1: Power function fitted to LA versus DBH data for 4 year old forest
in the Murrindindi catchment by Vertessy (unpub.).
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Figure 3: Power function fitted to LA versus DBH data for 56 year old forest
near the Blacks’ Spur experimental catchments by Vertessy et al. (in prep.).

2. A different curve must be constructed for different aged stands and the
method offers no means of generalising to new stands where LA has
not been measured.



4. Study area

The study area, as shown in Figures 4 to 6, is known as the Maroondah
Catchments - five water supply catchments with a total area of 163 km?. It
is located near Healesville about 55 kilometres east-north-east of Melbourne.
Eighteen small experimental catchments have been established within and
nearby the study area (O’Shaughnessy & Jayasuriya, 1991) and much of the
data we report originates from within these catchments.

The terrain consists of heavily forested, incised mountain ranges and valleys
forming part of the Great Dividing Range of eastern Australia. Slightly more
than half the area is forested with pure stands of Mountain Ash ( Eucalyptus
regnans), most of which is regrowth from the 1939 wildfires. The remain-
ing portion of the study area carries mixed species eucalypt forest, including
Messmate (E. obliqgua) and Manna Gum (E. viminalis). A wet, cool, tem-
perate climate prevails with mean annual precipitation ranging from about
1000 to 2800 mm throughout the study area (Watson et al., 1996).
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5. Data used in this study

5.1 The database

A number of data sets based on destructive sampling of Mountain Ash leaf
area are available. These are used in the calibration and testing of the model
(Sections 7 and 8). Four of these data sets were collected by the present
authors and our colleagues. The remainder were collected as part of previous
studies by other workers. Table 1 summarises these data sets which are
reproduced in full in Appendix B.

Additionally, a number of data sets comprised soley of DBH measurements
were collected by a variety of authors. These are used in the general char-
acterisation of forest structural variation with age (Section 6) and in the
application of the model to predict LAI variation with age (Section 9).

5.2 Data representation and notation

The ‘calibration’ and ‘testing’ data sets above are represented as follows:

We have data for a number of stands of trees occupying known areas. Within
each stand, the DBH of every tree has been recorded. Also, within a sample
of trees in each stand, the LA has been measured destructively. The data
from the sampled trees are of the form:

(DBHS,,', LAS,J‘) (4)

. where s = 1,...,5, S is the number of stands, j = 1,...,n,, n, is the
number of trees in the measured sample from stand s, ¢ = 1, ..., N,, and N;
is the number of trees in the whole population of stand s.

From experience, we have observed that the distributions of (DBH,;, LA, ;)
data are highly skewed. Both LA,; measurements and DBH,; measure-
ments are concentrated towards lower values and sparse at higher values.
Additionally, the data are heteroscedastic. By taking logarithms of the data,
we can now analyse the data using ordinary least squares analysis. The
following notation will be adopted:

10
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Tsi = ln(DBHs,i) (5)

. and:

Ysi = 1n(LAs,) (6)

Note that values such as y, ; are often estimated in the course of the following
analyses. In such cases, a ‘hat’ is used to denote ‘estimated value’, e.g. 7s,;-

DBH measurements were taken for the entire population. In the log domain
these are the z,; values from Equation 5. The sample mean of z,; is Z, and
the population mean is ps, both of which can be calculated directly from
the data. LA measurements were taken only for a sample of the population
of trees. From Equation 6 these are the y;; values in the log domain. The
sample mean of y,; is §, which is calculated directly from the data. The
population mean of y; is v, is unknown but is estimated below as 7.

From this point onwards, all analysis of LA and DBH data is performed on
the logged data, that is, in terms of z,; and y, ; instead of DBH,,; and LA, ;.
Conversions back to the original scale occur for some plots and results.

When taking a mean of log-transformed data we refer in the text to the value
%, for example, as ‘mean In(DBH)’ - not ‘mean DBH’. When mean In(DBH)
is plotted, the exponential is taken, transforming it back into linear units
as what is here termed ‘exp-mean-ln DBH’. This back-transformed value is
then plotted on standard log axes. Hence the data are displayed on a log
scale as desired, but the units on the axes are meaningful and as originally
measured. Note that we use natural logarithms despite the fact that the axes
are marked in powers of ten.

Additionally, residuals about means of log data are refered to as ‘exp-residual-
In’ values. ‘
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6. Observations of DBH and stocking rate
variation for Mountain Ash forest

6.1 General DBH distribution characteristics

Figure 7 shows histograms of DBH values for each stand. The DBHs were
measured from a population of trees from a plot of known area. These his-
tograms illustrate how the distributions of DBH within stands varies with
the age of the stands. The DBH classes were constructed along a log scale
to enable stands of all ages to be viewed within the same domain with ap-
proximately uniform variance. Note that the DBH classes for the youngest
trees in the Vert5 stand are smaller than the precision of measurement. As a
result, the histogram for these classes displays more peaks than are present
in the data. This is of negligible consequence. The following observations
are made:

o The mean In(DBH) increases with age, an obersvation which is explored
in Section 6.2.

e Many of the distributions are multimodal, reflecting plot sizes which are
too small to accurately characterise the distribution shape. However,
many of these can be assumed to follow a normal distribution. This
observation is explored in Section 6.3.

o The youngest three distributions appear systematically bimodal, per-
haps indicating that the forest originates by two waves of germination
in successive years, and that by about 10 years of age, competition
and other forces obscures this pattern. Perhaps more plausibly, based
on observations of growth and water use of Flooded Gum (FEucalyp-
tus grandis), Benyon® (pers. comm.) suggests that competition itself
may cause the bimodality and that at about four or five years of age,
the stand separates into distinct dominant and suppressed size classes,
the suppressed trees eventually dying. Similar observations were made
by Ashton (1976). Some older distributions are also bi-modal or even
multi-modal, due partly to under-sampling, and partly to the sampling
of mixed-age stands where the authors of the data have been unable to
assign ages to individual trees and have simply recorded the age of the
oldest trees in the stand.

1Richard Benyon, Post-doctoral fellow, CSIRO Forestry and Forest Products, Canberra
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¢ Some stands, in particular the Ber154 and the OS235 stands, are clearly
of mixed age, having trees from a much wider range of DBH classes than
most stands. Data from these stands are of little use unless the trees
can be separated into age classes. The mixed-age stands are included
in Table 1 and Figure 7 to illustrate the need to consider whether
DBH data are from a single-aged stand or a mixed-aged stand. In the
remainder of this report however, mixed-age data are not considered
unless the ages of all trees in the data set are known. In cases where
the age of trees in old-growth, mixed-age stands is known, only data
for the oldest stratum is used, unless otherwise stated. This is because
the growth of sub-dominant trees in a mixed-age stand is likely to be
different to that of trees of the same age in a single-age stand. The
converse may be true to some extent for dominant trees in a mixed-age
stand but, as all old-growth stands in the database are of mixed-age,
we must use data from old-growth trees in mixed-age stands if the
old-growth data are to be of any use.

6.2 Relationship between DBH and age

Some of the leaf area data used in this study were not collected in conjunction
with DBH measurements from an entire population of trees within a plot
of known area. In these cases, the population mean In(DBH) cannot be
calculated directly. As will become clear, the population mean In(DBH) is
an important quantity. We examine its variation with age here, primarily
for the purposes of constructing a simple relationship between DBH and age.
This relationship can be used for situations where the mean In(DBH) is not
known.

Figure 8 shows exp-mean-In DBH against stand age. Only stands exhibitting
single-aged trees are included. Additionally, some stands in the Orrl4 data
set were excluded because they were part of particularly low stocked, poorly
regenerated forest documented by Langford & O’Shaughnessy (1980). Non-
linearity and non-uniformity are evident in the data and can be rectified by
replotting against log age as shown in Figure 9. The now uniform distribution
of points along the x-axis indicates a strongly linear relationship for all but
the youngest two stands.

If we assume forest structural development.does not commence until some
years after age zero (here taken as the end of burning due to either wildfire

14
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Figure 8: Linear plot of exp-mean-ln DBH versus forest age for all healthy,
single-aged stands where all DBHs in a plot or plots of known area have been
measured

or logging), then it is reasonable to consider not ‘age’ but ‘age minus some
value’ as the independent variable. Hence, the following equation relating
exp-mean-ln DBH to age was constructed:

fis = dy + dy In(AGE, — d3) (7

The parameters d; and d, were obtained using ordinary least squares linear
regression, adjusting ds to maximise the associated r? value. The estimated
parameters, resulting in 72 = 0.987, were:

dy = 1.206 | (8)
dy = 0.719 (9)
ds = 5.04 (10)

Figure 10 shows the line of best fit for the data after adjustment of age (i.e.
AGE — d3). The two youngest stands have been ‘pulled into line’ by the age
adjustment though the model will not reliably predict exp-mean-ln DBH for
forests younger than or close to d3 = 5.04 years old. The calibrated value
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of 5.04 for ds is higher than would be expected given our earlier hypothesis
of delayed forest structural development. Forests younger than five years
old are frequently well developed. Clearly, more data from young forests are
required if we are to consolidate the age adjustment approach. Presently,
Equation 7 is used in latter parts of this report even though we have some
reservations about its appropriateness. We feel it reflects a meaningful ap-
proach to modelling DBH versus age relationships but could be improved
with more data, which would probably reduce the calibrated value of d-.

For Mountain Ash in other areas, Ashton (1976) gives the relation:

log(DBH) = 1.02log(AGE)

with some ambiguity as to whether means or individual trees were used to
construct the relationship. Using the form of Ashton’s equation in the present

study area, we obtained:
log(DBH,) = —0.029 + 1.002log(AGE,), r* = 0.906

M M - L | 1 1 1 k] o .
1of-mean varues; which Is very similar to Ashton’s equation.

6.3 DBH distribution shape

Figure 11 shows histograms of standardised In(DBH) data from all single-
aged healthy stands overlaid upon one another?. A standard normal proba-
bility density function (PDF) is overlaid upon these histograms, indicating
that the In(DBH) values are approximately normally distributed. Exceptions
arise for stands where a small number of trees were measured, and plotted
distributions appear irregular, multi-modal, and peaked.

2The standardistion follows the equation:
_ Tsi— Ms
z= S (11)

where z is the standardised value of z, ; and o, is the population standard deviation of
Ts,i-
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Figure 9: Logarithmic plot of exp-mean-ln DBH versus age with the line of
best fit obtained by ordinary linear regression.
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Figure 10: Logarithmic plot of exp-mean-ln DBH versus adjusted age, in-
cluding the line of best fit obtained by ordinary linear regression.
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6.4 Stocking rate versus age

Figure 12 shows stocking rate plotted against age on log/log axes for the same
stands as above. A strong pattern of forest thinning is evident from 5 year old
to 230 year old forest. This information provides a useful background to the
remainder of the report, particularly in helping determine whether variations
in leaf area index with age are due to variations in stocking rate, or some
other influence. The following regression has been fitted to the stocking rate

data:

In(SR,) = r1 + r; In(AGE,) (12)

which becomes, after estimation of regression parameters:

In(SR,) = 11.610 — 1.624In(AGE,) r*=10.921 (13)

where §I\Zs is an estimate of SR;, the stocking rate of a stand.
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Figure 11: Histograms of In(DBH) values within each stand, standardised
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standard normal PDF has been overlaid to demonstrate that the distribution
of In(DBH) for any given stand tends towards a normal distribution. For
clarity, the histograms have been plotted using lines instead of bars.
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Figure 12: Stocking rate versus age for a number of forest stands, plotted
on log/log axes, including the line of best fit obtained by ordinary linear

regression.
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7. A new, generalised model for estimating
LAI from stem diameter measurements

7.1 Introduction

In this section, we describe a new model which linearises the observed rela-
tionship between LA and DBH, and generalises it to a wide range of Mountain
Ash stands. The model was developed using data from four Mountain Ash
stands and then tested using data from several other stands (refer to Table

1).

The calibration data are plotted on linear axes in Figure 13 and on log/log
axes in Figure 14. Figure 13 clearly shows the variance increasing with LA
and DBH, and the non-uniform distribution of points along each axis. Log-
arithmic transformations of both LA and DBH resulted in a more constant
variance and uniformity in both variables (see Figure 14). Figure 14 illus-
trates clustering of the data into four groups, corresponding to the four stands
which were sampled. There appears to be some variability amongst observa-
tions within a cluster, though the mean values of each cluster align linearly.
The relationships between In(LA) and In(DBH) in the three youngest stands,
can be represented quite well by linear regressions.

The model predicting LA from DBH measurements was derived in two parts.
Firstly, the relationship between population mean LA and population mean
DBH was obtained. Secondly, we developed a relationship between residual
LA and DBH within each stand. In the following two sections, we describe
these procedures in full.

7.2 Calculation of mean stand LA versus mean stand
DBH

To relate mean LA to mean population DBH in the log domain, a linear re-
gression of 75 on y, was performed. We calculated directly, and estimated
#,. This was accomplished using separate linear regressions on the (z;,¥s,;)
data from each stand as follows:

In Figure 14, a linear relation between y,; and z,; is evident within each
stand. We assumed that the sampled In(DBH) values were uniformly dis-
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Figure 15: Estimating the population mean In(LA) of stands: four separate
regression lines are fitted; the white circles are sample means; the grey circles
are population means estimated from the sample regression equations.

tributed and that, for each value of In(DBH), measurements of In(LA) were
normally distributed about their mean. This assumption is independent of
the observation in Section 6.3 that populations of In(DBH) values are approx-
imately normally distributed. Figure 14 shows that the sampled In(DBH)
values are not always uniformly distributed within each stand. The follow-
ing ordinary least squares analyses are limited to some degree by this fact.
Four separate linear regressions of the form:

Usj =7s + 05Ts,; (14)

. were fitted to the data in each stand. Estimates of y,; were obtained
by substituting z,; values into the resulting linear equation. The linear
regressions calculated for each stand were:
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Stand 1: 5 year old
g1 = —2.502 +2.526 71, r’ =0.898 (15)

Stand 2: 16 year old
25 = —5.780 +2.987 zo; r? =0.929 (16)

Stand 3: 56 year old
§3; = —5.293 + 2.513 z3; r° = 0.836 (17)

Stand 4: 225 year old
Jai = 3.313 +0.597 z4; r® = 0.085 (18)

These relationships are graphed in Figure 15.

Log/log relationships between LA and DBH have been recognised by other
authors. For five tree species in Western Australia including two eucalypts,
Hingston et al. (pers. comm.!) obtained log;y/log,, relationships between
leaf weight and DBH. These relationships, although using base-ten loga-
rithms instead of natural logarithms, and leaf weight instead of leaf area,
can be compared to our LA versus DBH relationships by adjusting the in-
tercept, 7s, in Equation 14. The slope term in Equation 14, &, is directly
comparable without adjustment. Hingston et al’s slopes range from 1.62 to
2.06, slightly lower than ours. Attiwill (1962), in a Messmate forest, formed
a log,o/10g,, relationship between dry leaf weight and branch girth with a
slope of 1.66, also lower than ours. In Mountain Ash, Attiwill (1991) formed
several In/In relationships between dry leaf weight and DBH but only pro-
vided an equation for one, which had a slope of 2.38, being similar to ours.
Feller (1980) obtained slopes ranging from 1.7 to 6.8 for In/In relationships
between leaf weight and DBH in three eucalypt species. Ronan (1984) and
Teskey and Sheriff (1996) obtained linear regressions between LA and basal
area for Mountain Ash and Radiata Pine, respectively. Because basal area
is proportional to the square of DBH, a linear LA versus basal area relation-
ship translates into the log/log domain as a LA versus DBH relationship with
§s = 2. Conversely, relationships such as ours (above) and Hingston et al’s,
where § is approximately equal to two, will appear linear if basal area is used

1Hingston, F.J., Galbraith, J.H., & Jones, M.S., CSIRO Division of Forestry and Forest
Products, W.A. Divisional Research Group, Western Australia
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as the independent variable instead of DBH. However, we prefer the log/log
domain to Ronan’s and Teskey and Sheriff’s linear approach because: it al-
lows for cases where §; is not equal to two; it forces the relationship through
zero, thus avoiding negative leaf areas; it reduces non-uniformity in the dis-
tribution of the independent variable (in our case ln(DBH)); and it reduces
heteroscedasticity in the dependent variable (in our case In(LA)). Ronan’s
basal area values are non-uniformly distributed, which biases his ordinary lin-
ear regression towards low values. Pook (1984) adopted a quadratic model
for a regression on un-transformed LA versus basal area data. His Figure 4
shows non-uniformity which suggests that data transformation could improve
the model.

We can calculate the sample mean In(LA) and sample mean In(DBH) for each
stand, but our estimation of the mean relationship between LA and DBH
should be based on the population means and not the sample means. This
is necessary for the method to be independent of the sampling procedure.
Thus, we estimated the population mean In(LA), v,, for each stand using
Equations 15 to 18, by substituting in the population mean In(DBH), p,, for
each stand:

i}s =7s + 53/-‘3 (19)

The sample means (Z, Js) and population means (gs, 7;) for each stand are
plotted in Figure 15. There is a clear offset between sample and population
means for each stand. This indicates that the samples are not representative
of the populations for each stand, because of the bias to sample larger trees,
hence justifying the separate consideration of sample and population means.
The population means do, however, fall within the domain of the sampled
trees, thus validating the estimation of population mean In(LA) from the
sample data.

A further linear regression is performed on the estimated population means
giving the relationship between mean stand In(LA) and mean stand In(DBH)
represented by the solid line in Figure 16 (i.e. the line of best fit to the grey
circles in Figure 15). Note that the estimate of population mean In(LA)
produced here is an estimate derived from an estimate, written as ¥, which
occurs in the general regression equation:

Vo=a+ Bus (20)
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Figure 16: Estimated variation in (estimated) population mean In(LA) be-
tween stands.
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The resulting line of best fit in Figure 16 is:

Dy = —1.980 + 1.642u, r* = 0.996 (21)

The estimate, 7, for stands of Mountain Ash described by Equation 20 is
subject to regression errors which are calculated in Section A.1. The 95%
confidence limits were subsequently calculated and plotted in Figure 16. All
points fall within the confidence limits. There are additional errors in the
measurement of leaf area and in the estimation of population means from
sample means. The magnitude of these is not explicitly investigated here
but is implicit in the errors discussed in Section 8. In the following section,
a relationship describing the intra-stand variability of leaf area is described
which assumes that v, is known. This intra-stand relationship is thus subject
not only to its own errors, but also the error in the mean relationship, or
Vs — Vs.

7.3 Calculation of LA versus DBH within each stand

As discussed in Section 7.1, a linear relationship between y,; and z,; is
evident within each stand. The calculated residuals about the estimated
population means for each tree in each stand, (2, ; — pts, Ys,; — ¥s), are plotted
in Figure 17.

The line of best fit represent the relationship between the residuals. However,
a single linear regression is not suitable for this data because it is biased
towards stands with more trees. Instead, we used the separate regressions
for each stand fitted earlier (Equations 15 to 18). The slope of the line
of best fit for all residuals, &, is taken as the mean of the slopes of the
separate regressions, §,. The intercept is zero because the population means
about which the residuals are calculated are defined to lie on the separate
regression lines from Equations 15 to 18. Taking the mean slope is equivalent
to performing a single regression on unbiased data for the zero-intercept case.

The r? for the 225 year old forest (Equation 18) is very low. The strong
intra-stand relationship between leaf area and DBH observed in the younger
stands does not hold for older forest. We suggest that the intra-stand patterns
observed for the younger forest are a result of thinning processes within the
stand. If a tree has a DBH significantly lower than the mean DBH of the
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Figure 17: Mean of three separate regressions on residual LA versus DBH
variation within each stand. Dashed lines indicate 95% confidence limits for
the mean regression.

stand, it is most likely to become a victim of natural thinning. As such, itisin
sub-optimal health, and its leaf area will be lower than would be predicted by
the inter-stand relationship described in Section 7.2. The converse applies
to trees of larger DBH than the stand mean. This argument leads to a
LA versus DBH relationship which is steeper within stands than between
stands, which is what is observed in Figure 15. Once a forest begins to
senesce (i.e. branches which are destroyed by the elements are not replaced),
thinning through competition amongst trees is perhaps less prevalent and the
steep intra-stand LA versus DBH relationship will weaken. The structure
of the forest will be primarily influenced by more random controls such as
catastrophic crown damage in storms and so forth.

Because of the weak intra-stand pattern in the 225 year old forest, the slope
of the mean line of best fit to the residuals was calculated as the mean of
the slopes for the three younger stands only. The resulting mean line of best
fit to the residuals is plotted in Figure 17 and described by the following
equation:

gs,i - l;s =9 -+ g(xs,i - ﬂs) s = 1,2a3 (22)
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By substituting in parameter values of vy = 0 and § = 1 3°2_, 6, = 2.675 we
obtained:

373,; - f/s = 2.675(:03,5 - l‘s) (23)

At this point we could have used the specific regression slopes, é;, for each
stand. However, the slopes for each stand are quite similar and a general
relationship with only one slope, 8, is more useful. We have done some testing
of the improvement in predictive accuracy offered by separate regressions of
the residuals and found the improvement is not so large as to offset the
benefits of a general relationship.

The estimate of ys; — U5 described by Equation 22 is subject to regression
errors which are calculated in Section A.2. They are subsequently used in
the calculation of the 95% confidence limits which are plotted in Figure 17.
All but two of the 72 data points fall within the confidence limits, indicating
that the limits are a valid characterisation of the error in the fit to residuals.
Additional errors arise in the use of a single fit to approximate the fits for
stands of different ages, and in the extrapolation of the residual relationship
to forests older than 56 years. The model of residuals assumes that the
population mean In(LA) values for each stand is accurate, an assumption
which itself is subject to the errors noted in Section 7.2. The total magnitude
of the error in §s; — 75 is implicit in the errors discussed in Section 8.

7.4 The full model

The relationship between In(LA) and In(DBH) was obtained by substituting
Equation 20 into Equation 22, giving:

Jsi =+ Bus +v+ 5($s,i — Us) (24)

and:

Goi = —1.980 + 1.6424, + 2.675(zss — ts) (25)
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once the appropriate parameter values were substituted.

Back-transformation of these equations gave:

msi — e“‘l‘ﬁl—‘s +‘/+5(lnDBHs,i‘#s)

and:

TA. . = ~1980+1.642,+2.675(n DBH,,i~4s)
S, —

once the appropriate parameter values were substituted.

Equations 26 and 27 were simplified as:

LA,; = e MP~° DBH?,

and:

LA,; =0.138 M 1% DBH2F™

once the following substitution was made:

Ms = et = e'fVITngln(DBHs,i)

(26)

(27)

(28)

(30)

The relationship between LA and DBH described by Equation 29 is plotted
in Figure 18 on log/log axes for each of the for stands, and on linear axes in
Figure 19. The model enables the prediction of the leaf area of any tree in
a stand of Mountain Ash given z,;, the natural log of the DBH of the tree,
and M, the exponential of the mean of the natural logs of the DBHs of all
trees in the stand. Values for M, can be estimated from the age of stand as
discussed in Section 6.2. The model can also predict the LAI of a stand if
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the area of the stand is known and the DBHs of all trees in the stand are
known.

The estimate of LA,; described by Equation 29 is subject to the sum of
the errors described in Sections 7.2 and 7.3, including the regression errors
calculated in Section A.3. These regression errors are represented as 95%
confidence limits in Figures 18 and 19. All but one of the points from the first
three stands fall within the confidence limits, indicating that the limits are
an accurate representation of the regression errors in the full model. Three
of the seven points for the 225 year old stand fall outside the limits, which
relates to the earlier observation that patterns of intra-stand variability in
LA are weakened for old-growth forests. Predictions of individual tree LA
for stands older than 56 years are eztrapolations, the true confidence limits
for which would be significantly wider than shown in Figures 18 and 19. The
following section tests the model predictions using some additional leaf area
data.
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Figure 18: Final model of LA versus DBH for the four stands, plotted on log
axes with 95% confidence limits (dashed lines).
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Figure 19: Final model of LA versus DBH for the four stands, plotted on
linear axes with 95% confidence limits (dashed lines).
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8. Model testing

Leaf area measurements from samples within four forest stands were used to
construct and calibrate a general model for predicting the leaf area of a tree
given its DBH and the mean In(DBH) of the population of trees from which
it came. In this section, a further five sets of leaf area measurements are
used to independently test the model. Firstly, the prediction of individual
tree leaf area is assessed and secondly, the prediction of the total leaf area of
sampled trees is assessed.

8.1 Testing of individual tree leaf area predictions

Data from five forest stands are available for testing individual tree leaf area
predictions (see Table 1). Two of these data sets were collected as part of
the current research programme. The remaining three were collected as part
of two previous research efforts in the same region. The five data sets are
named after the chief researcher in each case and are examined separately as
follows:

33




8.1.1 The Vertessy & O’Sullivan Murrindindi 4 year old data set

This data set was obtained by the destruction and leaf area measurement
of 20 trees in the Murrindindi basin during July 1995. Unfortunately, DBH
measurements were taken only for the destroyed trees and not for an entire
population from a known area. This means that the data can only be used
to test the intra-stand prediction of leaf area variation and not the mean leaf
area of the stand in relation to other, older stands.

For the purposes of display, the population mean In(DBH) was calibrated
so that the total prediction error for the stand is zero. Modelled versus
measured leaf area for this data set is plotted in Figure 20. The points are
closely scattered around the 1:1 line at a similar slope. The overall proximity
of the points to the line is of no consequence - being a result of calibration.
However, the similarity in slope indicates that the model accurately predicts
the intra-stand variability of leaf area for this stand.
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Figure 20: Modelled versus measured leaf area for the ‘Vertessy & O’Sullivan
Murrindindi 4 year old’ data set. Dashes indicate 95% confidence limits for
each prediction.
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8.1.2 The Vertessy & O’Sullivan Myrtle 11 year old data set

This data set was obtained by the destruction and leaf area measurement
of 30 trees from a 540 m? plot in the recently logged Myrtle 2 experimental
catchment during July 1996. Additionally, DBH was measured for the full
population of 128 trees in the plot, enabling the calculation of a population

mean In(DBH).

Modelled versus measured leaf area for this data set is plotted in Figure 21.
The points are closely scattered along the 1:1 line at a similar but slightly
shallower slope. The plot demonstrates that the model has accurately pre-
dicted both the mean leaf area of these 11 year old trees and the pattern
of their intra-stand leaf area variability. The 95% confidence limits for two
of the predictions fall away from the 1:1 line, approximately the number
expected from a sample size of 30.
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Figure 21: Modelled versus measured leaf area for the ‘Vertessy & O’Sullivan
Murrindindi 11 year old’ data set. Dashes indicate 95% confidence limits for
each prediction.
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8.1.3 The Orr Picaninny 14 year old data set

This data set was obtained by Orr et al. (1986) in 1986 and involved the
destruction and leaf area measurement of 18 trees from scattered locations
bordering the Picaninny experimental catchment. Because of the scattered
location of the trees, a population mean In(DBH) cannot be calculated di-
rectly. Instead, a mean was obtained from the total population of six per-
manent growth plots’ at Picaninny, surveyed by Melbourne Water in 1986.
Use of this proxy mean is not ideal, owing to the patchy regeneration at Pi-
caninny (Langford & O’Shaughnessy, 1980). However, it should be sufficient
to enable the use of Orr et al’s data to test the model.

Modelled versus measured leaf area for this data set is plotted in Figure
22. The points are less aligned with the 1:1 line than for the two previous
examples. The mean location of points is slightly below the line, which may
be partly due to the use of a proxy mean In(DBH). Also, the slope of the
line of best fit through the points is not as steep as the 1:1 line, in a similar
manner to the Vertessy & O’Sullivan Myrtle 11 year old data. The 95%
confidence limits for two of the predictions fall away from the 1:1 line. This
is about twice the number expected from a sample size of 18.
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Figure 22: Modelled versus measured leaf area for the ‘Orr Picaninny 14 year
old’ data set. Dashes indicate 95% confidence limits for each prediction.

145 plots are surveyed at Picaninny every 5 years. A subset is surveyed every year.
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8.1.4 The Ronan Blacks’ Spur 38 year old data set

This data set was obtained by Ronan (1984) in around December 1976. Fif-
teen 38 year old Mountain Ash trees comprising the total population of a
plot of known area were felled for leaf area measurement; the DBH of each
tree was also recorded.

Modelled versus measured area for this data set is plotted in Figure 23. A
similar pattern to the above data is observed - with the mean leaf area being
modelled accurately and a slope slightly lower than the 1:1 line. The 95%
confidence limits for one of the predictions falls away from the 1:1 line, as
would be expected from a sample size of 15. This data strongly supports the

model.
1000 -
_ . & liline
t .--
- 1 i - -
% 100 ) = p o -. .
§ - " ° .-
3 * 8- =
5 10+ -
=1 - -
[~}
=
1 : :
1 10 100 1000
Measured leaf area (m?

Figure 23: Modelled versus measured leaf area for the ‘Ronan Blacks’ Spur 38
year old’ data set. Dashes indicate 95% confidence limits for each prediction.
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8.1.5 The Ronan Myrtle 225 year old data set

Data from the 225 year old trees in this data set were used in the initial
calibration of the model. Additionally, Ronan (1984) measured one 150 year
old and three 90 year old trees from the same location. The data from
these sub-dominant trees are examined here. Population mean In(DBH) for
both ages was derived from the DBH versus age relation given in Equation
7. Estimating the mean DBH in this manner may lead to some additional
uncertainty in the estimation of mean leaf areas.

Modelled versus measured leaf area for this data set is plotted in Figure 24.
The modelled leaf area for the 150 year old tree is accurate, but as there is
only one observation, this offers no statistical support for the accuracy of the
model. Both the mean and the trend of LAs for the 90 year old stand are
poorly estimated. This may be due to the small sample size, inaccuracy in the
estimated population means, and the fact that the trees are sub-dominants
and have spent their entire lives beneath larger and older trees. The 95%
confidence limits for two out of the three LA predictions for 90 year old trees
fall away from the 1:1 line.
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Figure 24: Modelled versus measured leaf area for the ‘Ronan Myrtle 150
and 90 year old’ data set. Dashes indicate 95% confidence limits for each

prediction.
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8.2 Testing of total sample leaf area and LAI predic-
tions

The prediction of total leaf area for stands can be evaluated by summing
measured and modelled leaf areas for all the trees in a sample from a stand.
However, in most cases, only a sample of trees from a plot or plots within
each stand had their leaf areas measured. Thus, bias between sampled trees
and the full population of a plot will lead to differences between the error
in total LA estimated from the sample and the true error which would be
calculated if the whole population had their leaf areas measured. However,
these differences are likely to be small.

Figure 25 shows the percentage error in the sample sum of modelled leaf areas
for each stand, calculated as 100(%%% —1). These values are a good
approximation to the percentage errors in LAI estimation which would be
made if total population leaf area was measured. In two cases (the Beringer
8 year old stand and the Ronan 38 year old stand), total population LA was
measured, so the error in LAI is exactly the same as the error in sample
sum LA as plotted in Figure 25 (-26% and -10%, respectively). For stands
younger than about 60 years old, the maximum percentage error observed
was +32%, with three of these stands displaying a percentage error less than
+13%. For the 90 year old stand of sub-dominant trees, an error of -54%
was obtained. The 225 year old stand was modelled least accurately with an
error of +88%. There was no dependence of error magnitude on whether the
stand was part of the calibration or test data sets. This indicates that the
model, as structured, was calibrated as well as possible, and that the observed
errors are inherent in the data. As mentioned before, a more complex model
could be constructed but we feel that the present model achieves a desirable

balance between predictive ability and simplicity.
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Figure 25: Percentage error in sample summed leaf area for both the cali-
bration and testing stands. The values plotted are approximate percentage
errors in predicted LAI, the differences being soley attributable to sample
bias in each stand. '
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9. Application

There are a number of ways in which the model may be used. Here we
use the model to construct curves relating LAI to age, both by applying the
model to individual tree data, and to relationships expressing the variation in
DBH and stocking rate with age, and the distribution of DBH values within
stands.

9.1 Constructing an LAI versus age curve from indi-
vidual tree measurements

Having constructed, calibrated, and tested a model enabling the prediction
of LAs of individual trees, we can predict LAI by applying the model to
populations of DBH measurements from a number of stands. The DBH
database assembled for this study is large, but some ages of forest are poorly
represented. The use of these data to predict LAI at a number of ages is
presented chiefly as a demonstration of the application of the model. We
have access to a much larger forest assessment database which will be the
subject of future work.

From the database we selected data for all stands exhibiting healthy, single-
aged Mountain Ash for which the DBH was recorded for all trees in plots
of known area. The population exp-mean-ln DBH was calculated for each
stand. Estimates of LA were calculated using Equation 29. The resulting
LA predictions were summed for each stand and divided by the area of the
measurement plot to give LAI predictions for each stand (Figure 26).

A great deal of scatter is evident, as are some expected features such as a
peak in LAI for very young forest and a gradual decrease in LAI as the
forest ages. Given the high accuracy with which the model can predict
leaf areas, the scatter in Figure 26 was unexpected. The most likely cause
is variability in the stocking rates of stands from the general relationship
between stocking rate and age described in Section 6.4. To correct for this, we
divided the predicted LAI by a ‘stocking rate deficit’, calculated as measured
stand stocking rate divided by the rate predicted by Equation 13 as follows:

—~, _ LAI,
Corrected LAI, = % (31)
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Figure 26: Predicted LAI versus age for each healthy, single-aged stand (un-
corrected).

This correction essentially replaces the actual stocking rate of the experimen-
tal plot with the rate expected for a stand of the particular age. This results
in Figure 27 which shows considerably reduced scatter and describes an LAI
versus age relationship which peaks at just under 4 m?/m? for 10 to 20 year
old forest and then declines gradually to below 2 for old-growth forest.

9.2 Constructing an LAI versus age curve from previ-
ously derived relationships

We can derive an equation that mimics the relationship shown in Figure 27
using a number of the equations derived throughout this report. Firstly, we
express LAI as the product of mean LA and stocking rate (adjusted to use
the same units):

(32)

SR, can be easily obtained from Equation 13 and ﬁs, can be estimated by
making some assumptions about the distribution of z,; values within any
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Figure 27: Predicted LAI versus age for each healthy, single-aged stand (cor-
rected for variability in stocking rate).

given stand. Assume that the distribution of z,; for all stands follows the
shape of a standardised probability density function (PDF), g(2), where z is
the standardised value of z;:

p= T b (33)

Os

By substituting Equation 33 into the PDF g(z), and dividing by o, to ensure
the integral of the function remains equal to unity, the distribution of z,,;
values for any particular stand can be written as the PDF f(z,;):

flza) = —g(Ziztey

Os Os

VO o

Os

where o is the population standard deviation of z;.

Treating z,; as a continuous random variable distributed accordmg to the
PDF f(z,;), an expression for the expected or mean value of LA, s,y itself a
function of z,;, can be written:
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_L;Z = /00 ﬂsf(xs,i)dms,i (35)

Subtituting into this the equation for the leaf area of a single tree (Equation
26), and the equation for the PDF of z,; (Equation 34), gives:

=== o 5(z. : 1 [ zsi—
LAs = / ea+ﬁu,+'y+5(x,,.—-u,) - g( = ____Ps d$s,i
-0 0'3 O’s

= e°’+ﬁ“’+‘y/ 60 e = “3) . (xs't ﬂs)d.'l's,z
—00 O O

— ea+ﬁ#s+’1/ &nz g(z) dxs,z dz dz.
- 8,1
- os dz dzs;

= ethusty /oo %% g(2) dz (36)

The mean estimated LA of trees in a given stand depends on an integral
involving both the standardised PDF and the standard deviation of the z,,;
values for the stand. As noted in Section 6.3, In(DBH) values follow an
approximately normal distribution. Therefore:

1 _1.
9(z) = \/2—7;6 2 (37)
Substituting this into Equation 36 gives:
LA, = e*thusty / ” eg"""———l2 e~ dz
—00 \Varw
= & tBust ]é oo e—% 2480,z dz
V2r
1¢z. V2
= e°¢+,3lts+’7 62(603) /oo e_%(zz—2gasz+(gas)2) dz
\/27&‘ -0
a-hB + e%(gda)z o0 _1 _5_. )2 -
= eXtPustY e / e~2(27%7)" d(z — §o,) (38)
T J-oo :

The right hand portion of this equation:

44




01+

Variance of in(DBH)

0.01

0.1 1 10 100 1000
Adjusted age

Figure 28: Line of best fit for variance of In(DBH) versus age for each stand.

1 *® -1(z-%80,)? _z
= /_ K d(z - 8o,) (39)

is the integral of a standard normal PDF for z — 60,. By definition this
integral is unity. Thus:

LA, = exthuety e3(80s)
eotBustr+5803 (40)

There are two unknowns in Equation 40: p, and o2. An estmate of y, can
be obtained from Equation 7. An estimate of o2 is not so easily calculated.
Figure 28 shows o2 (the variance of In(DBH) values within a stand) plotted
on log/log axes with respect to adjusted age. The same age adjustment is
used as in Equation 7. The regression of o, and AGE, is given in Equation
41 and is drawn in Figure 28.

In(02) = vy + v; In(AGE, — ds) (41)

Substituting in ds from Equation 10 and estimating v, and v, by regression
gives:

45




In(o?) = —1.029 + —0.319In(AGE, ~ 5.04), r?=0504  (42)

The low r2 value indicates that the regression of the variance of In(DBH)
on age does not fit the data well. As Figure 11 suggests, we have enough
data points within each stand to accurately characterise the mean In(DBH),
but there are too many ‘spikes’ in the observed distributions to accurately
characterise the variance. In future, we intend to process more available
data to remedy this situation. Presently, we make use of Equation 41 and
substitute it and Equation 7 into Equation 40 giving:

TA, = eo+hlin+da In(AGE, —ds )[4 §52elvn o2 (ACEs—s)] (43)

Substituting Equations 13 and 43 into Equation 32 gives:

— 1172 In(AGE:) po+f(di+d2 In(AGEs—ds))+v+152elv1 492 In(AGEs —d3)]
LAI, =
s 10000
— e’l’l +a+Bd+vy e'r2 ln(AGEs) eﬂd’.’ ln(AGE,-—d:;) e%g2e[v1+v2 In(AGEs—d3)]
10000
e"'1+a+ﬁdl +v . N
= ——WAGE'Zz (AGEs - d3):3d2 (626 e 1)[(AGE3 d3) 2] (44)

If estimates of the regression parameters are then substituted into Equation
44, we get:

LAI, = 11.014 AGE;1%% (AGE, — 5.04)11%° 3.592((4CE:=5.04)70%%]
(45)

The relationship between LAI and age (Equation 45) is plotted in Figure
29 along with the modelled LAI estimates for each stand. It is important
to note that this equation was not directly fitted to the points plotted in
Figure 29 (i.e. LAI values ‘measured’ using the LA versus DBH model given
in Equation 29). Rather Equation 45 has been derived as a combination of
equations representing approximations to the various factors that influence

46




250

Age (yr)

Figure 29: Predictions of LAI variation with stand age derived from Equation
45 plotted over individual (stocking-corrected) model predictions of LAI for
all single-aged healthy stands in the database.

LAI variation with age, namely: stocking rate of trees in a stand; exp-mean-
In DBH of trees within a stand; variance of In(DBH) values of trees within
a stand; an assumption of normally distributed In(DBH) values within each
stand; and finally, the model predicting the leaf area of an individual tree in
a stand given the DBH of the tree and the exp-mean-ln DBH of the stand.
Figures 30 and 31 summarise these steps.

The relationship expressed in Equation 44 is simple, except for the last term,
the nested power function. This term originates from the regression relating
variance of In(DBH) to stand age, which was not a good fit to the data.
Investigations of this regression will follow. One hypothesis says that if we
fit a linear/log regression to the variance data, the nested power function
would dissappear, being subsumed into the third term of Equation 44.

Further improvements are expected to result from the use or more detailed
data for young stands. Presently, the LAI model is very sensitive to perturba-
tions in the regression fits to young aged stands, in particular to perturbations
of az = ds, the age adjustment value.

The form of the curve is similar to that offered for a wide range of ages of
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Mean LA function of mean and
standard deviation of ln(DBH)

Mean In(DBH) function of Standard deviation of
age In(DBH) function of age
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Mean LA function of age

Stocking rate function of age

/

LAI function of age

Figure 30: Flow chart summarising the steps taken to establish the relation-
ship between LAI and age. A symbolic version is given in Figure 31.
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v = f(p), (20) y—-v=flz-p) (22)

N /

y=In(LA) = f(z,p), (24)

: PDF(%:£) is normal, (37)
o
LA= f(p, 0'2), (40)

n = f(AGE), (7) o? = f(AGE), (41)

N /

IA = f(AGE), (43)

SR = f(AGE), (13)

/

LAI = f(AGE), (44)

Figure 31: Symbolic version of Figure 30. Subscripts and ‘hats’ have been
removed from variables for simplicity.
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Mountain Ash by Jarvis & Leslie (1988) in some preliminary and exploratory
work.
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10. Summary

A large amount of data on the stem diameter and leaf area (LA) of Moun-
tain Ash (Eucalyptus regnans) at various ages was collected - both through
fieldwork conducted as part of the present study, and from a variety of other
sources. The resulting database was organised by forest stand into two groups
of data: that where diameter at breast height (DBH) only was measured; and
that where both DBH and LA were measured. For each stand of the ‘DBH
only’ data, DBH measurements were recorded for every tree in one or a num-
ber of plots of known area. For the ‘DBH and LA’ data, destructive leaf
area measurements were recorded from either a sample of trees in a plot or
a number of scattered trees. DBH measurements were occasionally made for
the sampled trees only, but usually from all the trees in the plot.

Simple observations of the variation in mean In(DBH) and stocking rate
with age revealed clear organisation within the forest. A strong positive
correlation was observed between DBH and age for all except the youngest
ages of forest. This correlation was very similar to that observed by Ashton
(1976). A strong negative correlation was observed between stocking rate
and age. These observations are useful background to the analysis of leaf
area patterns in Mountain Ash forest.

As previously noted by others, clear relationships were also shown between
LA and DBH - both amongst stand mean values, and within the trees of
each stand. Mean In(LA) is linearly related to mean In(DBH). Also, within
each stand, individual tree In(LA) and In(DBH) exhibit separate linear rela-
tionships within each stand, with steeper slopes than the mean relationship.
These relationships support observations made by Hingston et al. (pers.
comm.), Feller (1980), Pook (1984), Ronan (1984), Attiwill (1962, 1991), and
Teskey and Sheriff (1996) in both Mountain Ash forests and other forests.
Pook (1984), Ronan (1984) and Teskey and Sheriff (1966) report linear and
quadratic relationships using basal area as the independent variable. We
suggest that these relationships could be re-derived in the log/log domain
to give similar slopes to those found here, with the advantage that the data
in the log/log domain would exhibit reduced non-uniformity and reduced
heteroscedasticity. The steeper sloped relationships given for the intra-stand
variability are likely to be governed by natural thinning resulting from com-
petition amongst trees. The relationship weakens within the oldest (225 year
old) forest whose intra-stand variability appears to be governed by intermit-
tent catastrophic structural influences such as lightning strikes.

51




The above observations were used to construct a model enabling the pre-
diction of the leaf area of any tree given its DBH and the mean In(DBH)
of the population of trees from which it came. Data from four stands, aged
between 5 and 225 years old, were used in the construction and calibration of
the model. The model was constructed using a number of linear regressions
on natural log DBH and LA data. Four separate regressions (one for each
stand) were computed in order to estimate population mean In(LA) for each
stand, with population mean In(DBH) being calculated directly from the
data. Then, a single regression was computed on the four population means,
yielding a line of best fit to the inter-stand variability in mean In(LA) ver-
sus mean In(DBH). Finally, the mean slope of the separate regressions for
the three youngest stands was used to give the slope of a line of best fit to
the residual intra-stand varibility in In(LA) versus In(DBH). The two lines
of best fit were added together to give the final model, which is reproduced
here in two alternate forms from Equations 27 and 29:

ﬁ . = 1980+ 1.642us+2.675(ln DBH; i~ps)
S, ™

LA,; = 0.138 M1 DBHZS™

where ﬁs,,- is the estimated leaf area of tree i from stand s, In(DBH,;)
is the natural log DBH of tree i from stand s, p, is the population mean
In(DBH) of stand s, and M, is e*:.

Plots of modelled versus measured LA showed that the model could repro-
duce the intra-stand and inter-stand leaf area relationships of the calibration
data set. As expected, intra-stand variability was not well predicted for the
225 year old trees which, as described above, are subject to different struc-
tural influences to the younger forest.

Five further data sets were introduced to independently test the model. Some
of these data sets lacked a population mean In(DBH), so the DBH versus age
relationship constructed earlier was used to fill in the missing values. The
model was able to predict the intra-stand and inter-stand variability of the
test data set, with some qualifications. For mid-aged forests, the slope of
the intra-stand LA versus DBH pattern was overpredicted by the model.
Perhaps a more complex model could take account of this variation, but we
suggest that more data would be needed to justify such complexity (which
would probably require an extra parameter in the model). Prediction of
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leaf areas for 90 year old trees which were sub-dominant to 225 year old
trees in a mixed-age stand was not accurate. Amongst other influences, this
could be because the trees were sub-dominants-and thus we donot assert the
model’s validity as a predictor of the leaf area of sub-sominant trees. Overall,
considering the wide range of ages and locations of the forest stand data, the
model performed well on independent tests against individual tree leaf area
measurements.

Tests of the model’s ability to predict total LA and LAI were also possible.
Most of the ‘DBH & LA’ data sets do not include destructive LA measure-
ments for all trees in a plot of known area, so the percentage error in the
model’s prediction of LAI cannot usually be calculated. However, the per-
centage error in predictions of the total LA of measured trees is an estimator
of LAI error - the differences being essentially due to sample bias. LAI errors
thus estimated ranged from -10% to +£32% for trees younger than 60 years
old. The errors for 90 and 150 year old sub-dominant trees were -54% and
-5% respectively. As noted above, these values are influenced by the trees’
sub-dominance. For the oldest trees (225 years old), the error increased to
+88%. ’

Two example applications of the model were presented. The first involved
applying the model to DBH measurements from all trees in all single-aged,
healthy stands where a population of trees from a plot of known area was
measured. The model predictions were summed and divided by the plot areas
to yield LAI estimates for 17 plots. When plotted against age, a scattered
pattern was observed. This was improved by applying a correction to the
LAI predictions based on deviations in stocking rate for each stand from the
pattern of stocking rate versus age constructed earlier. This is a sensible
correction because many plots contained too few trees to give an adequate
reflection of stocking rate for the corresponding stand. The corrected LAI
data, when plotted against age, were much less scattered and followed an
expected trend; LAI increasing to a peak of just under 4 m?/m? for 10 to 20
year old forest then gradually decreasing to less than 2 m?/m? for old-growth
stands.

The second example application of the LA versus DBH model involved de-
riving an equation predicting LAI variation with age by combining the LA
versus DBH model with expressions of DBH and stocking rate variation with
age and an expression of the distribution of DBH values within each stand.
The combined expressions included: the regression of stocking rate against
age; the regression of exp-mean-ln DBH against age; a new regression of
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variance in In(DBH) against age; an assumption that In(DBH) values within
each stand are always normally distributed; and the LA versus DBH model
itself. The analytical combination of these expressions yielded the following
equation for LAI versus age (reproduced from Equation 45):

LAI, =11.014 AGE;1% (AGE, — 5.04)"%° 3. 50Q(AGE, —5.04)=0310

where LAl s is an estimate of the LAI of stand s and AGE; is the age of
stand s.

The plot of this equation (Figure 29) showed that analytically predicted
LAI varied both as expected, and in the same manner as the points derived
from explicit application of the model to individual DBH measurements. We
hope to replace the awkward final term of the equation, representing the
effect of changing variance in In(DBH) values, with a more simple expression
upon processing further DBH data. Finally, it is noted that Equation 45
(reproduced above) is very sensitive to changes in the expression of forest
structural descriptors (such as stocking rate) for young aged forest stands.
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A. Error analyses

A.1 Confidence limits for the model of inter-stand vari-
ability in mean In(LA)

Following the method described in Ezekiel and Fox (1959) we can place 95%
confidence limits on the regression of mean In(LA) against mean In(DBH)
(see Section 7.2) by ‘estimating the reliability of an individual forecast’ as:

CL;,, =+1.9605E;,_, (46)

Vg=Vs

where CL;_ , is the confidence limit for an estimate of ¥ given u,, and

SE;,_;, is “{he standard error of that estimate given by:
SE: , = S’E‘l;f:s + (SEs(us — ))* + SE,,‘s " (47)
with:
S
=3 ;1 (48)

where SEz is the standard error of the estimate of the mean value of 7,
SEjg is the standard error of the estlmate of 8, and SE E; ,, is the (estimated)

standard error of the estimates of 7, from ,. The corresponding calculated
values are as follows:

SE; = 0127 (49)
SEs = 0.072 (50)
SE; . = 0.255 (51)

Vs.lhs

1Refer to Ezekiel and Fox’s Equations 1.1, 1.2, 1.4, 2.1, 5.6, 17.1, 17.3, and 19.1.
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A.2 Confidence limits for the model of intra-stand vari-
ability in residual In(LA)

Ninety-five percent confidence limits for the mean line of best fit to residuals
(see Section 7.3) are calculated from the associated standard error in a similar
fashion to Equations 46 and 47 with two differences. The squared standard
errors for the three component lines of best fit are averaged. Also, because
the three lines of best fit were fitted to residual data and are hence effectively
constrained to have zero intercepts, a term for the independent variable,
T — ps, is used instead of that value’s deviation from its mean. The resulting
equation is:

2 —
SEG-s) (-2 =

Ys,j—Vs

13 a2
§ 8—; SE?—?-'F (SE&,((B - ,us))z + SE(ys,j—Ds).(zs,j—us) (52)

where SE(3—5,)-(y-5,) is the standard error of an estimate of y — 75 given
z, and for each stand, SEg—‘;—_-z--is the standard error of the estimate of the
mean value of y — 75, SEs, is the standard error of the estimate of §,, and
@(y,’j_g,)_(z,’j_m) is the standard error of the estimates of y,; — s from
s ; — pts- The corresponding calculated values are as follows:

.S'E'ﬁw,_,71 = 0.063 (53)

SEjm=; = 0.146 (54)
SEjm=7 = 0.406 (55)

SEs;, = 0.062 (56)

SEs, = 0.226 (57)

SEs, = 0271 (58)
‘gE(yx,j-ﬁs)-(m,j—us) = 0.089 (59)
SE (va=do)arj—ns) = 0377 (60)

| SE(ys e (waj-us) = 0.295 (61)
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A.3 Confidence limits for the full LA model

Ninety-five percent confidence limits for the full model are calculated from
the associated standard error in a similar fashion to Equation 46, with SE;_,,
the standard error of an estimate of y given = and u;, calculated as:

SE?

Y=y

— 2
- SElaa—ﬁe + SE?g_Ds)-(y‘ﬁa) (62)
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B. Full database listing

The full database of DBH and LA measurements used in this study is repro-
duced below. Most of the data has appeared elsewhere either in published
or unpublished reports. It is collected here in a conmsistent format, and is
supplemented with extensive ancilliary information including plot locations
in Australian Map Grid coordinates, exact dates of origin and measurement,
and exact ages. This information enhances the utility of the data, which will
be of use in future research by ourselves and by readers of this report.

The data are printed exactly as stored in our Microsoft Excel spreadsheets.
When looking at the upright text, read left to right across one page, and
then down to the facing page. The data sets appear in order of age. To find
a given data set, search through the pages looking at the age component of
the data set title. There are no page numbers. Each data set begins with
descriptive header information, then numerical header information, and then
the data itself. Where a data set is comprised of data from a number of
plots (e.g. Orrl4 and MW212 data sets), the associated numerical header
information appears in a table after the data.

The format of the header information is described first, under the title:
‘Guide to fields in the DBH and LA data sets’.

When making use of this data, where appropriate, please cite this docu-
ment and the works refered to herein. Remember that many of the source
documents are unpublished.
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The Cooperative Research Centre for Catchment Hydrology
is a cooperative venture formed under the Commonwealth CRC Program between:

Bureau of Meteorology
CSIRO Division of Water Resources
Department of Natural Resources and Environment
Goulburn-Murray Water
Melbourne Water
Monash University
Murray-Darling Basin Commission
Southern Rural Waterf
The University of Melbourne
Wimmera-Mallee Water
Associates

CSIRO Division of Soils
State Forests of NSW

COOPERATIVE RESEARCH CENTRE FOR

CATCHMENT HYDROLOGY

Centre Office
Department of Civil Engineering, Monash University, Clayton, Victoria 3168, Australia.
Telephone: (03) 9905 2704 Facsimile: (03) 9905 5033 International: +61 3 9905 2704
http://www-civil.eng.monash.edu.au/centres/crcch/






