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Abstract: Biodiversity conservation has been broadly recognized in multi-objective forest manage-
ment over the past decade. Nevertheless, habitat serves as one of the key influencing factors of
biodiversity; while timber production and habitat quality are integrated into forest management
operations, our knowledge about the trade-offs between the two is still limited. Thus, we formu-
lated a habitat suitability index model for the great spotted woodpecker (Dendrocopos major) and
developed a forest planning model that integrated timber revenue and habitat quality for a forest
landscape in northeast China. We created three alternative management strategies, which spanned
from timber benefit maximization to various management strategies restricted to differing amounts
of suitable habitat. The results show that when the amount of suitable habitat comprised 39% to
65% of the landscape, this generated a 40.7% to 74.4% reduction in the total net present value, in
comparison with the timber benefit maximization base scenario. The restriction of suitable habitat
amount demands significantly decreased the total timber benefit in spatial planning problems. Our
planning model provides an efficient approach to learning more about the trade-offs between timber
production and wildlife habitat. Furthermore, the consideration of optimal habitat protection rather
than increased habitat amount could be helpful for balancing targeting strategies among ecological
and economic factors.

Keywords: spatial harvest scheduling; forest planning; habitat suitability index model; area
restriction model

1. Introduction

Habitat loss is a key factor in biodiversity decline. It has been clearly demonstrated
in forest ecosystems that forest management operations usually play a significant role in
biodiversity loss, as they continuously modify forest structures and species’ habitats at
local and landscape scales [1]. The development of strategies to obtain forest economic
value (e.g., timber benefits) while minimizing effects on the long-term viability of local
animal populations is therefore key to biodiversity conservation and management [2].
However, the effects of a set of management schemes will only be realized over the long
term. Thus, it is crucial in the forest management process that the effects and risks of
various forest management decisions are quantified [3]. At the same time, a simulated
optimization framework for forest planning is necessary to evaluate the effects of various
forest management prescriptions to select optimal management alternatives.

In general, forest management planning aimed at timber yield is often viewed as
harmful to forest species and habitats [4,5]. Conversely, a common hypothesis is that
habitat suitability conservation actions for biodiversity goals in forests usually impose
economic costs and restrict timber production potential [1,6]. Therefore, conflicts between
habitat suitability and timber production have become important focal points in sustain-
able forest management planning [7,8]. Habitat suitability is the capability of an area to
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provide the conditions necessary for survival (i.e., nesting, reproduction, and foraging) of a
species [9]. Because habitat features and descriptors may be obtained from variables stored
in forest databases (e.g., tree density, forest age, and tree species composition), habitat
suitability modeling is a significant tool for including biodiversity in traditional forest plan-
ning [10–12]. In recent decades, habitat suitability models have gradually become common
in multi-objective management and conservation planning. For example, Konoshima and
Yoshimoto [13] carried out a set of quantitative analyses on the effect of planning goals on
trade-offs between different total habitat suitability index (HSI) model value constraints
and timber harvest. Mönkkönen et al. [1], Bagdon et al. [14], Kline et al. [15], and Mazziotta
et al. [16] also successfully incorporated forest management goals (e.g., carbon storage,
scenic beauty, and multispecies habitat suitability) beyond timber revenues into forest
planning models. These studies have revealed the trade-offs between habitat conservation
and timber production in forest management planning, but they mainly focused on non-
spatial planning scenarios. However, spatial interrelationships between stands (or units)
are significant considerations in forest planning. For example, the clearcutting activity
of one stand or unit may increase the risk of wind damage [17], and as harvesting in a
large continuous forest area may increase the efficiency of harvesting activities, it can have
substantial ecological effects [18,19].

Generally, the method most commonly used to address spatial planning problems
is the exploration of adjacent constraints in forest management planning. Adjacency
problems are often described as one of two types: a unit restriction model (URM), or an area
restriction model (ARM) [20]. The URM restricts any adjacent management units (or stands)
from being harvested simultaneously during their green-up periods. The ARM allows
contiguous groups of management units to be harvested in the same green-up periods
provided their combined area does not exceed the maximum harvested opening size [21].
In addition, the URM can be considered as a special case of the ARM. Therefore, the ARM
may be more complex and difficult to solve than the URM [22,23]. Several studies have
developed a spatial forest planning framework to solve biodiversity and economic forestry
planning problems. For example, Öhman et al. [11] have developed methods to combine
spatial habitat suitability and economic objectives to evaluate forest management plans and
to find cost-effective alternatives for wildlife species. Bettinger and Boston [8], Cyr et al. [24],
and Yoshimoto and Asante [13] have explored spatially explicit harvest schedule plans in
combination with timber production and habitat dynamics. These studies have only dealt
with how to incorporate multiple goals in spatial forest planning, and did not consider the
effects of various socially, ecologically, or economically oriented alternative management
strategies on the habitat quality for wildlife, which is important for understanding the
trade-offs and conflicts between timber production and habitat quality.

The objective of this study was to formulate a model process to include habitat quality
for a selected wildlife species in spatial harvest scheduling problems. Additionally, we
aimed to further quantitatively analyze the trade-offs between timber production and
habitat quality in various alternative forest management strategies across a forest land-
scape in northeast China. We developed an HSI model by applying knowledge from the
literature on species habitat associations to evaluate the quality of forest stands as habitats.
The next 50 years were modeled for existing forest stands, and a spatially explicit forest
planning model was developed that integrated habitat quality and timber benefits (the
net present value (NPV) of timber production) of forest ecosystems. We hypothesized
that three organizational goals were critical to forest managers: (1) the management and
development of the forest planning area, (2) the development and conservation of suitable
habitats for the selected species, and (3) the maximization of economic benefits. We em-
ployed a heuristic simulated annealing process to optimize the proposed planning model.
Additionally, three alternative forest management strategies were considered to evaluate
the effects of a sequence of economic and ecological constraints on the optimal combination
of management regimes.
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2. Materials and Methods
2.1. Study Area

Our study area was Maoershan Forest Farm (127◦30′–127◦34′ E, 45◦20′–45◦25′ N),
situated in Heilongjiang Province, northeast China. The mean elevation is approximately
300 m, and the topography is characterized by low hills and gentle slopes. The size of the
study area is 26,453.7 ha, and almost 84.7% of this area is subject to harvest scheduling. The
area has a high abundance of plant species and forest plant species, which are primarily
deciduous trees, including Acer mono, Betula platyphylla, Tilia amurensis, Populus davidiana,
Fraxinus mandshurica, Juglans mandshurica, Phellodendron amurense, and Quercus mongolica.
Additionally, coniferous species found in this area include Pinus sylvestris var. mongolica,
Larix olgensis, and Pinus koraiensis. According to the Maoershan Forest Farm forest manage-
ment inventory dataset, the landscape has 151 compartments and 3817 subcompartments,
which consist of 2866 stands (i.e., 22,415 ha) and 951 other areas (i.e., 4038.7 ha), with an
average stand size of 7.82 ha. Natural mixed-broadleaf forests (i.e., dominated by two or
more broadleaf species, 83.7%), oak forests (dominated by Q. mongolica, 3.2%), birch forests
(dominated by B. platyphylla, 1.9%), poplar forests (dominated by P. davidiana, 1.1%), larch
plantations (dominated by L. olgensis, 8.1%), and Mongolian pine plantations (dominated
by P. sylvestris var. mongolica, 2%) dominate the vegetation (Figure 1). The remaining area is
mainly composed of settlements, bare land (i.e., barren hills and land suitable for planting),
farmland, and wetland areas.
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Figure 1. Initial distribution of forest areas by different forest types and age classes.

2.2. Forest Growth Simulations

The standard stand-level growth and yield model system of Wang [25] was employed
to simulate forest stand development over a planning horizon of 50 years. The core of this
system consisted of six different submodels, including site class index, stand density index
model, stand mean height model, stand mean diameter model, stand basal area model,
and stand volume model. These models were developed based on a total of 21,700 sample
plots and a large set of individual anatomical tree datasets collected in northeast China
over 24 years (1986–2010), which included the most dominant forest types in this region,
such as the forest types in our analysis (described above). This system has been widely
used to simulate the growth of forest stands in this region [23,26].

2.3. Habitat Suitability Index Model

Woodpeckers are considered significant or umbrella species, as their protection often
results in the protection of other species; woodpeckers are also indicator species in dynamic
forests that have a diversity of tree species, as well as forest management and sustainable
forestry [27–30]. The great spotted woodpecker (Dendrocopos major) is the most common
woodpecker species in China and has been listed as one of Heilongjiang’s key protected
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wild animals in northeast China [31]. Therefore, we selected the great spotted woodpecker
as the model species in our analysis.

We developed the HSI model for the great spotted woodpecker in relation to three
primary variables: the suitability of nesting, reproduction, and foraging habitats. That is,
birds nest in habitats that contain the most food and water. The great spotted woodpecker
is usually found to inhabit primarily old broadleaf forests, old mixed coniferous forests,
and areas with swamp vegetation types, which may provide the best food sources (e.g.,
because of their higher abundance of arthropods and water) [32,33]. Therefore, we defined
the suitability index (SI) SIstype for the stand type, which equals 0 or 1 when stand type is
natural broadleaf forest or plantation, respectively. We used SIage as an increasing function
of average age for each stand over the time horizon and SIriver as a decreasing function of
distance from stand to river in our forest landscape. Furthermore, for nesting and repro-
duction, the great spotted woodpecker prefers large broadleaf trees in patches surrounded
by other large trees, rejecting patches with a large number of small trees [34–36]. We de-
veloped SIDBH as an increasing function of average diameter at breast height (DBH) for
each stand over the time period. Conversely, although the woodpeckers are not considered
to be generally affected by their distance to villages and farmland, excessive traffic noise
near roads is a significant negative factor for this species [37–39]. Thus, we used SIroad
as an increasing function of distance from stand to road in this landscape. Considering
these suitable habitat key points, our HSI model for the great spotted woodpecker was
formulated as follows:

SIv ,i = (vi − vmin)/(vmax − vmin) (1)

HSIi =
(3× FSi + SIroad,i + SIriver ,i)

5
(2)

FSi =
(SIDBH,i + SIage ,i + SIstype ,i)

3
(3)

where v is the suitability index of stand i, which includes SIDBH, SIage, SIstype, SIroad, and
SIriver; HSIi is a stand habitat suitability index for the great spotted woodpecker; and FSi is
the forest character suitability score of stand i.

Equation (1) specifies a function to ensure that the magnitude and units of habitat
suitability factors are the same. Equation (2) specifies the habitat suitability index model for
the great spotted woodpecker, which is composed of three components: forest suitability,
and distances from roads and rivers. Equation (3) specifies that the forest suitability is
dependent on the stand’s average size, age class, and forest type.

2.4. Economic Value

The average prices of the timber products of each forest type were assumed to be
950 CNY/m3 for natural birch forests, 660 CNY/m3 for natural poplar forests, 1250 CNY/m3

for natural oak dominated forests, 1170 CNY/m3 for natural mixed-broadleaf forests,
1020 CNY/m3 for larch plantations, and 850 CNY/m3 for Mongolian pine plantations.
These estimates were taken from Dong [40] and the 2016 reference pricelist from the Forestry
Department of Heilongjiang Province in northeast China. The volume ratios of various
timber products resulting from thinning or harvest at any age were mainly determined by
the available merchantable volume ratio tables of Heilongjiang Province [41]. The logging
costs and management costs (including land preparation, seedlings, planting costs, etc.)
were estimated to be 370 CNY/m3 and 1300 CNY/ha, respectively, in this study. These
were retrieved from the 2018 harvesting design of Maoershan Forest Farm. Additionally,
we assumed each harvested subsection was planted with the same species after harvesting.
A 3% discount rate was applied to all costs incurred and revenues gained. In addition,
we assumed that all the revenues and costs associated with timber production would be
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discounted at the end of each time period. Therefore, the mathematical formulations for
calculating the NPV of timber production are as follows:

HVt =
M

∑
i

N

∑
j

xijt AiRAiVijt (4)

NPVtimber =
T

∑
t=1

npvtimber,t =
T

∑
t=1

F

∑
f=1

HVt(Pr f − Cot)

(1 + r)t·PL (5)

where i is an arbitrary unit contained in set M; j is an arbitrary management prescription
contained in set N; t is an arbitrary time period contained in set P; f is an arbitrary forest
type contained in set F; r is a 3% discount rate; xijt is a binary decision variable that unit i is
assigned to for management prescription j during time period t; Ai is the area of stand i;
RAi is the ratio of timber product for unit i during time period t, which varies for different
forest types; Vijt is the volume harvested per hectare of unit i for management prescription
j during time period t; HVt is the total volume harvested during time period t; NPVtimber is
the total discounted NPV of timber production during the entire planning horizon; Prf is
the price of timber from forest type f for unit i; Cot is the cost of management unit i, which
includes the logging cost and management cost; and PL is the length of each time period.

Equation (4) specifies the timber production harvested during the time period t.
Equation (5) specifies the total timber benefits accrued over the entire planning horizon.

2.5. Planning Model Formulations

The current Chinese natural forest management policy and the Forest Law emphasize
“protection and restoration,” which has strictly prohibited rotation harvesting of natu-
ral forests since 2016. Therefore, the six management treatments were created for each
management unit in a 50-year time horizon that was divided into ten 5-year periods: no
management (no thinning and harvesting); thinning, including thinning of a low intensity
(10% of the total volume for a management unit), middle intensity (20% of the total volume
for a management unit), and high intensity (30% of the total volume for a management
unit); and clearcutting (only for plantation units). The minimum thinning and clearcut-
ting age (Table 1) applied were taken from the 2020 technical guidelines of the National
Continuous Forest Inventory of China: (1) the minimum thinning age was 21 years, which
included natural birch forests, natural poplar forests, larch plantations, and Mongolian
pine plantations; (2) the minimum thinning age was 41 years, which included natural oak
forests and natural mixed-broadleaf forests; and (3) the minimum clearcutting age was
41 years, which included only larch plantations and Mongolian pine plantations. The
objective function of the planning model was to maximize the total discounted NPVs of
timber production over the entire time horizon. The mathematical formulation for this
forest planning problem is as follows:

MaxZ = NPVtimber (6)

Subject to:
T

∑
t=1

xijt ≤ 1 ∀i (7)

xijt ∈ {0,1} (8)

M

∑
i

ageijt ≥ agemin
f (9)

(1− α)HVt−1 ≤ HVt ≤ (1 + α)HVt+1 ∀t (10)

xit Ai + ∑
k∈Mi∪Si

Tm

∑
m=1

xkm Ak ≤ Umax (11)
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yit ∈ {0,1} (12)

M

∑
i=1

yitHSIit ≥ HSIsuit (13)

M

∑
i=1

T

∑
t=1

yit Hareai ≥ βLarea (14)

M

∑
i=1

xijt + yit ≤ 1 ∀i (15)

where m is an arbitrary near-time period t in set of Tm; k is an arbitrary unit that is either
adjacent to unit i or adjacent to a unit that is adjacent to unit i in set of Mi and Si; Mi is
the set of all units adjacent to unit i; Si is the set of all units adjacent to the set of units
(Mi) adjacent to management unit i; Tm is the set of near-time periods, which represent
the typical green-up constraints [20], i.e., for two periods of green-up constraint, Tm ∈
{m1 = t − 2, m2 = t− 1, m3 = t, m4 = t + 1, m5 = t + 2}, if mz < 0, then Tm = 0, and if mz > T, then
Tm = T; ageijt is the stand age of unit i when it was assigned to management prescription j in
time period t; agemin

f is the limitation of the minimum managed age of forest type f ; α is the
maximum and minimum harvest deviation allowed in near-time period; β is the limitation
of the minimum suitable habitat area; Ak is the area of unit k; yit is a binary variable that
selects unit i to be suitable habitat during time period t; Umax is the assumed maximum
concurrent harvest area for the adjacent management units in the time periods of Tm; HSIit
is the habitat suitability index of unit i for the time period t, which is calculated by Equation
(1) to Equation (3); HSIsuit is the threshold for unit i’s selection as a suitable habitat; Hareai
is the area of habitat unit i; and Larea is this landscape’s total area.

Table 1. Overview of the management treatments for the planning problem.

Management Treatment Age Limit for Forest Types 4 (Year) Description

No management NBF, NPF, LP, and MP: <21;
NOF and NMBF: <41

Any management treatments when stand age is
younger than the limiting ages are strictly prohibited.

Low intensity 1 NBF and NPF: ≥21;
LP and MP: ≥21 and <41;

NOF and NMBF: ≥41

Can only be assigned to one of the three intensities of
thinning, or no management, when stand age falls

within the interval of the limiting ages.
Middle intensity 2

High intensity 3

Clearcutting LP and MP: ≥41
Only LP and MP can be assigned to clearcutting when
stand age exceeds the limiting ages, and they can be

assigned to thinning or no management, too.
1 Low intensity: 10% of the total volume of a unit. 2 Middle intensity: 20% of the total volume of a unit. 3 High
intensity: 30% of the total volume of a unit. 4 Age limit for forest types: involves six forest types., i.e., NBF: natural
birch forests, NPF: natural poplar forests, NOF: natural oak forests, NMBF: natural mixed-broadleaf forests, LP:
larch plantation, and MP: Mongolian pine plantation.

Equations (7) and (8) ensure that the arbitrary unit was managed only once and
was not managed under more than one management treatment throughout the planning
horizon. Equation (9) specifies the limitation of the minimum managed age for each unit.
Equation (10) ensures that the demand for an even flow of timber harvest is fulfilled (i.e., a
harvest deviation of 15% in this study). Equation (11) specifies the ARM of the adjacency
constraints as obtained from Murray (1999). Equation (12) specifies that the suitable habitat
variable, yit, should be binary. Equation (13) ensures that the HSI of suitable habitat exceeds
an assumed threshold (0.66 in this study), which was determined by the 75% quartile
of the HSI of each unit in this forest landscape at the beginning of the planning horizon.
Equation (14) restricts the total area of units selected as suitable habitat to a minimum of
the assumed area limit. Equation (15) ensures that a unit is selected for the suitable habitat
or managed under a single management treatment.
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2.6. Management Strategies

To investigate and analyze our planning problems, three management strategies were
created for this landscape. The optimization strategies targeted to maximize the forest
NPV, solve optimal management combinations, and create the assigned amount of suitable
habitat were as follows (Table 2): (1) Timber-oriented management strategy (TMS, scenarios
T1 and T2): this model was only constrained by associated timber harvests, i.e., Equation (6)
to Equation (11); it should be noted that scenario T1 was assumed as a base scenario for
the timber benefits, which did not require spatial harvest restriction and suitable habitat
protection. (2) Fixed selection of suitable habitat management strategy (FSSHMS, scenarios
FH1 and FH2): in addition to timber harvest constraints, the requirement of conservation
of a suitable habitat must be fulfilled; habitat was assigned as suitable if the HSI of the unit
exceeded the threshold, i.e., Equation (12) to Equations (13) and (15). (3) Free selection of
restricted suitable habitat management strategy (FSRSHMS, scenarios F1 to F4): in addition
to timber harvest constraints, the requirement of protection of an assigned amount of
suitable habitat must be fulfilled, which could be selected as a suitable habitat if the HSI of
the unit exceeded the threshold, i.e., Equation (12) to Equation (15). In this study, we used
the minimum gained amount of suitable habitat, calculated as the sum of suitable habitat
areas at the beginning of the planning horizon (SHA0) plus the proportions of increase in
suitable habitat. The increase in suitable habitat was calculated as the differences between
the sum of SHA0 and the sum of potential suitable habitat areas that could be generated
with no management throughout the entire planning horizon (PSHAE). In our case, the
proportion (i.e., β) was assumed to be 20%, 40%, 60%, and 80%.

Table 2. Overview of the various management scenarios for the planning problem.

Management
Scenarios Objective Adjacent

Constraints
Habitat Quality

Constraints
Planning

Formulations

T1

Maximize NPV
2 periods of green-up

constraint;
Umax = 40 ha.

Equations (6)–(10)
T2 Equations (6)–(11)

FH1 HSIit ≥ HSIsuit;
t = 0. Equations (6)–(13) and (15)

FH2 HSIit ≥ HSIsuit;
t = 0, 1, 2, 3, . . . , 10. Equations (6)–(13) and (15)

F1
HSIit ≥ HSIsuit;

β = 0.39 1;
t = 0, 1, 2, 3, . . . , 10.

Equations (6)–(15)

F2
HSIit ≥ HSIsuit;

β = 0.48 2;
t = 0, 1, 2, 3, . . . , 10.

Equations (6)–(15)

F3
HSIit ≥ HSIsuit;

β = 0.56 3;
t = 0, 1, 2, 3, . . . , 10.

Equations (6)–(15)

F4
HSIit ≥ HSIsuit;

β = 0.65 4;
t = 0, 1, 2, 3, . . . , 10.

Equations (6)–(15)

1 β = 0.39: The level in SHA0 + 20% of the difference between the sum of SHA0 and PSHAE. 2 β = 0.48: The level
in SHA0 + 40% of the difference between the sum of SHA0 and PSHAE. 3 β = 0.56: The level in SHA0 + 60% of the
difference between the sum of SHA0 and PSHAE. 4 β = 0.65: The level in SHA0 + 80% of the difference between
the sum of SHA0 and PSHAE.

2.7. Optimization Algorithm

The simulated annealing algorithm was used to solve our planning problems. Sim-
ulated annealing has been shown to provide good solutions and avoid local optima [42].
Thus, this algorithm was used to address a set of spatial forest planning problems [23,43].
The principle is to generate a random initial solution at a specified initial temperature,
then search for a new solution at random, starting from the neighborhood and selecting
that solution based on the optimality of the objective function value. If the solution is an



Forests 2022, 13, 525 8 of 16

optimized one, it is accepted, and if it is an inferior one, it is accepted or rejected mainly
depending on the Metropolis criterion. In this paper, the parameters of the simulated
annealing algorithm were set based on a set of trial-and-error tests, i.e., 10,000 degrees for
the initial temperature, 1 degree for the termination temperature, 0.999 for the cooling rate,
and 300 iterations per temperature. Each simulated scenario was repeated 10 times, and
the best solution (i.e., the one with the largest objective function value) would be taken
for our analysis to minimize the random effects of the simulated annealing process [23,40].
The planning model was solved to produce each operating scenario using Microsoft Visual
Basic 6.0.

p = Exp(( f (xnew)− f (xold))/T) (16)

where p is the probability of accepting an inferior solution; T is the current temperature;
f (xold) is the current objective function value; and f (xnew) is the objective function value of
the new solution.

When f (xnew) ≥ f (xold), the current solution is accepted as the new optimal solution
(p = 1); when f (xnew) < f (xold), the value of p is influenced by the value of T. The higher
the current temperature (T), the higher the probability that an inferior solution would be
accepted, while the lower the current temperature (T) and the lower the probability that an
inferior solution would be accepted.

3. Results

Timber production over the time period in various planning scenarios is illustrated
in Figure 2. In all alternative management strategies, the deviation of timber harvest
for each period was relatively stable because of the demand for an even flow of timber
harvest in Equation (10). The effect of adjacency constraints was not significant for the
timber harvest over the time period between scenarios T1 and T2, and this was mainly
because comparatively large openings were assigned in this analysis. Enforcing habitat
quality for the great spotted woodpecker notably decreased the timber harvest over the
time period, with the average timber harvest losses per period ranging from 30.4% to 75.6%,
in comparison with scenario T1.
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Figure 2. Timber production of Maoershan Forest Farm, China, over the time period of alternative
management strategies: timber-oriented management strategy (TMS, scenarios T1 and T2), fixed
selection of suitable habitat management strategy (FSSHMS, scenarios FH1 and FH2), and free
selection of restricted suitable habitat management strategy (FSRSHMS, scenarios F1 to F4).

The distribution of forest areas that were not assigned to any management treatment
over the planning horizon by potential age classes is represented in Figure 3. When habitat
quality constraints were not enforced, the area of potential relatively old stands (i.e., age
class 81–100 and age class > 100) experienced significantly increased harvest levels. When
the proportion of suitable habitat in the landscape was between 39% and 65%, the area of
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potential relatively old stands gradually increased from 42.0% to 57.1%, but the difference
in the area of age class 61–80 was minor.
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Figure 3. Distribution of forest areas that were not assigned to any management treatment by
potential age classes (years) at Maoershan Forest Farm, China, over a 50-year planning horizon of
alternative management strategies: timber-oriented management strategy (TMS, scenarios T1 and
T2), fixed selection of suitable habitat management strategy (FSSHMS, scenarios FH1 and FH2), and
free selection of restricted suitable habitat management strategy (FSRSHMS, scenarios F1 to F4).

The different benefit–loss levels for the adjacent constraints and the habitat quality
maintenance are depicted in Figure 4. The differences between scenario T1 and T2 were
moderate (0.9%), primarily owing to the comparatively large openings that were set. As
expected, including habitat quality dramatically decreased the total benefit and increased
the cost, with NPV losses ranging from 38.4% to 86.0%. When the proportion of suitable
habitat in the landscape was between 39% and 65%, the generated NPV loss gradually
increased from 40.7% to 74.4%, in comparison with scenario T1. The most marked NPV loss
was observed for scenario FH2 (86%), which included PSHAE and was strictly protected
over the planning horizon.
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Figure 4. Net present value (NPV) loss proportion of timber production incurred in alternative
management strategies for Maoershan Forest Farm, China, compared to scenario T1. The bars
represent scenarios within the strategies: timber-oriented management strategy (TMS, scenario T2),
fixed selection of suitable habitat management strategy (FSSHMS, scenarios FH1 and FH2), and free
selection of restricted suitable habitat management strategy (FSRSHMS, scenarios F1 to F4).

The optimal management options of various alternative strategies shown in Figure 5
generated different proportions of maintained habitat quality for the great spotted wood-
pecker (Figure 6). In TS, the protected habitat proportion significantly decreased, with
an average habitat suitability loss of 75.5%. The restriction of habitat quality gradually
increased the proportion of suitable habitat in the landscape, with the gain in habitat
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suitability ranging from 24.7% to 106.9% in FSRSHMS. The differences in habitat suitability
gain were small, and the NPV loss was similar between scenarios FH1 and F1 (Figure 4,
Figure 6); this was mainly because the fixed selection of suitable habitat in FH1 and the
relatively free selection of suitable habitat in F1 generated constraints that differed only
slightly but had different spatial assignments (Figure 5).
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Figure 5. The spatial assignment of optimal management prescriptions of various alternative strate-
gies for timber production at Maoershan Forest Farm, China: timber-oriented management strategy
(TMS, scenarios T1 and T2), fixed selection of suitable habitat management strategy (FSSHMS, scenar-
ios FH1 and FH2), and free selection of restricted suitable habitat management strategy (FSRSHMS,
scenarios F1 to F4).
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Figure 6. Relative gain (%) in habitat suitability for the great spotted woodpecker (Dendrocopos
major) at Maoershan Forest Farm, China, compared to the suitable habitat area at beginning of
planning horizon with alternative management strategies: timber-oriented management strategy
(TMS, scenarios T1 and T2), fixed selection of suitable habitat management strategy (FSSHMS,
scenarios FH1 and FH2), and free selection of restricted suitable habitat management strategy
(FSRSHMS, scenarios F1 to F4).

The trade-offs in dimensions of total timber revenue and the amount of protected
habitat are shown in Figure 7. The conflicts were clearly between the timber revenues and
the suitable habitat maintenance, with the total NPV decreasing as the suitable habitat
amount increased both for designated habitat area limits (FSSHMS) and limits on the
amount of suitable habitat area (FSRSHMS) in spatial forest planning problems. Notably,
the differences in the obtained value of the suitable habitat amounts throughout the plan-
ning horizon between scenario T1 and T2 were not significant, i.e., 7.0% and 8.1% of the
landscape, respectively. Similar situations were observed for the relative gain in habitat
suitability (Figure 6); scenarios T1 and T2 gained suitable habitat amounts in comparison
with SHA0 (73.7% and 77.3%, respectively). This is a result of the other constraints in the
planning model, e.g., even flow and minimum average forest age, which limit the total area
that can be harvested.
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Figure 7. Trade-offs between the optimal solutions for various management strategies in dimensions
of total timber revenue and the amount of protected suitable habitat for the great spotted woodpecker
(Dendrocopos major) in the landscape of Maoershan Forest Farm, China. NPV: net present value.
Colored circles represent scenarios within the strategies: timber-oriented management strategy (TMS,
scenarios T1 and T2), fixed selection of suitable habitat management strategy (FSSHMS, scenarios
FH1 and FH2), and free selection of restricted suitable habitat management strategy (FSRSHMS,
scenarios F1 to F4).
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4. Discussion

This study illustrated a spatially explicit forest management planning modeling ap-
proach for incorporating habitat quality. We selected the great spotted woodpecker as a
goal species and used an HSI model as a tool to learn more about the trade-offs between
ecological and economic objectives. The effects related to economic and ecological con-
straints were quantitatively evaluated for three alternative forest management strategies.
We consider this a critical and necessary step for forest managers to examine or select a
preferred alternative within biodiversity management in forest planning. However, unlike
the results of Mönkkönen et al. [1], in this study, multispecies groups were not included
either in habitat quality considerations or economic returns. Finally, similar to other stud-
ies [13,44,45], it was revealed that there was a marked total cost in terms of lost timber
production and revenue returns when the habitat quality demand increased.

In general, the proportion of old growth stands is the most crucial component in a
forest management context [46]. In our case, the old growth stands would be indirectly
protected by suitable habitat threshold restrictions. Additionally, the restriction of suitable
habitat amount demands would be helpful to retain more old stands, which are a crucial
habitat for most species in forest ecosystems. In terms of old growth stands’ conservation, it
is similar to the effects of Augustynczik [47], Constantino and Martins [48], which enforced
habitat conservation in forest planning problems by restricting mature forests directly.

Spatial restrictions are significant to forests’ ecological and sustainable develop-
ment [49]. Adjacency constraints have become the most common type of spatial restriction
addressed in the spatial forest planning literature. In our TMS, the effects of adjacent
constraints were moderate in terms of either total NPV or habitat quality. There are several
potential reasons for this result: first, the mean size of management units (approximately
7.82 ± 6.90 ha) across the forest landscape was markedly different from the assumed max-
imum opening area (40 ha) in this study. Setting different levels of maximum open area
is relevant to local forest management policies, solvability of planning problems, and the
demands of forest managers. In addition, there were many more potential management
prescriptions for each stand in this study than in other studies, and we did not address
different parameters of adjacent constraints, e.g., the different green-up periods may have
different economic effects [23]. Thus, the limitations of the adjacent constraints were not
strict in comparison with other studies [49–51]. Nevertheless, on the basis of the various
spatial constraints, there is room for many future investigations, such as introducing and
exploring the effects of different spatial requirements (e.g., connectivity constraints and
core area).

In this study, our hypothesis was that the suitable habitat amount is a crucial factor
for the development of species richness and diversity; this is similar to the habitat amount
hypothesis proposed by Fahrig [52], i.e., species richness is expected to increase with
habitat amount, independently of its spatial configuration within a specific landscape. In
addition, the FSSHMS could be considered as a special case of the FSRSHMS in our analysis,
whereas the stochastic selection of habitat suitability was not considered in the former,
providing a higher degree of flexibility in the planning process. Scenario FH2 implies
that forest managers are able and willing to allocate conserved areas at the maximum
level to obtain the greatest potential habitat quality. However, as a practical matter, the
optimal management option of scenario FH2 is likely to be rarely selected, because it
already ignores the benefit demands of forestry organizations. Furthermore, we have not
accounted for certain risk factors, e.g., natural and human disturbances, when predicting
potential suitable habitat. An opposite approach is depicted in TMS; though TMS provides
the optimal solution of the maximum total revenues for forest managers, it is also unlikely
to be adopted by forestry organizations in the context of highlighting multi-objective (e.g.,
ecological, social, and economic goals) forest management.

Scenarios FH1 and F1 to F4 imply different levels of trade-offs between habitat and
timber benefits. In the optimal management plans of FSRSHMS, scenarios F2 and F4
would generate NPV losses of 51.5% and 74.4%, respectively. Similar results were shown
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by Bettinger et al. [44], in which declines in NPV of approximately 24% and 70% were
observed when the habitat amount levels were constrained to 40% and 80%, respectively.
Additionally, our results reveal that if the minimum suitable habitat target was increased by
one percent (approximately 2.28 ha/year), the total NPV would be significantly decreased
by an average of approximately 27.31 CNY/ha/yr in FSRSHMS. In fact, there were some
error factors in this figure: (1) there were some recovery and maintenance costs that were not
taken into account; (2) the economic parameters applied in our analysis were deterministic,
such as timber prices, logging costs, and the discount rate; (3) the volume ratios of various
species’ timber products were simplified in our analysis, which actually involved different
species’ taper equations, site factor, and timber assortment; and (4) some uncertainty factors
were not involved in optimal management options, such as stand growth simulations,
climate change, and disturbance. Further, by integrating more detail about various timber
products’ parameters, and developing adaptive management planning models involving
the foregoing quantifiable factors, we can learn more about these compensations.

It is interesting to note that the differences between the total NPV and the timber
production of optimal solutions were not significant in FH1 and F1 (Figures 2 and 4), but
the spatial assignments of suitable habitats were dramatically different because of the free
selection of suitable habitat. The spatial distribution of habitat in FH1 is more clustered
than in F1. These clustered habitats may form several connected habitat networks; in the
island biogeography theory, suitable habitat connectivity and patch size may have a crucial
positive effect on species [53]. In recent studies, Yemshanov et al. [54] have developed
a model approach for incorporating the connectivity of habitat protection and timber
production in forest management planning. Augustynczik [47] explored the economic
effects of imposing habitat connectivity and habitat amount demand in forest planning.
Future efforts may be aimed at a more detailed analysis of the trade-offs and conflicts
between the habitat networks and harvest benefits along with adjacent constraints of
management objectives.

The forest management planning framework in this study can potentially be extended
in several ways. Firstly, we focused on a single-species regulatory policy in this planning
model. Forest manages also need to consider that different species may prefer different
habitat types to the great spotted woodpecker. In such cases, forest managers should
consider extending the model to a habitat planning problem for multiple species. Secondly,
suitable habitat amounts as a set of constrained variables in this forest planning model is a
common approach to incorporating ecological and economic goals in the forest planning
model. Essentially, maximizing multiple purposes (e.g., habitat, carbon sequestration, soil,
water yield, scenic value, and economic value) leads to hotspot strategies that can guide
the sustainable and multifunctional development of forest plans [55], as has been shown
by Bagdon et al. [14], Pukkala [56], and Selkimäki et al. [57], who explored a planning
model approach to multi-objective forest management planning. Finally, although we
assumed thinning was a set of fixed intensities (i.e., 10%, 20%, and 30% of the total volume
of a management unit, respectively), in this study, these were reference values for forest
management analysis of this region. Future work could be aimed at a more detailed
analysis of the trade-offs of different goals, flexible management prescriptions, and spatial
harvest requirements.

5. Conclusions

In our study, we formulated an effective model approach to integrated timber revenue
and habitat quality in spatial forest management problems. Our results clearly illustrate
that suitable habitat amount demand decreased the total benefit markedly. Our optimiza-
tion planning model provides an efficient approach to learning more about the trade-offs
between different objectives that address timber benefits and habitat quality. Furthermore,
when biodiversity conservation is addressed in forest management strategies, forest or-
ganizations must tailor their habitat selection to local conditions and species demands.
The consideration of optimal habitat protection rather than simply greater amounts of
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habitat could be helpful for balancing and correctly targeting strategies for ecological and
economic factors.
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