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Abstract

:

Both cropland management and slop erosion are important factors influencing soil properties, but there are relatively few studies on their combined effects. Studies at the agricultural watershed scale can satisfy both of these conditions, and to reduce the effects of soil heterogeneity due to differences in spatial scale, it is better to select different slopes in the same small watershed. To understand how soil properties will respond to the variation of slope position and cropland management at an agricultural watershed, we present the distribution of soil bulk density (BD), saturated hydraulic conductivity (Ks), water-stable aggregates, soil organic carbon (OC), nitrogen (N), and phosphorus (P) at four slope positions in two cropland management systems of a small agricultural watershed in the black soil region of northeast China. The selected four slope positions include upper slope, middle slope, lower slope, and footslope positions. The two cropland management systems consist of a sustainable cropland system (i.e., contour ridge tillage at upper slope position, longitudinal ridge tillage at middle slope and lower slope positions, and grassland at footslope position) and a conventional cropland system (i.e., contour ridge tillage at upper slope position, longitudinal ridge tillage at middle slope, lower slope positions, and footslope positions). The results showed that soil bulk density and microaggregates decreased but the concentration of OC and nutrients, Ks, and small-macroaggregate increased from the upper slope position to the lower slope position in both the conventional and sustainable croplands, which was due to the interaction effect of cultivation with erosion. In comparison with conventional cropland, sustainable cropland has greater Ks, large-macroaggregate, small-macroaggregate, microaggregate, and concentrations and stocks of OC, N, and P, but showed lower bulk density and silt + clay fraction. However, the prominent differences in both croplands were presented in the footslope position, which is ascribed to the interaction of cultivation, erosion, and cropland management. These results highlighted that sustainable cropland management practice has the potential to improve soil structure and prevent soil and nutrient loss.
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1. Introduction


The black soil region of northeast China is characterized by gentle topography, fertile soil, and a larger soil organic carbon (OC) pool and has long been deemed as an important cereal production base [1]. However, this region suffers from severe soil erosion (tillage erosion, wind erosion, water erosion, and freeze-thaw erosion) and over-cultivation that lead to soil degradation and a reduction in ecosystem productivity and sustainability [1,2,3]. Soil erosion and over-cultivation could cause the loss of soil OC and nutrients and any decrease of soil OC and nutrients in this region could result in higher greenhouse gas emissions which influence global climate change [4,5].



Current studies regarding the effects of cultivation on soil properties have mainly focused on the field scale [6,7], while the response of soil properties as affected by cultivation and erosion to the agricultural watershed scale has been less investigated. In an agriculturally developed region with gentle terrain, mechanical farming, which plays an essential role in regulating crop growth at the agricultural watershed scale, often loosens surface soil but forms plough pan and compacts deep soil. Moreover, water erosion, wind erosion, and tillage erosion occur with the topography of the watershed, and hence result in the transportation of soil particles and variations in soil properties at the agricultural watershed scale [8,9]. However, the knowledge gap of distribution of soil properties at different slope positions of the agricultural watershed scale hinders our ability to specifically understand soil degradation for long-term cultivation as well as the erosion process at the agricultural watershed.



Cultivation results in the variation of soil physical and chemical properties with spatial-temporal changes, i.e., the depletion of soil physical properties, the transportation of soil organic matter and nutrients from in situ, and emissions of carbon and nitrogen (N) into the atmosphere. Such variations in turn deteriorate the soil resulting from soil crusting, compaction, loss of nutrients, and a decrease in soil microbial activity and diversity [10,11]. The effective cropland management approach (i.e., human-induced land-use changes and conversation tillage) has been widely accepted as protecting soils from degradation [12,13]. Sustainable human-induced land-use changes and conservation tillage increase soil organic carbon and nutrient pools, aggregate stability, and enzyme activity, but decrease soil bulk density (BD), and therefore, improve soil physical and chemical properties and contribute to the increase of the agricultural ecosystem productivity [13,14]. However, the effects of sustainable land-use change and conversation tillage on soil properties varies with their types [15,16]. Therefore, a better understanding of the response of the soil physical and chemical properties in cropland management would help to understand the mechanism underlying the restoration of the degraded agricultural ecosystem and would give effective suggestions on land use management to policy makers.



The intensity of soil erosion and the output of sediment in sloping land were supposed to be related to land-use change and the aspect and gradient of the slope that directly affects the mass of the above- and under-ground biomass [17,18], while the responses of soil erosion to slope angle in sloping land were hypothesized to be increased with the increase of the slope [19,20]. For example, Lin et al. [21] observed that sediment transport capacity depended on the slope gradient and overland flow rate, and while the gravel-sized particles increased, the silt and clay fractions decreased with increasing flow rate and slope gradient. Tuo et al. [22] found that the total soil erosions were higher but the 137Cs inventories were lower on the northwest-facing slopes, and therefore, soil OC, total N, clay, and silt contents were lower on northwest-facing slopes than those on southeast-facing slopes. Furthermore, slope and aspect significantly influence the variation of soil physical properties and the redistribution and transportation distance of soil organic carbon and nutrients, as well as the intensity of their responses to tillage and erosion [23,24]. However, the distribution patterns of soil properties and their responses to slope and aspect in sloping land have not been examined in the black soil region of Northeast China.



In summary, there is a paucity of knowledge on the distribution of soil properties at different slope positions within the agricultural watershed, and in particular a lack of research on the response characteristics of sustainable farming practices. While the use of small watersheds as a unit to control soil and water conservation is one of the main ways to restore the fertility of sloping agricultural land in the black soil region of Northeast China, there is a lack of research on the distribution patterns of soil properties and their responses to variation of slope position and cropland management. Thus, research is urgently needed given the important roles of the distribution of soil physical and chemical properties at an agricultural watershed in mediating the sustainability of black soils.



Based on the above considerations, we generated the following hypotheses: (H1) sustainable cropland management would improve soil physical environment and increase OC and nutrient levels compared with conventional cropland management at a small agricultural watershed scale; (H2) soil physical properties, OC and nutrients could be improved from the upper slope position to the lower slope position, and the effects of the lower slope and footslope positions on improving soil physical properties, OC, and nutrients would be greater than other positions under sustainable and conventional cropland management. To test these hypotheses, we present the results of the soil physical properties (i.e., soil BD, aggregates and Ks), OC, N, and phosphorus (P) at the upper slope, middle slope, lower slope, and footslope positions and different soil depths (i.e., 0–15, 15–30, 30–50, 50–70, and 70–100 cm) under the conventional and sustainable cropland management systems at a small agricultural watershed.




2. Materials and Methods


2.1. Study Area


We conducted this study in a small agricultural watershed of Heshan farm (48°59′–49°03′ N, 125°16′–125°21′ E) of Heilongjiang Province in Northeast China (Figure 1). According to the description by Li et al. [25], the topography in the study area is characterized by long (up to 800–2000 m) but gentle (1–4°) slopes with elevations of 310–390 m asl. The region has a cold and semiarid climate, the mean annual temperature is approximately 0.4 °C, the mean annual precipitation is 500 mm, of which 66.6% falls between June and August. The average frost-free period is 115–120 days. The soil in the selected small watershed is black soil, which is Mollisols according to USDA soil taxonomy [26].




2.2. Field Investigation and Soil Sampling


This study region consists of two typical cropland management systems (i.e., conventional cropland management system and sustainable cropland management system) along two main branches at an agricultural watershed. The watershed has a main channel length of 1.6 km and an area of 0.27 km2, and the two main branches have an area of 3.32 km2. The soil and water loss from this study watershed have been monitored by scientists from Beijing Normal University for nearly 20 years (since the early 2000s) [27,28,29]. According to the results of previous studies, there was serious water erosion on the slope and deposition at the footslope position. The conventional cropland and sustainable cropland are located at north-facing slopes and south-facing slopes according to the trends of the two main branches, respectively. The conventional cropland systems were composed of cross (contour) ridge tillage at the upper slope position and longitudinal ridge tillage at the middle slope, lower slope, and footslope positions. The sustainable cropland systems were composed of cross (contour) ridge tillage at the upper slope position, longitudinal ridge tillage at the middle slope and lower slope positions, and grassland at the footslope position. The cropland was converted from forest approximately 60 years ago, crops in the two cropland systems have varied over the years but are mainly maize (Zea mays L.) and soybean (Glycine max (Linn.) Merr.), and annual tillage management has kept the slope flat.



In the harvest season of 2017 (early October), we established 4 transects (i.e., upper slope position, middle slope position, lower slope position, and footslope position) in the two cropland managements of a small agricultural watershed according to the contour and terrain, respectively (Figure 1). The distances of adjacent slope positions from upper slope position to footslope position were equivalent. We assumed that any changes in soils were due to agricultural cultivation and erosion. We conducted 5 sampling plots (10 × 10 m) in each transect for collecting soil samples. According to the depth of black soil (50–70 cm) and the tillage depth (30–50 cm) [25], the soils below this depth could be affected by the mechanical pressure and roots, so we collected soil from 0–100 cm depth to investigate the effects of cropland management and slope position in this study. In each sampling plot, a 1.0 × 1.0 × 1.0 m pit was dug to collect undisturbed soil cores from depths of 0–15, 15–30, 30–50, 50–70, and 70–100 cm. To ensure that the soil samples were not damaged, we collected the soil cores with 100 cm−3 stainless steel cylinders (5.05 cm diameter and 5.0 cm height) at a suitable soil moisture level, and the soil moisture was determined to be 18.8–26.8%. Five disturbed soil samples were collected with a 5.0 cm diameter soil auger from each depth of 0–15, 15–30, 30–50, 50–70, and 70–100 cm in each sampling plot, respectively, and combined to form a composition sample for each depth.




2.3. Measurement of Soil Properties


The composite soil samples were transported to the laboratory and air-dried. The air-dried composition samples were ground to pass through 8.0 mm, 2.0 mm, and 0.25 mm sieves to analyze the water-stable aggregates, particle composition, and the contents of OC, N, and P, respectively. Soil particle composition was measured using laser diffraction methods (Mastersizer 2000, Malvern Instruments, Malvern, UK). The OC contents were determined using the oil bath-K2Cr2O7 titration method of Walkley–Black [30]. Total N contents were measured using the Kjeldahl method [31]. Total P content was determined colorimetrically after wet digestion with sulfuric acid and perchloric acid [32]. A 200-g air-dried soil sample (<8.0 mm) was analyzed for water-stable aggregate distribution by an adopted wet sieving method [33]. The four aggregate classes, i.e., large macroaggregate (LMA, >2 mm), small macroaggregate (SMA, 0.25–2 mm), microaggregate (MI, 0.25–0.053 mm), and silt + clay fraction (SC, <0.053 mm), were separated. These measurement procedures for water-stable aggregate were described in detail by Li et al. [25] Although the method might overestimate the proportion of small size aggregates due to the excessive disturbance of this fraction, we reported results from this most commonly used method so that our results would be comparable with others [25,33].



The first sub-samples of undisturbed soil cores were transported to the laboratory and linked to Mariotte’s bottle to measure saturated hydraulic conductivity (Ks, cm d−1) using the constant-head method based on Darcy’s law [34]. The soil bulk density was determined by oven-drying at 105 °C for 24 h followed by gravimetric measurement from the same soil core samples after the measurement of Ks [35].



Stocks (kg m−2) of soil OC, N, and P were calculated as follows:


   Stocks   of    O  C i  =    D i  × B  D i  × O  C i    100    



(1)






   Stocks   of     N i  =    D i  × B  D i  ×  N i    100    



(2)






   Stocks   of     P i  =    D i  × B  D i  ×  P i    100    



(3)




where Di, BDi, OCi, Ni, and Pi represent the thickness (cm), bulk density (g cm−3), and contents of OC (g kg−1), N (g kg−1), and P (g kg−1), respectively, of the ith layer of soil.




2.4. Statistical Analysis


Two-way analysis of variance and correlation analyses were conducted using SPSS 13.0 software. Two-way analysis of variance was used to test the slope position and soil depth main effects and interaction effects on soil BD, Ks, aggregates, OC, N, and P (p < 0.05). Correlation analysis was used to evaluate the relationships among the soil variables. Testing of significant differences was performed using the Duncan s test.





3. Results


3.1. Effect of Slope Position and Cropland Management on Bulk Density and Saturated Hydraulic Conductivity


The effects of slope position on soil bulk density and Ks differed with cropland managements (Figure 2). In both conventional and sustainable croplands, soil bulk density decreased but Ks increased from the upper slope to the lower slope position. However, in sustainable cropland, soil bulk density was lowest and Ks was highest at the footslope position. In conventional cropland, soil bulk density was lower at the footslope position than that at the upper slope position while higher than those at the middle slope and lower slope positions. However, Ks was greater at the footslope position than that at the upper slope position while lower than those at the middle slope and lower slope positions (Figure 2). When averaged across the slope positions, soil bulk density increased 0.13 g cm−3 (p = 0.002) and Ks decreased 15.85 cm d−1 (p = 0.01) in conventional cropland compared with sustainable cropland at 0–15 cm depth. With increasing soil depth in both conventional cropland and sustainable cropland, soil bulk density significantly increased, and the increase was recorded along the soil profiles (0–100 cm), but Ks decreased and the decrease mainly occurred at 0–50 cm depth (Figure 2).




3.2. Effect of Slope Position and Cropland Management on Water-Stable Aggregates


Averaged across all sources of variation, small macroaggregate (0.25–2 mm) dominated the soil mass in the study region, with a proportion of 66% (62–69%), while large macroaggregate (>2 mm), microaggregate (0.053–2 mm), and silt + clay fraction (<0.053 mm) accounted for 3% (2–4%), 19% (16–21%), and 12% (9–16%) of the soil mass, respectively. The proportion of small macroaggregate significantly increased from the upper slope position to the lower slope position and footslope position in the two cropland management systems. Furthermore, the proportion of small macroaggregate was highest at the footslope position in sustainable cropland and lower slope position in the conventional cropland, respectively (Figure 3). The proportion of microaggregate decreased from the upper slope position to the lower slope position in the two cropland systems (Figure 3). Moreover, microaggregate at the footslope position was lower than the upper slope position but was greater than those at the middle slope and lower slope positions in the sustainable cropland, while microaggregate at the footslope position was lower than the upper slope position but was greater than that only at the lower slope position in the conventional cropland (Figure 3). However, the effects of the slope position and cropland managements on large macroaggregate and silt + clay fraction were weak (Figure 3 and Table 1). In addition, the proportion of large macroaggregate, small macroaggregate, and microaggregate averaged for all slope positions were higher but the silt + clay fraction was lower in the sustainable cropland than in the conventional cropland (2.68% in LMA, 66.11% in SMA, 19.38% in MI, 11.75% in SC vs. 2.62%, 65.87%, 19.15%, 12.36%, respectively) (Figure 3). However, the difference between the conventional cropland and sustainable cropland was not statistically significant.



The response of aggregates distribution to soil depth varied with aggregates sizes in the two cropland management systems (Figure 3 and Table 1). The proportions of large macroaggregate and silt + clay fraction decreased but the proportions of small macroaggregate and microaggregate increased with soil depth in 0–30 cm soils. However, the proportions of large macroaggregate and small macroaggregate decreased but the proportions of microaggregate and silt + clay fraction increased within the soil below 30 cm.




3.3. Effect of Slope Position and Cropland Management on Organic Carbon, Nitrogen, and Phosphorus


Soil OC, N, and P concentrations in the two cropland management systems significantly decreased with increasing soil depth except for increases of soil N concentration from 0–15 cm to 15–30 cm depth, while the decrease mainly occurred in 0–50 cm soils. Soil OC, N, and P concentrations significantly increased from the upper slope position to the lower slope position and footslope position (Figure 4). In sustainable cropland, soil OC, N, and P concentrations along the soil profiles were highest at the footslope position and lowest at the upper slope position, but those at the middle slope and lower slope positions varied with soil depth (Figure 4). For instance, soil OC, N, and P concentrations in sustainable cropland increased by 1.89, 0.40, and 0.22 g kg−1, 2.12, 2.80, and 1.56 g kg−1, and 5.04, 0.64, and 0.21 g kg−1 at the middle slope, lower slope and footslope positions compared with the upper slope position, respectively. In conventional cropland, soil OC, N, and P concentrations along the soil profiles were highest at the lower slope position and lowest at the upper slope position, but those at the middle slope and footslope positions varied with soil depth. For instance, soil organic carbon, nitrogen, and phosphorus concentrations in conventional cropland increased 0.02, 0.19, and 0.12 g kg−1, 3.33, 0.42, and 0.23 g kg−1, and −0.95, 0.20, and 0.06 g kg−1 at the middle slope, lower slope, and footslope positions compared with the upper slope position, respectively. When averaged across all slope positions, soil OC, N, and P concentrations were higher in the sustainable cropland than those in the conventional cropland (14.09 vs. 14.01 g kg−1 in OC concentration, 1.40 vs. 1.21 g kg−1 in N concentration, 0.57 vs. 0.51 g kg−1 in P concentration) (Figure 4).



Soil OC, N, and P stocks in the two cropland management systems significantly decreased with increasing soil depth (Table 2). Soil OC, N, and P stocks at different slope positions varied with soil depth and cropland management (Table 2). For instance, the averaged OC and N stocks followed the order of footslope > middle slope > lower slope > upper slope in 0–50 cm soils but followed the order of lower slope > footslope > middle slope > upper slope in 50–100 cm soils in sustainable cropland. However, the averaged organic carbon and nitrogen stocks in 0–100 cm soils followed the order of lower slope > middle slope > upper slope > footslope in conventional cropland. The difference in soil P stock among slope positions was not significant and differed with soil depth in the two cropland management systems. Soil OC, N, and P stocks, averaged across the slope positions, were higher in the sustainable cropland than those in the conventional cropland (i.e., 3.53 vs. 3.21 kg m−2 in OC stock, 0.35 vs. 0.27 kg m−2 in N stock, 0.15 vs. 0.11 kg m−2 in P stock) (Table 2).





4. Discussion


4.1. Effect of Slope Position and Cropland Management on Bulk Density and Saturated Hydraulic Conductivity


In this study, soil bulk density showed a decreasing trend from the upper slope position to the lower slope position in the conventional and sustainable croplands, which may be due to multiplex erosion (i.e., tillage, water, wind, and freeze-thaw erosion) that occurred in this site transporting the light and fine soil particles from the upper position and depositing them in the lower position, thus improving soil structure and decreasing soil bulk density [27,28,29,36,37]. Our observation is in line with the early results from Li et al. (2004) that soil redistribution by intensive tillage resulted in deterioration in soil quality within the tilled layer in the upper slope and temporary improvement in the lower slope [38]. In this study, a decrease in soil bulk density was observed from the upper to the lower slope position, while in the Oztas et al. [39] study the opposite was observed. This discrepancy is due to the difference in the land use, with eroded agricultural land in our study and grazed grassland in Oztas’ study. The grazing pressure at the footslope was almost higher than the upper landscape positions, resulting in soil compaction as well as higher bulk density at the lower slope. Meanwhile, the results revealed that in the sustainable cropland, soil bulk density was lowest at the footslope position, while in the conventional cropland, soil bulk density at the footslope position was only lower than that at the upper slope position. This discrepancy may be ascribed to the different management practices at the footslope position. Grassland at the footslope position of the sustainable cropland can effectively intercept the eroded sediment rich in organic matter, thereby reducing the soil BD. Meanwhile, the penetration of dense grassland roots and the cementation of residuals also play an important role in reducing soil BD [40,41]. In conventional cropland, the footslope position has a lower slope gradient, which facilitates mechanized sowing and harvesting, resulting in soil hardening and compaction [42,43,44]. In comparison, soil bulk density in the sustainable cropland was 0.13 g cm−3 (p = 0.002) lower than in the conventional cropland at 0–15 cm depth. This indicates that sustainable management in this study is effective for soil erosion control, which was also confirmed by the higher concentration in soil OC, N, and P (Figure 4). Furthermore, we also found that soil bulk density significantly increased with soil depth in the two cropland systems, which was probably due to the significant decrease of soil OC and nutrients with soil depth (  B D = − 38.15 × O C + 67.78 ,    R 2  = 0.83 ;   B D = − 3.59 × N + 6.35 ,    R 2  = 0.81  ;   B D = − 1.08 × T P + 2.07 ,    R 2  = 0.79  ), mechanical tillage of surface soil, and compaction of deep soil. This explanation was supported by our previous observation on the effect of land use change, soil erosion, and the years of reclamation on soil bulk density [25,44,45]. Contrary to the results of soil bulk density, we found that Ks increased from the upper slope position to the lower slope position in both cropland systems (Figure 2). This result is consistent with Walker and Lin [46], who showed that the depression areas had the highest mean surface Ks (10.2 cm h−1), while the summit areas had the lowest mean surface Ks (1.2 cm h−1).




4.2. Effect of Slope Position and Cropland Management on Water-Stable Aggregates


In this study, small macroaggregate increased and microaggregate decreased from the upper slope to the lower slope and footslope positions. One possible explanation was that soil erosion led to coarsening of the topsoil texture and loss of organic matter material at higher slope positions, which prevented the aggregation of soil particles. Another optional explanation was that tillage and water erosion transported the light and coarse soil particles with organic matter from a higher slope position to a lower slope position, which enhance the aggregation of micro-aggregates into macro-aggregates. On the one hand, the enhanced aggregation at a lower slope position was caused by depositional soil particles and organic materials resulting from soil erosion at a higher slope position [47,48,49]. On the other hand, higher biomass productivity at lower slope and footslope positions increased organic matter input and thus organic carbon concentration, enhancing aggregation of micro-aggregates into macro-aggregates. Therefore, the increase of small macroaggregate and decrease of microaggregate from upper slope position to lower slope position and footslope position, and the proportion of small macroaggregate were highest at the footslope position in the sustainable cropland and the lower slope position in the conventional cropland, respectively. The proportion of microaggregate was highest at the upper slope position and was greater at the footslope position than at the middle slope and lower slope positions in the sustainable cropland but only at the lower slope position in the conventional cropland. These results were consistent with observations in other regions [50,51,52]. However, we found that the effects of slope position and cropland managements on large macroaggregate and silt + clay fraction were weak (Figure 3 and Table 1), probably due to their smaller proportions within the soil mass, in particular the proportion of large macroaggregate (<5%).



The averaged values of large macroaggregate, small macroaggregate, and microaggregate across all slope positions were higher but the averaged silt + clay fraction was lower in the sustainable cropland than in the conventional cropland, while the difference was not statistically significant. The results were mainly attributed to the significant increase in large macroaggregate, small macroaggregate, and microaggregate and the decrease in silt + clay fraction at the footslope position in the sustainable cropland, but long-term cultivation and the same management practices at the upper slope, middle slope, and lower slope position did not significantly result in a difference in large macroaggregate, small macroaggregate, microaggregate and silt + clay fraction between sustainable and conventional cropland. The explanation was also supported by the results of the difference in soil OC, N, and P between the sustainable and the conventional cropland in this study, as discussed in the following section. Therefore, in agricultural watershed management, more attention should be paid to the footslope position, which plays an important role in improving soil structure.




4.3. Effect of Slope Position and Cropland Management on Organic Carbon, Nitrogen, and Phosphorus


In this study, soil OC, N, and P concentrations significantly increased from the upper to the lower slope position, probably due to the reduction in the thickness of the fertile black soil caused by tillage erosion and the transport of water erosion resulting in the leaching of OC, N, and P from the in situ soil of the higher slope positions. Furthermore, the decrease of OC, N, and P concentrations at higher slope positions could result in the reduction of crop productivity and thus the return of lower organic materials to the soil as crop litter, dead roots, and root exudates, accelerating further a decrease in soil OC, N, and P concentrations [51,53].



Our results indicated that soil OC, N, and P concentrations were highest at the footslope position in the sustainable cropland. While in the conventional cropland, soil OC, N, and P concentrations were highest at the lower slope position and those at the footslope position were consistent with those at the upper slope position. The difference in soil OC, N, and P concentrations at the footslope position was attributed to cropland management. In the sustainable cropland management system, grassland at the footslope position could intercept sloping runoff and carried sediment, which is often rich in organic materials and nutrients. In the conventional cropland management, ridge tillage at the footslope position, as discussed above in the previous section, resulted in poor soil structure and OC and nutrient environment. An alternative explanation is that grassland improved soil organic matter levels due to the diversity of litter, root exudates, and microbial populations. In the conventional cropland, the footslope position had higher soil water content and intense mechanical traces and thus the surface soil was compacted and sealed, which resulted in lower vertical leaching and transportation of soil OC, N, and P with runoff and fine soil particles at the footslope position. Moreover, long term mechanical tillage transported and deposited the larger sand at the footslope position and the poor physical and nutrient environment led to lower crop productivity and lower input of organic matter material, and therefore lower soil OC, N, and P concentrations. Consequently, although the soil particles and associated OC and nutrients were deposited and accumulated at the transect, lower aboveground biomass and little vertical transportation of OC and nutrients led to them being directly exposed to sunlight and air and thus becoming more decomposed in quantity. We observed that soil OC, N, and P concentrations were higher in the sustainable cropland than in the conventional cropland (Figure 4), but the increase was not significant. This was mainly due to the difference in fertilization in the two cropland management systems decreasing the effects of cropland management on soil OC, N, and P concentrations at the upper slope, middle slope, and lower slope positions, regardless of the significant increases in soil OC, N, and P concentrations at the footslope position in the sustainable cropland compared with the footslope position in the conventional cropland.



The results revealed that the stocks of soil OC, N, and P varied with slope position, soil depth, and cropland management, and the stocks of soil OC, N, and P in the sustainable cropland management system were 0.22, 0.08, and 0.04 kg m−2 higher than those in the conventional cropland management system, respectively. The results can probably be ascribed to the variation in the concentrations of soil OC, N, and P and soil BD as affected by slope position, soil depth, and cropland management [25]. In this study, the variation of soil BD was limited to slope positions, soil depth, and cropland management, but the concentrations of soil OC, N, and P significantly varied with slope position and soil depth, in particular the footslope position. Therefore, the responses of OC, N, and P stocks to the slope position and soil depth were mainly dominated by the changes in soil OC, N, and P concentrations. Hence, similar to the concentrations of OC, N, and P, soil OC, N, and P stocks in the two cropland management systems significantly decreased with increasing soil depth and were higher in sustainable cropland than in conventional cropland. The above results are important to further understand the spatial variation in soil properties along the slope positions in the small agricultural watershed scale, and in particular the important role of the location of the foot of the slope is highlighted. To improve the physicochemical properties of the soil, sustainable cropland management should be more widely promoted, especially for the footslope position, for example by conducting grassland management.





5. Conclusions


In this study, we assessed the changes in soil bulk density, Ks, water-stable aggregates, OC, N, and P with slope positions in the conventional cropland and sustainable cropland of a small agricultural watershed in the black soil region of northeast China. We found that the patterns of variation in soil properties with slope position were similar in the two cropland management systems, shown as soil BD, microaggregates decreased but the concentration of OC and nutrients, Ks, small-macroaggregate, increased from the upper slope position to the lower slope position. In comparison with the conventional cropland, the sustainable cropland has greater Ks, large-macroaggregate, small-macroaggregate, microaggregate, and concentrations and stocks of OC, N and P, but showed lower bulk density and silt + clay fraction. However, the prominent differences in both croplands were presented in the footslope position, which is ascribed to the interaction of cultivation, erosion, and cropland management. Therefore, sustainable cropland management practice has the potential to improve soil structure and prevent soil and nutrient loss. To better maintain soil fertility in agricultural watersheds in the black soil region of Northeast China, a sustainable agriculture pattern should be widely promoted.
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Figure 1. Location of the study site in the black soil region of Northeast China. Distribution of sampling plots in sustainable cropland and conventional cropland. UP: upper slope position; MP: middle slope position; LP: lower slope position; FP: footslope position. 
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Figure 2. Profile distribution of soil bulk density (BD) and Ks at upper slope (UP), middle slope (MP), lower slope (LP), and footslope positions (FP) in sustainable cropland (left) and in conventional cropland (right). Ks: saturated hydraulic conductivity. The error bars are two standard errors of the means. ** indicates that the difference among different slope positions is significant at p < 0.05. 






Figure 2. Profile distribution of soil bulk density (BD) and Ks at upper slope (UP), middle slope (MP), lower slope (LP), and footslope positions (FP) in sustainable cropland (left) and in conventional cropland (right). Ks: saturated hydraulic conductivity. The error bars are two standard errors of the means. ** indicates that the difference among different slope positions is significant at p < 0.05.
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Figure 3. Profile distribution of water-stable aggregates at upper slope (UP), middle slope (MP), lower slope (LP), and footslope positions (FP) in sustainable cropland (left) and in conventional cropland (right). LMA: large macroaggregate (>2 mm); SMA: small macroaggregate (0.25–2 mm); MI: microaggregate (0.053–2 mm); SC: silt + clay fraction (<0.053 mm). The error bars are two standard errors of the means. ** indicates that the difference among different slope positions is significant at p < 0.05. 






Figure 3. Profile distribution of water-stable aggregates at upper slope (UP), middle slope (MP), lower slope (LP), and footslope positions (FP) in sustainable cropland (left) and in conventional cropland (right). LMA: large macroaggregate (>2 mm); SMA: small macroaggregate (0.25–2 mm); MI: microaggregate (0.053–2 mm); SC: silt + clay fraction (<0.053 mm). The error bars are two standard errors of the means. ** indicates that the difference among different slope positions is significant at p < 0.05.
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Figure 4. Profile distribution of soil organic matter, total nitrogen, and total phosphorus concentrations at upper slope (UP), middle slope (MP), lower slope (LP), and footslope positions (FP) in sustainable cropland (left) and in conventional cropland (right). SOC: soil organic carbon concentration; TN: total nitrogen concentration; TP: total phosphorus concentration. The error bars are two standard errors of the means. ** indicates that the difference among different slope positions is significant at p < 0.05. 
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Table 1. Multi-Factor ANOVA for LMA, SMA, MI, and SC as affected by slope position, cropland management system, and depth.
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LMA

	
SMA

	
MI

	
SC






	

	
F

	
P

	
F

	
P

	
F

	
P

	
F

	
P




	
SP

	
1.58

	
0.25

	
16.56

	
<0.01

	
8.59

	
<0.01

	
1.16

	
0.36




	
CMS

	
2.48

	
0.14

	
2.26

	
0.16

	
2.66

	
0.129

	
8.13

	
0.02




	
D

	
161.66

	
<0.01

	
79.92

	
0.07

	
31.16

	
0.137

	
31.63

	
0.42




	
SP × CMS

	
6.81

	
<0.01

	
3.07

	
<0.01

	
2.23

	
<0.01

	
1.02

	
<0.01




	
SP × D

	
0.71

	
0.72

	
0.69

	
0.74

	
0.81

	
0.638

	
0.58

	
0.82




	
CMS × D

	
1.60

	
0.24

	
3.54

	
0.04

	
2.97

	
0.06

	
5.52

	
<0.01








LMA: large macroaggregate (>2 mm); SMA: small macroaggregate (0.25–2 mm); MI: microaggregate (0.053–2 mm); SC: silt + clay fraction (<0.053 mm); SP: slope position; CMS: cropland management system; D: depth.
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Table 2. Effect of slope position (i.e., upper slope, middle slope, lower slope, and footslope positions) on the stocks of organic carbon, total nitrogen, and total phosphorus at different depths of the two different cropland management systems (i.e., sustainable cropland and conventional cropland).






Table 2. Effect of slope position (i.e., upper slope, middle slope, lower slope, and footslope positions) on the stocks of organic carbon, total nitrogen, and total phosphorus at different depths of the two different cropland management systems (i.e., sustainable cropland and conventional cropland).





	
Management

	
Depth

(cm)

	
Organic Carbon Stock (kg m−2)

	
Total Nitrogen Stock (kg m−2)

	
Total Phosphorus Stock (kg m−2)




	
Upper

	
Middle

	
Lower

	
Footslope

	
Upper

	
Middle

	
Lower

	
Footslope

	
Upper

	
Middle

	
Lower

	
Footslope






	
Sustainable

cropland

	
0–15

	
3.94 ± 0.06

	
4.19 ± 0.16

	
4.05 ± 0.16

	
4.34 ± 0.14

	
0.33 ± 0.02

	
0.35 ± 0.06

	
0.34 ± 0.03

	
0.37 ± 0.04

	
0.09 ± 0.02

	
0.14 ± 0.03

	
0.14 ± 0.03

	
0.13 ± 0.02




	
15–30

	
3.54 ± 0.19

	
3.63 ± 0.13

	
3.19 ± 0.12

	
4.47 ± 0.13

	
0.32 ± 0.07 b

	
0.43 ± 0.04 ab

	
0.40 ± 0.09 ab

	
0.55 ± 0.01 a

	
0.15 ± 0.05

	
0.12 ± 0.02

	
0.15 ± 0.05

	
0.15 ± 0.03




	
30–50

	
2.53 ± 0.18

	
3.58 ± 0.25

	
3.43 ± 0.11

	
4.38 ± 0.15

	
0.20 ± 0.06 b

	
0.52 ± 0.09 a

	
0.35 ± 0.08 ab

	
0.57 ± 0.06 a

	
0.09 ± 0.03

	
0.22 ± 0.05

	
0.15 ± 0.02

	
0.19 ± 0.02




	
50–70

	
2.05 ± 0.15

	
2.80 ± 0.16

	
3.23 ± 0.15

	
3.16 ± 0.16

	
0.20 ± 0.05

	
0.31 ± 0.05

	
0.28 ± 0.03

	
0.26 ± 0.04

	
0.09 ± 0.03

	
0.18 ± 0.02

	
0.13 ± 0.04

	
0.13 ± 0.03




	
70–100

	
2.66 ± 0.22

	
3.07 ± 0.14

	
4.37 ± 0.17

	
4.05 ± 0.14

	
0.24 ± 0.08

	
0.28 ± 0.04

	
0.36 ± 0.06

	
0.34 ± 0.09

	
0.18 ± 0.02

	
0.25 ± 0.06

	
0.19 ± 0.06

	
0.16 ± 0.02




	
0–100

	
14.73 ± 0.10 b

	
17.27 ± 0.17 ab

	
18.28 ± 0.15 ab

	
20.39 ± 0.18 a

	
1.30 ± 0.06 b

	
1.89 ± 0.08 a

	
1.72 ± 0.08 a

	
2.10 ± 0.05 a

	
0.60 ± 0.06

	
0.91 ± 0.07

	
0.76 ± 0.07

	
0.77 ± 0.05




	
Conventional

cropland

	
0–15

	
4.42 ± 0.04

	
3.91 ± 0.15

	
4.72 ± 0.14

	
3.83 ± 0.15

	
0.34 ± 0.01

	
0.34 ± 0.08

	
0.40 ± 0.05

	
0.32 ± 0.05

	
0.13 ± 0.01

	
0.13 ± 0.04

	
0.14 ± 0.02

	
0.12 ± 0.03




	
15–30

	
3.68 ± 0.14 ab

	
3.86 ± 0.14 ab

	
4.79 ± 0.16 a

	
2.09 ± 0.10 b

	
0.21 ± 0.05 b

	
0.35 ± 0.04 ab

	
0.41 ± 0.08 a

	
0.26 ± 0.04 ab

	
0.09 ± 0.03 c

	
0.14 ± 0.01 ab

	
0.17 ± 0.03 a

	
0.09 ± 0.02 bc




	
30–50

	
2.81 ± 0.15

	
4.02 ± 0.08

	
2.66 ± 0.13

	
1.90 ± 0.12

	
0.31 ± 0.09

	
0.37 ± 0.04

	
0.21 ± 0.01

	
0.20 ± 0.08

	
0.10 ± 0.05

	
0.12 ± 0.04

	
0.11 ± 0.05

	
0.08 ± 0.03




	
50–70

	
2.18 ± 0.11

	
3.18 ± 0.07

	
1.84 ± 0.13

	
1.82 ± 0.13

	
0.15 ± 0.04

	
0.25 ± 0.03

	
0.22 ± 0.05

	
0.17 ± 0.04

	
0.09 ± 0.06

	
0.10 ± 0.02

	
0.08 ± 0.02

	
0.07 ± 0.02




	
70–100

	
3.01 ± 0.04

	
2.68 ± 0.25

	
4.41 ± 0.14

	
2.47 ± 0.17

	
0.21 ± 0.01

	
0.28 ± 0.09

	
0.23 ± 0.09

	
0.24 ± 0.03

	
0.13 ± 0.03

	
0.13 ± 0.05

	
0.14 ± 0.04

	
0.14 ± 0.02




	
0–100

	
16.10 ± 0.26 ab

	
17.66 ± 0.19 ab

	
18.43 ± 0.15 a

	
12.10 ± 0.14 b

	
1.23 ± 0.07

	
1.59 ± 0.07

	
1.47 ± 0.06

	
1.19 ± 0.06

	
0.54 ± 0.04

	
0.61 ± 0.06

	
0.63 ± 0.05

	
0.52 ± 0.04








Different letters in the same column represent significant differences among treatments at a significance level of p < 0.05.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  agronomy-12-02457


  
    		
      agronomy-12-02457
    


  




  





media/file8.jpg
Soil depth (em)
g2 & &

0

SMA (%) SMA (%)
@ o w o L A
e NI
v o0 a2 6 0
sce S0
L R T R A A






media/file2.png
Study area
%  Thepfovincial capitals

[ | Boundary of Dongbei

0 150 300 450 600km

>ustainable Cropland

~
S
-~
-~

Conventional Cropland

=== Road

Sampling plots






media/file3.jpg
Soildepih (em) |
£ 2 5 0w

g

12

BD (@ em)
L4

16

BD (g o)






media/file9.png
o) = o
- - -

Soil depth (cm)

o0
-]

100

1.0

1.5

2.0

LMA (%)
2.5

1.0

1.5

2.0

LMA (%)

2.5

3.0






media/file1.jpg





media/file7.jpg
20

LMA
25

0

35

40






media/file10.png
SMA (%) SMA (%)
62 64 66 68 70 62 64 66 68 70
O || || 1

%5

20 "

40 - -

60 "

Soil depth (%)

80 "

100

MI (%) MI (%)
16 17 18 19 20 21 22 16 18 20 22
O 1 1 1 1 1 1

— %

- S,
S o D
1 1 1

*

1 1 1
|

|

Soil depth (cm)

o0
-]
T

T

U

00

C (%
8 10 12 14 16 18 8 10 1ZS (0)14 16 18

@) = o
- - -
T T T

Soil depth (cm)

oo
-
T

100






media/file5.png
o) = o
- - -

Soil depth (cm)

oo
-]

100

1.8

1.0

1.2

BD (g cm™)
1.4

1.6

1.8






media/file12.png
60

Soil depth (cm)

80

100

20

40

60

Soil ddepth (cm)

80

100

20

40

60

Soil depth (cm)

80

100

SOC (g kg™) SOC (gkg™)

0.0

10 20 30 40 0 10 20 30 40
TN (gkg™) TN (gkg™)
0.7 1.4 2.1 2.8 3.5 0.0 0.7 1.4 2.1 2.8 3.5
TP (gkg™) TP (gkg™)
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0






media/file0.png





media/file4.jpg
100

K, (emd)
0w 0 s

100

K (emd )
10 2 30

W






media/file11.jpg
SOC(ghg ")

S0C ke
o w0 2w w0 w0 o m
o
10
TN(gkg") TN(ghe ")
07 1421 2 0 07 s o2 2 a5
5 w =
Zw =
2
Z 60
©
10
TP(gke ) TP(ehe ")
00 02 04 05 os 00 02 o4 06 o8
2 1
0 N .
B
I -
B
Za -
§m
™





media/file6.png
Soil depth (cm)

20

40

60

80

100

K, (cm d7)

40

60

100

K (cm d™)

20

30

40

— O %y

LP

—»—FP






