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Abstract
Large-scale human activities especially the destruction of forest land, grassland, and unused land result in a large amount of carbon release into the atmosphere and cause drastic changes in land use/cover in the Sanjiang Plain. As a climate change-sensitive and ecologically vulnerable area, the Sanjiang Plain ecosystem’s carbon cycle is affected by significant climate change. Therefore, it is important that studying the impact of the changes in land use/cover and climate on vegetation carbon storage in the Sanjiang Plain. Remote sensing, temperature, and precipitation data in four periods from 2001 to 2015 are used as bases in conducting an analysis of land use/cove types and spatio-temporal variation of vegetation carbon density and carbon storage in growing season using model and related analysis methods. Moreover, the impact of land use/cover change and climate change on vegetation carbon density and carbon storage is discussed. The findings are as follows. (1) Cultivated land in the Sanjiang Plain increased, while forest land, grassland and unused land generally decreased. (2) Vegetation carbon density increased, in which the average carbon density of cultivated land, grassland, and unused land varied insignificantly, while that of forest land increased continuously from 4.18 kg C/m2 in 2001 to 7.65 kg C/m2 in 2015. Vegetation carbon storage increased from 159.18 Tg C in 2001 to 256.83 Tg C in 2015, of which vegetation carbon storage of forest land contributed 94% and 97%, respectively. (3) Conversion of land use/cover types resulted in a 22.76-TgC loss of vegetation carbon storage. Although the forest land area decreased by 3389.5 km2, vegetation carbon storage in the research area increased by 97.65 Tg C owing to the increase of forest carbon density. (4) Pixel-by-pixel analysis showed that vegetation carbon storage in the majority of the areas of the Sanjiang Plain are negatively correlated with temperature and positively correlated with precipitation. The results showed that changes of land use/cover types and vegetation carbon density directly lead to a change in vegetation carbon storage, with the change of forest vegetation carbon density being the main driver affecting vegetation carbon storage variation. The increase of temperature mainly suppresses the vegetation carbon density, and the increase of precipitation mainly promotes it.
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Introduction
The terrestrial ecosystem is one of the important carbon pools and an important link in the interaction between human activities and climate change [1]. Land use/cover change can directly affect the structure and function of land ecosystem. Therefore, carbon storage change in land ecosystem causes a change in carbon source and carbon sink, which is among the main human driving forces of carbon circulation in the current land biosphere. Global climate change causes a change in the vegetation growth environment, thereby affecting vegetation growth, structure, and function. Human activities and global climate change pose a double threat substantially affecting the carbon cycle of terrestrial ecosystems. Analyzing the impact of regional climate change and human activity on carbon cycles in terrestrial ecosystems provides important guidance for an accurate understanding of carbon cycle processes and the formulation of relevant policies.
Vegetation is the main body of the terrestrial ecosystem [2] and plays an extremely important role in the global carbon cycle. The scientific and timely evaluation of the response of the vegetation carbon storage to human activities and climate change is a hotspot in current climate change and regional sustainable development research [3–5]. In recent years, scholars have focused on the impact of land use/cover on the vegetation carbon storage. De Jong [6] believes that land use/cover has changed the ecosystem carbon density in Chiapas. Martens [7] has concluded that the carbon storage of the forest land in the U.S. is 29% and 46% higher than that of the local grassland and cultivated land, respectively. Erb [8] has quantitatively studied the impact of human activities in Australia on the carbon storage of surface vegetation. Erb [8] has concluded that the conversion of forest land into cultivated land, grassland, and urban land reduces the vegetation carbon storage by 77% and that the decrease in forest age and the change in tree species decrease the forest carbon storage by 30%. The achievements of Hutyra[9] in studying the effect of the vegetation cover change on the carbon storage contribute to the evaluation and the analysis of urban carbon sequestration potential. Wu et al. [10] estimated the vegetation carbon storage in a mining area in Jining and concluded through analysis that coal mining activities damage the cultivated land and ecological environment in the mining area, leading to immense loss of carbon storage, but land reclamation effectively recovered part of the lost carbon. Kong et al. [11] used a typical desert oasis area as their research object and concluded that land use/cover vegetation change leads to an overall increase trend of carbon storage in Linze Oasis. Moreover, they concluded that a change in cultivated land is a main factor affecting change in carbon storage. Zhu et al. [12] estimated the vegetation carbon storage in Qi River Basin of Taihang Mountain from 2005 to 2015, and predicted the carbon storage and carbon density of the ecosystem under different land use/cover change scenarios in 2025. They concluded that carbon sequestration capacity would be improved under ecological protection scenario. Wei et al. [13] analyzed the characteristics of vegetative cover change and vegetation carbon storage in the Yili area from 2005 to 2015. They concluded that a change in land vegetation generally reduces vegetation carbon storage, while changes in grassland and agricultural land are important factors affecting the carbon storage of vegetation. However, studies on the spatiotemporal changes of the vegetation carbon storage involving the combined effects of regional land use/cover change and climate change are few, and this field needs improvement and breakthroughs in the future.
The Sanjiang Plain is located in a medium- and high-latitude region and extremely sensitive to climate change. At the same time, the reclamation of the Sanjiang Plain in a large area since the middle and late twentieth century has resulted in drastic land use/cover changes. A large number of forest lands, unused lands, and grasslands have been reclaimed into cultivated land, thereby reducing the productivity of vegetation and the input of soil organic matter and leading to the release of large amounts of carbon elements into the atmosphere [14]. However, few studies have been conducted on the space–time change of vegetation carbon storage in the Sanjiang Plain under the double influence of land use/cover change and climate change. On the bases of Landsat-TM/OLI, MODIS normalized difference vegetation index (NDVI) and meteorological data in four periods from 2001 to 2015, this study estimates the vegetation carbon density and carbon storage in the Sanjiang Plain in 2001, 2005, 2010 and 2015 by using model on the geographic information system (GIS) platform, and analyzes the time–space variation of carbon density and carbon storage for vegetation in this area. Moreover, this study explores the influence of land use/cover change and climate change on vegetation carbon density and carbon storage. The results are of important guiding significance for conducting a study on regional carbon sequestration and formulating the relevant policies.
Study area
The Sanjiang Plain is located in the northeast of Heilongjiang Province and formed by the impact of Heilongjiang, Songhua, and Wusuli Rivers. Its geographical coordinates are 43°49′55″–48°27′40″N and 129°11′20″–135°05′26″E. The Sanjiang Plain has a total area of about 108 900 km2 and is the largest and most concentrated wetland in China. Moreover, the Sanjiang Plain is one of the most critical areas for wetland and biodiversity conservation in the world and an important food production and reserve base in China. This area has four distinct seasons with long freezing period, annual average temperature of 1.6 °C–3.9 °C, and annual precipitation of 500–700 mm that is concentrated in summer and autumn, and humid and semihumid continental monsoon climate. The distribution of the study area is shown in Fig. 1.[image: ../images/40494_2021_605_Fig1_HTML.png]
Fig. 1Geographical location of the Sanjiang Plain and the distribution of meteorological stations


Methods
Data sources and treatment
TM/OLI, MODIS NDVI and meteorological data were the main data sources.The time span was 2001–2015 and divided into four periods: 2001, 2005, 2010, and 2015. The TM/OLI remote sensing image was obtained from the international scientific data service platform (http://​www.​cnic.​cas.​cn/​) with a resolution of 30 m. The original remote sensing image was preprocessed by geometric correction, radiometric calibration, atmospheric correction, and clipping.The MODIS NDVI was a MOD13Q1 product that covered the Sanjiang Plain and provided free of charge on the official NASA website(http://​www.​nasa.​gov/​), and its spatial and temporal resolutions were 250 m and 16 days, respectively. The time range was the growing season of each period (April to October), a total of 104 images, and this study used the 16 days synthetic data of MOD13Q1NDVI products to generate monthly NDVI data through maximum value compositing (MVC). The meteorological data included the temperature and the precipitation data of 34 meteorological stations in and around the Sanjiang Plain from April to October and were provided by the Heilongjiang Meteorological Information Center (Fig. 1).
Interpretation of land use/cover types
According to the Macro Investigation and Dynamic Research of the Resource and Environment [15] and the current land use/cover characteristics in the study area, TM/OLI remote sensing images were interpreted by using the support vector machine (SVM) algorithm in the supervised classification method. The land use/cover in the study area was classified into six types, including forest land, cultivated land, grassland, construction land, water area, and unused land, and the spatial distribution maps of land use/cover types in the study area in 2001, 2005, 2010, and 2015 were obtained (Fig. 2), and the classification results were evaluated on the basis of the field verification points. The current study randomly sampled 180 points for field-test verification (Fig. 2).The classification accuracy of each type of supervised classification results in the Phase 4 sensing images and the overall accuracy are over 90%, and the kappa coefficient is above 0.85, thus indicating that the accuracy of the classification results meets the research requirements.[image: ../images/40494_2021_605_Fig2_HTML.png]
Fig.2Land use/cover pattern in Sangjing and sample points


Dynamic change characteristics in land use/cover types
Used the analysis function module of QGIS for statistical and spatial overlay analyses through the interpreted land use/cover status maps of the Sanjiang Plain in 2001, 2005, 2010, and 2015. The land use/cover transition matrix of the Sanjiang Plain in 2001–2015 was obtained.
Vegetation aboveground biomass model
The modeling method was the main method used for estimating biomass. The forest land (Formula 1), cultivated land (Formula 2), grassland and unused land (Formula 3) vegetation biomass models used the research results of Zhao [16], Peng et al. [17], and Li [18], and the models were verified. 40 sample plots were made respectively in various land use/cover types of the study area, which were used to measure the dry weight of biomass and verify model reliability. For forest land, cultivated land, grassland, and unused land, the findings show that the accuracy of the biomass estimations and measurements reached above 85%. Consequently, the research needs were met and model usage in the research area was warranted. The biomass density models were as follows:[image: $$\mathrm{B}1=5576.245\times {(NDVI)}^{2}-6635.377\times NDVI+2002.202,$$]

 (1)


[image: $$\mathrm{B}2=87.0518+106.5892\times NDVI,$$]

 (2)


[image: $$\mathrm{B}3=2113.575+2125.757\times NDVI.$$]

 (3)



Estimation of the vegetation carbon storage
The carbon content of different vegetation biomass varies. This study adopted commonly used international conversion coefficient between biomass and C quantity (i.e., for forest land, the conversion rate is 0.5; for other land use/cover types, the rate is 0.45) [19, 20]. In accordance with the vegetation biomass model of each land use/cover type and its remotely sensed NDVI data,the raster calculator of QGIS was used to produce the vegetation biomass density data of different land use/cover types, multiplied by the corresponding conversion coefficients to obtain the carbon density data (kg C/m2), and multiplied thereafter by their corresponding area data (km2, 1 km2 = 1 × 106 m) to generate the vegetation carbon storage data (Tg C, 1 Tg C = 1 × 109 kg C) of different land use/cover types.
Related analysis
This study used a pixel-based correlation analytical method [21, 22] to analyze the response of vegetation carbon storage in the Sanjiang Plain to climate change from 2001 to 2015. The temperature and precipitation data of 34 sites were interpolated with inverse distance weights to obtain meteorological raster data with the same projection and spatial resolution as the carbon storage data by using the QGIS software platform. The carbon storage of areas with unchanged land use type from 2001 to 2015 was extracted. On the based of the pixel correlation analysis method, the raster calculator in QGIS was used to calculate the pixel-by-pixel correlation coefficients between vegetation carbon storage and temperature and precipitation in the areas with unchanged land use types over the 15 years in the growing season of the Sanjiang Plain.
Results and analysis
Dynamic changes in the vegetation carbon storage
From 2001 to 2015, land use/cover types in the Sanjiang Plain were changed significantly and transformed frequently (Table 1). The area of cultivated land and construction land increased overall, and the area of forest land, grassland, water area, and unused land decreased overall. The areas of land use/cover types were ranked from top to bottom as follows: cultivated land, forest land, unused land, water area, construction land, grassland. Cultivated land is the land use type with the largest increase in area, with a total of 4407.5 km2 of forest land, 1218.1km2 of grassland, 557.8 km2 of water area, 507.6 km2 of construction land, and 4393.7 km2 of unused land converted into cultivated land. Cultivated land is the major transferred-in land use/cover type of the above-mentioned types. The percentages of areas with unchanged land use/cover type over the 15 years in cultivated land, forest land, grassland, water area, construction land, and unused land are 90.86%, 81.15%, 8.16%, 59.87%, 72.31%, and 36.20%, respectively. Spatially, such change and transformation means that forest land, cultivated land, and construction land were relatively stabilized, whereas grassland and unused land were minimally stabilized in the study area.Table 1Statistics of area change for different land use/cover types from 2001 to 2015 (km2)


	Area
	Cultivated land
	Forest land
	Grassland
	Water area
	Construction land
	Unused land
	2001 total area
	Transferred-out area

	Cultivated land
	47,622.8
	1875.8
	680.7
	599.3
	782.4
	852.7
	52,413.8
	4790.9

	Forest land
	4407.5
	29,167.7
	573.8
	583.8
	74.3
	1134.7
	35,941.8
	6774.1

	Grassland
	1218.1
	1184.2
	345.9
	154.3
	53.2
	1267.9
	4223.6
	3877.7

	Water area
	557.8
	78.9
	72.3
	3115.6
	18.9
	1360.6
	5204.0
	2088.4

	Construction land
	507.6
	36.6
	12.6
	7.5
	1528.0
	20.8
	2113.2
	585.2

	Unused land
	4393.7
	209.1
	397.3
	569.6
	13.6
	3167.7
	8751.0
	5583.3

	2015 total area
	58,707.6
	32,552.3
	2082.6
	5030.1
	2470.4
	7804.4
	108,647.3
	–

	Transferred-in area
	11,084.8
	3384.6
	1736.7
	1914.5
	942.4
	4636.7
	–
	–

	Area change
	6293.9
	− 3389.5
	− 2141.0
	− 173.9
	357.2
	− 946.6
	–
	–


The transferred-out area of a land use/cover type is the difference between the total area of this land use/cover type in 2001 and the area of land that has not been converted. Meanwhile, the transferred-in area is the difference between the total area of this land use/cover type in 2005 and the area of land that has not been converted. The area change is the difference between the total area in 2015 and that in 2001. The data in bold indicate the area of a certain land use/cover type that did not undergo conversion from 2001 to 2015



Dynamic changes in the vegetation carbon densities and carbon storage
In the study area, the inter-annual change of various vegetation carbon density data showed that the average vegetation carbon density took an uptrend in 2001–2015, increasing from 1.27 kg C/m2 in 2001 to 2.12 kg C/m2 in 2015 (Fig. 3). The vegetation carbon densities of cultivated land, grassland, and unused land had no significant change, fluctuated between 0.06–0.07 kg C/m2, 0.36–0.41 kg C/m2 and 0.39–0.44 kg C/m2, respectively, but the vegetation carbon density of the forest land showed remarkable changes and increased continuously. The lowest and highest carbon densities of the forest land were 4.18 (2001) and 7.65 (2015) kg C/m2, respectively. For 15 years, the average carbon density of different vegetations were ranked from top to bottom as follows: forest land, unused land, grassland, and cultivated land.[image: ../images/40494_2021_605_Fig3_HTML.png]
Fig. 3Changes in the vegetation carbon density in the Sanjiang Plain(The changes in the forest carbon density and the average carbon density refer to the primary coordinate axis, and the changes in the cultivated land, grassland, and unused land refer to the secondary coordinate axis.)


In the study area, the inter-annual change of various vegetation carbon storage data showed that the vegetation carbon storage took an uptrend in 2001–2015, increasing from 159.18 Tg C in 2001 to 256.83 Tg C in 2015 (Fig. 4). The carbon storage of forest land vegetation significantly increased, from 150.38 Tg C in 2001 to 249.11 Tg C in 2015. The carbon storage of cultivated land vegetation also continued to increase, from 3.35 Tg C in 2001 to 3.91 Tg C in 2015. The carbon storage of grassland and unused land vegetation increased overall during 2010–2015 and decreased significantly during 2010–2015, mainly due to significant reductions in grassland and unused land area during this period. For 15 years, the carbon storage of different vegetations were ranked from top to bottom as follows: forest land, unused land, cultivated land, and grassland. The change in the vegetation carbon storage in the Sanjiang Plain was basically the same as that of the forest land carbon storage, indicating that the forest land carbon storage was the main factor that affected the change in the vegetation carbon storage in the area and the main contributor of carbon sink in the Sanjiang Plain.[image: ../images/40494_2021_605_Fig4_HTML.png]
Fig. 4Changes in the vegetation carbon storage in the Sanjiang Plain (The forest land vegetation carbon storage and total vegetation carbon storage refer to the primary coordinate axis, and the vegetation carbon storage of cultivated land, grassland and unused land refer to the secondary coordinate axis.)


In terms of spatial distribution (Fig. 5), the vegetation carbon density of forest land in the majority of the areas in the Sanjiang Plain increased faster with higher value; only the carbon density increase in the east was slower with a lower value. In 2001–2010, forest land with a vegetation carbon density of 1.5–8 kg C/m2 accounted for over 80% of the total area but only 53.22% in 2015. Areas with carbon density of above 8 kg C/m2 generally exhibited an upward trend, which could mainly be attributed to forest growth, causing continuously high vegetation carbon density in some areas. In the different periods of 2001–2015, minimal differences were observed in the carbon density among cultivated land, grassland, and unused land, with a regional carbon density of 0.06–0.07 kg C/m2, accounting for 92% in cultivated land; and 0.3–0.5 kg C/m2, accounting for 82% in grassland and unused land. From 2001 to 2015, areas with remarkable carbon storage change were mainly distributed in northeast Sanjiang Plain, with extensive areas of forest land transformed into cultivated land, thereby significantly reducing carbon storage in the area.[image: ../images/40494_2021_605_Fig5_HTML.png]
Fig. 5Spatial distribution of carbon density of different vegetation in the Sanjiang Plain and field verification points of biomass models


Response of vegetation carbon storage to land use/cover change
Based on the above calculation method, the change in vegetation carbon storage and its net change value under each land use/cover change in different time periods from 2001 to 2015 were calculated (Table 2). The land use/cover changes in the three time periods from 2001 to 2015 resulted in the loss of vegetation carbon storage, of which the loss was the largest from 2005 to 2010, with a loss of 12.15 Tg C, followed by a loss of 2.78 Tg C from 2005 to 2015. The land use/cover changes in the Sanjiang Plain from 2001 to 2015 resulted in a loss of 22.76 Tg C of vegetation carbon storage. Given that the forest land has the highest carbon storage per unit area, the conversion of forest land to cultivated land, grassland, and unused land led to a reduction in carbon storage, with a total reduction 45.86 Tg C from 2001 to 2015. The conversion of cultivated land, grassland, and unused land to forest land led to an increase in carbon storage, with a total increase of 24.38 Tg C. The conversion of cultivated land to forest land, grassland, and unused land from 2001 to 2015 led to an increase in carbon storage, with a total increase of 14.71 Tg C. The conversion of forest land, grassland, and unused land to cultivated land led to a reduction in carbon storage, with a total reduction of 35.22 Tg C.Table 2The change of vegetation carbon storage in the Sanjiang Plain during 2001–2015 (Tg C)


	Conversion of land use/cover types
	2001–2005
	2005–2010
	2010–2015
	2001–2015

	Cultivated land → forest land
	0.26
	10.52
	0.82
	14.23

	Cultivated land → grassland
	0.03
	0.45
	0.09
	0.20

	Cultivated land → unused land
	0.01
	0.69
	0.05
	0.28

	Forest land → cultivated land
	 − 0.57
	 − 19.69
	 − 2.29
	 − 33.44

	Forest land → grassland
	 − 0.17
	 − 4.01
	 − 0.19
	 − 4.18

	Forest land → unused land
	 − 0.03
	 − 8.07
	 − 0.02
	 − 8.24

	Grassland → forest land
	 − 0.02
	 − 0.32
	 − 0.71
	 − 0.36

	Grassland → cultivated land
	0.05
	6.84
	0.17
	8.63

	Grassland → unused land
	0.00
	0.01
	0.01
	0.04

	Unused land → Cultivated land
	 − 0.13
	 − 0.86
	 − 0.91
	 − 1.43

	Unused land → forest land
	0.05
	0.01
	0.20
	1.52

	Unused land → grassland
	0.00
	 − 0.01
	0.00
	 − 0.01

	Net change of carbon storage
	 − 0.53
	 − 14.46
	 − 2.78
	 − 22.76




Although the changes in various land use/cover types in the Sanjiang Plain from 2001 to 2015 led to a loss of vegetation carbon storage, the overall vegetation carbon storage of the Sanjiang Plain during the past 15 years has been increasing (Fig. 6), with an increase of 16.33 Tg C from 2001 to 2005, 22.23 Tg C from 2005 to 2010, 59.09 Tg C from 2010 to 2015, and from 2001 to 2015 a total of 97.65 Tg C. The vegetation carbon storage of cultivated land and forest land in the Sanjiang Plain from 2001 to 2015 has been increasing, while the vegetation carbon storage of grassland and unused land has been decreasing. The main reason for the increase in the vegetation carbon storage of cultivated land is the continuous increase of cultivated land area. The 6293.9 km2 increase of cultivated land area over the 15 years result in a 0.56 Tg C increase in vegetation carbon storage of cultivated land.[image: ../images/40494_2021_605_Fig6_HTML.png]
Fig. 6Changes in the vegetation carbon storage at different time points in the Sanjiang Plain(The changes in the forest carbon storage and the total vegetation carbon storage refer to the primary coordinate axis, and the changes in the cultivated land, grassland, and unused land refer to the secondary coordinate axis)


During this period, the area of the forest land decreased by 3389.5 km2, but the carbon storage of the forest land vegetation increased by 98.73 Tg C, which was due to the increase in the carbon density of the forest land vegetation especially the continuously substantial increase in carbon density from 2005 to 2015. This increase compensated for the loss of the carbon storage caused by the reduction in the forest land area. The grassland area of the Sanjiang Plain was reduced by 2141.1 km2, thereby reducing the vegetation carbon storage of the grassland by 0.86 Tg C. The area of unused land was also decreased by 946.6 km2, thereby reducing the vegetation carbon storage of unused land by 0.78 Tg C. In summary, the conversion in different land use/cover types and the changes in vegetation carbon density led to changes in the vegetation carbon storage.
Correlation analysis between the vegetation carbon storage and climate factors

                              Characteristics of temperature and precipitation change
Temperature and precipitation data of the growing season in the Sanjiang Plain in 2001–2015 indicated that average monthly temperature and precipitation in 15 years consistenly increased, with change rates of 0.012 °C/year and 3.193 mm/year, respectively. Spatial distribution differences between temperature and precipitation in the Sanjiang Plain was evident, with the change intervals at 13.03–15.69 °C and 57–86 mm and monthly temperature and precipitation of 14.89 °C and 66 mm, respectively.
Correlation analysis between the vegetation carbon density and climate factors
In analyzing the response of vegetation carbon storage to climate change, in order to eliminate the changes in vegetation carbon storage caused by the mutual conversion of land use/cover types, a pixel-by-pixel correlation analysis was carried out on the vegetation carbon density and the average temperature and precipitation in the growing season in the areas with unchanged covertypes from 2001 to 2015 (Fig. 7). The results show that the vegetation carbon density in most of the forest land, cultivated land, grassland, and unused land was negatively associated with temperature, accounting for 66%, 71%, 64%, and 63%, respectively, of the total area. Moreover, the vegetation carbon density in most of the areas was positively associated with precipitation, accounting for 77%, 63%, 72%, and 55%, respectively, of the total area (Tab. 3). Therefore, vegetation carbon density in most of the Sanjiang Plain was negatively and positively correlated with temperature and precipitation, respectively, during growing season. This result indicates that the increase of temperature mainly suppresses the vegetation carbon density, and the increase of precipitation mainly promotes it.[image: ../images/40494_2021_605_Fig7_HTML.png]
Fig. 7Distribution of correlation coefficients of the vegetation carbon density with temperature (a) and precipitation (b) during the growing season in the region with unchanged vegetation type from 2001 to 2015

Table 3Percentage (%) of pixels with positive and negative correlations between vegetation carbon density and climate factors during the growing season


	Vegetation Types
	Number of pixels
	 − 1 to − 0.5 Percentage
	 − 0.5 to − 0.2 Percentage
	 − 0.2 to 0 Percentage
	0 to 0.2 Percentage
	0.2 to 0.5 Percentage
	0.5 to 1 Percentage

	T
	P
	T
	P
	T
	P
	T
	P
	T
	P
	T
	P

	Forest land
	5936
	25
	4
	26
	10
	16
	10
	15
	11
	15
	22
	4
	44

	Cultivated land
	9793
	23
	8
	30
	15
	18
	14
	13
	16
	12
	23
	4
	24

	Grassland
	791
	21
	5
	27
	13
	15
	10
	18
	15
	14
	24
	5
	32

	Unused land
	1652
	25
	16
	21
	17
	18
	12
	16
	12
	15
	16
	6
	26


T Average monthly temperature of growing season, P Average monthly precipitation of growing season



Discussion
Potential of vegetation carbon sink in the Sanjiang Plain
From 2000 to 2015, the average carbon density in the Sanjiang Plain was 1.61 kg C/m2, which was higher than that in the entire China (i.e., 1.47 kg C/m2) [23], while its average vegetation carbon storage was 197.32 Tg C, accounting for 3.37% of the Chinese vegetation carbon storage [20], and the forest carbon storage in the Sanjiang Plain contributed 3.23%. Compared with the China’s overall vegetation productivity, the study area shows higher vegetation productivity, with its forest an important contributor to increased vegetation carbon storage and carbon sink. Forest carbon density was positively correlated with the age of stand (i.e., older trees contain higher carbon density) [24]. The young and half-mature forests account for nearly 70% of the forest area [25].
If the existing young and half-mature forests could grow to mature and post-mature forests, respectively, then forest biomass in the Sanjiang Plain has immense potential for carbon sink simply by growing within the same area. Therefore, the following measures should be taken to increase forest carbon sink: (1) Directly increase the forest area through afforestation. We will make full use of the land space such as sloping land, wasteland and abandoned mines to carry out afforestation projects, further expand the forest area and increase the total amount of forest resources. (2) Strengthen forest management and improve forest quality. We will strengthen the tending of young and half-mature forests and the restoration of degraded forests, increase the forest stock volume per unit area, and optimize the stock of forest resources.
Impact of land use/cover changes in the Sanjiang Plain on vegetation carbon storage
In 2001–2015, significant land use/cover change happened in the Sanjiang Plain, with cultivated land keeping up, while forest, grassland, and unused land keeping down. Such a land use/cover change resulted in a decrease in vegetation carbon storage in the Sanjiang Plain. This result is consistent with that of Chang et al. [26], who only studied the change in vegetation carbon storage under different land use/cover change during various periods from 1954 to 2005. Moreover, they did not assess vegetation carbon storage change from the carbon density perspective. The current study uses remote sensing data in four periods from 2001 to 2015 to consider change in vegetation carbon storage caused by back-and-forth conversion of land use/cover types and also vegetation carbon density changes caused by actual vegetation growth. This process leads to a change in vegetation carbon storage in the research area. Between 2001 and 2015, land use/cover change in the Sanjiang Plain led to a loss of 22.76 Tg C in vegetation carbon storage, but increased forest land carbon density added another 97.65 Tg C in such storage. Therefore, an increase in carbon density from forest land compensated for the loss of it owing to the change in land use/cover types.
Impact of climate change on cegetation carbon storage in the Sanjiang Plain
Increasing temperature has shown positive and negative effects on vegetation carbon storage. The positive effect shows that high temperature enhances photosynthesis efficiency and vegetation carbon storage increases. Meanwhile, the negative effect shows that substantial water consumption causes drought, thereby affecting vegetation carbon storage. From 2001 to 2015, the average temperature in the Sanjiang Plain increased, and vegetation carbon storage in the majority of the areas showed a negative correlation with temperature. This result indicates that a temperature increase in the region mainly inhibits vegetation carbon storage, which is consistent with the findings of Mao et al. [27]. The inhibitory effect of climate warming on vegetation carbon storage in the Sanjiang Plain may be caused by a reduction in soil water content and suppression of vegetation growth under high temperature conditions. Although climate warming partially promotes vegetation to capture additional CO2, the Sanjiang Plain is often windy with limited precipitation during the spring and hot in the summer. That is, surface evapotranspiration accelerated and lack of water was potentially exacerbated.
In 2001–2015, average precipitation during the growing season in the Sanjiang Plain continuously increased, and the majority of the regional vegetation carbon storage were positively correlated with precipitation. This condition indicates that an increase in precipitation in this area mainly promotes vegetation carbon storage. This outcome is consistent with the findings of Xu et al. [28]. Additional precipitation promoted vegetation carbon storage in the Sanjiang Plain is possibly related with the influence of water on vegetation, which is mainly done through water demand, water balance, and carbon sequestration within photosynthesis. Meanwhile, drought can cause a decrease in water, photosynthesis, transpiration and, in turn, accumulation of dry substances, thereby affecting the carbon storage of vegetation.
Analysis of the ucertainty of vegetation carbon storage
This study notes a relative uncertainty in estimating vegetation carbon storage. First, carbon content varies among different forest types, grassland types, and crop varieties. The average carbon content value of Chinese forest trees is over 0.45; broad-leaved trees, generally below 0.5; conifers, approximately at least 0.5 [29], grassland (unused land) plants, mainly between 0.35 and 0.47 [30]; and crops, mainly between 0.42 and 0.46 [31, 32]. Given the wide variety of plants in the study area, obtaining carbon contents of plants is relatively difficult. This study adopts the conversion coefficient of biomass and C quantity commonly used by the majority of scholars, specifically using 0.5 for forest land and 0.45 for other types, thereby causing some deviations in vegetation carbon storage. In addition, the spatial resolution of NDVI data is 250 m, and the actual area of a single pixel in satellite image is 6.25 × 104 m2. Vegetation distribution in the study area is not uniform, resulting in some mixed pixel images, thereby affecting the inversion accuracy of vegetation carbon storage in the current study.
Conclusion
This study analyzes carbon density and carbon storage changes and their relationship with land use/cover change and climate from 2001 to 2015, specifically by using TM/OLI and MODIS NDVI remote sensing data and meteorological data. The main conclusion is that there is an upward trend for carbon storage and carbon density in the Sanjiang Plain. Carbon density growth is relatively fast in forest land insignificant in other land use/cover types. Land use/cover change reduces vegetation carbon storage, but high carbon density of forest vegetation compensates for such a loss. The results are as follows. Both changes of land use/cover types and vegetation carbon density directly lead to a change in vegetation carbon storage, and the continuous growth of forest land carbon density is the main factor for the overall increase of vegetation carbon storage. Temperature and precipitation during the growing season in the Sanjiang Plain increased in 15 years, vegetation carbon density in most of the Sanjiang Plain was negatively and positively correlated with temperature and precipitation, respectively. This result indicates that the increase of temperature mainly suppresses the vegetation carbon density, and the increase of precipitation mainly promotes it.
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