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The climate change and extension of human activities are shedding more stresses on ecosystems. Ecological zoning could help manage the ecosystem and deal with environmental problems more effectively. Geology and topography could affect the ecology primarily and are vital perspectives on ecological zoning. It is worth preliminarily understanding the spatial-temporal patterns of ecological-environmental attributes within various geological-topographical ecological zones (GTEZs). The objective of this study was to delineate GTEZs and present a spatial-temporal analysis on soil and land surface parameters within GTEZs. Firstly, Landsat imageries, high resolution satellite imagery products, digital elevation model, regional geological map, black soil thickness, soil bulk density, meteorological data, and ground survey were collected and conducted. Secondly, GTEZs in Hailun District were delineated according to geological and topographical background. Thirdly, soil composition, and monthly land surface temperature (LST), enhanced vegetation index (EVI), net primary productivity (NPP) were derived from ground survey and Landsat imageries. Finally, spatial-temporal patterns of various ecological-environmental attributes within different GTEZs were preliminarily revealed and analyzed. Results show that sand alluvial plain zone and silt-clay undulating plain zone mainly possess thick soil with fine-medium granule and higher bulk density, and are mainly covered by crops and grass, vegetation flourish the most in August with the highest monthly EVI and NPP. While the sand-conglomerate hill zone, sandstone hill zone, and granite hill zone possess relatively thin soil with medium-coarse granule and lower bulk density, and are mainly covered by forest, vegetation flourish the most in June and July, and has the highest yearly total NPP. With thinner soil thickness and higher NPP, hill zones tend to have more vulnerability to disturbance and more contribution to carbon neutrality target.
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1 INTRODUCTION
Climate change is an inevitable theme faced by the current era (NAS, 2020). Besides, anthropogenic factors such as expansions of human activity range, industrialization, and environmental policies also have a significant impact on ecosystems (Liu et al., 2018; Wang et al., 2018). To better plan and manage natural resources, researchers have innovatively assessed the contributions of climate change and anthropogenic factors in some respects and regions (Shahid et al., 2018). Ecological zoning may also better help preserve, manage, utilize the ecosystem (Klimina and Ostroukhov, 2021; Suska et al., 2023) and deal with environmental problems like climate change, pollution, biodiversity loss, and irrational construction expansion (Gao et al., 2019; Deng and Cao, 2023). Ecological zone or region could be defined as land or water that contain distinct assemblages of natural communities, these communities share a large majority of their species, dynamics, environmental, geographic, geological, climatic conditions and function together effectively with internal consistency (Nilsson, 2002; Thompson et al., 2004). Different ecological zones could response distinctly to climate change and human activities (Bracewell et al., 2021; Chen et al., 2024).
Various methods have been applied to ecological zoning, including machine learning (ML), spatial modeling, and GIS-based analysis. ML method uses zone samples and attribute layers to train the ML model, and then identify target zone in other locations (Li Z. et al., 2023), it could demonstrate superhuman performance in many tasks, but may fail in model simplicity and interpretability (Linardatos et al., 2021). Unlike the iteration conducted in ML method, spatial modeling relies more on theoretical reasoning and traditional mathematical algorithms, it combines target-related attributes using certain formulas (Xu et al., 2024), the attribute layers applied in ML and spatial modeling are quantitative data with digital value or codes (Amin et al., 2022; Li Z. et al., 2023). The concept of GIS-based analysis is broad, including quantitative calculation and qualitative visual delineation (Wang et al., 2019; Jafar et al., 2020), which makes this method flexible and adaptive, but sometimes may lead to subjective. A number of ecological zoning has been conducted on various scales with diverse purposes and emphases. Ministry of Environmental Protection of Chinese government and Chinese Academy of Sciences (MEP and CAS, 2015) delineated approximately 242 ecological functional zones in China. Liu et al. (2021) emphasized the effects of soil erosion, mining, precipitation, vegetation changing, cultivated land grade, and incomes of people, then assessed various watersheds and obtained ecological zones in the Qilian Mountain Area, China. Xiao et al. (2022) emphasized the optimization of land space development patterns, then calculated the change trend of “production-living-ecology” spatial conflict, and eventually obtained ecological zones in Qianjiang City, China. Li H. et al (2023) emphasized the ecological functions and services, took both natural conditions and socioeconomics into consideration, and classified ecological functional zones in Qinghai-Tibet Plateau, China. Staselko et al. (2020) emphasized the significance of lichens as indicators of environmental status, and divided Elista City, Russia into three zones according to the distribution of lichen groups. Wen et al. (2021) emphasized aquifer structures, cycle process, and spatial variation of ground water systems, and divided the groundwater in Asia into eleven primary systems according to geological structures, climate, landforms, and hydrogeological structures. Bian et al. (2023) emphasized the landscape ecological risk, and graded the landscape ecological risk of counties in China from 2000 to 2015. Jiang et al. (2022) emphasized the importance of ecological network to biodiversity, and carried out ecological zoning on the basis of ecological source area ratio, ecological source connectivity, ecological corridor area ratio, ecological corridor current, pinch-point area ratio, and barrier area ratio in Yunnan Province, China.
In addition to topography, land use, water, habitat connectivity, function, and ecological risk, geology could also be a vital perspective on ecological zoning. Researchers have recognized the influence of geological factors to an ecosystem early. A concept of “ecological geology system” was introduced in 1997 and defined as a certain volume of the lithosphere with biota, including humans and the social function in it (Trofimov, 2009). Concept of “earth’s critical zones” was also introduced in 2001 to investigate rock, soil, water, air, and living organisms as a whole (Nie et al., 2020). Unlike the other conditions, the characteristics of geology and topography are relatively stable, and could affect the spatiotemporal pattern of ecology at regional scale (Tao et al., 2022). Tao et al. (2022) calculated the coupling coordination degrees (CCDs) of geology-topography and ecology in different ecological regions in Northeastern China, and results showed that the CCDs were distinct in the Songnen Plain and Lesser Khingan Range, China. Chakraborty (2018) studied the synthetic effects of geology, topography, chemical elements, and humans on ground landscapes. Hou and Gao (2020) studied the spatial relationships between karst landscape pattern and vegetation activities in Guizhou Province, China, results showed that negative effects on vegetation activity from landscape structural changes were more significant in the carbonate areas, which might be due to the more vulnerable ecosystems there. Chen et al. (2022) took soil thickness, soil nitrogen content, and slope into consideration during the ecological-environment assessment in the Northeastern China. Flores et al. (2019) studied the relationships between landform and vegetation in the Cerro Zonda Mountain, Argentina, and found that slope and roughness would determine the vegetation coverage at regional scale, and high coverage of rock fragments would determine the vegetation richness and diversity at local scale. Guo et al. (2023) studied the geological genesis of some typical land desertification, salinization, and rocky desertification areas in China from the perspective of parent materials/rocks weathering process, and established models to help understand the genesis of these eco-geological problems.
Soil is the foundation of vegetation and agricultural activities, and affects the local ecological vulnerability. Many subsurface processes in different landscapes are primarily dominated by soil thickness (Catani et al., 2010), plant roots cannot develop vertically on hills with shallow soil thickness (Chen et al., 2022). Black soil is rich in organic carbon with superior physical and chemical characteristics (Fang, 2021), thicker black soil provides better nutrient conditions. Different soil granularity could result in various moisture (Sabathier et al., 2021), soil bulk density is an indicator for soil compaction and porosity (Suuster et al., 2011), and could affect the water holding capacity, infiltration, aeration, root growth, and carbon stocks (Zhao et al., 2021). Apart from soil parameters, land surface temperature (LST), normalized difference vegetation index (NDVI) are parameters widely used to assess ecological conditions (Firozjaei et al., 2020; Qureshi et al., 2020). LST is determined by local surface conditions and macro-atmospheric conditions (Liang et al., 2019), and is a key parameter for monitoring and evaluating the surface physical, chemical, and biological processes (Alavi Panah et al., 2017). Vegetation is vital to climate regulation, geochemical cycling, water flux between soil and atmosphere, and soil-water conservation (Bai et al., 2024), so NDVI is widely used in the study of plant physical characteristics and ecology (Myneni and Williams, 1994; Chen et al., 2023). However, NDVI would face with the saturation problem when leaf area index exceeds 4, thus affecting the accurate estimation of vegetation conditions (Huete et al., 2002; Xu et al., 2020). Compared with NDVI, the enhanced vegetation index (EVI) is more sensitive to dense vegetation and variation in the viewing geometry, surface albedo, and Sun elevation angle across variable terrain, making EVI robust for vegetation biomass and quality estimation (Garroutte et al., 2016). The combined influence of climate change and human activities calls for carbon neutrality (Lyu et al., 2023), net primary productivity (NPP) could directly reflect the production capacity of the vegetation and play as the reference of carbon exchanges (Cloern et al., 2021). Human activities have reduced global NPP available to terrestrial ecosystems by approximately 25% (Haberl et al., 2007), so beyond LST and EVI, it is also worth preliminarily understanding the NPP patterns within various ecological zones.
Seasonality is the regular and periodic changes of a condition on an annual timescale (Williams et al., 2017), and can essentially influence an ecosystem yearly (Hastings, 2014) and alter the phenology of species in important ways, but seasons were constantly ignored in the investigations of ecological system and process (White and Hastings, 2020). At present, researchers mainly focused on the spatial or yearly conditions of hydrogeology, landform, precipitation, soil erosion, vegetation, landscape risk, land space development, cultivation, ecological service, ecological network, biodiversity, floras, and economic development within or between ecological zones (Staselko et al., 2020; Liu et al., 2021; Wen et al., 2021; Jiang et al., 2022; Xiao et al., 2022; Li H. et al., 2023; Bian et al., 2023), few studies delineated ecological zones from the geological-topographical perspective, nor considered the diversities of soil and spatial-temporal patterns of temperature, vegetation, and carbon fixation effects as season changes in different geological-topographical ecological zones (GTEZs). Research on this recommended theme is helpful to understanding the seasonal influence on ecological-environmental cyclic change, and could also furtherly provide information for the seasonal surface energy budget and carbon balance research (Dang et al., 2020; Lian et al., 2022; Wang et al., 2023). In this study, the Hailun District, Heilongjiang Province, China was selected as the study area, GTEZs were delineated on the basis of regional geological map, digital elevation model (DEM), and ground survey through GIS-based analysis method. Soil composition, black soil thickness, and soil bulk density were obtained, LST, EVI, and NPP within April and November were derived from Landsat-8 images, and their spatial-temporal patterns were revealed and preliminarily understood in qualitative or quantitative ways. Various GTEZs do possess distinct ecological-environmental attributes to some extent, and show particular patterns in regional and seasonal scale. We expect this study help to understanding the geological-topographical background as primary factors of ecological zones more comprehensively, and is also beneficial to zonal land cover management and ecological preservation.
2 STUDY AREA
Hailun District, located in the Northeastern China, was selected as the study area (Figure 1). It is an area of 4,600 km2 belonging to the transitional zone between Songnen Plain and Lesser Khingan Range. According to the Chinese national ecological functional zoning, the northeastern part, which is mainly covered by forests, lies in the Lesser Khingan Range biodiversity conservation functional zone; while the southwest part, which is mainly covered by crops and grass, lies in the Eastern Songnen Plain agricultural products supply functional zone (MEP and CAS, 2015). The coldest and hottest months are January and July, respectively (https://www.weather-atlas.com/zh/china/hailun-climate), and precipitation is primarily concentrated from May to September, water resources are abundant in the study area.
[image: Figure 1]FIGURE 1 | Location (A) and the Landsat-8 true color image of the study area (B).
From late to early stages, stratums in the study area are mainly composed of Quaternary Holocene low washland (sand, mainly covered by grassland), Quaternary Holocene high washland (sand and silt, mainly covered by crop land), Quaternary upper-Pleistocene Guxiangtun Formation (silt and clay, mainly covered by crop land), Quaternary middle-upper-Pleistocene Harbin Formation (silt and clay, mainly covered by crop land), Quaternary middle-Pleistocene Shanghuangshan Formation (silt and clay, mainly covered by crop land), Neogene Sunwu Formation (sand and conglomerate, mainly covered by forest), and upper-Cretaceous Nenjiang Formation (sandstone, mainly covered by forest) (Figure 2A). The magmatic rocks are mainly Permian-Triassic monzonitic granites which are mainly covered by forest (Figure 2A). Elevation in the study area ranges from 150 m to 500 m, and is generally higher in the northeast and lower in the southwest (Figure 2B).
[image: Figure 2]FIGURE 2 | Regional geological map (A) and elevation (B) of the study area.
3 MATERIALS AND METHODS
Figure 3 shows the framework of spatial-temporal analysis of ecological-environmental attributes within different GTEZs, comprising three main parts: data acquisition, information extraction, and statistical analysis.
[image: Figure 3]FIGURE 3 | Workflow of this study.
3.1 Data acquisition
Regional geological map and high-resolution satellite imagery product were acquired from relevant institute, then the geological map was modified by visual interpretation from high-resolution satellite imagery. Ground survey was conducted in different geological bodies, including four observation points in bedrock outcrops and three drilling points in Quaternary, their vertical compositions were recorded, and the regional geological map was again modified according to the ground survey (Figure 2A). 489 samples of black soil thickness and soil bulk density were collected from Harbin Center for Integrated Natural Resources Survey, CGS (Table 1). Soil parameters might vary a lot within a short range, therefore, these soil data were directly applied to analyzing the statistic characteristics of different GTEZs, rather than interpolated into raster file. Landsat-8 imageries from April to November were collected, which are available at https://earthexplorer.usgs.gov/. For Landsat-8 imageries, it was necessary to ensure that there were no clouds and snow in the study area, and the favorite year was 2022 if possible, imageries from 2020 or 2021 were used when the 2022 images did not meet the requirements. ALOS DEM product was collected from https://search.asf.alaska.edu/, and elevation relief within 1 km2, slope, slope direction, and slope length were then derived from DEM. In addition, air temperature (AT) and total solar radiation (TSR) data were collected and interpolated into raster file to assist the calculation of NPP, the original data could be accessed through Chinese National Meteorological Science Data Center (Table 1).
TABLE 1 | Data list of this study.
[image: Table 1]3.2 Information extraction
3.2.1 Geological-topographical ecological zoning
In this study, the GIS-based analysis method was applied to delineate GTEZs. To be geologically and topographically consistent, the GTEZs were delineated on the basis of regional geological map, elevation, elevation relief, and slope.
In the first step, the formation boundaries in regional geological map were modified through visual interpretation and field survey: ① Quaternary Holocene low washland and Quaternary Holocene high washland tend to change along with the river migration and artificial constructions, so these two formations were re-delineated thoroughly according to interpretation signs (Table 2); ② Quaternary upper-Pleistocene Guxiangtun Formation, Quaternary middle-upper-Pleistocene Harbin Formation, and Quaternary middle-Pleistocene Shanghuangshan Formation share similar composition with different deposition ages, could mainly be separated through Carbon-14 dating, boundaries between them were not distinct to human eyes, so their boundaries were directly deprived from regional geological map; ③As bedrocks, Neogene Sunwu Formation, upper-Cretaceous Nenjiang Formation, and Permian-Triassic monzonitic granites were mainly exposed to land surface in hill or adjacent regions, their boundaries were slightly modified through interpretation signs (Table 2), in addition, three geological bodies of Sunwu Formation conglomerate, Nenjiang Formation sandstone, and monzonitic granite were newly discovered and delineated through field survey.
TABLE 2 | Interpretation sighs and characteristics of geological formations.
[image: Table 2]In the second step, GTEZs were delineated through genesis and qualitative spatial analysis: ① considering the alluvial-diluvial origin at present, Quaternary Holocene washlands were directly converted into sand alluvial plain. ② silt-clay undulating plain was delineated within Quaternary upper-Pleistocene Guxiangtun Formation, Quaternary middle-upper-Pleistocene Harbin Formation, and Quaternary middle-Pleistocene Shanghuangshan Formation from the geological map. Note that the slope of the northeast part of the Quaternary middle-Pleistocene Shanghuangshan Formation is greater than 5°, so this part was excluded from silt-clay undulating plain, and was regarded as sand-conglomerate hill (considering the Sunwu Formation is adjacent and beneath Shanghuangshan Formation). ③ as the terrain within Neogene Sunwu Formation, upper-Cretaceous Nenjiang Formation, and Permian-Triassic monzonitic granites were relatively higher and steeper, they were directly converted into sand-conglomerate hill, sandstone hill, and granite hill zone, respectively.
3.2.2 Land surface temperature
Landsat 8 OLI/TIRS Collection 2 Level 2 dataset contains the semi-finished products of reflectance and LST, calibration should be applied to these data to eventually obtain the reflectance and LST products:
[image: image]
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in Eqs 1, 2 R refers to the reflectance (0–1); DN1∼7 refers to the digital value of band 1∼band 7 from the Landsat 8 OLI Collection 2 Level 2 dataset; LST refers to land surface temperature (K), which could be transformed to Celsius by subtracting 273.15; DN10 refers to the digital value of band 10 from the Landsat 8 TIRS Collection 2 Level 2 dataset.
3.2.3 Enhanced vegetation index
EVI was processed via band algebra between the reflectance of the near-infrared, red, and blue bands (Garroutte et al., 2016):
[image: image]
in Eq. 3 EVI refers to enhanced vegetation index, RNIR refers to the reflectance of near infrared band (band 5 for Landsat 8), RRed refers to the reflectance of red band (band 4 for Landsat 8), RBlue refers to the reflectance of blue band (band 2 for Landsat 8).
3.2.4 Net primary productivity
Net primary productivity requires a systematic process and could be derived from the Carnegie-Ames-Stanford Approach (CASA). NDVI, simple ratio for vegetation, total solar radiation (TSR), maximum light use efficiency for vegetation (εmax), daily/monthly mean air temperature (AT), and land surface water index (LSWI) data are typically needed for this approach. The detailed process of CASA is as below (Potter et al., 1993; Zhu et al., 2006; Chandrasekar et al., 2010; Guan et al., 2015; Liang et al., 2019; Yin et al., 2020; Zhang M. et al., 2022):
[image: image]
in Eq. 4 NPP refers to net primary productivity (gC/(m2*month)); FAPAR refers to fraction of absorbed photosynthetically active radiation; PAR refers to photosynthetically active radiation (MJ/(m2*month)); εmax refers to maximum light use efficiency of vegetation (gC/MJ); f (AT1) and f (AT2) refer to effects of temperature stress, f (W) refers to effects of water stress.
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in Eqs 5-7 NDVI refers to normalized difference vegetation index; SR refers to simple ratio, SRmin should be set as 1.08, SRmax could be set as 4.14 (evergreen broadleaf forest, and broadleaf forest with groundcover), 6.17 (deciduous broadleaf forest, and mixed forest of broadleaf and needle-leaf), 5.43 (evergreen needle-leaf forest, and deciduous needle-leaf forest), and 5.13 (perennial grassland, broadleaf shrub with grassland, broadleaf shrub with bare soil, tundra, bare soil and desert, and cultivation). When FAPAR exceeds 0.95, the value of FAPAR should be set as 0.95.
[image: image]
in Eq. 8 TSR refers to total solar radiation (MJ/(m2*month)); the factor of 0.5 refers to the fact that approximately half of the incident total solar radiation is within in the PAR wavelength (400∼700 nm).
εmax could be commonly set as 0.389, it also could be set as 0.485(deciduous needle-leaf forest), 0.389(evergreen needle-leaf forest), 0.692(deciduous broadleaf forest), 0.985(evergreen broadleaf forest), 0.475(mixed forest of needle and broadleaf), 0.768(mixed forest of evergreen and deciduous broadleaf), 0.429(broadleaf bush), and 0.542 (grassland, cultivation, and other vegetation).
When the mean monthly air temperature for a month is above −10°C, the f (AT1) of this specific month is set as below:
[image: image]
in Eq. 9 ATopt refers to the mean monthly air temperature at which NDVI reaches its peak during a year. When the mean monthly air temperature for a month is below −10°C, the f (AT1) of this specific month should be set as 0.
When the mean monthly air temperature for a month is within range (ATopt −13, ATopt +10), the f (AT2) of this specific month is set as below:
[image: image]
in Eq. 10 AT refers to the mean monthly air temperature for a month. When the mean monthly air temperature for a month is beyond range (ATopt −13, ATopt +10), the f (AT2) of this specific month is set as 0.5203.
[image: image]
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in Eqs 11, 12 LSWI refers to land surface water index; LSWImax refers to the maximum LSWI of a pixel, which is calculated via the maximum value composite method within LSWI time series data; RSWIR refers to the reflectance of shortwave infrared band (band 7 for Landsat 8).
3.3 Statistical analysis
After all the information were extracted, the ecological-environmental attributes within various GTEZs were spatial-temporally analyzed. Among all these attributes, the soil vertical composition records were stored as texts and pictures, so their soil granularities at different depths were qualitatively compared by seven bore-logs. While the soil physical conditions, including black soil thickness and soil bulk density, were stored as tables, due to the strong spatial variability, spatial interpolation among these samples would be unfaithful, so they were qualitatively analyzed by counting the sample amounts within different ranges. On the other hand, elevation relief, slope, slope direction, slope length, LST, EVI, and NPP were stored as raster images, so it would be convenient to quantitatively analyze their GTEZs-related characteristics by a combination of frequency distribution curves, peak values, means, standard deviations (S.D.), medians, and 25%/75% quantiles.
4 RESULTS
4.1 Geological-topographical ecological zone
According to the geological and topographical components beneath, five GTEZs were delineated, including: ① sand alluvial plain, where elevation ranges from 150 m to 300 m with the mean of 200 m; ② silt-clay undulating plain, where elevation ranges from 160 m to 350 m with the mean of 230 m; ③ sand-conglomerate hill; ④ sandstone hill; and ⑤ granite hill (Figure 4A). Within the hill region, elevation ranges from 280 m to 500 m with the mean of 350 m. Corresponding to GTEZs, the landforms include alluvial plain, undulating plain, and hill (Figure 4B). The GTEZs in the study area are both relatively diverse and unfragmented, which are suit for spatial-temporal analysis on ecological-environmental attributes.
[image: Figure 4]FIGURE 4 | Geological-topographical ecological zones (A), and corresponding landforms (B) of the study area.
4.2 Soil parameter
4.2.1 Vertical composition
Vertical compositions of five GTEZs were observed during the ground survey, the observation points were named as GSP01∼GSP07 (Figure 5). GSP01 was conducted in the sand-conglomerate hill zone, the vertical compositions are sandy silt, pebbly silty sand, and conglomerate from top to bottom. GSP02 was conducted in the sandstone hill zone, the vertical compositions are silty clay, sandy clay, sandy gravel, and sandstone from top to bottom. GSP03 was conducted in the sand-conglomerate hill zone, the vertical compositions are clayey silt, conglomerate, and granite from top to bottom. GSP04 was conducted in the granite hill zone, the vertical compositions are pebbly clayey silt, and granite from top to bottom. GSP05 was conducted in the silt-clay undulating plain zone, the vertical compositions are clayey silt, and silty clay from top to bottom. GSP06 was conducted in the sand-alluvial plain zone, the vertical compositions are clayey silt, silty clay, silty sand, sandy silty clay, and clay from top to bottom. GSP07 was conducted in the sand-alluvial plain zone, the vertical compositions are clayey silt, sandy silt, pebbly sand, sand, and pebbly sand from top to bottom.
[image: Figure 5]FIGURE 5 | Ground survey point locations (A), and soil vertical compositions (B) of the study area.
As seen from Figure 5, the vertical composition and soil thickness varies between different GTEZs. Sand alluvial plain zone (GSP06, GSP07) possesses thick soil (did not reach the bedrock during ground survey), the soil layer is the most complex, and tend to contain medium-fine grained granule, such as silt, clay, and sand. Silt-clay undulating plain zone (GSP05) possesses very thick soil (did not reach the bedrock during ground survey), the soil layer is the second-most complex, and tend to contain fine grained granule, such as silt and clay. Sand-conglomerate hill zone (GSP01, GSP03) possesses the second-thinnest soil, the soil layer is the second simplest, and tend to contain medium-coarse granule, such as sand and pebble. Sandstone hill zone (GSP02) possesses the relatively thicker soil, the soil layer is relatively more complex, and tend to contain medium granule, such as sand. Granite hill zone (GSP04) possesses the thinnest soil, the soil layer is the simplest, and tend to contain coarse granule, such as pebble and coarse sand.
4.2.2 Physical condition
The black soil thicknesses among GTEZs are relatively distinct. For sand alluvial plain, it mainly ranges from 10 to 60 cm; for silt-clay undulating plain, it also mainly ranges from 10 to 60 cm; for sand-conglomerate hill, it mainly ranges from 10 to 30 cm; there is only one sample in sandstone hill zone, and the black soil thickness is within 30–40 cm; for granite hill, it mainly ranges from 10 to 30 cm (Table 3; Figure 6A). The soil bulk densities among GTEZs are generally similar except granite hill. For sand alluvial plain, it mainly ranges from 1.20 to 1.60 g/cm3; for silt-clay undulating plain, it also mainly ranges from 1.20 to 1.60 g/cm3; for sand-conglomerate hill, it mainly ranges from 1.00 to 1.60 g/cm3; there is only one sample in sandstone hill zone, the soil bulk density is 1.30 g/cm3; and for granite hill, it mainly ranges from 0.60 to 1.40 g/cm3 (Table 3; Figure 6B).
TABLE 3 | Statistical characteristics of soil physical condition.
[image: Table 3][image: Figure 6]FIGURE 6 | Black soil thickness (A), and soil bulk density (B) of the study area.
4.3 Topography
The elevation reliefs among GTEZs are distinct from each other. For sand alluvial plain, it mainly ranges from 2 to 10 m, and peaks at about 6 m; for silt-clay undulating plain, it mainly ranges from 3 to 20 m, and peaks at about 6 m; for sand-conglomerate hill, it mainly ranges from 10 to 40 m, and peaks at about 20 m; for sandstone hill, it mainly ranges from 13 to 35 m, and peaks at about 22 m; for granite hill, it mainly ranges from 6 to 50 m, and peaks at about 15 m (Table 4; Figure 7A). Slope directions among GTEZs also show some particularities. Sand alluvial plain and silt-clay undulating plain tend to slant equally among SW, NW, SE, and NE; sand-conglomerate hill tends to slant from NE to SW; sandstone hill tends to slant from N to S; granite hill tends to slant from NW to SE; hill zones generally tend to slant to the west (Table 4; Figure 7C), this might result from the tectonic regime from Mesozoic to Neozoic in Northeastern China (Hu, 2008). Nevertheless, distribution of slopes and slope lengths in GTEZs are generally similar, except that slope exceeding 8° is exclusive to hill zones (Table 4; Figures 7B,D).
TABLE 4 | Statistical characteristics of topography.
[image: Table 4][image: Figure 7]FIGURE 7 | Elevation relief (A), slope (B), slope direction (C), and slope length (D) of the study area.
4.4 Land surface temperature
4.4.1 Sand alluvial plain zone
In April, LST frequency curve is slightly right-skewed normally distributed, and peaks at about 20.00°C; in May, the LST increases, frequency curve is right-skewed normally distributed, and peaks at about 26.50°C; in June, LST continues to increase, frequency curve is slightly right-skewed normally distributed, and peaks at about 33.00°C; in July, LST keeps steady, frequency curve is slightly right-skewed normally distributed, and peaks at about 33.50°C; in August, LST slightly decreases, frequency curve is normally distributed, and peaks at about 29.50°C; in September, LST keeps steady, frequency curve is normally distributed, and peaks at about 28°C; in October, LST decreases significantly, frequency curve is normally distributed, and peaks at about 13.50°C; in November, LST continues to decrease significantly, frequency curve is normally distributed, and peaks at about 5.50°C. From April to November, the frequency curve of monthly LST mean is quasi-normally distributed, and peaks at about 23.50°C; the frequency curve of monthly LST standard deviation (S.D.) is normally distributed, and peaks at about 10.00°C (Table 5; Figures 8, 9).
TABLE 5 | Statistical characteristics of LST (°C).
[image: Table 5][image: Figure 8]FIGURE 8 | LST from April to August of the study area.
[image: Figure 9]FIGURE 9 | LST from September to November of the study area.
4.4.2 Silt-clay undulating plain zone
In April, LST frequency curve is slightly left-skewed normally distributed, and peaks at about 25.00°C; in May, LST increases significantly, frequency curve is slightly left-skewed normally distributed, and peaks at about 41.50°C; in June, LST continues to increase slightly, frequency curve is quasi-normally distributed with very gentle slope, and peaks at about 45.00°C; in July, LST decreases slightly, frequency curve is normally distributed, and peaks at about 35.50°C; in August, LST decreases, frequency curve is normally distributed, and peaks at about 29.00°C; in September, LST keeps steady, frequency curve is normally distributed, and peaks at about 28.50°C; in October, LST decreases significantly, frequency curve is normally distributed, and peaks at about 14.00°C; in November, LST continues to decrease, frequency curve is normally distributed, and peaks at about 6.00°C. From April to November, the frequency curve of monthly LST mean is slightly left-skewed normally distributed, and peaks at about 28.00°C; the frequency curve of monthly LST S.D. is right-skewed normally distributed, and peaks at about 11.50°C (Table 5; Figures 8, 9).
4.4.3 Sand-conglomerate hill zone
In April, LST frequency curve is quasi-normally distributed with steep slope, and peaks at about 20.00°C; in May, LST increases, frequency curve is slightly right-skewed normally distributed, and peaks at about 26.00°C; in June, LST holds steady, frequency curve is right-skewed normally distributed, and peaks at about 26.50°C; in July, LST increases slightly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 29.00°C; in August, LST slightly decreases, frequency curve is quasi-normally distributed with steep slope, and peaks at about 25°C; in September, LST holds steady, frequency curve is slightly right-skewed normally distributed, and peaks at about 26°C; in October, LST decreases significantly, frequency curve is normally distributed, and peaks at about 10.00°C; in November, LST continues to decrease, frequency curve is right-skewed normally distributed, and peaks at about 2.00°C. From April to November, the frequency curve of monthly LST mean is normally distributed, and peaks at about 20.50°C; the frequency curve of monthly LST S.D. is normally distributed, and peaks at about 9.40°C (Table 5; Figures 8, 9).
4.4.4 Sandstone hill zone
In April, LST frequency curve is quasi-normally distributed with steep slope, and peaks at about 19.50°C; in May, LST increases, frequency curve is quasi-normally distributed with steep slope, and peaks at about 27.50°C; in June, LST holds steady, frequency curve is quasi-normally distributed with steep slope, and peaks at about 26.50°C; in July, LST increases slightly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 29.50°C; in August, LST slightly decreases, frequency curve is quasi-normally distributed with steep slope, and peaks at about 25.50°C; in September, LST holds steady, frequency curve is quasi-normally distributed with steep slope, and peaks at about 26.00°C; in October, LST decreases significantly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 10.00°C; in November, LST continues to decrease, frequency curve is quasi-normally distributed with steep slope, and peaks at about 1.00°C. From April to November, the frequency curve of monthly LST mean is quasi-normally distributed, and peaks at about 20.00°C; the frequency curve of monthly LST S.D. is bimodally distributed, and peaks at about 9.60°C and 9.00°C (Table 5; Figures 8, 9).
4.4.5 Granite hill zone
In April, LST frequency curve is slightly left-skewed normally distributed, and peaks at about 18.00°C; in May, LST increases, frequency curve is right-skewed normally distributed, and peaks at about 23.00°C; in June, LST keeps steady, frequency curve is normally distributed, and peaks at about 26.50°C; in July, LST increases slightly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 29.00°C; in August, LST slightly decreases, frequency curve is quasi-normally distributed with steep slope, and peaks at about 24.50°C; in September, LST holds steady, frequency curve is quasi-normally distributed with steep slope, and peaks at about 24.50°C; in October, LST decreases significantly, frequency curve is normally distributed, and peaks at about 8.50°C; in November, LST continues to decrease, frequency curve is quasi-normally distributed with faintly double-peaks, and generally peaks at about 1.00°C. From April to November, the frequency curve of monthly LST mean is quasi-normally distributed with faintly double-peaks, and primarily peaks at about 19.00°C; the frequency curve of monthly LST S.D. is normally distributed, and peaks at about 9.60°C (Table 5; Figures 8, 9).
4.5 Enhanced vegetation index
4.5.1 Sand alluvial plain zone
In April, EVI frequency curve is normally distributed, and peaks at about 0.11; in May, EVI holds steady, frequency curve is slightly right-skewed normally distributed, and peaks at about 0.09; in June, EVI increases, frequency curve is slightly right-skewed normally distributed, and peaks at about 0.19; in July, EVI increases significantly, frequency curve is left-skewed normally distributed, and peaks at about 0.60; in August, EVI continues to increase, frequency curve is normally distributed with a second peak on the right slope, and peaks primarily at about 0.68; in September, EVI decreases, frequency curve is normally distributed, and peaks at about 0.48; in October, EVI decreases significantly, frequency curve is bimodally distributed, and peaks at about 0.19 and 0.10; in November, EVI continues to decrease, frequency curve is quasi-normally distributed with two peaks, which are 0.12 and 0.08. From April to November, the frequency curve of monthly EVI mean is normally distributed, and peaks at about 0.30; the frequency curve of monthly EVI S.D. is left-skewed normally distributed, and peaks at about 0.24 (Table 6; Figures 10, 11).
TABLE 6 | Statistical characteristics of EVI.
[image: Table 6][image: Figure 10]FIGURE 10 | EVI from April to August of the study area.
[image: Figure 11]FIGURE 11 | EVI from September to November of the study area.
4.5.2 Silt-clay undulating plain zone
In April, EVI frequency curve is normally distributed with steep slope, and peaks at about 0.08; in May, EVI holds steady, frequency curve is normally distributed with steep slope, and peaks at about 0.11; in June, EVI slightly increases, frequency curve is normally distributed, and peaks at about 0.19; in July, EVI increases significantly, frequency curve is left-skewed normally distributed, and peaks at about 0.63; in August, EVI continues to increase, frequency curve is bimodally distributed, and peaks at about 0.71 and 0.83; in September, EVI decreases, frequency curve is normally distributed, and peaks at about 0.59; in October, EVI decreases significantly, frequency curve is normally distributed, and peaks at about 0.11; in November, EVI holds steady, frequency curve is quasi-normally distributed with two peaks at top, and generally peaks at about 0.10. From April to November, the frequency curve of monthly EVI mean is normally distributed, and peaks at about 0.32; the frequency curve of monthly EVI S.D. is left-skewed normally distributed, and peaks at about 0.28 (Table 6; Figures 10, 11).
4.5.3 Sand-conglomerate hill zone
In April, EVI frequency curve is quasi-normally distributed with steep slope, and peaks at about 0.16; in May, EVI increases, frequency curve is bimodally distributed, and peaks primarily at about 0.26 and 0.12; in June, EVI increases significantly, frequency curve is slightly left-skewed normally distributed, and peaks at about 0.68; in July, EVI increase very slightly, frequency curve is normally distributed with steep slope, and peaks at about 0.64; in August, EVI decrease slightly, frequency curve is normally distributed, and peaks at about 0.60; in September, EVI decreases, frequency curve is normally distributed, and peaks at about 0.44; in October, EVI decreases significantly, frequency curve is normally distributed with steep slope, and peaks at about 0.18; in November, EVI holds steady, frequency curve is normally distributed with steep slope, and generally peaks at about 0.14. From April to November, the frequency curve of monthly EVI mean is slightly left-skewed normally distributed, and peaks at about 0.40; the frequency curve of monthly EVI S.D. is normally distributed, and peaks at about 0.21 (Table 6; Figures 10, 11).
4.5.4 Sandstone hill zone
In April, EVI frequency curve is normally distributed with steep slope, and peaks at about 0.16; in May, EVI increases, frequency curve is quasi-normally distributed, and peaks at about 0.26; in June, EVI increases significantly, frequency curve is normally distributed, and peaks at about 0.67; in July, EVI keeps steady, frequency curve is normally distributed with steep slope, and peaks at about 0.63; in August, EVI decreases, frequency curve is normally distributed with faintly two peaks at top, and generally peaks at about 0.56; in September, EVI continues to decrease, frequency curve is normally distributed, and peaks at about 0.42; in October, EVI decreases significantly, frequency curve is normally distributed with steep slope, and peaks at about 0.19; in November, EVI holds steady, frequency curve is normally distributed with steep slope, and peaks at about 0.15. From April to November, the frequency curve of monthly EVI mean is normally distributed with steep slope, and peaks at about 0.39; the frequency curve of monthly EVI S.D. is normally distributed with steep slope, and peaks at about 0.21 (Table 6; Figures 10, 11).
4.5.5 Granite hill zone
In April, EVI frequency curve is normally distributed with steep slope, and peaks at about 0.15; in May, EVI increases, frequency curve is quasi-normally distributed, and peaks at about 0.30; in June, EVI increases significantly, frequency curve is left-skewed normally distributed, and peaks at about 0.67; in July, EVI keeps steady, frequency curve is left-skewed normally distributed, and peaks at about 0.62; in August, EVI decrease very slightly, frequency curve is normally distributed, and peaks at about 0.60; in September, EVI continues to decrease, frequency curve is normally distributed, and peaks at about 0.44; in October, EVI decreases significantly, frequency curve is normally distributed, and peaks at about 0.17; in November, EVI holds steady, frequency curve is normally distributed, and peaks at about 0.13. From April to November, the frequency curve of monthly EVI mean is slightly left-skewed normally distributed, and peaks at about 0.39; the frequency curve of monthly EVI S.D. is also slightly left-skewed normally distributed, and peaks at about 0.21 (Table 6; Figures 10, 11).
4.6 Net primary productivity
4.6.1 Sand alluvial plain zone
In April, NPP frequency curve is normally distributed with steep slope, and peaks at about 3.00 gC/(m2*month); in May, NPP increases slightly, frequency curve is right-skewed quasi-normally distributed, and peaks at about 7.00 gC/(m2*month); in June, NPP increases significantly, frequency curve is uniformly distributed from 10.00 to 160.00 gC/(m2*month) with a minor peak at 140.00 gC/(m2*month); in July, NPP increases significantly, frequency curve is left-skewed quasi-normally distributed, and peaks at about 135.00 gC/(m2*month); in August, NPP continues to increase, frequency curve is bimodally distributed with steep slope, and peaks at about142.00 and 148.00 gC/(m2*month); in September, NPP decreases, frequency curve is left-skewed normally distributed, and peaks at about 101.00 gC/(m2*month); in October, NPP decreases significantly, frequency curve is normally distributed with steep slope, and peaks at about 3.00 gC/(m2*month); in November, NPP generally continues to decrease to 0 gC/(m2*month). From April to November, the frequency curve of monthly NPP mean is bimodally distributed, and peaks at about 68.00 and 51.00 gC/(m2*month); the frequency curve of monthly NPP S.D. is also bimodally distributed, and peaks at about 57.00 and 62.00 gC/(m2*month); the frequency curve of yearly total NPP is still bimodally distributed, and peaks at about 545.00 and 415.00 gC/(m2*year) (Table 7; Figures 12, 13).
TABLE 7 | Statistical characteristics of NPP (gC×m-2×month-1).
[image: Table 7][image: Figure 12]FIGURE 12 | NPP from April to August of the study area.
[image: Figure 13]FIGURE 13 | NPP from September to November of the study area.
4.6.2 Silt-clay undulating plain zone
In April, NPP frequency curve is quasi-normally distributed with steep slope, and peaks at about 3.00 gC/(m2*month); in May, NPP increases slightly, frequency curve is normally distributed with steep slope, and peaks at about 9.00 gC/(m2*month); in June, NPP increases significantly, frequency curve is right-skewed normally distributed, and peaks at about 25.00 gC/(m2*month); in July, NPP increases significantly, frequency curve is left-skewed normally distributed, and peaks at about 127.00 gC/(m2*month); in August, NPP continues to increase, frequency curve is quasi-normally distributed with steep slope, and peaks at about 142.00 gC/(m2*month); in September, NPP decreases, frequency curve is quasi-normally distributed with two peaks at top, which are 101.00 and 106.00 gC/(m2*month); in October, NPP continues to decrease significantly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 3.00 gC/(m2*month); in November, NPP generally continues to decrease to 0 gC/(m2*month). From April to November, the frequency curve of monthly NPP mean is quasi-normally distributed, and peaks at about 52.00 gC/(m2*month); the frequency curve of monthly NPP S.D. is normally distributed, and peaks at about 56.00 gC/(m2*month); the frequency curve of yearly total NPP is also normally distributed, and peaks at about 410.00 gC/(m2*year) (Table 7; Figures 12, 13).
4.6.3 Sand-conglomerate hill zone
In April, NPP frequency curve is quasi-normally distributed with steep slope, and peaks at about 7.00 gC/(m2*month); in May, NPP increases significantly, frequency curve is uniformly distributed with two minor peaks at about 11.00 and 98.00 gC/(m2*month); in June, NPP increases significantly, frequency curve is bimodally distributed, and peaks at about 139.00 and 159.00 gC/(m2*month); in July, NPP decreases slightly, frequency curve is also bimodally distributed, and peaks at about 119.00 and 135.00 gC/(m2*month); in August, NPP keeps steady, frequency curve is trimodally distributed, and peaks at about 118.00, 141.00, and 132.00 gC/(m2*month); in September, NPP decreases significantly, frequency curve is bimodally distributed, and peaks at about 79.00 and 88.00 gC/(m2*month); in October, NPP continues to decrease significantly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 5.00 gC/(m2*month); in November, NPP generally continues to decrease to 0 gC/(m2*month). From April to November, the frequency curve of monthly NPP mean is quasi-normally distributed, and peaks at about 70.00 gC/(m2*month); the frequency curve of monthly NPP S.D. is bimodally distributed, and peaks at about 53.00 and 60.00 gC/(m2*month); the frequency curve of yearly total NPP is quasi-normally distributed, and peaks at about 560.00 gC/(m2*year) (Table 7; Figures 12, 13).
4.6.4 Sandstone hill zone
In April, NPP frequency curve is bimodally distributed with steep slope, and peaks at about 7.00 and 10.00 gC/(m2*month); in May, NPP increases significantly, frequency curve is quasi-normally distributed, and peaks at about 50.00 gC/(m2*month); in June, NPP continues to increase significantly, frequency curve is bimodally distributed, and peaks at about 139.00 and 158.00 gC/(m2*month); in July, NPP decreases slightly, frequency curve is also bimodally distributed, and peaks at about 134.00 and 119.00 gC/(m2*month); in August, NPP keeps steady, frequency curve is still bimodally distributed, and peaks at about 117.00 and 130.00 gC/(m2*month); in September, NPP decreases significantly, frequency curve is still bimodally distributed, and peaks at about 78.00 and 88.00 gC/(m2*month); in October, NPP continues to decrease significantly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 5 gC/(m2*month); in November, NPP generally continues to decrease to 0 gC/(m2*month). From April to November, the frequency curve of monthly NPP mean is bimodally distributed, and peaks at about 71.00 and 62.00 gC/(m2*month); the frequency curve of monthly NPP S.D. is also bimodally distributed, and peaks at about 53.00 and 60.00 gC/(m2*month); the frequency curve of yearly total NPP is still bimodally distributed, and peaks at about 570.00 and 505.00 gC/(m2*year) (Table 7; Figures 12, 13).
4.6.5 Granite hill zone
In April, NPP frequency curve is quasi-normally distributed with steep slope, and peaks at about 7.00 gC/(m2*month); in May, NPP increases significantly, frequency curve is uniformly distributed from 15.00 to 120.00 gC/(m2*month), a minor peak could be seen at about 98.00 gC/(m2*month); in June, NPP continues to increase significantly, frequency curve is bimodally distributed, and peaks at about 138.00 and 157.00 gC/(m2*month); in July, NPP decreases slightly, frequency curve is also bimodally distributed, and peaks at about 118.00 and 134.00 gC/(m2*month); in August, NPP keeps steady, frequency curve is trimodally distributed, and peaks at about 117.00, 131.00, and 139.00 gC/(m2*month); in September, NPP decreases significantly, frequency curve is quasi-normally distributed with a second peak at right, and primarily peaks at about 82.00 gC/(m2*month); in October, NPP continues to decrease significantly, frequency curve is quasi-normally distributed with steep slope, and peaks at about 5.00 gC/(m2*month); in November, NPP generally continues to decrease to 0 gC/(m2*month). From April to November, the frequency curve of monthly NPP mean is quasi-normally distributed, and peaks at about 70.00 gC/(m2*month); the frequency curve of monthly NPP S.D. is bimodally distributed, and peaks at about 53.00 and 60.00 gC/(m2*month); the frequency curve of yearly total NPP is left-skewed quasi-normally distributed, and peaks at about 560.00 gC/(m2*year) (Table 7; Figures 12, 13).
5 DISCUSSION
5.1 Soil parameter
The formation of soil is mainly affected by parent material, climate, topography, organisms, and time (Mapelli et al., 2012), among which the parent material directly determines the primary soil structure, topography indirectly affects soil material migration and energy redistribution (Liu, 2018). Soil vertical compositions and physical conditions act as examples of soil diversities among different GTEZs (Table 3; Figures 5, 6).
Sand alluvial plain zone is topographically adjacent to rivers, the soil composition strongly depends on alluvial-diluvial parent materials derived from rivers and floods (El Hourani and Broll, 2021). The soil layers and granule sizes in sand alluvial plain zone are mainly related to sediment transportation and deposition, in this study, the complex soil layers and medium-fine granules (Figure 5) are due to the volatile historical flow regime and fluvial environment (Gerrard, 1987; Boettinger, 2005). Silt-clay undulating plain zone is topographically in the transitional zone between alluvial plain and hills, and soil composition is materially related to the Shanghuangshan Formation, Guxiangtun Formation, and Harbin Formation, their thick-bedded yellow-tawny fine granules (Figure 5) were derived from alluvial-lacustrine, or eolian deposition facies, and pollens indicate a dry-cold climate background (Wang, 2012). Black soil is generally derived from sandy-silty sediments (Andreeva et al., 2011), and soil bulk density is related to organic matter content, land use, soil genus and topography (Li et al., 2019). Compared to three hill zones, the two plain zones possess thicker black soil and higher bulk density (Table 3; Figure 6), hill zones with forest could accumulate more organic matters and coarse granules with more porosity in the surface soil, which would result in lower bulk density.
At present, the main geological processes in the hill zones are weathering and residual-slope deposition. Sand-conglomerate hill zone possesses the second-thinnest soil, the second simplest soil layers, and the second coarsest soil granules; sandstone hill zone possesses the relatively thicker soil, the relatively-more complex soil layers, and medium soil granules; granite hill zone possesses the thinnest soil, the simplest soil layers, and the coarsest soil granules (Figure 5). Soil parameters might differ within a local scale as a reflection of rock and topographical diversity (Fonseca et al., 2021). Table 4 and Figure 7 shows that these three hill zones generally share similar elevation relief, slope and relatively particular slope direction, bed rock and slope direction could be the main factor that causes difference in rock weathering rate and soil formation rate (Abe et al., 2019), sedimentary rocks generally weather faster than igneous and metamorphic rocks (Evans et al., 2021). The soil parameter differences between three hill zones are the combined outcomes of petrogenesis, minerals, granule sizes, cements diversities, and slope directions among conglomerate, sandstone, and granite.
5.2 Land surface parameter
land surface parameters in different GTEZs tend to show their particular patterns for some possible reasons. The sand alluvial plain zone typically contains grassland and cultivated land, and displays relatively moderate monthly variations of EVI, LST, and NPP as season changes (Table 5–7; Figure 8–13). In April and May, EVI is mainly within 0.05 and 0.25, indicating the scattered existence of grassland, LST increases as air temperature rises, vegetation activity is restrained by air temperature, and NPP mainly ranges from 0 to 30.00 gC/(m2*m). When comes to June, EVI is mainly within 0.10 and 0.40, this is related to landcovers, grasses and crops in Heilongjiang Province start to thrive in June and July, respectively (Hu et al., 2019). Since air temperature keeps rising, LST also continues to increase, NPP in some positions could be around 140.00 gC/(m2*m). In July, due to the flourish of grass and crops, the general EVI increases significantly, and is mainly within 0.40 and 0.70, LST keeps unchanged when monthly air temperature reaches its peak, NPP also increases significantly to the range of 120.00 and 140.00 gC/(m2*m). In August, EVI continues to increase and reaches peak, and is mainly within 0.50 and 0.85, LST slightly decreases along with the air temperature’s decline, NPP also continues to increase and reaches peak, and mainly ranges from 140.00 to 150.00 gC/(m2*m). From September to November, since vegetation fades and air temperature keeps declining, the EVI, LST, and NPP maintain downward trends.
Benefiting from its relatively higher elevation (without the frequent threat of flood) and gentle slope, silt-clay undulating plain zones are highly cultivated for crops and exploited for construction, and displays significant monthly variations of EVI, LST, and NPP as season changes (Table 5–7; Figure 8–13). In April and May, EVI is mainly under 0.20, LST of the nearly-bare cultivated lands increases as air temperature rises, the NPP is mainly under 20.00 gC/(m2*m). In June, crops start to sprout, EVI is mainly within 0.10 and 0.30, LST continues to slightly increase with more spatial varieties, which might be caused by the uneven growth of crops, NPP is mainly around 19.00 and 40.00 gC/(m2*m). When comes to July, the general EVI increases significantly, and is mainly within 0.40 and 0.70. LST decreases significantly despite that the monthly air temperature reaches its peak, this could be explained that crops become flourishing in July, and LST reflects the temperature of crop canopy, which is dramatically pulled down by vegetation transpiration (Bramley et al., 2022). NPP also increases significantly to the range of 110.00 and 138.00 gC/(m2*m). In August, EVI continues to increase and reaches peak, and is mainly within 0.60 and 0.85, LST slightly decreases along with the air temperature’s decline and the flourish of crops, NPP also continues to increase and reaches peak, and mainly ranges from 140.00 to 148.00 gC/(m2*m). From September to November, since the crop harvest and air temperature’s declining, the EVI, LST, and NPP of silt-clay undulating plain zone also show downward trends.
The seasonal EVI, LST, and NPP frequency curves of sand-conglomerate hill zone, sandstone hill zone, and granite hill zone are generally similar. Minor diversities among three zones might be caused by spatial differences of geology, geologically-derived soil parameter, geologically-derived ground water condition (Costa et al., 2017; Sabathier et al., 2021), and tree species, forest with taller trees tends to present greater net cooling effect (Zhang Z. et al., 2022; Shaik et al., 2023). Landcovers of these three zones are dominated by mixed forest of broadleaf and needle-leaf, and displays relatively slight monthly variations of EVI, LST, and NPP as season changes (Table 5–7; Figure 8–13). In April, due to the deciduous forest, EVI is mainly under 0.20, the NPP is correspondingly under 20.00 gC/(m2*m). When comes to May, forest starts to sprout, EVI is mainly within 0.10 and 0.40, LST increases as air temperature rises, and NPP increases with more spatial varieties, which might be caused by uneven distribution of broad-leaf and needle-leaf forest. In June, forest flourishes, EVI is mainly within 0.60 and 0.75 and reaches peak, LST holds stable under the combined influence of air temperature and vegetation transpiration, NPP increases significantly with the flourish forest and proper air temperature, and is around 138.00 and 158.00 gC/(m2*m). In July, EVI keeps steady, and is mainly within 0.50 and 0.70, LST slightly increases and reaches peak, this might be due to the minor decline of forest growth and air temperature’s peak in July. As the consequent of air temperature rising and vegetation condition, NPP decreases to around 118.00 and 135.00 gC/(m2*m). Entering August, EVI and LST slightly decrease, but NPP fluctuates or keeps stable, this phenomenon might be because the air temperature lowers down to an optimal range for forest. In September, due to seasonal change, EVI continues decrease, but LST holds stable, NPP correspondingly decreases gradually. From October to November, the changing season is in dominan, EVI, LST, and NPP decrease significantly along with air temperature’s decline. During June and August, the NPP frequency curves are bimodally or trimodally distributed, whereas the corresponding EVI frequency curves are normally distributed, this might be because the NPP is also dependent on the humidity and air temperature, while humidity and air temperature could vary at different slopes and slope directions.
As seen from the spatial-temporal patterns of soil and land surface parameters in different GTEZs, the combination of geology and topography contribute a lot to the spatial-temporal pattern of ecological-environmental attributes in a region. Lithological condition could determine the weathering resistance and parent materials, which affects soil composition and formation rate, and topographical condition could influent the migration of parent materials, which affects soil vertical composition and physical conditions. Furthermore, topography and the geological-topographically-driven soil parameters would limit vegetation growth and human activities, then determine the landcover, whose phenology could interact with ecology (Snyder et al., 2019; Ranjbar et al., 2020), and is as essential as topography to the land surface parameters. Ecological zoning from the perspective of geology and topography is helpful to understanding the primary mechanism of ecological environmental processes.
5.3 Ecological management
According to the spatial-temporal patterns of ecological-environmental parameters in different GTEZs, there are several advices for ecological management: ① Hill zones possess the thinnest soil thickness (Figure 5) and the highest total yearly NPP (Table 7), and recover the slowest from damage and contribute the most to carbon neutrality (Wen et al., 2023), so disturbance to hill zones should be avoided. ② Hill zones, with the most seasonally stable ecological-environmental attributes, are ideal habitats for wild animals. However, with relatively moderate slope (Table 4; Figure 7B), hill zone is also available for cultivation, this may rise the risk of human-wild animal conflict, so the possible unpermitted assart in hill zones should be constantly monitored. ③ The silt-clay undulating plain zone is nearly bare land from April to June, while precipitation is concentrated from May to September, and tends to cause soil loss and erosion gullies. Planting shrub on the bottom of erosion gullies is recommended, and it is beneficial to inhibiting erosion gully extension and promoting landscape diversity without occupying crop land.
There are also several limitations to this study: (1) the study area is a temperate region mainly covered by forest, cultivated land, and grassland, and the land surface is widely covered by snow from late November to early April. Besides, vegetation transpiration produces considerable water vapor or clouds during summer, which would limit the availability of optical images. A particular sensor (Landsat 8 OLI/TIRS in this study) generally could not provide qualified images from April to November in one particular year, resulting the images applied for monthly patterns in this study are within 2020 and 2022. (2) The outcrops of bedrock (especially sandstone of the Nenjiang Formation) in the hilly region are relatively scarce, which limits the amount of ground survey points and representativeness of soil parameters, future observations in similar areas should be used to conduct more comprehensive discussion.
6 CONCLUSION
The study area, belonging to the transitional zone between plain and mountain range, contains both plains and hills with crops and forests. The comprehensive application of geology, topography, soil composition, soil physical condition, LST, EVI, and NPP has preliminarily revealed the spatial-temporal patterns of ecological-environmental attributes within different GTEZs. Under the integrated effect of geology, topography, and corresponding human activities, the plain zones mainly possess layered thick soil with fine-medium grained granule and higher bulk density. As season changes, bare lands in plain zones start to transfer to crop lands in June, and the crops flourish the most in August with the highest monthly NPP. The hill zones, on the other hand, possess relatively thin soil with medium-coarse granule and lower bulk density. As season changes, green on the hill starts to merge in May, and flourish the most in June and July, and have the highest yearly total NPP, which highlights the vulnerability to disturbance and significance to carbon neutrality. Geological and topographical conditions are fundamental to soil parameters by affecting the provenance, type, and distribution of parent materials; topography and the geological-topographically-related soil parameters are essential to land surface parameters by affecting the landcover. Ecological zoning would help understand the ecological-environmental conditions more essentially when considering geological and topographical conditions, which could primarily affect the ecological-environmental process.
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Formation Sighs and characteristics High resolution satellite
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Quaternary Holocene low washland

Cover: mainly water, grass, shrub, and paddy land
Color: mainly dark, slight green, green, and yellow green during summer
Composition: mainly sand and silt

Slope: generally less than 5°

Elevation relief: generally less than 10 m

Quaternary Holocene high washland Origin: present alluvial-diluvial deposition
Cover: mainly corn, paddy, and construction land
Color: mainly green, yellow green, and bright during summer
Composition: mainly sand, silt, and clay
Slope: generally less than 5°
Elevation relief: generally less than 10 m

Quaternary upper-Pleistocene Guxiangtun  Origin: alluvial-lacustrine, or eolian deposition from about 0.01 t0 0.08 million years
Formation ago (Wang et al,, 2020)

Cover: mainly corn and construction land

Color: mainly green and bright during summer

Composition: mainly clay and silt

Slope: generally less than 5°

Elevation relief: generally less than 20 m

Quaternary middle-upper-Pleistocene Harbin  Origin: alluvial-lacustrine, or eolian deposition from about 0.08 to 0.14 million years
Formation ago (Wang et al,, 2020)

Cover: mainly corn and construction land

Color: mainly green and bright during summer

Composition: mainly clay and silt

Slope: generally less than 5°

Elevation relief: generally less than 20 m

Quaternary middle-Pleistocene Origin: alluvial-lacustrine, or eolian deposition from about 0.14to 0.58 million years
Shanghuangshan Formation ago (Wang et al, 2020)

Cover: mainly corn, construction, and forest land

Color: mainly green and bright during summer

Composition: mainly clay and silt

Slope: generally less than &

Elevation relief: generally less than 20 m

Neogene Sunwu Formation Origin: alluvial-lacustrine deposition and diagenesis from about 2.60 to
23.00 million years ago
Cover: mainly forest, crop, and construction land
Color: mainly dark green, green, and bright during summer
Composition: mainly sand, sandstone, conglomerate, and mudstone
Slope: generally less than 10°
Elevation relief: generally less than 50 m

upper-Cretaceous Nenjiang Formation Origin: alluvial-lacustrine deposition and diagenesis from about 85.50 million years
ago (Wu et al,, 2024)
Cover: mainly forest, crop, and construction land
Color: mainly dark green, green, and bright during summer
Composition: mainly mudstone and sandstone
Slope: generally less than 10°
Elevation relief: generally less than 50 m

Permian-Triassic monzonitic granite Origin: magmatic intrusion from about 200 to 300 million years ago
Cover: mainly forest and crop land
Color: mainly dark green and green during summer
Composition: monzonitic granite
Slope: generally less than 10°
Elevation relief: generally less than 50 m
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Meteorology

Acquisition date Spatial/temporal resolution

01/01/2020-12/31/2022 county-level/daily

01/01/2020-12/31/2022 30'/daily
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Sand alluvial plain zone

Item/Month May  June July  August September October November  Total from April to November
Peak value 300 700 14000 | 13500 | 142148 101.00 300 0 545415
™ 173 008 | 8872 | 12045 137.64 8915 339 0 6014
sD. 161 1843 | 4833 2790 %16 2396 126 0 105.08
25% quantie 405 991 4056 | 12066 14157 8974 269 0 41838
Median 461 1673 9353 1983 144.06 97.53 337 0 8172
75% quantile 537 482 1613 13435 146.50 10105 412 0 53550

Silt-clay undulating plain zone

Item/Month August  September  October ~ November  Total from April to November
Peak value 3.00 9.00 25.00 127.00 142.00 101,106 300 0 410.00
Mean 468 1549 45.26 112,04 132.84 91.07 295 0 403.80
S.D. 246 1049 27.83 3274 3522 2528 [ 153 0 115.39
25% quantile 403 842 2402 11316 14166 9441 238 0 398.34
Median 446 9.36 31.26 121.61 142,52 98.65 274 0 412.89
75% quantile 507 1238 49.03 12820 14427 101.89 336 0 43297

Item/Month

Sand-conglomerate hill zone

October

August

September

November  Total from April to November

Paak value L o700es | 1aas s nsuLIR 7988 500 o 56000
Mean ‘ 785 | Su9 | 1886 | 12398 12600 ‘ 856 435 0 53399
25% quantile [ 67 | 336 | 16se | 1730 178y 7840 367 o 510580
Median |7 w0 usse s 0t | 5318 410 0 51533
75% quantile ‘ [ e T B 488 0 se.14

Sandstone hill zone

Item/Month July August September October November Total from April to November
‘ Peak value 7,10 50.00 139,158 134,119 117,130 78,88 5.00 0 575,510
\' Mean 802 | 50.09 146.75 12565 12388 8175 | 450 0 540.84
‘ S.D. 138 1381 1192 847 9.08 6.26 075 0 35.85
25% quantile 6580 4086 137.81 117.40 11648 7611 383 0 | 508.71
I Median 7.56 I 49.16 15238 13114 127.52 8202 425 0 546.66
75% quantile 935 5829 157.18 13414 13140 8677 521 0 S7L15.

Granite hill zone

ltem/Month  April May June July August September October November Total from April to November
Peak value ‘ 700 | 9900 | 138157 | L8134 | 17131139 ‘ 8200 500 0 560.00
Mean ‘ 957 | 614 1251 | 1204 12114 ‘ 5246 521 0 [ 530.87
sD, ‘ ass w76 o | ns 1447 ‘ 1035 266 0 866
25% quantie ‘ 697 | 95 1560 | 1156 11560 ‘ 7879 376 0 s1L04
Median ‘ 830 | 6L15 | 13695 11670 1829 ‘ 8239 152 0 siLa5
75% quantile ‘ 001 sa0s | 15035 | 13093 | 1317 ‘ w0 | se 0 56450
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Sand alluvial plain zone

Item/Topography Elevation relief (m) Slope () Slope direction rank Slope length
Peak 600 200 SW, NW, SE, NE -
W,S,E N

Mean 750 188 - | 345064.00
sp. 416 [ 135 - I 9729033.00

25% quantile 500 [ 074 [ - | 1250

Median 600 223 - 50.00
75 quantile 800 253 - | 16250

Silt-clay undulating plain zone

Item/Topography Elevation relief (m) Slope () Slope direction rank Slope length
Peak 600 180 NE, SW, NW, SE -
NW,S,E
Mean 1239 227 - 6298.00
S.D. 6.12 | 1.54 - 272100.00
s quantile 7.00 114 - 0
| Median 11.00 227 - 3017
75% quantile 1600 324 - 13018

Sand-conglomerate hill zone

Item/Topography Elevation relief (m) Slope (°) Slope direction rank Slope length (m)
Peak 2000 3.00 W, SW, NW, NE .
N, SEE, S
Mean 2485 [ 3.99 = 2484.00
sp. 9.88 2.46 - 66427.00
25% quantile 18.00 224 - 125
Median 2300 359 2 30.18
75% quantile 3100 | s11 : 125,88

Sandstone hill zone

Item/Topography Elevation relief (m) Slope (°) Slope direction rank Slope length
Peak 2200 3.00 N, NW, §, SW =
NE, W, SE, E

2525 398 s | 26195
SD. 731 241 = 93371
25% quantile 2000 238 . 125
Median 2400 404 . 2500
75% quantile 29.00 517 [ o [ 11855

Granite hill zone

Item/Topography Elevation relief (m) Slope (°) Slope direction rank Slope length (m)
Peak 15.00 250 NW, SW, W, SE -

S,N,NE, E
Mean 25.60 410 - 693100
SD. 1271 281 2 15900.00 I
25% quantile 15.00 224 = 125
Median 2300 | 4.00 . 3535

75% quantile 34.00 6.14 - 13623
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Item/Physical
condition

Mean
SD.

 25% quantile
Median

75% quantile

Sand alluvial plain zone

Black soil
thickness (cm;

38.00

1452

30.00

35.00

40.00

Soil bulk density
(g/em?)

129
017
117
130

142

Silt-clay undulating plain zone

Item/Physical Black soil Soil bulk density
thickness (cm) (g/em?)

Mean 36.00 137

SD. 1607 ol

25% quantile 25.00 132

Median 35.00 139

75% quantile 45.00 145

Item/Physical
condition

Mean
SD.

25% quantile
Median

75% quantile

Item/Physical
condition

Mean
S.D.

25% quantile

Black soil
thickness (cm)

21.00
1173
800

25.00

30.00

Sandstone hill zone

Black soil
thickness (cm)

38.00
contains only one sample

contains only one sample

Sand-conglomerate hill zone

Soil bulk density
(g/cm?)

116
024

097

Soil bulk density
(g/cm?)

130
contains only one sample

contains only one sample:

Median

75% quantile

Item/Physical
condition

Mean

S.D.

25% quantile
Median

75% quantile

contains only one sample

contains only one sample

Granite hill zone

Black soil
thickness (cm)

22.00

1154

15.00

20.00

30.00

contains only one sample:

contains only one sample

Soil bulk density
(g/em?)

106
031
066
103

132
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Sand alluvial plain zone

Item/Month May June July August September  October  November  Mean from April to November
Peak value ot 009 019 060 068 048 019010 012008 030
Mean 010 on 021 054 063 045 016 o1 029
sp. 003 007 o1 o4 o1 012 005 003 005
25% quantie 007 007 016 047 036 041 o013 008 028
 Median 009 010 023 057 065 047 016 on 031
75% quantile o3 o1 033 064 o 052 019 s 034
Silt-clay undulating plain zone
Item/Month May June July August September  October  November  Mean from April to November
Peak value 008 on 019 06 | 07108 039 ol 010 032
Mean 010 013 023 057 02 055 o013 o1 032
sp. 003 006 on o013 o1 o1z 003 003 001
25% quantile 005 00 017 049 066 049 ot 009 030
et 010 010 020 058 073 036 o1z ot 032
75% quantile o1z o1 021 066 02 062 o014 013 034
Sand-conglomerate hill zone
Item/Month April May July August September October November Mean from April to November
Peak value 016 026012 | 068 01 060 044 o018 014 040
Mean 015 07 061 o6t 061 045 016 o4 038
so. 002 008 015 006 010 007 003 003 004
' 25% quantile 01 02 059 062 057 0 o5 012 036
Median 016 028 066 065 060 045 017 o 039
75% quantile 017 034 070 067 06t 049 o018 016 041

Sandstone hill zone

Item/Month April May August September October November Mean from April to November
Peak value 016 026 067 063 056 042 019 015 039
Mean 016 029 066 065 058 045 018 015 039
sD. 001 001 005 003 ws | 004 002 002 1 003
25% quantile 016 026 065 063 055 042 017 o4 037
 Medi 0165 029 067 065 08 044 o018 015 039
75% quantile 017 032 069 067 061 047 019 017 041

Granite hill zone

Item/Month  April  May June  July August September  October  November  Mean from April to November
Peak value 015 030 0.67 062 0.60 044 0.17. 013 039
Mean 015 029 058 060 057 044 016 o 037
‘ S.D. 0.02 0.08 0.16 007 009 007 0.03 0.03 0.05
25% quantile 014 024 053 056 052 040 [ o014 012 034
Median 015 029 0.63 062 058 | 0.44 0.16 014 038
o quantile o016 034 069 065 063 049 018 016 041
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Sand alluvial plain zone

Item/Month June July August September October November Mean from April to November
Peak value 2000 | 2650 | 3300 3350 2050 2800 1350 550 2350
™ 201 | 3177 | 3600 | 3506 2097 2930 1303 547 2531
sD. 315 544 396 231 144 125 197 161 199
25% quantie w8 2732 86 B 2023 2815 ns2 61 2410
Median 267 | 336 323 385 2087 2878 1362 567 2532
75% quantile 2412 3674 368 3688 3117 3004 1476 674 27.15

Silt-clay undulating plain zone

Item/Month June July  August September  October November Mean from April to November
Peak value 2500 | 4150 | 4500 3550 2000 2850 1400 600 2800
Mean 2395 | 3908 4086 3621 2074 2049 1393 587 27.41
sD. 284 422 491 268 155 132 208 197 1.86
25% quantile 2091 | 3746 3766 | 3439 28814 2820 1256 156 2636
Median 200 | 047 | a8 38 s | 1381 633 2.7
75% quantile 2606 | 4197 | 4530 3797 3023 3027 1569 751 2842

Sand-conglomerate hill zone

Item/Month June July August September October November Mean from April to November
Peak value 2000 26.00 26.50 29.00 2550 26.00 10.00 2.00 20.50
Mean 1937 2755 27.39 2962 2607 2672 9.80 2033 21.07
S.D. 140 3.06 227 144 1.05 I 126 I 090 138 131
25% quantile 1866 2563 2582 2877 2547 2591 926 L1 2025
Median 1943 2707 26.68 2922 2583 2651 978 178 2077
75% quantile 2008 2874 2830 3000 2640 2730 10.30 265 21.57

Sandstone hill zone

Item/Month June July August September October November  Mean from April to November
‘ Peak value 1950 27.50 26.50 29.50 2550 26.00 10.00 1.00 20.00
\' Mean 1964 2761 26.54 2953 2582 2631 1029 1.56 25.34
‘ S.D. 088 128 087 077 058 046 099 121 199
25% quantile 1907 2670 26.04 29.10 2549 26.06 946 062 2410
I Median 1954 27.50 2631 2934 25.66 2625 995 097 2532
75% quantile 2032 2819 2669 2963 2589 2645 1109 237 27.15

Granite hill zone

Item/Month June July August September  October ~ November Mean from April to November
Peak value 1800 | 2300 | 2650 | 2900 2450 2150 850 100 1900
Mean 1702 2504 | 2580 | 2935 2536 2561 869 065 19.69
SD. 190 296 348 L 105 127 115 147 144
25% quantie 1560 | 283 | 2524 2869 2064 2187 782 -060 1870
Median 726 | 224 | 259 | 2908 2508 2536 866 045 1954
75% quantile 1851 | 2655 2691 2961 259 2625 949 172 2055






