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Abstract: Plantations in Southern China are experiencing several major problems concerning even-
aged forest structures and dwindling ecosystem services under traditional forest management.
The objective of this study was to determine the best management regimes (BMRs) for sustainable
forest management using the Moshao forest farm as a case study. We constructed a framework
for BMR modeling characterized by highly scheduled timber production (STP), low fluctuations
in periodically scheduled timber harvest levels (FPS), and age class structure (ACS) at the end of
the planning horizon. A paired analysis was conducted between the three indicators to identify
suitable management planning for long-term timber production. Our results suggest that STP, FPS,
and ACS are correlated, enabling the control of these forest performance indicators by setting various
harvesting intensities in a planning horizon. We found that management regimes (MRS) with cutting
area percentages from 20% to 40% and a cutting period of 10 years combined with small-area clear-
cutting (≤5 ha) are optimal (MR6–MR10) for the Moshao forest farm in Southern China. In particular,
MR with a cutting area percentage of 35% is the best option (MR9). These findings suggest that
an applicable MR is designed by identifying the optimal harvesting intensity. The current local
harvesting intensity can be properly increased to balance between timber production and ecological
impacts on plantations.

Keywords: InVEST model; harvesting intensity; timber production; management regime; sustainable
forest management

1. Introduction

Forests comprise a major part of the land’s ecosystem. They are characterized by their
wide distribution, abundant biodiversity, complicated structures, functions, and ecological
processes that play key roles in maintaining the ecological balance and protecting natural
environments relied upon by humankind [1,2]. Plantations account for 7% of the global
forest area but provide more than 60% of industrial timber [3–5]. In addition to providing
timber, fiber, and fuel, plantations are also important in mitigating the adverse effects
of global climate change, maintaining biodiversity, and conserving water and soil [6–8].
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China contributes the highest percentage (28.8%) of the world’s total plantation area [4].
In China, timber production from plantations comprises approximately 46% of the world’s
total timber production, and the carbon sink of plantations accounts for approximately 80%
of the total forest carbon sink [9]. Thus, both the productivity and ecological function of
plantations are essential.

However, the current plantation’s stocking volume is only half of the natural forests
at 59.30 m3 ha−1 in China [10]. Furthermore, tree species are limited to a small set, with the
top five species being Cunninghamia lanceolata, Populus simonii, Eucalyptus spp., Larix spp.,
and Pinus massoniana, accounting for 50.1% of the total plantation area [10]. Generally, the
forestry industry in China aims for maximum timber production and only focuses on short-
term benefits; thus, plantations are subject to large-scale harvesting with short rotations [11].
Problems concerning even-aged forest structure, low insect resistance, and low levels of
biodiversity have arisen due to the development of plantations in China [12,13]. Thus,
determining the BMRs for sustainable plantation management in China is necessary.

The foundation for sustainable forest management involves estimating the sustain-
able harvest levels of a forest. Over the past two centuries, several classic European and
American methods, such as the Hanzlik formula, Hundeshagen formula, and Austrian
formula, have been used in China and other countries to determine the sustainable harvest
level [14–16]. Researchers and practitioners have focused on determining the optimal or
best forest MRs for meeting various objectives in recent years. A variety of modeling ap-
proaches to solve these multi-objective forest management problems have been developed,
e.g., linear programming (LP) harvest-scheduling models [17,18], the timber harvest alloca-
tion model (HARVEST) [19,20], and meta-heuristic techniques such as Monte Carlo integer
programming (MCIP) [21,22], simulated annealing (SA) [23,24], and genetic algorithms
(GA) [25,26]. However, these approaches often rely on complicated mathematical methods
and modeling frameworks that are difficult to apply in many situations, especially for
routine use by forest managers and policymakers.

The southern red-soil hilly area constitutes approximately 12.3% of China’s total area,
and the plantation stocking volume accounts for 39% of China’s total plantation stocking
volume [10,27]. Although this area is one of the major plantation regions in China, research
on identifying or assessing optimal management alternatives is lacking. For our case
study, we selected the Moshao forest farm, which has long-term field data, to represent
the southern red-soil hilly area. The purpose of this study was to design a simple model
for assessing BMRs that uses a predefined set of potential stand-level MRs for the Moshao
forest farm. The relationship between harvesting intensity and STP, FPS, and ACS was
evaluated at the end of the planning horizon. We also conducted a paired analysis among
STP, FPS, and ACS to locate potential problems in the local MR and discussed the BMRs
for long-term local timber production.

2. Materials and Methods
2.1. Study Area

Our study was conducted at the Huitong National Research Station of the Forest
Ecosystem belonging to the Chinese Ecosystem Research Network (Huitong station, CERN).
The Moshao forest farm is an experimental forest farm in the Huitong station located
in Huitong County, Hunan Province, China (26◦51′ N, 109◦36′ E, Figure 1). Thirteen
small permanent inventory plots (10 × 20 m) were established between 1983 and 1990.
Measurements including the annual diameter at breast height (1.30 m aboveground) and
the heights of all trees have been recorded since the plantation was first seeded. The
topography of the Moshao forest farm is a small catchment of 98.24 ha, and the altitude
ranges from 300 to 580 m. The study area is characterized by a subtropical monsoon
climate. The mean annual temperature is 16.4 ◦C, with a maximum of 26.4 ◦C in July and a
minimum of 4.1 ◦C in January. The annual precipitation is 1137 mm, and >70% falls during
the rainy season from March to August (temperature and precipitation records derive from
Huitong station’s automatic meteorological station from 1998 to 2014).
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Figure 1. Forest vegetation map of the Moshao forest farm. The numbers on the map indicate the age
of the plantations, LQ and CCM are natural forests with no specific age number. NF = non-forest.

The study area has 11 tree species: C. lanceolata (CL), P. massoniana (PM), Pinus elliottii,
mixed C. lanceolata and Cinnamomum camphora (CC), mixed C. lanceolata and Michelia mac-
clurei (CM), mixed P. massoniana and Schima superba (PS), S. superba (SS), M. macclurei
(MM), mixed Liquidambar formosana and Quercus fabri (LQ), mixed S. superba and Bretschnei-
dera sinensis (SB), and mixed Castanopsis fargesii, Cyclobalanopsis glauca, and Machilus pauhoi
(CCM).

The forest vegetation map of the study area was compiled using Pléiades satellite
images with a resolution of 0.5 m × 0.5 m in 2014. The forest farm comprises 51.68 ha of
natural forests and 46.56 ha of plantations. The dominant species are evergreen C. fargesii,
C. glauca, and M. pauhoi in the natural broadleaved forest, and C. lanceolata and P. massoniana
in the planted forest (Figure 1). Our research focused on MRs for plantations grouped into
younger age classes. The initial age class structure for the plantations in our study area
was: 14 ha in 0–10 years, 21 ha in 21–30 years, and 11 ha in 31–40 years.

2.2. Calculating Timber Production

We chose the Timber module from the Integrated Valuation of Ecosystem Services
and Tradeoffs (InVEST) model to calculate timber production at the Moshao forest farm.
The InVEST model is the most widely applied and successful ecosystem service evaluation
model used in multiple world regions [28–32]. We used long-term field data from the
Huitong station to parameterize the model. The following equation was used to calculate
the timber production volume:

TVolume =
n

∑
x=1

Parcl_areax ×
Perc_harvx

100
× Harv_mass× 1

Dx
(1)

where TVolume is the total timber production volume (m3) of all the forest types in the
study area, Parcl_areax is the area of the xth forest type (ha), Perc_harvx is the proportion of
the forest type area harvested during each rotation of the xth forest type (%), Harv_massx
is the trunk biomass of the xth forest type during each rotation (Mg ha−1), and Dx is the
average timber density of the xth forest type (Mg m−3).

The annual trunk biomass was calculated for each tree species using allometric equa-
tions determined by annual diameters and heights from permanent inventory plots es-
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tablished between 1983 and 1990. Then, we used the annual trunk biomass to establish
stand growth models. Lastly, the Harv_massx for each forest type was calculated by stand
growth models.

The biomass of timber production was converted to forest stock volume by wood
basic density. The latter information was directly accessed from the wood basic density
table for monocultures [33]. The basic wood density was obtained for mixed forests by
calculating the weighted average of the dominant tree species for each forest type.

Harv_massx is an important parameter of the InVEST model and is simulated using
stand growth models. Since the growth rate of trees follows a “slow-fast-slow-end” trend
with increasing age, an S curve is used to describe it [34–36]. We attempted to use the power
function equation, logarithmic equation, logistic equation, Richards equation, and S-curve
equation to fit the stand growth model, and found that the S-curve equation (y = eb0+b1/x)
(with the highest significance level) was most suitable for the stand growth equations in
our study (Table 1).

Table 1. Stand growth models for the Moshao forest farm, where y represents trunk biomass and x
represents stand age, n represents how many trees have been used to fit the model of each species.

Forest Types Stand Growth Models

P. massoniana y = e6.706−38.294/x (R2 = 0.984, p < 0.001, n = 42)
M. macclurei y = e6.198−27.263/x (R2 = 0.991, p < 0.001, n = 37)

S. superba y = e5.916−31.971/x (R2 = 0.990, p < 0.001, n = 37)
C. lanceolata y = e5.597−21.597/x (R2 = 0.982, p < 0.001, n = 20)
C. camphora y = e5.994−44.639/x (R2 = 0.977, p < 0.001, n = 24)

2.3. Framework of BMR Modeling
2.3.1. BMR Modeling

A suite of indicators, including STP, FPS, and ACS, was constructed according to
cutting area percentages and rotation. The BMR target for sustainable forest management
was determined by comparing the change in three indicators under different MRs during
a given period. We had two assumptions when identifying BMR for plantations in the
Moshao forest farm: (1) tree growth is only affected by harvesting, whereas other conditions
such as climate, soil, and hydrology conditions remain the same, and (2) the regeneration
pattern is artificial, with 1-year-old seedlings planted after harvesting and the stand density
remaining unchanged.

To achieve the multiple objectives of sustainable forest management, we considered
environmental protection and economic benefit [37]. Therefore, we created the BMR model
using a combination of cutting area percentages, cutting periods, and harvesting principles.
From the first MR (MR1) to the nth MR (MRn), the production function of the forest
increases, whereas the ecological function gradually decreases.

2.3.2. Determining BMRs

Three objectives were examined in determining optimal MRs: (a) maximization of STP,
(b) minimization of FPS, and (c) minimization of ACS, represented by Equation (2). STP
represents the sum of scheduled harvest levels over the planning horizon, FPS represents
fluctuations in periodically scheduled timber harvest levels represented by the coefficient
of variation (CV) for scheduled timber harvest levels, and ACS is the age class structure of
plantations at the end of the planning horizon, which is quantified by the CV of the stand
area for each age class.

BMR = f (STP, FPS, ACS) (2)

Firstly, we identified the optimal combinations for each pair of the three indicators—
STP, FPS, and ACS—to determine the BMR. The BMR was determined by the intersection
of each pair’s optimal combination from the set of actions examined. The data were first
standardized due to the indicators’ different dimensions. For instance, in the STP and FPS
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pair, the closer a point is located to the upper left corner, the higher STP and lower FPS
meet the aim of the BMR. Likewise, the optimal combinations of STP and ACS are located
in the upper left corner, whereas the optimal combinations of ACS and PFS are in the lower
left corner [38]. Then, we used a comprehensive index of FPS + (1 − ACS) + (1 − STP) to
select the highest number and processed the data in Microsoft Office 2019.

2.3.3. Identification of Potential MRs

Based on the framework for modeling BMR, 16 MRs were developed to represent com-
binations of possible management criteria, including cutting area percentages of 10–50%,
cutting periods of 20, 10, and 5 years, and harvesting principles of small-area clear-cutting
(≤5 ha) and large-area clear-cutting (>5 ha) (Table 2). A 100-year planning horizon was
devised for each of these MRs, from 2014 to 2113. According to government regulations
(Technical Survey and Design Requirements for the Forest Harvesting Area in Hunan
Province, China), the rotation for all plantation species is regulated as follows: 18 years for
P. elliottii, 21 years for C. lanceolata, 26 years for P. massoniana and S. superba, and 41 years
for C. camphora and M. macclurei. MR7 represents the local MR (the statistical data were
derived from the Forestry Department in Huitong County from 2010 to 2014).

Table 2. Sixteen potential MRs for the Moshao forest farm were developed according to combinations
of cutting area percentages, cutting periods, and harvesting principles. The intensity of cutting
gradually increased from MR1 to MR16.

MRs Cutting Area (%) Rotations/Year Harvest Principles

MR1 10

20
Small-area clear-cutting refers to

cutting areas ≤ 5 ha and the adjacent
non-harvested areas ≥ cutting area

(Management Rules of Forest Cutting
and Regeneration in China, 2017)

MR2 15
MR3 20
MR4 25

MR5 15

10

MR6 20
MR7 25
MR8 30
MR9 35
MR10 40

MR11 25

5
Large-area clear-cutting (cutting

area > 5 ha)

MR12 30
MR13 35
MR14 40
MR15 45
MR16 50

3. Results
3.1. STP of Sixteen MRs

The STP gradually increased with harvesting intensity over the entire 100-year plan-
ning horizon. However, the degree of increase showed a gradually decreasing trend
(Figure 2). Of the sixteen MRs, MR1 has the lowest harvesting intensity and the lowest STP,
at 20,454 m3. In MRs from MR10 to MR16, an increase in STP is followed by a decrease in
harvesting intensity. The STP of MR16 is the highest at 79,129 m3. MR16 produces nearly
four times as much STP as MR1.
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3.2. FPS of Sixteen MRs

The timber harvest volumes for the 16 MRs showed overall fluctuations during the
planning horizon, especially between MR11 and MR16, which indicate a fluctuation period
of approximately 20 years (Figure 3). MR1–MR4, which have cutting periods of 20 years,
have the lowest harvesting intensities, and timber harvest volumes only fluctuate slightly
over time. With cutting periods of 10 years, MR5–MR10 have higher harvesting intensities
and lower FPS compared with those of MR1–MR4. The remaining six MRs (MR11–MR16)
with cutting periods of five years have the highest harvesting intensities and FPS. It appears
that FPS is the lowest for MR9 and the highest for MR16, and the difference between them
reaches a factor of 14.7.

3.3. ACS of Sixteen MRs

Figure 4 shows the differences in the ACS of plantations in sixteen forest MRs. In MR1–
MR16, the main age class changes from an older age (>100 years) to a younger age (0–10
years) with increasing harvesting intensities. Only MR1, MR2, and MR3 leave growth
stands more than a century old by the end of the planning horizon, and the total area of
stands over 100 years for the three MRs is 24.93, 14.24, and 2.22 ha, respectively. The MRs
from MR9 to MR16 consist of particularly young growth stands from the age class of
0–30 years by the end of the planning horizon. According to the distribution of each
age class area, ACS first decreases, then increases after MR9 with harvesting intensity.
Additionally, ACS is the lowest for MR9 and the highest for MR1.

3.4. Identify BMR

STP, FPS, and ACS are correlated, as shown in Figure 5. FPS and ACS initially
decrease from MR1 to MR9, and then increase from MR10 to MR16 with STP (Figure 5a,b).
ACS is positively correlated with FPS (y = 1.497x + 0.027, R2 = 0.783, p < 0.001, Figure 5c).
The objectives of BMR may be expressed as high STP, and low FPS and ACS. The paired
analysis among STP, FPS, and ACS showed that MR6–MR14 meet the objectives of high STP
and low FPS, MR6–MR10 meet the objectives of high STP and low ACS, and MR2–MR10
meet the objectives of low FPS and ACS. It was concluded that MR6–MR10 are the BMRs
that ideally meet the requirements of all three objectives. In particular, MR10 is the closest
to the upper left corner, followed by MR9, in Figure 5a. MR9 is the closest to the upper
left corner in Figure 5b and the lower left corner in Figure 5c. The comprehensive indexes
of FPS + (1 − ACS) + (1 − STP) were calculated and MR9 was found to be the highest.
In conclusion, MR9 is the optimal regime of the sixteen MRs developed.
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Figure 3. Fluctuation curve of timber harvest volume over time and FPS in sixteen MRs (TV = timber harvest volume).
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Figure 5. Paired analysis and relationships between STP and FPS (a), STP and ACS (b), and FPS and
ACS (c). The MRs located in the red circle region are BMRs.

4. Discussion

By designing multiple MRs with a wide range of harvesting intensities, the results
from STP, FPS, and ACS show different variations with increasing harvesting intensity.
Whereas STP increased with harvesting intensity, FPS and ACS first decreased and then
increased. A critical threshold for STP, FPS, and ACS appears to be a harvesting intensity
of 35% every 10 years (MR9). Additionally, further increases in harvesting intensity have
a minimal effect on STP and a significant effect on FPS and ACS. Our cumulative results
indicate that forests will not sufficiently recover to produce timber for the next harvest
when the harvesting intensity exceeds the critical threshold, and this finding is consistent
with a previous study that suggested the benefit of productivity increase with increasing
harvesting intensity. However, it would decline when the ecosystem degraded with more
intense use [39].

All plantation species are prescribed a relatively short rotation at 18–41 years. Con-
sequently, the results of FPS and ACS show that timber harvest volumes in MRs with
high harvesting intensities fluctuate substantially over time and the stand areas for each
age class significantly differ from each other. Similar results were found in other studies
focused on the appropriate harvesting intensity for the stand-level management of uneven-
aged forests. For example, Huth and Ditzer reported that short cutting periods result in
strong fluctuations of timber production from each harvesting event [40]. Baskent and
Keles showed that forest management planning strategies aimed at the maximum timber
production mainly consist of younger forest stands at the end of the planning horizon [41].
However, our results also show that ACS increases linearly with FPS, and high ACS and
FPS occur in MRs with relatively low harvesting intensities. This can be explained by forest
growth that is not harvested for its potentially harvestable stands, which generate a large
number of older trees under a lower harvesting intensity, and harvest timber volumes
increase over time in most cases. These results clearly state that the comprehensive benefit
of forest management is directly affected by harvesting intensity.

We integrated three forest management objectives, including STP, FPS, and ACS,
into forest management planning using a paired analysis. The simulation results suggest
that cutting area percentages of 20–40% and a cutting period of 10 years combined with
small-area clear-cutting (≤5 ha) MRs (MR6–MR10) may be BMRs for the Moshao forest
farm in Southern China. MR9 with a cutting area percentage of 35% is the optimal regime.
The results of forest MRs also show that low FPS and ACS of these BMRs can be attained
without significantly reducing timber production. This study confirms the advantages of
appropriate harvesting intensity to maintain relatively diversified age classes and ensure
sustainable forest management [42,43].

By comparing the results of multiple forest MRs, we found that the local forest
MR, MR7 (25% of harvest area every 10 years), meets the objectives of the BMRs in our
study area. However, more benefits can be obtained from forests by increasing harvesting
intensity appropriately. These results were influenced by regional and local forest MRs from
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historical forest management objectives in China [44]. Excessive timber harvesting was
encouraged following the former direction of entirely unregulated wood production, and
annual forest quotas were strictly imposed to monitor the reduction in forest resources since
the mid-1980s [11,45]. Our study demonstrated the positive impacts of controlling annual
forest quotas and some of their restrictions. We determined the following recommendations
for future forest management: small-area clear-cutting (≤5 ha), a cutting area percentage of
35% combined with a cutting period of 10 years or equivalent harvesting intensity (such as
3.5% harvest area every year), and increasing the current local harvesting intensity while
balancing between timber production and the ecological impact on plantations [46].

Our study has some key limitations and potentials for future work. Firstly, we
hypothesized in our research that tree growth is only affected by harvesting activities;
however, more factors, such as improved productivity, climate change, and fire disasters,
should also be considered. Secondly, managers aim to maximize economic value in most
cases, not just volume, and this is especially important if higher-value products are valued.
Thirdly, the purpose of our study was to provide a simple method for identifying BMRs
from a limited set of examined actions. The problem may have been better formulated in a
goal programming manner, which requires an advanced mathematical background. Finally,
various harvesting intensities were used to represent the degree of ecological protection.
The ecological functions of forests, such as water and soil conservation, should be treated
as indicators of multiple-objective management in future research.

5. Conclusions

In our study, we constructed a framework for BMR modeling in plantations at the
stand level with a focus on the Moshao forest farm. We used a paired analysis to determine
the BMRs for several potential MRs to augment the scientific support of the sustainable
management of plantations in the red-soil hilly region of Southern China. To devise more
precise and feasible forest harvesting planning, a reasonably low harvesting intensity
combined with small-area clear-cutting is recommended for a MR.
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