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Abstract

:

Socio-economic status, technologies, and policies are key factors affecting forest management planning and forest ecosystem functions. This study applied shared socioeconomic pathways (SSPs) to a forest-management model framework. The potential timber yields and carbon sinks of spatially allocate alternatives were examined by quantifying their consequent changes at the regional tree species level in Chinese commercial forests (CFs) under the harvest and afforestation restrictions. The results indicate that the annual carbon sequestration rate of China’s CFs over the next 50 years is estimated to be 152.0–162.5 Tg/a, which can offset approximately 5% of the anthropogenic CO2 emissions identified in 2019. Newly planted and regenerated forests can contribute more than 80% of this offset. The annual timber supply capacity is estimated to be 119.2–142.4 million m3/a with current policy interventions, which is not enough to meet the demand for China’s timber market. Although most existing forests are managed as the primary source for forest goods and carbon service, the total commercial forest area changes are not as large as expected, resulting in only 2.0–10.6% differences. Our results also demonstrate that socioeconomic factors (e.g., social preference, carbon price, and forest logging and silvicultural practices) have a strong impact on carbon sinks but a minor impact on timber yields timber, except for improving harvesting and processing technologies. Establishing local long-term effective forest management systems and making afforestation and regeneration as a priority at the national level are suggested to comprehensively enhance the carbon sequestration and timber-supplying abilities of regional CFs.
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1. Introduction


Forests play an important role in achieving the ambitious goal of carbon neutrality, as they are a major sink for climate-related greenhouse gases [1,2,3,4]. In 2015, China pledged to increase its forest stock by 4.5 billion cubic meters by 2030, as compared to 2005, and reduce carbon emissions by 60% in the Paris Climate Agreement [5]. Further, in 2019, China promised to be carbon neutral by 2060 [6]. With these carbon storage demands, China has proposed a series of forestry projects focusing on forest plantation and forest restoration over the past 30 years, such as the Natural Forest Protection Project, Grain for Green Program, and Timber Reserve Plan [7]. These policies aim to improve ecological conditions and raise forest stock. Through afforestation over the past few decades, China’s forest stock has reached 17.6 billion cubic meters, with a cover of 23.0% [8].



As the fundamental raw material for wood products, forests are the primary source of income for forest managers. China’s timber supply, which is intensely dependent on imported timber, accounting for 54% of the total supply [9], poses heightened challenges and risks in the context of the expanding domestic timber demand and the unpredictable international timber trade network. Diversified and rapid socioeconomic development as well as ecological conservation requirements have resulted in a more urgent and important demand for forest supplies. Previous studies have shown that effective forest management can concurrently enhance timber supplies and carbon sink capacities to meet the demand [10,11,12,13]. However, the trade-offs or synergies between the economic and ecological benefits of forests are not identical within countries [3,14,15,16,17], which is mainly due to variations in regional resources and climate conditions, and national socio-economic development stages and levels [18,19,20,21].



Socio-economic status, technologies, and policies are key factors affecting forest management planning and its ecosystem functions [22,23]. Previous studies have demonstrated that the Grain for Green program enhances forest carbon storage and offsets by about 3%–5% of China’s annual carbon emissions, while socio-economic factors such as population size and urbanization ratio have a negative impact on carbon sinks [7]. Changes in forest land area contribute most to timber production [24], and carbon and timber price changes affect forest goods supply as well [16,25,26,27]. These socioeconomic development factors have been summarized into five shared socioeconomic pathways (SSPs) by O’Neill et al. [28]. Nepal et al. [29] projected the forest area to the year 2100 for 168 countries under SSPs with an environmental Kuznets curve (EKC) model using variables including income, rural population density, and the size of the labor force. Daigneault et al. [30] designed specific indicators for SSPs involving the forestry sector based on detailed descriptions of Climate Mitigation International, including economic demand, population size, technology level, and land use policy. These SSP scenarios are applied to analyze the strong impact on the forestry sector by comparing economic and social factors through the global timber trade models [24,31,32]. Although the global models identified projected national ecosystem carbon sinks and timber market in aggregate, they failed to consider spatial patterns and sub-classifying forests.



Estoque et al. [33] conducted a forest transition potential model using remote sensing data to simulate the future of forest areas and carbon sinks in Southeast Asia at the national and provincial levels, considering five shared socioeconomic pathways. Yet, it is difficult to capture the fluctuation and direction of forest cover changes in every 10-year interval within the whole planning period. Moreover, spatial arrangement of long-term forest management activities and their implications for ecosystem service functions can only be addressed at small-scale regional and landscape levels [10,15,25]. Therefore, there are still substantial uncertainties about the carbon sink and timber production expectations in response to further economic and social development.



Considering the multiple uncertainties and the dynamics of socioeconomic systems, scenario-based analyses and optimization modeling are useful techniques for assessing the future trajectory of forests [34,35] and, thus, integral parts of planning and decision-making. In this study, we spatially allocated the projected future forest area changes and its goods and carbon service under five SSPs by using scenario analysis and optimization modeling methods based on the national forest inventory database. The regional narratives of five SSPs were set up and applied to examine the influences of these socio-economic elements on forest management dynamics. Given the core source of carbon sinks and timber supplies, we evaluated and quantified the service potential of China’s commercial forests (CFs) at the regional level across tree species. These explorative and evaluative alternatives are aimed at providing plausible insights regarding future CFs and their ecosystem service functions.




2. Materials and Methods


2.1. Research Design


In this study, we employed an optimization modeling approach and used the 9th National Forest Resources Inventory (NFRI) data as input data for projection. The potential timber yields and carbon sinks of these spatially allocate alternatives were examined by quantifying their consequent changes at the regional tree species level in Chinese commercial forests within the harvest and afforestation constraints. The optimal schemes satisfying the constraints under the management objectives are obtained by the OpenSolver tool [36]. According to the natural resources condition, climate condition, and economic and social status, 31 provinces and municipalities (excluding Hong Kong, Macao, and Taiwan) are divided into 7 regions, including Northeast, North, Northwest, Central, South, East, and Southwest. The regional tree stock growth process was simulated by forest age-stand dynamics models. The planning duration in this study was 50 years (2018–2068); this was divided into ten 5-year intervals to optimize forest management. We applied SSP scenarios to explore future carbon sequestration, timber yields, and forest area changes, then examined the effects of socio-economic factors on forest management dynamics. The research framework is shown in Figure 1.




2.2. Shared Socioeconomic Pathway (SSP) Scenarios in Forest Management


Shared socioeconomic pathways (SSPs), initially proposed by O’Neill et al. [28], are expressed as five future development paths involving sustainability, regional rivalry, inequality, and fossil fuel development, as well as intermediate paths. The narratives of these paths describe possible future changes in demographics, human development, economics, institutions, technology, and the environment. SSPs are designed at the global level and are currently being used as the basis for integrated scenarios for the analysis of carbon emissions, land use, and climate change impacts. Many scholars and research institutions have developed and projected key elements and parameters based on specific narratives of SSPs [37,38,39]. Narratives of SSPs for the global forestry sector have also been developed [24]. Elements of the forestry sector include economic and population growth, international trade, technological change, wood product demand, land use regulations, and forest management intensity, with the assumption that each SSP varies. This study will further downscale the narrative of SSPs from the forestry sector to forest resource management based on the above studies. We build off specific aspects of the five SSP narratives by expanding on how the forest management dynamics could be affected by each pathway. The elements that are important to the management dynamics include technological change, plantation regulations, forest management cost, and felling regulations are assumed to vary across each SSP. The key elements described in each scenario of this study are shown in Table 1.



SSP1 represents a “sustainable” pathway that is highly adaptive and faces relatively low socioeconomic challenges. Following the sustainable management of forests, afforestation continues to grow due to better management, and the demand for forest-based facilities and processing technologies is constantly increasing. In contrast, SSP3, in which its links and institutions are relatively weak, has less technological progress and slow productive growth, as well as land designated for other uses at the expense of commercial forest areas. SSP4 assumes growing inequalities in regional development, with forest-rich areas encouraging forest management and forest-poor areas receiving strict controls. The rapid development that characterizes SSP5 is driven by fossil fuels and technological change. This scenario assumes the market demand rises, plantation and reforestation grow rapidly, and resource and energy consumption increase at a faster pace than the historical trend. A fifth narrative (SSP2) describes moderate challenges of both adaptation and mitigation with the intent to describe a future pathway where development trends are not extreme in any dimension and hence follow a middle-of-the-road pathway relative to the other SSPs. Timber prices and carbon prices are also key elements influenced by socioeconomic development, and changes are heavily reflected by factors such as population size and economic development. Therefore, we converted the projected timber and carbon prices generated by existing studies and institutions, based on the global SSP development path, into annual percentage changes that represent future market changes, as shown in Table A1. This study analyzed forest management alternatives and project future timber supply capacity and carbon sink potential through these narrative elements of five SSPs.




2.3. Forest Age-Stand Module


Considering that the forest resource endowment, climate, and soil conditions in each region vary, dominant tree species in each region were selected to manage and optimize ecosystem service functions in this study. We merged the smaller area of partial tree species into the corresponding similar growth characteristics of broadleaf and coniferous forest groups. Differences in forest types were not considered because past-to-present harvesting and afforestation of commercial forests in China were dominated by plantation forests. Six theoretical age-stand models [40,41,42] were employed in this study (Table A2) and fitted based on the regional forest resources dynamics from the 7th–9th NFRI database. We selected the best-fitted model as the age-stand model for each tree species, and the results of parameters estimation were shown in Table A3. Stand volumes in the unit area of each tree species were estimated by forest age-stand models.




2.4. Timber Production Module


We converted all revenues and costs to net present value (NPV) using the discount rate of 4% per annum based on the Faustmann model [43,44]. Volumes of various timber products as a result of harvesting were determined based on harvestable age and area requirements for national harvesting technical specifications. Given the complicated nature of selective logging in regional forest, we considered clear-cutting only. Our management cost ratio was calculated as 10% through the cost and revenue values of related literature [15,25,45], which included plantation, logging and transportation cost. The calculations of the timber production module can be expressed as:


  N P  V  t i m b e r   =   ∑   i = 1  m    ∑   j = 1  n    ∑   k = 1  T     h  i j k   ⋅ d ⋅  x  i j k   ⋅  P i        1 + r       5 ⋅ k − 1        



(1)






   h  i j k   =    S  i j k   +  y  i j k − 1   +  s  i j k − 1     ⋅  v  i j k    t  ⋅  A  i j k    



(2)






   A  i j k   =       0 ,      t  i j k   <  T  i m i n         1 ,      t  i j k   ≥  T  i m i n            



(3)




where    x  i j k     is the decision variable that represents the harvesting ratio of forest areas of tree  i  in region  j  in period  k ;    h  i j k     is the harvest volume of tree  i  in region  j  in period  k ;    P i    is the net price without total management cost   T C   for the timber of tree  i ;  d  is the harvest and processing technology rate;  r  is the discount rate in percentage;   N P  V  t i m b e r     is the total discounted NPV of timber during the entire planning horizon;  k  is the length of each 5-year period;    S  i j k     is the initial area of tree  i  in region  j  in the specific period  k ;    s  i j k − 1     is the harvesting existing forest area of tree  i  in region  j  in period   k − 1  , the harvested area will be reforested in the following year according to the original tree species and then be classified as an available area for felling;    y  i j k − 1     is another decision variable, which refers to the plantation area;    v  i j k    t    is the age-stand function of tree  i  at age  t  in region  j ;    A  i j k     is a binary variable indicating whether management unit is harvested or not when the tree age    t  i j k     reaches the minimum harvest age    T  i m i n    ;  m  is the number of tree species;  n  is the number of regions; and  T  is the total numbers of periods for the 50-year time frame.




2.5. Carbon Sequestration Module


Forest carbon sequestration in this study was mainly composed of the aboveground and underground biomass carbon of living trees considering the data available. We calculated the forest carbon sequestration for each type using volume–biomass method from Intergovernmental Panel on Climate Change (IPCC). This method translated the unit area volume into unit area biomass using parameters such as wood density, biomass conversion coefficient, and under-ground and above-ground biomass ratios. The parameters differed for varying tree species and age classes and were achieved in the literature [46] and the IPCC database [47]. The carbon content was assumed to account for 50% of the total mass of the trees [15,48,49]. Carbon sequestration was calculated based on the forest area and carbon density. When calculating the NPV of carbon sequestration, the net sequestration for successive time periods was estimated as the difference between the total remaining carbon in one period and the previous period. The carbon price was set to China’s 2018 carbon trade market average price, which was 50 CNY/ton [50]. The formulas for the carbon sequestration module can be expressed as follows:


  N P  V  c a r b o n   =   ∑   i = 1  m    ∑   j = 1  n    ∑   k = 1  T     C  i j k   ⋅  P c        1 + r       5 ⋅ k − 1        



(4)






   C  i j k   =  D  c i j k   ⋅    S  i j k   −  s  i j k   +  y  i j k      



(5)






   D  c i j k   = Δ  v  i j k    t  ⋅  D i  ⋅ B E  F i  ⋅   1 +  R i     



(6)






  Δ  v  i j    t  =  v  i j    t  −  v  i j − 1     t − 1    



(7)




where    C  i j k     is the residual aboveground and underground carbon sequestration of tree  i  in region  j  in period  k ;    D  c i j k     represents the carbon density which calculated by volume–biomass method;    D i    is wood density of tree  i ;   B E  F i    indicates the ratio of aboveground biomass to stem biomass;    R i    denotes the ratio of underground biomass to aboveground biomass of tree  i ;   Δ  v  i j     represents the net forest volume from time period  t  − 1 to time period  t ;    P c    is the price of carbon sequestration per ton; and   N P  V  c a r b o n     is the total discounted NPV of net carbon sequestration.




2.6. Management Objective, Constraints, and Assumptions


To analyze the forest management dynamics: forest areas, carbon sequestration, and timber yields, we maximize the total profit of NPV timber and NPV carbon for all SSPs. Given the social preference for carbon neutrality and timber security in China, we set the weight of NPV timber as 0.5 and the NPV carbon as 0.5 in the objective function and then optimized the forest management benefits. In the planning model, we adopted a clear-cutting method for Chinese commercial forests and set the same management units where clear-cutting areas were reforested within 1 year after harvest. To promote forest regeneration and afforestation, we placed the requirements on harvesting age, felling limitation or felling volume growth, and afforestation area expansion based on the Forest Harvesting and Renewal Technical Regulations in China [8], National Forest Management Plan (2016–2050), and China Forestry Statistical Yearbook. Hence, the constraints in the model included minimum harvesting age, regional felling volume growth ratio, relatively consistent afforestation scale for each period, and no harvesting activities in clear-cutting with areas greater than 50% of the total plantation area. Moreover, this study set the following assumptions: (i) the effects of unexpected events such as wildfires or illegal harvest were not considered; (ii) forest land transition and forest rights change were not included due to the uncertainties in related policies; (iii) the same tree species were regenerated in the original harvesting area as a result of the land-appropriate characteristics of tree species. Based on the above explanation and assumption, the management objective is defined as follows:


  max Z = w e i g h t ⋅ N P  V  t i m b e r   +   1 − w e i g h t   ⋅ N P  V  c a r b o n    



(8)




s.t.:


   b 0  ≤     ∑   i = 1  m   y  i j k      S  j k  *    ≤ 1  



(9)






      ∑   i = 1  m   h  i j k      H  j k     ≤ 1  



(10)






   H  j k   = f ⋅  H  j k − 1    



(11)






   x  i j k   ≤ 0.5  



(12)




where  Z  is the total profit of timber and carbon profit with their weight of 0.5;    S  j k  *    is the area available for afforestation of region  j  in period  k ;    b 0    is the plantation ratio of commercial forest;    H  j k     is the felling volume of region  j  in period  k ;  f  is the felling growth rate; and    x  i j k     is the harvesting area percentage of the total area for each tree species.



In this model, Equation (8) maximizes the discounted NPV from timber and carbon during the planning horizon. Equation (9) concerns the afforestation rate constraint, meaning that the afforestation area at each key time must be no less than    b 0    and no higher than 1 of the total plantation areas during the same period. Meanwhile, Equation (10) indicates that the harvesting volume at period k would not be allowed to exceed the maximum felling volume in period k. Equation (11) defines the felling volume growth trend. In addition, Equation (12) indicates that the harvest area of each target age class of forest types should be within 50% of the total area for that tree species.




2.7. Data


Commercial forests (CFs), which account for 30.9% of the forest area in China according to NFRI, are the domestic source of timber supply. We obtained the age group, stand volume, and area for each dominant tree species in all regions from the NFRI database. With these data, we modeled the age-stand dynamics, timber harvesting, and carbon accounting and carried out the optimization process. According to the age group and age classification standards of the dominant tree species from the State Forestry Administration, each species was divided into five age classes and the median age in each age group was applied for each tree species in this study. The five age classes are: young, middle-aged, near-mature, mature, and over-mature. The age range of each age group was derived from the National Forest Resources Continuous Inventory Technical Regulations 2014. Most CFs in China are still young, and the government has adopted the felling ban policy and harvesting technology regulation. Hence, we established the constraints based on the harvesting and planting requirements according to the national and regional regulations [8]. The initial regional felling volume limitation in 2018 was sourced from National Summary of Annual Forest Harvesting Limits for the Thirteenth Five-Year Plan Period. The proportion of commercial forest plantation was defined according to the National Forest Management Plan (2016–2050) and the 9th forest resources inventory data. Harvesting and processing technology rates were set based on the average of the input and output ratios of all diameter classes of trees [15]. Social and economic parameters, including the carbon prices and timber prices, were sourced from the China Carbon Emission Trading [50] and other official websites (www.yuzhuprice.com and http://www.chinatimber.org/ (accessed on 10 August 2022)). The data sources of other relevant parameters in this model were provided in the previous sections.





3. Results


3.1. Projected Regional Timber Yields and Carbon Sequestration


Commercial forests (CFs) in China can provide substantial forest carbon sequestration and guarantee timber security. All regions in the SSP scenarios experience increasing forest supply and carbon sequestration, albeit at varying capabilities, as shown in Figure 2, Figure A1 and Figure A2. By the end of the 50-year study timeframe, China will yield 6.0–7.1 billion m3 of timber, cumulatively creating a 7600.9–8126.1 Tg carbon sink. Among the five SSPs, SSP1 will be the highest accumulated gainer, with 7.1 billion m3 of timber yields and 8126.1 Tg of carbon sequestered, followed by SSP5 (6.8 billion m3 in timber yields and 7961.5 Tg in carbon sequestration) and SSP4 (6.8 billion m3 in timber yields and 7675.7 Tg in carbon sequestration). Under SSP3, conversely, China is projected to experience the least timber yield and carbon sequestration, which amounts to 6.0 billion m3 and 7600.9 Tg, respectively. At the region level, the Southern Region, including southwest China and south China, is the largest contributor to both carbon sequestration (i.e., 59.0% of the total) and timber yields (i.e., 63.8% of the total). Under the best-case scenario, SSP1, the southwest region has the highest percentage of carbon sequestration at 41.6%, while the top timber supplier, with a 37.0% share of the total timber yields, is south China. The southern region is also the most implication region by scenarios. For example, the southern region experiences a difference of 0.4 billion m3 in timber supply and 306.8 Tg in carbon sink between the base-case scenario and the worst-case scenario. The forest-deficient regions (i.e., Northwest and North China) are not expected to be major contributors to the timber supply and carbon sequestration after the next few decades due to their climatic conditions and the large proportion of young forests. This demonstrates the geographical advantages that certain regions can cultivate fast-growing and high-carbon storage trees. The projected forest services would not be uniformly distributed spatially.




3.2. Projected Timber Yields and Carbon Sequestration by Tree Species


Our projections reveal that timber yield shows an upward trend among all SSPs, which supply 119.2–142.4 million m3 annually when translating to the yield capacity, as shown in Figure 3a. With a 5.9% growth per 5-year interval, SSP1 has the highest accumulated timber yields, while SSP3 has the lowest yield of 5.1% growth per 5-year interval. We estimated that China can experience a timber yield increase of about 70% or more over 50 years. About 30% of China’s total timber supply is eucalyptus, and its supply is estimated to grow from an average of 96.1 million m3 per 5-year interval in the beginning of the study timeframe to 305.0 million m3 by the end of the 50-year timeframe. The production of Chinese fir and poplar show the same increasing trend and will at least double the initial production after 50 years. In contrast, other tree species present fluctuating downward trends, such as Yunnan pine, Coniferous and broad-leaved mixed forest, and Broadleaf mixed forest. Under SSP4, Eucalyptus remains the largest cumulative supplier of timber and the yielding contribution rises threefold in the tenth period, which accounts for 38% of the total. Across the two aggregate forest types, coniferous and non-coniferous, we estimated that the non-coniferous timber supply would be approximately 47%–55% of the total among SSPs, after 50 years. In 2018, however, China mainly supplied non-coniferous timber, which accounted for 82% of the total domestic supply, and imported coniferous timber [9]. Further policy intervention or subsidy incentives are needed to optimize the domestic timber supply structure in China. In addition, our projections indicate that newly planted forests are the main source of timber supply, accounting for over 60% of the total. It can be stated that forest management activities can bring sufficient forest stock and provide high outputs.



For carbon sequestration, SSPs 1 and 3 demonstrate the highest and lowest carbon sink capacities, sequestering 162.5 Tg/a and 152.0 Tg/a, respectively (Figure 3b). The growth ratio of forest carbon sequestration could be 4.9%–8.0% per 5-year period during the next 50 years. The highest percentage of carbon sequestration comes from eucalyptus (48% of the total), followed by Chinese fir (12%), Coniferous mixed forest (9%), and Broadleaf mixed forest (7%). Combining with forest type changes, a consistent trend within each SSP is presented over next 50 years. The carbon sink contribution of broadleaf forests in China increases from 42% in the first period to 48% in the tenth period under the best-case scenario, and the contribution of coniferous forests increases from 40% to 48%. This is because newly planted forests and regenerated forests play an important role in forest carbon sinks, with an aggregate carbon sink that accounts for 80% of the total carbon sequestration. Moreover, forest outputs and services are highly associated with large-scale afforestation and regional ecological restoration efforts. For example, China’s Fast-growing and Productive Forestry Project has brought an amount of environmental and economic benefits, choosing eucalyptus and broadleaf forests as the main tree species by virtue of their fast-growing biomass stock and high-quality carbon service.




3.3. Total Timber Profits and Total Carbon Profits


Figure 4 shows the total forest carbon profits and total timber profits by tree species and by region under all scenarios. The largest total profit of CNY 3468.7 billion is achieved under SSP1 and the smallest profit of CNY 2666.6 billion under SSP3. In terms of regional impacts, South China’s CF yields the largest timber profit (CNY 1227.7 billion in SSP5) and carbon profit (CNY 127.0 billion in SSP1) in the analysis. In most parts of China, the carbon profit varies considerably under all scenarios, but the timber profit is relatively stable. Southwest China is the most diverse region of carbon gains under all scenarios, ranging from CNY 61.0 to 127.0 billion, which is mainly due to forest regeneration and afforestation. In terms of tree species, heavy influence by economic and social development pathways can drive eucalyptus to achieve the largest carbon profit (CNY 151.6 billion) and timber profit (CNY 842.6 billion) under SSP1. A significant variation under all scenarios is also found in Chinese fir, Coniferous mixed forest, and Broadleaf mixed forest’s timber profits and carbon profit, with differences of more than 25% between the highest benefits and the lowest benefits. Coniferous and broad-leaved mixed forest is the species with variations in timber gains but similarities in carbon gains under all scenarios. Due to the small forest area of other tree species, the variation of carbon gains and timber gains between scenarios is not obvious. In summary, carbon profits and timber gains vary widely among regions and tree species, so strengthening regional regulation and planning rational forest management can enhance forest carbon sequestration and timber supply capacities.




3.4. Sensitivity Analysis


3.4.1. Social Preferences Sensitivity


In this study, we conducted a sensitivity analysis of total profits, total timber yields, total carbon sequestration, and forest area by adjusting profit weights that represent social preferences. The weight of carbon profit was shifted from 0, 0.25 to 0.75, and the corresponding weights of timber profit were set at 1, 0.75, and 0.25, respectively. Total profits and total carbon sequestration are sensitive to adjustments to the weight preference, but total timber yields and forest areas are not significantly impacted (Figure 5). Compared with the above results, an increase in the total profits occurred with the increase in timber profit weight, while the total carbon sequestration decreased. The current carbon price in China is much lower than the timber price, and thus, the changing of timber weights dominated the differences in total profits in all scenarios. It is also shown that carbon sequestration increased as the weight of carbon profit increased. Surprisingly, due to the harvesting limitation policy and low return, CFs experienced about a 30% reduction in carbon sequestration and a 3% decrease in the total timber supplies when timber weight increased to 1. Minor increases in timber yields only occurred under SSPs 1, 2, and 4 with a timber profit weight of 0.25, and under SSP1 with a timber profit weight of 0.75. Moreover, insignificant changes in the forest areas appeared in all scenarios except SSP1, indicating that forest area is only relatively sensitive under SSP1.




3.4.2. Other Socioeconomic Parameters Sensitivity


We analyzed the sensitivity of socioeconomic parameters using SSP2 as a benchmark and adjusting the single parameter to the same levels as SSP1 and SSP3. Felling growth ratio, planation scale, forest management cost, harvest and processing technology rate, carbon price, and timber price were considered as key socioeconomic parameters to analyze their sensitivity. This is because these parameters are the main parameters in the model, and they are also important instruments in mitigating greenhouse gas emissions, spatial reallocation, and boosting timber supplies. The results illustrated that improving technologies and optimizing the carbon or timber price were the primary instrument for maximizing the total gain (Figure 6). Since the average timber price is currently 20 times higher than the carbon price, an increase in timber yield leads to an increase in total profits and offsets the loss of carbon gains. Simultaneously, raising the felling growth rate, increasing the proportion of commercial forest plantations, and reducing forest management costs would increase the total profits, but this would have little influence on the timber yield. Upgrading timber harvesting and processing technologies is an essential factor in improving timber yields, and the sensitivity of this parameter is much stronger than that of other parameters. Forest management dynamics, including silviculture and harvesting activities, and carbon prices would be the key drivers for both carbon sequestration and timber yields. The large increase in carbon and timber gains reflects the enhanced pace and quality in forest harvesting, regeneration, and afforestation response of the SSP pathway. In addition, the plantation has a positive impact on forest area changes. If the outputs of CFs and their forest ecological service are to be optimized and enhanced, an emphasis on forest carbon sequestration markets and plantation activities is needed in China.



Overall, social preferences have a strong effect on carbon sinks and total profits, but a weak effect on timber supply and forest area changes. Improving timber harvesting and processing technologies is an essential instrument to maximize timber supplies, while carbon sequestration is relatively more sensitive to carbon price and forest logging and silvicultural practices.






4. Discussion


4.1. CFs Could Potentially Sequester Substantial Carbon but Yield Limited Timber


The results for carbon sequestration rates suggest that China would be able to sequester carbon at rates ranging from 152.0 Tg/a (SSP3) to 162.5 Tg/a (SSP1) (Figure 3b). To understand these projections better, we converted the projected carbon sequestration to CO2 emissions by a ratio of 1 Mg C to 3.67 Mg CO2 [33]. In 2019, China’s anthropogenic emissions were 11.7 billion tons of CO2 [51]. This indicates that the projected forest area changes and volume growth under SSP1 would be able to absorb 596.4 million tons of CO2 annually, which is about 5.0% of the above-mentioned 2019 CO2 emissions, in China. On the other hand, the projected forest supplies under SSP3 would absorb 557.8 billion tons of CO2 per year, which is about 4.8% of China’s 2019 CO2 emissions. With the growing carbon sequestration rate, the carbon sink of CFs could reach a maximum of 210.5 Tg/a under SSP1 in 50 years, equivalent to 772.5 million tons of CO2 emissions, which is about 6.6% of China’s CO2 emissions in 2019.



China would supply wooden material at a capacity of 119.2 million m3/a (SSP3) to 142.4 million m3/a (SSP1) on average (Figure 3a). In 2019, FAO’s statistics indicated that China’s industrial roundwood demand was 243.9 million m3, and the projected average annual domestic timber supply was about 48.9%–58.4% of the demand. In the tenth 5-year period, CFs would supply 152.7–188.7 million m3/a of wood, which accounts for 62.6%–77.4% of China’s timber demand in 2019. If timber demand remains unchanged, China’s future timber supply will gradually meet timber demand and lower the imports from the international timber market. In fact, China’s timber demand continues to increase with economic development and urbanization. In addition, restrictive forest management policies have limited forest outputs and returns. China still needs to import a certain amount of timber and optimize forest management to improve the timber supply in the long term.




4.2. The Total Commercial Forest Area Changes Are Unexpectedly Larger in the Next 50 Years


The total commercial forest area changes in China are not as large as expected, accounting for 2.0% (SSP4) to 10.6% (SSP1) compared to the original CF areas. Higher expansions of forest area are found in the SSP1 and SSP5 as a result of competitive revenue and productivity development. Slow price increases and high management costs (i.e., SSP3 and SSP4), combined with inactive afforestation activities, would result in a slight increase in the commercial forest area. Although the total commercial forest area is expanding across SSP scenarios, the variation in regional forest area changes is relatively apparent, as shown in Figure 7. With a percentage increase ranging from 15.3% to 77.3%, Northwest China is estimated to achieve the largest expansion of forest area, followed by North and Southwest China. However, Central China is estimated to lose 0.2%–5.2% of its commercial forest area over the next 50 years. The changes in forest area in North China, East China, and South China are comparatively small, ranging from −0.3% to 2.2% in all scenarios. The loss of forest area, namely deforestation, mainly comes from existing forests, accounting for 74.2%–78.4% of the total loss. This is because existing forests are the main source of timber supply, accounting for 83.2% of the total timber harvest. These existing forest area losses translate to a loss rate ranging from 761.5 thousand ha/a (SSP4) to 805.3 thousand ha/a (SSP1). Meanwhile, new plantation rate is 479.4–489.2 thousand ha/a, which is about half of the existing forest area loss. The rest of forest area changes are due to forest regeneration, which remains the key factor affecting the supply of forest ecological services and goods. Therefore, forest regeneration and new plantation can play an integral role in forest area gains, thereby contributing considerably to forest stocks and carbon sinks. Motivation and willingness among forest managers and owners toward regular monitoring, cultivation and harvesting are likewise needed, considering that, according to our results, over 80% of existing forests are managed as a primary source for forest goods and ecosystem service.




4.3. Socioeconomic Alternatives Have a Strong Impact on Forest Goods and Service Supply


In this study, forest management activities (including forest silviculture and harvesting) were strongly regulated under all SSPs. SSP1 was shown to be the best-case scenario for future forest carbon service and timber supply, but its timber gain was lower than that of SSP5, mainly due to forest activities being stimulated by lower management costs and higher timber prices. SSP2 roughly tracks the historical pattern and presents respectable data in terms of carbon sequestration, which would absorb 561.9 million tons of CO2 annually. Our results suggested that existing forest management methods made good progress toward carbon neutrality goals, but can post pressure on timber supply. An average of 130.0 million m3/a of timber was produced to satisfy about half of the timber demand. On the other hand, a scenario such as SSP3 is less financially profitable. Inactive forest management policies and restrictive felling policies may lower the motivation for forest activities and negatively impact future climate mitigations and the financial potential of forests. It will therefore result in relatively greater stress on forest goods and ecosystem services. Although inequitable regional development orientations enable forest ecosystem service under SSP4, the regional estimates become increasingly divergent. Regions with comparatively strong support, high-woodland valuation, and technological superiority (e.g., Southwest and South China) are likely to maintain a high proportion of forests and implement management practices to increase forest outputs.



Our results showed a similar scenario ranking to that in previous studies [24,29,31,52], but the difference between the best-case scenario and the worst-case scenario of timber yields was not expected to be significant. As the Chinese government has set strong restrictions on forest resource management, it is difficult to evade harvesting constraints. Hence, reasonable harvesting regulation is an element for the sustainable supply of CFs. Socioeconomic parameters, such as social preference (i.e., profit weight) and plantation scale, play an important role in both forest carbon sinks and timber yields, which is consistent with the findings of previous studies [7,15]. However, different data sources and methods are key drivers for the different results of these studies, and the projected results are not comparable.



In addition, forest managers’ and owners’ plantation and harvesting behaviors are affected by socioeconomic macro factors, resulting in gains or losses of forest land area which in turn influence forest carbon sequestration capacity and wood productivity. Therefore, policy mechanisms may be required to change the activities of forest management participants, through increasing timber yields and carbon sinks by changes in government forest afforestation plans and logging policies and by raising the carbon price in the trading market. With dynamic forest management practices, China’s commercial forests could sequester a significant amount of forest carbon and yield sustainable timber supplies in the future.




4.4. Uncertainty and Limitations


The results provided an outlook of China’s forest carbon sequestration and timber supply capacities at the regional level; nonetheless, there were some limitations and uncertainties to this study. We applied the median age of each age group of tree species to simulate the forest age-stand models that may lead to a slight deviation from the actual forest. With continuous socioeconomic development and public awareness improvements, the forest area and biomass stock may experience greater shifts than expected due to factors such as climate change and sudden disasters [2,53]. However, the effects of these factors were not considered in this study, which may result in underestimations or overestimations. Moreover, we considered vegetation carbon sinks only so that carbon sequestration contribution is slightly lower than the fact. Although the options for assessing carbon sinks and forest growth process in our model were not exhaustive due to data and parameter limitations, trends in regional forest area, carbon stocks, and timber productivity demonstrated in this study can help policymakers prioritize regional forest plantation, conservation, and management plans associated with climate mitigation and timber security strategies. Meanwhile, we used an economic model to provide a more realistic and detailed assessment of sustainable forest supply, which facilitates socioeconomic factor impacts of different policy designs. Further studies can be carried out to optimizing model parameters, enhancing optimization algorithms, and improving spatial data quality to implement more realistic and accurate adaptive management strategies and to better understand forest output dynamics.





5. Conclusions


The annual carbon sequestration rate of China’s CFs during the next 50 years is estimated to be 152.0–162.5 Tg/a, which can offset approximately 5% of the anthropogenic CO2 emissions identified in 2019. Newly planted and regenerated forests can contribute more than 80% of this offset. The annual timber supply capacity is estimated to be 119.2–142.4 million m3/a with current policy interventions, which is still not enough to meet the demand for China’s timber market. Although most existing forests are managed as the primary source for forest goods and carbon service, the total commercial forest area changes are not as large as expected, resulting in only 2.0%–10.6% differences. Our results also demonstrate that socioeconomic factors (e.g., social preference, carbon price, and forest logging and silvicultural practices) have a strong impact on carbon sinks, while timber harvesting and processing technologies considerably affect timber yields. Large regional discrepancies in timber supply exists in all SSPs in China, but carbon sequestration show a relatively minor variation. In addition, about 30% of China’s total timber supply and nearly 50% of carbon sequestration come from eucalyptus, which indicates that its fast-growing and high-yield characteristics can potentially make it the dominant tree species in recent ecological environment programs. For follow-up policy design and forest management, China should build long-term and effective forest management systems, such as reasonable harvesting restriction policy mechanisms and regional afforestation planning, as well as improve the national and inter-regional forest carbon sink policies, such as ecological subsidies. China must also focus on regional imbalance in terms of forest carbon sink potentials, timber supply capacities, and socioeconomic development level, and design innovative socioeconomic policies that are appropriate for the local social and ecological environments. To comprehensively enhance the carbon sequestration and timber supplying abilities of regional CFs, local governments should clarify the functional position and area division of local forests and effectively perform the forest ecological service functions. To summarize, China’s commercial forests have the potential of offsetting significant anthropogenic carbon emissions and providing limited timber over the next 50 years; however, achieving this potential requires proper management of commercial forests, as well as making afforestation and regeneration a priority at the national level.
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Table A1. Timber price and carbon price changes across SSPs.






Table A1. Timber price and carbon price changes across SSPs.





	Elements
	SSP1
	SSP2
	SSP3
	SSP4
	SSP4
	Data Source





	Timber price annual average growth [%]
	4%
	3%
	2%
	2%
	5%
	[24,31]



	Carbon price annual average growth [%]
	25%
	11%
	18%
	14%
	23%
	[54]
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Table A2. Six theoretical forest age-stand models.
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	No.
	Model
	Function





	1
	Logistic Model
	   y =  a  1 + b  e  − c x       



	2
	Single Molecule Model
	   y = a   1 −  e  − b x       



	3
	Gompertz Model
	   y =   ae   −  b  − c x       



	4
	Korf Model
	   y =   ae   − b  x  − c       



	5
	Richards Model
	   y = a     1 −  e  − b x      c    



	6
	S Curve
	   y =   ae      b x        
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Table A3. Results of forest age-stand models.






Table A3. Results of forest age-stand models.





	
Regions

	
Tree Species

	
a

	
b

	
c

	
R2

	
Observations *

	
Theoretical Model **






	
Northeast

	
Korean pine

	
4.84

	
0.888

	
−0.345

	
0.878

	
17

	
Model 4




	
Dahurian larch

	
131.301

	
14.549

	
0.152

	
0.736

	
38

	
Model 1




	
Scots pine

	
116.706

	
0.079

	
2.671

	
0.693

	
33

	
Model 5




	
Coniferous mixed forest

	
8.433

	
0.598

	
−0.333

	
0.921

	
13

	
Model 4




	
Poplar

	
123.43

	
18.291

	
0.246

	
0.892

	
15

	
Model 1




	
Broadleaf mixed forest

	
164.977

	
30.044

	
-

	
0.872

	
15

	
Model 6




	
Coniferous and

broad-leaved mixed forest

	
185.676

	
0.019

	
1.046

	
0.887

	
12

	
Model 5




	
North

	
Dahurian larch

	
296.106

	
0.016

	
1.353

	
0.68

	
46

	
Model 5




	
Scots pine

	
258.227

	
10.347

	
0.092

	
0.705

	
17

	
Model 3




	
Chinese pine

	
115.409

	
26.172

	
-

	
0.664

	
66

	
Model 6




	
Coniferous mixed forest

	
137.255

	
0.055

	
4.378

	
0.864

	
11

	
Model 5




	
Poplar

	
53.208

	
4.886

	
-

	
0.679

	
15

	
Model 6




	
Broadleaf mixed forest

	
59.539

	
23.869

	
0.161

	
0.797

	
15

	
Model 1




	
East

	
Chinese fir

	
147.377

	
0.056

	
1.737

	
0.928

	
14

	
Model 5




	
Coniferous mixed forest

	
10.268

	
0.361

	
−0.482

	
0.948

	
13

	
Model 4




	
Poplar

	
269.797

	
0.021

	
0.708

	
0.696

	
42

	
Model 5




	
Broadleaf mixed forest

	
97.128

	
0.034

	
1.265

	
0.75

	
15

	
Model 5




	
Coniferous and

broad-leaved mixed forest

	
2.191

	
1.573

	
−0.197

	
0.837

	
14

	
Model 4




	
South

	
Masson pine

	
116.938

	
2.563

	
0.102

	
0.695

	
15

	
Model 3




	
Chinese fir

	
152.014

	
12.395

	
0.217

	
0.837

	
15

	
Model 1




	
Coniferous mixed forest

	
72.841

	
17.629

	
0.396

	
0.628

	
14

	
Model 1




	
Eucalyptus

	
93.149

	
0.087

	
1.137

	
0.626

	
58

	
Model 5




	
Broadleaf mixed forest

	
119.985

	
0.039

	
1.389

	
0.915

	
15

	
Model 5




	
Coniferous and

broad-leaved mixed forest

	
2.28

	
1.913

	
−0.183

	
0.962

	
14

	
Model 4




	
Central

	
Masson pine

	
80.701

	
12.639

	
0.158

	
0.672

	
57

	
Model 1




	
Chinese fir

	
131.386

	
11.317

	
0.154

	
0.732

	
67

	
Model 1




	
Coniferous mixed forest

	
412.179

	
0.005

	
0.83

	
0.903

	
13

	
Model 5




	
Oaks

	
140.391

	
22.448

	
-

	
0.788

	
21

	
Model 6




	
Poplar

	
117.856

	
0.088

	
1.119

	
0.627

	
21

	
Model 5




	
Broadleaf mixed forest

	
396.586

	
0.002

	
0.787

	
0.834

	
15

	
Model 5




	
Coniferous and

broad-leaved mixed forest

	
140.719

	
8.581

	
0.073

	
0.685

	
21

	
Model 1




	
Northwest

	
Dahurian larch

	
2.477

	
0.374

	
−0.667

	
0.831

	
23

	
Model 4




	
Chinese pine

	
833.863

	
0.011

	
1.788

	
0.652

	
28

	
Model 5




	
Poplar

	
172.586

	
4.929

	
-

	
0.070

	
71

	
Model 6




	
Spruce

	
4.484

	
0.317

	
−0.549

	
0.818

	
25

	
Model 4




	
Coniferous mixed forest

	
74.859

	
0.07

	
3.696

	
0.612

	
14

	
Model 5




	
Broadleaf mixed forest

	
122.892

	
50.422

	
0.292

	
0.644

	
14

	
Model 1




	
Coniferous and

broad-leaved mixed forest

	
140.196

	
13.635

	
0.059

	
0.695

	
19

	
Model 1




	
Southwest

	
Chinese white pine

	
110.49

	
26.768

	
0.179

	
0.677

	
45

	
Model 1




	
Masson pine

	
157.023

	
0.041

	
1.439

	
0.887

	
40

	
Model 5




	
Yunnan pine

	
129.074

	
3.129

	
0.063

	
0.765

	
40

	
Model 3




	
Chinese fir

	
121.18

	
0.102

	
1.223

	
0.747

	
38

	
Model 5




	
Coniferous mixed forest

	
10.94

	
0.522

	
−0.435

	
0.67

	
52

	
Model 4




	
Eucalyptus

	
1.939

	
1.926

	
−0.184

	
0.667

	
15

	
Model 4




	
Funereal cypress

	
96.508

	
6.824

	
0.078

	
0.69

	
12

	
Model 1




	
Broadleaf mixed forest

	
132.041

	
30.527

	
-

	
0.843

	
15

	
Model 6




	
Coniferous and

broad-leaved mixed forest

	
130.116

	
6.259

	
0.062

	
0.654

	
43

	
Model 1








*: the number of observations used for estimating the model parameters; **: According to the six theoretical models in Table A2, the non-parametric model is applied for model parameter estimation, and the best-fitting model and parameters are given in the table.
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Table A4. Abbreviations of tree species.






Table A4. Abbreviations of tree species.





	No
	Tree Species
	Latin Name
	Abb.





	1
	Eucalyptus
	Eucalyptus spp.
	ELS



	2
	Funereal cypress
	Cupressus funebris
	FC



	3
	Korean pine
	Pinus koraiensis
	KP



	4
	Chinese white pine
	Pinus armandii
	CWP



	5
	Broadleaf mixed forest
	-
	BMF



	6
	Oaks
	Quercus spp.
	OKS



	7
	Dahurian larch
	Larix spp.
	DL



	8
	Masson pine
	Pinus massoniana
	MP



	9
	Chinese fir
	Cunninghamia lanceolate
	CFR



	10
	Poplar
	Populus spp.
	POP



	11
	Chinese pine
	Pinus tabulaeformis
	CP



	12
	Yunnan pine
	P. yunnanensis
	YNP



	13
	Scots pine
	Pinus sylvestris var. mongholica
	SP



	14
	Coniferous and broad-leaved mixed forest
	-
	CBM



	15
	Coniferous mixed forest
	-
	CMF
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Figure A1. Regional projected timber production by SSPs in ten five-year rotation periods. 
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Figure A2. Regional projected carbon sequestration by SSPs in ten five-year rotation periods. 
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Figure 1. Research framework. 
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Figure 2. Region distribution of the projected forest total timber yields and carbon sequestration in China, by SSPs. 
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Figure 3. Tree species of projected timber yields (a) and carbon sequestration (b) by SSPs in ten five-year periods. An explanation of each tree name abbreviation is shown in Table A4. 
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Figure 4. Relationship between timber yields and carbon sequestration by regions (a) and by tree species (b) under all SSPs. 
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Figure 5. Key model estimates for weight parameter sensitivity in all SSPs. Forest area, total carbon sequestration, total timber yield, and total profits are selected in this study and listed above. The bars in pink, green, and blue colors represent the changes in percentage between weight sensitivity analysis and the SSP2. C75/T25, C25/T75, C0/T100 represent that the carbon weights are 75%, 25%, and 0%, while the timber weights are 25%, 75%, and 100%, respectively. 
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Figure 6. Key model estimates for other socioeconomic parameter sensitivity in all SSPs. The bars in green and orange colors represent the changes in percentage between sensitivity analysis result and the SSP2 result. 
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Figure 7. Commercial forest area changes across SSPs, from 2018 to 2068. 
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Table 1. Narratives for shared socioeconomic pathway scenarios in forest management.
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	Elements
	Parameters
	SSP1
	SSP2
	SSP3
	SSP4
	SSP5





	Harvest and Processing technology
	  d  
	75%
	70%
	65%
	RFR 72%

PFR 68%
	72%



	Forest management cost
	   T C   
	90%
	unchanged
	110%
	RFR 93%

PFR 110%
	93%



	Plantation for

commerce
	    b 0    
	40%
	35%
	30%
	RFR 37%

PFR 20%
	37%



	Felling growth rate
	    f  j k     
	1.5%
	0.9%
	0.5%
	RFR 1.2%

PFR 0.6%
	1.25%







Note: Rich-forest regions (RFR) include Central China, South China, and Southwest China; Poor-Forest regions (PFR) include Northeast China, North China, Northwest China, and East China.
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