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In recent years, global attention to forest ecological environment, carbon, wood yield, and biodiversity has been increasing, which requires forest managers to make reasonable forest planning in time and space to meet the needs of multi-objectives and multi-resources. In this study, the resources of business units in Northeast China were analyzed, and the FPS-ATLAS model was established. A multi-objective decision supporting spatial forest planning scheme for 16629.53 ha of forest in Jingouling forest farm of Wangqing Forestry Bureau in Jilin Province was proposed. In this paper, the volume growth model of six forest types was established, and the carbon storage model was introduced to show the total carbon, biomass carbon, dissolved organic carbon, and total soil carbon of the ecosystem. The dynamic change in carbon during the whole planning period has achieved good results. After 20 time periods, the total soil carbon increased to 7,627,208 Mg (+6.63%), the total ecosystem carbon increased to 14,889,876 Mg (+27.51%), the biomass carbon increased to 5,362,779 Mg (+59.70%), and the dissolved organic carbon increased to 9,531,906 Mg (+14.59%). The purpose of this article is to achieve dynamic management of forest resources, meet multiple constraint settings, achieve multiple management objectives, harvest wood products, and ensure the ecological and social functions of forests so that forests ultimately achieve the ideal state of sustainability.
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1 Introduction

As an important basis of human existence, the forest’s rational management has received more and more attention. As an effective means to solve the complex combination optimization problem, the mathematical optimization method has been successfully applied in forest harvest planning. In the past 100 years, the theory of forest management has been continuously developed, and the important role of forests in sustainable development was fully affirmed at the 1992 United Nations Conference on Environment and Development.

Management decision-making is at the core of forest management, which is conducive to the implementation of efficient ways and methods of sustainable forest management. The development and combination of mathematics and computer science have been successfully applied to forest planning, and the optimal decision for sustainable forest management can be obtained by using the optimization method to establish the model. The logging unit planning problem to maximize wood yield or net present value is a combinatorial optimization problem. The biggest difficulty in solving these problems is that their solution space increases exponentially with the increase in determining variables. With the increase in the scale of the problem, the time of calculation and solution is extended infinitely, which is not easy to achieve. Therefore, many scholars have solved the combinatorial optimization problem of forest harvesting planning by finding suitable algorithms (Dong et al., 2017; Deng et al., 2023). Because forestry has the characteristics of a long-term production cycle, regeneration of forest resources, biological diversity, and diversity of forest benefits, it is necessary not only to carry out short-term pre-felling operation design but also to formulate long-term multi-objective management planning. It is very necessary to develop and use scientific and reasonable multi-objective management decision support software to determine the multi-objective management plan of different forest types and the length of cycle, cutting time, cutting mode, and cutting amount of each forest type in the management cycle.

In recent years, the importance of forest space harvesting plans has been increasing. This is reflected in the awareness of potential energy savings as well as in the development of harvesting and timber transport programs (Boston and Bettinger, 2001). Moreover, attention to spatial information is indispensable when considering the management of riparian or scenic road corridors and the management of vegetation corridors through which wildlife must pass (Weintraub and Bare, 1996). With increasing pressure to meet different ecological and environmental objectives, there are a number of ways we can protect the environment, such as reducing the fragmentation of over-mature forests, maintaining critical habitat margins without logging, establishing corridors between valuable habitats (Ohman, 2001), assessing the economic benefits of different management practices, and examining the spatial patterns and trends of forest ecosystems. In addition, the spatial approach of forest management activities must be integrated into temporal management decisions, which can greatly affect the quantity and quality of other forest resource utilization (Snyder and ReVelle, 1997). Therefore, socio-economic and environmental or ecological goals are distributed over time and space. The measurement, control, and maintenance of landscape patterns require that the harvesting scheme include these important factors. The spatial arrangement of harvesting has become a key factor in forest management planning, and the development direction of forest management models should also pay attention to the role of spatial information (Borges and Hoganson, 1999).

Forest ecosystems are increasingly seen as resources that are managed on a large scale from an ecological, economic, and social perspective. As a result, forest management projects in public land agencies have shifted from a dominant model of sustainable access to forest resources in forested areas to a model focused on maintaining ecosystem sustainability. In some literature it is called “ecosystem management” (Thomas, 1995; Rauscher et al., 2000), on the whole, which requires us to pay attention to the natural classification of forest ecosystems when formulating sustainable forest management strategies (O’Neill et al., 1986; Kangas et al., 2000). Moreover, the multi-resource nature of modern forestry requires managers to assess the potential impact of their operational decisions on forest biodiversity, wood production, carbon storage, re-employment, and other values in a wider area. It is a challenging task to describe the temporal and spatial relationships that exist in these properties the interaction between the absence of data and the natural state (Galindo-Leal and Bunnell, 1995).

With the promotion of overall forest resource-oriented or multi-objective management on a general, in-depth landscape scale, it is necessary to design new decision support systems (DSSs) to adapt to the spatiotemporal complexity of management scheme development and evaluation. Bunnell and Boyland (2002) proposed that DSSs need at least four broad purposes. The ultimate goal of DSS, as stated by Rauscher (1999), “is to empower decision makers without encroaching on their power to use human judgment and make choices.”

DSSs are effective in the development and application of sustainable forest management planning when implemented within an adaptive operating cycle (Walters, 1986; Rauscher, 1999), including in a range of indicators, monitoring systems, and feedback mechanisms for researchers, the forest industry, and the risk-bearing community. At the heart of DSSs is the model or modeling framework, which is designed to interpret the results of different business activities. DSSs are designed to deal with multiple spatial and temporal scales and gradually introduce the framework of hierarchical relational or network models (Li et al., 2000; McGregor Model Forest, 2001; Crowe et al., 2003; Kazana et al., 2003; Lamas and Eriksson, 2003). Hierarchical structures facilitate problem analysis at different planning levels by allowing for increased complexity where appropriate and necessary (Lamas and Eriksson, 2003; Nelson, 2003). Moreover, the modular approach enables DSS to increase adaptability when dealing with specific problems or ecosystem types (Li et al., 2000).

Many forest management problems are related to spatial location, such as the determination of felling sites and felled trees, the selection of biodiversity protection areas, and the spatial allocation of forest species and regeneration trees. Spatial structure analysis (or spatial analysis) is the basis for optimizing management. In recent years, the role of spatial structure analysis in forest management has been given more and more attention, and many indexes, methods, and optimization models of spatial structure analysis have been proposed (Lin and Wiegand, 2021).

Within the framework of forest spatial planning, this study analyzes the ways to achieve multiple goals in forest management, explores multiple solutions to forest spatial planning, and uses the Forest Planning Studio (FPS-ATLAS, UBC, Canada) to conduct a case study on the complex structure of age-different forests in the Jingouling forest farm of the Wangqing Forestry Bureau in Jilin Province. Based on the spatiotemporal analysis of the current management situation, a more reasonable cutting scheme was established, and a variety of space-based constraints related to forest cutting were set up to obtain the optimal solution in each cutting cycle. In FPS, the update of small class data, analysis of stand age and age class, calculation of stand carbon stock, calculation module of felled wood volume, graph browsing of the felling scheme, and prediction of future stand growth and harvest are realized.



2 General situation and method of study site


2.1 Overview of the study area

Jingouling forest farm is located in the east of Wangqing County, Jilin Province, with an east longitude of 130°5'–~130°20' and north latitude of 43°17'–~43°25', 59 km away from the county seat. It is located in the second of the three major tributaries of Wangling River, on the northwest slope of Changbai Mountain, the birthplace of Tumen River. Changbai Mountain is a branch of the Xueling mountain range of Laoyeling in the eastern mountainous area of Jilin Province. It borders Diyingou Forest Farm in the north, Huanggou Forest Farm in the east, Tazigou Forest Farm in the west, and Shajingou Forest Farm in the south. The landform is a low mountainous and hilly area with an altitude of 550–1,100 m. Generally, the positive slope is steeper and the negative slope is gentle, with an average slope of approximately 10 to 25°, and individual sections are above 35°. The general terrain is surrounded by mountains, and the middle of the valley is a flat low hilly basin. It is a monsoon climate, with the lowest temperature in January, the average is approximately minus 32°C, the highest temperature in July is approximately 32°C, and the annual average temperature is approximately 4°C. Early frosts begin in mid-September and late frosts extend to late May of the following year. The annual precipitation is 600–700 mm, mostly in July. The growth period is approximately 120 days. There are more than 500 species of plants in this area.



2.2 The data collection mainly includes

(1) Data of class II survey in 2007; (2) Forest map 2007; (3) Wang Qing Forestry Records (since 1990); and (4) Jingouling forest farm management history and other information (summary data can be seen in Table 1).



TABLE 1 Summary of inventory in Jingouling forest farm.
[image: Table1]



2.3 Division of dominant tree species groups

According to the actual tree species composition in Jingouling forest farm, this study was divided into the following six dominant tree species groups: birch, broadleaved mixed, larix plantation, conifer broadleaved mixed plantation, conifer broadleaved mixed, and conifer mixed plantation.



2.4 Establishment of the accumulation growth model of the dominant tree species group

It is feasible to use the inventory data of secondary forest resources to construct the accumulation growth model of different forest types. Compared with the data of fixed plots, the data of small-class surveys are easy to obtain. The established model of stock growth has reasonable statistical reliability, and the prediction accuracy of other forest types is above 90% except that of natural mixed forest and coniferous mixed forest, which is below 90%. The optimal growth model of each forest type is shown in Table 2.



TABLE 2 Volume growth models of various forest types.
[image: Table2]



2.5 Establishment of forest multi-objective spatial planning


2.5.1 Objectives of forest spatial planning

The overall objectives of the forest management planning of Jingouling forest farm are as follows: proceeding from reality, following the laws of nature, taking the road of industrial development combining ecological construction, forest cultivation, and development and utilization, constantly improving the level of intensive forest management, realizing the double growth of forest area and storage, and maximizing economic benefits. The tree species composition should be adjusted, the stand structure should be improved, the forest stepped structure should be rationalized, the forest species composition should be optimized, the climax community system unique to Changbai Mountain forest area should be restored as soon as possible, and the ecological, social, and economic benefits of the forest should be brought into full play. To achieve the diversity and sustainable development of forest ecological species, improve the comprehensive output function of forests, establish a relatively complete forestry ecosystem and a relatively developed forestry industry system, and promote the harmonious development of man and nature.

Compared with forest spatial planning, specific targets should be set in terms of stock volume, forest area, carbon storage, ecological succession, cutting volume, and biodiversity conservation.

(1) Storage volume target.

According to the calculation, the current total forest stock of Jingouling Forest Farm is 1,887,750 m3, and it is necessary to ensure the continuous increase of the total stock after planning.

(2) Forest area target.

At present, the forest coverage rate of Jingouling Forest Farm has reached 98.68%, the potential for area increase is very small, and only some potential forestry production land has been transformed into forest land.

(3) Carbon storage target.

Factors used in the carbon storage model include:

Total soil carbon (TSC): the total amount of all carbon components collected in the soil;

Total ecosystem carbon (TEC): the total amount of carbon in which the entire ecosystem participates in the process of energy flow change;

Biomass (biomass carbon-BC): the total amount of carbon contained in organic organisms;

Soil dissolved organic carbon (DOC): it refers to the part of soil carbon that is strongly influenced by plants and microorganisms, has certain solubility, moves relatively fast in the soil, is unstable, easy to oxidize, decompose and mineralize, and has a high activity to plants and microorganisms in its form and spatial position under certain space–time conditions. Where: TEC=BC + DOC.

In this study, six different carbon storage prediction models were established for the forest types of six dominant tree species with ecological functions.

In this study, carbon storage models of six dominant tree species groups were used to analyze the changes in carbon storage during harvesting. According to the calculation, the current carbon storage status of Jingouling forest farm:

Soil total carbon storage: 7152779 Mg;

TEC storage: 11677806 Mg;

BC storage: 3357949 Mg;

Soil soluble carbon storage: 8318589 Mg.

The objective of the operation is to continuously increase the various carbon stocks and to be able to analyze the corresponding carbon increase and decrease for each dominant tree group. The carbon storage curve of the six dominant tree species groups is shown in Figure 1.

[image: Figure 1]

FIGURE 1
 Carbon storage curves of six dominant tree species groups.


(4) Ecological succession objectives.

The unique ecological succession community in the Changbai Mountain area is a broad-leaved red pine forest. In the planning process, the mixed forest should be protected, and the natural regeneration ability should be protected based on promoting artificial regeneration. The natural regeneration ability of the birch forest is very strong, and the growth rate of birch as a pioneer tree is also very fast in a strong positive environment. Therefore, the dominant tree group of birch is dominated by natural regeneration, and birch is still the main tree species during the succession process. However, due to the difference in real stand conditions, the succession of birch is varied, and the direction of succession is uncertain. For the mixed broad-leaved forest, according to the regeneration status of the forest, the conifer seedlings are replanted, or the needle width is planted to protect some precious broad-leaved tree species, such as manchurian ash, and finally the mixed broad-leaved forest is replaced by the mixed conifer-broad. The management of larch is to maintain the status of plantation management. The succession direction of the natural mixed coniferous forest is artificial mixed coniferous forest due to human interference (cutting and skidding).

(5) Cutting quantity target.

The amount of cutting is determined by a variety of factors. First, according to the regulations of the State Forestry Administration, the total amount is determined by the quota. Second, to ensure economic and social benefits and maintain the stable succession of the ecosystem, the amount of harvesting must also be maintained in a certain proportion.

(6) Biodiversity conservation objectives.

This study set the age restriction of the canopy, no-logging area, and riverbank corridor to protect biodiversity.



2.5.2 Constraints enforced by FPS

According to the functions of FPS software, the following spatial and non-spatial constraints are mainly set:

No Harvest: If checked, logging is not allowed. In order to give full play to their ecological functions, non-commercial forest zones such as farmland shelter belts, road protection forests, and water conservation forests shall be prohibited from logging. There are many small rivers in the Jingouling Forest area, on both sides of the river and at the junction of the river, there are generally slender small classes, which can be treated as corridors to protect wildlife, and these riparian forests are also prohibited from logging.

Green Up Age: Used to set the canopy/adjacency constraint (year). For example, if the age of the forest is 20 years, the adjacent polygons will not be harvested until this polygon is 20 years old.

Early Seral: The upper age limit of early ecological succession and the maximum area percentage allowed for early succession were set. Min Harvest (m3): no logging until minimum logging stock is available (avoid thinning an area when 1 or 2 polygons can be felled). This constraint applies only to zones, access units, and regions.

Mature Seral\Late Seral\Old Seral: Set the minimum age of the succession stage and the minimum percentage of area in this succession stage. The succession stage includes all stands that are older than the specified minimum age. In the constraints set window, additional succession stage (age level) constraints can be added with Cover 1, 2, and 3 boxes. If all three coverage boxes are activated in all three labels, there are nine successional phase constraints.

Percent of Block Reserved: Set the percentage of retention blocks equivalent to the wildlife habitat tree. At felling time, the % is deducted from the polygon area when calculating the removal stock.

Closure age and adjacency constraint.

To apply the canopy age constraint, two assumptions are required:

Re-plant the operating units (polygons, small classes, etc.) immediately after logging;

The operating unit shall be felled at most once in a planning cycle;

According to the American Forest and Paper Association (2001), the definition of canopy closure age is the age at which the forest reaches 100% crown closure and interference from adjacent stand-around competition. In general, the trees planted in the harvested stand are not cut in the adjacent stand until they are 3 years old or 5 feet tall. Setting reasonable closing age and adjacent constraints can better promote the growth of new stands, which is of great practical significance to the management of plantations. The closing age was set for each dominant tree group, as shown in Table 3. This value is only empirical and has no experimental basis.



TABLE 3 Green up age of stand groups.
[image: Table3]




2.6 Adjustment of cutting mode, intensity, and growth curve

Different age groups and different tree species groups should adopt different cutting intensities for management. However, there are no precise regulations to follow for the standard of cutting intensity, which is generally formulated according to local production experience. The cutting intensity and methods of the dominant tree species groups are shown in Table 4.



TABLE 4 Harvest system and harvest intensity.
[image: Table4]



2.7 Harvest flow

According to the Jilin Province, during the “Fourteenth Five-Year” period, annual forest cutting quota preparation technical regulations and “Forest cutting operation regulations” (State Forestry Administration, 2007) were developed to develop a scientific and reasonable cutting plan. The required design cutting amount should be set for FPS-ATLAS. According to the data from Jilin Province survey and planning (2007), the annual cutting quota of the Jingouling forest farm is approximately 100,000–130,000 m3. In the design of cutting flow, the actual cutting quota and wood yield should be taken into consideration comprehensively, and the ecological function of the reserved zone and the restricted felling area should be avoided to protect the reasonable development of biodiversity. FPS performs internal optimization calculations according to the designed cutting amount set and obtains the actual cutting amount and cutting area. It is necessary to carry out several tests on the designed cutting flow and adjust the plan by the curve between the designed material amount and the actual cutting amount in the FPS software, to make the stand reach a stable and sustainable management state in the shortest time.



2.8 The solving process of FPS

FPS-ATLAS uses its own internal stochastic heuristic algorithm to simulate harvesting schemes:

1. Search in the range with the highest logging priority that meets the logging conditions. If there is no eligible area, go to step 7; otherwise, go to step 2;

2. In this area, search for the highest logging priority access unit that meets the logging conditions. If there are no eligible access units, close the area and go to step 1; otherwise, go to step 3.

3. In this access unit, search in the highest logging priority zone that meets the logging conditions. If there is no eligible zone, close the access unit and return to step 2; otherwise, go to step 4.

4. Within this zone, to the polygon with the highest harvesting priority (can be age, age minus minimum harvesting age, random, minimum distance, or forest grouping), and to meet the harvesting conditions (non-reserved, meet the minimum age required, not excluded due to adjacency relations, etc.). If no polygons are eligible, close this strip and go to step 3; otherwise, go to step 5.

5. Temporary logging polygons and check all constraints applied to the relevant clusters (Clinique), zones, access units, and regions. If satisfied, go to Step 6. If not satisfied, exclude this temporary logging and search for four possibilities.

If the polygon does not meet the constraints of the group, exclude the harvesting polygon and return to step 4.

If the polygon does not meet the constraints of the zone, close the zone and return to step 3.

If the polygon does not meet the constraints of the access unit, close the access unit and return to step 2.

If the polygon does not meet the constraints of the region, close the region and return to step 1.

1. Permanently accept the harvesting of this polygon. Upgrade the attributes and logging applicability of polygons, zones, access units, and areas in this log. The harvesting volume is applied to the periodic harvesting target. If the harvesting target is met, go to step 7; otherwise, go back to step 4.

2. Collect and report the harvesting statistics for this cycle. If the planning goal has been reached, stop; otherwise, add the forest to the age of the previous cycle, upgrade the attributes and constraints, and return to step 1.

The FPS-ATLAS model considers the forest polygon from a spatial perspective and allocates the forest management system, rotation period, and stand growth and harvest to each polygon. The hierarchical search algorithm is used to classify the polygons, form the sequence of harvesting, and arrange the harvesting plan according to priority. This model and algorithm are used to calculate the Jingouling forest farm with 10 years as a time period, and 20 cycles are run.




3 Planning results and analysis

In the case of closed age constraint, priority should be given to the growth of young stands, and the small classes adjacent to the newly planted young stands will not be cut until the target stand grows to the set closed age constraint value. This plays an important role in protecting the growth of young stands and protecting biological diversity.


3.1 Logging planning for 200 year operating cycle

With a 200 year operating period and a 10 year operating cycle, FPS-ATLAS is run, and the actual cutting volume and area allocated to each year are shown in Table 5.



TABLE 5 Harvest and growing stock in planning horizon.
[image: Table5]

The total stand area harvested in each small class over 20 time periods can be counted. The arrangement of total area changes by age is shown in Table 6.



TABLE 6 Area removed with age in 20 time periods.
[image: Table6]

The area and stock of all stands from 61 to 80 years will decrease significantly in the first half of the whole 20 year time period, which is caused by the high cutting volume of trees of this age class. After that, there will be a small increase and gradually stabilize (see Table 7).



TABLE 7 Growing stock changed with age in 20 time periods.
[image: Table7]



3.2 Dynamic change of felling stock

In all 73 forest classes, 6 forest classes were randomly selected and analyzed as examples to illustrate the change in cutting yield. In the early stage, the cutting area of forest was small, less than 1,000 m3, reached 2702.21 m3 in the sixth time cycle, and gradually increased, reaching 4682.53 m3 in the 14th cycle, which was the highest value. Its changes are shown in Figure 2.

[image: Figure 2]

FIGURE 2
 Harvest volume of no. 6 compartment.




3.3 Dynamic change in small class information

The change in cutting amount, area, stock per hectare, and dominant species group in each small class during the planning period can be calculated. Take 6 forest classes and 20 small classes as an example to illustrate this change; see Table 8.



TABLE 8 Information of no. 20 sub-compartment in 20 time periods.
[image: Table8]

Figure 3 shows the rule of age change of 21 small classes in 6 forest classes during the planning period. For example, the middle five small classes changed from the initial state of near-mature broad-leaved mixed forest (895) to mature broad-leaved mixed forest (897) after five cycles and then evolved into over-mature broad-leaved mixed forest (898). This small class was cut, and artificial larch, spruce, or red pine was planted according to the characteristics of this small class so that it could be replaced by a broad-leaved mixed forest. It entered the young (920) stage of the mixed forest and finally succeeded to the middle (921) stage of the mixed forest.

[image: Figure 3]

FIGURE 3
 Seral stage of no. 6 compartment.




3.4 Dynamic change in carbon stocks

Carbon stocks of different tree species groups change differently with harvesting, and larch is taken as an example to illustrate this change (Figure 4). In the young forest stage, the carbon storage of larch will decrease due to transparent logging, and all the carbon storage will increase steadily after the fourth time cycle. The carbon storage of middle larch increases rapidly in the early stage, decreases rapidly in the fourth time cycle due to growth cutting, stabilizes in the seventh time cycle, and gradually increases. The carbon storage of larch in near-mature forests will decrease during the whole planning period due to thinning. The carbon storage of mature larch forest also decreased gradually due to the increase in cutting amount and remained relatively stable in the sixth time cycle. Larch in overripe forests will have increased carbon storage due to maximum growth before harvesting.

[image: Figure 4]

FIGURE 4
 Carbon dynamics of larch in different age groups.


The change in total carbon storage dynamics of all small classes in forest class 6 is shown in Figure 5. The four kinds of carbon have similar change rules and are in a steady growth stage before the 10th time cycle. After that, the soil’s total carbon decreased slowly. In relative terms, the soil’s total carbon changed gently.

[image: Figure 5]

FIGURE 5
 Carbon dynamics in no. 6 compartment.




3.5 Evaluation of planning objectives

The constraint of the age of closure affects the amount of stock, carbon storage, and cut, and the spatial relationship between adjacent management units restricts the optimal solution. The achievement of the objectives is shown in Table 9.



TABLE 9 Evaluation of objectives.
[image: Table9]

(1) Storage volume target.

After 20 business cycle planning with closure age constraint and adjacency constraint, the total stock volume becomes 2,034,123 m3, with a change rate of 7.75%, and the target is achieved.

(2) Forest area target.

The final area of Jingouling forest farm is 16299.55 ha, with a change rate of 1.58% after the transformation of unformed forest land and forest wasteland.

(3) Carbon storage target.

After 20 operation cycles, the TSC was 7,627,208 Mg, the TEC was 14,889,876 Mg, the biomass was 5,362,779 Mg, and the soil soluble carbon was 9,531,906 Mg. The TSC, TEC, biomass, and soil soluble carbon were 6.63, 27.51, 59.70, and 14.59% higher than the initial state, respectively, and the total amount increased by 19.58%.

(4) Ecological succession objectives.

All stand types are successional according to the design scheme; this succession is an idealized state, and there will be some changes in the actual stand.

(5) Cutting quantity target.

In the planning with closure age constraint, the total cutting amount was 1,516,733 m3.

(6) Biodiversity conservation objectives.

The ban on logging has been achieved, especially as strip corridors along the river play an important role in protecting wildlife habitats.




4 Discussion

In this study, we considered the effects of adjacency and green-up constraints of forest harvest and carbon management for every tree species group at a forest farm level, while other published literature often used a single land ownership model. As we found, younger forests were more influenced by the harvest flow constraints, and since the potential clear-cutting activities were inherently limited in the first few years of the planning, adding more constraints (adjacency and green-up age is 20 years) to the management situation affected this type of forest more than the other forests (middle-aged and matured forest), it is quite similar to the relative results (Zhu and Bettinger, 2008). In the Northeast of China, how to protect the needle trees beneath the tree canopy before or after the harvest is becoming more important; unfortunately, in most forest management planning, there are no constraints to achieve it. If the green-up age is 20, no adjacent sub-compartments will be harvested until this polygon is at least 20 years old. With different adjacency rules, the most restrictive green-up age is applied. For other constraints, such as seral stage constraints, the polygon needs to pass all constraints specified for each clique. In western U.S. research, typical green-up periods are 10 to 20 years (Barrett et al. (1998)). The relationship between spatial constraints and a variety of sizes and spatial arrangements of the potential adjacency and green-up rules for each sub-compartment.

There are many stand-level problems or growth models that are too complex to be solved by the existing optimization techniques within a reasonable timeframe. These types of problems are most often handled by using heuristic techniques in forestry (Yoshimoto et al., 2016). How to describe the complication of ecosystems in natural mixed forests was the impetus for this study; thus, we developed six types of stands with ecological functions that represent the majority of stand status in the Jingouling forest farm. The stock growth models were adjusted to become a series of growth models with variable cutting intensity, which can be better applied to the change of management measures. Growth model curves change with the management tragedy, but it is hard to write in the models. In this study, we approached to solve it.

In recent years in China, the multiple functions of forests have brought some new theories for forest decision-makers at both national and unit levels. Multi-resource and multi-objective modern forest management needs to assess the value of complex forests with temporal and spatial relationships. When dealing with multiple control variables, such as assessing the value of complex forests with temporal and spatial relationships, and making strategic and tactical forest management plans, decision-makers need to evaluate the ecological, economic, and social functions of sustainable forest management within a united level (Pukkala et al., 2014). In this study, we used FPS to perform a stochastic heuristic algorithm to achieve the multiple functions of every sub-compartment. If the ecological function and biodiversity of forests are to be adequately protected, a planning scheme with spatial constraints can be adopted. The operation results of the program can reflect the detailed changes in the area, wood stocking, harvest, carbon storage, and ecological succession of each sub-compartment in real-time and dynamically.

The constraint of the age of closure affects the amount of stock, carbon storage, and cut, and the spatial relationship between adjacent management units restricts the optimal solution. When using heuristic techniques, one cannot be certain that the global optimum solution to a planning problem will be found or that the resulting solutions are even close to the global optimum (Bettinger et al., 2002). To evaluate the quality of the solutions that are produced by heuristic techniques, we made some statistics to calculate the rate of variable changes and check the goal achievement.

National policymakers in China should achieve ecological, economic, and social functions. For researchers, it is a challenge to meet these planning requirements. In the literature, there are examples of the integration of complex quantitative models into forest planning processes, such as stream sediment (Hof and Beevers 2000), stream temperature (Bettinger et al., 2002), and wildlife models (Hof and Joyce 1993; Bettinger and Chuang 2004). The integration of alternative measures for economic, ecological, and social goals in this study meets the requirements of policy, such as sustainable development policy, benefit trade-offs, harmonious development between humans and nature, and the transformation of forest management approaches and social.



5 Conclusion

Using stand-level planning for a specific forest farm assists policymakers and treatment operators in the practice of forest management. In this study, we completed spatial planning for the Jingouling forest farm of Wangqing Forestry Bureau in Jilin Province to realize dynamic management of forest resources, meet various constraints, and achieving multiple management objectives. At the same time, harvesting wood products can also ensure the ecological and social functions of the forest, so that the forest ultimately reaches the ideal state of sustainability.

The models we presented in this study consider forest polygons from a spatial perspective and assign forest systems, rotation periods, stand growth, and harvest to each sub-compartment. A stochastic heuristic algorithm was used to search the classification, logging sequence and the harvest plan arrangement according tho the priority. With these models and algorithms to calculate the Jingouling forest farm in a time cycle of 10 years, we can reflect the changes of all small classes and forest classes in the planning period accurately and dynamically and display these data in the graph. This method is relatively practical the search speed is very fast, with the case of 1,334 small classes of the farm, the 200 year planning period for searching and calculating time is approximately 3–4 s.

Meanwhile, six goals such as volume stock, forest area, carbon storage, ecological succession harvest quantity, and biodiversity conservation are achieved. Moreover, the reasonable computational time for seeking a feasible and near-optimal solution is the main contributor to using a stochastic heuristic algorithm.

Due to the complexity of ecosystems and the limitations of understanding ecosystem dynamics, the information provided by the decision support system is limited, as is the expression ability of the growth model. However, this hierarchical search model framework can effectively solve the impact of uncertainty in forest ecosystem and natural disturbances related to climate change on forest management and propose the most effective forest spatial planning scheme.

Finally, national or local forestry organizations are considering heuristic techniques to provide management decisions. Therefore, a set of objectives and constraints associated with their management strategy, influenced either by regulations or policies, as demonstrated in our study, six objectives and some spatial and non-spatial constraints were set up for the forest farm, which can quantify unite-level forest management policies and strategies.
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