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Abstract: It is of great theoretical and practical significance to explore the impact of land use change on carbon storage and 
the driving factors of spatial differentiation of carbon storage in Henan Province based on the strategic goal of "dual 
carbon". Taking Henan Province as an example, nearly 30 studies were conducted using the InVEST model and geographic 
detectors. The response of annual carbon stock to land use change and its spatial differentiation driven, and the potential impact 
index (PI) was used to evaluate the vulnerability of ecological carbon storage services in this region. (1) In the past 30 years, the 
land use of Henan Province has undergone significant changes, with the cultivated land area decreasing by 11323.5 km2 and the 
construction land increasing11136.1 km2, the transfer of cultivated land to construction land is the main type of land use transfer. 
(2) From 1990 to 2020, the carbon storage in Henan Province decreased by 0.127×109t. The decrease of cultivated land and the 
increase of construction land are the leading factors for the reduction of carbon stocks. Spatially, the spatial distribution 
characteristics are high in the western and southern margins, and relatively low in the central, northern and eastern regions. (3) 
The spatial differentiation of carbon storage in Henan Province was affected by a variety of factors, among which the influence 
of a single factor on the medium slope factor (explanatory power of 0.36) was the most significant. Among the multi-factor 
interactions, the interaction between night light (x9) and slope (x6) has the largest explanatory power, reaching 0.43. (4) The 
overall PI index of each stage in Henan Province showed that the ecosystem carbon storage services had a negative impact, 
showing a trend of first weakening and then increasing. There are spatial differences in the vulnerability between cities, with the 
distribution characteristics of high in the south and low in the north, and the vulnerability of 55% of the cities has increased 
in 30 years. The transfer of cultivated land and the expansion of construction land in Henan Province have a significant impact 
on carbon storage and carbon storage service vulnerability, and the rational allocation of construction land and cultivated land 
should be paid attention to in the future. 
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1. Introduction 
In the face of escalating global warming and environmental 

degradation, a cascade of climate-related issues, including 
acid rain pollution and the intensifying greenhouse effect, has 
been set in motion [1]. Ecosystem carbon storage, a pivotal 
indicator of ecological health and stability, emerges as a vital 
mechanism capable of mitigating atmospheric CO2 
concentrations, thereby alleviating the greenhouse effect, 
curbing the pace of global warming, and sustaining regional 
carbon equilibrium [2,3]. Among the myriad factors 
influencing ecosystem carbon cycles, land use change stands 
out as a core determinant [4]. This phenomenon exerts a direct 
impact on both above-ground and below-ground vegetation 
carbon storage, while also reshaping soil types and 
environments, thereby influencing soil carbon storage 
dynamics. In response, the effective understanding and 
exploration of the extent and mechanisms by which land use 
change affects ecosystem carbon storage capacity have 
become integral to contemporary climate change research 
[5,6]. China, as a major contributor to global car-bon stocks, 
plays a crucial role in maintaining the balance between global 
carbon sinks and sources [7]. In a landmark declaration at the 
United Nations General Assembly in 2020, China committed 
to peaking carbon emissions by 2030 and achieving carbon 
neutrality by 2060, with these ambitious targets and plans for 
carbon emission peaking and neutralization subsequently 

embedded in the 14th Five-Year Plan. Against this backdrop, 
conducting research on regional ecosystem carbon storage 
assumes para-mount importance, as it holds the potential to 
enhance national and regional carbon sequestration capacities 
and foster a trajectory of green, low-carbon development. 

At present, a large number of studies have been carried out 
at home and abroad on the assessment of ecosystem carbon 
storage and its response to land use change, and there are two 
main research methods: field investigation method and 
ecological remote sensing model method [8]. In the early 
stage of research, due to the immaturity of technology and 
lack of equipment, the assessment of ecosystem carbon 
storage mainly used field survey method, although field 
survey method can improve the accuracy of data, but its 
representativeness in spatial coverage is limited, and due to 
the high cost, it is difficult to quantify space [9]. Therefore, 
with the development of science and technology and the 
progress of technology, scholars have gradually used 
ecological remote sensing model method to assess carbon 
storage. Nowadays, the most commonly used carbon stock 
assessment models include the CEVSA model, the CASA 
model, and the InVEST model. Among them, the InVEST 
model has shown significant advantages due to its small 
number of required parameters, simple operation process, 
efficient operation speed and intuitive evaluation result 
display, and has been widely used by scholars at home and 
abroad. Li et al.[10] evaluated carbon storage in karst area in 
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central Guizhou based on the InVEST model, and analyzed 
the characteristics of carbon storage change under the 
background of construction land expansion. Zhu et al.[11] 
evaluated the spatial and temporal changes of carbon storage 
in wetlands in the Guang-dong-Hong Kong-Macao Greater 
Bay Area based on the InVEST model. Tian et al.[12] 
evaluated carbon storage in the Tarim River Basin from 1990 
to 2020 based on the In-VEST model. and analyze the impact 
of land use change on carbon stocks. Zhuo et al.[13] evaluated 
carbon storage in Wuhan based on the InVEST model and 
simulated the temporal and spatial variation of carbon storage 
under different scenarios. In addition, organizations such as 
GLP, IPCC, and UNEP have proposed studies on the 
vulnerability of human-ecosystems from the perspective of 
climate change [14]. At home and abroad, the research on 
ecosystem vulnerability mainly focuses on the value of 
ecosystem services [15], and there are few studies on the 
vulnerability of ecosystem ser-vices. Ecosystem service 
vulnerability refers to the fact that ecosystems show a lack of 
ability to adapt to external disturbances, resulting in changes 
in their service functions and characteristics [16]. As an 
important part of ecosystem services, the study of carbon 
storage services and their changes and vulnerabilities has 
scientific guiding significance for effectively mitigating the 
loss and degradation of ecosystem services. 

Land use change is one of the main factors causing carbon 
stock change, which has become a consensus among a wide 
range of scholars [17]. However, most of the cur-rent studies 
focus on coastal zones [18], watersheds [19], and wetlands 
[20]. As the key to the development of the Central Plains, 
Henan Province is also a major grain-producing province in 
China, so it is necessary to pay special attention to the 
protection of eco-system carbon storage. Therefore, this study 
took Henan Province as the research object, based on the land 
use data of seven periods from 1990 to 2020, and used In-

VEST and ArcGIS to evaluate ecosystem carbon storage and 
analyze the impact of land use change on carbon storage. With 
the help of geographic detectors, the spatial differentiation 
driven analysis of carbon storage was carried out, and the 
vulnerability of carbon storage at the provincial and 
municipal scales was analyzed by using the potential impact 
index, in order to provide a scientific and effective reference 
for regional territorial spatial planning and sustainable 
development of ecosystems. 

2. Materials and Methods 

2.1. Study Area 
Henan Province is located in the central plain area of 

China(110°21'~116°39′E, 31°23'~36°22'N), it is bordered by 
Anhui and Shandong in the east, Hebei and Shanxi in the 
north, Shaanxi in the west, and Hubei in the south. The total 
area of the province is 167,000 square kilometers, accounting 
for 1.73% of the total area of the country. The terrain is high 
in the west and low in the east, Taihang Mountain, Funiu 
Mountain, Tongbai Mountain and Dabie Mountain are 
distributed in a semi-circular along the provincial boundary 
in the north, west and south, the central and eastern parts are 
the Huanghuaihai alluvial plain, and the southwest is the 
Nanyang Basin. Plains basins and mountains and hills 
accounted for 55.7% and 44.3% of the total area, respectively. 
This is shown in Figure 1. In 2022, the GDP of Henan 
Province will be about 6.13 trillion yuan, accounting for 5.06% 
of the national GDP, and the annual per capita GDP will reach 
62,100 yuan. In 2022, the permanent population of Henan 
Province will reach about 98.72 million, of which 56.33 
million will be urban residents. The permanent population of 
rural areas is 42.39 million. 

 

 
Figure 1. Schematic diagram of Central Plains urban agglomeration structure 

 

2.2. Data Collection 
The data used in this paper include land use data, natural 

condition data, transportation network data and socio-
economic data of the Central Plains urban agglomeration. (1) 

The land use data of Henan Province is derived from the 
CLCD dataset of the Earth Resources Data Cloud 
(http://www.gis5g.com), which classifies nine categories: 
cultivated land, forest land, shrub, grassland, water body, ice 
and snow, bare soil, construction land and wetland. The 
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spatial resolution is 30m×30m. (2) The natural condition data 
includes DEM data, slope data, etc., and the DEM data comes 
from the geospatial data cloud (https://www.gscloud.cn) , the 
slope data is calculated from the DEM data by the ArcGIS 
Slope module. (3) Location condition data includes road data. 
Data from OpenStreetMap (https://www.openstreetmaporg(4) 
Socio-economic data include GDP data, population data, POI 
data and night light data. The GDP data and population data 
are from the Resource and Environmental Science Data 
Center(http://www.resdc.cn) of the Chinese Academy of 
Sciences. Nighttime light data from the National Geophysical 
Data Center. 

2.3. Research Methods 
2.3.1. InVEST Model 

InVEST (Integrated valuation of ecosystem services and 
trade-offs) model is widely used in environmental assessment, 
which includes multiple modules such as carbon stocks, 
habitat quality, and soil and water conservation [21]. In this 
paper, the carbon storage module of InVEST model version 
3.14.0 is used to calculate the carbon storage in Henan 
Province, which divides the carbon storage into above-ground 
organisms. There are four basic carbon pools: carbon, below-
ground biocarbon, soil, and dead organic carbon [22]. 
According to the land use classification, the average carbon 
density of different land types was counted and calculated, 
and then the area of each type was multiplied by the 
corresponding carbon density, and the sum was the total 
carbon amount (Ctotal) of the study area. It is calculated as 
follows: 

𝐶௜ ൌ 𝐶௜，௔௕௢௩௘ ൅ 𝐶௜，௕௘௟௢௪ ൅ 𝐶௜，௦௢௜௟൅𝐶௜，ௗ௘௔ௗ    (1) 

 

𝐶௧௢௧௔௟ ൌ ∑ 𝐶௜ ൈ 𝐴௜
௡
௜ୀଵ                    (2) 

 

where Ci, above, Ci, below, Ci, soi and Ci, dead are terrestrial 
creatures of type i, respectively carbon density, below ground 
biocarbon density, soil carbon density, and dead organic 
carbon density, where C is the total carbon density of land 
group i, Ai is the area of land type i, n is the number of land 
types, and Ctotal is the total carbon storage 

The carbon density data of this study were obtained 
according to Xu et al. [23] Chen et al. [24] Li Kerang et al.[25] 
and 2010 The carbon density dataset of terrestrial ecosystems 
in China obtains the carbon density data of the whole country 
and corrects it on the basis of the data again. For the correction 
of precipitation and air temperature, the formula proposed by 
ALAM et al.[26] was used to correct the precipitation and 
carbon density. The modified formula of temperature and 
carbon density proposed by Chen et al.[27] and GIARDINA 
et al.[28] was adopted. The comprehensive correction 
formula is as follows: 

 

𝐶௦௣ ൌ 3.3986 ൈ 𝑀𝐴𝑃 ൅ 3996.1（𝑅ଶ ൌ 0.11）     (3) 

 

𝐶஻௉ ൌ 6.798 ൈ 𝑒଴.଴଴ହସൈெ஺௉（𝑅ଶ ൌ 0.7）          (4) 

 

𝐶஻் ൌ 28 ൈ 𝑀𝐴𝑇 ൅ 398（𝑅ଶ ൌ 0.47，𝑝 ൏ 0.01）   (5) 

Where: Csp is the carbon density (t/hm2) obtained from the 
average rainfall; CBP, C BT is the vegetation carbon density 
(t/hm2) obtained according to the average rainfall and average 
temperature, respectively; MAP and MAT mean precipitation 
(mm) and mean temperature(°C), respectively. The annual 
average temperature values of Henan Province and the whole 
country were determined to be 15 °C and 9.89 °C, respective-
ely, and the average precipitation was determined to be 
636.4mm, 719.5mm, substituting the above formula, the ratio 
of the two is the carbon density correction coefficient of 
Henan Province. 

 

𝐾஻௉ ൌ
஼ಳು_భ

஼ಳು_మ
; 𝐾஻் ൌ

஼ಳ೅_భ

஼ಳ೅_మ
              (6) 

 

𝐾஻ ൌ 𝐾஻௉ ൈ 𝐾஻் ൌ
஼ಳು_భ

஼ಳು_మ
ൈ

஼ಳ೅_భ

஼ಳ೅_మ
           (7) 

 

𝐾ௌ ൌ
஼ೄು_భ

஼ೄು_మ
                     (8) 

 

Where: KBP and KBT are the correction coefficients of 
vegetation carbon density obtained by precipitation factor and 
temperature factor, respectively, and are the KB correction 
coefficients of biological carbon density. KS is the correction 
factor for soil carbon density. Multiplying the carbon density 
correction coefficient with the national carbon density value 
is the carbon density data of Henan Province. Compared with 
other carbon densities, the carbon density of dead organic 
matter is difficult to obtain and accounts for a relatively small 
proportion of the carbon pool, so it is not within the scope of 
research in this paper. The carbon density of different land 
types in Henan Province is shown in Table 1 

 
Table 1. Revised carbon density data of Henan Province 

(t/hm2) 

Land Use Type 𝑪𝒊,𝒂𝒃𝒐𝒗𝒆 𝑪𝒊,𝒃𝒆𝒍𝒐𝒘 𝑪𝒊,𝒔𝒐𝒊𝒍 

Cropland 8.60 15.23 113.37 

Forest 34.19 21.87 166.08 

Grassland 5.41 24.15 104.38 

Water 0.57 1.37 35.32 

Settlement 4.75 0.00 8.16 

Unused land 2.47 0.00 22.59 

2.3.2. Geographic detectors 
Geographic detectors are used to identify and quantify the 

influencing factors that affect geographical phenomena by 
detecting the spatial distribution differences of geographical 
factors. The tool is mainly composed of four parts, namely: 
factor detection, risk detection, interaction detection and 
ecological detection. The formula for differentiation factor 
detection is as follows: 

 

𝑞 ൌ 1 െ
∑ ே೓ఙ೓

మಽ
೓సభ

ேఙమ ൌ 1 െ
ௌௌௐ

ௌௌ்
             (9) 

 

𝑆𝑆𝑊 ൌ ∑ 𝑁௛𝜎௛
ଶ௅

௛ୀଵ ； 𝑆𝑆𝑇 ൌ  𝑁𝜎ଶ          (10) 
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where: L is the stratification of variables; Nh is the number 
of samples in layer h; N is the total number of samples; 𝜎௛

ଶ 
represents the variance of the dependent variable within layer 
h; σ2 Represents the total variance of the dependent variable 
within the study area. SST is the total variance within the 
study area; SSW is the sum of the variances within layer h. 
q is a key index to evaluate the effect of the independent 
variable X on the spatial distribution of the dependent 
variable Y, and its value range is within [0,1]. 

2.3.3. Vulnerability assessment 
In order to alleviate the rapid loss of carbon storage 

services, which is an important part of ecosystem services, it 
is necessary to carry out the vulnerability analysis of carbon 
storage services under regional land use change. For the first 
time, the IPCC report proposes a vulnerability representation 
to measure the degree to which a system is unable to deal with 
the adverse effects of climate change [29]. Subsequently, 
Schröter et al.[30] expanded on this to include the concept of 
vulnerability in land use change. Based on the above research 
and combined with the method proposed by Metzger [31] to 
quantify the vulnerability of land use change to ecosystems, 
this paper uses the Potential Impact Index (PI) to measure the 
vulnerability of services such as carbon storage in ecosystems 
to land use change. The specific calculation formula is as 
follows: 

𝑃𝐼 ൌ ∆𝐶/∆𝐿                     (11) 

 

𝐿 ൌ 100 ൈ ∑ （𝐷௜ ∗ 𝑃௜）
௡
௜ୀଵ               (12) 

where: L represents the comprehensive index of land use 
intensity, 𝐷௜ represents the i level of land use intensity, and 
𝑃௜  represents the area of the i level of land use Percentage. 
Referring to the research on land use by Wang et al.[32] and 
Liu et al.[33] the land use index is divided into four levels: 4 
for settlement and 3 for cropland. 2 for forest, grassland and 
water, and 1 for unused land. ∆C It represents the change in 
carbon stock and the ∆L change in land use intensity index. 

3. Results 

3.1. Land use change from 1990 to 2020 
3.1.1. Spatiotemporal distribution characteristics 

This can be seen in Figure 2. The distribution of various 
categories in Henan Province is relatively stable, and there is 
no large-scale fluctuation. The area of the six types of land 
use is cropland, forest land, construction land, grassland, 
water area and unused land. Among them, cropland accounts 
for more than 65% of the total land area, mainly distributed 
in the southern, eastern and central plains of Henan Province. 
Forest and grassland are mainly distributed in the western part 
of Henan Province, located in high-altitude areas such as 
Sanmenxia City and Nanyang City. The settlement is 
scattered, radiating to Zhengzhou City, the capital of Henan 
Province, ac-counting for more than 7% of the total land area. 
The water area is mainly concentrated in the Yellow River, 
Danjiang Lake and Nanwan Lake, accounting for about 1% 
of the total land area. Finally, unused land is the smallest and 
even negligible type of land. 

 

 
Figure 2. Spatial distribution of land use types in Henan Province 

 

3.1.2. Land-use change 
From 1990 to 2020, it can be seen from Table 2. The 

largest fluctuation of land use change in Henan Province is 
cropland, which decreased from 120154.5km2 in 1990 to 
108831.0km2 in 2020, showing a continuous decline trend, 
with a total reduction of 11323.5km2 in 30 years. The second 
is the settlement, which increased from 12325.4 km2 in 1990 
to 23,461.4 km2 in 2020. It showed a continuous expansion 
trend, with a total increase of 11136.1km2 in 30 years. The 
second is forest, which showed a slow decline from 28,037.3 

km2 in 1990 to 2000 between 1990 and 2000 27257.7km2 
in 2000, a total decrease of 779.7 km2; From 2000 to 2020, 
there was a continuous expansion trend, increasing from 
27257.7 km2 in 2000 to 29594.4km2 in 2020, an increase of 
2336.7km2. From 1990 to 2020, although the grassland 
fluctuated, it showed an overall decreasing trend, from 
3481.8km2 in 1990 decreased to 1895.1 km2 in 2020, a 
decrease of 1586.7km2; The water area did not change much, 
from 1801.4km2 in 1990 to 2056.5km2 in 2020, an increase of 
only 255.1km2. Finally, there is unused land, which is mainly 
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bare land, showing a continuous attenuation trend. From 2010 
to 2015, the changes of cropland and settlement were the most 
obvious, and the cropland decreased from 113073.7 km2 to 
110076.6km2, a decrease of 2997km2, accounting for 26% of 
the total change from 1990 to 2020 ; The settlement increased 
from 19475.7km2 to 21865.7km2, an increase of 2389.9km2, 
accounting for 21% of the total change between 1990 and 
2020. 

With the rapid economic development and urbanization, 
the land use structure of Henan Province has undergone 
drastic changes, as shown in Table 3, a total of 20304.98 km2 
of land has been transformed in the past 30 years. It accounts 

for 12.3% of the total land use area. Among them, cropland is 
the main transferor of land use area transformation, 
accounting for 73.3% of the total transfer area, mainly 
converted to construction land. Construction land is the main 
transferee of land use area transformation, accounting for 
56.1% of the total transfer area. Forest, water area and 
cropland were transformed into each other, and the overall 
change was not reached, while grassland changed to forest 
land and cultivated land in large quantities, transferring 
997.38 km2 and 1126 km2, respectively. A large amount of 
unused land has been converted into cultivated land and 
construction land. 

 

Table 2. Area and proportion of land use in Henan Province 

Land Use Type Cropland Forest Grassland Water Settlement Unused land 

1990 
Area/km2 120154.5 28037.3 3481.8 1801.4 12325.4 22.7 

cover ratio/% 72.5 16.9 2.1 1.1 7.4 0.014 

1995 
Area/km2 119507.7 27439.4 3155.9 1472.3 14232.2 15.5 

cover ratio/% 72.1 16.5 1.9 0.9 8.6 0.009 

2000 
Area/km2 117401.6 27257.7 3272.1 1541.2 16336.7 13.7 

cover ratio/% 70.8 16.4 2.0 0.9 9.9 0.008 

2005 
Area/km2 115261.0 28188.8 2801.6 1888.6 17674.0 9.0 

cover ratio/% 69.5 17.0 1.7 1.1 10.7 0.005 

2010 
Area/km2 113073.7 28512.4 2814.6 1938.4 19475.7 8.2 

cover ratio/% 68.2 17.2 1.7 1.2 11.7 0.005 

2015 
Area/km2 110076.6 29264.7 2669.6 1940.5 21865.7 6.0 

cover ratio/% 66.4 17.6 1.6 1.2 13.2 0.004 

2020 
Area/km2 108831.0 29594.4 1895.1 2034.1 23461.4 7.1 

cover ratio/% 65.6 17.8 1.1 1.2 14.1 0.004 

2022 
Area/km2 107944.2 30144.7 1630.0 2056.5 24043.7 3.9 

cover ratio/% 65.1 18.2 1.0 1.2 14.5 0.002 

 

Table 3. Transfer matrix of land use types in Henan Province from 1990 to 2020 

1990 
2020 

Cropland Forest Grassland Water Settlement Unused land Transfer in 

Cropland 105275.49 2710.97 526.32 627.67 11013.19 0.89 14879.04 

Forest 2065.91 25749.02 151.37 5.42 65.29 0.33 2288.32 

Grassland 977.38 1126.00 1214.87 37.72 125.38 0.43 2266.91 

Water 431.51 7.92 1.80 1192.81 166.52 0.83 608.58 

Settlement 77.04 0.49 0.22 166.11 12081.37 0.12 243.98 

Unused land 3.65 0 0.48 4.36 9.65 4.51 18.14 

Transfer out 3555.50 3845.39 680.19 841.27 11380.04 2.60 / 

3.2. Characteristics of carbon storage changes 
from 1990 to 2020 

Combined the carbon storage module of the InVEST model 
to calculate the carbon storage of Henan Province during the 
seven periods of 1990, 1995, 2000, 2005, 2010, 2015, and 
2020, as shown in Figure 3 and Figure 4. The carbon storage 
in Henan Province in the study is respectively2.341×109t, 
2.315×109t, 2.287×109t, 2.275×109t, 2.255×109t, 2.232×109t, 
2.214×109t, the overall trend is decreasing year by year. 
Overall, the carbon storage in Henan Province decreased by 
0.127×109t from 1990 to 2020, with an average annual 
decrease of 0.423×107t. Among them, the period from 1995 

to 2000 was the period when carbon storage changed the most, 
with a total decrease of 2.841×107t. In terms of land use type, 
cropland contributed the most to carbon storage, accounting 
for 65.6% of the total area of the study area in 2020, and the 
carbon storage was 1.493×109t, accounting for 67.4% of the 
total carbon storage in the study area. This is followed by 
forest land, which accounts for 17.8% of the study area, and 
the carbon storage is 0.66×109t, accounting for 29.9% of the 
total carbon storage in the study area. Finally, settlement, 
grassland and water area account for 1.4%, 1.1% and 0.4% of 
the total car-bon storage in the study area, respectively. The 
proportion of unused land is too small to be ignored. 
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Figure 3. Changes of carbon reserves in Henan Province from 

1990 to 2020 

 

 

 
Figure 4. CHAnges of local carbon reserves in Henan Province 

from 1990 to 2020 

 
According to the statistics of carbon storage changes and 

carbon storage distribution characteristics of 18 cities in 
Henan Province, as shown in Figure 5, the areas with high 
carbon storage are mainly located in the western region and 
the southern fringe areas, while the low-carbon storage areas 
are distributed in Zhengzhou City and its surrounding areas, 
and most of them are located in urban areas with frequent 
human activities. As shown in Figure 6, the total carbon 
storage of each city is ranked as follows: Nanyang City> 
Xinyang City> Luoyang City> Zhumadian City> Sanmenxia 
City> Zhoukou City> Shangqiu City> Pingdingshan City> 
Xinxiang City> Anyang City> Zhengzhou City> Kaifeng 
City> Xuchang City> Jiaozuo City> Puyang City> Luohe 
City> Jiyuan City> Hebi City. In the past 30 years, Sanmenxia 
City in Henan Province showed an increasing trend, with a 
total increase of 0.137×107t. The carbon storage in the 
remaining cities showed a downward trend, and the largest 
decrease in carbon storage was in Zhengzhou City, which 
decreased by 1.751×107t. The smallest decrease was in Jiyuan 
City, with a total decrease of 0.191×107t. 

 
Figure 5. Spatial distribution of carbon reserves in Henan Province 

from 1990 to 2020 

 

 
Figure 6. Changes of carbon reserves in Henan Province from 

1990 to 2020 

3.3. Response of ecosystem carbon storage to 
land use change characteristics 

According to the analysis, the change of land use types in 
Henan Province in the past 30 years will cause the 
corresponding temporal and spatial changes of carbon storage, 
and the contribution of different land types to carbon storage 
in the study area is cultivated land, forest land, grassland, 
construction land, water, and unused land. Among them, 
cultivated land is the main contributor to ecosystem carbon 
storage because it occupies the largest area in Henan Province. 
Forest land is not the main land use type in Henan Province, 
but it is a secondary contributor to ecosystem carbon storage 
because it has the highest carbon density value. As shown in 
Table 4, the reduction of cropland area led to the loss of 
carbon storage by 15.531×107t from 1990 to 2020. It is the 
main contributor to the loss of carbon storage in Henan 
Province, accounting for 87.9% of the carbon storage loss. 
The increase of forest area increased the carbon storage by 
3.458×107t, which was the main contributor to the increase of 
carbon storage in Henan Province, accounting for 69.4% of 
the increase in carbon storage. Table 5 shows the details of 
the changes in carbon storage caused by land use change from 
1990 to 2020, and the most obvious loss of carbon storage is 
the conversion of cropland to construction land, which has 
decreased in 30 years 13.868×107t, of which the loss of 
carbon storage reached the maximum in 2010-2015, during 
which the rapid economic development and the rapid 
expansion of construction land led to a large loss of cultivated 
land 2.974×107t reduction in carbon stocks. The second is the 
conversion of forest to cropland, and the most obvious loss is 
mainly caused by the loss of carbon storage of 1.184×107t 
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between 1990 and 1995. Conversely, the main contributor to 
the increase in carbon stocks over the 30-year period was the 
conversion of cropland to forest land, which increased by 
4.918×107t over the 30-year period carbon stocks increased 
most significantly between 2000 and 2005, followed by 

1.124×107t from 2010 to 2015, 1.096×107t carbon stocks. The 
substantial expansion of construction land and the gradual 
encroachment of ecological land such as cultivated land and 
forest land are the main factors for the loss of carbon storage 
in Henan Province. 

 

Table 4. Carbon stocks and changes in various regions from 1990 to 2020 / 107t 

Land Use Type 1990 1995 2000 2005 2010 2015 2020 1990-2020 

Cropland 164.847 163.965 161.075 158.138 155.137 151.025 149.316 -15.531 

Forest 62.283 60.954 60.550 62.619 63.337 65.009 65.741 3.458 

Grassland 4.663 4.227 4.382 3.752 3.770 3.575 2.538 -2.125 

Water 0.671 0.548 0.574 0.704 0.722 0.723 0.758 0.087 

Settlement 1.590 1.836 2.107 2.280 2.512 2.821 3.027 1.436 

Unused land 0.006 0.004 0.003 0.002 0.002 0.002 0.002 -0.004 

 

Table 5. Carbon storage change caused by land use change in Henan Province from 1990 to 2020 / 104t 

Land Use Type Change 
1990-

1995 
1995-

2000 
2000-

2005 
2005-

2010 
2010-

2015 
2015-

2020 
Cropland→Forest 455.554 511.918 1124.456 859.812 1096.001 870.747 

Cropland→Grassland -13.756 -21.519 -9.401 -15.289 -14.048 -8.299 

Cropland→Water -106.723 -233.644 -302.835 -202.538 -219.624 -192.706 

Cropland→Settlement -2264.591 -2539.884 -1791.188 -2253.170 -2974.070 -2045.358 

Cropland→Unused land -0.024 -0.042 -0.021 -0.334 -0.104 -0.213 

Forest→Cropland -1184.489 -876.202 -492.634 -627.468 -590.429 -859.214 

Forest→Grassland -44.208 -16.996 -10.398 -62.863 -19.747 -9.961 

Forest→Water -0.036 -0.034 -0.056 -0.094 -0.394 -0.045 

Forest→Settlement -5.096 -4.704 -7.128 -16.709 -25.744 -19.805 

Forest→Unused land 0.000 0.000 0.000 0.000 0.000 -0.002 

Grassland→Cropland 15.093 8.238 17.811 12.143 12.372 22.326 

Grassland→Forest 273.565 236.444 178.051 111.024 166.508 296.357 

Grassland→Water -4.351 -2.846 -7.346 -5.145 -5.885 -2.530 

Grassland→Settlement -33.256 -48.770 -24.383 -32.331 -31.234 -21.811 

Grassland→Unused land -2.712 -3.832 -0.622 -1.337 -0.317 -0.878 

Water→Cropland 473.076 184.610 108.113 242.610 323.990 215.521 

Water→Forest 4.809 1.107 1.368 6.435 5.862 1.817 

Water→Grassland 2.609 3.048 2.636 2.978 1.509 1.444 

Water→Settlement -19.426 -22.159 -7.146 -16.440 -17.037 -9.618 

Water→Unused land -0.031 -0.025 -0.013 -0.149 -0.035 -0.125 

Settlement→Cropland 1.054 0.713 2.308 3.284 1.064 3.507 

Settlement→Forest 0.000 -0.006 0.000 -0.002 -0.015 0.000 

Settlement→Grassland -0.004 -0.021 -0.061 -0.064 -0.004 -0.135 

Settlement→Water -6.146 -18.368 -38.065 -27.262 -27.078 -27.799 
Settlement→Unused 

land 
0.000 0.000 0.000 -0.001 -0.002 -0.025 

Unused land→Cropland 1.575 0.557 0.702 0.615 0.730 0.274 

Unused land→Forest 0.000 0.000 0.000 0.000 0.000 0.000 

Unused land→Grassland 7.574 1.402 3.218 1.412 0.638 0.113 

Unused land→Water 0.035 0.028 0.045 0.037 0.066 0.040 
Unused 

land→Settlement 
-0.158 -0.425 -0.178 -0.169 -0.139 -0.052 
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3.4. Spatial differentiation-driven analysis of 
carbon stocks 

The influence of the driving factors on the spatial 
distribution of carbon storage in Henan Province was 
analyzed by using geographic detectors, and the single factor 
analysis results are shown in the figure, and the p values of 
the 10 driving factors are less than 0.001, which passes the 
significance test. It can accurately explain the changes in 
carbon storage in Henan Province. As shown in Figure 7, the 
degree of influence of factors on regional carbon storage is as 
follows: slope (x6), elevation (x2), and night light (x9), 
population density (x7), average annual temperature (x5), 
first-class road (x10), high-speed (x3), average annual rainfall 
(x4), GDP (x1) and water (x8). The explanatory power of 
slope (x6) and elevation (x2) is above 0.25, which is the main 
factor affecting the change of carbon storage in the region. 
The explanatory power of night light (x9), population density 
(x7), average annual temperature (x5) and first-class road 
(x10) were all above 0.15, which is a secondary impact factor. 
The remaining factors have little direct impact on the change 
of carbon stocks. The interaction between any factors is 
greater than that of a single factor on the change of carbon 
stock, showing a relationship between two-factor 
enhancement and nonlinear enhancement. This indicates that 
the change of carbon storage in Henan Province is affected by 
the multi-factor composite effect. Among them, the 
interaction between night light (x9) and slope (x6) has the 
largest explanatory power, which is 0.43. Therefore, the 
driving factor affecting the spatial distribution of carbon 
storage is not a simple linear superposition effect, but is 
affected by the multi-factor composite effect. 

 

 
Figure 7. Detection result of factor 

3.5. Ecosystem carbon stock vulnerability 
assessment 

In this paper, we will evaluate the vulnerability of 
ecosystem carbon storage services at two spatial scales: 
provincial and municipal. Firstly, the vulnerability of carbon 
storage to land use change in Henan Province from 1990 to 
2020 was measured by using a formula, and it was divided 
into six stages at five-year intervals, as shown in Table 6. 
From 1990 to 2020, the land use intensity indices were 287.31, 
289.23, 290.49, 290.82, 297.67, 292.75, 293.92, showing a 
continuous upward trend year by year, an increase of 6.61 in 

30 years, an increase 2.3%. In the past 30 years, the carbon 
storage has continued to decline year by year, reaching 
1.27×108t in the past 30 years. The increase in the land use 
intensity index is mainly due to the sharp increase in the 
construction land classified as 4 in the formula, while the 
decrease in carbon storage is mainly due to the large transfer 
of cultivated land with high carbon density to construction 
land with low carbon density land. Due to the increase of land 
use intensity index and the decrease of carbon storage, the PI 
index in the six time periods was negative, indicating that the 
potential impact of land use change on carbon storage from 
1990 to 2020 was negative. From 1990 to 2005, the PI index 
gradually decreased, indicating that during this period, the 
vulnerability was deteriorating and the land use was not 
rationally developed. Between 2005 and 2020, although the 
PI index was still negative, it showed an upward trend, 
indicating that the problem still exists, but the situation has 
improved relatively well. 

 

 
Figure 8. Changes of carbon storage service vulnerability in Henan 

Province from 1990 to 2020 

 

Secondly, the vulnerability of municipal unit carbon 
storage to land use change in Henan Province was calculated 
by using a formula, and it was divided into two stages at 15-
year intervals, as shown in Figure 8. From 1990 to 2020, only 
Sanmenxia City in Henan Province had a positive potential 
impact on carbon storage, with PI indices of 8.537 and 0.534 
in the two phases. The negative impact of land use change on 
carbon storage in Nanyang City is the most significant, with 
the PI index even reaching -19.041 from 2005 to 2020. From 
1990 to 2005 and 2020, the PI index of each city has changed 
to varying degrees, and there are 10 cities with an increasing 
trend in the PI index, and 8 cities with a weakening trend. 
Although the PI index of Sanmenxia City is positive, it shows 
a downward trend, indicating that the potential impact of land 
use change on carbon storage in Sanmenxia City is positive, 
but its vulnerability is deteriorating. The PI indices of 
Pingdingshan City, Xinxiang City, Zhengzhou City, Puyang 
City, Nanyang City and Luoyang City were all negative in 
both phases and showed a downward trend, indicating that the 
vulnerability of carbon storage in these six cities has been 
deteriorating and land use has not been rationally developed. 
Finally, Hebi City, Jiyuan City, Kaifeng City, Luohe City, 
Xuchang City, Zhoukou City, Zhumadian City, Xinyang City, 
Shangqiu City and Jiaozuo City, although the PI index of 
these nine cities is negative, it has increased in these two 
stages, indicating that the problem still exists. It's just that the 
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situation has improved relatively well. 
 

Table 6. potential impact of land use on carbon storage capacity in Henan Province 

Year 
Land Use Intensity 

Index 
Land Use Intensity Change Total Carbon Storage/108t Carbon Storage Change/108t 

PI*/108

t 
1990 287.31  — 23.41  — — 
1995 289.23  1.91  23.15  -0.26  -0.14  
2000 290.49  1.27  22.87  -0.28  -0.22  
2005 290.82  0.32  22.75  -0.12  -0.37  
2010 291.67  0.85  22.55  -0.20  -0.23  
2015 292.75  1.08  22.32  -0.23  -0.21  
2020 293.92  1.17  22.14  -0.18  -0.15  

4. Conclusion  
Taking Henan Province as the study area, this paper 

analyzes the response of carbon storage to land use change in 
Henan Province based on land use data, combined with the 
InVEST model and geographic detector land use change and 
transfer, spatiotemporal change of carbon storage and spatial 
differentiation drive, and uses the potential impact index (PI) 
conducts an assessment of the vulnerability of carbon stock 
services: 

(1) The land use type in Henan Province is mainly 
cultivated land, and the land has undergone significant 
changes from 1990 to 2020, which is mainly manifested in a 
large decrease in cultivated land area, with a total decrease of 
11323.5 km2, and a sharp expansion of construction land area, 
with a total increase of 11136.1 km2, of which the change 
range from 2010 to 2015 was the most significant. 

(2)  From 1990 to 2020, carbon storage in Henan 
Province showed a continuous downward trend, with a total 
decrease of 0.127×109t. The decrease of cultivated land and 
the increase of construction land are the leading factors for 
the reduction of carbon stocks. Spatially, the spatial 
distribution characteristics are high in the western and 
southern margins, and relatively low in the central, northern 
and eastern regions. 

(3) The spatial differentiation of carbon storage in 
Henan Province is affected by a variety of factors, which is 
the result of the synergistic effect of socio-economic 
development and natural geographical environment. Among 
them, the influence of single factor on the slope factor 
(explanatory power of 0.36) was the most significant. The 
interaction between each driving factor is greater than that of 
a single factor on the change of carbon stock, showing a 
relationship between two-factor enhancement and nonlinear 
enhancement, among which the interaction between night 
light (x9) and slope (x6) has the largest explanatory power, 
reaching 0.43. 

(4) The overall PI index of Henan Province at each 
stage was -0.14, -0.22, -0.37, -0.23, -0.21 and -0.15, the 
ecosystem carbon storage services were all negative, showing 
a trend of first weakening and then increasing. There are 
spatial differences in the vulnerability between cities, with the 
distribution characteristics of high in the south and low in the 
north, and the vulnerability of 55% of the cities has increased 
in 30 years. 

References 
[1] Sarkodie A S, Owusu A P ,Leirvik T .Global effect of urban 

sprawl, industrialization, trade and economic development on 
carbon dioxide emissions[J].Environmental Research Letters, 
2020,15(3):034049-034049. 

[2] MORI A S. Advancing nature-based approaches to address the 
biodiversity and climate emergency. [J].Ecology letters,2020, 
23(12):1729-1732. 

[3] Yang H, Huang J ,Liu D .Linking climate change and 
socioeconomic development to urban land use simulation: 
Analysis of their concurrent effects on carbon storage 
[J].Applied Geography,2020,115102135-102135. 

[4] Yao N, Liu G, Yao S, et al. Impact assessment of the project of 
returning farmland to forest and grassland in loess hilly and 
gully area based on InVEST model on ecosystem carbon 
storage[J]. Bulletin of Soil and Water Conservation,2022, 
42(05):329-336.DOI:10.13961/j.cnki.stbctb.2022.05.040 

[5] Xing X, Wang Q, Zhao J, et al. Study on land use and carbon 
storage change in Jinan metropolitan area coupled with 
InVEST—PLUS model[J/OL]. Remote sensing of natural 
resourceshttps://link.cnki.net/urlid/10.1759.p.20240918.1035.
012 

[6] Qi M, Wang F, Hua Y C, et al. Assessment of land use change 
and carbon storage in Inner Mongolia Autonomous Region 
based on PLUS and InVEST models[J]. Journal of Soil and 
Water Conservation,2023,37(06):194-200.DOI:10.13870/j.cn 
ki.stbcxb.2023.06. 025. 

[7] Tang L ,Wu J ,Yu L , et al. Carbon emissions trading scheme 
exploration in China: A multi-agent-based model[J].Energy 
Policy, 2015,81152-169. 

[8] Wang T, Gong Z, Deng Y, Identification of Priority Areas for 
Improving the Quality and Efficiency of Vegetation Carbon 
Sequestration in Shaanxi Province Based on Land Use 
Change[J].JOURNAL OF NATURAL RESOURCES,20 
22,37(05):1214-1232 

[9] Chen D, Zhou X, Yang S et al. Analysis of carbon storage 
evolution and vulnerability characteristics based on land 
change in Guizhou Province[J].Bulletin of Soil and Water 
Conservation,2023,43(03):301-309.DOI:10.13961/j.cnki.stbct 
b.20230216.002 

[10] Li Y, Luo H. study on the carbon storage change of 
construction land expansion in karst area of central Guizhou 
based on InVEST model[J].Journal of Northwest Forestry 
University,2024,39(01):185-192+199 

[11] Zhu M, Zhao K, Shao Z, et al. Analysis of spatiotemporal 
changes of wetland carbon storage in the Guangdong-Hong 
Kong-Macao Greater Bay Area based on InVEST model[J/OL]. 
Environmental Science, 1-19 [2024-10-31].https://doi.o 
rg/10.13227 /j.hjkx.202404030 

[12] Tian X, Gao F, He B. Land use change and its impact on carbon 
storage in the Tarim River Basin from 1990 to 
2020[J/OL].Environmental Science,1-18[2024-10-31].https:// 
doi.org/10.13227/j.hjkx.202311201. 

[13] Zhuo W ,Jie Z ,Wan C .Impact of urban expansion on carbon 
storage under multi-scenario simulations in Wuhan, 
China.[J].Environmental science and pollution research 
international,2022,29(30):45507-45526. 



 

405 

[14] Liu L ,Liang Y ,Hashimoto S .Integrated assessment of land-
use/coverage changes and their impacts on ecosystem services 
in Gansu Province, northwest China: implications for 
sustainable development goals[J].Sustainability Science, 
2020,15(1): 297-314. 

[15] Zhou J, Wu H, Xu T, et al., Topographic gradient 
differentiation and driving factors of ecosystem service value 
in the Yalong River Basin of Tibet[J/OL].Soil and Water 
Conservation Research, 1-11[2024-10-31].https://doi.org/10. 
13869/j.cnki.rswc.2025.02. 032 

[16] Xiang S, Zhang Q, Wang D et al. response and vulnerability 
analysis of carbon storage in the main urban area of Chongqing 
to land use/cover change in the past 20 years[J].JOURNAL OF 
NATURAL RESOURCES,2022,37(05):1198-1213 

[17] Zhang B, Xia Q. Topographic gradient effect and vulnerability 
of carbon storage in Wuhan metropolitan area [J]. Soil and 
Water Conservation Research, 20235.30 (05): 443-
452.DOI:10.13869/j.cnki.rswc.2023.05.002. 

[18] Sun T, Ma Z, Huang Z, et al. Coastal ecosystem restoration 
strategy based on carbon storage change: A case study of the 
southeast coastal zone of Hainan Island[J].Tropical Geography, 
2023,43(03):443-458.DOI:10.13284/j.cnki.rddl.003643 

[19] Wang H, Li Z. Analysis of dynamic changes and vulnerabilities 
of ecosystem carbon storage in the Weihe River Basin based 
on LUCC[J]. Research of Soil and Water Conservation, 
2024,31(6):252-260,270 

[20] Han Z, Weng X, Zhou L, et al. Study on Spatio-temporal 
Distribution and influencing factors of carbon Storage in 
Chongming Coastal Wetland [J/OL]. Journal of the Yangtze 
River Academy of Sciences, 1-9 [2024-10-31]. Http: 
//kns.cnki.net/kcms/detail/42.1171.TV.20240904.1245.010.ht 
ml. 

[21] Xu A, Hu M, Shi Jing, et al. Spatio-temporal variation and 
Multi-scenario Simulation of ecosystem carbon Storage in 
Shiyang River Basin [J]. China Environmental Science, 
2024J.44 (6): 3365-3375. 

[22] Zhi F, Zhou Z, Zhao M, et al. Characteristics of spatio-temporal 
evolution of carbon storage in Hefei ecosystem based on PLUS 
and InVEST model [J]. Journal of soil and Water Conservation, 
20240.38 (02):205-215.DOI:10.13870/j.cnki.stbcxb.2024.02. 
033. 

[23] Xu L, Yu G, He N. Changes in soil carbon storage of terrestrial 
ecosystems in China in 2010s [J]. Journal of Geography, 2018, 
2013, 73 (11): 2150-2167 

[24] Chen L, Liu G, Li H. Remote sensing dynamic monitoring of 
net primary productivity of vegetation in China [J]. Journal of 
remote Sensing, 2002. 6 (2): 129-135164. 

[25] Li K, Wang Shaoqiang, Cao M. Carbon storage of vegetation 
and soil in China [J]. Chinese Science (part D: Geoscience), 
2003, (01): 72-80. 

[26] Alam S, Starr M, Clark B. Tree biomass and soil organic carbon 
densities across the Sudanese woodland savannah: A regional 
carbon sequestration study[J]. Journal of Arid Environment 
s,2013,8967-76. 

[27] Chen G, Yang Y, Liu L, et al. Research Progress of Forest 
Underground carbon Distribution (TBCA) [J]. Journal of 
Subtropical Resources and Environment, 2007, 2 (1): 34-42 

[28] P C G, G M R. Evidence that decomposition rates of organic 
carbon in mineral soil do not vary with temperature. [J]. Nature, 
2000,404(6780):858-61. 

[29] Mackay A. Climate Change 2007: Impacts, Adaptation and 
Vulnerability. Contribution of Working Group II to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate 
Change[J].Journal of Environmental Quality,2008,37(6):2407-
2407. 

[30] Schröter D, Cramer W, Leemans R, et al. Ecosystem Service 
Supply and Vulnerability to Global Change in Europe[J]. 
Science,2005,310(5752):1333-1337. 

[31] Metzger J M, Schröter D. Towards a spatially explicit and 
quantitative vulnerability assessment of environmental change 
in Europe[J]. Regional Environmental Change,2006,6(4):201-
216. 

[32] Wang S, Liu J, Zhang Z, et al. Analysis of spatio-temporal 
characteristics of land use in China [J]. Journal of Geography, 
2001, (06): 631639. 

[33] Liu J. Study on remote Sensing Macro investigation and 
dynamic Monitoring of National Resources and Environment 
[J]. Journal of remote Sensing, 1997, (03): 225,230. 

 


