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Abstract: Teak is a globally valuable hardwood tree species, as its growth performance is important
for timber productivity. The purpose of this study was to establish an effective management system
for teak plantations in the Lao PDR. Using diameter at breast height (DBH) and height growth
as significant indicators of growth performance, we investigated the relationship between tree
growth curve parameters of teak and topographic conditions. Stem analysis data for 81 sample
trees (three trees selected in canopy trees with predominant height in each plot) were examined for
growth performance using the Mitscherlich growth function. The results of Spearman’s partial rank
correlation indicated that the upper limits of DBH and tree height growth had significant negative
correlations with the slope gradient and stand density. The curvature of DBH and tree height growth
curves showed significant positive correlations with the slope form. Moreover, the elevation and
slope gradient showed significant negative correlations with the curvature of tree height growth
curve. However, the time lag of DBH growth showed a significant negative correlation with the slope
position, while the slope gradient was positively correlated with the time lag of tree height growth.
These results suggest that teak planted at lower slopes has faster growth rates and that there is an
interaction with the gentle concave slope of this area.

Keywords: growth performance; Luang Prabang Province; topographic conditions; stem analysis; teak

1. Introduction

Teak (Tectona grandis Linn. F) is endemic to Asia, and its natural distribution ranges
from India, Myanmar and Thailand to north-western Lao People’s Democratic Republic
(PDR) [1,2]. Teak is a globally important commercial hardwood tree species; it has been
planted in sites with a large diversity of conditions inside and outside of its endemic area
across tropical countries for many centuries. In 2017, the area of teak plantations reached
6.89 million hectares [3].

The growth and development of teak are affected by genotype [4–6], silviculture and
management practices (e.g., spacing, weeding, thinning and pruning) [7–10]; for example,
wider initial spacing of teak plantations promotes greater stem diameter growth than
narrow spacing, but it requires intense early weeding and pruning [7,10,11], environmental
factors (e.g., rainfall, temperature and wind), edaphic factors (e.g., geology, topography
and soil), moisture [1,2,12,13] and sunlight [10,14]. Apart from management, the high yield
for teak plantations is therefore dependent on optimum site conditions.

The growth performance of planted teak is an important determinant of timber pro-
ductivity. Teak is a calcicolous tree species; it requires soil with a high calcium content to
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support growth and development [1,11,13]. For trees planted in soil with the same nutrient
composition of calcium (Ca), phosphate (P), potassium (K), magnesium (Mg) and nitrogen
(N), better performance is significantly correlated with location in the valley’s gentle slopes
and bottoms [15]. Therefore, topographic conditions (slope gradient, slope position, etc.)
can be expected to affect growth performance.

In the Lao PDR, teak has been planted across the country for many decades [16–18],
and there are large-scale teak plantations in the northern mountainous region. Luang
Prabang Province has 15,000 hectares of plantations, accounting for about 37.5% of the
total area of planted teak in Laos. In this province, teak has customarily been established
over diverse landforms and topography in areas near villages along roads, rivers and
fallow land [19].

In Lao PDR, teak has commonly been grown with high stand density from 1100 to
2500 trees per hectare with poor silviculture management and careless management of
planting materials, such as using seeds and seedlings of uncertain quality with unknown
genetic origin [16,20,21]. These practices can directly reduce growth performance [22].
Imaya et al. [23] reported that the soil physicochemical properties in the Luang Prabang
and Xieng Ngern Districts were suitable for growing teak on a large scale; in particular,
the Ca content in the soil was optimum (>4.0 cmolc/kg soil) in about 64% of this area.
However, a high proportion of teak plantations actually showed poor growth performance,
as low site index (SI) values were found. Dieters et al. [24] reported that SI ranged from 15
to 23 for plantations with a reference age of 15 years, and Imaya et al. [23] reported that
SI ranged from 13 to 27 for plantations with a reference age of 20 years. In other tropical
regions such as Venezuela, SI ranged from 15 to 27 for plantations with a reference age of
16 years [11], and in Mexico, SI ranged from 12 to 24 for plantations with a reference age of
10 years [25]. In neighbouring countries, such as Thailand, SI ranged from 14 to 30 for a
reference age of 30 years [26]. Thus, even where soil suitable for teak growth is found on a
large scale, the lack of control of genetic management and silviculture practices prevents the
attainment of good growth performance. Therefore, we assume that topographic conditions
may influence the growth performance of planted teak in this area. However, there is little
research on this in Lao PDR.

This paper aims to examine the relationship between growth performance as diameter
at breast height (DBH) and tree height growth curve parameters and topographic condition
variables (elevation, slope gradient, slope direction, slope form and slope position) of teak
trees in the mountainous areas of Luang Prabang Province of Lao PDR.

2. Material and Methods
2.1. Research Site

The teak plantation area of Luang Prabang Province covers 11 districts. The Luang
Prabang and Xieng Ngern Districts account for about 43% of the total planted teak area, with
98% belonging to individual farmers and the private sector [16,19,27]. These two districts in
the southwest part of Luang Prabang Province were selected as being representative of the
planted area of the province. As shown in Figure 1, a 31-km transect line was drawn from
approximately 16 km west of Luang Prabang City, beginning from the flat land area of the
Mekong River basin (19◦48′14′′ N; 101◦59′54′′ E) in Thinxom Village in the Luang Prabang
City (elevation, 287 m) and running straight across the mountain ridges and valleys to the
highland area of Kiewtaloun Village (19◦36′8′′ N; 102◦11′26′′ E) in the southwestern part
of Xieng Ngern District (elevation, 867 m). The research site is in a region with a tropical
monsoon climate comprising two distinct seasons, a dry season (October–March) and a wet
season (April–September). According to weather data recorded over 10 years (2008–2017)
at the Luang Prabang Meteorology Station (Hathian Village, 19◦54′1′′ N 102◦10′12′′ E;
elevation, 297 m), the mean annual rainfall was 1628 mm (minimum, 1259 mm; maximum,
2233 mm). The mean annual temperature was 26.4 ◦C (minimum 20.5 ◦C; maximum,
32.3 ◦C), and the average relative humidity was 79% (minimum, 52%; maximum, 95%) [28].
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2.2. Tree Sampling and Site Description

Data for this research were collected from individual teak plantations with various
stand ages and site conditions. Sixty-one target teak plantations were designated along
the transect line to establish the temporary square sample plots (TSPs: 20 m × 20 m in
size), with site elevation ranging from 287 to 1057 m (Figure 1). TSPs were created for
plot sampling purposes. All teak trees in each TSP were measured; the DBH (1.3 m in
height above ground level) was measured using a measuring tape, and total tree height was
measured using an ultrasonic height measurer (Vertex IV, Haglöf, Sweden). In addition,
183 trees in total (three canopy trees per plot) were selected from each TSP for assessing
tree age according to the tree rings on the crosscut disk at ground level of each sample tree.

Tree growth increases with tree age [30]; teak exhibits fast height growth in the
early stages of stem development, slowing after 15 years with good sites and appropriate
establishment and management practices [11]. Therefore, in this study, we first investigated
the relationship between tree height growth and tree age using Mitscherlich and Richards
growth functions [31], and the results indicated that younger teak (e.g., <20 years) had
not completed tree height growth (Figure 2). Therefore, the TSPs with trees < 20 years
in age were excluded in this study. At the same time, this study also designated the
following criteria: (1) stand elevation of ≤900 m and the plantations were classified by
(2) landform (lowland, hill, or mountain), (3) slope position (bottom, lower, middle, upper
and crest), (4) slope form (straight, convex and concave in the vertical and horizontal
directions) [32] and (5) slope direction (north, east, south and west). The assessment
consisted of establishing and taking measurements of parameters for sample plots and
trees and felling the dominant tree for stem analysis.
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In total, 27 sample plots based on the above criteria were selected from 61 TSPs, which
were distributed in 13 sub-areas with current stand densities ranging from 525 to 1650 trees
per hectare and various stand ages and site conditions along the transect line (Figure 1).
Generally, sample plots came from 22 individual plantations, although some sample plots
came from the same plantation with different slope positions. Tree assessments were
conducted, and the DBH and total height were measured (Table A1). Only canopy trees
with no obvious evidence of growth abnormalities or damage were selected for sampling.
A total of 81 sample trees (three trees selected in canopy trees with predominant height
in each plot) were felled for stem analysis; the true height of the tree was also measured
after harvest. Crosscut discs (disc thickness, 5 cm) from each felled tree were taken at
ground level, 0.3 m, 1.3 m (breast height), at every 2.0 m from breast height to the base of
the crown and at every 1.0 m in the crown section [30,33]. A total of 1374 sample discs were
stored in plastic bags in the field to prevent loss of moisture before analysis. Discs were
polished using a sanding machine with sandpaper numbers 40, 80 and 120 to make a flat
surface and clarify the pattern of annual growth rings, and afterward, the crosscut discs
were scanned with 1200 dpi resolution on a flatbed scanner (EPSON Perfection V370 Photo)
to a digital file. In the scanned image of each of the crosscut discs, the radii of all annual
tree growth rings from the inner bark to the pith in four cardinal directions marked in the
field (north, east, south and west) were manually measured using imgviewer (self-made
software). Annual tree growth ring data obtained from the crosscut discs were used to
estimate the annual height growth based on a tree’s annual radial growth [34]. The stem
analysis data including number of observations for DBH and tree height were 1745 and
1819, respectively (Figure 3), and were made for assessing tree growth curves.
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Topographic conditions of the sample plots including coordinates and elevation (EV)
were recorded with the aid of a global positioning system receiver (GPSMAP64, Garmin);
slope gradient (SG, %) and slope direction (SD) were measured using a clinometer with SD
scored as north (1), east (2), south (3) and west (4). The slope position (SP) was scored as
bottom (1), lower (2), middle (3), upper (4) and crest (5). The slope form (SF) classes for
this study included straight (S), concave (C) and convex (V) based on the general shape of
the slope in both the vertical and horizontal directions [32], and SF categories were VV (1),
vs. (2), VC (3), SV (4), SS (5), SC (6), CV (7), CS (8) and CC (9) to the reflect the soil water
condition: convex slopes are drier than concave slopes in general.

2.3. Assessing Tree Growth Curves

Several growth functions, such as Richards, Korf and Mitscherlich, have been used
to investigate the tree height and DBH growth of tree species; all of these functions are
optimal fitting models [35,36]. However, this study tested two functions, Mitscherlich
(Equation (1)) and Richards (Equation (2)) [31], to assess tree growth curve parameters:

Y = A(1− exp(−k(ti − t0))) (1)

Y = A(1− exp(−k(ti − t0)))
( 1

1−m ) (2)

where Y is the predicted DBH (cm) or tree height (m) at age ti (years), A is the upper limit of
tree growth, k is the curvature of tree growth curve or parameter related to growth rate, t0
is the time lag of tree growth and m is the shape of growth or shape parameter; if m = 0, the
Richards function (Equation (2)) will be the same as the Mitscherlich function (Equation (1)).
Furthermore, “m” means “the inflection point of the growth curve”; when 0 < m < 1, the
Richards function ranging Mitscherlich growth type. On the other hand, when m > 1,
Richards function ranging logistic type [37,38]) are fitted tree growth curve parameters.

The Mitscherlich and Richards growth functions were fitted to the DBH–age and
tree height–age relationships obtained from the stem analysis data (Figure 3) using the
nonlinear regression function with the lowest values of RMSE (Equation (3)) in the Excel
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solver. The obtained parameters of tree growth curves and their performance are shown in
Tables 1 and A2 and Figures 4 and 5, respectively.

RMSE =

√
∑n

i−0(yi − ŷ)2

n
(3)

where RMSE is the root mean square error of the fitted tree growth curve, yi is the observed
DBH or height, ŷ is the predicted DBH or height and n is the number of observations.

Table 1. Individual tree growth curve parameters of Mitscherlich growth function. RMSE: root mean
square error. A (upper limit of tree growth), k (curvature of tree growth curve or parameter related to
growth rate) and t0 (time lag of tree growth) are fitted tree growth curve parameters.

Site
DBH–Age Height–Age

A k t0 RMSE A k t0 RMSE

1 27.42 ± 6.05 0.07 ± 0.02 2.25 ± 0.98 0.36 ± 0.07 26.16 ± 2.50 0.11 ± 0.02 2.11 ± 0.56 0.83 ± 0.08
2 41.04 ± 18.66 0.05 ± 0.04 0.00 ± 0.00 0.47 ± 0.13 24.35 ± 2.97 0.11 ± 0.04 0.00 ± 0.00 0.78 ± 0.21
3 100.58 ± 69.05 0.02 ± 0.01 1.51 ± 1.28 0.56 ± 0.16 32.98 ± 11.05 0.06 ± 0.03 1.29 ± 1.38 1.18 ± 0.25
4 15.34 ± 1.20 0.14 ± 0.03 0.09 ± 0.16 0.35 ± 0.11 17.91 ± 0.95 0.21 ± 0.02 0.64 ± 0.69 0.58 ± 0.07
5 22.02 ± 0.53 0.13 ± 0.02 1.59 ± 0.61 0.33 ± 0.13 25.37 ± 0.81 0.09 ± 0.00 1.06 ± 0.46 0.61 ± 0.21
6 24.78 ± 8.28 0.06 ± 0.04 0.28 ± 0.48 0.30 ± 0.02 20.83 ± 2.73 0.08 ± 0.02 0.01 ± 0.01 0.51 ± 0.06
7 34.74 ± 6.74 0.07 ± 0.02 0.04 ± 0.06 0.54 ± 0.26 27.15 ± 1.71 0.10 ± 0.01 0.00 ± 0.00 0.74 ± 0.28
8 21.56 ± 1.29 0.13 ± 0.04 1.22 ± 0.87 0.43 ± 0.12 20.17 ± 1.19 0.15 ± 0.03 0.89 ± 0.77 0.53 ± 0.15
9 25.25 ± 6.70 0.09 ± 0.04 0.37 ± 0.64 0.53 ± 0.08 22.28 ± 1.42 0.13 ± 0.00 0.27 ± 0.39 0.63 ± 0.32

10 19.33 ± 0.70 0.14 ± 0.02 0.99 ± 0.64 0.39 ± 0.06 20.65 ± 1.13 0.17 ± 0.02 0.84 ± 0.48 0.46 ± 0.03
11 19.59 ± 3.14 0.11 ± 0.03 0.63 ± 0.41 0.54 ± 0.16 21.64 ± 2.38 0.11 ± 0.01 0.21 ± 0.28 0.65 ± 0.15
12 20.92 ± 1.39 0.09 ± 0.01 1.87 ± 1.15 0.39 ± 0.14 18.25 ± 1.63 0.15 ± 0.03 2.02 ± 0.68 0.56 ± 0.11
13 22.18 ± 5.98 0.07 ± 0.03 0.74 ± 0.36 0.37 ± 0.05 21.12 ± 1.18 0.11 ± 0.02 0.78 ± 0.36 0.65 ± 0.03
14 19.45 ± 2.62 0.12 ± 0.03 0.14 ± 0.24 0.27 ± 0.04 24.70 ± 0.88 0.12 ± 0.01 0.06 ± 0.05 0.53 ± 0.09
15 23.80 ± 3.96 0.14 ± 0.01 0.37 ± 0.41 0.50 ± 0.08 24.08 ± 0.53 0.16 ± 0.01 0.03 ± 0.05 0.68 ± 0.11
16 13.35 ± 0.68 0.21 ± 0.04 0.00 ± 0.00 0.48 ± 0.21 16.16 ± 0.35 0.23 ± 0.02 0.00 ± 0.00 0.69 ± 0.12
17 27.45 ± 5.44 0.05 ± 0.03 0.22 ± 0.38 0.19 ± 0.07 22.89 ± 0.83 0.10 ± 0.02 0.44 ± 0.40 0.46 ± 0.08
18 16.46 ± 1.18 0.13 ± 0.04 0.32 ± 0.55 0.42 ± 0.10 19.37 ± 1.60 0.13 ± 0.04 0.05 ± 0.08 0.53 ± 0.07
19 16.80 ± 0.51 0.15 ± 0.04 1.72 ± 0.27 0.34 ± 0.10 19.75 ± 1.21 0.17 ± 0.01 1.32 ± 0.54 0.66 ± 0.10
20 16.50 ± 1.25 0.20 ± 0.01 1.40 ± 0.28 0.37 ± 0.07 19.71 ± 0.75 0.19 ± 0.01 0.96 ± 0.40 0.58 ± 0.13
21 19.68 ± 3.35 0.14 ± 0.03 0.82 ± 0.17 0.38 ± 0.15 21.39 ± 1.02 0.15 ± 0.02 0.54 ± 0.48 0.66 ± 0.09
22 30.12 ± 6.77 0.11 ± 0.03 1.54 ± 0.29 0.44 ± 0.16 31.17 ± 1.36 0.08 ± 0.00 0.27 ± 0.33 0.78 ± 0.12
23 20.22 ± 8.90 0.08 ± 0.02 0.84 ± 0.24 0.32 ± 0.24 16.15 ± 2.76 0.08 ± 0.02 0.00 ± 0.00 0.37 ± 0.14
24 18.34 ± 2.31 0.12 ± 0.03 0.65 ± 0.57 0.30 ± 0.08 21.04 ± 1.29 0.10 ± 0.00 0.08 ± 0.13 0.53 ± 0.21
25 18.35 ± 1.81 0.13 ± 0.03 0.23 ± 0.26 0.38 ± 0.08 17.92 ± 1.14 0.15 ± 0.00 0.00 ± 0.00 0.64 ± 0.11
26 60.24 ± 73.38 0.06 ± 0.05 0.65 ± 0.63 0.34 ± 0.11 21.24 ± 3.58 0.10 ± 0.01 0.00 ± 0.00 0.78 ± 0.14
27 20.36 ± 1.29 0.14 ± 0.05 0.32 ± 0.56 0.40 ± 0.04 21.80 ± 2.10 0.15 ± 0.03 0.10 ± 0.18 0.89 ± 0.37

Total 26.51 ± 23.97 0.11 ± 0.05 0.77 ± 0.79 0.40 ± 0.14 22.08 ± 4.56 0.13 ± 0.04 0.52 ± 0.72 0.65 ± 0.21

Mean ± standard deviation; Larger t0 values indicate slower time lag of tree growth.

2.4. Data Analysis

The relationships between the 81 growth curve parameters of Equation (1) (Table 1) of
the 27 sample plots and topographic condition variables (elevation, slope gradient, slope
form, slope direction and slope position) were analysed by Spearman’s partial rank correla-
tion analysis using R (version 4.0.3, R Core Team, Vienna, Austria) [39] with ppcor pack-
age [40] and the partial rank correlation network diagram using the qgraph package [41]
in order to examine the effect of topographic conditions on the growth performance of
planted teak trees.
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(a)  (b) 

Figure 4. Predicted tree size using Mitscherlich growth function; relationship between predicted
DBH and observed DBH (a), between predicted tree height and observed tree height (b). R2 is the
correlation coefficient.
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correlation coefficient.

3. Results

Both growth functions, Mitscherlich and Richards, were best fitted to stem analy-
sis data (Figure 3), as the values of RMSE shown in the Tables 1 and A2 and the values
of the correlation coefficient shown in Figures 4 and 5 indicate that there is an insignifi-
cant difference. However, it was difficult to consider the characteristics of the Richards
growth function parameters, especially for the parameter m. Thus, we decided that using
the Mitscherlich growth function to examine the relationship between the growth curve
parameters and topographic conditions was more appropriate; Nagashima et al. [42] re-
ported that height growth and diameter growth are supposed to follow the Mitscherlich
growth process.
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The results of Spearman’s partial rank correlation analysis indicated that the DBH–age
curve parameters (Figure 6a and Table A3) and time lag of growth (t0) had significant
negative correlations with slope position. Simultaneously, elevation showed a positive
correlation (p < 0.05). Meanwhile, curvature of the growth curve (k) showed a significant
positive correlation with slope form (p < 0.01). The upper limit of growth (A) had significant
negative correlations with stand density (p < 0.01) and slope gradient (p < 0.05). More-
over, the results revealed that height–age curve parameters (Figure 6b and Table A4) for
time lag of growth showed a significant positive correlation with slope gradient (p < 0.01)
and curvature of growth curve (k) had a significant positive correlation with slope form
(p < 0.01), while elevation (p < 0.05) and slope gradient (p < 0.01) had a negative correlation.
Separately, the upper limit of growth (A) showed significant negative correlations with
the stand density and slope gradient, while the slope form showed a significant positive
correlation (p < 0.01).
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The analysis results showed that DBH had a faster time lag of growth at higher slope
positions with lower elevations. However, the growth rate was faster on concave slopes,
and the upper limit of growth was greater at lower slope gradients along with lower stand
densities. Tree height showed a faster time lag of growth with decreasing slope gradients.
The growth rate was faster on gentle concave slopes, similar to the relationship with DBH,
and was slower at higher elevations, unlike that of DBH. The upper limit of height growth
was greater at lower slope gradients together with lower stand densities, similar to that of
DBH, and on gentle slopes with concave shapes, unlike for DBH.

4. Discussion

Luang Prabang Province has a long history of planted teak spanning several decades [16,21].
At the same time, teak seed sources were established during the boom years of the 1990s
and early 2000s. Nevertheless, these seed sources have been less utilised because the seed
supply network has not been created [20,43]. On the contrary, the growers and seedling
producers have used self-collected seeds and those bought from local seed collectors; nor-
mally, seeds are picked up from the ground from trees surrounding teak forest areas, which
often contain unknown “mother” trees. Therefore, the seeds and seedlings are geneti-
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cally unimproved and of unknown origin [16,43]. Apart from genetic issues, silvicultural
management of planted teak (e.g., thinning and pruning) is uncommon due to the lack of
economic return from small felled trees [44]. This might be the reason many teak growers
have encountered low growth performance; for example, Kolmert [15], Keonakhone [17]
and Dieters et al. [24] confirmed that the planted teak had fundamental differences, as the
mean annual increment in volume ranged from 3.4 to 21.3 m3/hectare per year. This is
because genetics [4–6,45] and effective silvicultural management systems (e.g., spacing,
weeding, thinning and pruning) [7,8,17,22] affect teak growth and development; for exam-
ple, Sreekanth [4] reported that genetic and morphological data in teak populations in India
revealed that genetic distances and morphological characters had a positive correlation
with the petiole shape and height of the tree. Larekeng et al. [45] also reported that morpho-
physiological analyses on teak in Indonesia showed that provenance significantly affected
tree diameter and leaf area. Moreover, Pachas et al. [10] reported the effect of the initial
spacing of planted teak on growth and development, showing that trees with a low stand
density of 423 trees per hectare had a DBH of 24.5 cm, while those with a high stand density
of 1659 tree per hectare had a DBH of 14.3 cm when the trees reached 10 years of age in Lao
PDR. Jerez et al. [11] reported that two intensive thinning (50%) processes at ages 3 and 12
doubled DBH growth compared with no thinning treatment in Venezuela. However, our
present study did not examine the effect of genetics and silvicultural practices, except for
stand density control, on teak growth performance.

Apart from genetics and silvicultural management, environmental factors [1,2,11,46]
are essential elements for teak growth and development. Teak achieves better growth and
yield with proper soil conditions; Kolmert [15], for example, reported that soil properties
affected teak growth. Despite this, teak had higher growing yield on flat land than steep
slopes, but there was no significant difference with gentle slopes, while changes in nutrient
status (Na, Ca, Mg, K, N, pH, cation exchange capacity and base saturation) did not
produce notable differences. However, this study did not focus on various site factors, such
as elevation, slope form and slope direction. Although several studies have examined the
growth and yield of teak over the past decade, soil conditions were not considered [10,24].
Recently, Imaya et al. [23] established a soil suitability map for planted teak in northern Laos
based on terrain characteristics, site characteristics and soil physicochemical properties,
but they did not test the effect of topographic conditions on teak growth. Therefore, in
the present study, we examined which topographic condition factors most influence the
growth performance of planted teak.

We found that the upper asymptote of teak growth was greatest for stands in lower
slope positions with a gentle slope (p < 0.01), while a concave slope increased the growth
rate (p < 0.01) and the upper limit of the height growth (p < 0.01). These findings extend
the reports of Kolmert [15] and Imaya et al. [23], confirming that a bottom (flat), foot slope
with a gentle slope promotes higher growth of planted teak than other sites because these
sites have re-sedimented deeper soil, accumulate soil organic matter and nutrients [1,2],
and boast good drainage [47]. Further, Watanabe et al. [13] confirmed that teak growth
was significantly correlated with volumetric water content and maximum water holding
capacity, as soil moisture is an essential factor that controls the growth of teak. The present
study results corroborated the findings of Vaides-Lopez et al. [47], who reported that terrain
with a flat topography and a lower slope show the best growth and productivity and site
elevation and slope are negatively correlated with teak growth variables. Notwithstanding,
our results contradicted the findings of Watanabe et al. [13], who reported that the growth
performance of planted teak had no significant correlation with site factors, particularly
slope position and slope gradient for site elevations ranging from 134 to 460 m along with
different parent material, groundwater and soil classifications.

Teak requires high light conditions [48,49]. The present study showed that a higher
slope position, especially in the middle and upper slope, promoted a greater time lag of
growth (p < 0.05), while shorter periods were needed to reach breast height (p < 0.01). In this
study, the study area had complex landforms; the deep valley had shorter hours of sunlight
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in a day than upper slope positions. As confirmed by Dieters et al. [24], Pachas et al. [10]
and Zahabu et al. [7], stand density has a significant effect on stem development, crown
diameter and proportion of live and dead branches as a result of the inter-tree compe-
tition. Thus, the results for time lag of tree growth in this study might be due to the
interaction of light requirement with initial high stocking density in upper slope positions
(Table A1) [50,51].

Therefore, the present study indicates that teak exhibits good growth on gentle slopes,
especially when the bottom and concave slope area might be influenced by soil mois-
ture, although soil factors were not investigated in our study. Most remarkably, this
is the first study to our knowledge to examine the effect of topographic conditions on
growth performance.

5. Conclusions

The growth performance of planted teak is highly dependent on relevant environmen-
tal factors. In this study, we examined the relationship between growth performance and
topographic conditions to clarify which topographic factors have the most influence. The
result of the Spearman’s partial rank correlation indicated that the upper limit of the DBH
and tree height growth ranged from 13.4 to 100.6 and from 16.2 to 33.0, respectively, show-
ing significant negative correlations with the slope gradient and stand density, while the
slope form showed a significant positive correlation with the upper limit of the tree height
growth. The curvature of the DBH and tree height growth curves had significant positive
correlations with slope form. Moreover, elevation and slope gradient showed significant
negative correlations with the curvature of the tree height growth curve. However, the time
lag of DBH growth had a significant negative correlation with the slope position, while
the slope gradient was positively correlated with the time lag of the tree height growth.
These analyses suggest that planted teak in this area has faster growth in lower slopes that
also have a gentle concave slope. Our results, as scientific evidence, critically contribute
to developing a long-term teak plantation management strategy to improve the economic
potential of timber production for small-scale farmers. The high timber productivity of
teak plantations is based on tree quality, tree size and heartwood characteristics. There-
fore, further study of the effects of topographic conditions on heartwood characteristics
is warranted.
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Appendix A

Table A1. Stand and topographic conditions of selected teak plantations. Stand age (SA); stand
density (SDe); basal area (BA); total height (Ht); elevation (EV); slope gradient (SG); slope direction
(SD), north (N), east (E), south (S), west (W); slope form (SF), straight (S), convex (V), concave (C);
slope position (SP), bottom (BO), lower slope (LS), middle slope (MS), upper slope (US), crest (CR).

Site SA (Years) SDe (Trees/ha) BA (m2/ha) Ht (m) EV (m) SG (%) SD SF SP

1 23 811 17.8 16.6 ± 5.6 287 17 S SV BO
2 23 1005 22.8 18.6 ± 3.3 308 6 W SS BO
3 31 526 20.8 16.7 ± 4.6 309 11 E SS BO
4 23 1096 18.3 15.6 ± 2.7 376 20 W SV U
5 23 1065 31.5 19.9 ± 3.9 667 17 E VV LS
6 20 980 16.5 14.3 ± 2.4 659 17 S VV LS
7 24 710 32.5 21.4 ± 4.7 671 17 S VV MS
8 21 898 16.2 13.9 ± 4.1 515 43 E CC LS
9 20 525 13.6 17.6 ± 4.5 485 60 E CC LS
10 23 1264 24.5 17.2 ± 2.4 459 15 S CC LS
11 24 737 24.2 17.9 ± 4.2 402 33 E SV LS
12 24 978 19.6 15.7 ± 2.1 412 50 W VV MS
13 24 1059 20.8 16.5 ± 2.6 405 62 W CV LS
14 20 875 20.0 19.4 ± 3.7 389 7 N CC BO
15 23 875 26.3 22.1 ± 4.0 292 6 W CV BO
16 24 1650 17.6 12.9 ± 2.2 323 45 N CV LS
17 22 1075 19.5 16.4 ± 3.5 350 40 N CV MS
18 22 1350 18.3 14.2 ± 2.7 390 34 N CV US
19 22 1150 26.3 17.6 ± 2.1 432 27 S CC LS
20 22 1300 26.8 17.2 ± 2.3 452 21 S CC MS
21 23 1350 31.2 17.3 ± 1.7 473 23 S CC US
22 25 575 28.4 24.8 ± 6.1 629 3 E VV BO
23 21 925 13.5 11.1 ± 1.9 707 23 E VV US
24 23 1175 28.6 16.7 ± 2.1 610 45 W CC US
25 21 1375 28.2 16.6 ± 3.0 758 11 E CC CR
26 22 1325 21.9 14.5 ± 2.9 386 4 N VS BO
27 21 750 14.5 15.0 ± 4.6 369 9 N SC LS

Mean ± standard deviation.

Table A2. Individual tree growth curve parameters of Richards growth function. RMSE: root mean
square error. A (upper limit of tree growth), k (curvature of tree growth curve or intrinsic growth
speed), t0 (initial tree growth) and m (shape of growth) are fitted tree growth curve parameters.

Site
DBH–Age Tree Height–Age

A k t0 m RMSE A k t0 m RMSE

1 27.18 ± 6.28 0.08 ± 0.03 2.21 ± 1.00 0.03 ± 0.05 0.36 ± 0.06 23.98 ± 0.63 0.18 ± 0.05 0.56 ± 0.95 0.45 ± 0.40 0.74 ± 0.15
2 41.04 ± 18.65 0.05 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.47 ± 0.13 24.35 ± 2.97 0.11 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.78 ± 0.21
3 86.23 ± 78.87 0.04 ± 0.03 0.45 ± 0.67 0.25 ± 0.22 0.46 ± 0.05 30.45 ± 11.67 0.09 ± 0.07 0.00 ± 0.00 0.36 ± 0.33 1.06 ± 0.37
4 15.32 ± 1.20 0.14 ± 0.03 0.09 ± 0.16 0.00 ± 0.00 0.33 ± 0.11 17.85 ± 1.16 0.23 ± 0.02 0.08 ± 0.12 0.17 ± 0.29 0.56 ± 0.07
5 22.02 ± 0.53 0.13 ± 0.02 1.59 ± 0.61 0.00 ± 0.00 0.33 ± 0.13 25.37 ± 0.81 0.09 ± 0.00 1.06 ± 0.46 0.00 ± 0.00 0.61 ± 0.21
6 24.78 ± 8.28 0.06 ± 0.04 0.28 ± 0.48 0.00 ± 0.00 0.3 ± 0.02 20.83 ± 2.73 0.08 ± 0.02 0.01 ± 0.01 0.00 ± 0.00 0.51 ± 0.06
7 34.74 ± 6.74 0.07 ± 0.02 0.04 ± 0.06 0.00 ± 0.00 0.54 ± 0.26 27.15 ± 1.71 0.10 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.74 ± 0.28
8 20.28 ± 1.16 0.18 ± 0.06 0.29 ± 0.25 0.33 ± 0.35 0.31 ± 0.09 19.97 ± 1.25 0.16 ± 0.03 0.76 ± 0.67 0.07 ± 0.12 0.53 ± 0.16
9 25.25 ± 6.70 0.09 ± 0.04 0.37 ± 0.64 0.00 ± 0.00 0.53 ± 0.08 22.19 ± 1.27 0.14 ± 0.01 0.24 ± 0.41 0.02 ± 0.04 0.63 ± 0.32
10 18.85 ± 1.13 0.19 ± 0.06 0.18 ± 0.31 0.32 ± 0.30 0.31 ± 0.04 20.37 ± 0.99 0.20 ± 0.03 0.40 ± 0.51 0.22 ± 0.17 0.44 ± 0.02
11 19.59 ± 3.14 0.11 ± 0.03 0.63 ± 0.41 0.00 ± 0.00 0.54 ± 0.16 21.64 ± 2.38 0.11 ± 0.01 0.21 ± 0.28 0.00 ± 0.00 0.65 ± 0.15
12 19.75 ± 0.66 0.12 ± 0.06 0.82 ± 0.80 0.24 ± 0.42 0.33 ± 0.08 17.57 ± 1.03 0.19 ± 0.03 0.94 ± 0.87 0.34 ± 0.31 0.52 ± 0.07
13 22.18 ± 5.98 0.07 ± 0.03 0.74 ± 0.36 0.00 ± 0.00 0.37 ± 0.05 20.8 ± 0.68 0.12 ± 0.01 0.58 ± 0.6 0.07 ± 0.12 0.65 ± 0.03
14 19.29 ± 2.72 0.13 ± 0.03 0.00 ± 0.00 0.06 ± 0.11 0.26 ± 0.04 24.58 ± 0.79 0.13 ± 0.01 0.04 ± 0.06 0.02 ± 0.03 0.53 ± 0.09
15 23.8 ± 3.96 0.14 ± 0.01 0.37 ± 0.41 0.00 ± 0.00 0.5 ± 0.08 24.08 ± 0.53 0.16 ± 0.01 0.03 ± 0.05 0.00 ± 0.00 0.68 ± 0.11
16 13.35 ± 0.68 0.21 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.48 ± 0.21 16.16 ± 0.35 0.23 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.68 ± 0.12
17 27.45 ± 5.44 0.05 ± 0.03 0.22 ± 0.38 0.00 ± 0.00 0.19 ± 0.07 22.17 ± 0.60 0.12 ± 0.01 0.00 ± 0.00 0.15 ± 0.14 0.45 ± 0.07
18 16.46 ± 1.18 0.13 ± 0.04 0.32 ± 0.55 0.00 ± 0.00 0.42 ± 0.10 19.37 ± 1.60 0.13 ± 0.04 0.05 ± 0.08 0.00 ± 0.00 0.53 ± 0.07
19 16.57 ± 0.41 0.18 ± 0.06 1.38 ± 0.57 0.20 ± 0.17 0.32 ± 0.09 19.75 ± 1.21 0.17 ± 0.01 1.32 ± 0.54 0.00 ± 0.00 0.66 ± 0.10
20 16.39 ± 1.23 0.22 ± 0.03 1.15 ± 0.46 0.13 ± 0.21 0.36 ± 0.07 19.63 ± 0.86 0.20 ± 0.01 0.81 ± 0.39 0.08 ± 0.13 0.58 ± 0.13
21 19.51 ± 3.48 0.15 ± 0.05 0.59 ± 0.53 0.12 ± 0.21 0.35 ± 0.18 21.39 ± 1.02 0.15 ± 0.02 0.54 ± 0.48 0.00 ± 0.00 0.66 ± 0.09
22 30.12 ± 6.77 0.11 ± 0.03 1.54 ± 0.29 0.00 ± 0.00 0.44 ± 0.16 31.17 ± 1.36 0.08 ± 0.00 0.27 ± 0.33 0.00 ± 0.00 0.78 ± 0.12
23 17.44 ± 6.14 0.11 ± 0.02 0.00 ± 0.00 0.32 ± 0.04 0.26 ± 0.24 16.13 ± 2.76 0.08 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.37 ± 0.14
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Table A2. Cont.

Site
DBH–Age Tree Height–Age

A k t0 m RMSE A k t0 m RMSE

24 18.34 ± 2.31 0.12 ± 0.03 0.65 ± 0.57 0.00 ± 0.00 0.30 ± 0.08 21.04 ± 1.29 0.1 ± 0.00 0.08 ± 0.13 0.00 ± 0.00 0.53 ± 0.21
25 18.18 ± 1.88 0.14 ± 0.05 0.03 ± 0.06 0.11 ± 0.15 0.38 ± 0.08 17.92 ± 1.14 0.15 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.64 ± 0.11
26 59.8 ± 73.77 0.08 ± 0.07 0.23 ± 0.39 0.14 ± 0.25 0.33 ± 0.08 21.24 ± 3.58 0.1 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.78 ± 0.14
27 20.08 ± 1.26 0.15 ± 0.05 0.00 ± 0.00 0.12 ± 0.21 0.38 ± 0.07 21.69 ± 1.92 0.15 ± 0.03 0.00 ± 0.00 0.04 ± 0.08 0.88 ± 0.37

Total 25.7 ± 23.27 0.12 ± 0.06 0.53 ± 0.69 0.09 ± 0.17 0.38 ± 0.13 21.81 ± 4.33 0.14 ± 0.05 0.29 ± 0.50 0.07 ± 0.17 0.64 ± 0.20

Mean ± standard deviation; Larger t0 values indicate slower initial tree growth.

Table A3. Spearman’s partial rank correlation matrix between DBH–age curve parameters and
topographic conditions. Variable (VR). DBH–age curve parameters as upper limit of growth (A);
curvature of tree growth curve (k); time lag of tree growth (t0). Stand density (SDE). Elevation (EV).
Slope gradient (SG). Slope direction (SD). Slope form (SF). Slope position (SP).

VR A k t0 SDE EV SD SF SG SP

A 1
k −0.61 ** 1
t0 0.09 0.22 1

SDE −0.33 ** −0.01 0.02 1
EV 0.13 0.11 0.23 * −0.2 1
SD 0.07 −0.02 0.15 0.01 −0.05 1
SF 0.17 0.39 ** −0.13 0.24 * −0.06 −0.02 1
SG −0.23 * −0.21 0.2 −0.24 * −0.18 0.07 0.28 * 1
SP −0.12 −0.04 −0.25 * 0.41 ** 0.60 ** 0.08 −0.07 0.49 ** 1

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).

Table A4. Spearman’s partial rank correlation matrix between height–age curve parameters and
topographic conditions. Variable (VR). Height–age curve parameters as upper limit of growth (A);
curvature of tree growth curve (k); time lag of tree growth (t0). Stand density (SDE). Elevation (EV).
Slope gradient (SG). Slope direction (SD). Slope form (SF). Slope position (SP).

VR A k t0 SDE EV SD SF SG SP

A 1
k −0.61 ** 1
t0 0.20 0.20 1

SDE −0.41 ** −0.10 0.05 1
EV −0.15 −0.32 ** 0.06 −0.22 1
SD 0.14 0.21 0.22 0.01 0.06 1
SF 0.41 ** 0.57 ** −0.07 0.33 ** 0.15 −0.17 1
SG −0.40 ** −0.27 * 0.34 ** −0.32 ** −0.22 0.06 0.33 ** 1
SP −0.10 0.05 −0.17 0.38 ** 0.55 ** 0.07 −0.07 0.45 ** 1

* Correlation is significant at the 0.05 level (2-tailed); ** Correlation is significant at the 0.01 level (2-tailed).
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