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ABSTRACT: The individual tree growth models are important decision-making tools in forestry. Age dependent
and age independent individual tree basal area growth models were developed for Chir pine (Pinus roxberghii Sarg.)
in one of the western districts, Rukum district, in Nepal. Data from thirty-five destructively sampled trees, which
were representative of all possible stand densities, site productivities, age classes, and size classes of Chir pine forests
in the district, were used. Sample trees were felled and diameters and ages were measured on the cut surface of the
stump (at 30 cm above the ground). Since measurements from the same stump of a tree were strongly correlated, the
autoregressive error structure modelling approach was applied while specifying the model in order to reduce bias. All
parameter estimates of the models were significant (P < 0. 01) and the models described most of the variations of basal
area growth (R§di > 0.86). Residual graphs showed no serious systematic bias for all observed age classes and diameter
classes. The age independent growth model showed relatively better fit statistics (Rfdj = 0.8751, RMSE = 4.8494) than
its age dependent counterpart (Rjdj = 0.8668, RMSE = 5.0158). Because of being more precise and simpler, the age
independent model is recommended to apply to both even-aged and uneven-aged stands of Chir pine in the district.
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Effective and efficient forest management is pos-
sible only when reliable information about the
present and future forest condition is available.
Forest growth models serve as important tools in
providing reliable information for decision making.
Modelling growth and yield has been an intrinsic
part of forestry research for several years, and still
remains an area of important and active research
(VANCLAY 1994; PORTE, BARTELINK 2002). For-
est growth models are useful tools for inventory
updating, evaluation of silvicultural treatments,
harvest scheduling, and management planning
(GARCIA 1994; AMARO et al. 2003). Based on man-
agement objectives, access to the computational
facilities and input data, forest growth models may
be operational either at stand level or at individ-
ual tree level (VANCLAY 1994; PORTE, BARTELINK
2002). Stand growth can be modelled as a func-
tion of stand variables such as site index, stand
age, stand diameter (e.g. quadratic mean diameter),
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stand basal area, stand density index, and number
of stems (PIENAAR, RHENEY 1995; HUUSKONEN,
MiiNA 2007; GizACHEW, BRUNNER 2011). Thus,
stand growth models do not describe the growth
dynamics of individual trees, and therefore they are
usually applicable only to even-aged and homoge-
neous stands.

The individual tree based growth models de-
scribe the growth dynamics of individual trees in
a stand. The growth of an individual tree within
a stand largely varies due to competition from
other trees. Competitive stress to any tree within
a stand varies with species, number, size, loca-
tion of its competitors. The individual tree based
growth models are usually developed to describe
growth dynamics for structurally complex and
heterogeneous stands (WYKOFF 1990; PRETZSCH
2002; UzoH, OLIVER 2006; BOLLANDSAS, N&S-
SET 2009). In these models, the potential growth
of individual trees is reduced by competition in-
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dex (a measure of competition), which may be
either distance dependent (BELLA 1971; BIGING,
DOBBERTIN 1992; LEDERMANN, STAGE 2001; Ri1-
vas et al. 2005) or distance independent (WYKOFF
1990; UzoH, OLIVER 2006; BOLLANDSAS, NASSET
2009). Long-time growth series (longitudinal or
radial growth) data of individual trees are needed
to develop individual tree growth models. Long-
term growth series data are obtained either from
long-term research plots or national forest inven-
tory plots or stem analysis. In addition, stump
analysis data, which has been used to model the
individual tree basal area growth in this study,
also provides radial growth time series.

The individual tree radial growth models (di-
ameter growth or basal area growth models) are
useful to estimate volume growth if information
on height growth is available. The individual tree
radial growth models are commonly used as sub-
models in a growth simulator (STERBA, MONSER-
UD 1997; PRETZSCH 2002; HASENAUER et al. 2006;
LACERTE et al. 2006; GOBAKKEN et al. 2008). The
individual tree radial growth models offer a good
possibility of exploring detailed management al-
ternatives, because these models can adequately
describe the forest growth dynamics (MARTIN,
Ex 1984; UzoH, OLIVER 2008; SUBEDI, SHARMA
2011; WAGLE, SHARMA 2012). Since basal area
growth is highly correlated with volume growth,
basal area growth models are preferred to diam-
eter growth models (WYKOFF 1990; MONSERUD,
STERBA 1996; SCHRODER et al. 2002; ANDREAS-
SEN, TOMTER 2003; ANTA et al. 2006). Many sil-
vicultural and management considerations, for
example, thinning intensities, are based on the
measurements of basal area growth. In addition,
the curves of mean basal area growth are useful
tools for effective management of stands as they
help estimate the timing of intermediate and final
cuts (HONG-GANG et al. 2007). The individual tree
basal area growth models can be used to update
inventories, predict future yield, and to explore
management alternatives. Compared to stand
characteristics such as mean diameter, mean
height, and mean crown diameter, basal area pos-
sesses a high degree of exactness on measurement
or prediction. Thus, the basal area concept is im-
portant and applicable to a wide range of condi-
tions (HONG-GANG et al. 2007).

Distance dependent or distance independent
individual tree growth models can be developed
using either of the two methods: indirect control
over the growth with potential modification (B1G-
ING, DOBBERTIN 1992; PRETZSCH 2002; POM-
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MERENING et al. 2011; SHARMA 2013) or direct
estimation of growth by regression techniques
(Wykorr 1990; HuaNG, TiTus 1995; Rivas et
al. 2005; UzoH, OLIVER 2008; SUBEDI, SHARMA
2011). With the indirect method, potential growth
is expressed as a function of current size or age of
the trees and site index, while competition index
and measures of tree vigour are used as modifi-
ers that reduce potential growth (BiGiNG, DoB-
BERTIN 1992; PRETZSCH 2002; REED et al. 2003;
PrETZSCH 2009). However, with the direct meth-
od, periodic tree growth is modelled as a function
of tree size, site index, competition index, and
mean stand characteristics by applying regression
techniques (Wykorr 1990; HuaNG, TiTus 1995;
MaAILLY et al. 2003; Rivas et al. 2005; UzoH, OLI-
VER 2008). In this study, the direct method was
applied by using tree size or tree age as indepen-
dent variable, because potential growth data (i.e.
potential diameter growth data of the dominant
trees on Chir pine stands) were not available.

Chir pine grows mainly between 900 m and
1,950 m above mean sea level in Nepal. It is by far
the most widely planted species in Nepal, i.e. ap-
proximately 57% of all trees planted by the Com-
munity Forestry Development Project were Chir
pines (JAcksoN 1994). In western Nepal, it takes
up a large area of pure Chir pine forests on north-
and south-facing slopes, and in some places it is
also associated with Shorea robusta. It can eas-
ily survive and grow faster on poorer sites, which
are mostly available for plantation in the hills. It
is a pioneer species, once it is established, other
fuel and fodder species can regenerate naturally
under Chir pine trees. Its growth is faster than
that of blue pine (Pinus wallichiana) trees. The
silvicultural characteristics and uses of Chir pine
are available in the literature (e.g. JACKSON 1994).
Chir pine wood is suitable for construction pur-
poses. Chir pine trees are also tapped commer-
cially for resin, and on distillation, resin yields an
essential oil, commonly known as turpentine, and
non-volatile rosin. These products are economi-
cally very important. The economic contribution
of Chir pine forest in Nepal is substantial both on
the local and national levels. Therefore, scientific
management of Chir pine forest in Nepal is impor-
tant, but growth models for this species are still
lacking. This study thus aims at developing indi-
vidual tree basal area growth models which will be
used for the prediction of basal area growth at an
individual tree level. The models presented herein
will be useful for effective management of Chir
pine forests in western Nepal.
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MATERIALS AND METHODS

Study area. Chir pine growth data were obtained
from Solabang community forest (CF), which is
located in the Musikot Village Development Com-
mittee (VDC) of Rukum district (Fig. 1). The dis-
trict is located in the Rapti zone of the mid-west-
ern administrative region of Nepal, and also it is
located at 28°29' to 29°0'N latitudes and 82°12' to
82°53'E longitudes with an area of 2,877 km?. The
altitude of Rukum district ranges from 745 m to
5,841 m above mean sea level. The climate (tem-
perature and precipitation) varies from tropical to
temperate with a minimum temperature of 0.4°C,
maximum temperature 24°C, mean annual rainfall
1,600-2,400 mm. About 29% of the geographical
area of the district lies under a steep slope, about
4% of the area is covered by an ancient lake and
terraces, about 17% of the area is covered by past
glaciated mountain terrains, and 43% of soil falls
under the Lithic subgroup. Solabang CF is a natu-
ral forest of Pinus roxburghii and Shorea robusta
as the main tree species and has been managed by
community forest user groups for the last ten years.
The Chir pine forest of Solabang CF is therefore an
uneven-aged and mixed-species forest and con-
sists of varying sizes of Chir pine and pole-sized
individuals of Shorea robusta. Chir pine trees have
been tapped by community forest user groups for
commercial purposes.

Data. Thirty-five trees representing the majority
of diameter and age classes, site productivities, and
stand densities of Chir pine stands were identified and
felled. Sample trees were felled at a height below 1.3 m
(breast height) and the stump cut surface at 0.3 m
was prepared with a crosscut saws for larger stumps,
a bow saw for medium sized stumps and a hand saw
for smaller stumps, and smoothened with a planer. If
the growth rings were not clearly visible, a chemical
paint (termed as Clear Varnish in Nepal) and highly
magnifying glass were used to better visualize them.
Growth rings were marked and the radius from pith
to each growth ring was precisely measured along the
four perpendicular lines passing through pith to bark.
Bark thickness was also measured. In four radial di-
rections, total numbers of growth rings were counted
and the radius was precisely measured at every sec-
ond growth ring. Four measured radii were then aver-
aged for each year. The age of a tree at stump height
was assumed equal to the number of growth rings
counted. Diameter growth was measured under bark,
but it is normally measured over bark. Therefore, it
was necessary to convert under bark diameter mea-
surements to over bark diameters of the stumps.
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Fig. 1. Study area

The mean stump diameters, which represent
most of tree sizes in the tree population available in
the study area, were calculated. A model describ-
ing the relationship between over bark diameters
(DOB) and under bark diameters (DUB) was de-
veloped to predict over bark diameters. For this,
various linear and non-linear models were fitted to
the data and compared. The equation 1 showed the
best performance:

DOB, = b, + b,x DUB, +¢, )

where:

DOB, - diameter over bark (cm) of tree i,

DUB; - diameter under bark (cm) of tree i,

b, b, — model parameters,

g — unexplained variance, which is assumed to be

independent and normally distributed with
mean zero and constant variance.

Parameter estimates of this model are: b, = 1.88,
b, = 1.062; R, = 0.996, RMSE = 0.811.

Using the bark model (Eq. 1), over bark basal area
annual growth of the stump was calculated for each
felled tree. Summary statistics of stump diameter data
are presented in Table 1. A graph of basal area trajec-
tories against age is presented in Fig. 2. The informa-
tion on site quality (e.g. site index), stand characteris-
tics (e.g. mean height, basal area, stem numbers), and
variables describing competitive stress among indi-

Table 1. Summary of stump diameter data

Diameter Number Mean Min Max SD
class (cm) of rings (cm)

<10 289 5.28 0.91 9.98 2.46
10-20 274 14.94 10.03  20.12 2.81
20-30 213 24.53  20.10 30.02 2.86
30-40 88 33.47 30.10 40.04 2.71
> 40 17 43.17 40.19 46.60 1.86
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Fig. 2. Basal area growth trajectories

vidual trees were not available to this study. Therefore,
the individual tree basal area growth models were de-
veloped using only age or diameter of the stumps as a
single independent variable.

Modelling approach. A distance independent in-
dividual tree basal area growth model was developed
within the limitations imposed by data, i.e. no vari-
ables describing competition, site quality, and tree
positions were available to this study. The variables
such as crown ratio or crown length might be includ-
ed to better describe variations of basal area growth,
but they were not measured either. Stump diameter
and age of the trees were the only variables recorded
for each tree. Therefore the individual tree basal area
growth was modelled as a function of tree diameter or
tree age without including spatial information. Thus,
our growth models are distance independent. One
of the advantages of distance independent models is
that they allow for easy computation during applica-
tion and rapid testing of various management alterna-
tives (VANCLAY 1994; PORTE, BARTELINK 2002).

Tree growth is an intrinsically exponential process
at the early age, but at the later age, it is constrained
by the action of two opposing forces such as external
environmental resistance and internal self-regulatory
mechanism (ZEIDE 1989, 1993). To describe growth
processes properly, the terms which represent expan-
sion and reduction of growth should be included in
the models. The model possessing such properties
can be derived from the integral form of mathemati-
cal functions by applying derivative rules (ZEIDE
1993). We chose a simple two-parameter based func-
tion, i.e. the von Bertalanfty function (BERTALANFFY
1957), which is frequently applied in other studies to
fit growth data. Realizing the fact that other three-
or four-parameter based functions could lead to the
computational complexities in an error-structured
modelling approach (to be described later), we chose
a simpler function (von Bertalanfty function). By the
application of derivative rules (i.e. change of dimen-
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sion with respect to time or size), we derived a dif-
ferential model from the integral form of the von Ber-
talanffy function (see ZEIDE 1993). The integral and
differential forms of this function are represented by
Eq. 2 and Eq. 3, respectively.

y = all - exp(-bs)]? )
8y = 3ab x exp(-bx)[1 — exp(-bx)]? (3)

when “3ab’ and ‘b’ are substituted by b, and b,, re-
spectively, Eq. 3 turns out to be

8y = b, x exp(—bx)[1 — exp(-b,x)]* (4)

where

y — size (total basal area),

x — diameter (size dimension) or certain period of
time (age),

8y - basal area growth (increment),

a—b, — parameters of integral and differential functions,
respectively.

Since this model (Eq. 4) cannot describe total
variations of basal area growth, an error term, e,
was added to represent unexplained variations of
basal area growth, and the model would appear as
below.

8y = b, x exp(-bx)[1 — exp(-b,x)]* + ¢, (5)

The autocorrelations existed between two or more
consecutive measurements of diameters and ages of
the same stump of a tree. Generally, the error term ¢,
in Eq. 5 is assumed to be independent and normally
distributed. However, this assumption does not hold
for time series data, where residual errors from pre-
ceding and succeeding measurements have strong re-
lationships (correlations). In order to reduce such cor-
relations and secure the unbiased models, one should
apply an autoregressive error-structured modelling
approach (Cieszewski 2003; GREENE 2003; SHARMA
et al. 2011). We applied this approach through expan-
sion of the error term ¢, (in Eq. 5) into the first order
error-structured model as below:

g, =pe_ +e, (6)

where:

p — accounts for autocorrelation between current error
and preceding error,

e, —error term under the condition of independence and
normality, also known as “white noise”

Then, Eq. 5 and Eq. 6 were combined together as
below:

8y = b, x exp(—b,x)[1 — exp(-bx)]* + pe,_ +e, (7)
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Table 2. Parameter estimates and fit statistics of a model (Eq. 7), (p > |£| = < 0.0001)

Model type Parameter Estimates Standard errors t-value RMSE R* .
b, 161.3892 16.9412 9.53

Age dependent b, 0.023413 0.00293 8.00 5.0158 0.8668
p 0.930592 0.0166 56.20
b, 312.5964 51.8984 6.02

Age independent b, 0.01713 0.00272 6.31 4.8494 0.8751
P 0.880257 0.0215 40.96

Model estimation and evaluation. Parameters
of the model (Eq. 7) were estimated with nonlin-
ear regression using PROC MODEL in SAS (SAS
Institute Inc., Cary, USA). The fitted models were
evaluated using goodness of fit statistics such as
root mean squared error (RMSE), adjusted coef-
ficient of determination (R?.), and other criteria
(MONTGOMERY et al. 2001). Graphs of the residu-
als (individual residual series, mean residuals by
size and age classes) and fitted curves overlaid on
the observed data were also examined. Graphical
analyses help to better understand the model’s be-
haviour (Goerz, BUurk 1992). This study did not
consider the model validation by data splitting be-
cause of too small data set. Even though validation
by data splitting does not provide much additional
information as compared to goodness of fit statis-
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tics obtained directly from the model fitted to the
entire data (Kozak, Kozaxk 2003), modellers usu-
ally prefer doing this unnecessarily. Nevertheless,
validating models with new independent data is the
best alternative only, but it costs much (VANCLAY
1994). Resource limitations did not allow us to ac-
quire new independent data and, therefore, valida-
tion is left open for future modellers.

RESULTS

Both age dependent and age independent individ-
ual tree basal area growth models were developed
for Chir pine for one of the western districts, Ru-
kum district, in Nepal. All parameter estimates in-
cluding autocorrelation parameter estimates were
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Fig. 3. Individual residual series and mean residuals by diameter and age classes

J. FOR. SCL, 61, 2015 (12): 535-543

539



—
2
fai?
o))
(=)

[ox}
o

S
(e

Basal area growth (cm?yr1)
®) w
S b
A S
I
1

Ju—
o
~

’
0=

0 10 20 30 40 50 60 70 80 90 100 110

Age (yr)

(b)

0 10 20 30 40 50 60 70 80 90 100 110
Diameter (cm)

Fig. 4. Model curves overlaid on the observed basal area growth trajectories, the curves were produced with Eq. (7) using
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significant (P < 0.01) (Table 2). The age independent
model showed relatively better fit statistics than its
age dependent counterpart. A sawtooth-shaped
individual tree residual series swirling around
the zero line suggested that our model (Eq. 7)
adequately fitted to the data across the observed
age and diameter classes (Fig. 3). Mean residuals
also showed no serious bias for trees of all size and
age classes across the observed data range. No sub-
stantial heteroscedasticity problem was also ob-
served in the residuals.

The basal area growth curves produced using pa-
rameter estimates (Table 2) showed that the high-
est growth rate (i.e. culmination) occurred when
trees attained about 45 years of age or about 65 cm
of stump diameter (Fig. 4). The basal area annual
growth at the peak shown by an age independent
model is higher than that shown by an age de-
pendent model. The age dependent growth model
showed a faster rate of increased or decreased basal
area growth than the age independent model.

DISCUSSION

The description of most of the variations of basal
area growth suggests that our chosen model (i.e.
the von Bertanlaffy function) is adequately suited
to the data. The decreased basal area growth shown
by both model curves (Fig. 4) are not covered by
our observed data. It is because that Chir pine trees
of dbh larger than 40 cm are rarely available in the
tree population as they are harvested by local forest
users for construction purposes. Even though most
of the model application data in the district will be
available within a range of observed data, our mod-
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els may be applied to the trees of slightly larger siz-
es than those that are not covered by the observed
data. However, one should take precautions while
extrapolating the models. Different growth rates
and culminations shown by age dependent and age
independent models (Fig. 4) are due to different
ways of displaying basal area growth data. Because
of the presence of few outlier observations in the
data, larger residual deviations are present for old-
er age and larger size classes (Fig. 2).

Faster and slower growth rates are biological
phenomena. The tree growth is affected by several
biotic and abiotic factors (ZEIDE 1993; VANCLAY
1994; PRETZSCH 2009; VACEK et al. 2009). These
factors need to be modelled to adequately describe
the growth pattern of individual trees. The effects
of these factors are reflected in the individual tree
and stand characteristics, which can be measured
quantitatively. For example, the growth of a tree
within the stand varies with stand density through
the competitive stress imposed by its neighbour-
ing trees, and this stress is described by a compe-
tition index (PRETzZScH 2002; HASENAUER 2006;
PrETZSCH 2009; SHARMA 2013). Thus, the effects
of stand density are usually included in growth
models with the application of either distance in-
dependent or distance dependent modelling ap-
proach (WyKoFF 1990; BIGING, DOBBERTIN 1992,
1995; Rivas et al. 2005; PRETZSCcH 2009). Howev-
er, no stand density measure was available to this
study. Without including any stand measure de-
scribing stand density (e.g. mean diameter, domi-
nant diameter, basal area per hectare, stems per
hectare, stand density index), site quality (e.g. site
index) and competitive stress (e.g. competition in-
dex), our models described basal area growth data
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adequately well (Table 2, Fig. 3). Comparison of
similar growth models developed by others is dif-
ficult, because the accuracy of the models depends
on sample size, nature of data, species, and mod-
elling methods applied. Generally, a proportion of
the variations of basal area growth described by
our models is higher than that described by basal
area growth models developed elsewhere (PARRE-
SOL 1995; MONSERUD, STERBA 1996; SCHRODER
et al. 2002; ANDREASSEN, TOMTER 2003; R1vAs et
al. 2005; POKHAREL, FROESE 2009). These models
include a number of stand and tree charactesistics
as independent variables. Unlike others, we used
stump analysis data, which provides better quality
data than other data sources for modelling the ra-
dial growth of trees. The model with a single inde-
pendent variable (e.g. diameter) is less expensive
to measure and more practical than the models
with other tree and stand variables included.

Our chosen model (Eq. 7) is simpler and compu-
tationally easier as it possesses only two parame-
ters. An age independent model can be applied to
both even-aged and uneven-aged stands. Whereas
an age dependent model requires measurement
of the stump age of each tree for the prediction
of basal area growth, but getting accurate age for
each tree, especially in the uneven-aged stands,
is practically impossible. In such a condition, age
independent model can be an appropriate option.
Age independent model is thus recommended
for practical application to both even-aged and
uneven-aged stands. Even though the autocorre-
lation parameter of a model (Eq. 7) is significant
(P < 0.01), it must be disregarded while applying
this model. The autocorrelation parameter does
not hold relevancy in model application. It only
describes correlations between the repeated mea-
surements made on the same stump. However, it
is important to include autocorrelations in the
model to reduce bias (CIESZEWSKI 2003; GREENE
2003; SHARMA 2013). If autocorrelations were not
accounted for, they would cause statistical com-
plications and produce fit statistics that may be
appealing, but not relevant (Huang, TiTUs 1995).
Many others (SOAREs et al. 1995; VANCLAY,
SKOVSGAARD 1997; KozAk, Kozak 2003) believe
that validation is an important part of modelling,
because validation increases the credibility and
confidence about the developed models. Howev-
er, because of unavailability of new independent
data, the models developed in this study were not
validated and verified. More accurate basal area
growth models can be expected through inclusion
of some additional stand and tree characteristics
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such as competition index, site index, crown width
and crown ratio as independent variables (Big-
ING, DOBBERTIN 1992; PreTZSCH 2002; UZOH,
OLIVER 2008; PRETZSCH 2009). When measure-
ments of these characteristics of Chir pine forest
are available, our models will be verified, validat-
ed, and recalibrated.

CONCLUSIONS

Two types of individual tree basal area growth
models: age dependent and age independent, were
developed for Chir pine for one of the western dis-
tricts, Rukum district, in Nepal. Even though both
model types adequately described data, the age in-
dependent model provided slightly better fit sta-
tistics, greater proximity to the observed values,
and better residual distributions. Thus, the age
independent model is recommended for practical
application to both even-aged and uneven-aged
stands, because this model requires only infor-
mation of over bark diameter at 0.3 m above the
ground. Follow-up works (i.e. recalibration, veri-
fication, and validation) on our models are rec-
ommended using data from all possible tree sizes,
ages, site productivities, and stand conditions of
Chir pine forest in the district.
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