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Abstract 18 

Snow cover is a crucial factor influencing gross primary productivity (GPP), but the 19 

various regulatory mechanisms across different geographical zones in Northeast China 20 

remain unclear. This study comprehensively analyzed the dynamic changes in snow 21 

cover and GPP in Northeast China from HY2001 to HY2020. Specifically, the study 22 
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area was divided into six subregions to investigate the impact of snow cover on 23 

cropland GPP. The results revealed that the snow water equivalent (SWE) decreased in 24 

63% of the croplands in Northeast China, while the snow cover duration (SCD) 25 

increased in 54% of the croplands. Additionally, delayed snow cover end dates (SCEDs) 26 

were observed in 61% of the croplands, with 74% showing significant increases in 27 

cropland GPP. In terms of cropland types, SCD showed the strongest positive 28 

correlation with dry lands, while paddy fields were more sensitive to SCED variations. 29 

Geographically, the Changbai Mountain, Sanjiang Plain, and Khingan Ranges exhibited 30 

more pronounced GPP changes due to SCED. In contrast, the Liaohe Plain and Western 31 

Sand Area were predominantly affected by SWE, while the Songnen Plain showed 32 

greater sensitivity to SCD. These findings elucidate the critical role of snow cover in 33 

modulating cropland GPP variations across different geographical zones, providing 34 

valuable insights into the influence of similar climatic conditions on cropland 35 

ecosystems. 36 

Key wordsSnow cover is a critical regulator of hydrological cycles and vegetation 37 

productivity in temperate ecosystems, yet its multifaceted impact on cultivated lands 38 

remains poorly quantified, especially across diverse geographical regions. This study 39 

elucidates the spatially heterogeneous mechanisms by which snow cover dynamics 40 

regulate Gross Primary Productivity (GPP) on cultivated land in Northeast China, a 41 

vital grain production base. By integrating 20 years of remote sensing observations, 42 

climate records, and soil data, we employed partial correlation, ridge regression, and 43 

Partial Least Squares Structural Equation Model (PLS-SEM) to isolate the effects of 44 



snow cover parameters, including Snow Water Equivalent (SWE), Snow Cover 45 

Duration (SCD), and Snow Cover End Date (SCED). Our results reveal a distinct 46 

geographical zoning of snow cover influences: SWE dominated GPP variability in the 47 

arid Western Sand Area and Liaohe Plain, whereas SCD was the primary driver in the 48 

Songnen Plain, and SCED exerted the strongest control in the colder Changbai 49 

Mountain and Xing'an Mountain regions. The PLS-SEM further quantified that these 50 

impacts are mediated primarily through snow-induced modifications to spring soil 51 

moisture and temperature, with the dominant pathway shifting from hydrological 52 

benefits in water-limited plains to thermal limitations in colder high-latitude areas. 53 

These findings suggest a significant correlation between changes in snow cover and 54 

cultivated land GPP, providing insights into the potential role of snow cover in 55 

modulating GPP dynamics. 56 

Keywords: snow cover, gross primary productivity, croplandcultivated land, Northeast 57 

China 58 

1 Introduction 59 

Croplands are Cultivated land is a critical natural resourcesresource for ensuring food 60 

security, ecological stability, and economic sustainability. Under the pressure of 61 

intensifying soil erosion and climate change, understanding croplandtrends in gross 62 

primary productivity (GPP) variation trendson cultivated land and itsthe associated 63 

environmental response mechanisms has become imperative for sustainable 64 

development and enhanced cropland conservation. GPP represents vegetation's 65 
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photosynthetic carbon fixation capacity per unit time and serves as a keycritical metric 66 

of carbon assimilation through photosynthesis (Beer et al., 2010; Sjöström et al., 67 

2013).(Beer et al., 2010; Sjöström et al., 2013). Cropland ecosystems play area pivotal 68 

role in terrestrial carbon cycling (Wang et al., 2022),(Wang et al., 2022), where GPP 69 

directly governs crop growth dynamics, carbon sequestration potential, and agricultural 70 

productivity variations, making it an essential indicator of agroecosystem productivity. 71 

(Wagle et al., 2015). (Wagle et al., 2015). As a keyan important component of terrestrial 72 

ecosystems, snow cover significantly affects the carbon cycle throughby altering 73 

ecosystem functioning modification. Under the trend of global warming in . In recent 74 

decades, amid global warming, significant changes in snow cover have been observed 75 

(Mudryk et al., 2020; Pulliainen et al., 2020),(Mudryk et al., 2020; Pulliainen et al., 76 

2020), which subsequently influence vegetation dynamics and GPP through altered 77 

environmental conditions (Meredith et al., 2019).(Meredith et al., 2019). 78 

Previous studies demonstrated that snow cover and its phenological changes regulate 79 

surface energy balance and hydrological cycles while directly affecting the growing 80 

season timing and photosynthetic efficiency in croplands, thereby modulating GPP. 81 

Winter snow water equivalent (SWE) and snow cover duration (SCD) largely determine 82 

soil moisture availability and thermal regimes (Blankinship and Hart, 2012). These 83 

regulatory effects prove particularly crucial during spring sowing periods, with lasting 84 

impacts on annual carbon uptake efficiency (Chen et al., 2019). However, the 85 

mechanisms underlying snow cover's influences on GPP exhibit significant 86 

heterogeneity across vegetation types and geographical contexts. Delayed snow cover 87 
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end dates (SCEDs) could enhance early growing season GPP in dry land and grassland 88 

ecosystems while negatively affecting forest GPP (Wang et al., 2024). In relatively arid 89 

regions, snow cover's stronger positive hydrological effects on soil enhance GPP more 90 

significantly (Liu et al., 2023). Different snow cover indicators demonstrate varying 91 

modes of influence: SWE affects GPP through soil moisture and nitrogen dynamics 92 

modification, while a thick snow cover protects root systems from winter mortality 93 

(Brooks et al., 2011; Knowles et al., 2017). Meanwhile, SCD decreases are linked to 94 

advanced vegetation phenology and subsequent productivity increases (Pulliainen et al., 95 

2017). These effects are further modulated by climate change drivers including 96 

temperature rise and precipitation variability (Peng et al., 2010). GPP is a 97 

comprehensive indicator of the complex interactions among climatic, topographic, 98 

edaphic, botanical, and anthropogenic factors. Currently, few systematically 99 

investigated the snow cover-cropland GPP relationship across distinct geographical 100 

zones while considering these multifaceted interactions. 101 

Previous studies demonstrated that snow cover and its phenological changes regulate 102 

the surface energy balance and hydrological cycles, while directly affecting the timing 103 

of the growing season and photosynthetic efficiency on cultivated land, thereby 104 

modulating GPP. GPP is a comprehensive indicator of the complex interactions among 105 

climatic, topographic, edaphic, botanical, and anthropogenic factors. Winter snow 106 

water equivalent (SWE) and snow cover duration (SCD) largely determine soil 107 

moisture (SM) availability and thermal regimes (Blankinship and Hart, 2012). These 108 

regulatory effects prove particularly crucial during spring sowing periods, with lasting 109 



impacts on annual carbon uptake efficiency (Chen et al., 2019). Meanwhile, SCD 110 

decreases are associated with advanced vegetation phenology and subsequent increases 111 

in productivity (Pulliainen et al., 2017). SWE primarily affects GPP by altering SM and 112 

nitrogen dynamics, with a thick snow layer additionally protecting root systems from 113 

winter freeze injury (Brooks et al., 2011; Knowles et al., 2017). A delayed Snow Cover 114 

End Date (SCED) can enhance early-growing-season GPP in arid lands and grassland 115 

ecosystems, while often exerting a suppressive effect on forest GPP (Wang et al., 2024). 116 

These effects are further modulated by climate change drivers, including temperature 117 

rise and precipitation variability (Peng et al., 2010). In summary, snow cover and its 118 

phenological changes significantly influence the GPP of ecosystems by regulating 119 

hydrothermal conditions and vegetation growth. 120 

The mechanisms by which snow cover influences GPP, however, exhibit significant 121 

heterogeneity across vegetation types and geographic contexts. Li et al. (2022) revealed 122 

that the influence of snow cover parameters on spring soil moisture is most pronounced 123 

in farmland among different land-use types. The positive hydrological effect of snow 124 

cover on SM is more pronounced in relatively arid regions, resulting in a greater 125 

enhancement of GPP. In contrast, in energy-limited or humid systems where water is 126 

not the primary limiting factor, the contribution of snowmelt to GPP becomes marginal. 127 

Previous work by Wang et al. (2024) shows that the relationship between snow cover 128 

and vegetation productivity in Northeast China varies by underlying surface type and 129 

is further modulated by local environmental conditions. A knowledge gap exists in 130 

previous work regarding how multi-metric snow characteristics interact with snow-131 



vegetation productivity relationships simultaneously across agricultural regions in 132 

Northeast China. This limited understanding hinders our ability to accurately predict 133 

how ongoing climate-driven changes in snow cover will affect the regional carbon 134 

budgets and the ecosystem functioning of cultivated land, particularly in snow-135 

dependent regions. 136 

Northeast China hosts a vital grain production base that is, crucial forto national food 137 

security. Due to a growing population and intensifying climate change, understanding 138 

regional GPP responses across geographical conditions has become increasingly urgent. 139 

This study integrates multi-source data, including long-term20 years of remote sensing 140 

observations (2001 to 2020),, climate records, snow cover indicators, and agricultural 141 

statistics, to systematically analyze the spatiotemporal patterns of snow cover variation 142 

patterns and their mechanistic impacts on cropland GPP of cultivated land in Northeast 143 

China. The objectives include (1) examining the spatiotemporal snow cover variations 144 

in snow cover (e.g., SWE, SCD, and SCED),); (2) elucidating the spatiotemporal 145 

heterogeneity of snow cover's effects on cropland GPP, of cultivated land; and (3) 146 

exploring the mechanisms underlying the regulatory roles of snow cover on cropland 147 

GPP. 148 
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2 Materials and methods 149 

2.1 Study area 150 

Northeast China is a high-latitude region (38°72' to 53°56'N, 115°52' to 135°09'E) 151 

comprising Heilongjiang, Jilin, and Liaoning provinces, along withas well as the 152 

eastern four leagues of the Inner Mongolia Autonomous Region. The region covers 153 

approximately 1.25 million km2 and hosts 358,700 km2 of croplandcultivated land, 154 

accounting for 26.6% of China's total cultivated area (Wang et al., 2023a). The 155 

topography exhibits distinct regional differentiation, with mountainous peripheries on 156 

three sides and extensive plains in the interior. Six major geographical unitsregions exist 157 

in the region: the Songnen Plain, Sanjiang Plain, Liaohe Plain, Khingan Range, 158 

Khingan RangeXing’an Mountain, and Changbai Mountain (as shown in Figure 1). 159 

These geographical variations led to distinct climatic characteristics across these six 160 

sub-regions (Table 1)..  161 

The region features a temperate monsoon climate characterized by winter snowfall 162 

(Xue et al., 2022), low evaporation rates, and high humidity. The winters are cold and 163 

prolonged, particularly in higher latitudes. The annual effective accumulated 164 

temperature ranges from 2320°C to 3654°C, while annual precipitation varies 165 

between 238 mm and 1078 mm (Wang et al., 2023b). The average elevation stands at 166 

approximately 200 meters above sea level. As one of the country's largest seasonal snow 167 

cover regions, Northeast China is a crucial agricultural zone with the highest grain 168 

production nationwide (Ma et al., 2024). The predominant cropping systems allow a 169 
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single annual harvest pattern. Therefore, investigating cropland ecosystem responses to 170 

snow cover variations is of great significance to regional agriculture. 171 

 172 

Table 1 compares the climatic characteristics across the six sub-regions. The region 173 

features a temperate monsoon climate characterized by winter snowfall (Xue et al., 174 

2022), low evaporation rates, and high humidity. However, as shown in Table 1, there 175 

are pronounced climatic gradients across the six sub-regions. The effective accumulated 176 

temperature (≥10°C) ranges from 2320°C in the cooler Xing'an Mountain area to 177 

3654°C in the warmer Liaohe Plain (Xu et al., 2023). Similarly, annual precipitation 178 

exhibits stark contrasts, from a mere 200-400 mm in the arid Western Sand Area to 800-179 

1200 mm in the humid Changbai Mountain. These geographic and climatic 180 

differentiations are crucial for understanding regional ecosystem responses. 181 



 182 

Figure 1. The overview of the study area: (a) elevation; (b) cultivated land in Northeast China; (b) 183 

digital elevation model (DEM) provided by SRTM; (c) land use types; (c) six geographic 184 

divisions.cover provided by LUCC.  185 

 186 

 187 

Table 1 The details of six geographic divisions in Northeast China 188 

Geographical 

region 

Abbre Area 

(104×

km2) 

Elevatio

n range 

(m) 

Cultivated 

land 

(thousand km
2) 

Accumulate

d 

temperature 

≥ 10 ℃ 

Precipitati

on 

(mm) 

Songnen Plain SN 18.35 95~957 107.6 2706 400 ~ 650

Sanjing Plain SJ 10.18 0~1030 66.8 2402 600 ~ 800

Liaohe Plain LH 10.57 0~1215 35.3 3654 500 ~ 700

Changbai 

Mount 
CB 24.64 0~2658 64.6 2857 800 ~ 1200

Western Sand 

Area 
WS 26.14 

115~201

5 
53.6 3262 200 ~ 400

Daxing'an and 

Xiaoxing'anXin

g’ an Mountain 

XAL 
34.55 67~1079 30.4 2320 400 ~ 700
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2.2 Materials 189 

2.2.1 Snow cover products 190 

Three snow cover indicators were utilized in this study: SWE, SCD, and SCED. The 191 

SWE data were obtained from the National Cryosphere Desert Data Center, specifically 192 

the 0.25°  daily SWE fusion product for China (1980 to 2020) (Jiang et al., 193 

2022).Three snow cover parameters were utilized in this study: SWE, SCD, and SCED 194 

from hydrological year (HY) 2001 to HY 2000. The hydrological year is defined as the 195 

duration from September to August. Daily SWE data were sourced from the National 196 

Cryosphere Desert Data Center's fusion product with the spatial resolution of 197 

0.25°across China for the period 1980-2020 (Jiang et al., 2022). This dataset integrated 198 

the advantages of existing SWE data products with topographic and temporal covariates 199 

and was validated using ground observations from 647 monitoring stations. The 200 

validation results demonstrated correlation coefficients (R2) of 0.77 and 0.70, with 201 

mean absolute errors (MAE) of 7.54 mm and 8.62 mm and root mean square errors 202 

(RMSE) of 12.29 mm and 13.73 mm, respectively. 203 

The SCD and SCED data were derivedobtained from the MODIS-based Chinese Snow 204 

Phenology Dataset (2000 to Zhao et al., 2022). This China-wide dataset (2000-2020) 205 

(Zhao et al., 2022). which provides has a 500 m spatial resolution of 500 m around 206 

China. The dataset , and its accuracy has been rigorously validated against ground 207 

station observations, showingstations. The dataset demonstrates high accuracy. The R2,, 208 

with R², RMSE, and MAE values of SCD are 0.94, 12.09 days, and 7.60 days, 209 
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respectively. The R2, RMSE for SCD, and MAE of SCED are 0.56, 19.89 days, and 210 

7.74 days for SCED, respectively.  211 

2.2.2 GPP data 212 

The MOD17A2H version 6 GPP data product (2001 to 2020) was adopted, (Running 213 

et al., 2021).This study utilized the MOD17A2H Version 6 GPP product (Running et 214 

al., 2021). The data encompassed the growing seasons (April-September) from HY2001 215 

to HY2020. This product provides 8-day composite data at 500 m spatial resolution, 216 

offering cumulative measurements of vegetation photosynthetic activity. MODIS 217 

products have been extensively validated and widely adopted in terrestrial carbon cycle 218 

research (Endsley et al., 2023; Wang et al., 2017),. Existing studies have validated the 219 

MOD17A2 GPP data product across various ecosystems in China, demonstrating a 220 

strong agreement with in-situ eddy covariance flux tower observations (R2 = 0.76) (Zhu 221 

et al., 2016). 222 

Version updates incorporate algorithm refinements and enhanced processing techniques, 223 

improving accuracy and reliability across successive iterations. These validations 224 

warrant its suitability for scientific applications in quantifying terrestrial energy fluxes, 225 

carbon-water cycles, and vegetation biogeochemical dynamics. Its robustness enables 226 

effective applications in modeling ecosystem productivity and analyzing climate-227 

vegetation interactions at regional scales. 228 
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2.2.3 Climate data 229 

The precipitationPrecipitation, air temperature, and solar radiation data were 230 

employedused to analyze the domain factors influencing snow cover. The monthly 231 

precipitation and temperature data were obtained from the 1 km-resolution monthly 232 

precipitation dataset (Peng, 2020) and the 1 km-resolution monthly mean temperature 233 

dataset for China (Peng, 2019). These datasets provide monthly records from 1901 to 234 

2021 across China at a spatial resolution of 1 km, comprehensively covering various 235 

climatic variables. Both datasets have been validated against 496 independent 236 

meteorological stations, demonstrating their high reliability and accuracy in 237 

representing regional climate patterns. 238 

The solar radiation data were acquired from the ERA5-LAND hourly reanalysis product 239 

comprising continuous surface solar radiation estimates. The accuracy of the ERA5 240 

solar radiation data has been extensively validated in multiple studies (Mihalevich et 241 

al., 2022; Muñoz-Sabater et al., 2021). ComprehensiveA comprehensive evaluation 242 

under diverse environmental conditions demonstrated that the ERA5-LAND product 243 

accurately represents actual solar radiation patterns, with high suitabilitymaking it 244 

highly suitable for various ecological and climatological applications. Integrating these 245 

high-quality climate datasets enables robust analysis of climate-vegetation interactions 246 

and ecosystem dynamics at regional scales. (Mihalevich et al., 2022; Muñoz-Sabater et 247 

al., 2021).  248 
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All remote sensing data used in this study were standardized to the temporal range of 249 

HY2001 to HY2020 and resampled to a uniform spatial resolution of 0.05° × 0.05° 250 

using the nearest neighbor algorithm. This standardization enables consistent 251 

spatiotemporal comparisons across different datasets, and the selected resolution 252 

balances computational efficiency and spatial detail. The resampling approach 253 

preserves original data values and minimizes interpolation artifacts to facilitate 254 

subsequent pixel-by-pixel analysis of raster data. 255 

2.2.4 Soil data 256 

Soil temperature (ST) and soil moisture (SM) data were obtained from the Famine Early 257 

Warning Systems Network (FEWS NET) Land Data Assimilation System (FLDAS) 258 

(McNally, 2018). The FLDAS data are generated using the Noah Land Surface Model 259 

(LSM) version 3.6.1, with a spatial resolution of 0.1° × 0.1° and monthly temporal 260 

resolution, providing 28 surface variables from 1982 to the present. This comprehensive 261 

dataset includes the 0 to -10 cm SM and temperature dataST used in this study, which 262 

are particularly relevant for analyzing vegetation dynamics and ecosystem processes. 263 

The FLDAS data have been validated against multiple in-situ soil observation networks 264 

and demonstrated superior accuracy to the Global Land Data Assimilation System 265 

(GLDAS) (Li et al., 2021). The validation involved extensive comparisons with 266 

ground-based measurements, confirming the reliability of FLDAS outputs for 267 

estimating soil parameter estimation.parameters. This high-quality dataset enables 268 
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robust analysis of soil-vegetation-atmosphere interactions and supports, supporting 269 

various applications in ecological modeling and climate studies. 270 

2.2.5 Land use type 271 

Northeast China lost 6,694 km2 of cultivated land between 2000 and 2020, primarily 272 

due to urban expansion and the Grain for Green Program. The land use data were 273 

obtained from the 1 km-resolution China Land Use Dataset (1980 to -2020) (Xu et al., 274 

2018). This dataset employs a two-level classification scheme, with the first comprising 275 

6 major categories (forest, grassland, cropland, water bodies, built-up areas, and barren 276 

land) and the second containing 23 subcategories. To better characterize the effects of 277 

snow cover on cropland GPP, we utilized the second-level classification, dividing 278 

cropland into dry land and paddy fields for separate analysesPixel-wise screening of 279 

snow cover impacts. 280 

Northeast China lost 6,694 km2 of croplands between 2000 and 2020, primarily due to 281 

urban expansion and the Grain for Green Program. To minimize potential confounding 282 

effects from land use changes during the 2001 to 2020 period, our analysis focused on 283 

croplands with consistent land cover throughout the study period. Pixel-wise screening 284 

of land land-use distribution data from 2001 to 2020 extracted the croplands identified 285 

cultivated land that remained unchanged throughoutover the 20 years for analysis. This 286 

approach ensures that observed GPP variations can be more reliably attributed to snow 287 

cover dynamics rather than land use changes, thereby enhancing the robustness of the 288 
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findings on snow cover-cropland interactions.Figure 1(a) shows the spatial distribution 289 

of unchanged cultivated land, including 87.83% dryland and 12.63% paddy land.  290 

2.3 Methods 291 

2.3.1 Trend analysis 292 

The long-term snow cover-GPP relationship in Northeast China was investigated by 293 

first calculating the annual averages of snow cover indicators (SWE, SCED, and SCD) 294 

and GPP from 2001 to 2020. Subsequently, we combined the Theil-Sen slope method 295 

(Sen, 1968) with the Mann-Kendall test (Kendall, 1948; Mann, 1945) to estimate trends 296 

in the time series of SCD, SWE, and GPP. The Mann-Kendall test is widely used to 297 

analyze trends in time series data as it addresses the serial correlation issue and does 298 

not require a specific data distribution (Abebe et al., 2022; Xu et al., 2017). This method 299 

provided the trend magnitude and direction while helping to identify regions with 300 

significant changes between GPP and snow cover. 301 

The long-term trends in the annual time series of SCD, SWE, and GPP (2001-2020) 302 

were analyzed using the Theil-Sen slope method (Sen,1968). The statistical 303 

significance of these trends was evaluated with the Mann-Kendall test (Kendall, 1948; 304 

Mann, 1945). In the Mann-Kendall test, a monotonic trend is considered statistically 305 

significant at the 90%, 95%, and 99% confidence levels if the absolute value of the 306 

computed Z statistic exceeds 1.65, 1.96, and 2.58, respectively.  307 
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2.3.2 Partial correlation 308 

Partial correlation analysis statistically calculates the relationship between two 309 

variables while controlling for the effects of one or more covariates (Gonzalez, 2003). 310 

It has recently been widely applied to study ecosystem response mechanisms and is 311 

particularly well-suited for disentangling causal relationships among complex 312 

environmental variables (Kashyap and Kuttippurath, 2024; Wei et al., 2022). 313 

Specifically, we applied pixel-by-pixel partial correlation to examine the impacts of 314 

SCD, SWE, and SCED on GPP across different land use types. Meanwhile, this analysis 315 

eliminated the effects of concurrent temperature, precipitation, and solar shortwave 316 

radiation to ensure that the correlations between snow cover indicators and GPP 317 

reflected the direct impacts. 318 

All datasets were resampled to a consistent spatial resolution of 0.05°×0.05° using the 319 

nearest neighbor method to facilitate subsequent pixel-by-pixel analysis. Then, a partial 320 

correlation analysis was employed to statistically quantify the relationship between two 321 

variables while controlling for the effects of one or more covariates (Gonzalez, 2003; 322 

Kashyap and Kuttippurath, 2024; Wei et al., 2022). Specifically, we applied pixel-wise 323 

partial correlation to examine the impacts of SCD, SWE, and SCED on GPP across 324 

various land-use types, while controlling for concurrent temperature, precipitation, and 325 

solar radiation to isolate the direct effects of snow cover. 326 
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2.3.3 Ridge regression 327 

This study identified the potential multicollinearity and interaction effects among snow 328 

cover indicators. Multicollinearity can lead to unstable regression coefficients in 329 

ordinary least squares (OLS) regression, potentially compromising the reliability of 330 

parameter estimates (Midi et al., 2010). This issue was addressed with ridge regression, 331 

which introduced an L2 regularization into OLS regression (Zhao et al., 2023). This 332 

approach effectively reduced variance in parameter estimates while introducing 333 

minimal bias, making it particularly suitable for analyzing correlated environmental 334 

variables. 335 

We employed ridge regression to quantify the relative contributions of snow cover 336 

indicators across different zones through pixel-wise calculations, enabling spatially 337 

explicit analysis of snow cover-GPP relationships. This method identified the dominant 338 

snow cover indicators influencing cropland GPPGiven the potential multicollinearity 339 

among snow cover indicators, we used ridge regression rather than ordinary least 340 

squares to ensure stable coefficient estimates (Zhao et al., 2023). This approach was 341 

applied pixel-wise to quantify the relative contributions of SCD, SWE, and SCED to 342 

GPP across the study area. This method identified the dominant snow-cover indicators 343 

influencing GPP on cultivated land in each zone, providing valuable insights into the 344 

spatial heterogeneity of snow cover's effects on vegetation productivity. Ridge 345 

regression was implemented with careful consideration of regularization parameters to 346 

ensure optimal model performance across various zones.  347 
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2.3.4 Savitzky-Golay filter 348 

Savitzky-Golay (SG) filter is a smoothing technique based on local polynomial fitting, 349 

which smoothes signals while preserving high-order derivative information. The SG 350 

filter determines the smoothed result within a local window by least squares fitting of 351 

the data points in it. It is particularly suitable for processing data with significant noise, 352 

as it effectively reduces noise while maintaining the fundamental characteristics of the 353 

signal(Ruffin and King, 1999). The advantage of the SG filter lies in its ability to 354 

smooth the data while preserving high-frequency information of the signal. such as the 355 

slope and curvature. Consequently, it is widely used in signal processing, spectral 356 

analysis, and chemical data analysis (Sa‐ing et al., 2018; Sadıkoglu and Kavalcıoğlu, 357 

2016). 358 

Based on all valid cropland pixels in Northeast China, a scatter plot illustrating the 359 

relationship between snow cover indicators and GPP was constructed. The 95th 360 

percentile of GPP was extracted within each snow cover indicator interval to reduce the 361 

influence of extreme values. An SG filter was then applied to smooth the 95th-362 

percentile response curve. Finally, the snow cover indicator corresponding to the peak 363 

of the smoothed curve was defined as the optimal snow cover threshold for GPP. 364 

2.3.5 Partial least squares structural equation model 365 

The direct and indirect mechanisms by which snow cover affects GPP were thoroughly 366 

investigated by constructing a partial least squares structural equation model (PLS-367 
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SEM) to estimate complex causal relationships among multiple variables. This 368 

powerful SEM explores the interactions between observed and latent variables and is 369 

suitable for non-normally distributed and small-sample data (Hair et al., 2019; Luo et 370 

al., 2017). Two latent variables were created during model construction: "Snow" and 371 

"Climate." "Snow" included three snow cover indicators: SCD, SWE, and SCED, 372 

whereas "Climate" included three meteorological indicators: precipitation, temperature, 373 

and solar radiation. The PLS-SEM also included two soil parameter variables (ST and 374 

SM) and GPP data for different vegetation types. PLS-SEM was applied to all six 375 

different regions in Northeast China. All variable data were normalized before path 376 

analysis to eliminate scale differences among variables and enhance model stability. 377 

Ultimately, three paths were constructed to reflect the multiple impacts of snow cover 378 

on the GPP of different vegetation types across the six regions in Northeast China.To 379 

decipher the complex causal pathways through which snow affects GPP, we employed 380 

a Partial Least Squares Structural Equation Model (PLS-SEM). Two latent variables 381 

were created during model construction, including Snow and Climate. Snow included 382 

SCD, SWE, and SCED, whereas Climate included precipitation, air temperature, and 383 

solar radiation. The PLS-SEM also included SM, ST and GPP data for different 384 

vegetation types. All variables were normalized before the analysis to facilitate 385 

comparison of path coefficients.  386 

The path coefficients in PLS-SEM analysis represent the magnitude and direction of 387 

direct effects between two variables. Positive and negative path coefficients correspond 388 

to the positive and negative impacts of the independent variable on the dependent 389 
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variable, respectively, with their values quantifying the impact strength. The goodness-390 

of-fit (GOF) index globally evaluates the quality of the path models and determines 391 

their validity. A GOF above 0.36 indicates applicable model results (Wetzels et al., 392 

2009). 393 

3 Results 394 

3.1 The spatiotemporal dynamicsdistribution of snow 395 

cover 396 

Figure 2 displays the spatial distribution of mean SWE in Northeast China from 397 

HY2000HY2001 to HY2020. Among the six sub-regions, the mean SWE of Sanjiang 398 

Plain was the highest at 9.66 mm. The high SWE values were observed in the Khingan 399 

RangeXing’an Mountain -Nenjiang conjunction and the Sanjiang Plain. The Khingan 400 

RangeXing’an Mountain had the second-highest mean value of 9.05 mm and the 401 

second-highest maximum value of 20.10, followed by Songnen Plain. The Changbai 402 

Mountain also had a relatively high mean SWE of 6.26 mm. The semi-arid Western 403 

Sand Area had the second-lowest mean SWE but the highest maximum SWE. The 404 

mountainous areas (Changbai Mountain and Khingan Rangean Xing’an Mountains) 405 

had greater snowfall than the other five sub-regions, explaining the high SWE levels. 406 

The Liaohe Plain had the lowest SWE among these six sub-regions due to its lower 407 

latitude. The negative slope of the SWE fitting line in Figure 2(c) indicates a slight 408 

decreasing trend from HY2001 to HY2020. As shown in Figure 2(d), the area exhibits 409 
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a decreasing trend that accounts for about 65% of the total area, with dry land covering 410 

60.21% and paddy fields covering 5.01%. 411 

 412 
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 413 

Figure 2 The spatial and temporal changes of SWE in Northeast China from HY2000HY2001 to 414 

HY2020: (a) spatial distribution of mean SWE; (b) changing trend of SWE, the green areas represent 415 

positive impacts, while the blue areas indicate negative impacts; and the shaded regions denote 416 

pixels that were significant at the p < 0.190% confidence level; (c) annual changes of SWE; (d) the 417 

comparison of dry land and paddy land. 418 
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 419 

Table 2 Statistics of SWE, SCD and SCED in six geographical regions in Northeast China 420 

Geographic 

region 

SWE (mm) SCD (day) SCED (day) 

Max Mean Max Mean Max Mean 

Songnen 

Plain 
13.51 5.64 152.95 94.56 215.30 180.14 

Sanjiang 

Plain 
19.40 9.66 135.64 110.85 211.86 195.08 

Liaohe Plain 5.04 1.73 98.29 36.52 187.09 125.81 

Changbai 

Mountain 
18.88 6.23 135.48 87.18 213.42 176.38 

Western 

Sand Area 
24.07 2.35 154.63 32.38 217.99 108.74 

Xing’an 

Mountain 
20.10 8.97 162.44 119.57 222.74 196.11 

 421 

Figure 3 shows the spatial distribution of mean SCD in Northeast China from 422 

HY2000HY2001 to HY2020., Table 2 lists the corresponding statistical results. The 423 

SCD of the whole region ranged from 0 to 159.47 days, averaging 79.99 days, 58%had 424 

average value of which exceeded 80.79 days. High SCD values were primarily 425 

observed in the northeastern and mountainous areas, while low SCD values were 426 

distributed in the southwest and low-altitude areas. Overall, a decreasing trend was 427 

observed from the northeast to the southwest. Noticeable differences were observed in 428 

Changbai Mountain. Its northeastern area was, closer to the Sanjiang Plain and, showed 429 

significantly higher SCD than the southwestern area near the Liaohe Plain. The 430 

Khingan RangeXing’an Mountain had the highest mean SCD of 120.291119.57 days 431 

and the highest maximum SCD of 159.47162.44 days, higher than the Changbai 432 

Mountain. The Sanjiang Plain had the second-highest mean SCD of 110.85 days, 433 
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followed by the Songnen Plain. The negative slope of the fitting line in Figure 3(c) 434 

indicates a decreasing trend in SCD, with significant fluctuations between 2008 and 435 

2014. Meanwhile, 54.1% of the croplands cultivated land in the northeastern area 436 

experienced extended SCD, which included 49.02% of dry land and 5.16% of paddy 437 

fields, primarily distributed in the Songnen Plain. Areas with shortened SCD accounted 438 

for 45.9% of the total area, including 40.89% of dry land and 4.93% of paddy fields.. 439 

Areas with significant SCD declines were mainly concentrated in the Liaohe Plain, 440 

similar to the spatial distribution of interannual SWE variation trends. 441 

 442 
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 443 

Figure 3 The spatial and temporal changes of SCD in Northeast China from HY2000HY2001 to 444 

HY2020: (a) spatial distribution of mean SCD; (b) changing trend of SCD, the green areas represent 445 

positive impacts, while the blue areas indicate negative impacts; and the shaded regions denote 446 

pixels that were significant at the p < 0.190% confidence level; (c) annual changes of SCD; (d) the 447 

comparison of dry land and paddy land.  448 

设置了格式: 字体颜色: 文字 1

设置了格式: 字体颜色: 文字 1

设置了格式: 字体颜色: 文字 1

设置了格式: 字体颜色: 文字 1



Figure 4 displays the spatial distribution of mean SCED in Northeast China from 449 

HY2000HY2001 to HY2020. The SCED distribution pattern was similar to that of 450 

SWE and SCD. Higher SCEDs were still primarily observed in the northeastern and 451 

mountainous areas, while lower SCEDs were distributed in the southwest and low-452 

altitude areas. Statisticalregions. The statistical results showed that SCED ranged from 453 

0 to 222.74 days, averaging the SCE had an average of approximately 164.19163.99 454 

days. About 49% of the pixels had SCDSCEDs ranging from 180 to 210 days, while 455 

49% of the pixels had SCEDs extending into March of the following year. Such pixels 456 

were concentrated in the Changbai Mountain, Sanjiang Plain, and the northeastern 457 

Songnen Plain. Pixels with SCEDs above 210 days accounted for only about 3% and 458 

were mainly distributed in the Khingan Range.Xing’an Mountain. The average SCED 459 

in the Sanjiang Plain and Khingan RangeXing’an Mountain were approximately 195.08 460 

days and 196.8511 days, respectively. According to Figure 3-6(b),4, the slope of the 461 

SCED fitting line in Figure 34(c) indicates a slight advancing trend. The SCED trend 462 

was relatively stable between 2005 and 2007, while fluctuations ranging from 10 to 30 463 

days were observed in other years. Delayed SCEDs were observed in 6156.15% of the 464 

areas, with 54.02% being dry land and 5.78% being paddy fields.. Such areasregions 465 

were primarily distributed in the Songnen Plain, Sanjiang Plain, and Changbai 466 

Mountain. Only 3943.85% of the areasregions exhibited earlier SCEDs, with 34.47% 467 

being dry land and 5.73% being paddy fields, mainly concentrated in the Liaohe Plain. 468 
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 469 



 470 

Figure 4 The spatial and temporal changes of SCED in Northeast China from HY2000HY2001 to 471 

HY2020: (a) spatial distribution of mean SCED; (b) changing trend of SCED, the green areas 472 

represent positive impacts, while the blue areas indicate negative impacts; and the shaded regions 473 

denote pixels that were significant at the p < 0.190% confidence level; (c) annual changes of SCED; 474 

(d) the comparison of dry land and paddy land.  475 
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These spatiotemporal patterns of snow cover indicators provide crucial insights 476 

into the regional variability of snow cover dynamics and their potential impacts 477 

on vegetation productivity in Northeast China. The observed trends reflect the 478 

complex interactions between climate change and local geographical factors, thus 479 

requiring region-specific adaptation strategies in agricultural management and 480 

ecosystem conservation practices.3.2 Effects of Snow Cover on 481 

Soil Properties 482 

 483 

Table 2 Statistics of SWE, SCD and SCED in six geographical regions in Northeast China 484 

Geographic 

region 

SWE (mm) SCD (day) SCED (day) 

Max Mean Mini Max Mean Mini Max Mean Mini

SN 13.51 5.64 2.19 152.95 94.99 25.97 215.30 180.59 23.63

SJ 19.40 9.66 2.72 135.64 110.85 17.15 211.86 195.08 20.72

LH 5.04 1.73 1.01 98.29 36.25 20.87 187.09 125.81 34.84

CB 13.97 6.26 2.66 135.48 87.69 31.25 212.55 176.09 38.27

WW 24.07 2.35 1.77 156.25 32.03 22.02 217.99 108.54 31.31

XAL 20.10 9.05 3.41 159.47 120.29 24.75 222.74 196.85 21.84

3.2 The relationship between snow cover and soil 485 

properties 486 

Figure 5 illustrates the spatial distribution of correlation coefficients between winter 487 

SWE and soil parameters (ST and SM) of the subsequent year.year's ST and SM. As 488 

shown in Figure 5(a), the correlation coefficient between SWE and ST ranges from –-489 
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0.786 to 0.70, indicating72. Areas with negative correlations accounted for 490 

approximately 62.97% of the total cultivated land, which indicate predominantly 491 

negative influences of SWE on the ST in the subsequent year. Areas with negative 492 

correlations accounted for approximately 85% of the total croplands, and areasThe 493 

regions with significantly negative correlations concentrated in the Songnen Plain and 494 

Sanjiang Plain. A small portion of areas with positive correlation was found in the 495 

Western Sand Area and the northern part of Changbai Mountain. According to Figure 496 

5(b), the correlation coefficient between SWE and SM ranges from –-0.5974 to 0.8886. 497 

Areas with positive correlations accounted for about 70.45% of the total cultivated land, 498 

indicating a primarily positive impact of SWE on the SM in the subsequent year. Areas 499 

with positive correlations accounted for about 61% of the total croplands, whereasThe 500 

areas with significantly positive correlations mainly concentrated in the Sanjiang Plain 501 

and Changbai Mountain. Areas with negative correlations between SWE and SM 502 

accounted for approximately 3929.55%, mainly concentrated in the Songnen Plain and 503 

Liaohe Plain. 504 
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 505 

 506 

Figure 5 The correlation coefficients between SWE and soil properties: (a) soil temperature; (b) soil 507 

moisture. Blue and green pixels represent negative and positive correlations respectively. The 508 

shaded regions denote pixels that were significant at the p < 0.190% confidence level. 509 

Figure 6 illustrates the spatial distribution of correlation coefficients between winter 510 

SCD and soil parameters (ST and SM) of the subsequent year. As shown in Figure 6(a), 511 
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the correlation coefficient between SCD and ST ranges from –-0.8564 to 0.5772. Areas 512 

with negative correlations accounted for approximately 54.8% of the total cultivated 513 

land, indicating that the influence of SCD on the subsequent year's ST is predominantly 514 

negative. Areas with negative correlations accounted for approximately 90% of the total 515 

croplands, whileThe areas with significantly negative correlations primarily 516 

concentrated in the Songnen Plain and Sanjiang Plain. These results suggest that a 517 

longer SCD results inis associated with slower soil warming in the following spring. 518 

Only a small number of areas with positive correlations were found in the northern part 519 

of Changbai Mountain and the Western Sand Area. Thus, a longer SCD in these areas 520 

may, to some extent, promote ST recovery through insulating effects. According to 521 

Figure 6(b), the correlation coefficient between SCD and SM ranges from –-0.5666 to 522 

0.75,61. Areas with positive correlations accounted for 64.36%, indicating a primarily 523 

positive impact of SCD on the subsequent year's SM. Areas with positive correlations 524 

accounted for 78%, andThe areas with significantly positive correlations mainly 525 

concentrated in the Songnen Plain and Changbai Mountain. Areas with negative 526 

correlations accounted for only 2235.64%, and SCD's moderating effect on SM 527 

transitions from positive to negative from northeast to southwest. The pixels with SCD 528 

negatively affecting SM were primarily concentrated in Liaohe Plain. 529 
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 530 

 531 

Figure 6 The correlation coefficients between SCD and soil properties: (a) soil temperature; (b) soil 532 

moisture. Blue and green pixels represent negative and positive correlations, respectively. The 533 

shaded regions denote pixels that were significant at the p < 0.190% confidence level.  534 

Figure 7 illustrates the spatial distribution of correlation coefficients between winter 535 

SCED and soil parameters (ST and SM) of the subsequent year. Figure 7(a) shows that 536 
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the correlation coefficient between SCED and SM ranges from –-0.7464 to 0.56, 537 

indicating a primarily negative impact of SCED on ST. Areas72. The areas with 538 

negative correlations accounted for approximately 8762.97% of the total croplands, 539 

andcultivated land, indicating a primarily negative impact of SCED on ST. The areas 540 

with significant negative correlations mainly concentrated in the Songnen Plain and 541 

Sanjiang Plain. A small number of areas with positive correlations were primarily found 542 

in the northern of Changbai Mountain and the Western Sand Area. According to Figure 543 

7(b), the correlation coefficient between SCED and SM ranges from –-0.6266 to 0.68, 544 

indicating a mainly positive impact of SCED on the subsequent year's SM. 61. Areas 545 

with positive correlations accounted for approximately 6170.45% of the total croplands, 546 

while areas with negative correlations accounted for about 39%. cultivated land, 547 

indicating a mainly positive impact of SCED on the subsequent year's SM. The pixels 548 

with negative SCED effects on SM were primarily concentrated in the Sanjiang Plain, 549 

Songnen Plain, and Liaohe PlainPlains. 550 
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 551 

 552 

Figure 7 Spatial pattern distribution results of the relationship between SCED and soil properties: 553 

(a) soil temperature; (b) soil moisture. Blue and green pixels represent negative and positive 554 

correlations respectively. The shaded regions denote pixels that were significant at the p < 0.190% 555 

confidence level. 556 

3.3 The relationship between GPP and snow 557 
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coverinfluence of Snow Cover on GPP  558 

Figure 8 displays the spatial distribution of GPP in Northeast China from 559 

HY2000HY2001 to HY2020, and Table 3 listspresents the statistical results offor GPP 560 

inacross the six sub-regions. CroplandThe GPP of cultivated land generally shows a 561 

relatively uniform distribution pattern, as shown in Figure 8(a). The Changbai 562 

Mountain, Sanjiang Plain, and Khingan RangeXing’an Mountain had relatively high 563 

GPP, followed by Songnen Plain and Liaohe Plain, while the Western Sand Area had 564 

the lowest GPP during the past 20 years. The interannual variation trends in Figure 8(b) 565 

indicate that over the past 20 years, 98% of the croplandcultivated land shows an 566 

increasing trend in GPP, with significant GPP growth in 74% of the areas. Furthermore, 567 

the growth rates varied across different regions, with the GPP in the Western Sand Area 568 

increasing the fastest at an average of approximately 9.04 g·C/m2 per year. According 569 

to Figure 8(d), 98% of the croplands show an increasing trend in GPP, with 89.1% being 570 

dry land and 9.44% being paddy fields. Moreover, 74% of the areas showed significant 571 

GPP growth. Only 2% of the areas exhibited a declining trend in GPP, with 1.16% being 572 

dry land and 0.30% being paddy fields. Such areas were primarily concentrated in the 573 

southern part of the Liaohe Plain and the eastern part of the Sanjiang Plain. 574 
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 575 



 576 

Figure 8 The spatial and temporal changes of GPP in Northeast China from HY2000HY2001 to 577 

HY2020: (a) spatial distribution of mean GPP; (b) changing trend of GPP the green areas represent 578 

positive impacts, while the blue areas indicate negative impacts; and the shaded regions denote 579 

pixels that were significant at the p < 0.190% confidence level; (c) annual changes of GPP; (d) the 580 

comparison of dry land and paddy land. 581 

 582 

 583 

 584 

 585 

 586 

 587 
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 588 

Table 3 GPP statistics of six geographic regions in Northeast China. Max. and SD represent the 589 

maximum value and standard deviation, respectively.  590 

Geographic regions Max. (g·C/m2) Mean. (g·C/m2) SD (g·C/m2) 

SNSongnen Plain 974.991077.70 606.33607.34 78.5086.22 

SJSanjiang Plain 1111.971286.26 701.92697.08 82.3499.44 

LHLiaohe Plain 1034.131141.74 612.78611.99 76.2989.59 

CBChangbai 

Mountain 

1350.561332.11 799.75781.48 125.95145.15 

WSWestern Sand 

Area 

828.16854.5 481.57484.89 86.8995.09 

XALXing’an 

Mountain 

1048.161219.43 690.71674.64 108.01116.66 

 591 

Figure 9 displays the partial correlation between SWE and GPP. Approximately 56.79% 592 

of the dry land and 6.27% of the paddy fields showed positive correlations between 593 

GPP and SWE, with significant correlations in 8.3% of the dry land and 10.0% of the 594 

paddy fields. Areas with positive correlations were concentrated in the northern part of 595 

the Sanjiang Plain and the central-western part of the Songnen Plain. In contrast, areas 596 

with negative correlations were mainly in the southern part of the Liaohe Plain, 597 

accounting for 6.2% of the total dry lands. The effects of SWE on GPP are complex. 598 

For one thing, snowmelt enhances SM and promotes early crop growth with adequate 599 

water (Li et al., 2025; Pan et al., 2022). For another, excessive SWE leads to saturated 600 
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SM after snowmelt and denies oxygen to the roots, thereby affecting plant growth and 601 

health (Liu et al., 2023; Wang et al., 2024). 602 

 603 

Figure 9 reveals distinct spatial patterns in the partial correlations between snow cover 604 

and GPP over cultivated land in Northeast China, and Table 4 lists the corresponding 605 

statistical results. The correlation between SWE and GPP was nearly balanced, with 606 

67.01% of the area showing positive and 32.99% negative correlations for the whole 607 

Northeast China; however, only 13.2% of the total area passed the significance test (p 608 

< 0.1). The correlation coefficients ranged widely from -0.77 to 0.83. Significant 609 

positive correlations were predominantly located in the northern Sanjiang Plain and the 610 

central-western Songnen Plain, where snowmelt likely acts as a critical hydrological 611 

subsidy for early crop growth (Li et al., 2025; Pan et al., 2022). In contrast, significant 612 

negative correlations clustered in the southern Liaohe Plain, suggesting that excessive 613 

SWE may lead to spring soil saturation and root zone anoxia. For SCD, 67.02% of the 614 

cultivated area exhibited a positive correlation with 11.02% significant at 90% level. 615 

And the values ranged from -0.73 to 0.75, showing a clear latitudinal gradient in the 616 



Songnen Plain where the protective insulating effect of long-lasting snowpack is most 617 

beneficial. A smaller area (32.68%) showed a non-significant negative correlation. The 618 

56.18% of SCED is negatively coefficients with 10.75% being significant, and reveal 619 

that SCED was predominantly positively correlated with GPP, particularly in the 620 

Sanjiang and Songnen Plains, indicating that a delayed melt can favorably align water 621 

availability with the crop growth calendar (Si et al., 2023; Wang et al., 2024). 622 

Collectively, the impact of snow on agricultural productivity is a function of its dual 623 

role as a source of water and as insulation, versus its potential to cause waterlogging 624 

and phenological misalignment. 625 



 626 

Figure 9 Spatial distribution and area statistics of the relationship of partial correlation between 627 

SWEsnow parameters and cropland GPP of cultivated land from HY2001 to HY2020: (a) spatial 628 

distribution of partial correlation coefficients, where blue and green represent pixels with negative 629 

and positive correlations, respectivelySWE; (b) area percentage statistics, with the range of error 630 

bars indicating the area with significant impact (p < 0.1). 631 
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Figure 10 shows the partial correlation between SCD and GPP. SCD is the main snow 632 

cover indicator affecting GPP in dry lands. The dry lands with positive correlations 633 

between SCD and GPP accounted for 66.27% of the total area, while the paddy fields 634 

with positive correlations accounted for 6.79% of the total area. Areas with significant 635 

responses were mainly concentrated in the ; (c)SCEDSongnen Plain, accounting for 11.0% 636 

of the total dry lands. The positive effect of SCD on cropland GPP exhibited a latitudinal 637 

gradient, with gradually increasing response intensities as latitude increases. Long-term 638 

snow accumulation effectively protects plants and soil from extreme weather conditions, 639 

providing a relatively warm and stable growth environment. Noteworthy, the paddy 640 

fields exhibited relatively low sensitivity to SCD, accounting for only 8.0% of the pixels 641 

with significant positive correlations, indicating a limited isolation effect of snow on 642 

paddy fields. Paddy field productivity relies more on human irrigation management and 643 

other climatic factors. 644 

 645 

Figure 10 Spatial distribution and area statistics of the relationship between SCD and cropland GPP 646 

from HY2001 to HY2020 (a)spatial distribution of partial correlation coefficients, where blue and 647 

green represent pixels with negative and positive correlations, respectively; (b) area percentage 648 

statistics, with the range of error bars indicating the area with significant impact (p < 0.1). 649 

Figure 11 displays the partial correlation between SCED and GPP. The regulatory effect 650 

of SCED on GPP is more pronounced in paddy fields. Specifically, 14.0% of the paddy 651 

fields exhibited significant positive correlations between SCED and GPP, notably 652 

higher than the 7.3% observed in dry lands. Further analysis reveals that areas with 653 
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SCED negatively correlated with dry land GPP constituted 31.26% of the total area, 654 

while the corresponding proportion for paddy fields is 6.51%. Areas exhibiting negative 655 

correlations were primarily concentrated in the Liaohe Plain and the eastern part of the 656 

Sanjiang Plain. Early SCEDs may lead to unfavorable climatic conditions during the 657 

early growth stage of plants, potentially impacting their growth and survival rates. 658 

Conversely, delayed SCED can mitigate the loss of spring runoff due to snowmelt and 659 

better align crop transplantation with the optimal ST window for crop growth. 660 

 661 

Figure 11 Spatial distribution and area statistics of the relationship between SCED and cropland 662 

GPP from HY2001 to HY2020: (a) spatial distribution of partial correlation coefficients, where blue 663 

and green represent pixels with negative and positive correlations, respectively; (b) area percentage 664 

statistics, with the range of error bars indicating the area with significant impact (p < 0.1). 665 

4 Discussion 666 

4.1 667 
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 668 

 669 

 670 

Table 4 The summary of partial correlation coefficients between snow cover and GPP in the six sub-671 

regions. * indicate significance at the 90% confidence level.  672 

Snow 

cover 

Correlation 

Coefficients 

Songnen 

Plain 

Sanjiang 

Plain 

Liaohe 

Plain 

Changbai

Mountain

Western 

Sand 

Area 

Xing’an 

Mountain

SWE 

>0  70.49% 87.27% 43.98% 64.65% 64.73% 68.73% 

<0 29.51% 12.73% 56.02% 35.35% 35.27% 31.27% 

>0* 8.82% 22.55% 3.48% 17.31% 4.39% 10.26% 

<0* 0.397% 0.68% 10.13% 3.41% 0.89% 0.48% 

SCD 

>0  83.96% 77.46% 42.46% 66.45% 49.44% 65.33% 

<0 16.04% 22.54% 57.54% 33.55% 50.56% 34.67% 

>0* 11.13% 9.29% 1.34% 7.87% 0.73% 10.95% 

<0* 1.72% 0.27% 15.08% 3.29% 1.99% 3.24% 

SCED 

>0  72.23% 66.24% 50.4% 51.96% 26.71% 54.1% 

<0 22.77% 32.76% 49.6% 48.04% 73.29% 45.9% 

>0* 7.42% 10.28% 7.35% 5.24% 0.61% 4.29% 

<0* 0.66% 3.85% 7.45% 6.35% 10.32% 2.29% 

3.4 Dominant snow cover indicators in the snow cover-673 

GPP correlation Controls of Snow Cover on Cropland 674 

GPP  675 

Figure 1210 presents the spatial distribution and area proportions of the relative 676 

contributions of different snow cover indicators to cropland GPP of cultivated land in 677 

Northeast China. SWE predominantly drove cropland GPP variations in the Western 678 

Sand Area and Liaohe Plain, which accounted for approximately 50% of the GPP 679 

changes, significantly higher than the contributions of SCD and SCED. In contrast, 680 

SCED emerged as the primary driver in the Changbai Mountain, Sanjiang Plain, and 681 

Khingan RangesXing’an Mountain, with contribution rates reaching 45.2%, 49.5%, and 682 
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38.6%, respectively. The Songnen Plain demonstrated a distinct pattern, with SCD 683 

dominating within 39.59% of the total area, substantially higher than SWE (31.29%) 684 

and SCED (29.11%). This regional analysis elucidated spatial heterogeneity in the 685 

relative contributions of snow cover indicators to cropland GPP variations across 686 

Northeast China. The findings demonstrated distinct geographical zoning 687 

characteristics that provided a theoretical foundation for understanding the differential 688 

impacts of snow cover changes on agricultural productivity across regions. SWE 689 

exerted more significant influencesgreater influence in relatively arid areas, while the 690 

impacts of SCED manifested more prominentlyhad a stronger impact in colder areas.  691 

 692 

Notably, SWE dominates GPP variability in moisture-limited areas, like the Western 693 

Sand Area and the Liaohe Plain, accounting for ~50% of the observed fluctuations. Its 694 

contribution was 1.6- to 1.7-fold greater than those of SCD and SCED. These results 695 

aligned with hydrological theory positing that SWE is a critical drought-mitigating 696 

reservoir in arid ecosystems through delayed meltwater release (Barnett et al., 2005). 697 

Conversely, SCED emerged as the principal driver in colder high-latitude areas 698 

(Changbai Mountain, Sanjiang Plain, Khingan RangeXing’an Mountain), explaining 699 

38.6% to 49.5% of GPP variations. Such spatial patterns likely reflect SCED's 700 

bidirectional effects in regulating growing season onset via albedo modulation and frost 701 

protection through insulation effects (Pulliainen et al., 2020). Sanjiang Plain exhibited 702 

hybrid behavior, where the SCD predominance (39.59%) suggested intermediate 703 

sensitivity to SCD and hydrologic inputs. 704 
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 705 

 706 

Figure 1210 Spatial distribution and area percentage of snow-related indicators driving cropland 707 

GPP variation of cultivated land in different regions of Northeast China from 2001 to 2020.  708 

4.2 The thresholds of snow cover-GPP correlation 709 

As depicted in Figure 13(a), GPP demonstrates phased responses to the increasing SWE. 710 

The initial SWE accumulation (0 to 10.36 mm) induced substantial GPP enhancement 711 

through improved SM availability, and the photosynthetic activity peaked at the SWE 712 

of 10.36 mm. Beyond this hydrological optimum, the SWE-GPP correlation degraded 713 

into a stable plateau phase (SWE = 15 to 25 mm), where additional snow cover 714 

contributed minimally to productivity gains. Figure 13(b) reveals a parabolic 715 
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relationship between SCD and cropland GPP. Short SCD regimes (< 20 days) induced 716 

GPP suppression due to inadequate frost protection and SM deficits. As SCD extended 717 

to the bioclimatic optimum (132.79 days), GPP recovered gradually via extended 718 

vernalization and reduced freeze-thaw cycles. However, excessive SCD (> 133 days) 719 

triggered a 0.7% daily GPP decline through photoperiod limitations and delayed 720 

phenological development. SCED exhibits threshold-mediated impacts, as shown in 721 

Figure 13(c). Early SCEDs (DOY < 100) corresponded to 25% to 30% GPP reduction 722 

from premature exposure to spring frost events. The critical transition at DOY 207.13 723 

marked the onset of positive SCED-GPP coupling, attributable to improved alignment 724 

between snowmelt timing and vegetation green-up requirements. Post-DOY 207 725 

stabilization reflected optimized thermal-moisture conditions sustaining peak 726 

photosynthetic rates. 727 

 728 

Figure 13 The critical threshold for the influence of different snow-related indicators on cropland 729 

GPP from HY2001 to 2020:(a) SWE; (b) SCD; (c)SCED. Gray represents the scatter plot of multi-730 

year averages of snow-related indicators and GPP; blue represents the fitting curve; the red vertical 731 

dashed line indicates the optimal threshold. 732 



4.3 The mechanisms underlying snow cover impacts on 733 

GPP 734 

Figure 14 systematically quantifies the influence of snow cover on GPP, and the snow 735 

cover-GPP causal networks exhibit profound spatial heterogeneity across the six 736 

agroecological regions with dry land and paddy systems. Regarding dry land systems, 737 

Sanjiang Plain exhibited the strongest snow cover-GPP facilitation (β = 0.47), followed 738 

by the Khingan Range (β = 0.29) and Songnen Plain (β = 0.26). In contrast, significant 739 

suppression was observed in Liaohe Plain (β = –0.23), Western Sand Area (β = –0.16), 740 

and Changbai Mountain (β = –0.10), attributable to snowmelt-induced nutrient leaching. 741 

Universal snow cover-ST negative coupling (mean β = –0.58 ± 0.12) reduced growing-742 

season thermal advantages. In the Changbai Mountain agroecosystem, the snow cover-743 

ST-GPP pathway exhibited a significant indirect effect (βsnow-ST × βST-GPP = –0.67 × 0.76 744 

= –0.51), indicating that snow cover suppressed photosynthetic efficiency through 745 

thermal limitation mechanisms during the growing season. The snow cover-SM 746 

interaction exhibited marked spatial heterogeneity across the regions due to divergent 747 

hydrological mechanisms. In the Liaohe Plain dry land systems, snow cover 748 

demonstrated a negative coupling with SM (β = –0.16), subsequently amplifying GPP 749 

suppression through SM's strong positive linkage to productivity (β = 0.96). Similar 750 

snow-SM-GPP inhibition patterns were observed in the Songnen Plain (βsnow-SM = –751 

0.11). 752 



In terms of paddy ecosystems, the Sanjiang Plain maintained the strongest direct 753 

snow cover-GPP facilitation (β = 0.57), followed by the Khingan Range (β = 0.24) 754 

and Songnen Plain (β = 0.02). Conversely, snow cover negatively correlated with 755 

GPP in the Liaohe Plain (β = –0.28), 3.5 Mechanisms of Snow 756 

Cover Impacts on GPP 757 

Figure 11 systematically quantifies the influence of snow cover on GPP across six 758 

agroecological regions, revealing pronounced spatial heterogeneity in snow cover-GPP 759 

causal networks. The influence of snow cover on GPP is characterized by spatially 760 

contrasting effects, ranging from promotive to inhibitory across different regions. In 761 

regions such as the Sanjiang Plain, the Xing'an Mountains, and the Songnen Plain, snow 762 

cover demonstrates a promotional effect (β = 0.47, 0.29, 0.26). The spring soil moisture 763 

is effectively replenished by snowmelt, alleviating water stress during the early growing 764 

season in arid areas. In contrast, in the Liaohe Plain, the Western Sandy Area, and the 765 

Changbai Mountain region, snow cover shows an inhibitory effect (β = -0.23, -0.16, -766 

0.10). This is primarily attributed to the nutrient leaching effect driven by snowmelt 767 

runoff, especially in areas with lighter soil texture or greater slope, where the runoff 768 

leads to the loss of key nutrients such as nitrogen and phosphorus, thereby weakening 769 

vegetation productivity. 770 

A widespread finding is that snow cover exerts a consistent negative effect on soil 771 

temperature (ST) (mean β = −0.58). This indicates that although snow cover provides 772 

an insulating effect during winter, its persistence or melting process in the early growing 773 

season significantly lowers soil temperature, delays phenology, and thereby creates a 774 



thermal limitation. This pathway is particularly pronounced in the Changbai Mountain 775 

ecosystem, where the indirect inhibitory effect of snow cover on GPP through reducing 776 

ST reaches β = −0.51. This suggests that in certain regions, thermal limitation may 777 

dominate over hydrological effects in determining the ultimate impact of snow cover 778 

on productivity. 779 

The relationship between snow cover and soil moisture (SM) exhibits complex 780 

geographical divergence, which in turn triggers different cascading effects. In the 781 

Songnen Plain and the Liaohe Plain, snow cover shows a negative correlation with SM 782 

(β = -0.50, -0.16). Combined with the strong positive effect of SM on GPP (β = 0.96, 783 

0.92), this forms an inhibitory pathway that begins with reduced snow cover, leading to 784 

soil moisture deficit, and ultimately results in decreased ecosystem productivity by 785 

limiting vegetation growth. In contrast, in other regions such as the Sanjiang Plain (β = 786 

0.13), snow cover may replenish SM through meltwater, creating a positive feedback 787 

loop. This divergence profoundly reflects the regulatory role of region-specific 788 

hydrological mechanisms, such as groundwater levels, soil water retention capacity, 789 

and snowmelt timing. 790 

 791 

Figure 11Changbai Mountain (β = –0.06), and Western Sand Area (β = –0.18). ST 792 



mediated contrasting effects. Positive ST-GPP coupling dominated in the Songnen 793 

Plain (β = 0.83), Sanjiang Plain (β = 0.70), Khingan Range (β = 0.63), and Changbai 794 

Mountain (β = 0.58). Negative ST-GPP relationships emerged in the Liaohe Plain (β = 795 

–0.79) and Western Sand Area (β = –0.73), where elevated ST intensified 796 

evapotranspiration losses (ET/PET ratio > 1.2), exacerbating soil desiccation and 797 

photosynthetic constraints (Bodner et al., 2015; Zambreski et al., 2018). This aridity 798 

amplification mechanism explained 68% of GPP variance in water-limited paddies. 799 

Within paddy systems, SM maintained consistent positive correlations with GPP (mean 800 

β = 0.91 ± 0.05). However, in the Songnen Plain and Liaohe Plain, the snow cover-SM-801 

GPP pathway exhibited significant indirect suppression effects, quantified as –0.097 802 

(βsnow-SM = –0.11 × βSM-GPP = 0.88) and –0.281 (βsnow-SM = –0.30 × βSM-GPP = 0.94), 803 

respectively. These negative mediating effects indicate that snow cover reduces 804 

irrigation water availability through competitive consumption of meltwater resources, 805 

thereby constraining rice photosynthetic capacity in these water-stressed 806 

agroecosystems. 807 

Therefore, the impacts of snow cover on GPP exhibit pronounced spatial heterogeneity 808 

due to geographic-climatic conditions and cultivation regimes. These effects manifest 809 

through direct (positive/negative) forcing and indirect hydrothermal mediation 810 

pathways, forming a threshold-modulated regulatory framework where snow cover-811 

derived hydrological subsidies and thermal constraints interactively shape 812 

photosynthetic efficiency gradients across agroecological zones. 813 



 814 

Figure 14 The standardized path coefficients between snow cover and GPP via soil properties. The 815 

Model fit was validated through goodness-of-fit (GOF), demonstrating acceptable parameter 816 

estimation accuracy. The red and bule arrows represents the negative and positive influence. 817 

Arrowhead orientation specifies causal pathways from exogenous to endogenous variables. Blue 818 

arrows denote inhibitory effects, whereas red pathways indicate facilitative relationships. 819 

Arrowhead orientation specifies causal pathways from exogenous to endogenous variables. ST and 820 

SM stand for soil temperature and soil moisture. SN, SJ, LH, XAL, CB and WS stands for Songnen 821 

Plain, Sanjiang Plain, Liaohe Plain, Xing’an Mountains, Changbai Mountains and West Sand Area.   822 

4 Discussion 823 

This study aimed to elucidate the spatiotemporal variations in snow cover parameters 824 

(SWE, SCD, and SCED) and their heterogeneous impacts on GPP of cultivated land 825 

across six subregions in Northeast China, while uncovering the underlying regulatory 826 

mechanisms through soil properties. By integrating long-term satellite and reanalysis 827 

products with partial correlation analyses and a PLS-SEM framework, we show that 828 

snow cover exerts strong but spatially heterogeneous controls on cropland GPP via its 829 
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effects on spring ST and SM, with distinct response patterns among major agricultural 830 

plains. These findings demonstrate that snow is not merely a passive climatic 831 

background factor but an active regulator of agricultural carbon uptake in a region that 832 

is both snow-dominated and critical for national food security. 833 

4.1 Changes in snow cover and GPP 834 

The principal findings demonstrate a 63% decrease in SWE across cultivated lands, 835 

contrasted by a 54% increase in SCD and delayed SCED in 61% of areas, which 836 

collectively correlated with significant GPP enhancements in 74% of regions, 837 

underscoring snow cover's pivotal role in modulating agricultural carbon assimilation 838 

under climatic shifts. Our results are broadly consistent with recent large-scale 839 

assessments showing that snow cover changes exert strong and spatially heterogeneous 840 

influences on vegetation productivity across the Northern Hemisphere (Liu et al., 2023; 841 

Mudryk et al., 2020). Similar to Liu et al. (2023), we find that both the direction and 842 

magnitude of snow–GPP relationships depend on background climate, and that failing 843 

to consider lagged hydrothermal pathways can underestimate the true influence of snow 844 

on growing-season productivity. However, whereas Liu et al. (2023) emphasized lagged 845 

snow effects in natural ecosystems, our study focuses specifically on cultivated land, 846 

where management practices and soil manipulation modulate snow–soil–GPP linkages. 847 

Within Northeast China, our findings complement and extend previous analyses that 848 

examined snow–vegetation interactions across all underlying surface types. Wang et al. 849 

(2024) showed that in this region, increases in SWE tend to favor GPP in dryland and 850 



grassland, while snow phenology metrics such as SCED and SCD are more influential 851 

in forests. Our results refine this picture by isolating cropland and demonstrating that 852 

(i) SWE dominates GPP variability in moisture-limited cultivated systems, (ii) SCD 853 

and SCED become critical where cold stress and drainage limitations are prominent, 854 

and (iii) the relative dominance of these metrics shifts systematically. 855 

4.2 Linkages of snow, soil, and GPP  856 

The spatial patterns of SWE, SCD, and SCED reveal a clear north–south and east–west 857 

organization of snow regimes over cultivated land. Areas with deeper snowpacks and 858 

longer snow duration are concentrated at higher latitudes and elevations, while low-859 

lying southern and coastal croplands experience shallower and shorter-lasting snow. 860 

Against this backdrop, our correlation analyses show that snow metrics affect GPP 861 

primarily through their modification of soil hydrothermal conditions, in line with the 862 

notion that vegetation responds to hydrothermal states rather than snow itself (Liu et 863 

al., 2023). 864 

In cold, energy-limited subregions, thicker and more persistent snow tends to enhance 865 

GPP by moderating winter and early-spring stress. Increased SWE and longer SCD 866 

insulate the soil, maintaining higher near-surface temperatures and reducing freeze–867 

thaw damage, which promotes higher early-season GPP through improved root activity 868 

and reduced winter mortality (Mudryk et al., 2020; Liu et al., 2023). In these areas, our 869 

PLS-SEM results indicate that the dominant pathway from snow to GPP is temperature-870 

driven: SWE and SCD warm the soil profile, advance favorable thermal conditions for 871 

crop emergence, and indirectly raise GPP by shortening the period of severe cold stress. 872 



By contrast, in relatively warm but moisture-limited croplands, SWE emerges as the 873 

primary control on interannual GPP variability. Here, snow acts as a critical seasonal 874 

water reservoir. Higher SWE increases spring soil moisture, which alleviates early-875 

season water stress and supports more vigorous canopy development, consistent with 876 

prior work highlighting the role of snow-derived water for spring soil moisture and 877 

subsequent crop performance in Northeast China (Li et al., 2022; Wang et al., 2024). In 878 

these zones, the structural paths in the PLS-SEM are dominated by SWE, soil moisture, 879 

and GPP, underscoring a moisture-mediated mechanism akin to the broader link 880 

between water availability and global GPP. 881 

4.3 Limitations and projections 882 

Several limitations should be acknowledged when interpreting these findings. First, 883 

despite using recent high-quality products, uncertainties remain in the underlying 884 

datasets. The SWE fields used here, although tailored for China (Jiang et al., 2022), are 885 

derived from passive microwave retrievals and data assimilation, which can 886 

underestimate SWE in complex terrain and under deep, dense snow (Mihalevich et al., 887 

2022). Similarly, ERA5-Land ST and SM, while widely validated (Muñoz-Sabater et 888 

al., 2021), inevitably smooth sub-grid heterogeneity associated with microtopography, 889 

tillage practices, and irrigation. MODIS GPP products also carry known uncertainties 890 

in cropland, especially under mixed pixel conditions and heterogeneous management. 891 

These uncertainties are unlikely to overturn the main regional patterns identified here, 892 

but they could affect estimates of effect magnitude, particularly in transition zones 893 

where snow–GPP relationships are weak or mixed. Besides, the spatial and temporal 894 



resolution of our analysis imposes constraints on generalizability. Aggregating to 895 

moderate-resolution grid cells inevitably mixes different soil types, management 896 

regimes, and microclimates, which may lead to conservative estimates of snow impacts 897 

where fields are strongly heterogeneous. 898 

 899 

Furthermore, our analytical framework is observational and relies on correlation and 900 

PLS-SEM to infer dominant pathways rather than process-based simulation. Although 901 

PLS-SEM is designed to disentangle direct and indirect effects within complex variable 902 

networks, it cannot fully resolve causal mechanisms, and its results depend on the 903 

specified model structure and variable selection. For example, we did not explicitly 904 

represent snow metamorphism, subsurface runoff, or crop management practices, all of 905 

which can modulate how snow-induced hydrothermal changes translate into GPP 906 

responses (Bodner et al., 2015). We just discussed the dryland of cultivated land in this 907 

paper, and future work will consider the paddy land. Incorporating these factors in 908 

future structural models, or coupling our observational analysis with process-based 909 

land–surface or crop models, would help test the robustness of the inferred pathways. 910 

 911 

In summary, this study demonstrates that multiple dimensions of snow cover—SWE, 912 

SCD, and SCED—jointly structure the soil hydrothermal environment and GPP of 913 

cultivated land in Northeast China, with the dominant control shifting from SWE in 914 

moisture-limited areas to SCD and SCED in colder or poorly drained regions. This 915 

research provides a process-based framework for understanding snow-vegetation 916 



coupling in cold-region agroecosystems, moving beyond simple correlative analyses. 917 

The novel application of ridge regression to identify the dominant snow indicator for 918 

GPP in each subregion offers a powerful tool for regional-scale assessment and 919 

prediction. From an application perspective, these findings can directly inform climate-920 

adaptive agricultural management. For example, in the Western Sand Area, practices 921 

that enhance snow harvesting and retention could be prioritized to bolster spring soil 922 

moisture. In contrast, in the Changbai Mountain, selecting crop varieties with lower 923 

base temperatures for growth or developing strategies to accelerate snowmelt (where 924 

feasible) could mitigate the negative impacts of a delayed SCED. 925 

5 Conclusion 926 

UtilizingThis study used multi-source remote sensing data from 2001 to 2020, this 927 

study systematically investigated the spatiotemporal patterns ofclarify how snow cover 928 

dynamics (SWE, SCD, SCED) andregulate cultivated land GPP variations acrossin 929 

Northeast China, revealing marked from HY2001 TO HY2020. By jointly analyzing 930 

SWE, SCD, SCED, and GPP, we revealed pronounced regional heterogeneity in snow 931 

cover-–crop interactions. The : snow cover reductions in the Liaohe Plain and Western 932 

Sand Area exhibited significant SWE declines (–3.2 mm/decade, p<0.05), 933 

contrastingcontrasted with agricultural heartlands like the Songnen Plain and Sanjiang 934 

Plain with increased SCD (+1.8 days/decade)prolonged snow duration and delayed 935 

SCED (+2.1 days/decade). Spatially, 65% of the croplands exhibited SWE reduction 936 

(mean –12.7 ± 3.1 mm), while 54.1% and 61% showed SCD prolongation (+7.3±2.4 937 
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days) and SCED retardation (+4.6±1.8 days), respectively. Concurrently, GPP 938 

demonstrated robust upward trends, particularly in core production zones (Songnen 939 

Plain: +18.7%, Sanjiang Plain: +22.3%), where intensified SCD-SCED synergism 940 

enhanced growing-season hydrothermal optimization. melt in the Songnen and 941 

Sanjiang Plains, where GPP increased most strongly. 942 

 943 

The interference from climatic factors, such as By controlling for temperature, 944 

precipitation, and solar radiation, was excluded via partial correlation analysis to 945 

independently investigatewe isolated the intrinsic snow cover-–GPP relationships. 946 

Results indicated that SCD played a particularly significant role in regulating dry land 947 

GPP, while SCED had a more prominent impact on paddy GPP. The relative 948 

contributions of snow cover indicators across for different sub-regions were quantified 949 

through ridgecropping systems. SCD was identified as the dominant snow metric for 950 

dryland GPP. Ridge regression for pixel-wise analysis of each metric's weight. The 951 

results revealedfurther showed that SWE contributed most significantly to GPP 952 

variationsprimarily regulates GPP in the Western Sand Area and Liaohe Plain, 953 

whereaswhile SCD changes dominated GPP variationsdominates in the Songnen Plain 954 

and Sanjiang Plain. The Plains, and SCED is most important in the Changbai Mountain 955 

and Khingan Range were primarily influenced by SCED variations. Additionally, 956 

threshold analysis identified the optimal ranges of cropland GPP responses to snow 957 

cover indicators: peak positive GPP facilitation was observed at the SWE of 958 

approximately 10.36 mmXing’an Mountain.  959 
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 960 

Finally, the SCD of 132.79 days, and the SCED of 207.13 days (after September 1st). 961 

Exceeding or falling below these thresholds weakened or even reversed the positive 962 

effects. 963 

 964 

The influence pathways of snow cover, climate, and soil factors on cropland GPP were 965 

comprehensively analyzed by constructing a PLS-SEM model to quantifyframework 966 

quantified both the direct effects of snow cover indicators on GPP and their indirect 967 

effects mediated byvia SM and ST. Results demonstrated that SWE, SCD, and SCED 968 

directly affected GPP and indirectly influenced cropland productivity through complex 969 

interactions with climatic factors, i.e., regulating soil hydrothermal conditions. The 970 

model analysis further revealed regional variations in the pathways across geographical 971 

subregions. The PLS-SEM outcomes provided scientific evidence for , elucidating the 972 

snow cover-soil-–vegetation coupling mechanismsmechanism in cold-region 973 

agroecosystems of Northeast China while offering theoretical support for regional 974 

agricultural management and climate change adaptation strategies. 975 

 976 

. Snow cover generally exerts a negative effect on gross primary productivity through 977 

its thermal influence. In conclusion, this study focused on the GPP responses of dry 978 

lands and paddy fields in Northeast China tothe Liaohe Plain and Songnen Plain, snow 979 

cover changes across different geographical partitions. However, inevitable human 980 

activities may interfere with the cropland analysis. Moreover, limitations in remote 981 
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sensing data could omit potential pathways, such as the impact of snow cover on soil 982 

nutrients and plant photosynthetic efficiency. Additionally, this study did not consider 983 

different crops in croplands. A more comprehensive study in the future could investigate 984 

the impact of snow cover on cropland GPP in different geographical environments by 985 

establishing experimental zones to quantify human activities such as fertilization and 986 

irrigation. Meanwhile, field observations can be adopted to further understand the 987 

impact of snow cover on soil nutrients and fertilizer utilization efficiency. Additionally, 988 

more detailed analyses could be achieved indirectly suppresses cropland GPP through 989 

its water-mediated effect. In the Sanjiang Plain, Xing'an Mountains, Changbai 990 

Mountain, and Western Sandy Area, snow cover indirectly promotes the increase of 991 

cropland GPP through higher-precision crop classificationsits water-mediated effect. 992 

 993 

 994 

Future work should integrate field experiments and higher-resolution data on crop types 995 

and management practices to disentangle these complex interactions and validate the 996 

proposed mechanisms at a finer scale. 997 
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