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Abstract: Glycyrrhiza uralensis Fisch. is widely used in medicine for its roots and rhizomes, 12 

and it plays a significant role in enhancing the regional ecological environment. In this 13 

study, firstly, based on the spectral characteristics of G. uralensis distribution areas under 14 

the G. uralensis Vegetation Index (GUVI) feature set of major feature types and G. uralensis 15 

in different years from 2014 to 2022, the G. uralensis distribution areas were identified and 16 

extracted using the Random Forest. Moreover, we estimated the Net Primary Productivity 17 

(NPP) of G. uralensis in Dengkou County using an improved version of the Carnegie- 18 

Ames-Stanford Approach (CASA) and investigated its spatio-temporal evolution charac- 19 

teristics. Additionally, with the assistance of GeoDetector, we systematically analyzed the 20 

relationship between the NPP of G. uralensis and 71 environmental factors from 2014 to 21 

2022. The study findings indicated that the distribution area of G. uralensis fluctuated sig- 22 

nificantly over the years. Initially, its distribution was predominantly concentrated in the 23 

northeastern part of Dengkou County, but later it expanded to the southwestern region 24 

as well. Although the annual mean NPP of G. uralensis from 2014 to 2022 showed a fluc- 25 

tuating downward trend, it still accounted for a high proportion in the regions with high 26 

annual mean NPP within Dengkou County, which implies that G. uralensis has a strong 27 

carbon sequestration capacity. Furthermore, the GeoDetector analysis revealed that the 28 

impacts of various environmental factors on the spatial distribution of G. uralensis NPP in 29 

Dengkou County involve complex interaction relationships. This study offers valuable 30 

perspectives on the potential of G. uralensis as a key species for ecological restoration, de- 31 

sert management, sustainable utilization of medicinal plant resources, and carbon seques- 32 

tration in (semi)arid regions. It also underscores the possibility of achieving a win-win 33 

situation for ecological conservation and economic development. 34 

Keywords: Glycyrrhiza uralensis Fisch.; medicinal plants; Net primary productivity; car- 35 

bon sequestration; GeoDetector 36 

 37 

1. Introduction 38 

With the rapid development of human society and the economy, a series of global 39 

ecological and environmental challenges have emerged, such as global warming, a drastic 40 

decline in forest area, and a substantial reduction in biodiversity. These issues present 41 
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significant challenges to humanity [1-3]. To tackle the ecological and environmental prob- 42 

lems stemming from human activities [4], an increasing number of scholars have con- 43 

ducted in-depth investigations into the relationship between terrestrial ecosystems and 44 

global environmental change. Vegetation is of crucial significance in ecosystems [5, 6]. Its 45 

dynamic changes are closely associated with the stability and security of these systems. 46 

Conversely, the type, quantity, and quality of vegetation are significantly influenced by 47 

climate change and human activities [7]. Therefore, monitoring vegetation dynamics and 48 

studying their responses to environmental factors are of critical importance [8].  49 

Medicinal plants, as an important component of diverse vegetation types, not only 50 

provide medicinal value for disease treatment but also play significant ecological roles, 51 

such as enhancing soil quality and preventing soil erosion. Nevertheless, previous re- 52 

search has mainly concentrated on their economic value [9, 10], often neglecting their eco- 53 

logical value [11-13]. Edo et al. conducted an investigation into the socio-ecological bene- 54 

fits of home garden agroforestry and its indigenous management system in Digelu Tijo 55 

Zone, Ethiopia, and showed that the percentage of social use categories of these plants, 56 

from the largest to the smallest, were edible plants, medicinal plants, fodder plants, con- 57 

struction plants, income generating plants, ornamental plants, spice plants, and shade 58 

plants, among others. Their ecological values include maintaining soil fertility, providing 59 

habitat for many organisms, improving water quality, preventing soil erosion, carbon se- 60 

questration, and improving soil moisture through shading. These plants are of great im- 61 

portance for food security and the restoration of ecosystem services, especially in devas- 62 

tated areas. The potential of different plant species to offer multiple uses and a wide array 63 

of ecological goods and services far exceeds what has been previously recognized[14]. In 64 

addition, scholars [15, 16]have reported that medicinal plants store significant amounts of 65 

carbon, which can enhance soil organic carbon content, improve soil fertility, increase ag- 66 

ricultural yield, and reduce greenhouse gas emissions. These contributions are of great 67 

significance in promoting the development of sustainable ecosystems. Particularly for 68 

(semi) arid areas, where economic development is hindered by the decline or loss of bio- 69 

logical and economic productivity caused by land degradation, cultivating crops with 70 

both ecological and economic value offers a vital pathway to breaking the cycle of degra- 71 

dation and achieving a sustainable ecological and economic balance. In an attempt to find 72 

a sustainable, profitable and effective method of CO2 capture, Ghazzawy, HS et al con- 73 

ducted an in-depth assessment of the ability of paulownia trees to capture atmospheric 74 

CO2, which showed that paulownia trees have ornamental, cultural and medicinal value, 75 

as well as strong carbon sequestration capacity and broad environmental suitability for 76 

use in agroforestry systems, and that large-scale planting is expected to meet global cli- 77 

mate goals by 2050[17]. Chen et al studied the carbon sequestration and oxygen release 78 

capacity of 10 typical plants in the Helan Mountains, which is a transition zone between 79 

the temperate grassland area and the desert area in China[18]. They showed that the car- 80 

bon sequestration and oxygen release capacity of Picea crassifolia Kom., Populus davidiana 81 

Dode, Cotoneaster hissaricus Wall. ex Lindl., and Thermopsis lanceolata R. Br. were all strong. 82 

And all these plants can be used as medicine. Lucía Andreu-Coll et al explored the fresh 83 

food production and non-food uses of Opuntia in countries such as Mexico, Italy and 84 

Spain (exploiting its biofunctional, medicinal, nutraceutical and cosmetic properties) and 85 

environmental mitigation of climate change through soil carbon sequestration are ex- 86 

plored[19]. Ultimately it was shown that this crop is usually grown in more rural areas by 87 

smallholders and micro-farmers. Opuntia cultivation can be an effective means for rural 88 

development in (semi -)arid regions of Europe, covering aspects such as production, job 89 

creation, and environmental protection. Therefore, considering the unique characteristics 90 

of (semi -)arid ecosystems, we should search for plants with high economic and ecological 91 

value that are adaptable to (semi -)arid agro-ecosystems. This will offer more alternatives 92 
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for achieving the dual goals of maximizing ecological restoration and economic develop- 93 

ment in (semi -)arid areas, which is of great significance for multiple reasons. 94 

Glycyrrhiza uralensis Fisch., a plant of the genus Glycyrrhiza in the Leguminosae fam- 95 

ily, is used medicinally based on its roots and rhizomes, which exhibit analgesic, cough 96 

suppressant, anti-inflammatory, anti-ulcer, and anti-allergic properties. It is widely uti- 97 

lized in various fields, including medicine, food, and cosmetics [20-24]. As a perennial 98 

leguminous plant, G. uralensis features a well-developed root system, high tolerance to 99 

light and drought, and strong resistance to adverse conditions. In arid and semi-arid re- 100 

gions, it plays a vital role in ecological protection, acting as windbreaks and facilitating 101 

sand fixation. Moreover, it is a key wild sand-fixing plant under the protection and man- 102 

agement of China [25]. In recent years, due to the growth of market demand for G. ura- 103 

lensis, people's predatory digging, and local agricultural development, among other rea- 104 

sons, the fluctuation in the G. uralensis planting area has become more pronounced. Con- 105 

sequently, the utilization of modern information technology for G. uralensis identification 106 

has become a necessary initiative to promote the sustainable development of the G. ura- 107 

lensis planting industry and to formulate a development plan for local agriculture. Remote 108 

sensing technology, as an emerging information acquisition method, has been widely em- 109 

ployed in agricultural production due to its timeliness, large-scale synchronous observa- 110 

tion capability, and other advantageous characteristics. It plays a crucial role in the inves- 111 

tigation and assessment of plant resources, growth monitoring and prediction, ecological 112 

environment monitoring and assessment, as well as precision agriculture and manage- 113 

ment [26-28]. Therefore, the use of remote sensing technology to identify the distribution 114 

area of G. uralensis not only enhances our understanding of the distribution and growth 115 

status of G. uralensis resources but also provides a scientific basis and technical support 116 

for their rational utilization and ecological protection. 117 

In summary, medicinal plants play a vital role in the ecosystem. Their existence and 118 

functions are crucial for maintaining ecological equilibrium and promoting economic de- 119 

velopment. G. uralensis, as a medicinal plant with diverse applications, also contributes 120 

significantly to conserving groundwater resources, preventing land sandification, and en- 121 

hancing the regional ecological environment, thanks to its well-developed root system. 122 

Understanding the ecological value of G. uralensis is conducive to the rational planning of 123 

G. uralensis cultivation, which helps to achieve ecosystem balance and ensure the long- 124 

term supply of G. uralensis resources. Therefore, in this study, G. uralensis was selected as 125 

the research object, and Dengkou County, which has a long-standing cultivation history 126 

and rich experience in the (semi-)arid region, was chosen as the study area. The distribu- 127 

tion areas of G. uralensis were identified and extracted using the random forest (RF)model 128 

based on the images from the wide-field-view of the Gaofen-1 satellite (GF-1 WFV). Sub- 129 

sequently, the improved CASA model was employed to estimate and analyze the spatial 130 

and temporal variations of G. uralensis Net Primary Productivity (NPP) in Dengkou 131 

County from 2014 to 2022, incorporating remote sensing images and meteorological data. 132 

Finally, GeoDetector was employed to analyze the relationship between NPP of G. ura- 133 

lensis and 71 environmental factors in Dengkou County from 2014 to 2022, aiming to iden- 134 

tify the key drivers influencing NPP of G. uralensis during this period. This study provides 135 

an important reference for selecting G. uralensis as a key species for ecological restoration, 136 

desert management, sustainable utilization of medicinal plant resources, and carbon se- 137 

questration in (semi-)arid regions, thereby facilitating a win-win situation for ecological 138 

construction and economic development. 139 

2. Materials and Methods 140 

2.1. Study area 141 
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Dengkou County is located in the western part of Inner Mongolia Autonomous Re- 142 

gion, within Bayannur City. As shown in Figure 1, it is located at the convergence zone 143 

between the river-bend plain and the Ulanbuh Desert. The county has a highest elevation 144 

of approximately 1951 m above sea level and a total area of about 4,200 km². Its topogra- 145 

phy and geological features are diverse, mainly consisting of sandy areas, mountains, and 146 

plains, earning it the reputation of "seven-sands, two-mountains, and one-plain." It is one 147 

of the nine experimental demonstration counties for sand control and prevention in China. 148 

The county experiences a temperate continental monsoon climate, characterized by short 149 

springs and autumns, long cold winters, and hot summers. The average annual tempera- 150 

ture is around 9.16 °C; the average annual rainfall ranges from 106 to 155 mm; the diurnal 151 

temperature difference is relatively large, approximately 14.5 °C; and the frost-free period 152 

lasts from 136 to 144 days. These conditions endow the county with unique foundations 153 

and conditions for developing modern agriculture and animal husbandry. In addition to 154 

traditional crops like Zea mays L. and Glycine max (L.) Merr., the planting areas of medici- 155 

nal plants such as Cistanche deserticola Ma, G. uralensis, and Astragalus membranaceus (Fisch.) 156 

Bunge have been increasing year by year in recent years. Moreover, as part of the "two- 157 

screens and three-belts" ecological security strategy pattern, Dengkou County shoulders 158 

three crucial tasks: protecting the Yellow River, lakes, wetlands, and water systems within 159 

the county; preventing the further expansion of the Ulanbuh Desert; and conducting the 160 

comprehensive management of Wuliangsu Sea. Therefore, it is in the core position of the 161 

"Northern Sand Prevention Belt" [29, 30]. 162 

 163 
Figure 1 G. uralensis sample sites and their image maps in Dengkou County 164 

2.2. Data sources and pre-processing 165 

2.2.1. Remote sensing image 166 

The remote-sensing image data utilized for identifying G. uralensis in this study were 167 

sourced from the Gaofen-1 Satellite Wide Field of View (GF-1 WFV) image. This data is 168 

freely accessible through the Land Observing Satellite Data Service of the China Centre 169 

for Resources Satellite Data and Application (https://data.cresda.cn/#/home). The 170 
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technical indicators of the payload are presented in Table 1. The GF-1 satellite was 171 

launched relatively early. It features higher spatial resolution, a wider swath width, and 172 

a shorter revisit period [31]. As a result, a larger amount of historical image data can be 173 

acquired. The details in these images are clearer, covering more information, and within 174 

the same time frame, more image data can be obtained. 175 

For the acquired GF-1 WFV images, the following pre-processing steps were imple- 176 

mented. First, the WFV data were radiometrically calibrated using the absolute radio- 177 

metric calibration coefficients of GF-1 for the same period released by the China Resource 178 

Satellite Application Centre. Subsequently, the GF-1 WFV spectral response function was 179 

imported into the spectral library file, and atmospheric correction was implemented via 180 

the FLAASH module. Finally, ortho-correction was performed on the images using 181 

GMTED2010 elevation data. After undergoing radiometric calibration, atmospheric cor- 182 

rection, and ortho-correction, the data can, to a certain degree, reduce the atmospheric 183 

influence and achieve high geometric accuracy. This enables better registration of multi- 184 

period images. 185 

Table 1. GF-1 WFV satellite payload technical specifications 186 

Satellite 

data 
Band 

Wavelength 

(mm) 

Band Descrip-

tion 

spatial resolution 

(m) 

Span 

(Km) 

Revisit cycle 

(days) 

GF-1 WFV 

Band 

1 
450-520 blue band 

16 800 2 

Band 

2 
520-590 green band 

Band 

3 
630-690 red band 

Band 

4 
770-890 

near infrared 

(NIR) 

 187 

2.2.2. NDVI data 188 

The NDVI data was derived from a comprehensive processing pipeline involving 189 

preprocessing, mosaicking, cropping, and index calculation applied to 172 GF-1 WFV re- 190 

mote sensing images spanning the period from 2014 to 2022. 191 

2.2.3. Temperature and precipitation data 192 

Monthly average temperature and monthly total precipitation data for each month 193 

from January to December during the 2014 - 2022 period, which were obtained from me- 194 

teorological observatories around Dengkou County, were sourced from the National Oce- 195 

anic and Atmospheric Administration (NOAA) U.S. National Centers for Environmental 196 

Information (NCEI, https://www.ncei.noaa.gov). Monthly total solar radiation data were 197 

obtained from the Data and Information Services Centre (DISC) of the Goddard Earth 198 

Sciences (GES) at the National Aeronautics and Space Administration (NASA) in the 199 

United States of America. 200 

2.2.4. Vegetation type data 201 

Vegetation type data were classified into five categories, namely woodland, desert, 202 

wetland, cropland, and others, based on field observations and visual interpretation of 203 

remotely sensed imagery. These data were obtained by classifying the 2014-2022 GF-1 204 

WFV data using the RF algorithm. 205 

2.2.5. MOD17A3HGF product data 206 

The 2014-2022 MOD17A3HGF product data were obtained from NASA (https://lad- 207 

sweb.modaps.eosdis.nasa.gov/). The MOD17A3HGFNPP data represent annual values 208 
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with a resolution of 500 m, and this NPP data is the sum of the values of the year's 209 

MOD17A2H product.. The NPP is estimated by the coupled model of PSN and BIOME- 210 

BGC. This model has successfully estimated the spatial and temporal variations of NPP 211 

in global ecosystems and has been validated and widely applied in studies related to the 212 

evaluation of different vegetation growth conditions, environmental monitoring, and car- 213 

bon cycle research. 214 

2.2.6. Environmental factor 215 

In this study, a total of 71 environmental factor data with a resolution of 1 km were 216 

utilized. These data were obtained from the "Grid Database of Spatial Information on Tra- 217 

ditional Chinese Medicine Resources" (http://www.tcm-resources.com/), as presented in 218 

Table 2. After importing the data into ArcMap, 100 points were randomly generated based 219 

on the distribution of G. uralensis, and the data were extracted to these random sampling 220 

points. Subsequently, GeoDetectors were employed to obtain the factor detection, inter- 221 

action detection, and ecological detection for the relationships between the environmental 222 

factors and the NPP of G. uralensis in Dengkou County. 223 

Table 2. Environmental factor data 224 
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Num-

ber 
Name 

Num-

ber 
Name 

X1 Wettest season average temperature X37 Average growing season temperature 

X2 Wettest season precipitation X38 Average temperature in 4 

X3 Precipitation in the driest season X39 Average temperature in 3 

X4 Average temperature of the driest season X40 Average temperature in 2 

X5 Monthly average of diurnal temperature difference X41 Average temperature in 12 

X6 Warmest Month Maximum Temperature X42 Average temperature in 9 

X7 
Standard deviation of seasonal variations in tem-

perature 
X43 Average temperature in 11 

X8 Warmest season average temperature X44 Average temperature in 8 

X9 average annual temperature X45 Average temperature in 10 

X10 Warmest season precipitation X46 Average temperature in 7 

X11 Range of mean annual temperature variations X47 Average temperature in 1 

X12 Lowest temperature of the coldest month X48 Average temperature in 6 

X13 Average annual precipitation X49 Average sunshine hours in 6 

X14 Average temperature of the coldest season X50 Average sunshine hours in 5 

X15 Coefficient of variation of seasonal precipitation X51 Average sunshine hours in 4 

X16 Coldest season precipitation X52 Average sunshine hours in 3 

X17 Isothermal X53 Average sunshine hours in 2 

X18 Dryest Monthly Precipitation X54 
Hours of sunshine during the growing 

season 

X19 Wettest Monthly Precipitation X55 Average sunshine hours in 1 

X20 Slope X56 Annual sunshine hours 

X21 Aspect X57 Average sunshine hours in 12 

X22 Altitude X58 Average sunshine hours in 9 

X23 Precipitation in 5 X59 Average sunshine hours in 11 

X24 Growing season precipitation X60 Average sunshine hours in 8 

X25 Precipitation in 4 X61 Average sunshine hours in 10 

X26 Precipitation in 3 X62 Average sunshine hours in 7 

X27 Precipitation in 2 X63 Organic carbon content 

X28 Precipitation in 12 X64 Soil texture classification 

X29 Precipitation in 9 X65 Soil effective water content class 

X30 Precipitation in 11 X66 Soil subclass 

X31 Precipitation in 8 X67 Cation exchange capacity of the soil 

X32 Precipitation in 10 X68 Acidity and alkalinity (pH) 

X33 Precipitation in 7 X69 Clay content of soil 

X34 Precipitation in 1 X70 Soil sand content 

X35 Precipitation in 6 X71 Vegetation type 

X36 Average temperature in 5   

 225 

2.3. Methods 226 

2.3.1. Random forest 227 

Random forest (RF) is an ensemble learning algorithm that classifies and predicts 228 

samples by training multiple decision trees. Two key parameters are of crucial importance 229 

in the RF: the number of decision trees and the number of split nodes in each tree. By 230 

training, classifying, and predicting the data using multiple decision trees, the RF can fully 231 

utilize the differences between different trees, thus improving the accuracy and stability 232 

of classification. Additionally, the RF effectively reduces the errors that might be 233 
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generated by a single classifier through the method of voting classification by multiple 234 

classifiers, which further enhances the reliability of classification. As a novel machine 235 

learning algorithm, the random forest algorithm shows significant advantages in the field 236 

of remote sensing classification. It is capable of integrating numerous decision trees to 237 

generate classification results with higher accuracy [32]. 238 

In this study, four different metrics, namely Overall Accuracy (OA), Kappa coeffi- 239 

cient (KC), Producer's Accuracy (PA), and User's Accuracy (UA), were utilized to com- 240 

prehensively evaluate the classification results [33]. OA refers to the ratio of the total num- 241 

ber of correctly classified image elements to the total number of image elements. The KC 242 

is an index of consistency testing. While OA can directly reflect the proportion of correct 243 

classification and is simple to calculate. However, due to sample imbalance during the 244 

classification process, the accuracy of some categories may be very low even when the OA 245 

value is high, and the KC can reflect this issue. Specifically, if one category has a poor 246 

classification result, the KC value will be significantly reduced. PA is the ratio of the total 247 

number of pixels correctly classified into a category by the classifier to the total number 248 

of actual references in that category, indicating the probability of correct classification for 249 

a category. A higher PA value implies less under-classification of the actual category. UA 250 

is the ratio of the total number of pixels correctly classified into a category to the total 251 

number of pixels classified into that category, indicating the probability of correctly clas- 252 

sifying a category. A higher UA value indicates less misclassification in the classification 253 

result. The evaluation metric formulas described above are shown in Equations 1-4: 254 𝑂𝐴 = ∑ ௜௜௥௜=1ܰݔ (1) 255 

ܽ݌݌ܽܭ = ܰ · ∑ ௜௜௥௜=1ݔ − ∑ +௜ݔ) · ௜)௥௜=1ܰ2+ݔ − ∑ +௜ݔ) · ௜)௥௜=1+ݔ (2) 256 ܲ𝐴 = ௜+ݔ௜௜ݔ (3) 257 ܷ𝐴 = +௜ݔ௜௜ݔ (4) 258 

where N is the total number of reference sample points or the total number of refer- 259 

ence pixels, r is the number of rows or columns of the error matrix, ݔ௜௜   is the number of 260 

a category on the main diagonal of the matrix, and ݔ௜+ and ݔ+௜ are the number of sam- 261 

ples in the ith row and the ith column, respectively. 262 

2.3.2. CASA model 263 

The CASA (Carnegie-Ames-Stanford Approach) model is a typical light energy uti- 264 

lization model driven by a combination of remotely sensed, meteorological, vegetation 265 

and soil type data, which takes into account the internal factors of the plant and the envi- 266 

ronment in which it is located on its NPP [34-36]. The vegetation NPP is mainly estimated 267 

by the product of the photosynthetically active radiation (APAR) absorbed by the vegeta- 268 

tion and the vegetation light energy utilization (ε) together, as shown in Equation 5: 269 ܰܲܲ(ݔ, (ݐ = 𝐴ܲ𝐴ܴ(ݔ, (ݐ × ,ݔ)ߝ (ݐ (5) 270 

where ݔ denotes the geographical location; ݐ denotes the month; APAR (x, t) denotes 271 

the photosynthetically active radiation absorbed by vegetation at image ݔ in the month of 272 ݐ (MJ•m-2•month-1); ε (x, t) denotes the actual light energy utilization rate of vegetation at 273 

image ݔ in the month of ݐ (gC •MJ-1). APAR and ε are calculated as shown in Equations 6 274 

and 7: 275 𝐴ܲ𝐴ܴ(ݔ, (ݐ = 0.5 × ܵ𝑂ݔ)ܮ, (ݐ × ,ݔ)𝐴ܴܲܨ (ݐ ,ݔ)ߝ 276 (6) (ݐ = ఌܶ1(ݔ, (ݐ × ఌܶ2(ݔ, (ݐ × ఌܹ(ݔ, (ݐ × ௠௔௫ߝ (7) 277 

Where, SOL(x, t) denotes the total solar radiation (MJ•m-2 month-1) at pixel ݔ in 278 

month ݐ. FPAR(x, t) denotes the absorption ratio of incident solar photosynthetically ac- 279 

tive radiation (SAPAR) by the vegetation layer at spatial 0.5 .ݔ is the ratio of the solar 280 
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active radiation utilized by vegetation to the total radiation. ε(x, t)is the efficiency of the 281 

SAPAR absorbed by the plants to be converted into organic carbon. ఌܶ1(ݔ, ，(ݐ ఌܶ2(ݔ,  are 282 (ݐ

the extent to which the net primary productivity of the plant is reduced by the physiolog- 283 

ical effects of low or high temperatures that result in a limitation of photosynthesis. The 284 

energy utilisation of ఌܶ2(ݔ,  tends to decrease when the optimum growth temperature 285 (ݐ

shifts towards higher and lower temperatures. ఌܹ(ݔ,  is the extent to which the water 286 (ݐ

state is the limit of light energy utilisation efficiency. ߝ௠௔௫ is the maximum light energy 287 

utilisation under ideal conditions. 288 

The validation of NPP values can be performed by two methods: the measured value 289 

validation method and the relative validation method. Due to the lack of measured data, 290 

this study used an indirect validation method to compare the CASA model NPP inversion 291 

results with MOD17A3HGF NPP data. Therefore, in this study, 30 points were randomly 292 

generated in the study area, from which MOD17A3HGF NPP values and NPP results es- 293 

timated by CASA model were extracted to validate the model's estimation of NPP in 294 

Dengkou County. The coefficient of determination (R2) and root mean square error (RMSE) 295 

were used in this study to measure the accuracy of the CASA model [37, 38].As shown in 296 

Equation 8 and 9: 297 ܴ2 = )ݒ݋ܥ ௧ܻ , ௣ܻ)ߪ ௧ܻߪ ௣ܻ (8) 298 

ܧܵܯܴ = √∑( ௧ܻ − ௣ܻ)2 ܰ (9) 299 

where ௧ܻ is the MOD17A3 NPP value for the nth random sample point and ௣ܻ is 300 

the NPP value for the nth random sample point estimated using the CASA model. 301 

2.3.3. GeoDetector 302 

GeoDetector is a test of the spatial distribution of variables, and the GeoDetector soft- 303 

ware used in this study was downloaded from the GeoDetector official website (geode- 304 

tector.cn/). GeoDetector is a statistical method for revealing potential drivers, and there 305 

are four detectors: factor detection, interaction detection, ecological detection, and risk 306 

detection [39-41]. This study focuses on exploring the influencing factors behind the 307 

change in NPP of G. uralensis in Dengkou County from 2014-2022 using GeoDetector. 308 

(1) Factor detection 309 

The factor detector quantitatively measures the spatial stratified heterogeneity (SSH) 310 

of each environmental factor on the spatial distribution of G. uralensis NPP in Dengkou 311 

County mainly through the magnitude of factor explanatory power. The factor explana- 312 

tory power is the q value, which ranges from [0, 1]. The larger q value indicates that the 313 

factor has stronger explanatory power on the spatial distribution of NPP, q=0 indicates 314 

that the factor does not have any relationship with NPP, and q=1 indicates that the factor 315 

can completely explain the spatial distribution of NPP. As shown in Equation 10: 316 ݍ = 1 − 1߲ܰ 2 ∑ ௜ܰ ௜߲2௅௜=1 (10) 317 

Where q is a factor detection measure, which indicates the magnitude of the influence 318 

of an environmental factor on the spatial and temporal distribution of NPP; L is the num- 319 

ber of samples of the environmental factor, ௜ܰ is the NPP in stratum i, N is the NPP in the 320 

whole study area, ௜߲2 is the dispersion variance of the NPP in stratum i, and ߲2 is the 321 

dispersion variance of the NPP in the whole study area. 322 

(2) Interaction detection 323 

It can be used to identify the interaction effect of two influence factors X1 and X2 324 

superimposed on G. uralensis NPP in Dengkou County. When assessing the interaction of 325 

two factors, the sum of the PD values of the two factors and the PD value of the two-factor 326 

interaction was used to judge whether their degree of action on G. uralensis NPP was 327 
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increased or decreased, or the two factors acted independently, and the specific judgement 328 

was shown in Table 3. 329 

Table 3. GeoDetector interaction relationships  330 

Basis of judgement interactive relationship 

q(X1∩X2)＜Min(q(X1),q(X2)) Weaken, nonlinear 

Min(q(X1),q(X2))＜q(X1∩X2)＜Max(q(X1),q(X2)) Weaken, uni- 

q(X1∩X2)＞Max(q(X1),q(X2)) Enhance, bi- 

q(X1∩X2)＝q(X1)＋q(X2) Independent 

q(X1∩X2)＞q(X1)＋q(X2) Enhance, nonlinear 

* Min(q(X1),q(X2)) means taking the minimum value of q(X1) and q(X2). q(X1)+q(X2) 331 

is the sum of q(X1) and q(X2). Max(q(X1),q(X2)) means to take the maximum value of both 332 

q(X1) and q(X2). q(X1∩X2) means that q(X1) and q(X2) interact with each other. 333 

(3) Ecological detection 334 

The F statistic was used to compare whether there was a significant difference be- 335 

tween the effects of two environmental factors X1 and X2 on the spatial distribution of G. 336 

uralensis NPP in Dengkou County. The formula is 11: 337 ܨ = ௑ܰ1 × ( ௑ܰ2 − 1) × ܵܵ ௑ܹ1௑ܰ2 × ( ௑ܰ1 − 1) × ܵܵ ௑ܹ2 (11) 338 

SSW_X1 and SSW_X2 are calculated as follows Equation 12 and 13: 339 ܵܵ ௑ܹ1 = ∑ ௜ܰ ௜߲2௅1௜=1 (12) 340 ܵܵ ௑ܹ2 = ∑ ௜ܰ ௜߲2௅2௜=1 (13) 341 

Where: ௑ܰ1 and ௑ܰ2 are the number of samples of environmental factors X1 and X2, 342 

respectively; ܵܵ ௑ܹ1  and ܵܵ ௑ܹ2  denote the sum of the intra-stratum variances of the 343 

strata formed by X1 and X2, respectively; and L1 and L2 denote the number of strata of 344 

variables X1 and X2, respectively. Where the null hypothesis H0: ܵܵ ௑ܹ1＝ܵܵ ௑ܹ2, if H0 is 345 

rejected at the significance level of α, it indicates that there is a significant difference be- 346 

tween the effects of the two factors X1 and X2 on the spatial distribution of G. uralensis 347 

NPP. 348 

3. Results 349 

3.1. Dynamic monitoring of G. uralensis range 350 

After preprocessing the remote sensing images from 2014 to 2022, the G. uralensis 351 

vegetation index (GUVI) was calculated for each month's image, and the GUVI of different 352 

years was combined into nine feature sets of the RF algorithm in the order of January- 353 

December and according to the different growth years of G. uralensis. In addition to other 354 

feature types of spectral curve interpretation features and visual interpretation obtained 355 

from 2014 to 2022 historical images of G. uralensis and other feature types, after selecting 356 

the training set and validation set in the ratio of 7:3, the distribution area of G. uralensis 357 

was identified by the RF algorithm, and its accuracy was verified. 358 

Table 4. Classification accuracy of G. uralensis distribution areas under the GUVI model  359 

Years OA（%） KC G. uralensis UA（%） G. uralensis PA（%） 

2014 96.83 95.78 100 75 

2015 95.8 94.73 100 100 

2016 97.97 97.08 96.72 77.63 

2017 95.44 94.03 97.25 92.19 

2018 93.34 90.92 88.41 95.87 

2019 89.91 87.95 74.31 91.85 
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2020 89.72 87.16 89.22 99.27 

2021 90.72 89.21 69.47 71.08 

2022 93 81.38 97.26 97.32 

 360 

The classification accuracies of G. uralensis distribution areas under the GUVI model 361 

for 2014-2022 are shown in Table 4. The lowest value was 89.72% for OA, 81.38 for KC 362 

value, 69.47% for G. uralensis UA and 71.08% for G. uralensis PA. Therefore, the overall 363 

classification accuracy and individual classification accuracy of G. uralensis were satisfac- 364 

tory for 2014-2022 and can be used for G. uralensis range extraction. 365 

 366 

 367 

 368 

Figure 2. The distribution area of G. uralensis in Dengkou County from 2014 to 2022: A-I correspond 369 

to the years from 2014 to 2022 respectively 370 
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 372 
Figure 3. The dynamic alterations of the acreage of G. uralensis in Dengkou County 373 

during 2014-2022 374 

The spatial distribution and area change of the G. uralensis distribution area from 375 

2014 to 2022, extracted from the identification results of the G. uralensis distribution area 376 

using the RF algorithm under the GUVI model, are shown in Figures 2 and 3. As depicted 377 

in Figure 2, the distribution of G. uralensis has gradually expanded from its initial main 378 

concentration in the northeast of Dengkou County to the central region, and even now 379 

extends to the southwest. Its distribution area has also gradually transformed from being 380 

small and scattered initially to a large, concentrated distribution area. Figure 3, on the 381 

other hand, demonstrates the trend of G. uralensis area, which shows an increase and then 382 

a decrease, increasing from an initial fluctuation of 1.25 km2 to 119.24 km2, and then grad- 383 

ually reaching a plateau of 66.74-62.08km2. Among them, the increase of G. uralensis area 384 

in 2018 was the most significant, which increased by 104.70 km2 compared to the previous 385 

year. It can be observed that, since G. uralensis is a perennial plant, it is difficult to system- 386 

atically count the area of G. uralensis planting and harvesting each year. However, it 387 

largely exhibits a stable planting pattern. Additionally, although Dengkou County has a 388 

long history of G. uralensis planting, the planting area was small before 2018, and only 389 

after 2018 did large-scale and extensive planting commence, which was a response to the 390 

surge in market demand for G. uralensis. 391 

3.2. Validation of NPP in the G. uralensis range 392 

The estimated values of the model are affected by a variety of factors, and there exists 393 

a certain error between them and the measured values. Therefore, it is of utmost im- 394 

portance to verify the accuracy of the model estimation results. In this study, the MODIS 395 

data product MOD17A3HGF NPP data was selected for comparison with the CASA 396 

model estimation result data used in this study. ArcMap software was utilized to extract 397 

the annual mean values of the MODIS NPP and the NPP estimated by the CASA model 398 

at the same point, and the R2 and RMSE of the two groups of data were calculated for the 399 

comparative test to examine the linear relationship and the degree of dispersion of the 400 

two data sets. The results are presented in Figure 4 and Table 5. From Figure 4, it can be 401 

seen that the linear relationship between the CASA model estimates and the MODIS NPP 402 

values is good and passes the significance test (p<0.01), and the R2 ranges from 0.682- 403 

0.9557, which indicates that there is a significant correlation between the two sets of data. 404 

According to Table 5, the RMSE is between 6.865739-17.666376, which indicates that the 405 
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two groups of data have fewer outliers, smaller deviations, and lower dispersion. There- 406 

fore, the results of the two data sets are more consistent, and the estimation of NPP in 407 

Dengkou County using CASA model has high credibility, and the simulation results can 408 

be used to conduct relevant research and analysis. 409 

 410 

 411 

 412 

Figure 4. Relationship of CASA NPP estimates and MODIS NPP values in Dengkou County from 413 

2014 to 2022: A-I correspond to the years from 2014 to 2022 respectively 414 

Table 5. CASA NPP estimates and MODIS NPP validation results for Dengkou County during 2014-2022 415 

Evaluation  

indicators 
2014 2015 2016 2017 2018 2019 2020 2021 2022 

R2 0.682 0.938 0.8525 0.8514 0.887 0.9557 0.765 0.7873 0.9237 

RMSE 17.05357 14.73133 16.23154 13.19273 17.66376 6.865739 19.51363 13.15288 13.65732 

 416 

3.3. Spatial and temporal changes in NPP in the G. uralensis range 417 

The changes in the annual mean values of NPP of G. uralensis in Dengkou County 418 

from 2014 to 2022 estimated using the CASA model are shown in Figure 5. The 2014-2022 419 

NPP of G. uralensis in Dengkou County ranged from 556.119 to 791.587 gC/m2 with a gen- 420 

eral decreasing trend and a maximum fluctuation of 235.468 gC/m2. Compared with 2014, 421 

the annual mean NPP in Dengkou County in 2022 decreased by 75.27 gC/m2. The highest 422 

value occurred in 2017 at 791.587 gC/m2, which was higher than the overall 9-year average 423 

of about 125.8912 gC/m2. There were three time points of significant reduction during the 424 

9-year period, which were also 2015, 2019 and 2022, and the lowest annual mean NPP 425 

value was recorded in 2022 at 556.119 gC/m2, which was lower than the overall 9-year 426 

average of 109.5768 gC/m2. 427 

 428 
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 429 
Figure 5. Change in annual average value of G. uralensis NPP in Dengkou County during 430 

2014-2022 431 

The NPP values estimated by the CASA model were classified into 7 classes using 432 

ArcMap software, and above 501 gC/m2 as the high value area, below 200 gC/m2 as the 433 

low value area, and 201-500 gC/m2 as the medium value area, which presented the spatial 434 

distribution results as shown in Figure 6. From Figure 6, it can be seen that the spatial 435 

distribution of annual mean value of G. uralensis NPP in Dengkou County varies greatly, 436 

and the low, medium and high value zones present uniform distribution characteristics 437 

and the value of G. uralensis NPP in the same location varies every year, which can be 438 

inferred that the carbon sequestration capacity of G. uralensis has a complex connection 439 

with the year and mode of G. uralensis planting and environmental factors. 440 

 441 
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 442 

 443 
Figure 6. Spatial distribution of G. uralensis NPP values in Dengkou County from 2014 to 2022: A-I 444 

correspond to the years from 2014 to 2022 respectively 445 

The statistics of the area share of low, medium, and high value zones of the annual 446 

mean value of NPP in the Dengkou County G. uralensis distribution area from 2014 to 2022 447 

are shown in Table 6. The annual mean value of NPP of G. uralensis in Dengkou County 448 

during the period of 2014-2022, except for the year of 2019, shows that the area share of 449 

the medium value zone was significantly higher than that of the low and high value zones 450 

in the other years. In order to conduct a more comprehensive analysis of the carbon se- 451 

questration capacity of G. uralensis in Dengkou County during 2014-2022, the proportions 452 

of the area of the low value zone, the medium value zone, and the high value zone of the 453 

annual mean of G. uralensis NPP in Dengkou County relative to the annual mean of NPP 454 

in Dengkou County were examined, and the results are presented in Table 7. From the 455 

data in Table 7, it was found that the proportion of the low value area in the annual mean 456 

of G. uralensis NPP was relatively low, with an average value of 0.39%, and the proportion 457 

even dropped to 0 in 2014 and 2017. The average value of the proportion of the medium 458 

value area was 4.06%, which was slightly higher than that of the low value area but still 459 

at a relatively low level overall. In contrast, the share of the high value zone is significantly 460 

higher than the other two zones, with a mean value of 12.48% and even reaching as high 461 

as 52.94% in some years. At the same time, the total area of the G. uralensis distribution 462 

area in the overall area of Dengkou County is not large, with an average value of only 463 

1.23%, and the highest value occupies only 3.68%. It can be observed that although the 464 

distribution area of G. uralensis is limited, its proportion in the high value area is relatively 465 

high, indicating that G. uralensis has a higher annual mean NPP value and a stronger car- 466 

bon sequestration capacity compared with other feature types. 467 
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Table 6. G. uralensis NPP grade area share in Dengkou County during 2014-2022 468 

Area 2014 2015 2016 2017 2018 2019 2020 2021 2022 

low value area 0.203% 2.946% 1.316% 0.607% 6.997% 70.063% 19.650% 2.742% 37.576% 

medium value area 94.476% 97.030% 65.670% 57.546% 91.118% 29.432% 77.822% 95.332% 62.393% 

high value area 5.321% 0.024% 33.014% 41.847% 1.885% 0.506% 2.529% 1.926% 0.031% 

 469 

Table 7. G. uralensis NPP class area share of NPP in Dengkou County during 2014-2022 470 

Area 2014 2015 2016 2017 2018 2019 2020 2021 2022 average 

low value area 0.00% 0.02% 0.01% 0.00% 0.38% 2.38% 0.17% 0.07% 0.45% 0.39% 

medium value area 0.10% 2.21% 0.58% 0.21% 10.93% 9.43% 2.23% 5.05% 5.82% 4.06% 

high value area 0.14% 0.10% 9.91% 5.74% 6.12% 52.94% 16.13% 14.05% 7.18% 12.48% 

total area 0.04% 0.53% 0.29% 0.11% 3.68% 3.07% 0.66% 1.65% 1.07% 1.23% 

 471 

3.4.Analysis of factors influencing spatial variation in NPP of G. uralensis  472 

The effect of each environmental factor with the value of NPP of G. uralensis in 473 

Dengkou County in 2014-2022 was analyzed by factor detection in Geodetector, which 474 

reveals the magnitude of the effect of each spatial distribution of G. uralensis NPP in 475 

Dengkou County in 2014-2022. For the convenience of understanding, the results of the 476 

first 6 of the q value average of factor detection are shown in Table 8, and the detailed 477 

results can be seen in Table S 1. From Table 8, it can be seen that the q value of factors 478 

affecting the NPP of G. uralensis in Dengkou County in the years of 2014-2022 varies sig- 479 

nificantly. According to the size of the mean value of q value of the major categories of 480 

environmental factors in the order of climate type factor > terrain factor > soil factor > 481 

vegetation type factor. According to the average q value of each factor in 2014-2022, it can 482 

be seen that in 2014-2022, the influence of Dengkou County G. uralensis NPP is mainly 483 

affected by the monthly average sunshine duration factor of the climate type factor. dur- 484 

ing 2014-2022, the average q value of the average sunshine duration factor is the highest 485 

in August at 9.254; and the lowest mean value of q value of April mean sunshine duration 486 

factor was 0.8793. It indicated that the broad category of climate type factors had the great- 487 

est influence on the NPP of G. uralensis in Dengkou County during 2014-2022, and the 488 

single factor of August mean sunshine duration single factor had the greatest influence 489 

on the NPP of G. uralensis in Dengkou County during 2014-2022. 490 

Table 8. Partial results of factor detection of spatial distribution of G. uralensis NPP and environ- 491 

mental factors during 2014-2022 492 

Factor 2014 2015 2016 2017 2018 2019 2020 2021 2022 average 

x60 0.8342 0.9502 0.9512 0.8911 0.9964 0.9728 0.9706 0.881 0.881 0.9254 

x61 0.8342 0.9502 0.9442 0.8921 0.925 0.9744 0.986 0.885 0.885 0.9196 

x57 0.8298 0.9469 0.9511 0.8855 0.942 0.9737 0.9631 0.8847 0.8847 0.9179 

x58 0.8102 0.9374 0.9504 0.8921 0.98 0.9861 0.9866 0.8547 0.8547 0.9169 

x53 0.8269 0.9452 0.9512 0.8223 0.9711 0.9814 0.9767 0.885 0.885 0.9161 

x49 0.8311 0.9502 0.8631 0.8919 0.985 0.9673 0.9715 0.8834 0.8834 0.9141 

 493 

Spatial distribution of G. uralensis NPP is the result of the interaction and combined influence 494 

of multiple factors. The interaction detection in the GeoDetector can be utilized to understand 495 

whether the effect of two environmental factors on the spatial distribution of G. uralensis NPP is 496 

weakened, enhanced, or independent. Given the large number of factors used in this study, the 497 
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interaction and ecological detection results of the top six factors in each year are primarily presented 498 

in the paper, while the interaction and ecological detection results of all factors can be found in Table 499 

S 2. 500 

As can be observed from Table 9, most of the interaction q values of the factors with the top 6 501 

q values of the factor detection results for each year were greater than the q values of the single 502 

factors. The interaction was dominated by two-factor enhancement, followed by one-factor 503 

nonlinear attenuation, and then nonlinear enhancement. The highest q values for the period 2014- 504 

2022 were 0.8359, 0.9507, 0.9517, 0.8931, 0.9974, 0.9862, 0.9868, 0.8861, and 0.8861, and most of them 505 

are two-factor enhancement. This indicates that the effects of each environmental spatial 506 

distribution of G. uralensis NPP do not exist in isolation but are part of a complex and close 507 

interaction relationship. 508 

Table 9. Partial results of interaction detection of spatial distribution of G. uralensis NPP with envi- 509 

ronmental factors during 2014-2022 510 

Years Factor 

2014 

 x49 x55 x57 x60 x61 x62 

x49 0.8311 c c c c c 

x55 0.8359 0.8342 c c c c 

x57 0.8359 0.8359 0.8298 c c c 

x60 0.8359 0.8359 0.8359 0.8342 c c 

x61 0.8359 0.8359 0.8359 0.8359 0.8342 c 

x62 0.8359 0.8359 0.8359 0.8359 0.8359 0.8331 

2015 

 x49 x51 x55 x60 x61 x62 

x49 0.9502 e b b b b 

x51 0.9507 0.9499 b b b c 

x55 0.9507 0.9507 0.9502 c c c 

x60 0.9507 0.9507 0.9507 0.9502 c c 

x61 0.9507 0.9507 0.9507 0.9507 0.9502 c 

x62 0.9507 0.9507 0.9507 0.9507 0.9507 0.9491 

2016 

 x50 x53 x55 x57 x60 x62 

x50 0.9512 c c c c c 

x53 0.9517 0.9512 c c c c 

x55 0.9517 0.9517 0.9512 c c c 

x57 0.9517 0.9517 0.9517 0.9511 c c 

x60 0.9517 0.9517 0.9517 0.9517 0.9512 c 

x62 0.9517 0.9517 0.9517 0.9517 0.9517 0.9512 

2017 

 x49 x54 x58 x60 x61 x62 

x49 0.8919 c c c c c 

x54 0.8931 0.8921 c c c c 

x58 0.8931 0.8931 0.8921 c c c 

x60 0.8931 0.8931 0.8931 0.8911 c c 

x61 0.8931 0.8931 0.8931 0.8931 0.8921 c 

x62 0.8931 0.8931 0.8931 0.8931 0.8931 0.8913 

2018 

 x54 x55 x56 x59 x60 x62 

x54 0.9940 c c c c c 

x55 0.9974 0.9965 c c c c 

x56 0.9974 0.9974 0.9973 c c c 

x59 0.9974 0.9974 0.9974 0.9937 c c 

x60 0.9974 0.9974 0.9974 0.9974 0.9964 c 

x62 0.9974 0.9974 0.9974 0.9974 0.9974 0.9970 

2019 
 x50 x53 x55 x56 x58 x62 

x50 0.9861 c c c c c 
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Years Factor 

x53 0.9862 0.9814 c c c c 

x55 0.9862 0.9862 0.9861 c c c 

x56 0.9862 0.9862 0.9862 0.9827 c c 

x58 0.9862 0.9862 0.9862 0.9862 0.9861 c 

x62 0.9862 0.9862 0.9862 0.9862 0.9862 0.9854 

2020 

 x49 x53 x54 x58 x60 x61 

x49 0.9715 c c c c c 

x53 0.9868 0.9767 c c c c 

x54 0.9868 0.9868 0.9866 c c c 

x58 0.9868 0.9868 0.9868 0.9866 c c 

x60 0.9868 0.9868 0.9868 0.9868 0.9706 c 

x61 0.9868 0.9868 0.9868 0.9868 0.9868 0.9860 

2021 

 x49 x53 x57 x59 x60 x61 

x49 0.8834 c c c c c 

x53 0.8861 0.8850 c c c c 

x57 0.8861 0.8861 0.8847 c c c 

x59 0.8861 0.8861 0.8861 0.8840 c c 

x60 0.8861 0.8861 0.8861 0.8861 0.8810 c 

x61 0.8861 0.8861 0.8861 0.8861 0.8861 0.8850 

2022 

 x49 x53 x57 x59 x60 x61 

x49 0.8834 c c c c c 

x53 0.8861 0.8850 c c c c 

x57 0.8861 0.8861 0.8847 c c c 

x59 0.8861 0.8861 0.8861 0.8840 c c 

x60 0.8861 0.8861 0.8861 0.8861 0.8810 c 

x61 0.8861 0.8861 0.8861 0.8861 0.8861 0.8850 

* In the table, b is Weaken, ni-, c is Enhance, bi-, and e is Enhance, nonlinear. 511 

The ecological detector of the GeoDetector was primarily employed to compare 512 

whether there was a significant difference between the effects of the two factors on the 513 

spatial distribution of G. uralensis NPP. If there is a significant difference between the effects 514 

of two factors on the spatial differentiation of G. uralensis NPP, it is marked as "Y", and if 515 

there is no significant difference, it is marked as "N". From the results (in Table S 3.), it can 516 

be seen that there was no significant difference in the spatial distribution of G. uralensis 517 

NPP between most of the influencing factors, and only a very few influencing factors had 518 

a significant difference in the spatial distribution of G. uralensis NPP between the same 519 

factor and the same factor. It can be observed that the interactions among environmental 520 

factors are highly complex, and the effects of two factors with higher q values on the spa- 521 

tial distribution of G. uralensis NPP are different, and the effects of the same factors on the 522 

spatial distribution of G. uralensis NPP in different years are also different. 523 

4. Discussion 524 

4.1. Spatial and temporal changes in the distribution area of G. uralensis 525 

Dengkou County belongs to the (semi-)arid region, and its ecological environment is 526 

fragile. Coupled with unreasonable human activities, the ecosystem services have been 527 

severely affected. As the upstream area of the Yellow River Basin, the ecosystem of the 528 

Yellow River Basin exhibits a holistic and public nature of service functions, and the firm 529 

ecological security barrier in the upstream of the Yellow River influences the development 530 

of the downstream region and even the entire country. G. uralensis holds great economic 531 

value due to its medicinal properties, and its well-developed root system plays an 532 
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important role in (semi-)arid areas, such as in ecological protection, windbreak, and sand 533 

fixation. It possesses significant economic and ecological values for improving the eco- 534 

nomic development and ecological environment of (semi-)arid areas. During the period 535 

from 2014 to 2022, the distribution area of G. uralensis in Dengkou County underwent 536 

significant changes. Initially, the G. uralensis distribution area was mainly concentrated in 537 

the northeastern part, and subsequently, it gradually expanded to the central and south- 538 

western parts of the county, resulting in a large and concentrated distribution. Its area 539 

initially fluctuated around 1.25 km² and then increased to 119.24 km², after which it grad- 540 

ually stabilized within the range of 66.74-62.08 km². 541 

This study indicates that both natural conditions and anthropogenic factors have con- 542 

tributed to this change. Firstly, the northeastern part of Dengkou County, which is nour- 543 

ished by the Yellow River, has abundant water resources. As a perennial plant, G. uralensis 544 

has a high water demand. Therefore, the northeastern region, with the advantage of Yel- 545 

low River irrigation, provides unique conditions for the growth of G. uralensis. Growers 546 

are inclined to cultivate G. uralensis in this area taking advantage of this benefit. Secondly, 547 

as the medicinal value of G. uralensis is gradually gaining wider recognition, the market 548 

demand is growing. To meet this demand, the cultivation of G. uralensis has gradually 549 

expanded, thus extending from the northeast to the center and southwest, that is, in 2014- 550 

2016. G. uralensis demonstrates greater adaptability to soil conditions and is capable of 551 

growing in a wide range of soil types. This adaptability provides the possibility of culti- 552 

vating it in a wider area, resulting in turn has led to a large and concentrated distribution, 553 

especially during 2017 - 2020, the area expanded from 13.20 km² to 119.24 km². In addition, 554 

this study suggests that the changes in G. uralensis distribution are not the result of entirely 555 

natural evolution. Anthropogenic factors have played an important role in driving these 556 

changes. The local agricultural technology extension department may have provided 557 

training and guidance on G. uralensis cultivation techniques, which improved farmers' 558 

cultivation skills and management levels. Simultaneously, with the large-scale develop- 559 

ment of the G. uralensis plantation industry, the cooperation and exchange among growers 560 

have become more frequent. Through sharing planting experiences and optimizing the 561 

planting mode, etc., the efficiency and competitiveness of G. uralensis plantation have been 562 

further enhanced, promoting the cumulative and centralized distribution over a large area. 563 

However, the cultivation area of G. uralensis shows obvious fluctuating changes during 564 

2014-2022. This may be the result of a combination of factors, such as growers' inconsistent 565 

harvesting years and intensified market competition, which may have led some growers 566 

to adjust their G. uralensis planting areas. In summary, the change in the G. uralensis dis- 567 

tribution area in Dengkou County is the result of the combined action of natural condi- 568 

tions and human factors. In the future, to promote the sustainable development of G. ura- 569 

lensis plantations, it is necessary to continue to pay attention to and study the growth 570 

characteristics and market demand of G. uralensis and seek reasonable planting strategies 571 

to achieve sustainable development. 572 

4.2. Spatial and temporal changes in NPP in the G. uralensis range 573 

The changes in the annual mean value of NPP in the G. uralensis distribution area in 574 

Dengkou County from 2014 to 2022 generally exhibited a fluctuating downward trend. 575 

Regarding natural factors, Dengkou County might have experienced unfavorable climatic 576 

conditions, such as increasing temperature and decreasing precipitation during these 577 

years, which affected the growth and photosynthesis of vegetation; alternatively, natural 578 

disasters, including diseases and pests, could have led to the damage of vegetation, 579 

thereby influencing the annual mean value of NPP. With respect to the human factor, 580 

more G. uralensis might have been harvested than planted during these years, resulting in 581 

a significant decrease in the annual mean value of NPP. From the perspective of 582 
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systematic error, there could have been some errors or biases in data processing and sta- 583 

tistical methods, leading to the fluctuating downward trend in the annual average value 584 

of NPP. In terms of spatial variation, the spatial distribution of the annual mean values of 585 

NPP of G. uralensis in Dengkou County varied significantly. When analyzing the natural 586 

factors, there were annual variations in climatic factors, such as precipitation, temperature, 587 

and light, directly affected the physiological processes of G. uralensis, including photosyn- 588 

thesis, respiration, and nutrient uptake, thus leading to the changes in NPP. Meanwhile, 589 

soil nutrient content, soil moisture status, and soil texture also vary with seasons and years, 590 

and these factors also affect the growth of G. uralensis and NPP values. Anthropogenic 591 

factors, such as agricultural management practices and land use practices, also affect the 592 

NPP of G. uralensis.  593 

The low, medium, and high annual mean NPP values of G. uralensis in Dengkou 594 

County during the period 2014-2022 were found to be less variable in all years except 2019. 595 

In addition, it was found that the distribution area of G. uralensis accounted for a smaller 596 

proportion in the low and medium value zones of the Dengkou County NPP annual mean 597 

and a larger proportion in the high value zone, which indicates that G. uralensis has a 598 

strong carbon sequestration capacity. In addition, Zhang [42] calculated the carbon se- 599 

questration of two crops, Z. mays and Triticum aestivum L., in the Fen River Basin from 600 

2011 to 2020. Their average total carbon sequestration values were 368.65 gC/m² and 601 

333.49 gC/m², respectively. In contrast, the G. uralensis in this study exhibited a significant 602 

carbon sequestration advantage, with an average total carbon sequestration value ranging 603 

from 556.119 to 791.587 gC/m², which was approximately 1.67 - 1.98 times higher than that 604 

of traditional crops. G. uralensis also shows significant advantages in the field of ecological 605 

restoration. To investigate the restoration of desert soils in arid mining areas by different 606 

vegetation, Long et al. [43]selected the South Lake No. 2 mining area in Hami, Xinjiang, 607 

as the research object and examined the effects of seven vegetation types on the physico- 608 

chemical properties of the soil and the growth of the vegetation. After analyzing and test- 609 

ing soil physicochemical indexes such as total nitrogen, total phosphorus, and total potas- 610 

sium of these plants, it was found that Medicago sativa L., G. uralensis, and Haloxylon am- 611 

modendron (C. A. Mey.) Bunge were the preferred plants regarding ecological restoration 612 

benefits. The above-mentioned study fully demonstrated that compared with traditional 613 

crops, G. uralensis not only has a stronger carbon-fixation capacity but also has significant 614 

advantages in the ecological restoration of arid mining areas. However, its ecological 615 

adaptability and sustainability still need to be considered in practical application. Over- 616 

exploitation or irrational use may lead to the depletion of G. uralensis resources or the 617 

destruction of the ecological environment, which in turn may affect its carbon sequestra- 618 

tion capacity. Therefore, when utilizing G. uralensis for carbon sequestration, it is neces- 619 

sary to formulate reasonable development strategies and management measures to ensure 620 

the sustainable utilization of its resources and the stability of the ecological environment. 621 

As a potential plant for carbon sequestration, G. uralensis is worthy of further research and 622 

utilization in future carbon reduction and ecological restoration. 623 

4.3. Effects of environmental factors on the spatial distribution of G. uralensis NPP 624 

Based on the results of the GeoDetector, it can be observed that the NPP of G. uralensis 625 

in Dengkou County during the period from 2014 to 2022 is mainly influenced by climate 626 

type factors, followed by topographic factors, soil factors, vegetation type factors, and so 627 

on. Among the climate type factors, temperature, precipitation, and sunshine duration 628 

factors have particularly significant impacts on NPP, and they directly determine the ef- 629 

ficiency of plant photosynthesis and the suitability of the growing environment. Specifi- 630 

cally, suitable temperature can promote the activity of plant enzymes and increase the rate 631 

of photosynthesis. Sufficient precipitation can ensure the normal water demand of plants, 632 
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which is conducive to their growth and development. Sunshine duration affects the time 633 

of photosynthesis in plants, and the longer the sunshine duration, the more organic sub- 634 

stances are synthesized, thereby increasing the amount of NPP. In addition, changes in 635 

sunshine duration in different months affect the growth cycle and growth state of plants. 636 

In months with longer sunshine duration, the photosynthetic capacity of plants is en- 637 

hanced, and their growth rate is accelerated, which is conducive to the accumulation of 638 

NPP. Therefore, it is reasonable that climate type factors have the greatest influence on 639 

NPP, as they provide the necessary conditions for plant growth and material accumula- 640 

tion. 641 

The influence of terrain factors, soil factors, and vegetation type factors on NPP is 642 

also non-negligible. However, the GeoDetector results indicate that these factors have less 643 

influence on the NPP of G. uralensis in Dengkou County, mainly due to the relatively ho- 644 

mogeneous topography, soil, and vegetation type of the area, which weakens the impact 645 

of these factors on the spatial distribution of G. uralensis NPP. Specifically, the distribution 646 

area of G. uralensis in Dengkou County is mainly located in the Hetao Plain area, which 647 

has a flat and open topography and lacks significant topographic variations. As a result, 648 

topographic factors such as elevation, slope, and slope direction exhibit less variability in 649 

the area and relatively less influence on the NPP of G. uralensis. Soil factors have similarly 650 

limited influence in the G. uralensis growing area of Dengkou County. Due to the relative 651 

homogeneity of soil types in the area, soil factors such as soil organic carbon, texture, and 652 

effective moisture content have a limited range of variability. Therefore, the influence of 653 

soil factors on G. uralensis growth and NPP is not as significant as that of climatic factors. 654 

Finally, although Dengkou County is rich in vegetation types, G. uralensis distribution ar- 655 

eas are mainly located in agricultural land areas, which are predominantly managed and 656 

cultivated by humans and are surrounded by fewer tall plants competing with G. uralensis 657 

for sunlight and nutrients. Therefore, the vegetation type factor also has less influence on 658 

the NPP of G. uralensis in Dengkou County. 659 

In actual ecosystems, factors do not function in isolation but are interrelated and in- 660 

teract with one another, and together they form an intricate network that synergistically 661 

regulates NPP production and changes. Although the present study found that the effects 662 

of topography, soil, and vegetation type factors on G. uralensis NPP were relatively small 663 

in the particular region of Dengkou County, this does not imply that the effects of these 664 

factors can be readily ignored in other regions. Different regions possess different ecolog- 665 

ical environments, and there may be significant differences in these factors, which may 666 

affect NPP to varying degrees. Therefore, when studying NPP in different regions, it is 667 

still necessary to comprehensively consider the combined effects of multiple factors in 668 

order to more accurately reveal the mechanism of NPP change and its relationship with 669 

environmental factors. 670 

5. Conclusion 671 

With climate change and irrational human activities, the ecosystems of (semi-)arid 672 

regions are deteriorating. The search for solutions with prospects for ecological restora- 673 

tion and economic development has become an important consideration. The cultivation 674 

of medicinal plants is one of the important sources of income for farmers. However, both 675 

farmers and scholars tend to focus excessively on their economic value and relatively ne- 676 

glect their ecological value. In the current context of a deteriorating ecological environ- 677 

ment, there is an urgent need to seek an economic and ecological win-win strategy to al- 678 

leviate the pressure brought by climate change. In this study, we selected G. uralensis, a 679 

leguminous plant with high economic value and carbon sequestration capacity, as the re- 680 

search object, and Dengkou County, which has rich planting experience and a long plant- 681 

ing history, as the study area. We explored the carbon sequestration capacity of G. 682 
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uralensis and its influencing factors in depth through long time series data analyses. Firstly, 683 

the study identified and extracted the distribution areas of G. uralensis from remote sens- 684 

ing images from 2014 to 2022using the RF algorithm based on the spectral characteristics 685 

of G. uralensis within the vegetation index model of G. uralensis for major feature types in 686 

different years. It was found that the distribution of G. uralensis gradually expanded from 687 

its initial main concentration in the northeastern part of Dengkou County to the central 688 

region and even to the southwestern part. Its distribution area also changed from being 689 

small and scattered initially to being large and concentrated. Subsequently, the improved 690 

CASA model was used to estimate the annual mean value of NPP of G. uralensis in 691 

Dengkou County from 2014 to 2022 and to analyze its temporal and spatial changes. The 692 

results showed a general fluctuating and decreasing trend of the NPP annual mean values 693 

in G. uralensis distribution areas. The spatial distribution of the NPP annual mean values 694 

of G. uralensis in Dengkou County varied significantly, and the low and medium value 695 

areas accounted for a smaller proportion while the high value areas accounted for a larger 696 

proportion in the Dengkou County NPP annual mean values, which further proved that 697 

G. uralensis had a high carbon sequestration capacity. Finally, the relationship between the 698 

annual mean NPP of G. uralensis and 71 environmental factors in Dengkou County from 699 

2014 to 2022 was analyzed using a GeoDetector. It was found that the distribution of G. 700 

uralensis was mainly influenced by the climate type factor, followed by the topographic 701 

factor, soil factor, and vegetation type factor. In the single factor analysis, the effect of 702 

average sunshine duration on the NPP of G. uralensis in Dengkou County was particularly 703 

significant. In addition, the effects of each environmental factor on G. uralensis NPP did 704 

not exist independently but had a complex interaction relationship. Therefore, through 705 

rational cultivation of G. uralensis, not only can the local economy be driven and the in- 706 

come level of residents be improved, but it can also provide an important reference basis 707 

for ecological restoration, desert management, and the rational layout of the carbon se- 708 

questration system in arid and semi-arid areas. Through in-depth research and rational 709 

utilization of the ecological and economic value of G. uralensis, it is expected to achieve 710 

economic development while effectively protecting and improving the ecological envi- 711 

ronment.  712 

There are still several shortcomings in this study. Firstly, MODIS NPP data were uti- 713 

lized in this study for comparison and validation with the estimated NPP results. How- 714 

ever, performing the comparison and validation with real field data could more accurately 715 

uncover the possible errors and biases of the improved CASA model combined with the 716 

GF-1 WFV remote sensing imagery in the estimation of NPP. Additionally, only environ- 717 

mental factors were incorporated into the study of the relationship between NPP and im- 718 

pact factors of G. uralensis in Dengkou County, and human factors were not included. 719 

Therefore, it is necessary to collect as many human factors as possible for the analysis of 720 

impact factors in the future. 721 
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