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Carbon storage is an important component of ecosystem services. Under climate warming and human activities, land use/land cover (LULC) have been undergoing tremendous change, leading to spatio-temporal variations in carbon storage. Based on seven series of LULC data and combined with carbon module of Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, spatial-temporal changes in LULC types and carbon storage were analyzed and estimated for Heilongjiang Province, Northeast China. Results show varied carbon storage among different types of LULC. Forest and cropland are the dominant LULC types in Heilongjiang Province, Northeast China, accounting for 46–49% (20.90 × 104–22.12 × 104 km2) and 30–37% (13.56 × 104–16.70 × 104 km2) of the total area. Areal extents of forest, grassland, and unused land declined from 1980 to 2015, by 1.22, 0.84, and 1.11 × 104 km2, respectively; while those of cropland and construction land expanded, by 3.14 and 0.08 × 104 km2, respectively. From 1980 to 2015, carbon storage displayed consistent change trends with those of LULC types: carbon storage of forest, grassland, and unused land decreased by 236.22, 116.61 and 21.82 × 106 Mg C, respectively; and those of cropland and construction land increased by 414.65 and 0.99 × 106 Mg C, respectively. The total carbon storage in the study region was 6,863.06 × 106–6,907.64 × 106 Mg C, for which the forest, cropland, and grassland were the major contributor (6,778.75 × 106–6,840.57 × 106 Mg C). Due to the conversion of large extents of forest, grassland, and unused land to cropland, which facilitated the formation of carbon sinks and thus enlarged the carbon storage by 45.36 × 106 Mg C from 1980 to 2015. Frequent forest fires, urban expansion, farmland reclamation, and engineering construction were the important factors of changes in the LULC, accelerating permafrost degradation and leading to obvious changes in the total carbon storage in the Heilongjiang Province, Northeast China. Therefore, the estimation of carbon storage in different LULC types can provide important data support and have important implications for evaluation of ecosystem services and carbon cycle.
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INTRODUCTION
Ecosystem services refer to the benefits that derive from the structure and function of ecosystems and are major contributors to human well-being (Adelisardou et al., 2021). However, these services are currently under great pressure due to anthropogenic activities and climate change, such as continuous growth of population, industrialization, urbanization, and wildfire (Tolessa et al., 2017; Xie et al., 2017; Li et al., 2020a). Thus, protecting natural ecosystems and enhancing their services have become an urgent global challenge (Ouyang et al., 2016). Carbon storage is a key indicator of ecosystem services function since its closely related with climate regulation and productivity of terrestrial ecosystems (Houghton, 2003; Zhao et al., 2019). Climate and land use/land cover (LULC) changes are the major influencing factors for ecosystem carbon storage, due to fundamental changes in the structure and functions of ecosystems over time (Adelisardou et al., 2021). Climate change alters ecosystem carbon storage by controlling the balance between carbon inputs from plant productivity and carbon outputs from soil carbon decomposition (Wang et al., 2019). Under a warming climate, boreal ecosystems are experiencing continuous and severe LULC changes, affecting the environment, biodiversity, and human health (Viana et al., 2019; Serban et al., 2021). Changes in LULC types are usually accompanied by a large amount of carbon exchange and alter the carbon cycle process by modifying the ecosystem’s structure and function. (Noble et al., 2000; Chen and Tian, 2007).
The Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model is a suite of free, open-source software used to map and assess the changes in carbon storage due to LULC changes (Zhao et al., 2019). Carbon storage module of InVEST is a simplified carbon cycle that maps and quantifies how much carbon is stored in a landscape, as well as how much is sequestered or lost over time (Dida et al., 2021). The InVEST model is more effective in assessing and studying the impact of climate and LULC change on ecosystem carbon storage (Nie et al., 2020). Under a warming climate, understanding the relationship between LULC systems and carbon stock is essential since every LULC system has either a positive or negative impact on the carbon balance (Toru and Kibret, 2019). Carbon dynamics are highly influenced by the alteration of forest cover and different land cover types that store varying amounts of carbon (Dida et al., 2021).
In permafrost regions, the LULC change has significant consequences on ecological environment and engineered systems (Serban et al., 2021). The area of all soils in the northern circumpolar permafrost region is approximately 1.8782 × 107 km2, or approximately 16% of the global soil area (Tarnocai et al., 2009). However, this region contains approximately 1,672 Pg C, of which 1,466 Pg C is stored in permafrost terrains (Tarnocai et al., 2009). This 1,672 Pg C accounts for approximately 50% of the estimated global belowground organic carbon pool (Tarnocai et al., 2009). Heilongjiang Province in Northeast China is on the southern margin of both the boreal coniferous forest and the Eurasia permafrost body, which is more sensitive to the LUCC and climate change. Moreover, Heilongjiang Province is a major province of agriculture, industry and forestry in China, and an important grain production base and primary forest distribution region. It has the largest natural forest in China, with strong carbon sink reserves and carbon sink production capacity (Guo, 2011), and has the highest plant carbon storage and carbon density in China (Wang et al., 2001). Heilongjiang Province is located in the mid-high latitude region, with low temperature all the year round, and vegetation grows slowly. However, the increase in population and human activity (e.g., deforestation) had led to significant changes in LULC before 2000s. Therefore, this study aims at exploring the changes of LULC and their effects on carbon storage in Heilongjiang Province in Northeast China during the past 35 years (1980–2015) under a changing climate and human activities. The quantitative assessment of ecosystem carbon storage is vital for sustainable development and utilization of natural resources and proper management of ecological environment. The main objectives were: 1) to analyze the spatio-temporal patterns of LULC and carbon storage; 2) to evaluate the impact of climate change, forest fire and human activities on the LULC and the response characteristics of carbon storage to LULC changes.
STUDY REGION AND METHODS
Study Region
This study region (Heilongjiang Province) (43.4167°—53.05°N; 121.1833°—135.0833°E; 0-1,692 m a. s. l.), Northeast China (Figure 1) is rich in water resources, with four water systems: the Heilongjiang-Amur River and tis three tributaries (Songhua, Suifen and Ussuri rivers). The Songhua River is the largest tributary of the Heilongjiang-Amur River. The Wudalianchi and Xingkai lakes are the main inland lakes. Heilongjiang Province is bestowed with the most important state-owned forest area and largest timber production base in China. The rich forest vegetation types mainly include Larix gmelinii (Rupr.) Kuzen, Pinus koraiensis Sieb. et Zucc., Pinus sylvestris var. mongolica Litv., Picea asperata Mast., Abies fabri (Mast.) Craib, Betula platyphylla Suk., Quercus mongolica Fisch. ex Ledeb., Acer saccharum Marsh, and Fraxinus mandshurica Rupr. The soil type in the study region is brown coniferous forest soil.
[image: Figure 1]FIGURE 1 | The study region (Heilongjiang Province) in Northeast China. The SLLP means Southern limit of latitudinal permafrost.
The region is characterized by a cold temperate continental monsoon climate with mean annual air temperature (MAAT) of 2.22°C (from 1961 to 2019), at a rising rate of 0.25°C/10a, and with a mean annual precipitation of 518 mm, at a rate of 8.3 mm/10a (Figure 2). Compared with the MAAT during 1961–1987 (1.67°C), the MAAT increased by 1.01°C during 1988–2019 (2.68°C). The increasing trend of MAAT is very significant (p < 0.001).
[image: Figure 2]FIGURE 2 | Changes in the mean annual air temperature (MAAT) and mean annual precipitation during 1961–2019 in Heilongjiang Province, Northeast China during 1961–2019.
Data Sources
The meteorological data were obtained from the National Meteorological Information Center of China (http://www.nsmc.cma.gov.cn). The LULC data were downloaded from the Resource and Environment Science and Data Center (https://www.resdc.cn/?aspxerrorpath=/Datalist1.aspx), with the resolution of 1 km. The digital elevation map (DEM) was collected from Geospatial Data Cloud (http://www.gscloud.cn/home), and the resolution is 90 m.
Carbon Module of InVEST Model
The InVEST model is based on the ArcGIS or as a stand-alone to transformed into software tools using Python as the scripting language (Liu. et al., 2018). The carbon module of InVEST uses a simplified carbon cycle to estimate the amount of static carbon storage and dynamic sequestration for each cell in a specific region (Tallis et al., 2013; He et al., 2016; Adelisardou et al., 2021). The carbon module consists of four carbon pools: aboveground carbon, belowground carbon, dead biological carbon (litter carbon), and soil carbon. The calculation formula is as follows:
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where [image: image], [image: image], [image: image], and [image: image] are the carbon density of aboveground carbon, belowground carbon, soil carbon and dead biological carbon for the ith LULC type, respectively; [image: image] is the carbon density for the ith LULC type; and [image: image] is the area of the ith LULC type; m is the total number of LULC types.
Carbon density data at depths of 0–1 m were obtained from literature and National Science and Technology Infrastructure (Table 1) (Li et al., 2003; Xie et al., 2004; Chuai et al., 2013; Yang et al., 2021).
TABLE 1 | Carbon density of different LULC type (Yang et al., 2021).
[image: Table 1]Biomass carbon density (aboveground and belowground carbon) and soil carbon density are closely related to air temperature and precipitation (Raich and Nadelhoffer, 1989). Therefore, we use the MAAT and mean annual precipitation (MAP) during 1980–2019 in Heilongjiang Province and in China to revise the carbon density. The revised formula is as follows (Giardina and Ryan, 2000; Chen et al., 2007; Alam et al., 2013; Yang et al., 2021):
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where [image: image] is soil carbon density (Mg/hm2) based on MAP; [image: image] and [image: image] are biomass carbon densities (aboveground and belowground carbon) based on the MAP and MAAT, respectively; [image: image] and [image: image] are the correction coefficients of MAP and MAAT factors of biomass carbon density; [image: image] and [image: image] are biomass carbon density data (Mg/hm2) based on MAP in the Heilongjiang Province and China, respectively. [image: image] and [image: image] are the biomass carbon density data (Mg/hm2) based on MAAT in the Heilongjiang Province and China, respectively; [image: image] and [image: image] are soil carbon density data (Mg/hm2) based on MAAT in the Heilongjiang Province and the China, respectively. [image: image] and [image: image] are the correction coefficients of biomass carbon density and soil carbon density, respectively. The revised carbon density data (0–1 m) are listed in Table 1.
RESULTS
Changes in LULC Types From 1980 to 2015
In Heilongjiang Province, forest was the main LULC type, accounting for 46–49% of the total area (Figure 3, Supplementary Figure S1 and Table 2). It was followed by cropland, accounting for 30–37% of the total area. Grassland and unused land accounted for 6–8% of the total area. The area of water (3%) and construction land (1–2%) were less than 3% of the total area. From 1980 to 2015, the areal extents of forest, grassland, unused land, and water decreased by 1.22 × 104, 0.84 × 104, 1.11 × 104 and 0.05 × 104 km2, respectively. Cropland and construction land increased by 3.14 × 104 and 0.08 × 104 km2, respectively (Tables 2 and 3).
[image: Figure 3]FIGURE 3 | Changes in LULC types in Heilongjiang Province, Northeast China in 1980 and 2015.
TABLE 2 | LULC and carbon storage transfer matrix during 1980–2015 in Heilongjiang Province, Northeast China (104km2, 106 Mg).
[image: Table 2]TABLE 3 | Changes in LULC types during 1980–1990, 1990–1995, 1995–2000, 2000–2005, 2005–2010, 2010–2015 in Heilongjiang Province, Northeast China (104 km2).
[image: Table 3]From 1980 to 2015 (Table 2), forest was mainly converted to cropland and grassland. Grassland and unused land were mainly converted to cropland. Water was mainly converted to unused land. The increase in cropland was mainly due to the conversion from forest, grassland, and unused land. The increased construction land was mainly due to the conversion from cropland. During 1980 to 2000, the decreasing areas of forest, grassland, and unused land were the largest. The increasing areas of water and cropland were the largest (Table 3).
Changes of Carbon Storage From 1980 to 2015
From Figure 4, Supplementary Figure S2 and Table 4, carbon was mainly stored in forest, cropland, and grassland. Changes in LULC have led to increases or decreases in carbon storage of different LULC types. From 1980 to 2015, the carbon storage of forest, grassland, and unused land decreased gradually, while that of cropland and construction land increased gradually. The total carbon storage of Heilongjiang Province increased from 1980 to 2015, with the lowest in 1980 and the highest in 1995.
[image: Figure 4]FIGURE 4 | Changes in carbon storage of Heilongjiang Province, Northeast China in 1980 and 2015.
TABLE 4 | Carbon storage in different LULC type from 1980 to 2015 in Heilongjiang Province, Northeast China (×106 Mg).
[image: Table 4]From 1980 to 2015, the total carbon storage of Heilongjiang Province increased by 45.36 × 106 Mg C (Table 2), since the conversion of large areas of forest, grassland, and unused land to cropland. Due to the low carbon density of the unused land, the conversion to cropland facilitated the formation of carbon sinks and thus increases carbon storage. However, the change of carbon storage varied with changes in different LULC types: the carbon storage in forest and cropland types decreased after transformation, and those of grassland, water, construction land, and unused land increased (Table 2).
DISCUSSIONS
Impacts on the LULC Types
There are many driving factors of LULC changes, which can be divided into anthropogenic and natural factors. With rising global temperatures, the belt of boreal forest is moving northward, and temperate forests would continue to migrate closer or into the positions of current boreal forests, and possibly at an unprecedented moving rate (Leithead et al., 2010). Then, the coniferous forest would transfer to broadleaf forest, shrubs, grassland, or even wetlands. Due to its marginal location at the southern edge of the boreal forest, the LULC in Northeast China are more sensitive to climate warming (Serban et al., 2021). Moreover, Northeast China underwent the largest increase in air temperature and a significant decline in summer-autumn precipitation (Zhang et al., 2020; Li X. et al., 2021). In Heilongjiang Province, Northeast China, persistent climate warming was recorded from 1961 to 2019, especially after 1988 (Figure 2). The MAAT during 1988–2019 was 1.01°C higher than that during 1961–1987, and; it rose by 1.06°C from 1961 to 2019 at an average rate of 0.25°C/10a. However, the average rising rate of global MAAT was 0.12°C/10a from 1951 to 2012 (Zhang et al., 2018). Under a climate change, the permafrost in northeast China was undergoing large-scale degradation and the southern limit of permafrost was moving northward significantly (Li X. et al., 2021). And compared with that in the 1960s, the extent of Xing’an permafrost in Northeast China had decreased by 40.6% by the 2010s (Li X. et al., 2021). And the permafrost degradation had caused large areas of coniferous forest moved northward significantly (Jin et al., 2007). Consequently, the pronounced shrub expansion was occurring in the circumpolar Arctic tundra driven by climate warming and permafrost degradation (Myers-Smith et al., 2011).
The increases in cropland and construction land were mainly concentrated around roads and major settlements. Thus, the main causes for unused land, grassland, and forest disturbances were deforestation and clearing for agricultural cultivation, construction of public facilities, resource exploitation, lumbering, airport construction, and others. Since 1893, a large number of people emigrated from the south to northeast China, the population grew exponentially and land was reclaimed and cultivated on a large scale. LULC had undergone significant changes, and which of Heilongjiang Province has the most intense (Jiang, 2017). After 1904, the implementation of the open-land reclamation policy and the construction of the Middle-East railway in Heilongjiang Province, as well as the activities of going and working in the countryside and mountainous areas in 1949, resulted in drastic changes to LULC, which mainly focused on the expansion of cropland and the reclamation of grassland and wetland (Cheng and Fang, 2010). For example, in Figure 3, the areas of cropland in Sanjiang Plain and Songnen Plain increased significantly from 1980 to 2015. In Mo’he County in northern Heilongjiang Province, rapid population growth and the demand for residence and factories forced the clearance of natural vegetation, resulting in the expansion of urbanization area and increase of road from 1985 to 2020 (Figures 5A–F). Changes of LULC types were concentrated in the Hola Basin for coal mining, airport construction, and along the roads in the south for transporting coal after 2005 (Figures 5A–F); those all contributed to the rapid expansion of the anthropic class (Serban et al., 2021). From Table 3, compared with that during 1980–1990, 1990–1995 and 1995–2000, the forest decreased and cropland increased significantly during 2000–2005, 2005–2010 and 2010–2015, and the grassland conversion area was 0 km2 during 2000–2005. This may be explained by the implementation of policy of returning the cultivated croplands to forest and grasslands in 2003.
[image: Figure 5]FIGURE 5 | Landscape changes in Mo’he, Gulian and Hola basins in Mo’he County in northern Heilongjiang Province, Northeast China from 1985 to 2020. Panel (A–F) is the expansion of Mo’he and Gulian towns, panel (A–D) is the expansion of coal mines at Hola and basins and roads, panel (E,F) represents the construction of airport, and panel (B) represents the forest fire in 1987.
Wildfires is also an important driver for changes in the LULC types. Under a warming climate and human activities, the fire frequency, magnitude, and severity gradually increase, influencing the ecosystem. Importantly, wildfires were caused not only by climatic factors, but also by Anthropocene changes in landscape (Bowman et al., 2020). In the western United States, sedimentary charcoal records showed a primary control of fire activity by temperature and drought over the last 3,000 years (Marlon et al., 2012). Moreover, the effect of climate change is becoming apparent in the increasing numbers of extreme fire events (Cruz et al., 2012; Bowman et al., 2017; Ndalila et al., 2018). Such as in Australia, a globally anomalous fire season in 2019–2020 burned over 5×106 hm2 of Eucalyptus forests (Boer et al., 2020). The wildfire occurred in the northern Da Xing’anling (Hinggan) Mountains, Northeast China, burned more than 1 × 106 hm2 of forests on 6 May-2 June 1987 (Li X. et al., 2021). Wildfires could result in an irreversible permafrost degradation, successions of vegetation, rapid losses of soil carbon, and formation and development of thermokarst (Cong et al., 2020; Li X. et al., 2021). After wildfires, ground temperatures and active layer thickness increase; the release of soil carbon enhances, and; vegetation changes from coniferous forests to broad-leaved forests, shrublands or grasslands. It may take decades or even centuries for the fire-disturbed ecosystems and permafrost environment to return to pre-fire conditions (Holloway et al., 2020; Li X. et al., 2021). For example, in Figure 5B, the black and brown areas showed the burned area causing by the fire in 1987, which resulted in extensive vegetation destruction. The high fire frequency and severity could cause the conversion of coniferous forest to meadow, shrub, deciduous broadleaf forest, or tundra, and expansion of shrubs across the Arctic tundra, it may even take hundreds of years to recover to the pre-fire conditions (Li X. et al., 2021; Chen et al., 2021).
Changes in LULC and Effects on Carbon Storage
Under a warming climate, more severe and frequent boreal forest fires had driven and shifted boreal ecosystem into a positive net carbon balance (from a net carbon sink to a net carbon source over a fire cycle), resulting in a positive climate feedback (Bond-Lamberty et al., 2007; Walker et al., 2019). It is mainly manifested in increasing emissions of CO2 directly through the combustion of forest biomass (LULC changes) and soil carbon stocks (e.g., wetlands and peatlands) and emissions of CH4 and N2O indirectly through thawing of permafrost and changing thermokarst hydrology (O'Connor et al., 2010; Gibson et al., 2018; Loranty et al., 2018; Walker et al., 2019; Bowman et al., 2020). Boreal forests store 30–40% of terrestrial carbon; 70–80% of which is stored in organic soil, and; consequently, this shift from a net carbon sink to a carbon source could impact the global carbon cycle (Lorenz and Lal, 2010). In the northern permafrost region, organic soils (peatlands) and cryoturbated permafrost-affected mineral soils have the highest mean soil organic carbon contents (32.2–69.6 kg/m2) (Tarnocai et al., 2009).
The change of LULC after fire (removal of vegetation and organic layer) increases exposure to solar radiation, result in the diminishing or even disappearance of thermal insulation and reducing of surface albedo, while the ground heat influx increases (Nossov et al., 2013; Holloway et al., 2020). Furthermore, because of heat accumulation, permafrost degrades rapidly in the form of deepening active layer and rising soil temperature (Brown et al., 2015; Li X. et al., 2021). In addition to forest fires and climate warming directly induced soil carbon emissions, permafrost degradation can alter microbial activity and result in more carbon being released into the atmosphere in the form of CH4 and CO2 effluxes that contribute to further warming (Loranty et al., 2018). The thawing of ice-rich permafrost could lead to the occurrence of thermokarst phenomenon, such as thermokarst lakes and ponds, surface subsidence, and thaw slumps (Holloway et al., 2020). Thermokarst development can lead to landscape wetting by promoting the transition from permafrost plateau forest to wetlands (Baltzer et al., 2014). Thermokarst lakes in permafrost regions are sources of the strong CH4 emissions and their expansion may have significantly contributed to the rise of the atmospheric CH4 concentrations (van Huissteden et al., 2011).
Heilongjiang Province is located at the southern edge of boreal forest and Eurasian permafrost, with forest area accounting for 46.3–49.0% of the province area from 1980 to 2015, and permafrost area accounting for 21.6% of the province area (Figure 1). The research at the Xiao Xing’anling Mountains in Heilongjiang Province, Northeast China, also showed the rapidly degrading permafrost under marsh-wetlands since 2004. The organic matter and CH4 stored in the permafrost soil were gradually released to the atmosphere (Shan et al., 2020). The studies in Northeast China show that forest fire and permafrost degradation not only lead to the change of LULC, but also to the reduction of carbon storage (Li et al., 2020b; Li et al., 2022). Furthermore, in Northeast China, a more rapid permafrost degradation has been occurring under the expanding urban regions and engineering infrastructures, such as the Mo’he County and airport and in the right-of-way along the China-Russia Crude Oil Pipeline (Li et al., 2018; Mao et al., 2019). Under a warming climate and thermal disturbances of airport construction and operation, the warming rate of permafrost at depth of 10 m reached by 0.03–0.15°C/a; the permafrost table lowered by 7.5 m from depths of 4.5–12 m in ten year (Mao et al., 2019). Due to the construction of the China-Russia Crude Oil Pipeline and the removal of vegetation, active layer thickness increased by 2.7 m and permafrost temperature at depth of 15–20 m rose by 0.2°C from 2014 to 2017 (Li et al., 2018). Under the influence of urbanization, the area of construction land in Mo’he County increased by 39.3% in the last decade. From the edge of the urban area to the center of Mo’he County, ground temperature increased from −0.9 to 3.0°C at the depth of 15 m and the permafrost table lowered from 6.1 to 22.3 m (Lu, 2018). In Northeast China, a severe burn led to a rising of soil temperatures (2.3°C) and substantial reduction of soil carbon (67.5%) in the active layer, which were not recovered seven years after forest fire (Li et al., 2020b).
Therefore, under the combined effects of climate warming, urbanization expansion, high frequency forest fires, rapid permafrost degradation, and engineering construction, significant changes in LULC and soil carbon storage have occurred in Heilongjiang Province, Northeast China.
CONCLUSIONS
The changes of LULC types and soil carbon storages were analyzed based on InVEST modeling from 1980 to 2015 in Heilongjiang Province, Northeast China, with the following conclusions:
Forest and cropland are the dominant LULC types in Heilongjiang Province, Northeast China, accounting for 46%-49%and 30–37% of the total area. From 1980 to 2015, forest, grassland, unused land, and water decreased by 1.22 × 104, 0.84 × 104, 1.11 × 104, and 0.05 × 104 km2, respectively. Cropland and construction land increased by 3.14 × 104 and 0.08 × 104 km2, respectively. This was due to the conversion of forest to cropland and grassland, that of grassland and unused land to cropland, and that of water surfaces to unused land from 1980 to 2015. The changes of LULC types were the most obviously during 1980–2000. The carbon storage of forest, grassland, and unused land decreased gradually by 236.22, 116.61 and 21.82 × 106 Mg C, respectively, while those of cropland and construction land increased gradually by 414.65 and 0.99 × 106 Mg C, respectively. From 1980 to 2015, due to the conversion of large areas of forest, grassland, and unused land to cropland. The unused land has a low carbon density, and the conversion of the unused land to cropland facilitated the formation of carbon sinks and thus increased carbon storage. Therefore, the total carbon storage of Heilongjiang Province increased by 45.36 × 106 Mg C from 1980 to 2015.
Under a warming climate and human activities, such as frequent wildfires, urban expansion, farmland reclamation, and engineering construction had led to changes in LULC, accelerating permafrost degradation. Under the combined action of these factors, soil carbon storages were significantly changed. Forest and grassland areas and their carbon storage decreased obviously, even though the total carbon storage of Heilongjiang Province increased. However, forest and grassland are important component of ecosystem service function and carbon pools in Northeast China. Therefore, evaluation of ecosystem carbon storage in boreal forest and permafrost regions are of great significance for decision-making in ecosystem service, ecological environmental protection and sustainable development.
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