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Abstract

This study aimed to develop a stand yield table for Acacia mangium plantations in Vietnam
and to analyze their economic feasibility. Field measurements were conducted across
12 temporary sample plots established in A. mangium plantations aged 1–7 years in north-
eastern Vietnam, using a chronosequence sampling design. Based on this, regression
analyses were performed to develop stand growth models for DBH, H, SD, BA, and V. NPV
measures the absolute value of the investment at a specified discount rate (4.0%, 5.5%, and
7.0%), while IRR identifies the break-even discount rate. At rotation ages of 5–7 years, IRR
values are negative—a mathematically valid result arising from non-conventional cash
flow structures in which Norstrom’s sign-change criterion is not satisfied; positive IRR
values (~4%) are obtained from rotation age 8 onward. A sensitivity analysis confirmed
that increasing yields is the most effective strategy for increasing plantation viability. This
study serves as a fundamental resource for plantation projects in Vietnam and emphasizes
the necessity of management improvements to create sustainable plantation operations.

Keywords: current annual increment; mean annual increment; stand growth model; net
present value; benefit–cost ratio; internal rate of return

1. Introduction
The Reducing Emissions from Deforestation and Forest Degradation Plus (REDD+)

framework has gained international attention as a forest-based carbon reduction strat-
egy. This global framework aims to mitigate greenhouse gas emissions by preventing
deforestation and forest degradation in developing countries, promoting sustainable for-
est management, and enhancing the carbon absorption capacity of forests. The issue of
deforestation and forest degradation is prevalent in most developing countries, many of
which are largely covered by tropical forests [1]. The destruction of tropical forests is
exacerbated by indiscriminate logging [2], with harvested timber being utilized for both
local livelihoods and commercial purposes. Additionally, large-scale agriculture following
deforestation has brought its own adverse effects, such as excessive pesticide use, water
pollution, and soil degradation [3]. Given these circumstances, it is essential to establish
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systematic management strategies tailored to each country’s unique conditions, supported
by technical and financial assistance through international cooperation.

Among developing countries, Vietnam has significant potential for the implementation
of REDD+ projects and is regarded as one of the key nations requiring further research
and project expansion [1]. Since 1998, the Vietnamese government has been actively
engaged in forest plantation development through the Five Million Hectare Reforestation
Project (5MHRP), utilizing fast-growing Acacia species, in particular, to sustain a stable
supply of commercial timber [4]. As a result, in 2021, Vietnam’s total forest plantation
area reached 4,573,444 ha, with Acacia species covering more than 2,200,000 ha (48.1%) and
becoming the dominant plantation species [5]. Currently, Acacia plantations in Vietnam
provide livelihoods for millions of smallholder farmers and generate significant economic
benefits for rural communities [6]. Acacia species exhibit rapid growth rates and high
ecological adaptability, enabling them to thrive in diverse soil conditions. Moreover, they
contribute to soil improvement and ecological restoration [7]. Additionally, Acacia wood
is highly valued for its superior quality and is widely utilized in a variety of industries,
including wood processing, pulp and paper production, and wood chip manufacturing.
Notably, Acacia wood chips account for approximately 70% of Vietnam’s total wood chip
raw materials [8]. Research is being actively conducted in Vietnam and several neighboring
countries to develop sustainable plantation management strategies aimed at improving the
productivity of Acacia species [9,10].

For government agencies, companies, and individuals engaging in overseas planta-
tion projects, the assessment and prediction of stand growth are essential factors, making
accurate estimation essential [11]. In general, stand yield tables are used to predict growth
and harvest. They allow stand volume by age to be easily calculated, facilitating the de-
velopment of effective forest management strategies [12,13]. Many nations with advanced
forestry industries have developed yield tables for their representative plantation species,
utilizing them in a wide range of forest management and research activities. However,
stand growth varies considerably across regions due to differences in climate, soil condi-
tions, topography, and management practices, which limits the applicability of yield tables
developed in one region to others. In Vietnam, although Acacia plantations are widely
distributed, reliable stand yield tables that reflect region-specific growth characteristics
remain limited. The development of such region-specific yield tables can serve not only as
a tool for predicting stand growth but also as a key component in evaluating the economic
feasibility of plantation projects. Accurate yield predictions enable more precise estimation
of the current and future asset values of plantations, thereby supporting more reliable
investment decisions and contributing to the long-term sustainability of plantations.

To date, no field-survey-based regression growth models or empirically derived yield
tables have been developed specifically for Acacia mangium plantations in the northeastern
Vietnam biogeographic zone—a region distinguished from the central and southern high-
lands by its distinct monsoon regime, soil characteristics, and topographic profile. Prior
studies conducted in neighboring regions of Vietnam employed GIS-based or spatially
explicit modeling frameworks designed to characterize broad spatial patterns of forest
productivity and therefore differ fundamentally in scale, methodology, and management
applicability from the stand-level approach adopted here. Against this background, the
present study pursues three objectives: (1) to develop stand-level regression models for
dominant height, diameter at breast height, and merchantable volume, and to construct
an empirical yield table for Acacia mangium in northeastern Vietnam; (2) to integrate these
biometric outputs with a comprehensive economic feasibility analysis—encompassing
NPV, BC ratio, and IRR across discount rates of 4.0%, 5.5%, and 7.0%, together with multi-
scenario sensitivity analysis—within a single unified analytical framework; and (3) to derive
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evidence-based rotation-age recommendations that can serve directly as decision-support
tools for forest managers and policymakers in this data-sparse region.

2. Materials and Methods
2.1. Study Sites

The study sites were located in the Ba Chẽ district, Quảng Ninh province, Vietnam
(Figure 1), where the primary plantation species is A. mangium. Quảng Ninh province is
situated in northeastern Vietnam, approximately 200 km east of Hà Nội. This region falls
within the subtropical climate zone, with temperatures ranging seasonally from an annual
maximum of 38–40 ◦C to an annual minimum of 6–7 ◦C. The average annual precipitation
is approximately 2000 mm, occurring predominantly during the summer. The plantations
were established and managed by a local forestry company in Ba Chẽ, with relatively
consistent management practices. In all study areas, one-year-old seedlings were planted
at a density of 3000 trees per hectare. The study sites were subjected to weeding only
during the first two years after planting, and no subsequent management practices, such as
thinning or pruning, were implemented. Additionally, the study sites were managed using
prescribed burning after clear-cutting to remove harvest residues.

 

Figure 1. Locations of the study region in Vietnam (left) and of the plots in the study site (right).
The red circles in the right-hand map indicate the locations of the plots where forest surveys
were conducted.

A soil survey was conducted to examine the physical and chemical properties of the
soils within the plantation areas. The results indicated that in areas with high groundwater
levels, such as foothills and regions near reservoirs, soil moisture contents exceeded 20%,
whereas ridge areas, including mid-slopes and summits, had soil moisture contents of 20%
or less. Soils were primarily sandy loams and clay loams. Soil acidities (pH) ranged from 3.6
to 4.2, while cation exchange capacities varied between 5.8 and 14.6 mmol 100 g−1. Organic
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matter contents ranged from 3 to 6% in the topsoil (A horizon), indicating moderate levels,
whereas in the subsoil (B horizon), it was approximately 1%, which is considered very low.

2.2. Measurement of Stand Growth

A forest survey was conducted from 16 to 22 June 2024 to estimate stand growth.
Each sample plot was 20 × 20 m, and a total of 12 plots were established, with three plots
each representing 2-, 5-, 6-, and 7-year-old plantations (Table 1). Within each plot, all
standing trees were counted, and their diameters at breast height (DBH) and tree heights
(H) were measured.

Table 1. Basic measurements of the A. mangium study stands. The values are expressed as the mean ±
standard deviation based on three replicate plots for each stand age.

Stand Age
(y)

DBH
(cm)

H
(m)

SD
(Trees ha−1)

Slope
(◦)

Altitude
(m)

2 - 1.05 ± 0.08 3008 ± 488 12.7 ± 4.5 63 ± 5
5 7.49 ± 0.37 8.62 ± 0.45 2642 ± 309 17.3 ± 4.0 100 ± 51
6 7.60 ± 0.15 11.64 ± 0.60 2242 ± 170 11.7 ± 8.5 44 ± 14
7 8.69 ± 0.27 12.51 ± 0.54 2358 ± 288 28.0 ± 1.3 108 ± 5

Note: DBH, diameter at breast height; H, average tree height; SD, number of trees per ha. DBH was measured for
all trees within each plot, whereas H was measured from three felled trees per plot.

For DBH, measurements were taken 1.2 m above the ground using a diameter tape
(Shinill Science, Paju-si, Republic of Korea). In plots where trees were less than 1.2 m tall,
root collar diameters (RCD) were measured at 0.2 m above the ground instead of DBH. H
was measured for all trees within each plot using a height meter (suunto, Vantaa, Finland).
To verify and calibrate the height meter-based measurements, three representative trees
per plot were selected based on proximity to the mean stand height, felled, and precisely
re-measured using a tape measure. The felled-tree measurements were used to correct any
systematic bias in the height meter readings and to confirm the accuracy of the height data
before model fitting. Stand density (SD) was determined as the number of trees per hectare,
calculated using field survey data. Basal area (BA, m2 ha−1) was calculated as the total
cross-sectional area of trees per hectare, using DBH measurements (in cm), as shown in
Equation (1):

BA =

(
∑ 0.785 × DBH2 × 1

10, 000

)
× 25 (1)

Stand volume (V) is typically calculated using yield tables. However, as no yield tables
have been developed for A. mangium, the DBH form factor method (Equation (2)) was
applied for stands in which all tree heights were >1.2 m, while, since the DBH form factor
method cannot be applied for stands containing any trees with H < 1.2 m, V (m3 ha−1) was
calculated in such stands using Equation (3):

V =
(
∑ g × H × f

)
× 25 (2)

V =

(
∑ g0 × H × 1

3

)
× 25 (3)

where g is the basal area of an individual tree at breast height (m2), g0 is the basal area of
an individual tree at the root collar, and f is the DBH form factor. A DBH form factor of
0.5 was applied in this study, following established practice for A. mangium plantations in
Southeast Asia, where stem form is characteristically cylindrical and form factor values in
the range of 0.45–0.55 have been consistently reported [7,11,14].
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2.3. Developing Stand Growth Models and a Yield Table

All statistical analyses were conducted using SigmaPlot ver. 10.0 (Grafiti LLC, Palo
Alto, CA USA), based on the collected forest survey data. Regression analyses were
performed to model stand growth characteristics, including DBH, H, SD, BA, and V, as a
function of stand age. The Chapman–Richards function (Equation (4)), which produces a
sigmoid-shaped curve, was used to predict DBH, H, BA, and V. This equation is derived
from principles of plant growth and is widely used in forestry to predict growth and
yield based on stand age [15]. To model SD, which decreases as stand age increases, a
negative exponential function was employed (Equation (5)). Stand density is generally
represented by an exponential decay or negative power-function curve [16], capturing how
SD decreases either rapidly or gradually with increasing stand age. Based on our analytical
results, stand growth models were developed for each factor, and using these, a stand yield
table for A. mangium in Vietnam was ultimately constructed.

y = α × (1 − exp(−β × age))γ (4)

y = α × exp(−β × age) (5)

2.4. Analyzing Economic Feasibility

An economic analysis was conducted to evaluate the economic feasibility of A.
mangium plantation investments. All monetary values are expressed in constant 2024
USD, with no inflation adjustment applied, consistent with standard practice in plantation
feasibility studies [14]. The economic assumptions were established as follows:

(1) Planting density: A. mangium was planted at a density of 3000 trees ha−1, reflecting the
standard operational practice at the study site as confirmed through field interviews.

(2) Yield estimates: Stand volume (V) was derived from the yield table developed in the
present study, with a wood conversion rate of 90% applied to account for harvest and
processing losses.

(3) Timber price: The wood chip market price was set at USD 38 m−3, based on the
prevailing purchase price reported by a local forestry company operating in Ba Chẽ
district, Quảng Ninh province, as of 2024. This price is consistent with recent export
price data for Vietnamese wood chips [8].

(4) Discount rate: The base discount rate was set at 5.5%, corresponding to the Vietnamese
commercial bank lending rate in 2024. For the sensitivity analysis, rates of 4.0% and
7.0% were additionally applied to reflect the observed range of Vietnamese interest
rates over the past decade (minimum 4.0%, maximum approximately 6.5%).

(5) Costs: Annual establishment and management costs were estimated through struc-
tured interviews with plantation management personnel at the local forestry company
and are reported in full in Table 2. Costs were classified into material costs (seedlings,
fertilizers, and field labor) and management costs (operational planning, wildfire
protection, general site maintenance, and land lease fees).

Table 2. Annual production and management costs per ha (USD ha−1) for running a plantation under
the economic feasibility scenario.

Years After Planting
(y) 0 1 2 3 4 5 6 7 8 9 10 11 12

I. Production cost
Material 507 186

Labor 545 181 55
Subtotal 1052 367 55

Future value 1052 387 61

https://doi.org/10.3390/f17070792

https://doi.org/10.3390/f17070792


Forests 2026, 17, 792 6 of 16

Table 2. Cont.

Years After Planting
(y) 0 1 2 3 4 5 6 7 8 9 10 11 12

II. Management cost
Plan 100

Wildfire protection 35 35 35 35 35 35 35 35 35 35 35 35 35
Management 50 50 50 50 50 50 50 50 50 50 50 50 50

Land lease 11 11 11 11 11 11 11 11 11 11 11 11 11
Subtotal 196 96 96 96 96 96 96 96 96 96 96 96 96

Future value 196 101 107 113 119 125 132 140 147 155 164 173 183

Total 1248 488 168 113 119 125 132 140 147 155 164 173 183

Cumulative total 1248 1736 1905 2017 2136 2262 2394 2534 2681 2836 3000 3173 3356

Based on this scenario, the net present value (NPV), benefit/cost ratio (B/C ratio),
and internal rate of return (IRR) were calculated to evaluate the economic feasibility of
the plantation:

NPV =
n

∑
t=0

Bt

(1+r)t −
n

∑
t=0

Ct

(1+r)t (6)

B/C ratio =
n

∑
t=0

Bt

(1+r)t /
n

∑
t=0

Ct

(1+r)t (7)

IRR =
n

∑
t=0

Bt

(1+r)t =
n

∑
t=0

Ct

(1+r)t (8)

where t is time (y), n is the total period (y), Bt is the annual cumulative benefits up to time t
(USD per hectare), Ct is the annual cumulative costs up to time t (USD per hectare), and r is
the interest rate (%).

Annual costs were estimated and aggregated, as presented in Table 2. In this study,
the costs were classified into material costs and management costs. Material costs include
direct expenses required for plantation establishment, consisting of material costs and
labor costs. Material costs cover expenditures for purchasing inputs such as seedlings and
fertilizers, while labor costs refer to wages for field operations, including planting. Manage-
ment costs include expenses related to plantation operation and maintenance, comprising
management planning costs, wildfire protection costs, general management costs, and land
lease fees. Management planning costs refer to expenses required for establishing annual
plantation operation plans. Wildfire protection costs include expenditures associated with
safety management, such as fire prevention and the establishment of fire breaks. General
management costs refer to expenses incurred for site maintenance, equipment operation,
and routine management activities. Land lease fees represent the cost of leasing land per
hectare for plantation use.

2.5. Sensitivity Analysis

Based on the results of the economic analysis, a sensitivity analysis was conducted
focusing on three key variables: the interest rate, the wood chip market price, and wood
chip yield. The interest rates were set at 4.0%, 5.5%, and 7.0%, reflecting the fluctuations of
Vietnam’s interest rates over the past decade (minimum 4.0%, maximum 6.5%). Variations
in the wood chip market price were determined considering potential changes based on
market supply and demand. Vietnam is currently the world’s largest wood chip exporter,
and its wood-based product manufacturing and export sector is rapidly expanding [17,18].
Given a continuously increasing demand for wood chips in the recent past, the market
price is expected to rise in the future [19]. Therefore, in this study, wood chip market
price variations were set at +0%, +10%, and +20%. Variations in wood chip yield were
introduced as scenario-based assumptions to evaluate the sensitivity of economic feasibility
to changes in plantation productivity. The +70% and +140% scenarios do not represent
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validated forecasts for the study site; rather, they were selected as exploratory ranges to
simulate moderate and substantial productivity improvements that could arise under more
favorable management or site conditions. Therefore, the results should be interpreted as
sensitivity-testing outcomes that illustrate the relative influence of yield improvement on
financial indicators, not as directly observed or confirmed production targets. Accordingly,
wood chip yield variations were set at +0%, +70%, and +140%. Using the chosen levels, the
sensitivity analysis was conducted, and the impact of fluctuations in the three key variables
on financial indicators, including the NPV, the B/C ratio, and the IRR, was evaluated.

3. Results and Discussion
3.1. Model Goodness of Fit

The estimated parameters and goodness-of-fit statistics for the stand growth models
predicting A. mangium stand development in northeastern Vietnam are presented in Table 3.
For all models except the stand density (SD) model, the adjusted R2 value exceeded 0.97,
and all results were highly statistically significant (p < 0.0001), indicating that the fitted
models reliably capture the dominant age-related growth trends for this species. The R2

values obtained for the DBH (R2 = 0.98), height (R2 = 0.99), basal area (R2 = 0.97), and
volume (R2 = 0.97) models are consistent with, or exceed, those reported in previous
stand-level growth modeling studies for Acacia and other fast-growing tropical plantation
species [11,14], confirming the suitability of the developed models for predicting and
evaluating stand growth in the study region.

Table 3. Parameters and statistics of stand growth equations for A. mangium in Vietnam.

Model
Parameter Adjusted

R2 p-Value MSE
α β γ

DBH 8.3394 1.1283 39.539 0.98 <0.0001 0.3261
H 15.9354 0.4608 5.5084 0.99 <0.0001 0.2999
SD 3285.392 0.0514 - 0.51 <0.05 94,691
BA 22.9413 0.5986 11.6927 0.97 <0.0001 2.5840
V 172.4635 0.5786 19.7473 0.97 <0.0001 77.0903

Note: DBH, diameter at breast height; H, height; SD, stand density; BA, basal area; V, stand volume.

Among the fitted models, stand volume exhibited the highest mean square error
(MSE = 77.09), reflecting the compounding of variability across its multiple input variables.
Unlike height or DBH—each measured directly as a single field variable—stand volume
is derived from a combination of DBH, height, stand density, and the applied form factor
(Equation 2). Uncertainty in each of these inputs propagates through the volume calculation,
resulting in greater overall estimation variability relative to the primary mensuration
variables. This pattern is consistent with findings reported in comparable tropical plantation
growth modeling studies [14].

The SD model yielded a substantially lower R2 of 0.51, which is attributable to the
vigorous sprouting ability characteristic of A. mangium. Sprouting introduces irregular
variability in stand density that fluctuates depending on sprout survival rate and intraspe-
cific competition, even among stands of the same age, such that the relationship between
stand age and SD does not follow a strong or consistent pattern. Notwithstanding this
limitation, the SD model was retained in the yield table framework because stand density is
a prerequisite input for basal area and volume estimation, and its exclusion would preclude
a complete characterization of stand development.
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3.2. Development of a Yield Table Using Stand Growth Models

Stand-level growth predictions serve as fundamental data for managing forests and
setting silvicultural objectives. Unlike individual tree growth prediction, this approach
must comprehensively reflect structural changes resulting from stand dynamics [20]. To
predict the stand growth of A. mangium in Vietnam, stand growth models were developed
to analyze changes in the growth of each factor according to stand age (Figure 2). Based on
this, a stand yield table was developed (Table 4).

Figure 2. Stand growth curves: (a) average tree diameter at breast height (DBH), (b) average tree
height (H), (c) stand density (SD), (d) basal area (BA), (e) stand volume (V), and (f) the current annual
increment (CAI) and mean annual increment (MAI) in volume over 14 y in A. mangium plantations at
the study site in Vietnam.

Table 4. Yield table developed in the present study for A. mangium plantations in Vietnam. Diameter
at breast height (DBH), basal area (BA), height (H), stand density (SD), stand volume (V), current
annual increment (CAI), and mean annual increment (MAI) were calculated at each stand age using
the growth models developed in this study.

Stand Age
(y)

DBH
(cm)

BA
(m2 ha−1)

H
(m)

SD
(Trees ha−1)

V
(m3 ha−1)

CAI
(m3 ha−1 y−1)

MAI
(m3 ha−1)

1 - - 0.1 3000 0.00 0.00 0.00
2 - - 1.0 2843 0.10 0.10 0.05
3 2.1 2.7 3.2 2695 3.75 3.65 1.25
4 5.4 7.5 6.2 2554 22.10 18.35 5.52
5 7.2 12.6 8.9 2420 55.95 33.86 11.19
6 8.0 16.5 11.1 2293 92.48 36.52 15.41
7 8.2 19.2 12.7 2172 121.90 29.42 17.41
8 8.3 20.8 13.9 2057 142.08 20.18 17.76
9 8.3 21.7 14.6 1948 154.74 12.66 17.19

10 8.3 22.3 15.1 1844 162.30 7.56 16.23
11 8.3 22.6 15.4 1746 166.69 4.39 15.15
12 8.3 22.7 15.6 1652 169.21 2.51 14.10
13 8.3 22.8 15.7 1563 170.63 1.42 13.13
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The average DBH of A. mangium continuously increased until age 6, reaching approxi-
mately 8.0 cm (Table 4). Thereafter, the annual increment in DBH had declined sharply to
near zero, and growth plateaued at age 7, approaching an asymptote (Figure 2a). Acacia
species are characterized by vigorous sprouting [21]. Since sprouts have a relatively small
DBH compared to planted trees, they may contribute to a decline in the annual increment
of the average DBH within the stand. Thinning at an early stand age would be expected to
enhance DBH growth by removing poorly growing trees and securing sufficient growing
space for dominant trees.

Tree height growth is closely related to site quality and serves as a key factor in
assessing site productivity [22]. The height of A. mangium continuously increased with
stand age, reaching approximately 15.1 m at age 10 (Figure 2b; Table 4). This is lower than
the 24.7 m heights observed in a 10-year-old A. mangium plantation in the Kalimantan region
of Indonesia [11]. The study site employs a management method that involves prescribed
burning after clear-cutting to remove residual materials. According to previous research,
in A. mangium plantations, cation concentrations in the soil initially increase immediately
after prescribed burning; however, after one year, there is a significant decline in pH,
organic carbon, nitrogen, and most cations, including calcium, magnesium, potassium,
and sodium [23]. These findings suggest that while prescribed burning may temporarily
enhance soil nutrient availability by converting organic matter into inorganic nutrients, it
may also contribute to nutrient depletion over time, potentially influencing tree growth.
Therefore, prescribed burning may be one of several factors influencing tree height growth
in the study area. In addition, since tree height variation within the even-aged stands
was relatively small, tree height was measured using three representative trees per plot.
However, this sampling approach may still introduce some uncertainty into stand height
estimation. Future studies incorporating a larger number of sample trees would further
improve the reliability of these estimates.

Stand density is an important factor in growth analysis, as it directly influences BA, V,
and other factors. In the A. mangium plantations at the study site, one-year-old-seedlings
were planted at a density of 3000 trees ha−1, but over time, SD gradually declined, reaching
1563 trees ha−1 at age 13, a reduction of approximately 48% (Table 4). This gradual reduction
reflects the process of self-thinning. As the stand ages, the growth of trees intensifies
competition among individuals, leading to the natural mortality of some trees and a
subsequent decline in SD [24]. The vigorous sprouting of A. mangium likely contributed to
the lower R2 of the SD model. To mitigate intense competition and enhance DBH growth
without compromising stand volume, early intervention is recommended. Specifically,
implementing cull thinning can effectively remove suppressed or poorly formed sprouts,
thereby securing sufficient growing space for the dominant trees. However, the thinning
intensity must be carefully controlled. While a decreased density accelerates individual
diameter growth, it can also lead to a tapering stem. Conversely, maintaining an optimal,
slightly higher density promotes cylindrical development, which is crucial for maximizing
the yield of high-quality timber. Therefore, applying systematic cull thinning rather than
leaving the stand to natural self-thinning can optimize both individual stem form and
overall stand productivity.

In stand growth models, BA represents an accumulated value rather than an average,
making it a critical indicator for assessing the actual stand condition [14]. Since BA growth
is influenced by two key factors—DBH growth and SD decline—both variables must be
considered comprehensively when evaluating BA development. The BA of the A. mangium
stands at the study site continuously increased until age 9, primarily due to increases in
DBH (Figure 2d). However, after age 9, the annual increment of BA showed a decreasing
trend. Although DBH had approached a plateau, BA continued to increase. This can be
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explained by the emergence of new sprouts: while the inclusion of these sprouts reduced
the average DBH, causing the mean annual increment to approach zero, the BA contributed
by the sprouts increased the total BA, resulting in a positive annual increment.

Stand volume, V, not only provides fundamental information on stand growth but
also serves as a crucial criterion for forest value assessment. In the study sites, V of A.
mangium consistently increased with stand age, driven by the continuous growth of H
and BA (Figure 2e). To more precisely evaluate stand development, it is necessary to
examine the current annual increment (CAI) and mean annual increment (MAI), which
are fundamental indicators for assessing stand growth dynamics and provide a basis
for determining appropriate harvesting schedules. In the study site, the CAI of the A.
mangium stands peaked at 36.52 m3 ha−1 y−1 at 6 years of age (Table 4). After this point,
CAI gradually declined as the annual increments of DBH and H decreased (Figure 2f).
In contrast, MAI reached a maximum of 17.76 m3 ha−1 at 8 years of age. This point,
where MAI and CAI intersect, is defined as the culmination age for maximum volume
harvest [25]. Harvesting at this stage would maximize timber production. Currently, A.
mangium plantations in Vietnam are being harvested at stand ages of 5 to 7 y, which is
earlier than the MAI peak at 8 y [7]. Based on these results, extending the rotation age to
around 8 years may allow for more efficient utilization of stand volume and improved
timber yield.

It should be noted that the regression models fitted in this study do not impose a
formally defined asymptote, and predicted values for stand variables therefore continue
to increase—albeit at a progressively diminishing rate—beyond the observed age range.
However, the predicted values for DBH (stabilizing near 8.3 cm), height (approaching
approximately 15.7 m at age 13), and stand volume (converging near 170 m3 ha−1) remain
within the range of values documented for mature A. mangium stands in comparable
tropical plantation environments, where maximum heights of approximately 25–35 m
have been reported under optimal conditions [7,26]. The convergent behavior of the fitted
models therefore suggests that growth projections within the reported age range (up to
13 years) are biologically plausible, even in the absence of a formally constrained asymptotic
term. Nevertheless, future studies are encouraged to evaluate inherently asymptotic
growth functions—such as the Chapman–Richards or Gompertz models—which impose a
biologically defined upper bound and may provide more robust projections over longer
rotation periods.

A methodological limitation should be noted when interpreting the present yield table.
Direct comparison with previous GIS-based or spatially explicit Acacia growth studies was
not attempted because their objectives and modeling structures differ from those of the
present study. The model developed here is a stand-level regression model derived from
field survey data and intended for local growth prediction and plantation-level economic
assessment, whereas GIS-based models are generally intended to describe broader spatial
or temporal growth patterns across larger and more heterogeneous areas. For this reason,
direct numerical comparison between the two approaches may not provide an appropriate
basis for validation.

Moreover, an independent validation dataset was not available for older stands in
the study area because only stands up to 7 years of age could be surveyed under the
current plantation conditions. Accordingly, the developed models should be interpreted
as region-specific preliminary tools based on the available chronosequence data. Further
validation using additional field datasets covering broader stand ages and site conditions
is needed to improve the robustness and applicability of the yield table.

https://doi.org/10.3390/f17070792

https://doi.org/10.3390/f17070792


Forests 2026, 17, 792 11 of 16

3.3. Economic Feasibility of A. mangium Plantations in Northeastern Vietnam

The economic feasibility of the A. mangium plantations at the study site is presented
in Table 5. At the typical harvesting age of 7 y (6 y after planting), the NPV was USD
1220.1 ha−1, indicating a positive value. However, the IRR was −19%, which is significantly
lower than the market interest rate of 5.5%. The NPV steadily increased until the 8th year
after planting (a stand age of 9 y), reaching a maximum of USD 1612.7 ha−1. However,
the IRR remained at 4%, which is still lower than the market interest rate, indicating
that economic feasibility cannot be ensured. By the 9th year after planting (a stand age
of 10 y), the NPV slightly declined to USD 1589.0 ha−1, while the IRR was projected to
exceed the market interest rate at 9%. Afterward, the NPV continued to decrease, reaching
USD 1236.2 ha−1 by the 12th year after planting (a stand age of 13 y). Although the IRR
continued to increase, its growth rate slowed after the 11th year after planting (a stand age
of 12 y), reaching an estimated 16% by the 12th year after planting (a stand age of 13 y).
These findings clearly indicate that, under the current conditions, A. mangium plantation
projects in northeastern Vietnam lack economic feasibility.

Table 5. Results of economic feasibility analysis on A. mangium plantation. NPV is net present value,
B/C Ratio is benefit–cost ratio, and IRR is internal rate of return.

Years After
Planting

(y)

Income
(USD ha−1)

Investment
(USD ha−1)

Cash Flow
(USD ha−1) NPV B/C Ratio IRR

(%)

0 - 1248 −1248 −1182.9 0.0
1 3 1736 −1733 −1557.1 0.0
2 128 1905 −1776 −1512.8 0.1
3 756 2017 −1262 −1018.4 0.4
4 1914 2136 −223 −170.3 0.9
5 3163 2262 901 653.5 1.4
6 4169 2394 1775 1220.1 1.7 −19
7 4859 2534 2325 1515.2 1.9 −5
8 5292 2681 2611 1612.7 2.0 4
9 5551 2836 2714 1589.0 2.0 9

10 5701 3000 2701 1498.6 1.9 12
11 5787 3173 2613 1374.6 1.8 15
12 5836 3356 2480 1236.2 1.7 16

A sign change in annual cash flow occurred between year 4 and year 5, when thinning
revenues first became positive. However, because cumulative establishment costs remained
substantially larger than early thinning revenues through year 7, the NPV function crossed
zero only at a negative discount rate during this period, yielding mathematically valid
but negative IRR values. The IRR became positive at year 8, when final harvest revenues
caused the cumulative cash flow to turn permanently positive, satisfying the condition for
a conventional positive IRR. These results indicate that the plantation investment begins to
generate a positive financial return—in the IRR sense—only upon final harvest.

Conversely, in Acacia plantations located in Quảng Trị, central Vietnam, harvesting at
6 y after planting for pulpwood production resulted in a positive IRR of 31% [19]. Com-
paring plantations in the study site to the plantations in Quảng Trị revealed significant
differences in yield, which can likely be attributed to variations in plantation management
practices. Typically, A. mangium plantations intended for pulpwood production are estab-
lished at planting densities ranging from approximately 1100 trees ha−1 (initial spacing of
3 × 3 m) to 1600 trees ha−1 (initial spacing of 3 × 2 m) [7,26]. However, the study site was
established at a relatively high initial density of 3000 trees ha−1, which may have intensified
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inter-tree competition and consequently constrained diameter growth. Previous studies
have reported that stand density involves a trade-off between individual tree growth and
stand-level productivity [27]. In general, lower planting densities tend to promote greater
diameter growth of individual trees, whereas higher densities can maintain or increase
stand basal area due to a greater number of trees per unit area. Therefore, it is important
to determine an optimal planting density that balances individual tree growth and stand
productivity in accordance with the plantation objectives. In particular, in cases such as
the present study site where a relatively high initial density was applied, adjusting stand
density may help alleviate competition among trees and potentially contribute to improved
growth performance.

Additionally, land management practices at the study site include post-harvest pre-
scribed burnings. Previous studies have suggested that such practices may lead to the
loss of organic matter and topsoil, potentially reducing overall productivity, and in severe
cases, may contribute to long-term land degradation [28]. Studies have also indicated
that maintaining aboveground biomass can support sustainable productivity [29,30]. In
particular, extensive research conducted by the Center for International Forestry Research
(CIFOR) has demonstrated that retaining leaf litter and harvest residues on the soil surface
can enhance productivity [31]. This is because leaf litter and harvest residues help prevent
soil moisture and nutrient loss while maintaining physical properties such as soil porosity
and permeability. These findings are also consistent with previous studies emphasizing the
importance of inter-rotation management in determining plantation productivity. A study
on A. mangium in Indonesia reported that conservative and integrated site management
practices such as minimizing burning and soil disturbance can significantly improve pro-
ductivity [10]. Meanwhile, a multi-rotation trial of A. auriculiformis conducted in southern
Vietnam reported that inappropriate site management can lead to cumulative declines
in productivity, equivalent to the loss of one harvest per every four to five rotations [1].
Taken together, these findings suggest that management practices aimed at conserving
site resources, such as reducing residue removal and maintaining organic inputs, may
contribute to improved growth of A. mangium and enhanced plantation productivity under
similar site conditions.

3.4. Sensitivity of A. mangium Plantation Economic Feasibility

Based on the above economic analysis, a sensitivity analysis was conducted to assess
the impact of variability in key parameters on economic feasibility. Tables 6 and 7 show
the effects of changes in the market price of wood chips and harvest volumes on financial
indicators at different interest rates (4.0%, 5.5%, and 7.0%).

Table 6. Sensitivity analysis based on three financial indicators, NPV, BCR, and IRR, testing changes
in the market price of wood chips.

Market Price
Variation

(%)

Stand Age
(y)

4.0% Interest Rate 5.5% Interest Rate 7.0% Interest Rate

NPV BCR IRR NPV BCR IRR NPV BCR IRR

0%

7 1381 1.8 −18% 1220 1.7 −19% 1078 1.7 −20%
8 1740 2.0 −4% 1515 1.9 −5% 1319 1.9 −5%
9 1885 2.0 5% 1613 2.0 4% 1379 1.9 3%
10 1895 2.0 10% 1589 2.0 9% 1330 1.9 8%
11 1827 2.0 13% 1499 1.9 12% 1225 1.8 12%

+10%

7 1715 2.0 −12% 1522 1.9 −12% 1351 1.9 −13%
8 2114 2.2 2% 1849 2.1 1% 1617 2.1 0%
9 2276 2.2 10% 1957 2.2 9% 1682 2.1 8%
10 2290 2.2 14% 1931 2.2 14% 1627 2.1 13%
11 2217 2.2 18% 1832 2.1 17% 1510 2.0 16%
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Table 6. Cont.

Market Price
Variation

(%)

Stand Age
(y)

4.0% Interest Rate 5.5% Interest Rate 7.0% Interest Rate

NPV BCR IRR NPV BCR IRR NPV BCR IRR

+20%

7 2048 2.1 −6% 1823 2.1 −7% 1624 2.1 −7%
8 2487 2.4 7% 2182 2.3 6% 1914 2.3 6%
9 2668 2.5 14% 2301 2.4 14% 1985 2.3 13%
10 2684 2.4 19% 2273 2.4 18% 1924 2.3 18%
11 2607 2.4 22% 2165 2.3 21% 1795 2.2 20%

Table 7. Sensitivity analysis based on three financial indicators, NPV, the B/C ratio, and the IRR,
testing changes in the wood chip yield of plantations.

Yield
Variation

(%)

Stand Age
(y)

4.0% Interest Rate 5.5% Interest Rate 7.0% Interest Rate

NPV BCR IRR NPV BCR IRR NPV BCR IRR

0%

7 1381 1.8 −18% 1220 1.7 −19% 1078 1.7 −20%
8 1740 2.0 −4% 1515 1.9 −5% 1319 1.9 −5%
9 1885 2.0 5% 1613 2.0 4% 1379 1.9 3%
10 1895 2.0 10% 1589 2.0 9% 1330 1.9 8%
11 1827 2.0 13% 1499 1.9 12% 1225 1.8 12%

+70%

7 3599 3.0 14% 3226 3.0 13% 2895 2.9 13%
8 4225 3.3 24% 3732 3.3 24% 3299 3.2 23%
9 4488 3.4 30% 3901 3.4 30% 3394 3.3 29%
10 4520 3.4 34% 3864 3.3 33% 3305 3.2 33%
11 4420 3.4 36% 3713 3.2 36% 3121 3.1 35%

+140%

7 5816 4.3 33% 5232 4.2 32% 4712 4.1 32%
8 6711 4.7 42% 5948 4.6 41% 5278 4.5 41%
9 7091 4.9 46% 6189 4.7 46% 5409 4.6 46%
10 7145 4.9 49% 6138 4.7 49% 5281 4.5 49%
11 7012 4.7 51% 5927 4.6 51% 5017 4.4 50%

When the market price of wood chips increased by 10%, the IRRs at the 8-year stand
age did not exceed any of the applied interest rates. This suggests that the relatively small
market price increases did not increase profitability enough to ensure economic feasibility.
When the market price rose by 20%, IRRs reached 7% and 6% in the 4.0% and 5.5% interest
rate scenarios, respectively, exceeding the respective interest rates. However, in the 7.0%
interest rate scenario, the IRR remained at 6%, failing to top the interest rate. Thus, at
higher interest rates, a simple increase in market price alone may not be sufficient to achieve
economic feasibility.

When the wood chip harvest volume increased by 70%, the IRRs at the 8-year stand
age exceeded the interest rates in all three scenarios. Compared to the base scenario (a 0%
harvest volume increase), where the IRRs ranged from −4% to −5%, the IRRs increased
substantially, reaching values ranging from 23% to 24%. A similar trend was observed with
a 140% increase in harvest volume, under which the IRRs rose greatly, reaching 41%–42%.
These results indicate that increased harvest volumes substantially improve profitability,
securing economic feasibility and potentially allowing the rotation age to be decreased from
10 to 8 y, which would increase harvesting frequency and provide additional harvesting
opportunities. Moreover, since harvested wood products (HWPs) are recognized as carbon
credits [32], advancing the rotation age can contribute to carbon credit acquisition through
increased wood production.

Overall, this sensitivity analysis suggests that to improve the economic feasibility
of plantation projects, enhancing plantation productivity and, thus, harvest volume is a
more effective strategy than relying on external factors, such as market prices or interest
rates. If harvest volume is maintained above a certain threshold, it may help buffer the
impacts of fluctuations in market conditions or interest rates and contribute to more stable
economic performance.

Additionally, a methodological limitation regarding volume estimation must be noted.
In this study, a fixed form factor (f = 0.5) was uniformly applied following local practices.
However, stem form factor inherently varies with stand age, density, and specific site
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conditions. Utilizing a uniform form factor may introduce over- or under-estimation in
the calculated stand volume, which subsequently affects the precision of the economic
indicators (NPV and IRR). While our sensitivity analysis addressed variations in overall
yield, future studies should develop localized taper equations or age-specific form factors
for A. mangium to enhance the accuracy of both volume prediction and financial valuations.

A limitation of the present economic analysis concerns the use of a deterministic
sensitivity analysis in place of a stochastic approach. While the multi-scenario sensitivity
analysis conducted here systematically quantifies the directional influence of key input
variables—discount rate, timber price, and harvest yield—on financial indicators, it does
not characterize the full probability distribution of economic outcomes. A Monte Carlo
simulation, in which input variables are sampled repeatedly from empirically defined
probability distributions, would provide a more rigorous quantification of investment risk
and return variability. The application of such an approach was precluded in the present
study by the limited availability of documented price and yield distribution data for the
northeastern Vietnam plantation market. Future studies with access to longer time-series
market data are encouraged to apply Monte Carlo simulation to extend and validate the
economic conclusions presented here.

4. Conclusions
This study developed stand growth models and yield tables for A. mangium plantations

in Quang Ninh Province, northern Vietnam. The developed growth models showed a high
level of goodness-of-fit and effectively captured the overall growth patterns of A. mangium.
Based on these model outputs, the economic analysis indicated that plantation projects
are not economically viable under the current management conditions. These findings
suggest that more effective silvicultural strategies are required to improve the economic
performance and sustainability of plantation forestry in Vietnam.

The yield tables and economic analysis developed in this study are expected to serve
as fundamental reference data for plantation projects in northeastern Vietnam. However,
a key limitation regarding the data scope must be acknowledged. First, the sample data
were limited to stands up to 7 years of age. This is an unavoidable constraint reflecting
the practical reality of A. mangium plantation management in Vietnam, where stands are
typically clear-cut at 5 to 8 years of age for pulpwood production. Consequently, growth
projections and economic analyses beyond this age rely on mathematical extrapolation.
This extrapolation was analytically necessary to determine the theoretical culmination
of the mean annual increment (MAI) and to project long-term financial viability. While
the employed growth functions are robust, readers should note that predictions for older
stands represent theoretical potentials to optimize rotation age, rather than observable field
conditions under the current short-rotation regime. Second, the stand growth models and
yield tables developed in this study were based on 12 sample plots, comprising three plots
for each of the four stand ages. The relatively limited sample size may limit the statistical
robustness of the developed models. This limitation may also influence the subsequent
economic and sensitivity analyses. Future studies incorporating additional sample plots
and a wider range of stand ages could further improve reliability and applicability. Third,
the growth models and yield tables were developed based on a specific management regime
in Quang Ninh Province. Variations in climate, soil conditions, and management practices
across Vietnam may lead to substantial differences in growth rates. Therefore, caution
should be exercised when generalizing these findings to other regions.

In addition, direct comparison with previously reported GIS-based Acacia growth
studies was limited because those approaches differ substantially from the present field
survey-based regression modeling framework in terms of objective, scale, and application.
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Therefore, the yield table developed in this study should be regarded as a region-specific
preliminary tool, and future studies should aim to validate and refine it using additional
field observations and independent datasets.
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