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Abstract: To achieve the goal of carbon neutrality, overseas plantation projects have been conducted
in several countries, including Vietnam. In the present study, stand growth models and a yield table
were developed and used to analyze the economic feasibility of Acacia hybrid plantations in southern
Vietnam. Diameter at breast height, tree height, and number of trees were determined in the field;
basal area, mean height, dominant tree height, stand density, and stand volume were estimated using
in situ data. The initial number of trees increased for five years and reached 4947 trees ha−1; tree
numbers then decreased to 1987 trees ha−1 until the stands reached ten years of age. The highest
current annual increment of stand volume was shown to be 46.23 m3 ha−1 yr−1 when stands were
7 years old. For 7 years of stand age, the net present value was USD 1566/ha, and the internal rate
of return was 13%, exceeding the market interest rate (4%). Therefore, an A. hybrid plantation is a
reasonable proposition for an overseas plantation project in southern Vietnam and the growth models
will be useful for the management of an A. hybrid plantation.

Keywords: benefit-cost ratio (B/C ratio); internal rate of return (IRR); net present value (NPC);
site index; stand growth model

1. Introduction

In order to limit the global temperature rise to within 1.5 ◦C, it is necessary to tran-
sition to a carbon-neutral society to attain net zero carbon emissions by 2050. Carbon
neutrality is a concept wherein greenhouse gas emissions caused by human activities are
minimized, absorbed (by forests, grasslands, and oceans, etc.), and removed (by carbon
capture, utilization, and storage) to reduce the overall emissions of carbon to zero.

Many countries conducted overseas plantation projects, especially America, Africa,
and Asia, specifically Laos, Indonesia, and Vietnam, to meet the goal of carbon neutral-
ity [1]. Such overseas plantation projects could provide economic benefits to the host
countries. First, it is possible to provide a stable supply of wood resources through overseas
plantations. This implies that tropical areas can provide timber by cultivating the growing
fast species. This not only maintains the forest processing industry, but can also act as a base
for effectively managing forest resources. Second, carbon credits secured by forestation
can help maintain domestic industries by offsetting their high carbon emissions. As many
countries have a limited area available for forestation, overseas plantations could greatly
contribute to managing forest resources and securing carbon credits. In addition, in some
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cases, profits can be expected from selling these carbon credits. Thus, tropical regions are
regarded as promising areas for overseas plantation projects [2].

The lack of information on local investment environments inhibits participation in
overseas plantation projects [3]. The economic analysis of plantation investment is the
process of estimating the expected economic costs and benefits of new projects to ensure
that the investment is rational and valid. In other words, evaluating the current and
future asset values of plantations is the most important task when expanding overseas
plantations. Accurate growth forecasting is critical, and tree growth is essential for this
evaluation. South Korea recently renewed its stem volume tables for 10 major plantation
species and analyzed the effectiveness of these new stem volume tables for estimating
forest stocks [4,5]. Japan and Finland also reappraised their recent stocks to predict forest
growth more accurately using yield tables [6]. The forest yield table is designed mainly for
the application to even-aged forest. This yield table normally displays the values for stand
age, top height, number of trees per hectare, mean diameter at breast height, basal area per
hectare, mean volume per hectare, and mean annual increment based on standing trees
rather than cumulative value; for example, the values effectively lost due to mortality are
not included. The forest yield table has limited application to different forest areas because
of different biotic and abiotic conditions. However, southern Vietnam does not currently
have accurate yield tables for predicting the stand growth of its major plantation species,
including Acacia hybrids [7].

Vietnam currently maintains over 230,000 ha of Acacia hybrid plantations (Acacia
mangium × Acacia auriculiformis) within a total Acacia plantation area of over 400,000 ha, as
reported by the Vietnam Ministry of Agriculture and Rural Development [8]. This Acacia
hybrid species is planted in the southern provinces of Vietnam and is now a preferred
species for industrial plantations [9]. Its nitrogen fixation ability can improve infertile
soil, which is economically beneficial to subsequent plantations [10]. The main stem of
the hybrid is straighter than that of A. auriculiformis and has no angles or ribs, unlike
A. mangium [11,12]. Additionally, predicting carbon sinks and issuing carbon credits for
Acacia hybrid plantation are important actions as they can increase the potential income for
smallholder farmers [7].

Therefore, the present study aimed to (1) develop a forest yield table capable of
evaluating and predicting stand growth for Acacia hybrid plantations in Vietnam and
(2) analyze the economic feasibility of the plantation project using the basic data from the
yield table.

2. Materials and Methods
2.1. Study Sites

The study sites were located in the Xuyên Mộc district, in the province of Bà Ria-Vũng
Tàu, Vietnam (10◦64′48′′ N, 107◦42′62′′ E) (Figure 1). Xuyên Mộc lies roughly 91 km from
Hõ Chí Minh, and the capital can be reached in 2 h by car. Acacia and rubber trees are
the main plantation crops in the area, comprising areas of approximately 400 and 500 ha,
respectively. The annual mean temperature is 26–28 ◦C, and annual mean precipitation
is approximately 3000 mm. Forest surveys were conducted at 11 plots from 21 October
to 1 November 2019. A total of 11 plots were selected based on stand age, ranging from
1 to 9. One-year-old seedlings were planted at all plantation areas, in which this study
was conducted, with a stand density of 2200 trees ha−1. Forest survey results showed
soil texture of the study area to be sandy clay loam with 28% clay, 7% silt, and 65% sand.
Acidity of soil was shown as pH 4.7–5.5. Mean organic matter was less than 1% and total
nitrogen was 0.09%.
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Figure 1. Location of plots for the study site. The red circles with yellow borders in the right-hand
figure indicate the locations of the plots where forest surveys were conducted.

2.2. Measurement of Stand Growth

All trees within each 20 m × 20 m plot were measured to estimate stand growth.
Diameter at breast height (DBH) was measured using a diameter tape (Shinill Science, South
Korea), and height (H) was measured using a height meter (Suunto, Finland). Canopy class
was divided into 3 classes (dominant, intermediate, suppressed), and dominant height
(Hdom) was calculated as the average of the height measurements for trees in the dominant
canopy class. However, for one-year-old seedlings, the root collar diameter (RCD) was
measured at 2 cm height from the ground instead of the DBH. RCD was used to calculate
the volume of small seedlings with a height of <1.5 m and was not used for the DBH model.
The volume of each individual tree was calculated using the form factor method, as shown
in Equation (1).

V = BA × H × f, (1)

where V is the tree volume with bark (m3), BA is the basal area at breast height (m2), H
is the tree height (m), and f is the breast-height form factor. The breast-height form factor
generally varies among species and ages, ranging from 0.3 to 0.7 [13–15]. However, this
study selected 0.49 as the breast-height form factor, which was developed by the Forest
Science Institute of Vietnam and is used to estimate stand volume as a representative value
in Vietnam [8].

2.3. Site Index Classification Curves

The SAS ver. 9.3 statistical program was used to estimate site indices using Hdom.
The main standard statistical method consisted of the nonlinear least squares regression
method via the PROC NLIN procedure. The applied dominant tree function equation is
an asymptotic value, which represents the maximum value that the dependent tree can
reach and produces a sigmoid curve with two inflection points, representing typical growth
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patterns [16]. Through regression analysis of the heights of the dominant trees examined
by age group, the Hdom for each age can be estimated using Equation (2):

Chapman-Richards equation: Hdom = α × (1 − exp(−β × age))γ, (2)

Here, Hdom is the dominant height (m), and age is the stand age (years). α, β, and γ

are parameters. Substituting the standard age (Asi) for site index (SI) instead of stand age
in the Hdom equation, the site index equation can be derived, as in Equation (3):

SI = α × (1 − exp(−β × Asi))γ (3)

In addition, combining Equations (2) and (3) in the form of an algebraic differential
equation derives the SI classification curve, which can produce various Hdom curves
according to SI, Asi, and stand age.

Hdom = SI × (1 − exp(−β × age))γ/(1 − exp(−β × Asi))γ (4)

2.4. Developing Stand Growth Models

Through regression analysis, the relationships among age, DBH, basal area (BA), mean
tree height (Hm), number of trees per hectare (Nha), and stand volume per hectare (Vha)
were derived to predict the status of stands over time. At this time, the sigmoid curve-type
Chapman-Richards Equation (5) was used to predict DBH, BA, Hm, and Vha, and the peak
curve-shaped Gaussian Equation (6) was used to predict Nha. The Chapman–Richards
function is a popular model for describing the cumulative growth of tree and forest stands
over time, so it was used in many forest-growth modelers. The Gaussian function is the
probability density function of normal distribution, and is also used as the frequency curve.
Thus, these functions were selected to understand and predict the stand growth of the
Acacia hybrid plantation area.

F(x) = α × (1 − exp(−β × x))γ (5)

F(x) = α × exp(−0.5 × ((x − β)/γ)2) (6)

2.5. Analyzing the Economic Feasibility

The analysis scenario was set as follows: (1) Acacia hybrids were planted at a density
of 2200 seedlings ha−1; (2) the yield table developed in this study was used to calculate the
growth of stand volume; (3) the sales type was pulpwood (rate of wood conversion was
90%, market price USD 30 m−3); (4) the latest Vietnam interest rate was applied, which was
4%; and (5) logging and sales were carried out in the 7th year after plantation. The annual
costs of tillage, materials, machines, labor, transport, supervision, planning, management,
and land leases were also calculated for the investment analysis (Table 1). The data used in
the analysis scenario were collected from interviews with a management company and a
market roundtable. Net present value (NPV), benefit/cost ratio (B/C ratio), and internal
rate of return (IRR) were used to analyze the economic feasibility of the Acacia hybrid
plantation in southern Vietnam.

NPV =
n

∑
t=0

Bt

(1 + r)t −
n

∑
t=0

Ct

(1 + r)t (7)

B/C ratio =
n

∑
t=0

Bt

(1 + r)t /
n

∑
t=0

Ct

(1 + r)t (8)

IRR =
n

∑
t=0

Bn

(1 + r)n =
n

∑
t=o

Cn

(1 + r)n (9)
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Table 1. Annual costs per ha of production and management parts (unit: USD ha−1).

Years after Plantation (Years) 0 1 2 3 4 5 6

I. Production cost

Tillage 564

Seedlings 156 14

Machine 61 30 24 24 24 24

Labor 293 240 24 24 24 24 24

Transport 43

Subtotal 1117 284 48 48 48 48 24

II. Management cost

Supervision 34

Plan 9

Management 112 28 5 5 5 5 2

Land lease 148 148 148 148 148 148 148

Subtotal 303 176 153 153 153 153 150

Total 1420 460 201 201 201 201 174

Cumulative total 1420 1880 2081 2282 2483 2683 2858

Here, t is time (year), n is the total period (years), B is income (USD per hectare), C is
investment (USD per hectare), and r is the latest interest rate (%).

3. Results and Discussion
3.1. Analysis of Site Index

A stand age of 20 or 30 years is generally defined as the standard age for SI, but this
is not fixed [17]. In the present study, a stand age of 10 years was used as the SI standard
because harvesting occurs 8 years after planting in Vietnam. The results of the regression
analysis of the Hdom growth model using the Chapman–Richards equation are shown
in Figure 2.
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The average SI was analyzed using the Hdom growth model based on age, and the SI
of the study area was found to be 25.2. Therefore, the SI of the plantation area in Xuyên
Mộc, in Bà Ria-Vũng Tàu, Vietnam, was determined to be 25, and the SI classification
curves were derived by classifying the SI as 21, 23, 25, 27, or 29 (Figure 3). In terms of
dominant height, its mean annual increment increased steadily for the first 3 years, and
then decreased. The highest mean annual increment of Acacia hybrid was 4.2 m per year,
at 3 years of age after planting. The lowest mean annual increment was 0.9 m per year
at 10 years. This vigorous growth in the early growing stages and reducing growth with
stand age in Acacia species were reported from previous studies [18,19].

Forests 2022, 13, x FOR PEER REVIEW 6 of 13 
 

 

curves were derived by classifying the SI as 21, 23, 25, 27, or 29 (Figure 3). In terms of 

dominant height, its mean annual increment increased steadily for the first 3 years, and 

then decreased. The highest mean annual increment of Acacia hybrid was 4.2 m per year, 

at 3 years of age after planting. The lowest mean annual increment was 0.9 m per year at 

10 years. This vigorous growth in the early growing stages and reducing growth with 

stand age in Acacia species were reported from previous studies [18,19]. 

 

Figure 3. Site index classification curves for Acacia hybrid plantations in Vietnam. 

3.2. Developing Stand Growth Models 

Forest stands are complex environments composed of similar individuals. Predicting 

stand-scaled growth differs from predicting single tree growth because it is an important 

parameter for setting forest management goals. In order to predict the stand growth for 

these forests, DBH, BA, Hm, Nha, and Vha were measured in Vietnamese Acacia hybrid plan-

tations (Table 2). In general, in Xuyên Mộc, 1-year-old seedlings are planted and then har-

vested at 9 years of age. Thus, the stand growth rate was predicted until the stand age of 

10 years (Figure 4). As a result, DBH, Hm, Hdom, and Vha showed remarkable increases as 

stand age increased. However, Nha peaked at 5275 in plot 5, which was planted in 2016, 

and similar values were found at plots 3, 4, and 7, although their stand ages were different. 

Various growth models were developed using these data. 

Table 2. Summary of age, diameter at breast height (DBH), mean height (Hm), dominant height 

(Hdom), number of trees per hectare (Nha), and stand volume per hectare (Vha) for each plot. 

Plots 
Stand Age 

(Years) 
DBH (cm) Hm (m) Hdom (m) 

Nha (Trees 

ha−1) 

Vha (m3 

ha−1) 

1 1 - 0.5 0.5 2200 1 

2 2 4.3 5.2 5.9 4000 16 

3 3 5.4 7.5 8.0 5025 47 

4 4 6.6 10.6 11.6 5000 95 

5 4 6.2 10.4 11.9 5275 86 

6 5 8.8 11.7 15.7 3175 124 

7 6 7.8 12.6 22.4 5075 177 

8 8 9.3 15.5 20.5 4525 257 

9 9 11.8 18.8 26.0 2350 276 
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3.2. Developing Stand Growth Models

Forest stands are complex environments composed of similar individuals. Predicting
stand-scaled growth differs from predicting single tree growth because it is an important
parameter for setting forest management goals. In order to predict the stand growth for
these forests, DBH, BA, Hm, Nha, and Vha were measured in Vietnamese Acacia hybrid
plantations (Table 2). In general, in Xuyên Mộc, 1-year-old seedlings are planted and then
harvested at 9 years of age. Thus, the stand growth rate was predicted until the stand age
of 10 years (Figure 4). As a result, DBH, Hm, Hdom, and Vha showed remarkable increases
as stand age increased. However, Nha peaked at 5275 in plot 5, which was planted in 2016,
and similar values were found at plots 3, 4, and 7, although their stand ages were different.
Various growth models were developed using these data.

The parameters for each growth model determined for Acacia hybrid plantations
in Vietnam were estimated (Table 3). Even though the Nha model had a low fitness
(adjusted R2 = 0.88; p < 0.0001), other models had acceptable goodness of fit (adjusted R2)
at 0.90 or more, indicating the validity of these models for evaluating and predicting stand
growth (p < 0.0001).

The DBH of the Acacia hybrid increased with stand age (Figure 4a). In particular, trees
were expected to grow up to 12.5 cm in DBH by 9 years after planting (10 years old). In
normal forests, DBH increases rapidly in early stages but gradually slows down after matu-
ration. The DBH growth rate gradually decreased over time after trees were 6 years old.
Generally, pruning can increase the DBH growth rate of the remaining stems [20]. The
incidence of large trunks and the mean growth of individual trees are affected by the initial
stand density [21], so pruning can lead to increased DBH growth. In addition, thinning
provides an opportunity to maintain a high growth rate of the remaining trees by removing
poorly formed trees. Thus, it is necessary to improve the economic efficiency of plantations
by analyzing growth differences under different stand densities and pruning practices.
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Table 2. Summary of age, diameter at breast height (DBH), mean height (Hm), dominant height
(Hdom), number of trees per hectare (Nha), and stand volume per hectare (Vha) for each plot.

Plots Stand Age (Years) DBH (cm) Hm (m) Hdom (m) Nha (Trees ha−1) Vha (m3 ha−1)

1 1 - 0.5 0.5 2200 1

2 2 4.3 5.2 5.9 4000 16

3 3 5.4 7.5 8.0 5025 47

4 4 6.6 10.6 11.6 5000 95

5 4 6.2 10.4 11.9 5275 86

6 5 8.8 11.7 15.7 3175 124

7 6 7.8 12.6 22.4 5075 177

8 8 9.3 15.5 20.5 4525 257

9 9 11.8 18.8 26.0 2350 276

10 9 12.8 16.7 22.4 2450 300

11 9 12.3 19.1 25.3 2800 357
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Table 3. Parameters and R2 of stand growth equations for an Acacia hybrid plantation in Vietnam.

Model
Parameter

Adjusted R2 p MSE
α β γ

DBH 17.8909 0.1323 1.1519 0.91 <0.0001 1.3

BA 39.0736 0.3451 2.7718 0.96 <0.0001 5.3

Hm 22.7448 0.2067 1.4696 0.96 <0.0001 1.2

Hdom 27.5182 0.3398 2.6249 0.95 <0.0001 3.7

Nha 5479.0401 5.0264 3.3612 0.88 <0.0001 203,231.2

Vha 705.0696 0.1414 2.5086 0.97 <0.0001 460.5

The basal area at breast height affects stand volume and is generally used to estimate
the degree of stocking. The degree of stocking is a measure of the ratio of in situ BA to BA
in the yield table. Basal area at breast height is a major parameter used to estimate stand
volume, stand growth, and degree of stocking. In addition, the DBH model strongly affects
changes in average values, not the actual growth conditions of the stand, whereas the BA
model provides information about real changes in stand conditions. For this reason, BA
can be considered a more important factor than DBH when evaluating stand growth.

As a result, the BA growth curve showed a sigmoid morphology, which is a typical
growth pattern (Figure 4b). Up to 5 years after planting, the growth rate increased gradually
over time because of the increase in both DBH and Nha. After this time, the annual growth
rate of BA decreased owing to reductions in the annual growth of DBH and Nha. However,
despite the decrease in the annual increment of BA, the annual increment of Vha increased
continuously, suggesting that the effect of stand density on annual Vha growth rate was not
significant after 5 years of age.

Height is an important variable when evaluating stand growth in even-aged forests,
as it is relatively independent of stand density and is much affected by thinning. For
this reason, mean height is used to measure the productivity of forests and to assess
the development of the stand structure, while dominant height is used to evaluate the
production capacity and site quality. The Hm of the Acacia hybrid in Vietnam continued
to increase with increasing stand age, reaching a maximum of 18.6 m at 10 years of age
(Figure 4c). Forest management seems to be required to improve the stand growth of
Acacia hybrid considering the dominant height of 25.2 m at 10 years. In contrast, the
production system in southern Vietnam does not include any management system, such as
improvement cutting and thinning. This nonintervention system can prevent the erosion of
the topsoil and dryness of the land, as well as reduce the decline in soil productivity caused
by harvesting. Despite the advantages of the nonintervention system, improvement cutting
and thinning can enhance the mean annual growth of DBH and mean height through the
decrease in competition for space, nutrients, and photosynthesis among the individuals.
Thus, further study should be conducted to analyze the effects of stand density on stand
growth, especially the stand volume per hectare.

Hai et al. (2008) found that environmental conditions affect the growth of Acacia
species more than genetic factors [22]. Acacia hybrids were shown to grow faster in Vietnam,
especially in low-latitude provinces [23]. Kha et al. (2005) and Kha (2009) also confirmed
the potential for wood production from Acacia hybrids in southern Vietnam [9,24]. Thus,
the environmental conditions in Xuyên Mộc may improve the growth of Acacia hybrids.

Furthermore, Dung et al. (2005) reported that pruned Acacia hybrid trees were signifi-
cantly taller than non-pruned trees at 3 years after pruning treatment [25]. CARD (2005)
recommended that the first pruning of Acacia hybrid plantations should be done when the
canopy closes in Vietnam [26].

Among the factors affecting stand growth, the number of remaining trees has a direct
influence on DBH, BA, and Vha. For this reason, Nha is an important factor to consider
when estimating stand density and growth. Even though 2200 seedlings per hectare were
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initially planted, Nha continuously increased in the first 4 years after plantation, and finally
reached approximately 5500 trees per hectare at the stand age of 5 years (Figure 4d). This
situation may result from the newly formed sprouts. Sprouts were observed once the
stand age was 2 years. This sprouting is an inherent characteristic of Acacia species [27]. In
stands older than 5 years, the number of remaining trees sharply decreased and reached
1987 trees ha−1 at a stand age of 10 years. In other words, the number of remaining trees
increased by approximately 225% compared with the number of seedlings planted during
the first 5 years but decreased by approximately 249% in the last 5 years. Sprouts have a
very rapid initial growth rate compared with the growth rate of seedling stem. As a result,
the stem, which was 1 at the time of planting, increased to 3 to 5 by the stand age of 5 years.
When the stand age is older than 5 years, each individual tree strongly competes for growth
space due to the rapidly increasing stand density. The high competition rate leads to the
high mortality rate. Moreover, the increase in the number of sprouts may restrain the
diameter growth rate, including that of both seedlings and sprouts. These results indicate
that maintaining an appropriate stand density through improvement cutting promotes
stand growth in Acacia hybrid plantation areas. Therefore, further research is needed to
examine the effects of thinning on stand growth.

However, Acacia hybrid individuals may differ from one another in terms of form
and quality, resulting in a gradually decreasing Nha due to natural death. Therefore, in
order to generate high income, it is necessary to standardize timber trees by developing
and producing superior varieties. This standardization of forest production is expected to
improve forest productivity in Vietnam and consequently increase the economic efficiency
of plantations.

The annual growth and average growth of stand volume are very important when
evaluating forest growth because they can be used as measures of production capacity. In
particular, stand volume indicates the accumulated volume, which can predict the total
growth and economic value of stands. The stand volume is generally represented per
hectare and can vary depending on the stand type, species, mixing efficiency, and age.
However, the inherent site characteristics of soil and climate are more important than
fertilizer application in determining stand growth rates [28]. For example, the relation
between the growth development of Acacia mangium and clay content was negative [29],
and the fast growth of the Acacia hybrid is commonly observed in decreasing latitudes [28].

In the Acacia hybrid plantation in Vietnam, BA and Hm tended to increase with
increasing stand age, and Nha sharply decreased due to strong competition for growth
space after stands reached 5 years of age. Nevertheless, Vha steadily increased until the
stand age was 9 years (Figure 4e). This may be due to the high growth rate of DBH
and Hm caused by the tropical climate. At a stand age of 10 years, Vha increased up
to 351 m3 ha−1 and continued to increase steadily. Thus, further studies are required to
analyze the economic feasibility of various felling seasons.

3.3. Developing a Stand Yield Table for Acacia Hybrid Plantations in Vietnam

Acquiring information on stand growth, as well as stand volume, is essential, and
the development of high accuracy and species-specific yield tables is critical for forest
management. In the United States, a species-specific yield table for each major species
exists for each state, and this is used to plan various forest management activities and
studies. Currently, various species are planted and harvested in Vietnam, and it is, therefore,
necessary to develop yield tables in order to provide information on plantation areas.
Accordingly, the present study prepared a “stand yield table (site quality—middle)” to
provide professional information regarding Acacia hybrid species in the current plantation
areas in Vietnam (Table 4).
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Table 4. Yield table developed in the present study for Acacia hybrid plantations in Vietnam. Diameter
at breast height (DBH), basal area (BA), mean height (Hm), dominant height (Hdom), number of trees
per hectare (Nha), volume per hectare (Vha), and current annual increment (CAI) were calculated
against stand age using the growth models developed in this study.

Stand Age (Years) DBH (cm) BA (m2 ha−1) Hm (m) Hdom (m) Nha (Trees ha−1) Vha (m3 ha−1) CAI (m3 ha−1 yr−1)

1 1.6 1.4 0.5 0.5 2877 4 4

2 3.3 5.9 3.9 4.3 3663 21 17

3 4.9 11.7 7.3 8.5 4345 49 28

4 6.4 17.5 9.8 12.6 4803 86 37

5 7.8 22.7 11.9 16.2 4946 128 42

6 8.9 26.8 13.8 19.1 4747 174 46

7 10.0 30.1 15.3 21.3 4245 220 46

8 11.0 32.6 16.6 23.0 3537 265 45

9 11.8 34.5 17.7 24.3 2746 309 44

10 12.5 35.8 18.6 25.2 1986 351 42

A stand yield table is used to estimate the growth and yield of stands and provides
information on DBH, BA, Hm, Hdom, Nha, Vha, and current annual increment (CAI). The
highest CAI for Acacia hybrids in Vietnam was shown to be 46.23 m3 ha−1 yr−1 at 7 years of
stand age. After this age, CAI decreased slightly because of decreases in the annual growth
of DBH, Hm, and Nha. In particular, CAI decreased after stands reached 8 years of age owing
to decreased Nha. From the previous study [29], the CAI for A. mangium also significantly
decreased due to a low survival rate and stand density since stand age was 8.5 years.
Thus, it is desirable that harvesting should be carried out at a stand age of 7 years, as the
increase in economic value with time was shown to decrease after a stand age of 8 years.
The productivity of Acacia hybrids at 5 years of age exceeded 30 and 15 m3 ha−1 yr−1

in the Binh Duong and Ba Vi regions of Vietnam, respectively [24,30]. Therefore, the
environmental conditions in Vietnam may be suitable for future Acacia hybrid plantations,
particularly in Bà Ria-Vũng Tàu.

Conversely, Son et al. (2010) compared the stand growth of Acacia hybrid plantations
in Vietnam to that of A. mangium plantations in Kalimantan Tengah, Indonesia, and found
that the average DBH in Vietnam (12.5 cm) was significantly lower than that in Indonesia
(24.4 cm) at 10 years of stand age [1]. However, a total of 2200 trees ha−1 were planted
initially in the Vietnamese plantation, whereas only 1000 trees ha−1 were planted in Indone-
sia. This difference in Nha between Vietnam and Indonesia may have caused the observed
difference in DBH. Mean height was also higher in Indonesia (24.7 m) than that in Vietnam
(18.6 m). However, the growth of Vha in southern Vietnam (351 m3 ha−1) was greater than
in Indonesia (243 m3 ha−1) because of the higher stand density. In addition, the average
CAIs were shown to be 35.05 m3 ha−1 yr−1 in southern Vietnam and 24.31 m3 ha−1 yr−1 in
Indonesia for 10 years after planting. The highest CAIs in southern Vietnam and Indonesia
were found to be 46 m3 ha−1 yr−1 at 7 years and 39 m3 ha−1 yr−1 at 4 years, respectively.
These results confirm that the rotation period should be longer in southern Vietnam than
that in Indonesia.

3.4. Economic Feasibility of Acacia Hybrid Plantations in Vietnam

For the Acacia hybrid plantation in Vietnam, the range of harvest age is from about
5 years (for pulp product) to 12 years (for low productive sites) [28]. The common harvest
age for Acacia hybrid in southern Vietnam is about 9 years. The rotation period for com-
mercial plantations in Vietnam is based on the production system and the region. In this
study, the rotation period for Acacia hybrid plantations in southern Vietnam was set at
7 years depending on the stand growth patterns. The stand volume of Acacia hybrids was
found to increase to 220 m3 ha−1 in 7 years, and the generated revenue was USD 5934 ha−1
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when all of it was sold as pulpwood (Table 5). The total investment cost of plantation
for 7 years was USD 2858 ha−1, and the net profit after 6 years of plantation was USD
3076 ha−1 in present value, resulting in an annual income of USD 439 ha−1. The annual
income in Vietnam is lower than that in Paraguay, at USD 569 ha−1 [31]. The net present
value (NPV) was USD 2431 ha−1. The stands turned profitable after 3 years of plantation.
Vietnam has a relatively low annual investment cost due to cheap labor and land. Hence,
the transition period of attaining profitability is lower in Vietnam than that in Malaysia
(9 years) and Indonesia (11 years) [32,33]. Additionally, the capital turnover in Vietnam
(7 years) is faster than that in Paraguay (12 years) [31]. The internal rate of return (IRR) for
7 years in Vietnam was 13%, exceeding the market interest rate (4%). Thus, it is concluded
that overseas plantation projects in Vietnam are economically feasible.

Table 5. Summary of annual income, investment, and cash flow and the results of economic feasibility
analysis for Acacia hybrid plantations in southern Vietnam. NPV is net present value, B/C Ratio is
benefit-cost ratio, and IRR means internal rate of return.

Stand Age (Years) Income (USD ha−1) Investment (USD ha−1) Cash Flow (USD ha−1) NPV B/C Ratio IRR (%)

1 0 1420 −1420 −1420 0.00

2 566 1880 −1314 −1263 0.30

3 1325 2081 −756 −699 0.64

4 2318 2282 36 32 1.02

5 3462 2483 979 837 1.39

6 4686 2683 2003 1646 1.75

7 5934 2858 3076 2431 2.08 13

4. Conclusions

This study was conducted to develop stand growth models and a yield table for
Acacia hybrid plantations in Vietnam in order to provide the basic information needed to
analyze the economic feasibility of overseas plantation projects. First, stand growth was
characterized by developing stand growth models. Results show that the growth pattern of
the Acacia hybrid consists of two steps: fast growing in the first step and a gradual decrease
in growth in the second step. This trend is consistent with the results from the provenance
trials in several tropical countries. Secondly, when comparing the results from this study
with others, the trend of stand growth of the Acacia hybrid is often an acceleration as
latitude decreases.

The stand volume reached over 350 m3 ha−1 for plantations in southern Vietnam
at a stand age of 10 years, which was higher than that found for plantations in northern
Vietnam and Indonesia. The stand growth, in terms of DBH and mean height, in southern
Vietnam was more vigorous than that in northern Vietnam, but less than that in Indonesia.
However, the stand volume in southern Vietnam was higher than that in Indonesia due to
its higher stand density. These results indicate that the inherent environmental conditions
are an important factor in the growth trend of Acacia hybrid plantations, and controlling
the stand density can enhance the value of a plantation. Thus, further studies should be
conducted to analyze the effects of thinning on stand growth for maximizing the economic
value of Acacia hybrid plantations.

Furthermore, the plantation project in southern Vietnam showed high feasibility and
had several advantages. First, Acacia hybrids grow faster in tropical countries, such as
Vietnam, than in the others. Second, the turnover of funds is rapid as the final age is less
than 10 years. Third, labor costs are low as there is abundant idle labor. Finally, land rent is
also reasonable. For these reasons, other species should be studied in further research.

Author Contributions: Conceptualization, S.-H.L., D.-H.K. and H.-J.K.; methodology and investiga-
tion, D.-H.K. and J.-H.J.; writing—original draft preparation, S.-H.H., S.K. and H.-J.P.; writing—review



Forests 2022, 13, 1316 12 of 13

and editing, H.-J.K.; supervision, H.-J.K.; project administration, H.-J.K.; funding acquisition, H.-J.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Chonnam National University (grant number: 2021–2119)
and the Korea Forest Service (grant number: 2020183C10-2222-AA02).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Son, Y.M.; Kim, H.; Lee, H.Y.; Kim, C.M.; Kim, C.S.; Kim, J.W.; Joo, R.W.; Lee, K.H. Stand yield table and commercial timber

volume of Eucalyptus pellita and Acacia mangium plantations in Indonesia. J. Korean For. Soc. 2010, 99, 9–15, (In Korean with
English abstract).

2. Son, C.H.; Seok, H.D. Feasibility study on afforestation investment in Indonesia. J. Rural Dev. 2002, 25, 65–79. (In Korean)
3. Yeom, I.H.; Kweon, H.K.; Lee, J.W.; Kim, S.B.; Park, G.S.; Han, M.S. The forestry-related legal system and permission procedure of

plantation business in Indonesia. Korean J. Agric. Sci. 2011, 38, 421–427, (In Korean with English abstract).
4. Kang, J.T.; Son, Y.M. Application of the Stem Table for Major Tree Species in South Korea; NIFoS: Seoul, Korea, 2016. (In Korean)
5. Lee, S.J.; Ko, C.U.; Yim, J.S.; Kang, J.T. A study on the application of a new stem volume table to estimate forest carbon stock in

South Korea. J. Clim. Chang. Res. 2019, 10, 463–471, (In Korean with English abstract). [CrossRef]
6. Lee, S.J.; Yim, J.S.; Son, Y.M.; Kim, R. Recalculation of forest growing stock for national greenhouse gas inventory. J. Clim. Chang.

Res. 2016, 7, 485–492, (In Korean with English abstract). [CrossRef]
7. Arvola, A.M.; Ha, H.T.; Kanninen, M.; Malkamäki, A.; Simola, N. Financial Attractiveness of Wood Production in Smallholder

Plantations of Central Vietnam in the Context of Developing Carbon Markets. J. Trop For. Sci. 2021, 33, 137–148. Available online:
https://www.jstor.org/stable/27007562 (accessed on 26 March 2022). [CrossRef]

8. MARD. Volume and Yield Tables for Acacia mangium and Eucalyptus urophylla; Forest Science Institute: Hanoi, Vietnam, 2001.
9. Kha, L.D. Development of Acacia mangium × Acacia auriculiformis clones in Vietnam; La letter de l’ATIBT; Association Technique

Internationale des Bois Tropicaux: Paris, France, 2009; pp. 18–21.
10. Kha, L.D. Studies on the Use of Natural Hybrids between Acacia Mangium and Acacia Auriculiformis, Vietnam; Agricultural Publishing

House: Hanoi, Vietnam, 2001.
11. Darus, H.A.; Ghani, A.R. A note on the Acacia hybrid in a forest plantation in peninsular Malaysia. J. Trop. For. Sci. 1989,

2, 170–171.
12. Kijkar, S. Vegetative Propagation of Acacia mangium × Acacia auriculiformis; ASEAN-Canada Forest Tree Seed Centre: Muak-Lek,

Saraburi, Thailand, 1992.
13. Adam, N.S.; Jusoh, I.; Ishak, N.D. Growth characteristics of Acacia mangium plantation in Sarawak. In Proceedings of the 3rd

International Plantation Industry Conference and Exhibition, Kota Kinabalu, Sabah, 5–7 November 2012.
14. Jusoh, I.; Suteh, J.K.; Adam, N.S. Growth and yield of Acacia mangium based on permanent sampling plots in a plantation. Trans.

Sci. Technol. 2017, 4, 513–518.
15. Philip, M.S. Measuring Trees and Forests, 2nd ed.; CAB International: Egham, UK, 1994.
16. Son, Y.M.; Lee, K.H.; Chung, Y.G. Stand growth estimation using nonlinear growth equations. J. Korean For. Soc. 1997, 86, 135–145,

(In Korean with English abstract).
17. Kim, H.J.; Kim, H.S.; Park, S.I.; Park, H.J.; Lee, S.H. Development of site index curves and height-DBH growth model of Larix

kaempferi for Deogyu Mountain in South Korea. For. Sci. Technol. 2018, 14, 145–150. [CrossRef]
18. Feldpausch, T.R.; Prates-clark, C.C.; Fernandes, E.C.M.; Riha, S.J. Secondary forest growth deviation from chronosequence

predictions in Central Amazonia. Glob. Chang. Biol. 2007, 13, 967–979. [CrossRef]
19. Marquez, C.; Aguilos, R.; Bacsal, R.; Adornado, H.; Aguilos, M. Early growth of 11 native and three alien tree species in

North-eastern Mindanao, Philippines. Forests 2021, 12, 909. [CrossRef]
20. Romas, D.E.; Dejong, T.M.; Ryugo, K.; Olson, W.H.; Reil, W.O.; Sibbett, G.S.; Krueger, W.H.; Snyder, R.G. Pruning and tree

thinning. In Walnut Production Manual; Ramos, D.E., Ed.; University of California Division of Agriculture and Natural Resources:
Oakland, CA, USA, 1998; pp. 147–158.

21. Neilsen, W.A.; Gerrand, A.M. Growth and branching habit of Eucalyptus nitens at different spacing and the effect on final crop
selection. For. Ecol. Manag. 1999, 123, 217–229. [CrossRef]

22. Hai, P.H.; Jansson, G.; Harwood, C.; Hannrup, B.; Thinh, H.H. Genetic variation in growth, stem straightness and branch thickness
in clonal trials of Acacia auriculiformis at three contrasting sites in Vietnam. For. Ecol. Manag. 2008, 255, 156–167. [CrossRef]

23. Harwood, C.E.; Williams, E.R. A review of provenance variation in growth of Acacia mangium. In Breeding technologies for tropical
Acacias; Carron, L.T., Aken, K.M., Eds.; Australian Centre for International Agricultural Research: Canberra, Australia, 1991;
pp. 22–30.

http://doi.org/10.15531/KSCCR.2019.10.4.463
http://doi.org/10.15531/ksccr.2016.7.4.485
https://www.jstor.org/stable/27007562
http://doi.org/10.26525/jtfs2021.33.2.137
http://doi.org/10.1080/21580103.2018.1482793
http://doi.org/10.1111/j.1365-2486.2007.01344.x
http://doi.org/10.3390/f12070909
http://doi.org/10.1016/S0378-1127(99)00044-4
http://doi.org/10.1016/j.foreco.2007.09.017


Forests 2022, 13, 1316 13 of 13

24. Kha, L.D.; Hai, N.D.; Thinh, H.H.; Tuan, P.V.; Thinh, L.B. Clonal Tests of Natural Hybrids at Ba Vi, Yen Thanh and Bau Bang (Report for
Registration New Varieties); Forest Science Institute of Vietnam: Hanoi, Vietnam, 2005.

25. Dung, P.T.; Ngoc, N.V.; Phuc, H.V.; Le, N.T.; Nhun, N.T.; Tung, P.V.; Binh, N.T. Research on Techniques of Intensive Establishment for
Selected Clones of Acacia Hybrid in the Old Alluvial Soil in Binh Phuoc Province for Paper Material; Forest Science Institute of Vietnam:
Hanoi, Vietnam, 2005.

26. CARD. Sustainable and Profitable Development of Acacia Plantations for Sawlog Production in Vietnam; Ministry of Agriculture and
Rural Development: Hanoi, Vietnam, 2005.

27. Powell, J.; Box, T.W.; Baker, C.V. Growth rate of sprouts after top removal of Huizache (Acacia farnesiana (L.) Willd.) (Leguminosae)
in south Texas. Southwest. Nat. 1972, 17, 191–195. [CrossRef]

28. Kha, L.D.; Harwood, C.E.; Kien, N.D.; Baltunis, B.S.; Hai, N.D.; Thinh, H.H. Growth and wood basic density of acacia hybrid
clones at three locations in Vietnam. New For. 2012, 43, 13–29. [CrossRef]

29. Nazeri, A.; Jusoh, I.; Wasli, M.E. Growth of Acacia mangium at different stand ages and soil physicochemical properties in Sarawak,
Malaysia. J. Trop. Agric. Sci. 2021, 44, 773–793. [CrossRef]

30. Dao, D.N. Continuing Evaluation of Growth and Soil Improvement Ability of Acacia Hybrid in Comparison with its Parental
Species from Age 5 Years. Master’s Dissertation, Vietnam National University of Forestry, Hanoi, Vietnam, 2003.

31. So, S.J.; Kim, H.; Lee, C.B.; Kim, S. Economical feasibility analysis on overseas plantation investment—Focused on the Caaguazu
province in eastern region of Paraguay. J. Agri. Life Sci. 2017, 51, 69–80, (In Korean with English abstract). [CrossRef]

32. Park, C.; Kwon, K.; Kim, S. An Economic analysis of industrial forest plantation and A/R CDM project in Indonesia. J. Korean For.
Soc. 2007, 96, 348–356, (In Korean with English abstract).

33. Woo, H.; Turner, P.; Kang, B.; Jang, J.; Woo, J. Feasibility study of forestry project in Sarawak state, Malaysia. J. For. Environ. Sci.
2018, 34, 352–358. [CrossRef]

http://doi.org/10.2307/3670373
http://doi.org/10.1007/s11056-011-9263-y
http://doi.org/10.47836/pjtas.44.4.05
http://doi.org/10.14397/jals.2017.51.5.69
http://doi.org/10.7747/JFES.2018.34.4.352

	Introduction 
	Materials and Methods 
	Study Sites 
	Measurement of Stand Growth 
	Site Index Classification Curves 
	Developing Stand Growth Models 
	Analyzing the Economic Feasibility 

	Results and Discussion 
	Analysis of Site Index 
	Developing Stand Growth Models 
	Developing a Stand Yield Table for Acacia Hybrid Plantations in Vietnam 
	Economic Feasibility of Acacia Hybrid Plantations in Vietnam 

	Conclusions 
	References

