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Editorial on the Research Topic 
Soil degradation and restoration in arid and semi-arid regions


Soil degradation is one of the huge challenges facing the human society, especially in arid and semi-arid regions (Amundson et al., 2015; Kraamwinkel et al., 2021). Soil degradation will lead to the loss of ecosystem functions, such as the decline in productivity and regulatory functions, the loss of species habitats, etc., causing the environment that was once suitable for living things unsuitable (Nunes et al., 2020; Rillig et al., 2023). Accurately understanding the process and mechanism of soil degradation in arid and semi-arid regions and developing technologies to curb soil degradation are of great significance for scientifically responding to land degradation, restoring and improving degraded lands, enhancing ecosystem wellbeing, and promoting the healthy development of human society.
This Research Topic contains eight articles, mainly involving two categories: soil degradation and degraded soil remediation. In addition, judging from the number of articles in the Research Topic, there is more research focusing on degraded soil remediation (five articles) than soil degradation (three articles). Although the articles in this Research Topic involve wind erosion, water erosion, salinization and other soil degradation types, compared with the more diverse soil degradation, the Research Topic is far from enough to understand the remediation of degraded soils. This Research Topic aims to attract more researchers to pay attention to soil degradation in arid and semi-arid regions and promote the remediation and management of degraded soil.
PROCESS AND MECHANISM OF SOIL DEGRADATION
Qi et al. investigated the effect of wind erosion on the surface dust emission of a dry lake in semi-arid grasslands in China. It was found that the surface sediment particles of intermittently dried and permanently dried lakes were mainly <63 μm, but the salt dust particles released from the surface of permanently dried lakes were finer. The concentration of salt dust released from intermittently dry surface is higher than that from permanently dry surface, with the salt ions mainly of Na+, Cl−, and SO42-. However, the dust flux from intermittently dry surface is only 5%–15% of that from permanently dry land. The study revealed the wind erosion mechanisms of degraded lakes and provided reference data for soil desertification control in grassland areas.
Wang et al. demonstrated the effects of water erosion on the stability of soil aggregates and the loss of organic carbon in different slope shapes in the black soil region of northeast China. There was little difference in the fragmentation of soil aggregates between different slope shapes, and the fragmentation of soil aggregates was caused by the uneven expansion and contraction of clay particles. The soil erodibility of straight slope was lower than that of compound slope and concave slope, largely because soil organic carbon content of straight slope was greater than that of concave slope and compound slope. Soil organic carbon is preferably lost in the erosion of the top soil, resulting in the thinning of the black top soil layer and the decline of cultivated land quality.
Esch and MacDougall explored the retention mechanism of soil N and P in grassland ecosystem through microcosmic experiments. Compared with bare land, grassland can greatly reduce soil N loss, but slightly increase soil P loss. Moreover, most of the soil N loss occurred in the early growing season of grassland, while the soil P loss occurred in the late growing season. The addition of N reduces the loss of soil P obviously, but the addition of P has no effect on the loss of soil N. In addition, the difference in grassland function types had no significant effect on the loss of N and P. The authors concluded that soil nutrient loss in conventional agriculture can be mitigated by reducing N and P additions and changing the time of application.
PROCESS AND MECHANISM OF DEGRADED SOIL REMEDIATION
Liu et al. proposed a technique for restoring degraded grassland based on the combination of branch mulching and sheep manure amendment. By combining two readily available and inexpensive resources, sheep manure and caragana branches, soil conditions can be significantly improved by the shelter of tree branches, and further to promote plant growth. Tree branch shelters shade and cool the soil and help maintain high soil water availability. The improvement of soil moisture promotes the conversion of manure nutrients and ultimately promotes the growth of grassland plants. In degraded grassland in northern China, when 60% of the ground is covered by branches, the average soil moisture content can be increased by 5 mm, and the plant yield can be doubled.
In view of the salinization of agricultural soil, Wang et al. took the Yellow River diversion irrigation area in the semi-arid region of northwest China as an example. By comparing the effects of flood irrigation and drip tube on the temporal and spatial distribution of soil water and salt in corn fields, they found that drip irrigation removes excess salt in the root zone through small-area irrigation and slow infiltration in compared with flood irrigation. A desalting zone with plenty water and little salt is formed near the drip head to create a suitable low-salt microenvironment for the normal growth of plants. The use of appropriate drip irrigation can achieve the purpose of water saving and salt control, and effectively enhanced crop productivity.
Sun et al. explored the effect and mechanism of soft rock addition to improve the soil aggregate structure of sandy soil in arid region. It was found that the soft rock addition could change the microstructure of the original sandy soil, which was dominated by a single granular barrier, promote the formation and development of soil, and form soil aggregates with good structural characteristics. Compared with aeolian sandy soil, the iron oxide in composite soil is fixed by combining with organic matter, which enhances the stability and development of soil aggregates, and thus improves the soil structure and productivity.
In response to the low phosphorus availability in calcareous soils in semi-arid regions of China, Lin et al. studied the effects of straw returning on soil phosphatase activity and available nutrients under a corn-wheat planting system. They reported high straw return rates led to a reduction of carbonate concentration by about 50% in 3.5 years. At the same time, the activity of soil phosphatase was significantly increased. The increase of substrate availability caused by straw returning to field may contribute to the improvement of soil phosphatase activity. The soil nutrition and phosphatase activity of calcareous soil could be improved with a high straw return rate.
Wang et al. research on farmland soil in the Chinese Loess Plateau showed that the application of organic fertilizer and the optimization of planting patterns can effectively improve the soil organic matter, nutrient content and microbial activity of the farmland, thus improving soil quality. After the application of organic fertilizer to the soil, it promoted the propagation of microorganisms and the soil carbon and nitrogen cycles, and increased the accumulation of soil nutrients. Reasonable crop rotation can achieve balanced utilization of soil nutrients and improve soil nutrient status. In dry farmland of the Loess Plateau, wheat and corn rotation combined with organic-inorganic fertilizer is an effective way to improve soil quality.
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New strategies are desperately needed for restoring the millions of hectares of degraded grasslands in arid and semiarid areas of northern China. This study evaluated using different combinations of manure amendments and shrub branch shelters for their impacts on soil moisture, nutrient availability, and plant growth over two growing seasons in a degraded grassland in Ningxia, China. A two-factor experiment was conducted, with three concentrations of 1.2 g m−2, 442 g m−2, and 884 g m−2 native Tan sheep manure as the main plots. Cut caragana (Caragana intermedia) branches were used to create branch shelters covering 0%, 20%, 40%, and 60% of ground area, and these acted as sub-main plots. Soil water storage, soil temperature, manure decomposition, branch decomposition, soil nutrients, and plant growth were monitored for 2 years. Results indicated that soil water storage was significantly increased, and soil temperature decreased, under the 40% and 60% branch shelters. Decomposition rate of manure and shrub branches also increased with increasing soil water availability associated with the higher branch sheltering effects, although soil carbon and nitrogen concentrations were primarily driven by the decomposing manure. The combination of high levels of shrub branch shelter and manure application significantly enhanced plant production, although the bulk of the biomass was concentrated in one species, Artemisia scoparia. In conclusion, our study successfully demonstrated feasible and inexpensive solution for the restoration of degraded grasslands, which takes advantage of resources associated with overgrazing Tan sheep and Caragana shrub encroachment in arid and semiarid areas.
Keywords: caragana branch shelters, soil water availability, sheep manure decomposition, soil nutrients, plant growth, degraded grassland
1 INTRODUCTION
Grassland ecosystems account for approximately 40% of the Earth’s surface (Luan et al., 2014), and fulfil important functions and services in agricultural systems (Liu et al., 2011). Grasslands provide the basis for agriculture with 3.38 billion ha (26%) used as livestock pasturing and 1.53 billion ha (12%) for cropland (Foley et al., 2011). However, due to climate change and human disturbance, grassland degradation has become a serious global ecological problem (Akiyama and Kawamura, 2007; Dong et al., 2019). Clearing of natural vegetation followed by chronic tillage for crops degrades soil structure, oxidizes soil organic matter, and kills the soil microbial communities that help bind the soil, resulting in increased erosion (Reichert et al., 2022). Overgrazing also kills the plants whose roots bind the soil and contribute to soil organic matter in grasslands (Klumpp et al., 2009). In summary, both systems lead to grassland degradation which has been described as an inverse succession that combines the deterioration of vegetation and soil (Gang et al., 2014). Therefore, many practices such as reseeding, fertilization, irrigation, organic amendments, and enclosure have been adopted to restore degraded grasslands (Zhang Q et al., 2021).
Presently, overgrazing is widely regarded as a major factor contributing to grassland degradation. However, with appropriate grazing practices, manure deposition and decomposition by livestock can play a positive role in grassland soil nutrient cycling and grassland restoration (Schuman et al., 2002), since about 50% (range 40%–60%) of total animal N excretion is voided in grasslands (Oenema and Tamminga, 2005). Numerous studies have demonstrated that returned or applied livestock manure to grasslands can effectively improve grassland soil fertility and productivity (Min et al., 2014; Duffková et al., 2015; Zhang et al., 2015; Bai et al., 2017). Moreover, livestock manure has high concentrations of easily-decomposable C and N compounds, providing readily-accessible nutrients to the soil micro- and macrobiota decomposers (Knops et al., 2002; Bakker et al., 2004). Conversely, chronic export of animal manure from the grassland ecosystem can result in deterioration of soil fertility and decline of grassland primary productivity (Xu et al., 2012). However, in degraded grassland systems, manure application alone is generally insufficient to restore the soil health and other types of amendments are needed. In particular, strategies are needed to improve soil water availability in these dry environments, since the activities of microbial manure decomposers are usually positively correlated with increasing soil moisture in arid areas (Zhu et al., 2020). Hence, the measures for improving soil water condition may have benefit for livestock manure decomposition and soil nutrient improvement in grazed grasslands.
In natural, undisturbed grasslands, the thick layer of leaf litter that forms across the surface has been shown to increase rain capture and shade and cool the soil (Deutsch et al., 2010). Similarly, the use of mulch and other surface organic amendments is also gaining recognition for their value in shading and cooling soils, and reducing evaporative losses. For instance, addition of a thick layer of wood chips as mulch over the soil surface, can cool the soil, reduce evaporative loss, and enhance plant growth in arid areas (Li et al., 2018, 2019). Mulch is also used as a common landscaping practice, to prevent weed germination and growth, which it does by inhibiting light from reaching the surface (Cochran et al., 2009). Alternative strategies are needed that help shade and cool, but also allow some light penetration to help seed germination.
Previous research has shown that piling branches over the soil can shade and cool the soil yet allow seed germination and plant growth (Li et al., 2018, 2019; Leger et al., 2022). And unlike wood chip mulch, the sturdier longer branches facilitate the formation of a loose three-dimensional structure of material above the soil surface. One potential source of woody material, namely invading shrubs, may be a useful source of material for these amendments, while countering shrub encroachment, which has become another factor which is contributing to grassland degradation worldwide (Wilson et al., 2022). The proliferation of shrubs in grasslands can substantially change the pattern of soil water resources, which in turn leads to changes in the structure and function of the ecosystem (Jia et al., 2018; D’Odorico et al., 2012). Presently, about 10%–20% of arid and semi-arid grasslands are undergoing shrub encroachment (Watson et al., 2018). This phenomenon has been documented in southwestern North America (Caracciolo et al., 2016), the Mediterranean Basin (Maestre et al., 2009), Australia (Eldridge and Koen, 2003), and South Africa (Kerley and Whitford, 2009). Some grasslands in Inner Mongolia, Gansu, Ningxia, and other provinces of northern China are also exhibiting shrub encroachment (Wei et al., 2019). In eastern Ningxia, China, caragana (Caragana intermedia) were extensively planted in grasslands (accounting for about 33% of grassland area) for wind prevention and sand stabilization (Zheng et al., 2019). In the period immediately following planting, the caragana was deemed successful in stabilizing the sandy soils, however it was subsequently found to consume large amounts of water, decreasing overall soil water availability (Dan et al., 2020). As a result, with increasing time since planting of the caragana, a suite of problems occurs, including reduction in perennial herbs, water deficit, and soil degradation gradually developed in local grasslands (Zhao et al., 2020). Therefore, fire management and other measurements have being extensively adopted to reduce shrub encroachment for grassland restoration (Killgorea et al., 2009; Wang et al., 2018; Wilcox et al., 2018). However, fire management may also cause environment pollution and waste of potentially valuable resources.
Interestingly, previous research has demonstrated that tree branch shelters were successful in achieving benefits to cool temperatures and increase soil moisture contents in forests that had been thinned (Morreale and Sullivan, 2010). Even when laid directly atop forest soils coarse woody debris also has benefits in improving soil moisture, increasing soil organic matter, and reducing bulk density (Bulmer et al., 2007). Our earlier studies in semi-arid environments have also demonstrated that tree branch shelters effectively and immediately decrease evaporation, retain more precipitation, and enhance plant growth in desertified grassland soils (Li et al., 2018, 2019). Moreover, over longer term periods of three or more years, tree branch shelters were found to improve soil physical properties and increase soil nutrients of desertified grassland (Li et al., 2019). In addition, moderate shading level, for example <60%, had minimal negative effects on overall annual grassland net herbage accumulation (Dodd et al., 2005). Furthermore, unlike light organic materials such as straw and other herbaceous materials that may easily decompose in as little as 2 years even in more arid regions, woody materials (for instance shrub and tree branches) can last for years to decades (Weedon et al., 2009) when used for soil restoration. Therefore, woody materials have an additional advantage of reducing the cost of soil restoration over the long term, since constant re-application is not needed.
Given this framework, it is likely that caragana branches can also be viable for use as in-situ shelters to improve grassland soil moisture and jump-start restoration of degraded grasslands in Ningxia, where the climate is semi-arid and this shrub is abundant. We hypothesize that (a) caragana branch shelters can facilitate nutrient cycling of livestock manure in grassland by improving soil moisture availability, and (b) then enhancing plant growth via improving soil moisture and nutrient availability. The overall goal of this study was to evaluate the potential of utilizing various combinations of two readily available resources, caragana branch shelters and sheep manure, to improve the soil environment and support increased native plant productivity in highly degraded arid landscapes of northern China. The specific objectives of this study were to: (a) analyze the effect of using caragana branch shelters versus manure on the soil physical environment, including soil temperatures and soil water storage in the study site; (b) evaluate the interactive effects of different sheltering levels and amounts of manure amendment on decomposition rates of the two materials, as well as soil nutrient levels, and (c) evaluate interactive effects of manure and branch shelter treatments on plant production, as indicated by biomass, average plant height, and cover.
2 MATERIALS AND METHODS
2.1 Site description
The study site is located in Yanchi County, Ningxia (106° 30′—107° 47′ E, 37° 04′—38° 10′ N), Northern China. The regional climate is a typical temperate continental and monsoonal climate. The average annual temperature is 8.1°C. The annual precipitation is 295 mm, and the average annual potential evapotranspiration is 2,132 mm, and the frost-free period is about 162 days (Zhang Y et al., 2021). The soil texture is primary sandy loam, and the soil characteristics of the 0–20 cm layer as follows: pH was 8.69, 0.18 g kg−1 total N, 0.53 g kg−1 total P, 2.29 g kg−1 organic matter content. The natural vegetation of the site is desert steppe, and the plant species mainly consist of Artemisia scoparia, Corispermum mongolicum, Heteropappus altaicus, Agropyron cristatum, Salsola ruthenica, Agropyron mongolicum, Bassia dasyphylla, and planted Caragana intermedia. However, caragana shrubs were extensively planted in grasslands (account for about 33% of 3,327 km2 grassland area) for wind prevention and sand stabilization in this area, and the total above-ground caragana biomass (dry weight) in grassland can be as high as 8.4 × 104 kg km−2 (Zheng et al., 2019).
2.2 Field experiment design
The field experiment was set up in October in 2016 in a degraded 60 hm2 grassland, and the measurements were conducted during the two subsequent growing seasons of 2017 and 2018. Prior to the experiment, this grassland was intensively grazed by Tan sheep, a native species to this region. The grazing density was 3–4 Tan sheep·hm−2, and the whole grassland was enclosed by fences with a gate. The vegetation of the site consisted of mixed grass species and shrub caragana. The cumulative amount of oven-dried (85°C) sheep manure was 872 g m−2 at the gate and 1.2 g m−2 at 800 m from the gate, based on an initial sampling of the surface soil (0–5 cm depth) throughout the field.
In order to ensure the homogeneity both for soil properties and vegetation, all experimental plots were set up 200 m far away from the gate, i.e., at sites where the concentration of sheep manure was approximately 442 g m−2. Then, a split-plot experiment was designed (Figure 1), and the main plots were comprised of three treatments where the cumulative manure concentrations were 1.2 g m−2 (thus near to zero), 442 g m−2, and 884 g m−2 for low (L), medium (M) and high (H) concentrations, respectively. Thus, for L, almost all manure had been removed from the plots, by shoveling. Whereas, for H, the manure removed from L plots were added into H plots. The M plots had no manure removed or added. The sub-main plots were comprised of four different branch shelters based on our previous studies (Li et al., 2018, 2019). Thus 0%, 20%, 40%, and 60% of grassland surface area were overlaid by the cut caragana branch shelters. Caragana branches of ∼0.7 cm diameter were obtained from throughout the study site. Then branches, with length of ∼1 m, were selected and layered over the soil surface, criss-crossing to form a lattice type structure, after the manure plots were set up. The sheltering levels were adjusted and measured by LAI-2200C plant canopy analyzer (Li-COR Inc., United States) in October, when there was no aboveground plant foliage to interfere with the measurements. The branch shelter treatments were randomly distributed in each main block. The shelter treatments of 20%, 40%, and 60% surface coverage corresponded approximately to 660 g m−2, 1,320 g m−2, and 1980 g m−2 (dry weight) caragana branches, respectively. Increasing extent of the branch shelters provided increasing amounts of shade, a thicker boundary layer above the soil surface which would act to reduce evaporative losses, as well as a greater amount of wood for potential decomposition into the plot.
[image: Figure 1]FIGURE 1 | Shrub encroached grassland (A) in study site and schematic (B) and photo (C) showing layout of the experimental study site and plots. L, M and H in figure b are low, medium, and high amount of manure accumulated in grassland surface.
In total, 12 treatments with four replicate plots per treatment were set up for the experiment. Each plot size was 16 m2 (4 × 4 m), and each pair of plots were separated from each other by 2 m spacing, and 4 m alleys between the two main blocks. There was no grazing allowed in the field plots during the experimental period, and the whole experiment site was enclosed with fences to prevent intrusion by Tan sheep and other large herbivores. The organic carbon content of manure and branch are 198.55 g kg−1and 453.94 g kg−1, respectively; the total N of manure and branch are 12.27 g kg−1 and 14.82 g kg−1, respectively.
2.3 Monitoring of soil water content and associated soil temperature
The soil volumetric water content within the 0–20 cm soil layer was monitored using AZS - 100 Handheld Meter (Aozuo Ecology Instrumentation Ltd., Beijing China), but calibrated by the gravimetric method. Measurements were made every 10 days from April to October both in 2017 and 2018. Finally, the soil water storage was calculated with the following equation:
[image: image]
where SWS (mm) is soil water storage; VW is volumetric water; H (mm) is soil depth = 200 mm.
Additionally, soil temperature at the depth of 20 cm was monitored at 14:00 h on the same day as the soil moisture measurements were made, using a soil thermometer (Changzhou Rui Ming Instrument and meter plant thermometer, Changzhou China).
2.4 Measurement of decompositions and nutrient inputs both for manure and caragana branches
Decomposition rates of manure and caragana branches were measured using nylon bags (with 2 mm mesh). For manure bags, 100 g oven-dried (85°C) and intact sheep manure were placed into a bag, then two bags were laid on the surface of the soil within each plot (totally, four sheltering levels × 3 manure concentrations × 2 sampling dates × 4 replicates = 96 bags). For branch bags, 100 g oven-dried (85°C) air-dried caragana branches (∼0.7 cm in diameter and 10 cm in length) were placed into each bag, then two bags were placed into each plot for which there was branch sheltering (thus totally, three sheltering levels × 3 manure concentrations × 2 sampling dates × 4 replicates = 72 bags).
Both for manure and branches, one bag in each plot was collected at the end of September in 2017, and another was collected at the end of September in 2018. Then the decomposition rate was determined as the change in oven-dried weight loss determined after oven drying at 85°C. Organic carbon was assayed by the acidified potassium dichromate (K2Cr2O7-H2SO4) heating method (Bao, 2013). Total nitrogen (N) was determined using the Kjeldahl procedure (Bao, 2013). Considering the influence of soil to interfere accurate evaluation for manure decomposition, ash correction was applied according to Rashid et al. (2017). Thus, a muffle furnace was used to determine ash content in bags by loss-on ignition at 550°C for 4 h, and the soil dry weight that contaminated the manure calculated as following equations:
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where CDW is soil dry weight (g) than contaminated the manure bag, ASR is ash content (mg) that remained in manure bag, AIC is the initial ash content (mg) in manure bag and ASL is the soil ash content (mg g–1). After ash correction, cumulative decomposition rate of manure and branches, as well as the potential maximum C and N which manure and branches input into soil were evaluated with the following equations:
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where, DR (%) is cumulative decomposition rate of manure or branches after one or 2 years; DMinitial (g m−2) is the initial dry matter weight of manure or sheltered branches in each plot; DMend is the dry matter weight of manure or sheltered branches were decomposed after one or 2 years in each plot; Creleased or Nreleased (g m−2) is cumulative released C or N from decomposed manure or branches after one or 2 years in each plot; Ccontent (g kg−1) or Ncontent (g kg−1) is the concentration of C or N in manure or branches; Cinput (g kg−1) or Ninput (g kg−1) is the potential maximum C or N which manure or branches cumulatively input into soil; BD (g cm−3) is soil bulk density, and in this study BD = 1.4 g cm−3; S (m2) is soil area in calculation, and 1 m2 soil area was applied in calculation in this study; H is soil depth, H = 20 cm in this study.
2.5 Soil sampling and soil chemical property measurement
Samples were also collected at the end of September in both 2017 to 2018. Three soil samples between 0 and 20 cm were collected in each plot, and then mixed together to get about a 500-g composite sample for each plot. Four replicate samples were then analyzed from each composite for each treatment. Soil samples were sieved through a 2-mm mesh and oven-dried for chemical property analysis.
Soil organic carbon (SOC) was assayed by the acidified potassium dichromate (K2Cr2O7-H2SO4) heating method (Bao, 2013). Total nitrogen (N) was determined using the Kjeldahl procedure (Bao, 2013); total phosphorus (P) was determined using H2SO4 + HClO4 digestion (Bao, 2013); available N was determined by the alkaline diffusion method (Bao, 2013); available P was exacted with 0.5 mol/L NaHCO3 (pH 8.5) (Bao, 2013).
2.6 Investigation of grassland vegetation
Within each plot, a 1 × 1 m quadrat was set aside for analyzed vegetation in September in 2017 and again in 2018. The total coverage and average height of vegetation was evaluated according to point frame method (Byrne et al., 2011), then the aboveground biomass was harvested, dried at 60°C for 48 h, and weighed (Bloor, 2015).
2.7 Statistical analyses
Two-way ANOVAs were applied to detect the effects of shelters, sheep manure, and shelters × manure on each determined soil and plant index, respectively. And when the results of two-way ANOVAs shown interaction effect is significant, the simple effect analysis, thus One-way analysis of variance (ANOVA), was used to determine the difference between the effects of one factor at different levels of another factor. Regression analysis was applied to reveal the correlation of manure decomposition rate and soil water storage, as well as branch decomposition rate and soil water storage. Correlation analysis was used to reveal the relationships between plant growth parameters and tested soil properties. All above analyses were carried out using the “vegan” package in R. In all tests, a p-value ≤0.05 was considered significant.
3 RESULTS
There was slightly more rainfall in 2018 (374.6 mm) than in 2017 (353.4 mm), however in 2017 it was distributed as smaller but more frequent storms throughout the growing season (Figures 2A, B). Average air temperature was hotter in 2017 than in 2018 (Figures 2C, D). Soil temperatures reached a maximum of 45°C in 2017, but maximums were 10° lower in 2018, at 35°C (Figures 2E, F).
[image: Figure 2]FIGURE 2 |  The precipitation (A,B) over the two growing seasons, and the maximum soil temperatures (C,D) and soil water storages (E,F) of degraded grassland under different branch sheltering levels in 2017 and 2018. Data in parentheses were average soil temperature ±SE (C,D) and average soil water storage ±SE (E,F), and different letters indicate significant differences among different treatments at the 0.05 level.
3.1 Effect of shelters on soil water storage and soil temperature of grassland
Branch shelters significantly decreased the average daily soil maximum temperature in both 2017 and 2018 (Figures 2C, D). Increasing the extent of branch shelter up to 60% resulted in 2°C cooler average soil temperatures in 2017, and in 3.4°C cooler soil temperatures in 2018, when compared with unsheltered exposed soil.
Soil water storage was overall slightly higher in 2017 than in 2018. There was a significant increase in average soil water storage associated with the 40% and 60% branch shelters as compared to the 0% Control in both 2017 and 2018 (Figures 2E, F). The 60% shelter increased the average soil water storage by 32% and 47.2% over the Controls in 2017 and 2018, respectively. The 20% branch shelter also increased soil water storage above the Control on several days, but was not statistically significant on average. In contrast, increasing the amount of sheep manure, without an associated shelter, was not found to significantly increase soil water storage or decrease soil temperature in either 2017 or 2018 (p > 0.05) (Supplementary Figure S1).
3.2 Effect of branch shelters on decomposition and nutrient releases of manure and branches
Two-way ANOVAs indicated that branch shelters significantly impacted both the manure and branch decomposition rates both in 2017 and 2018 (p < 0.001), evaluated as % weight loss from the initial weight. Manure concentrations also significantly impacted its own decomposition in 2018 (p < 0.001), and branch shelters × manure concentrations significantly impacted manure decomposition as well both in 2017 and 2018 (p < 0.05 or 0.001) (Figure 3). By the end of 2017, Control manure bags had lost ∼25% of their initial mass, while treatments with shelters of 40% and 60% significantly increased the decomposition loss rate of the manure to roughly 50% (Figure 3A). In 2018, manure bags with 0% or 20% shelters had only lost an additional 5% of their initial weight but bags in the 40% and 60% shelters dramatically lost up to 65% of their initial weights (Figure 3C).
[image: Figure 3]FIGURE 3 | Decomposition rates of manure (A,C) and caragana branches (B,D) under different treatments evaluated as % weight loss from the initial weight, as well as regressions of decomposition rate against soil water storage (mm) for manure treatments (E) and caragana treatment (F) in 2017 and 2018. Different letters above columns in Figs a, b, c, and d indicate significant differences among different sheltering levels in Figs a and b (p < 0.05). Different p values in Figs a, b, c, and d show the effects of branch sheltering (Br), manure concentration (Ma), and their interaction (Br × Ma) on decomposition by two-way ANOVAs.
In contrast, caragana branches had very low decomposition rates, with less than 5% loss rate at the end of 2017 (Figure 3B). Branch bags had only lost an additional 5% more after the next 2018 growing season (Figure 3D). However, increasing density of the shelter did slightly increase the decomposition rate of the caragana bags. Further analysis showed that, as a whole, the decomposition rates of manure were increased with increasing branch sheltering levels both in 2017 and 2018. In addition, the decomposition rate of caragana branches also increased with increasing sheltering levels both in 2017 and 2018. Regression analysis revealed that both the manure decomposition and branch decomposition rates were positively correlated with soil water storage (p < 0.05 or 0.01) (Figure 3E and Figure 3F).
The potential maximum C and N which manure and branches inputted into soil were estimated based on the rates of decomposition (Table 1). Branch treatments had no substantial effect in inputting C and N into soil during the whole experimental period. However, with increased sheltering levels, the potential of manure inputted C and N did increase. Manure had potential input of maximum C into the soil between 0.07—0.33 g kg−1 in 2017 and 0.06 g kg−1—0.29 g kg−1 C in 2018. Potential maximum inputs of Nitrogen into the soil from manure were 0.01–0.02 g kg−1 both in 2017 and in 2018.
TABLE 1 | The evaluation of potential maximum C and N which decomposed sheep manure and caragana branches input to soil.
[image: Table 1]3.3 Effect of branch shelters on soil nutrients of grassland
Overall, branch shelter, sheep manure, and branch shelter × sheep manure generally had a positive effect on enhancing soil nutrients (Figure 4). However, patterns differed depending on year and on chemical species. SOC started with a low concentration of approximately 2.5 g kg−1 in the Controls in 2017. SOC was significantly increased in the High manure treatments, when there were increases in branch sheltering levels. SOC responded more strongly to the increase in branch shelters in 2018 with a maximum concentration of 3.7 g kg−1g under High manure and 60% shelter. Increasing manure amounts, and especially increasing sheltering levels, resulted in increased concentrations of Total P, Available N, and Available P in both 2017 and 2018. However, Total N concentrations overall decreased by half in the second year, whereas Available N almost doubled in the second year. In contrast, phosphorus concentrations exhibited the reverse pattern, with Total P increasing from year one to year two while Available P was reduced to less than 10% in the second year.
[image: Figure 4]FIGURE 4 | Soil organic carbon (A,B), total N (C,D), total P (E,F), available N (G,H), and available P (I,J) between 0–20 cm depth under different shrub branch sheltering levels and cumulative sheep manure concentrations in degraded grassland in 2017 and 2018. L, M, and H denote sheep manure with low, medium, and high concentration in grasslands. Different uppercase letters indicate significant differences among different concentrations of sheep manure (p < 0.05), while lowercase letters indicate significant differences among different levels of shrub branch shelters (p < 0.05). Different p values show the effects of branch sheltering (Br), manure concentration (Ma), and their interaction (Br × Ma) on soil nutrients by two-way ANOVAs.
3.4 Effect of branch shelters on plant growth of grassland
Under the lowest manure treatment, and without branch shelters, plant growth at the end of 2017, was extremely low, measured respectively as average coverage (20%), average height (12 cm), and biomass (30 g m−2) (Figures 5A, C, E). Without the addition of branch shelters, increasing the amount of sheep manure from Low to High in year 1, during the plant establishment phase, resulted in limited plant growth and only slightly increased plant biomass (Low avg 32.1 g m−2; High avg 69.7 g m−2; Figure 5E). Without shelters in year 2, the final biomass was approximately four-fold higher in the Low manure treatment (Avg 128.4 g m−2) as compared with year 1, but the plant growth was significantly higher in the Medium manure treatment (Avg 167.4 g m−2) and High manure treatment (Avg 192 g m−2) than Low manure treatment. Addition of branch shelters to the Low manure treatment, significantly increased the plant biomass production in year 1 as compared with no shelters (60% and Low manure in year 1: avg 134.3 g m−2).
[image: Figure 5]FIGURE 5 |  Plant coverage (A,B), height (C,D), and biomass (E,F) under different shrub branch sheltering levels and cumulative sheep manure concentrations in degraded grassland in 2017 and 2018. L, M, and H denote sheep manure with low, medium, and high concentration in grasslands. Different uppercase letters indicate significant differences among different concentrations of sheep manure (p < 0.05), while lowercase letters indicate significant differences among different levels of shrub branch shelter (p < 0.05). Different p values show the effects of branch sheltering (Br), manure concentration (Ma), and their interaction (Br × Ma) on plant growth by two-way ANOVAs.
When manure and shelter treatments were combined, there were impressive increases in production. During the plant establishment phase in year 1, High amounts of manure combined with 60% sheltering level resulted in an average 134.3 g m−2 of biomass (Figure 5E), and by the end of year 2, biomass under Medium manure had reached 238.4 g m−2 and 310.9 g m−2 under the 40% and 60% shelters respectively (Figure 5F). Plant biomass in year two under High manure was comparable or slightly lower than Medium manure, under the same sheltering levels. Similar patterns were observed for the two other indices of plant response, i.e., plant coverage and plant height. However in all cases, plant biomass was dominated by, or consisted solely of one native annual species, Artemisia scoparia.
Correlation analysis revealed that all tested soil properties positively correlated with plant heigh and biomass (p < 0.01), yet not correlated with plant coverage (p > 0.05) in 2017 (Table 2). However, in 2018, all tested soil properties (except available P) were positively correlated with plant coverage, height, and biomass (p <0.01 or 0.05; Table 2).
TABLE 2 | The correlations between plant growth parameters and soil properties.
[image: Table 2]4 DISCUSSION
Overall, the results of this study demonstrated that combining two readily available and inexpensive resources, sheep manure and caragana branches in the form of a branch shelter, can significantly improve the soil environment and foster native plant growth in the severely degraded grassland soils, such as those of Ningxia, China. The branch shelters act to shade and cool the soil, and help maintain significantly higher soil moisture availability. This pattern was consistent across the two growing seasons. Addition of manure significantly increased the availability of nitrogen and phosphorus for plant growth. Application of manure alone, which is the traditional amendment approach, only had a minor effect on soil properties and plant growth, even at the highest levels. In contrast, increasing the branch sheltering level up to 60%, at the lowest manure rate, doubled plant production which suggests that limited water availability may be a stronger driver in these semi-arid environments. In fact, after 2 years, treatments with the highest amounts of both branch shelters and manure amendments combined resulted in a nearly doubling of the soil organic carbon and greatly boosted plant production to 311 g m−2 (3,110 kg ha−1) by the end of year 2. Continued observations of the plants after the study ended indicated that they maintained enhanced production under the amendments in the subsequent year as well.
Notably, plant biomass in the treatment plots was dominated by a single native annual, wormwood Artemisia scoparia. Although the substantial increase in plant production can help jumpstart ecosystem processes and begin the self-healing of the grassland, additional inputs would likely be needed, either in the form of seeds or seedlings, to more quickly re-establish the diverse grassland flora communities key to a stable and resilient ecosystem. This simple and inexpensive solution employing readily available amendment materials has strong potential for application in other severely degraded landscapes. The research findings also provide new insights into the valuable benefits of a different form of organic amendment, namely branch shelters derived from encroaching shrubs, to help restored degraded grasslands.
In arid and semiarid regions, agricultural production is being exacerbated by increasing droughts associated with climate change (Pachauri and Meyer 2014). Hence, improvement of soil water capture and availability is pivotal in these water-limited regions and our research provides useful new insights about the role and efficacy of woody amendments in this regard. This study demonstrated that soil water availability can be significantly increased by the use of branch shelters in degraded soils. Our previous research demonstrated that branch shelters combined with woodchip incorporation into the soil could increase average soil water content by as much as 5 mm above the unamended soil, (from 7 to 11 mm in year 2012 and 11–16 mm in the same plots 3 years later) and by ∼ 2 mm above the unamended soil in the woodchip treatment without branches in the same time periods (Li et al., 2019). This was a substantial improvement in soil water availability given the annual rainfall of ∼150 mm during both growing seasons. In comparison, the current study demonstrated that only using branch shelters, with no woodchip incorporation, had an average increase of ∼3.5 mm in soil water storage, under conditions of more than twice the total rainfall, and also decreased the maximum soil temperatures by at least 2°. Although less effective at improving soil moisture than the combined branch plus woodchips, the branch shelters alone are a simpler solution to implement than incorporation of woodchips into the soil. The successful use of branch shelters provides a new and complementary type of organic amendment, along with mulch, composts, and woodchip incorporation, that can help to restore degraded grasslands.
The impacts of the woody amendments are apparently complicated by the specific temperature and precipitation regimes experienced in a given year. The study year 2018 was significantly cooler and only slightly dryer than 2017, which may explain why the branch shelter treatments exhibited greater success in reducing soil temperatures and increasing soil water storage in the second year. But, when the results of all these studies are integrated, it is clear that woody amendments can play a key role in restoring grassland soils, with significant reductions in soil temperatures and increases in soil water availability. These results can be achieved with just the use of branch shelters, with greater benefits achieved by combining shelters with woodchip or manure incorporation into the soil.
A few other studies have also corroborated this finding. For example, the use of long plum tree branches increased soil moisture in the jujube orchard in the Loess Plateau of China (Yang et al., 2010). Even loose piles of wood latticed above the forest floor achieved similar benefits of cooler temperatures and higher soil moisture contents (Morreale and Sullivan, 2010). It is likely that the use of branch shelters retains soil moisture through a combination of processes including increasing the boundary layer thickness, which acts to reduce evaporation, and by shading (Flerchinger et al., 2003; Fuchs and Hadas, 2011). However, more research is needed to understand the underlying mechanisms so that appropriate restoration applications can be developed. For example, plastic branch shelters may not provide the same benefits as wood branches, because they can’t absorb and release water and contribute to evaporative cooling. In a similarly vein, our previous research showed that rubber woodchips did not provide the same benefits as true woodchips incorporated into the soil because they couldn’t absorb and then release water (Menzies-Pluer et al., 2020).
In all, the utility of small branch material for ecological restoration is particularly useful given that shrub encroachment has become a global nuisance contributing to grassland degradation. For instance, previous studies have showed that caragana growth depleted or even exhausted soil water of the grassland in our study site (Zhao et al., 2020). Historically, these invasive shrubs are removed mechanically, or herbicides and fire are used to destroy the shrubs (Killgorea et al., 2009; Wang et al., 2018). However, our study suggests that shrubs can be cut and used for shelter for grassland restoration in the future.
This study also revealed that utilizing Tan sheep manure as a soil amendment proved to be a vital strategy for soil nutrient enhancement in a region where this material is widely available. Previous studies have shown that 75%–95% of the nitrogen of the forages consumed by grazing livestock is returned to the grassland in the form of both manure and urine (Cai et al., 2014). Schuman et al. (2002) also reported that manure deposition by grazing livestock has a significant impact on grassland soil nutrient cycling. However, as has been demonstrated elsewhere, manure decomposition and increased nutrient availability were positively correlated with soil water availability (Zhu et al., 2020). In this study, branch shelter levels of 40%–60% significantly improved soil water content and accelerated manure decomposition, and manure decomposition rate was significantly positively correlated with soil water condition. Manure inputs of C and N into the soil increased as branch sheltering levels increased, and with inputs ranging from 0.07—0.33 g kg−1 C in 2017 and 0.06 g kg−1—0.29 g kg−1 C in 2018, and maximum N inputs were 0.01–0.02 g kg−1 both in 2017 and in 2018. It is acknowledged that the manure used in this study was already 1 year old when it was re-distributed and the experiment started. Much of the nutrients are leached out and/or volatilized after the first few weeks and months post animal defecation (Zhu et al., 2020), so decomposition rates and nutrient inputs of fresher manure would likely be more extreme.
In contrast, decomposition rates of the caragana branches were extremely slow, at approximately 3–6% weight loss per year. They were therefore a limited source of nutrients to the soil and their key role appeared to be increasing soil moisture retention. Serendipitously, the low decomposition rate of branches also translated to a low-cost application for soil restoration underscoring our previous observation that one of the advantages of woody amendments over other organic materials is that the benefits achieved are maintained more than 5 years post implementation (Li et al., 2019). So, we speculate that shrub branch shelters will also benefit grassland restoration for a comparatively long period without requiring replenishment.
Ultimately, our study demonstrated that the use of shrub branch shelters and sheep manure had significant positive effects on plant growth in this degraded grassland. Under the combined treatment of High manure levels and 40—60% coverage by branch shelters, aboveground plant biomass reached ∼300 g m−2 in the second year. This biomass is comparable to levels reported from short-grass prairie steppes of comparable climate in the western Great Plains (Reeves et al., 2021). The current condition of the soil at this site is so degraded that, when unamended, there are insufficient nutrients and water to allow plants to get established and grow. The system had degraded to such a level that it had reached a new stable state or equilibrium condition (Scheffer et al., 2015). Inputs were needed to jumpstart the ecosystem to a different equilibrium. So, this is a feasible solution for plant production in grassland in arid and semiarid areas of China, since water and soil nutrients are regarded as most limiting factors for plant/crop production in these areas (Wang et al., 2016). Actually, this research also found that caragana branch shelter significantly improved soil water content and reduced soil temperature in a degraded grassland, and created a beneficial environment for reseeded forage growth (Zhang R et al., 2021). Our previous studies had also demonstrated that poplar branch shelters improved soil water condition and enhanced plant growth in arid areas (Li et al., 2018, 2019). Similarly, Fehmi et al. (2020) showed that adding a thin layer of wood chips on the surface increased plant growth. Besides, return of livestock manure in typical grasslands (Zhang et al., 2015), alpine grasslands (Min et al., 2014), dry grasslands (Duffková et al., 2015), and desertified grasslands (Bai et al., 2017) had also showed the effectively potential in improving productivity. Wang et al. (2016) also found that, dry matter accumulation and rainfall use efficiency of crop significantly increased as chicken manure application rate increasing (from 750 g m−2–2,250 g m−2) in semiarid areas of China. Our experimental design allowed us to separate the influence of the two different amendment types and demonstrated that it was the combination of cooler temperatures, higher moisture availability and increased nutrients that resulted in the highest plant production. Actually, there was also a very similar study demonstrated that woody branch shelter combined with a thin layer of compost can improve success rates of revegetation in dryland ecosystems by moderating the soil microclimate (such as improving soil moisture and enhancing soil nutrients) (Leger et al., 2022). In this study, the correlation analysis also showed that plant growth was significantly influenced by all tested indices including soil water, soil organic carbon, Total N, Total P, Available N, and Available P during whole period. In conclusion, this study revealed that the improved soil moisture promoted the transformation of manure nutrients and finally enhanced plant growth of grassland (Bang et al., 2005; Aarons et al., 2009; Saarijärvi and Virkajärvi, 2009).
5 CONCLUSION
This study demonstrated that 40%–60% cover of shrub branch shelters effectively increased soil water availability of degraded grassland, and consequently promoted decomposition of manure and shrub branches. The soil C and N were substantially inputted by decomposed manure rather than shrub branches, while the low decomposition rate of branches also means low-cost application in soil restoration. The combination of shrub branch shelter and manure application also enhanced plant growth via improving soil water availability and soil nutrients. In summary, our study provided a template using shrub branches and livestock manure to restore degraded grassland in arid and semiarid areas.
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The original article contained a previous version of the manuscript. The article has now been corrected to show the most updated version that includes all the corrections detailed below.
In the original article, there was an error as Table 2 was not included in the text. The table and its caption appear below.
TABLE 2 | The correlations between plant growth parameters and soil properties.
[image: Table 2]In the original article, there was an error in the phrasing of a sentence in the Abstract. This sentence previously stated: “Strategies are desperately needed for restoring the millions of hectares of degraded grasslands which have been simultaneously impacted by overgrazing and Caragana shrub encroachment in arid and semiarid areas of northern China.” The corrected sentence appears below:
“New strategies are desperately needed for restoring the millions of hectares of degraded grasslands in arid and semiarid areas of northern China.”
In the original article, there was an error in one of the words in the Abstract. The word previously stated: “Artemis”. The corrected word appears below:
“Artemisia”
In the original article, there was an error in one of the words in section I Introduction. The word previously stated: “bill”. The corrected sentence appears below:
“billion”
In the original article, there was an error in a sentence in section I Introduction. This sentence previously stated: “This litter has been shown to be a key contributor to the development of soil organic content in the soil profile to 1 m depth (Xu et al., 2021).” This sentence should be deleted.
In the original article, Rashid et al., 2017 was not cited in the article and a change in paragraph wording was not included in section 2 Materials and methods, sub-section 2.4 Measurement of decompositions and nutrient inputs both for manure and Caragana branches, paragraph 2. This paragraph previously stated: “Both for manure and branches, one bag in each plot was collected at the end of September in 2017, and another was collected at the end of September in 2018. Then the decomposition rate was determined as the change in oven-dried weight loss determined after oven drying at 85°C. Organic carbon was assayed by the acidified potassium dichromate (K2Cr2O7-H2SO4) heating method (Bao, 2013). Total nitrogen (N) was determined using the Kjeldahl procedure (Bao, 2013). Meanwhile, cumulative decomposition rate of manure and branches, as well as the potential maximum C and N which manure and branches input into soil were evaluated with the following equations:
[image: image]
[image: image]
[image: image]
where, DR (%) is cumulative decomposition rate of manure or branches after one or 2 years; DMinitial (g m−2) is the initial dry matter weight of manure or sheltered branches in each plot; DMend is the dry matter weight of manure or sheltered branches were decomposed after one or 2 years in each plot; Creleased or Nreleased (g m−2) is cumulative released C or N from decomposed manure or branches after one or 2 years in each plot; Ccontent (g kg−1) or Ncontent (g kg−1) is the concentration of C or N in manure or branches; Cinput (g kg−1) or Ninput (g kg−1) is the potential maximum C or N which manure or branches cumulatively input into soil; BD (g cm−3)is soil bulk density, and in this study BD = 1.4 g cm−3; S (m2) is soil area in calculation, and 1 m2 soil area was applied in calculation in this study; H is soil depth, H = 20 cm in this study.” The corrected sentence and citation appear below:
“Both for manure and branches, one bag in each plot was collected at the end of September in 2017, and another was collected at the end of September in 2018. Then the decomposition rate was determined as the change in oven-dried weight loss determined after oven drying at 85°C. Organic carbon was assayed by the acidified potassium dichromate (K2Cr2O7-H2SO4) heating method (Bao, 2013). Total nitrogen (N) was determined using the Kjeldahl procedure (Bao, 2013). Considering the influence of soil to interfere accurate evaluation for manure decomposition, ash correction was applied according to Rashid et al. (2017). Thus, a muffle furnace was used to determine ash content in bags by loss-on-ignition at 550°C for 4 h, and the soil dry weight that contaminated the manure calculated as following equations:
[image: image]
where CDW is soil dry weight (g) than contaminated the manure bag, ASR is ash content (mg) that remained in manure bag, AIC is the initial ash content (mg) in manure bag and ASL is the soil ash content (mg g−1). After ash correction, cumulative decomposition rate of manure and branches, as well as the potential maximum C and N which manure and branches input into soil were evaluated with the following equations:
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where, DR (%) is cumulative decomposition rate of manure or branches after one or 2 years; DMinitial (g m−2) is the initial dry matter weight of manure or sheltered branches in each plot; DMend is the dry matter weight of manure or sheltered branches were decomposed after one or 2 years in each plot; Creleased or Nreleased (g m−2) is cumulative released C or N from decomposed manure or branches after one or 2 years in each plot; Ccontent (g kg−1) or Ncontent (g kg−1) is the concentration of C or N in manure or branches; Cinput (g kg−1) or Ninput (g kg−1) is the potential maximum C or N which manure or branches cumulatively input into soil; BD (g cm-3)is soil bulk density, and in this study BD = 1.4 g cm−3; S (m2) is soil area in calculation, and 1 m2 soil area was applied in calculation in this study; H is soil depth, H = 20 cm in this study.”
In the original article, there was an error in Figure 6 as published. Figure 6 should be removed.
In the original article, there was an error in section 2 Materials and methods, sub-section 2.7 Statistical analyses, paragraph 1. This sentence previously stated: “One-way analysis of variance (ANOVA) tests was used to compare soil water content, soil surface temperature, soil chemical properties, decomposition rates of manure and caragana branches, and plant growth among treatments in each year, respectively. Tukey HSD tests were used to make post hoc multiple pairwise comparisons among all treatments, when data showed homogeneity of variance. Two-way ANOVAs were applied to detect the effects of shelters, sheep manure, and shelters × manure on each determined soil and plant index, respectively. Regression analysis was applied to reveal the correlation of manure decomposition rate and soil water storage, as well as branch decomposition rate and soil water storage. Redundancy analysis (RDA) was run to reveal major drivers of soil properties affecting plant growth. All above analyses were carried out using the “vegan” package in R. In all tests, a p-value ≤0.05 was considered significant.” The corrected sentence appears below:
“Two-way ANOVAs were applied to detect the effects of shelters, sheep manure, and shelters × manure on each determined soil and plant index, respectively. And when the results of two-way ANOVAs shown interaction effect is significant, the simple effect analysis, thus One-way analysis of variance (ANOVA), was used to determine the difference between the effects of one factor at different levels of another factor. Regression analysis was applied to reveal the correlation of manure decomposition rate and soil water storage, as well as branch decomposition rate and soil water storage. Correlation analysis was used to reveal the relationships between plant growth parameters and tested soil properties. All above analyses were carried out using the “vegan” package in R. In all tests, a p-value ≤0.05 was considered significant.”
In the original article, there was an error in a sentence in section 3 Results, sub-section 3.4 Effect of branch shelters on plant growth of grassland. This sentence previously stated: “Redundancy analysis was performed to illustrate relationships between plant growth and soil properties at depth of 0–20 cm. All tested soil parameter were significantly influencing plant growth both in 2017 and 2018 (p < 0.05; Figure 6)”. The corrected sentence appears below:
“Correlation analysis revealed that all tested soil properties positively correlated with plant heigh and biomass (p < 0.01), yet not correlated with plant coverage (p > 0.05) in 2017 (Table 2). However, in 2018, all tested soil properties (except available P) were positively correlated with plant coverage, height, and biomass (p < 0.01 or 0.05; Table 2).”
In the original article, there was an error in a sentence in section 4 Discussion, page 13. This sentence previously stated: “In this study, the RDA model also showed that plant growth was significantly influenced by all tested indices including soil water, soil organic carbon, Total N, Total P, Available N, and Available P during whole period.” The corrected sentence appears below:
“In this study, the correlation analysis also showed that plant growth was significantly influenced by all tested indices including soil water, soil organic carbon, Total N, Total P, Available N, and Available P during whole period.”
In the original article, there was an error in a sentence in section Conclusion. This sentence previously stated: “I In summary, our study provided a template for restoration of degraded grassland simultaneously incurred by overgrazing and shrub encroachment in arid and semiarid areas.” The corrected sentence appears below:
“In summary, our study provided a template using shrub branches and livestock manure to restore degraded grassland in arid and semiarid areas.”
The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Semi-arid playas are important to grassland ecosystem species as an important source of global dust emissions. However, there is a lack of data on dust emissions during the different drying stages of grassland playas. In this study, we initially conducted the field experiments on two types of surfaces (intermittently dried and permanently dried) in playas located in semi-arid regions in northern China, and we measured dust emissions at five wind speeds in spring when wind erosion was frequent. The results showed that the intermittently dried surface was more prone to wind erosion, which was primarily due to the formation of a loose and fragile salt crust on the surface. In addition, the proportion of salt in the dust was higher than that for the permanently dried surfaces. Nevertheless, the total horizontal dust flux (1.13–2.3 g/cm2·min) from the intermittently dried surface was only 5%–15% that of the permanently dried surface (7.47–42.86 g/cm2·min). The dust content varied linearly with the height of the intermittently dried surface, and varied exponentially with the height of the permanently dried surface. The particles collected on the intermittently dried surface were larger (<63 μm) than those collected on the permanently dried surface (<10 μm), and the unit mass concentration of each ion (mainly Na+, Cl−, and SO42−) in the salt dust was also higher for the intermittently dried surface than for the permanently dried surface. Although salt dust was continuously released from the intermittently dried surface, the total amount released each time was limited. These results indicate that to attenuate the damage of salt dust storms, priority should be given to protecting permanently dried surfaces and reducing the supply of salt dust particles at the surface.
Keywords: grassland playa, wind erosion, salt crust, salt dust, desertification of land
INTRODUCTION
Wind erosion caused by the drying of salt lakes is one of the sources of dust release in arid and semi-arid regions and even globally (Gill et al., 2002; Abuduwaili et al., 2010; Baddock et al., 2011; Motaghi et al., 2020; Van Pelt et al., 2020), accounting for about 30% of global dust emissions (Sweeney et al., 2016). According to current studies on dust emissions, landscapes that exist in semi-arid and arid regions such as the Gobi Desert (Wang et al., 2006b; Wang et al., 2008), salt and dry lakes, ephemeral stream depressions, seasonal marshes, and alluvial fans (Derbyshire et al., 1998), emit dust in different seasons (Varga, 2012). About 100–300 million tons of dust are emitted into the atmosphere each year (Varga et al., 2014). These landform units are commonly found in the western United States (Bowen and Johnson, 2015; Collins et al., 2018), North Africa (Prospero et al., 2002; Mahowald et al., 2006), Central Asia (Ziyaee et al., 2018), and northern China (Tao et al., 2020; Hao and Li, 2021). There are hundreds of lakes with areas of greater than 50 km2 in northern China, and under the drastic climate change and unreasonable human development, a large number of these lakes have shrunk and become dry lake beds. These lake beds are generally flatter and have lower slopes (Chun et al., 2017), no vegetation cover, and a surface composed of loose salt-rich sedimentary particles (Yang L.-R. et al., 2007; Liu et al., 2010). These surfaces are exposed to windy conditions year-round and are highly susceptible to wind erosion, leading to unavoidable air pollution and environmental problems in arid and semi-arid regions (Shao et al., 2011; Von Holdt et al., 2017). The chemical composition and particle size composition of salt dust storms are different from those of ordinary dust storms. Salt dust storms contain high concentrations of sulfate, chloride, and some harmful metal particles with strong adsorption (Abuduwaili et al., 2010), which usually lead to a decline in soil productivity, affect plant photosynthesis and cause respiratory diseases in animals and humans (Liu et al., 2010; Ziyaee et al., 2018). The chemical composition and particle size of the dried salt lake surface sediments also lead to the formation of aerosols that are suspended in the air for long periods, which have a serious impact on the local environment and can even be carried farther away before deposition, affecting a much wider area (Wang et al., 2012b). Therefore, the threat of such dust is greater than that of normal dust storms originating in the desert and Gobi regions. Based on previous studies, salinized particles play an important role in the atmospheric, climatic and biogeochemical cycles (Stout et al., 2009; Lee et al., 2012; Cheng et al., 2022), and the emission and dispersion of salt dust have become a hot research topic (Liu et al., 2010).
Numerous studies have been conducted on dry lakes using methods such as surface sampling (Shahabinejad et al., 2019), wind tunnel simulations (Liu et al., 2021), and remote sensing techniques (Cheng et al., 2022); however, these studies mainly focused on areas such as palm lakes in deserts, saline areas in degraded agricultural lands, and alluvial fans in the Gobi Desert (Gill et al., 2002; Yang L.-R. et al., 2007), as well as surface sediment characteristics. Wind erosion of dry lakes in grassland areas has been insufficiently studied, especially the horizontal flux transport of sediments at different heights. Grassland lakes, as an important part of grassland ecosystems, are now facing serious challenges, and a large number of these lakes have degraded and dried up (Meng et al., 2018). QeHan Lake dried up in 2002. Wind erosion of the surface consisting of loose salt-containing particles provides a sufficient source of sand, seriously damaging the local pasture and greatly affecting the lives and productivity of herders. However, due to the lack of pollution monitoring stations around the dry lakes in QeHan, there is limited information about how the area is directly affected by dust events. Therefore, we selected the dry salt lakes in QeHan, located on the Inner Mongolia Plateau, as the research area. Furthermore, we measured the surface sediment transport characteristics and wind erosion material in two different stages (intermittent drying and permanent drying) to reveal the wind erosion law in the different drying stages of grassland lakes. In addition, we aimed to provide reference data for soil wind erosion vacancies and desertification control of degraded lakes in grassland areas.
MATERIALS AND METHODS
Study area
QeHan Lake (114°45′–115°04′E, 43°22′–43°29′N) is a closed salt lakes located in the northern part of the Otindag sandy land region on the Inner Mongolia Plateau. QeHan relies on the Engel River for recharge, and the ecological environment is very fragile and sensitive to global climate change (Niu et al., 2005). Due to the influence of long-term high temperatures, the arid climate and excessive human economic activities during the past 40 years (Wang et al., 2006a; Yang X. et al., 2007), the grassland has been severely degraded, the sandy land has intensified, and the lakes have shrunk severely, making this one of the most serious areas of desertification in northern China (Chun et al., 2018). The study area is influenced by the East Asian summer monsoon and the East Asian winter monsoon (Tada et al., 2016; Li et al., 2017). The summer has maximum temperature of 39.1°C and winter has a minimum temperature of −42.2°C. The annual average temperature is 2.3°C. The annual precipitation is around 280 mm, and is mainly concentrated in July–September. The evaporation is around 2000 mm, the annual average wind speed is 3.5 m/s, and the number of windy days reaches 45 days. QeHan West Lake completely dried up in 2002, and a large area of the lake bed is now exposed. This area is rich in sand-sourced material, and high winds occur frequently every year, making it a huge source of sand and dust.
Method
The field data were collected on 25–26 April, 2021 in the area where strong dust storms occurred, and almost all of northern China received dust storms during this period, so our results are representative of the dust transport in this region.
Surface sampling
We randomly selected five locations and collected surface (0–5 cm) soil samples from two types of ground surfaces before the windy day on April 25, these two surfaces were defined according to the local river recharge. The first type of surface, seasonal alternation of wetting and drying as intermittently dried surface, and the other surface far away from the center of the lake and near the lake shore, the surface always keep dried loose situation as permanently dried surface. A total of 10 samples were collected. As shown in Figure 1, on the intermittently dried surface, a significant amount of salt frosts was attached to the top of the soil crust, while the permanently dried surface was composed of loose sediments without significant salt particles. The water content, ion contents, and particle size of the surface samples were measured to provide basic data for investigating wind and sand transport in the region.
[image: Figure 1]FIGURE 1 | Location of the study region.
Wind speed
The wind speed was measured five times using a three-cup anemometer at heights of 10, 30, 50, 100, and 200 cm at the two sampling sites, and the duration of each observation was up to 60 min.
Sediment transport
To determine the sediment transport characteristics on the playa surface, we used a homemade rotatable step sediment sampler to continuously measure the sediment transport within 50 cm, The sampler collected blowing sand in 2 cm × 2 cm sections. An electronic balance with a precision of .01 g was used to weight the collected sediment, and the field measurements were conducted five times during the occurrence of a severe sandstorm on 26 April 2021. Because the intermittently dry surface contained crusts and the sediment transport was limited, we combined the sand transport during periods one and two into one, and the sand transport during periods three, four, and five into a total of two sets of transport data. Five transport datasets were collected for the permanently dry surface.
Particle size and ion determination
We analyzed the particle size distribution and salt content of the collected sediments at the Key Laboratory of the State Forestry and Grassland Administration for the Conservation and Restoration of Desert Ecosystems, Inner Mongolia Agricultural University, using a German Flying laser grain size meter and a Swiss Aptar 930 ion chromatograph. One surface sample was collected from each site, and the samples collected at a height of 50 cm were analyzed. We classified the particle size into five classes: PM10 (<10 μm), clay and silt (<63 μm), very fine sand (63–125 μm), fine sand (125–250 μm) and sand (>250 μm); we analyzed the contents of 10 soluble salt ions: Li+, Na+, Mg2+, K+, Ca2+, F−, Cl−, NO3− PO42−, and SO42−.
Data processing
The vertical profile of uz, the horizontal wind velocity (m/s) at height z (cm), can be described by the law of the wall (Zhang et al., 2017):
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where uz is the velocity at height z (m/s); K is the von Karman’s constant (.4); z is the measurement height (cm); a and b are regression coefficients; u* is the shear velocity (m/s); and z0 is the aerodynamic roughness (cm).
Mathematical models of the horizontal sediment flux were used to reflect the sand transport fluxes from the different surfaces. These models mainly focused on linear functions, exponential functions.
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where QT is the total sediment transport rate at a height of 50 cm; qz is the sediment transport at height z in sediment collection chamber i. Q is the amount of sand transported in a certain height layer (g/cm2 min−1); z is the height (cm); a and b are the wind and sand circulation coefficients.
RESULT
Characteristics of surface soil
The surface characteristics of the two soils are presented in Table 1 and Figure 2. The intermittently dry surface was entirely composed of clay and chalk, and the permanently dry surface contained a small proportion of sand and gravel. The soil moisture content of the intermittently dry surface was slightly higher. The ions on both surfaces were mainly Na+, Cl−, and SO42−, and the contents of the other ions were low. The contents of all of the ions were greater on the intermittently dried surface than on the permanently dried surface (Liu et al., 2010).
TABLE 1 | Characteristics of surface soil grain size distribution and moisture content.
[image: Table 1][image: Figure 2]FIGURE 2 | Characteristics of soil surface ions.
Wind velocity during the field measurement periods
The surface characteristics affect the near-surface wind speed and also dust emissions, and the wind speed profiles in the study area all conform to a log-linear function (R2 > .95), and all these measurements in Figure 3 were performed during sediment transport events (i.e., sediment was being transported during the time of the measurements of u*) (Table 2). The roughness of the intermittently dried surfaces was calculated as .05–.07 cm, and it was only slightly affected by wind speed changes. The roughness of the permanently dried surfaces was .06–.37 cm and changed with the wind speed. Similarly, the friction velocity of the intermittently dried surface was .60–1.16 m/s, which was greater than that of the intermittently dried surfaces. The friction velocity increased with increasing wind speed from both types of surfaces. This indicates that the intermittent dried surface was more prone to wind erosion.
[image: Figure 3]FIGURE 3 | Five field observations of wind speed profiles on two types of surfaces, R2 > .95, p < .05.
TABLE 2 | Aerodynamic roughness length (z0, cm), calculated shear velocity (u*, m/s), and total transport rate (QT) at the two field measurement sites.
[image: Table 2]Horizontal sediment flux at different heights
The vertical distribution of the horizontal fluxes of the sediment from the intermittently dry and permanently dry surfaces at different wind speeds differed significantly (Figure 4). The measured dust fluxes from the permanently dry surfaces were 6.62–18.64 times higher than those from the intermittently dry surface (Figure 4A). Less dust was emitted from the intermittent drying surface in a lower height range, and it varied little with height. The dust transport varied linearly with wind speed for the intermittently dried surface (R2 > .92), while the dust emission from the permanently dried surface decreases varied significantly and exponentially with height at different wind speeds (R2 > .91) (Figure 4B; Table 2). This indicates that the erodible surface particle supply was an important factor controlling the horizontal dust flux at different heights, and the permanently dried surface provide more dust during salt dust storms.
[image: Figure 4]FIGURE 4 | Horizontal sediment flux at different heights, (B) The squares represent salt dust emissions from the intermittently surface at wind speeds and the triangles represent salt dust emissions at five wind speeds.
Grain size frequency of aeolian sediment
Figure 5 shows the distribution characteristics of the sediments at different heights for both surfaces in the field. The frequency curves of the sediments were multi-peaked during the dust storms, and the particle size characteristics of both surfaces did not vary significantly with height. The main particles transported from the intermittently dried surface were clay <10 μm (49.93%–74.52%), followed by gravel >250 μm (mean of 22.56%) (Figure 5A), and the main particles transported from the permanently dried surface sediments were clay <10 μm (72.87%–87.83%), followed by 10–63 μm powder particles (mean of 15.61%) (Figure 5B). This indicates that the particles released from the intermittently dried surface were more dispersed and coarser than those released from the permanently dried surface. This means that the unstable secondary particles produced by the aggregation of fine salt particles were easily polished and decomposed during wind-blown sand activity and more suspended particles (<63 μm) were released.
[image: Figure 5]FIGURE 5 | Grain size frequency of aeolian sediment on two surfaces.
Salt content of sediments
The water-soluble salt ions in the sediment transported from the two types of surfaces were emitted at different horizontal heights (Figure 6). The ions contained in the horizontal transport flux of the surface sediments in the study area were mainly Na+, Cl−, and SO42−, and the contents of the water-soluble ions such as Li+, Mg2+, K+, Ca2+, F−, NO3−, and PO42− were much lower than those of the above three ions. By comparing the sediment ion transport fluxes from the two surfaces, we found that the ion contents, as well as the total salinity, of the sediment released from the intermittently dried surface, were greater than that of the sediment released from the permanently dried surface at almost all height. The ion contents from the intermittently dried surface initially increased and then decreased (Figure 6A) within the measurable height (16 cm), and the highest salt content (182.93 mg/kg) was measured at a height of 10 cm. The ion contents from the permanently dried surface (Figure 6B) initially decreased within a height of 14 cm, increased from 14 to 22 cm, and decreased from 22 to 33 cm, and the maximum salt content was 152 mg/kg. This indicates that the horizontal sediment released from the intermittently dried surface contained a high concentration of salts and that the soluble salt particles were released before the soil particles during the drying process.
[image: Figure 6]FIGURE 6 | Vertical horizontal ion flux of sediment.
DISCUSSION
Friction threshold velocity of surface characteristics
The physical characteristics of the surface, texture, and structure and the presence of undisturbed crust at the test site have a strong influence on both the friction velocity and roughness (Van Pelt et al., 2020). The friction velocity is generally considered to be the dominant factor controlling the horizontal deposition fluxes during wind erosion events and is generally influenced by surface roughness, soil moisture, soil particle size, and crusting (Buyantogtokh et al., 2021). In this study, we found that the frictional velocity and roughness of the intermittently dried surface (crusted) were smaller than those of the permanently dried (activated) surface, which is inconsistent with the common finding that crusting can increase the surface roughness and the frictional threshold velocity (Webb et al., 2016). We speculate that this inconsistency is related to the salt material on the surface, which was composed of sulfate, chloride, and sodium salts that formed a loose (McCord et al., 2001; Nield et al., 2016) and a fluffy thin layer of crust. These relatively low mass salt particles were more susceptible to wind erosion. When the loose particles on the surface were blown away, a relatively hard surface crust remained (Bu et al., 2015), so the friction velocity and roughness of the intermittently dried surface were smaller. The friction velocity and roughness are important factors controlling the horizontal sediment flux (Sankey et al., 2009; Baddock et al., 2011), but their importance varies in different systems (Webb et al., 2016). On the intermittently dried surface, there was a limited supply of salt dust, so the friction velocity and roughness played a secondary role in determining horizontal sediment flux (O’Brien and McKenna Neuman, 2012). The sediment flux can be increased by interference (Baddock et al., 2011), and changes in the size of sediment particles on the soil surface affect the friction velocity and roughness (Tegen et al., 2002).
Characteristics of surface dust emission
Grain size has a strong influence on dust emission and transport (Zhang et al., 2022). Particle removal from the surface and transport is influenced by surface wind forces and properties (Zobeck et al., 2013; Cheng et al., 2017). Finer soil particles generally either remain suspended in the air or are carried further away (Mahmoodabadi and Ahmadbeigi, 2012), while coarser particles remain on the soil surface (Mahmoodabadi and Cerdà, 2013), Based on analyzed of both the surface particles and the transported sediment particles, we found that the >250 μm particles collected from the intermittently dried land surface were not found in the surface sampling, so they must have come from the transit airflow. (Kok et al., 2012). showed that 63–500 μm particles move in a transmigratory manner at the surface, and this movement is extremely destructive to the surface, Sand-carrying winds carry gravel, causing the initial release of the fragile salt aggregates from the surface by polishing the crust surface. The limited supply of dust in the sand-carrying winds cause coarsening of the particles, but for the permanently dry surface, where the dust supply is sufficient, the effect of such limited particles on the dust coarsening is not significant. Alternatively, some of the larger particles in the sand-carrying winds produce a higher effective recovery factor on the rigid bed surface due to collision with the surface, and these particles can reach higher heights, whereas the permanently dried surface (loose particles) weakens kinetic energy and was converted to release of smaller particles to higher heights, so that there was no gravel on the intermittently dried surface and large particles are found in sediment transport, whereas permanently dried surface dust has fewer large particles (Kamath and Parteli, 2021).
The difference in the salt and dust emissions from the two surfaces clearly indicates that intermittently dried surfaces have limited material available for wind erosion due to the presence of crusts, greatly reducing the sediment carryover and thus weakening the intensity of the wind erosion and dust storms (Zhang et al., 2016), The functional relationship in the dust emission model of incompletely erodible bed (intermittently dried surface) was a linear function, and the slope is the same at different wind speeds, so that the flux of sediment was in a stable state, and the dust emission of completely erodible bed (permanently dried surface)was exponential model. This was consistent with Sandesh Kamath’s (Kamath et al., 2022) numerical simulation results and experimental conclusions. The number of sand available on the ground has a great influence on the dust flux (Kamath and Parteli, 2021). However, we found that the sediments released from the intermittently dry surfaces had higher salt concentrations than those released from the permanently dried surface, which corresponds to the salt concentrations of both surfaces. Evaporation is the main factor affecting the mineral composition of the surface in arid and semi-arid regions, and continuous dryness and wetness lead to the formation of mineral surfaces that are unstable and continuous dryness and wetness lead to the formation of mineral surfaces that are unstable and are changed by wind and precipitation, varying at different times and in different regions (Liu et al., 2010). Evaporation transports the solution to the soil surface. As water evaporates, ions remain on the surface and crystallize when the ion concentration was saturated (Dai et al., 2015; Altausen et al., 2019) where salt-rich surface was formed, and the frequency of intermittently dried surface water transport was higher than that of the permanently dried surface, so the surface salt concentration was higher. In general wind erosion mainly cause salt dispersion from the crustal surface (Dai et al., 2022); however, wind erosion and salt accumulation occur simultaneously, especially on intermittently dried surfaces, where water-soluble ions continuously replenish the salt loss due to wind erosion through epilimnion aggregation, providing an inexhaustible source for salt dust storms (Liu et al., 2010; Motaghi et al., 2020), so, the concentration of salt dust collected on intermittently dried surface was higher. We measured the salt concentration in the dust from the intermittently dried surface of 2.67%–5.25%. The results of the permanently dried surface releasing salt dust concentration of .03%–2% were similar to the results measured in the Wang wind tunnel (Wang et al., 2012a). Although intermittently dried surfaces continuously release high concentrations of salt dust, their salt dust emissions are only 5%–15% of those from permanently dried surfaces; thus, priority should be given to protecting permanently dried surfaces during the windy season to reduce dust emissions.
CONCLUSION
Our results confirm that the characteristics and mechanisms of surface sediment transport are different during the different phases of playa surface drying, which is crucial because lakes are important landscapes in northern China. Previous studies have shown that the Gobi Dessert is an important source of dust in northern China, and our results confirm that dry lakes are also major sources of dust, thus filling the previous knowledge gap. The main conclusions of this study are as follows.
1. The wind speed curve of the playa surface during the dust storm can be expressed as a logarithmic linear function. The friction velocity of the intermittently dried crust surface was .58–.76 m/s, and the aerodynamic roughness was .05–.07 cm. The friction velocity of the permanently dried surface was .6–1.16 m/s, and the aerodynamic roughness was .06–.37 cm. The fragile salt crust on the intermittently dried surface was more prone to wind erosion than the permanently dried surface.
2. During the observation period, the two sediment transport fluxes from the intermittently dried surface were 1.13 g/cm2·min and 2.3 g/cm2·min, respectively, and the sediment transport flux conformed to a linear function. The sediment transport fluxes from the permanently dried surface were 7.47 g/cm2·min and 42.86 g/cm2·min, respectively, and the sediment transport flux conformed to an exponential function. The salt dust released from the permanently dried surface was 6.62–18.64 times greater than that released from the intermittently dried surface.
3. The sand-carrying wind had a great influence on the salt particles released from the intermittently dried surface, but it had little effect on the soil particles released from the permanently dried surface. Although the two types of surface sediment particles were mainly <63μm, accounting for about 71.45%–96.02%, the salt dust particles released from the permanently dried surface were finer. The salt ions were mainly Na+, Cl−, and SO42-, and the concentrations of salt dust released from the intermittently surface were higher than that those of the permanently dry surface.
Our results showed that the transport rate and salt concentration of weathered sediments on the surface of a playa were very high, especially under strong wind conditions. Due to the limited height of our sand sampler, if particles were collected at a higher height, we believe that a better explanation for the emission of surface dust particles and the salt concentration could be obtained.
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Slope erosion in the black soil region of Northeast China is complex and specific. In order to effectively control soil erosion and protect scarce black soil resources, it is necessary to reveal the law of soil erosion and the influence of basic units of soil structure on its erosion process. This paper used three treatments in the Le Bissonnais (LB) method to determine soil aggregate stability parameters and soil erodibility K values based on particle size composition. By establishing a mathematical fitting of the slope erosion rate along the slope length, it is found that the sinusoidal function fitting can better characterize the periodic law of the slope erosion rate of the long and gentle slope cultivated land in the typical black soil region. The research shows that the primary mechanism of black soil aggregate breakage is dissipation and mechanical disturbance, while the damage caused by clay expansion is the least.
Keywords: black soil, soil erosion, combined erosion, cultivated land with long gentle slope, slope length, aggregate
1 INTRODUCTION
Soil erosion is a significant soil degradation phenomenon that threatens the sustainable use of land productivity and, thus, food security. The problem of water and soil erosion in the Yangtze River Economic Belt, the Loess Plateau, and the black soil area in Northeast China is still severe. Among them, the phenomenon of soil and water loss in sloping farmland in the black soil region of Northeast China is particularly prominent and needs to be solved urgently(Chen et al., 2021).
Cultivated land is the fundamental guarantee for human survival and development. As an essential link in the transformation process of land resource utilization, nature has become the focus of the current human population, resources, and environmental issues(van den Bergh et al., 1999; Bromley, 1995). The area of cultivated land in the black soil region of Northeast China is about 18.5 million hectares. Sloping cultivated land is a vital cultivated land resource in the black soil region, accounting for 59.3% of the cultivated land area in the black soil region of Northeast China. It is widely distributed and has long gentle slopes. Due to its natural advantages, such as fertile soil and reasonable structure, it has become an essential agricultural soil (Rana et al., 2022), which is significant to China’s food security. However, due to extensive development and utilization, high-quality cultivated land resources have been degraded, and the thickness of the black soil layer in Northeast China is decreasing year by year (Fan et al., 2004; Xu et al., 2018; Zhizhen et al., 2018). Compared with other soil erosion regions in China, the soil erosion in the black soil region of Northeast China is mainly affected by various external forces of erosion that are replaced by seasons and superimposed in space. In addition, the ubiquitous topography of rivers and hills in the black soil area and the everyday use of farming along the ridges leading to the complexity and particularity of slope erosion in the black soil area. Therefore, it is urgent to reveal the law of soil erosion and the influence of the basic units of soil structure on its erosion process, effectively control soil erosion and protect the scarce black soil resources.
Many scholars believe that the Le Bissonnais (LB) method is more suitable for analyzing the stability of soil aggregates than other methods (Lal et al., 2000) believe that the degradation of any soil is first manifested in the destruction of the soil aggregate structure (Ojeda et al., 2008) studied the stability of calcareous soil aggregates. Many studies in China have used the LB method to study the stability of soil aggregates in iron-rich soils and hilly loess areas (Ma et al., 2022). Furthermore, discuss the stability of water-stable soil aggregates under different vegetation types in loess hilly areas, showing the applicability of the Le Bissonnais method in this soil type (An et al., 2013; Jak�ík et al., 2015; Wu et al., 2017).
The occurrence of slope soil erosion is accompanied by the destruction of aggregates (Roth and Eggert, 1994; Bissonnais, 1996). The breakage of soil aggregates significantly impacts the whole process of soil erosion, and the stability of aggregates is closely related to the degree of soil erosion. In particular, it significantly impacts the slope erosion process, surface runoff seepage storage and erosion resistance (Madari et al., 2005; Hu et al., 2007). Aggregate fragmentation plays an essential role in soil separation, providing primary material for raindrop splash erosion and runoff erosion, but erosion sediment is also the primary carrier of soil nutrients (Wuddivira et al., 2009; Shen et al., 2019). In addition, studies on the effects of tillage erosion, wind erosion, and most water erosion on soil aggregate fragmentation and physical and chemical properties are mainly based on surface soil (Breshears et al., 2003; Wirtz et al., 2012).
Many scholars have researched the relationship between the slope erosion process and soil aggregate stability and the mutual influence mechanism (Huang et al., 2022; Mo et al., 2022). (Fang, 2005) research shows that soil erosion mainly destroys surface macro aggregates and increases the loss rate of macro aggregates. Due to the runoff migration on the slope, the content of macro aggregates in the sedimentary area is high (Zhang et al., 2011) pointed out that the stability of surface soil aggregates along the longitudinal slope showed fluctuations, but the rules were not obvious. The variation of aggregate stability parameters along the slope length shows apparent differences caused by the different soil erosion resistance at different parts of the slope. In the erosion process of black soil, hydraulic erosion mainly destroys macroaggregates and preferentially migrates macroaggregates (Yan et al., 2008). Aggregates with a diameter >1.0 mm are less susceptible to migration. Raindrops will break up aggregates of >1.0 mm in size, and the loss characteristics will change with the loss ratio of aggregates of each size (Yang et al., 2008). The aggregates with a particle size of <1.0 mm are prone to displacement under raindrops, showing prominent enrichment characteristics.
Many scholars have researched the relationship between the slope erosion process and the stability of soil aggregates and the mutual influence mechanism. The stability of surface soil aggregates along the longitudinal slope shows fluctuations, but the law is not apparent. This study takes the soil of slope farmland in a typical black soil area as the research object. This paper uses three processing operations in the LB method to simulate heavy rain, slight rainfall, raindrop splash and runoff disturbance, respectively. Moreover, the stability of slope cultivated land’s surface and subsurface soil aggregates was measured and analyzed. Discuss the fragmentation characteristics of soil aggregates under different wet treatments, and analyze the soil aggregates of typical eroded black soil. To clarify slope soil aggregate stability distribution characteristics and its relationship with soil physical and chemical properties. The soil erodibility K value and soil organic carbon content were calculated based on the geometric particle size to clarify the variation characteristics of the leading quality factors of black soil slope cultivated land. It provides a scientific basis for revealing the dynamic change mechanism of soil erodibility and provides particular theoretical support for preventing and controlling soil and water loss in sloping farmland in black soil areas.
2 MATERIALS AND METHODS
2.1 The study region
The typical black soil area in Northeast China is an important agricultural production area in China. From west to east, it is divided into typical black soil sub-regions of Eastern Mongolia, Sonnen and Sanjiang, accounting for 28.5%, 63.8% and 7.7% of the typical black soil area, respectively. The reclamation period is 30–100 years. The terrain is higher in the northeast than in the southwest, and the typical terrain is full of mountains and rivers. Corn and soybeans are mainly grown. It has the remarkable characteristics of a typical compound erosion area in the world, and high-intensity rainfall in summer, autumn and early spring are prone to high-intensity soil erosion. Freezing and thawing are frequent in late autumn and early winter, followed by snowmelt erosion. The thickness of the black soil layer in China in the 1950 s was 50–80 cm, and now it is decreasing at a rate of 3–10 mm per year, down to 20–40 cm in 2000. In some severe areas, the soil parent material is exposed, and the production capacity is lost.
Keshan Farm belongs to the Qiqihar Branch of Heilongjiang Land Reclamation Bureau. It was originally a large-scale mechanical farm of the Mechanical Corps, located in Nehe City and Keshan County. Keshan Farm is located in the northern part of the typical black soil sub-region of Songnen, and belongs to the core area of the typical black soil region transitioning from the southwestern foot of the Lesser Khingan Mountains to the Songnen Plain. The geographic location is 125°07′40″–125°37′30″east longitude, 48°11′15″–48°24′07″north latitude. The altitude is between 250 and 383 m. The slope is long and gentle, and the slope of the sloping cultivated land is mostly 1°–3°, and the slope length is mostly 500–2000 m, and the longest is 4,000 m. Chuanmangang has obvious landform features. The temperate continental monsoon climate has a large temperature difference between the four seasons, the annual average temperature is 1.9°C, and the average annual precipitation is 503 mm. The precipitation from June to September accounts for 80.4% of the annual precipitation. The soil texture is silty clay with a particle composition (United States Department of Agriculture) sand, silt, and clay content of 14.2%, 40.7%, and 45.2%, respectively. The average thickness of the black soil layer is 20–40 cm, which is a typical thick-bed black soil area.
The fifth subfield of Keshan Farm was selected for reclamation for nearly 70 years, with an average slope length of about 2,200 m and a typically long and gentle slope farmland with an average slope of 1.5° along the slope direction. Based on remote sensing images and topographical features, the cultivated land with long and gentle slopes adjacent to space was selected for an on-the-spot investigation. Straight slopes, concave slopes, and concave-straight compound slopes with the same planting history, adjacent spatial locations, and a slope length of 1,020 m were selected as the research objects (Figure 1). The slope is ridged and cultivated in rotation along the slope. The rotation crops are potatoes (Solanum tuberosum) and corn (Zea mays). The tillage direction is the same as the runoff direction, the soil is prepared in autumn, and the seeds are sown on demand in spring.
[image: Figure 1]FIGURE 1 | Location and slope topography of the study area.
2.2 Method
2.2.1 Sampling method
Soil samples were collected in early May 2019 (before planting), after the spring thaw period. Straight slopes, concave slopes and concave-straight compound slopes were sampled every 30 m along the longitudinal section of the slope. The sampling depth is 30 cm, the sampling length is 1,020 m, and 34 sampling points are collected on each slope (Zhang et al., 2009) determined through statistical analysis of many experiments that soil samples with a distance of 0.75–5 m between sampling points are independent. The mixed sample composed of more than five independent soil samples can represent the attributes of the sampling point, and the sampling diameter does not affect its representativeness when the diameter of the sampler is 38–86 mm. Therefore, in this study, a soil drill with a diameter of 5 cm was used to drill into the slope perpendicular to the horizontal plane to collect soil samples.
Given that the plots are adjacent in space and have the same planting history, there is no significant difference in soil thickness. The soil was collected by ring cutter to measure soil bulk density, total porosity, capillary porosity and soil moisture content. The LB method was used to determine soil water-stable aggregates’ content to measure cultivated land soil quality.
2.2.2 Determination of aggregate stability
Determination steps of Le Bissonnais method (Guo et al., 2010a): Collect undisturbed soil samples and put them into disposable plastic boxes. After being brought back to the laboratory, the soil was gently peeled along the gaps in the natural structure of the soil into a soil mass with a diameter of about 10–12 mm, and the thick root system and stones of the plants were removed. The soil samples were sieved, and the 5–3 mm particle size was taken for testing. In order to eliminate the influence of initial water content, the prepared soil samples were dried at 40°C for 24 h before determining aggregate stability to standardize their water content. The FW treatment simulated the disintegration of aggregates in the soil under the condition of rapid wetting (such as summer rainstorms, irrigation, etc.). It mainly reflected the dissipation mechanism of aggregate disintegration. The SW treatment reflects the disintegration of aggregates caused by soil clay swelling during slow soil wetting. WS treatment applies ethanol to wet the agglomerates. Because of the characteristics of ethanol itself and its interaction with soil, the dispersion of aggregates and the swelling of clay particles were significantly reduced, mainly reflecting the disintegration of aggregates under mechanical disturbance.
① Fast wet treatment (FW). Weigh 5–10 g of soil aggregates that have been pre-dried and passed through a 5–3 mm sieve. Pour 50 mL of deionized water into a 250 mL beaker, pour the soil sample into the beaker slowly, and immerse it in the deionized water. After standing for 10 min, remove the supernatant, and use a washing bottle filled with ethanol to gently flush the treated soil sample into a 0.05 mm sieve submerged in ethanol. Simultaneously, shake the sieve helically in ethanol five times with even force to separate the soil aggregates. Subsequently, the agglomerates on the sieve were washed into an evaporating dish and dried at 40°C for 48 h. The dried soil samples were passed through 2, 1, 0.5, 0.2, 0.1, and 0.05 mm sieves and weighed to the nearest 0.0001 g.
② slow wet treatment (SW). Samples are consistent as FW. Place the aggregates on filter paper on a 3 cm sponge pad. Control the height of the water surface to be 0.2–0.5 cm lower than the surface of the sponge, and saturate it for 60 min (the specific saturation time is determined according to the nature of the soil). Then wash it into a 0.05 mm sieve submerged in ethanol with a washing bottle filled with ethanol, and the rest of the sieving steps are the same as above.
③ Mechanical shock treatment (WS). Samples are consistent as FW. Inject 50 mL of ethanol into a beaker with a capacity of 250 mL, slowly pour the prepared soil sample into the beaker, and immerse it in ethanol. After standing for 10 min, the supernatant was removed, and the treated soil sample was transferred to a 250 mL Erlenmeyer flask with 50 mL of deionized water, and the deionized water was added to 200 mL. Subsequently, the Erlenmeyer flask was shaken ten times by inversion, and the supernatant was removed after standing for 30 min. Using a washing bottle filled with ethanol, gently wash the treated soil sample into a 0.05 mm sieve submerged in ethanol, and the rest of the steps are the same as above.
2.2.3 Characteristic parameters of soil aggregates
Determination of physical and chemical properties of soil: Soil bulk density, capillary porosity (ring knife method), Soil organic carbon (hydration thermal potassium dichromate sulfuric acid method) (McBride, 2022).
The mean mass diameter (MWD) and geometric mean diameter (GMD) are calculated by Eqs 1, 2 formula (Khan et al., 2022):
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In the formula, [image: image] is the average diameter of soil particle size (mm); [image: image] is the proportion of different soil size aggregates to the total aggregates.
The formula for calculating the fractal dimension of soil aggregates is as follows Eqs 3, 4:
[image: image]
Take the base 10 logarithm of both sides:
[image: image]
In the formula: D is the fractal dimension of each particle size distribution of soil water-stable aggregates; W is the cumulative mass with a diameter less than [image: image];
[image: image] is the total mass;
[image: image] is the average diameter of soil particles between two adjacent particle sizes [image: image] and [image: image];
[image: image] is the average diameter of the largest particle size soil particle.
Soil erodibility factor K adopts a model of global soil erodibility (without considering soil particle size composition, in the case of organic matter, soil infiltration and other indicators), only the geometric mean particle size (GMD) is considered to estimate the soil erodibility K value, and the specific calculation formula is as follows:
[image: image]
After correction, it is used to estimate the soil erodibility value in eastern China.
[image: image]
The Relative Dissipation Index (RSI) and the Relative Mechanical Fragmentation Index (RMI) respectively represent the degree of destruction of soil aggregates by dissipation and mechanical destruction. The higher the values of RSI and RMI, the higher the sensitivity of soil aggregates to the effects of dissipation and mechanical oscillations (Wang et al., 2022).
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where: [image: image], [image: image] and [image: image] represent the average weight diameter of aggregates under SW, FW and WD treatment, respectively.
3 RESULTS
3.1 The particle size distribution characteristics of soil aggregates
On straight slopes, concave slopes, and concave-straight compound slopes, there were significant differences in the particle size distribution of soil aggregates with different treatments of the LB method (Figure 2). Except for the aggregate percentage of 2–1 mm particle size did not reach a significant level between SW and WS treatments, there were significant differences in the aggregate content of other particle sizes (p < 0.01). After FW treatment, the particle size distribution of water-stable aggregates is relatively dispersed, mainly 1–0.5 mm, 0.5–0 mm and 0.1–0.05 mm. The percentages ranged from 12.6% to 24.0%, 32.5%–38.8% and 15.9%–37.3%, respectively. Compared with the SW and WS methods, the difference is most evident in the particle size distribution of 0.1–0.05 mm, and the content of aggregates broken into the 0.1–0.05 mm particle size is 11.17 and 4.2 times that of the SW and WS treatments, respectively. After WS treatment, the water-stable aggregates were mainly concentrated in the 1–0.5 mm particle size, and the percentage ranged from 31.6% to 36.5%. The second was concentrated at 2–1 mm, with a percentage range of 20.3%–36.2%. The primary performance is that the particle size of the >2 mm aggregate is broken down to the particle size of 2–0.5 mm. After SW treatment, the particle size of soil aggregates was relatively concentrated, mainly distributed in >2 mm particle size, and the percentage ranged from 29.5% to 40.3%. It is the most significant percentage of >2 mm particle size among the three treatments, four times and 21 times that of WS and FW treatments, respectively. The percentage of <0.2 mm particle size is tiny, ranging from 2.4% to 5.9%. Under the three treatments of the LB method, the proportion of soil aggregates with particle size >2 mm after aggregate crushing was SW > WS > FW. The proportion of aggregates mainly broken into the 2–1 mm size fraction is WS > SW > FW, the same as that of the aggregates broken into the 1–0.5 mm size fraction. The proportion of 0.5–0.2 mm size aggregates is FW > WS > SW, which is the same as that of <0.2 mm size aggregates. It indicated that the FW treatment disintegrated most large aggregates into smaller ones. The FW treatment had the most significant effect on aggregate disintegration, while the SW treatment had the most negligible effect. Because of this, torrential rain or heavy rain is the most fundamental driving force for the loss of cultivated land or bare land in the black soil region of Northeast China.
[image: Figure 2]FIGURE 2 | Size distribution of aggregates under different treatment methods of LB method: Cumulative particle size content of aggregates under different treatment methods.
A particle size >0.25 mm is generally believed to be an important indicator of soil erodibility. However, previous studies have shown that under simulated rainfall conditions, runoff depth, soil erosion volume and soil stability >0.2 mm aggregate content are negatively correlated after 30 min(Barthès and Roose, 2002). The LSD test showed that at the three particle size levels of >0.2 mm, >0.5 mm, and >1 mm, there were significant differences (p < 0.01) among the accumulated aggregate content of each corresponding size under the three treatments. Judging from the accumulation content of aggregates at the three particle size levels, the SW and WS treatments differed significantly from the FW treatments. At the >0.2 mm particle size, the difference between SW and WS is minimal. Nevertheless, as the particle size increases, the difference becomes more considerable. This law of soil aggregate fragmentation is reflected in the minor variation between different slope shapes. The three treatment methods were paired with T-tests among the three slopes, and the significant differences were 0.677, 0.861 and 0.876, respectively. It shows that different slope shapes have no significant effect on the percentage content of the particle size after the aggregates are broken, so the straight slope is used for the analysis below.
3.2 Effect of soil aggregate stability along slope length distribution
Since the runoff on the slope is mainly concentrated in the surface soil, the 0–10 cm soil layer on the slope is now analyzed (Figure 3). The SW in the LB method was used to simulate the SW process of light rain on the slope. The soil aggregates were broken into aggregates >0.2 mm, and the fluctuation along the slope length was noticeable. The central particle size distribution along the slope length was 1–0.5 mm size and >2 mm size alternately, which indicated the difference in slope soil resistance to dissipation. Among them, the 1–0.5 mm and 0.5–0.2 mm particle size distributions showed consistent fluctuations on the slope, and both showed the opposite fluctuation trend to the >2 mm particle size distribution along the slope length. The content of 0.2–0.05 mm particle size is less, and the distribution along the slope is more uniform, with less fluctuation. WS simulated the process of raindrop splashing and runoff disturbance on the slope. The soil aggregates were mainly broken at the 2–0.2 mm particle size, and the 2–1 mm and 0.5–0.2 mm particle size distribution along the slope length fluctuated more than SW. The distribution of >2 mm and <0.2 mm particle size fragmentation along the slope length showed a consistent pattern, both relatively gentle. The >2 mm particle size was less on the slope, indicating that the >2 mm particle size aggregates were mainly split under the impact of raindrops.
[image: Figure 3]FIGURE 3 | The distribution of the particle size content of soil water-stable aggregates along the slope length.
Compared with the clay expansion and mechanical crushing effects of SW and WS treatments, the dissipation effect of simulated rainstorms under FW treatment significantly increased the content of 0.2–0.1 mm and 0.1–0.05 mm grain size on the slope, and there were fluctuations along the slope length. Trend. The contents of >2 mm and 2–1 mm particle size were small, and the soil aggregates were mainly concentrated in <1 mm. It shows that under the action of air explosion, the aggregates of slope aggregates are mainly broken down to <1 mm particle size. The ability of aggregates to resist damage is relatively weak, and the resistance ability of all points on the slope is relatively consistent with that of light rain, raindrop splash and runoff disturbance. Furthermore, the more small particle aggregates on the slope surface, the more substances that can be splashed and carried by raindrops are more likely to be transported and migrated by runoff, resulting in severe soil erosion. However, under the action of SW and WS, the broken particle size distribution of surface aggregates showed undulating changes along the slope length, indicating that the soil in different parts of the slope is susceptible to uneven expansion and mechanical breakage; there are differences between the two.
After the slope soil experienced a series of freeze-thaw cycles, the stability of aggregates showed noticeable differences under simulated rainfall erosion conditions. Furthermore, with the change in slope length, the stability of aggregates showed a fluctuating trend with the slope length (Figure 4). Under SW treatment, the stability of aggregates on the slope surface was the most stable (1.09 mm ≤ MWD < 1.69 mm). However, the stability was the lowest under FW treatment (0.40 mm ≤ MWD < 0.73 mm). Under the WS treatment, the erosion was moderate (0.99 mm ≤ MWD<1.31 mm), and the entire slope showed a uniform change trend. The stability of soil aggregates in slope soil was the worst under air explosion, but the stability fluctuation trend was relatively gentle. It shows that the results of resistance to dissipation at each position on the slope are the smallest and equal. During the wetting process, the soil aggregates are due to the compression of the enclosed air inside the aggregates, resulting in an increase in the internal pressure of the aggregates and the breakdown of the aggregates. The characteristic index of soil porosity (adequate capillary pore size and total pore size) and the increase of soil porosity will provide more places for the confined air required for “air explosion”, thus promoting the trend of aggregate fragmentation. That is, the distribution of soil pores directly affects the strength of aggregate stability. There was a clear negative correlation between aggregate stability (MWDFW) and soil pore condition. As capillary porosity increases, the stability of soil aggregates decreases. To a certain extent, it proves the existence of the “air explosion” phenomenon. Along the slope length direction, the total and capillary porosity variability on the slope is 2.9% and 9.0%, respectively, which belongs to weak variability. The variability of the porosity of the aggregates on the slope before breaking is small, so the distribution of aggregates broken along the slope due to the difference in pore size under the action of FW is small. The fluctuation trend of soil aggregate stability on the slope surface is slight.
[image: Figure 4]FIGURE 4 | Distribution of soil aggregate stability along slope length.
3.3 Distribution characteristics of soil aggregate stability along the profile
Table 1 shows the relationship between soil properties and aggregate stability under different methods. Under the fast-wetting treatment of the LB method (FW, simulating the summer rainstorm scenario), the aggregates of each soil layer depth (0–10 cm, 10–20 cm and 20–30 cm) on the slope were damaged to a certain extent, and the large aggregates collapsed. A solution to finer aggregates (Figure 5). The particle size of aggregates is mainly concentrated in <1 mm, and the cumulative percentages in the 0–10 cm, 10–20 cm, and 20–30 cm soil layers are 91.86%, 87.16% and 84.29%, respectively, and the particle size >2 mm only accounts for 2.45%. The content of aggregates >0.2 mm in each soil layer was not significantly different, indicating that soil aggregates at all depths were destroyed after FW treatment. However, with the increase of soil depth, the conversion ratio of >0.5 mm soil aggregates to large aggregates increased. The 0–20 cm soil aggregates were broken in the same way under the FW treatment, but the 20–30 cm soil aggregates were broken differently than the upper soil. It shows that the effect of air explosion on the soil damage of the 0–20 cm soil layer in the black soil region of Northeast China is more prominent.
TABLE 1 | The stability of soil aggregates and the correlation of each parameter.
[image: Table 1][image: Figure 5]FIGURE 5 | Size composition of soil aggregates under FW treatment.
The aggregates treated with SW have apparent advantages in the proportion of >2 mm, 2–1 mm, 1–0.5 mm, and 0.5–0.2 mm, accounting for 97% of the total. It shows that the original 5–3 mm large aggregates were mainly broken into >0.2 mm aggregates under SW treatment (Figure 6). The particle size of >2 mm aggregates increased significantly with soil depth. In the 20–30 cm soil layer, the particle size of aggregates >2 mm accounted for more than 50%, and the distribution of aggregates was relatively uniform except for the soil aggregates >0.2 mm in the 0–10 cm soil layer. The damage of the soil aggregates in the lower layer decreased step by step and broke down step by step, indicating that it was under the action of clay expansion. The soil aggregates in the upper layer were more easily broken than in the lower layer, and the transformation ratio of soil aggregates in the lower layer to macroaggregates was significantly higher than that in the upper layer.
[image: Figure 6]FIGURE 6 | Size composition of soil aggregates under SW treatment.
The water-stable aggregates in the WS treatment were mainly concentrated in the 2–0.5 mm particle size, and the cumulative proportions of each soil layer were 70.58%, 71.14%, and 72.79%, respectively. It shows that the original 5–3 mm large aggregates are mainly broken down to 2–0.5 mm aggregates under WS treatment (Figure 7). Under each depth of soil layer, the aggregate content tends to be normally distributed, that is, there are more aggregates with a size of 2–0.5 mm. Furthermore, with it as the centre, it decreases step by step to both sides, but with the increase of soil layer, it also shows the trend of shifting to large particle size. Overall, the distribution of crushed aggregates was relatively similar, indicating that the impact of mechanical vibration treatment on each soil layer of cultivated soil aggregates was equivalent. The difference from the SW treatment was that the mechanically disturbed soil aggregates severely damaged the particle size aggregates >2 mm, mainly breaking down to <2 mm particle size. Unlike the FW treatment, the proportion of <0.2 mm aggregates was small. It shows that under the action of disintegration under mechanical disturbance, the degree of fragmentation of cultivated soil aggregates is moderate.
[image: Figure 7]FIGURE 7 | Size composition of soil aggregates under WS treatment.
The stable state of soil aggregates in different soil layers was different due to different treatments of aggregates (Table 2). Under FW treatment, the stability of soil aggregates at different depths was mostly at an unstable level (0.4 < MWDFW < 0.8). Under the WS and SW treatments, except for the 0–10 cm soil layer, the aggregate stability was above the stable level (MWDsw, MWDws > 0.8). The results showed that the stability of soil aggregates was the strongest after the SW treatment. The second is the pre-wetting and shaking treatment. After the rapid wetting treatment, the stability and corrosion resistance of the aggregates are the weakest. It can be seen that the dissipation effect caused by rapid wetting and the mechanical disturbance effect caused by pre-wetting oscillation are the main effects of soil aggregate destruction.
TABLE 2 | Aggregate stability at different soil depths.
[image: Table 2]Among all the soil samples on the slope, 95% had the largest MWD after SW treatment, and 5.88% had the largest aggregate MWD after WS treatment. However, only 0.98% of the samples had the largest MWD after FW treatment. The performance is MWDSW > MWDWS > MWDFW. The aggregates treated with FW had the lowest MWD, i.e., the aggregates were most destructive. The aggregate MWD value of SW treatment was the largest, and the aggregate damage was the least. There were significant differences in the MWD values of the aggregates treated with FW, WS and SW in the Le Bissonnais method. However, the MWD values of aggregates in different soil layers have the same variation after treatment. The MWD0-10 cm < MWD10-20 cm < MWD20-30 cm among different soil layers under the three failure mechanisms showed that the structure of soil aggregates in the 20–30 cm soil layer was the most stable, while the 0–10 cm soil layer had the worst stability.
Under SW treatment, the average weight diameters (MWD0-10 cm, MWD10-20 cm and MWD20-30 cm) of soil aggregates in each soil layer were 1.18, 1.44, and 1.66, respectively. The soil aggregates in the lower layer increased by 21.8% and 11.2%, respectively compared with the upper layer. It shows that the 10–20 and 20–30 cm soil layers are less sensitive to aggregate breakage caused by simulating the wetness of light rain in the field than the 0–10 cm soil layer, that is, the soil erosion resistance of the 10–30 cm soil layer is significantly better than that of 0–10 cm soil layer. Under the FW treatment, the average weight diameters of aggregates in the 0–10, 10–20, and 20–30 cm soil layers were 0.42, 0.51, and 0.62, respectively, and the stability was the worst. The soil aggregate stability of the lower layer was 11.9% and 22.2% higher than that of the upper layer, respectively, and the difference was most evident between 0–20 cm and 20–30 cm. It shows that the 20–30 cm soil layer is less sensitive to air explosion than the 0–20 cm soil layer. That is, the corrosion resistance is significantly enhanced. Under WS processing, the mean weight diameters (MWD0-10 cm, MWD10-20 cm and MWD20-30 cm) of the aggregates in each soil layer were 0.86, 0.98 and 1.1, respectively. The soil aggregate stability of the lower layer was 14.0% and 11.9% higher than that of the upper layer. The susceptibility of different soil layers to soil erosion was comparable under simulated field mechanical disturbance. That is, relative to the pre-wetting disturbance, and there is no noticeable difference in the corrosion resistance of each soil layer. It shows that the soil aggregates in the 0–10 cm soil layer are more sensitive to the damage of light rain in the field, and the soil aggregates in the 0–20 cm soil layer are more sensitive to air explosion. Each soil layer’s susceptibility to soil aggregate damage was equivalent under mild mechanical vibration and other conditions.
There were differences in the fractal dimension of soil aggregates among different soil layers among the treatments. However, the variation trends were not the same (Figure 8). The average fractal dimensions of the 0–10, 10–20, and 20–30 cm soil layers under the SW treatment were 2.36, 1.95, and 1.85, respectively. The average fractal dimensions of the 0–10, 10–20, and 20–30 cm soil layers under WS treatment were 2.47, 2.39, and 2.36, respectively. The average fractal dimensions of the 0–10, 10–20, and 20–30 cm soil layers under the FW treatment were 2.73, 2.70, and 2.70, respectively. Both showed a decreasing trend with the increase of the soil layer. It indicated that the degree and effects of the three treatments on the soil structure were different and changed with the depth of the soil layer. However, in the soil profile under FW treatment, the soil fractal dimension D) was unchanged in each soil layer, and the value range was small. However, the fractal dimension of the soil in the slow-moisture treatment gradually decreases and changes obviously with the depth of the profile.
[image: Figure 8]FIGURE 8 | Soil fractal dimension at different soil depths.
3.4 The impact of soil aggregate fragmentation on the main factors of soil quality
The soil erodibility K value in the black soil region of Northeast China was estimated using the modified geometric particle size model, which can be used as an estimation model for soil erodibility K value in eastern China. As a comprehensive relative index of soil water erosion resistance, the more significant the K value, the more unstable the aggregates and the more prone to erosion. Conversely, the stronger the soil erosion resistance. The soil erodibility of the slopes in the study area was analyzed (Table 3), and it was found that the soil erodibility of each slope showed that the K value of the straight slope was the smallest. The variability was the most minuscule (14.8%). Composite and concave slopes had similar K values, with a variability of 22.4% and 21.0%, respectively. The variation range of soil K value of the three slopes is 0.008–0.043, and the average value is 0.018 (Keli et al., 2007) research shows that China’s K value of soil erodibility is relatively concentrated in the 0.001–0.04. The overall soil erodibility in the study area belongs to medium variation (16%–32%), and the K value of soil erodibility decreases significantly with the increase of soil depth. It shows that with the increase of the depth of the soil layer, the ability of soil erosion resistance is gradually enhanced.
TABLE 3 | Correlation between slope soil erodibility K value, SOC and each particle size.
[image: Table 3]The K value of soil erodibility is closely related to aggregates, and rainfall erosion further affects the potential erodibility of soil and the final soil erosion process (Zhu et al., 2022). The Pearson correlation analysis was performed on the soil erodibility, aggregate size and SOC, as shown in Table 3. The soil erodibility K value was positively correlated with the aggregate content of 0.5–0.2 mm, 0.2–0.1 mm, and 0.1–0.05 mm, and the correlation coefficients were 0.317, 0394, and 0.319, respectively (p < 0.01). The results showed that fine particles could clog soil pores during precipitation when the <0.5 mm particle size content increases. In turn, it hinders the infiltration of soil moisture, increases surface runoff, accelerates surface runoff and sand production, and enhances soil erosion capacity. The erodibility K value was negatively correlated with the particle size of >2 mm and 2–1 mm aggregates, and the correlation coefficients were 0.211 and 0.192, respectively (p < 0.01). It shows that the large particles have intense anti-erosion media stripping and transport ability, and the soil’s anti-corrosion ability is strong. The erodibility K value was significantly negatively correlated with the organic carbon content (Table 3), with a correlation coefficient of 0.261 (p < 0.01). This shows that soil organic carbon can enhance the bonding between soil particles and water, mainly showing a significant negative correlation between the <1 mm particle size and SOC content. It shows that SOC promotes soil water stability and the formation of aggregates, which is beneficial to the stability of soil structure and enhances soil erosion resistance.
4 DISCUSSION
According to the average value of the particle size distribution on the slope under the three treatments, the particle composition is mainly >2 mm. Among them, the 1–0.5 mm and 0.5–0.2 mm particle sizes showed similar fluctuation trends. >2 mm, 2-1 mm particle size showed a similar trend. The particle size distribution of >1 mm and the particle size distribution of 1–0.2 mm showed opposite trends in the slope fluctuation trend. It shows that rainfall erosion mainly breaks>2 mm, 2-1 mm grain size into 1–0.2 mm grain size. Thus, abundant loose aggregate particles are provided for raindrop splash erosion and runoff erosion, which is the primary source of erosion materials in soil erosion. The particle size distribution of aggregates on the slope surface after crushing directly affects the impact of raindrops and runoff on the initiation and transportation of soil particles. The difference in particle size distribution will lead to the difference in the sediment carried by the runoff scouring process, leading to the erosion-sedimentation fluctuation law on the slope surface. There is a periodic change law of ebb and flow or similarity among the grain fractions on the slope along the slope length. Although it does not precisely match the fluctuation trend of erosion intensity of slope farmland, the fundamental trends reflected by the two are similar.
Under simulated light rain conditions, the stability of aggregates on the slope surface fluctuated most obviously along the slope length. Agglomerates break up due to uneven expansion and contraction of soil clay particles. Studies have shown that the fracture mechanism can only be expressed when the soil contains many clay minerals with expansive lattices. The internal structure of the agglomerates produces fine cracks (cracks), which leads to the breakage of the agglomerates. The clay mineral montmorillonite and clay content (37%) in the soil are relatively high; the main clay mineral is montmorillonite. Its expansion and contraction are substantial, and montmorillonite aggregates are more sensitive to the stress generated by expansion. Although less destructive, it is better than rapid wetting for differentiating unstable soils between different locations on a slope.
Under the conditions of simulated raindrop impact and runoff disturbance, the stability of aggregates on the slope surface is between the two. When the external mechanical damage kinetic energy is significant enough, soil aggregates combined with dissipation or clay expansion will disperse and break aggregates. It shows that the cementation effect of soil organic matter on aggregates is dominant (excluding the destruction effect of dissipation and clay expansion). Thick-layer black soil has a high content of organic matter and clay, both cementing substances. It dramatically enhances the cementation ability between soil aggregates and plays an essential role in the formation and stability of soil aggregate structure. Analysis of the correlation between aggregate stability parameters and soil organic carbon content showed that organic carbon was significantly correlated with its stability (MWDWS) under mechanical disturbance. It is confirmed that the soil aggregates on the slope will destroy the cohesion of soil organic matter during mechanical disturbance and crushing. The organic carbon content enhances its ability to resist mechanical damage. Along the slope length direction, the variability of organic carbon on the slope is 8.7%, which is weak variability. Therefore, under mechanical disturbance, there is little difference in the distribution of aggregate breakage along the slope.
Regardless of the destruction method, after the aggregates experienced rainfall, the aggregates were broken into smaller particles. Nutrients mainly exist in the soil in an adsorption or organic state, and most soil flow is fine particles. Since the fine particles have a larger specific surface area, they have a more substantial adsorption effect on nutrients. Therefore, it can be inferred that the enormous loss of fine particles in the slope runoff accompanies the enormous loss of soil nutrients. In the long-term rainfall erosion process, with the continuous development of runoff, the sediment content carried by it has been in the mutual conversion state of “saturated-unsaturated”. Due to the combined effect of erosion and deposition, the nutrient content inevitably erodes and deposits continuously with the runoff and sediment on the slope, and finally presents a trend of fluctuating changes.
By analyzing the changes of organic carbon along the length of the three slopes: straight slope, concave slope and compound slope, it was found that the average value of soil organic carbon content (SOC) on the slope was 46.58 g·kg-1. The variation range is 26.76–68.09 g·kg-1. There was a significant difference in the content of SOC in different slope shapes (p ≤ 0.01). The SOC content of each slope shape is mainly as follows: open slope < compound slope < straight slope. The SOC content of the straight slope is 1.04 and 1.11 times that of the composite and concave slopes. The soil SOC content of the concave slope with the highest soil erosion rate is the lowest. Straight slopes with the lowest soil erosion rates have the highest average concentrations. The erosion intensity and SOC content of the composite slope is in between. In terms of the change along the slope length, the soil SOC content generally showed a high-low-high variation trend. Contrary to the change in soil erosion rate along the slope length, the site with a higher soil erosion rate corresponds to lower soil SOC content and vice versa (Figure 9).
[image: Figure 9]FIGURE 9 | Distribution characteristics of soil SOC and soil erosion rate along the slope length.
The variation trend of slope soil SOC and soil erosion intensity is opposite to that of slope distribution, reflecting that the spatial distribution of soil erosion intensity directly affects the distribution of slope soil organic carbon distribution. Analyzing the reasons, soil organic carbon mainly exists in soil aggregates in a close combination of organic and inorganic substances. The migration and transformation of soil particles mainly accompany it. The study of slope soil is mainly based on the erosion-transport process, and the soil erosion-transport process is also the process of soil SOC transport. The SOC accumulated on the soil surface is easily lost with the migration of the surface soil. This will cause a large amount of fertile soil on the surface of the cultivated land, and the soil and its nutrients will be lost through runoff and sediment. The remaining content of cultivated land is reduced, and the black soil layer is thinned, resulting in barren soil and a decline in cultivated land quality.
5 CONCLUSION
This paper uses three processing methods of the LB method to clarify the crushing characteristics of soil aggregates under different damage effects. The breaking mechanism of typical black soil aggregates was clarified, and the distribution characteristics of the stability of soil aggregates in different parts and layers along the slope were analyzed. Furthermore, the response of slope soil erodibility K value and soil SOC content loss to slope surface was discussed. The main conclusions are as follows.
(1) Overall, the aggregate stability showed MWDSW > MWDWS > MWDFW.
(2) The analysis of the aggregates in the topsoil layer (0–10 cm) found that the fluctuation trends along the slope length among the various grain sizes on the slope did not completely match. However, the fundamental trends reflected by the two were similar.
(3) Under the three failure mechanisms, MWD0-10 cm < MWD10-20 cm < MWD20-30 cm is reflected among different soil layers.
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Soil secondary salinization in the Yellow River Diversion Irrigation Area of Northwest China seriously threatens local agricultural production. Drip irrigation technology is one of the largest contributors to low-yielding saline-alkali land; however, research on the high spatio-temporal scale variability of soil moisture and salinity in drip irrigation is still lacking. Herein, four treatments, CK (flood irrigation, 900 mm), W1 (small volume drip irrigation, 360 mm), W2 (medium volume drip irrigation, 450 mm), and W3 (large volume drip irrigation, 540 mm), were set up to investigate the characteristics and laws of soil moisture and salinity under different irrigation methods. The results showed that the soil moisture of drip irrigation was 5.02%–17.88% (W1), 7.36%–21.06% (W2), and 13.79%–27.88% (W3) higher than that of flood irrigation, resulting in a vertical distribution of soil moisture being low at the top and high at the bottom. Under drip irrigation, the soil salinity formed a desalination zone centered on the drip emitter and this zone gradually expanded to deeper soil with continuous drip irrigation, gradually transforming the soil from surface aggregation type to the bottom accumulation type. The desalination rates of W1, W2, and W3 were 18.46%, 20.84%, and 22.94%, respectively, whereas the salt leaching rate of CK was slower and the salt distribution was not uniform; therefore, the desalination rate was only 5.32%. By precisely controlling the irrigation water volume and flow, drip irrigation significantly reduced surface evaporation and subsurface leakage of water and improved water use efficiency, thus increasing grain yield. Compared with flood irrigation, the yield increase rates of W1, W2, and W3 were 6.6%, 16.18%, and 18.32%, respectively. Therefore, drip irrigation with an appropriate irrigation volume in the saline land in northern Ningxia can improve water saving, salt suppression, and maize yield.
Keywords: saline-alkali soil, soil moisture, soil salinity, drip irrigation, flood irrigation
1 INTRODUCTION
Soil salinization is a major global environmental problem with severe negative impacts on crop planting and sustainable agricultural development in arid and semi-arid regions (Chhabra, 2004; Ashraf, 2007). In saline-alkali areas with high groundwater tables, the movement of water and salt to the surface caused by capillary upwelling and high evaporation is the main cause of salinization (Northey et al., 2006). The Yellow River Diversion Irrigation Agricultural Area is located in the semi-arid region of Northwest China. People have diverted water from the Yellow River for hundreds of years allowing the Yellow River Basin in ancient China to achieve prosperity in agriculture and the development of civilization under climatic conditions with an average annual precipitation of only 200 mm (Wang et al., 1993; Xiong et al., 1996). However, excessive irrigation leads to the accumulation of salt in groundwater and secondary salinization, and insufficient fertilization leads to a decrease in water and fertilizer use efficiency and fertilizer use efficiency, resulting in agricultural non-point source pollution (Liu et al., 2014; Wang et al., 2014). At present, hundreds of years of irrigation by the Yellow River have raised the groundwater table, and the dry and high evaporation climate conditions in this region have further exacerbated the local soil salinization process, seriously threatening normal agricultural production (Wang et al., 1993; Xiong et al., 1996).
The essence of saline soil improvement measures is to regulate the movement of soil water and salt, to promote the downward leaching of soil salt, and to prevent salt from migrating upward to the surface with the soil solution due to transpiration (Guan et al., 2019; Stavi et al., 2021; Gu et al., 2022). The traditional water-saving measure is to remove soil salt by flooding before sowing, but this method wastes valuable water resources and increases the risk of environmental pollution (Pimentel et al., 2004). Drip irrigation can accurately control the amount of water and nutrients applied to the soil, ensuring adequate levels of water, nutrients and aeration in the soil-root zone (Burt and Isbell, 2005; Rajak et al., 2006). Drip irrigation also removes excess salt from the root zone through small area irrigation and slow infiltration, forming a desalination zone with sufficient water and less salt near the emitter, creating a suitable low-salinity microenvironment for the normal growth of plants (Burt and Isbell, 2005). It has become a key irrigation technology in the promotion of water conservation, salt suppression, and productivity improvement in saline-alkali land (Stavi et al., 2021) and is one of the most effective methods for developing low-yield salinized farmland, being widely used in salinized farmlands globally. Nevertheless, improper drip irrigation methods can cause in many problems, particularly in highly saline soils (Darwish et al., 2005). Therefore, when designing a drip irrigation system for planting crops in saline-alkali soils, the amount and timing of drip irrigation must be carefully optimized.
Proper management and evaluation of drip irrigation requires a good understanding of salt movement patterns and crop water consumption. However, the mechanism of this water-salt transport is not well understood, especially because research on the strong variability of soil moisture and salinity at the spatial and temporal levels is lacking. Therefore, it is an urgent need to study the distribution characteristics and laws of soil moisture and salinity under different irrigation methods. To improve the theory of water-salt movement and drip irrigation regulation, and realize the sustainable development and utilization of saline soil by drip irrigation technology, this study carried out field experiments on salinized soils of different degrees in the Yellow River Irrigation Area of Ningxia. This study mainly focused on: 1) the spatial and temporal dynamic transport of soil water and salt under drip irrigation, 2) plant responses to different drip irrigation systems, and 3) clarifying the desalination mechanism under drip irrigation scheduling.
2 METHODS AND MATERIALS
2.1 Site description
The experiment was carried out in the Saline Land Water-saving and Salt-control Technology Demonstration Area (38°84′N, 106°57′E, 1,100 m), in Pingluo County, Ningxia Hui Autonomous Region, Northwest China. The whole region has a temperate continental semi-arid climate, with an annual average temperature of 9.5 °C, a minimum temperature of −22.6 °C, and a maximum temperature of 37.8 °C. The annual sunshine hours were 2,900 h, and the frost-free period was 180 days. The mean annual precipitation and potential evaporation (PE) were 180 mm and 1900 mm, respectively. The soil type was saline-irrigated silt with a medium loam texture. The physical and chemical properties of the initial soil are listed in Table 1. Before the experiment, the groundwater had an average depth of 1.4 m, a pH of 8.4, and an electrical conductivity (EC) of 15 dS m-1.
TABLE 1 | Basic physical and chemical properties of the initial soil.
[image: Table 1]2.2 Experimental design
The experiment was conducted from April 2022 to September 2022, and the test crop was silage maize (Zea mays L.) of variety Dajingjiu 26. The planting method was set in wide (60 cm) and narrow (40 cm) with a planting density of 22 × 50 cm (Figure 1). Based on the local traditional irrigation quota and fertilization habits, four treatments were set up: 1) CK (traditional flood irrigation, 900 mm of irrigation during the growth season), 2) W1 (360 mm of drip irrigation during the growth season), 3) W2 (450 mm of drip irrigation throughout the growing season), and 4) W3 (540 mm of drip irrigation throughout the growing season). Each treatment was repeated three times, and a total of 12 plots (randomly arranged) were set up with an area of 20 × 20 m2.
[image: Figure 1]FIGURE 1 | Planting pattern and soil sampling positions in the field experiment. (A), Cross-section view of plot; (B), Top view of the plot details.
2.3 Fertilization management and irrigation scheduling
The flood irrigation treatment (CK) used urea, superphosphate, and potassium sulfate as fertilizers. The amounts of N, P, and K were 400 kg N ha-1, 200 kg P2O5 ha-1, and 225 kg K2O ha-1, respectively, of which 65% N was used as base fertilizer and 35% as topdressing. Rotary tillage was carried out at a depth of 20–25 cm immediately after the application of base fertilizer. The remaining urea was top dressed twice during the maize growth period as required. The drip irrigation treatments (W1, W2, and W3) used water-soluble fertilizer (24-12-14) specialized for maize drip irrigation. There were 10 times of irrigation in the maize growing season, including 7 times of drip irrigation fertilization. The total fertilization amount was the same as that of CK, and the specific fertilization and irrigation were shown in Table 2.
TABLE 2 | Irrigation and fertilization during growing seasons of maize (Zea mays L.).
[image: Table 2]Irrigation water was pumped from an irrigation canal connected to the Yellow River with a pH, EC, and SARe of 7.5, 0.8 dS m-1, and 1.87 mmol L-1, respectively. The drip irrigation system was composed of a solenoid valve, pressure meter, flow meter, screen filter, fertilizer tank, and drip lines. Each treatment (three plots) was independently installed using a drip irrigation field control system to control the irrigation quota. Drip irrigation pipes were arranged in narrow rows, with one pipe for every two rows of maize (Figure 1). The distance between the drip irrigation emitters was 20cm, and the flow rate of the emitters was 1.27 L h-1. As in the local high-yielding maize fields, field management included weeding and insecticide control.
2.4 Soil sample collection and analysis
The entire experimental period was divided into Stage A (end of April to end of May), Stage B (end of May to end of June), Stage C (end of June to end of July), and Stage D (end of July to early September) during the maize growing season to collect the soil samples. For each sample, sites near the drip emitter were randomly selected in each plot, and soil samples were collected using an auger with a diameter of 4.0 cm in and a height of 15 cm. Samples were collected at distances of 0, 10, 20, 30, 40, and 50 cm from the emitters, and at sampling depths of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 cm (Figure 1). Sixty soil samples were obtained from each sampling site. The distribution of soil sampling points for the flood irrigation treatment was similar that of the drip irrigation treatments, with 60 soil samples were randomly selected from each plot. After removing the surface organic impurities and fine roots from fresh samples, the soil water content was determined using the oven-drying method. The remaining soil subsamples were air-dried and sieved through a 1 mm sieve, and then three replicates were mixed into one sample to make a saturated soil slurry extract using the standard method (Robbins and Wiegand, 1990). The pH and ECe were measured using a conductivity meter (DDS-12A, REX) and a pH meter (PHS-3C, REX), respectively. Na+, Ca2+ and Mg2+ were measured using an inductively coupled plasma optical emission spectrometer (Optima 5300DV), and SARe (sodium adsorption ratio) was calculated as follows:
[image: image]
where the concentration of each cation is in mmol L-1.
The soil desalination rate (SDR) was used to characterize the desalination process under different treatments:
[image: image]
Where SDR is the soil desalination rate (%), S0 is the initial soil ECe (dS m-1), Si is the soil ECe for each soil layer at different stages (dS m-1).
2.5 Plant sample collection and analysis
At the mature stage of maize, three maize plants were randomly selected from each plot to measure their plant height and stem diameter. In this way, nine maize plants are collected from each treatment, and a total of 36 maize plants are collected. After on-site measurement, the whole plant shall be sampled and transported back to the laboratory immediately, dried to constant weight at 70°C, measured the weight of dry matter and 1,000 grains on the ground, and then calculated the grain yield. Based on the aboveground dry matter mass and grain yield, the nutritional quality index of silage maize was calculated using the following formula:
[image: image]
Where N is the nutritional quality index of silage maize (%), Y is the grain yield (kg ha−1), and M is the aboveground dry matter mass per unit area (kg ha−1). The water use efficiency in the maize growth season was calculated according to the following equation (Zhang et al., 2019):
[image: image]
Where WUE is the water use efficiency (kg ha−1 mm−1), Y is the grain yield (kg ha−1), and ET is the maize evapotranspiration during the growth period (mm) calculated by the soil water balance equation (Zhang et al., 2019) as:
[image: image]
Where ET is the maize evapotranspiration during the growth period (mm), I is the amount of irrigation (mm), P is the total precipitation (mm) collected by the field rain gauge. ΔS is the change in soil water storage (mm) estimated using the space-weighted mean method, G is the contribution of groundwater (mm), R is the surface runoff (mm), L is the underground leakage (mm) calculated by soil leakage water monitor, and E is the evaporation of surface water (mm) monitored by the micro-Lysimeter evaporator. Because the terrain of the test area was flat and the average depth of maize roots was much greater than the average depth of groundwater, G and R were ignored in this study.
2.6 Statistical analyses
All data were recorded and classified in Microsoft Office Excel 2016, and analysis of variance (ANOVA) was performed using IBM SPSS Statistics ver.19.0 (IBM Co., Armonk, NY, United States). Tukey’s honestly significant difference (HSD) test was used to determine significant differences between the means at p ≤ 0.05. Figures were created using Origin 2022 (Origin Lab Co., Northampton, MA, United States).
3 RESULTS
3.1 Soil moisture dynamic movement
Changes in the spatial distribution of soil moisture with sampling time are shown in Figure 2. The soil moisture distribution changed significantly with the irrigation measures, indicating that irrigation changed the soil moisture infiltration characteristics. In Stage A, the wetted area under the drip emitters of the drip irrigation treatments (W1, W2, and W3) expanded both horizontally and vertically, and the water content of the 0–40 cm soil layer under W1, W2, and W3 increased by 3.78%–27.09%, 3.17%–37.79%, and 6.86%–44.87%, respectively, compared with CK. At the end of Stages B, C, and D, the soil wet zone continued to expand horizontally and vertically, and the soil water content in the 0–100 cm soil layer increased by 3.13%–6.36%, 3.28%–8.51%, and 5.01%–9.35%, respectively, compared with Stage A. The soil water content in the 0–20 cm soil layer of the drip irrigation treatment was significantly higher than that of CK, and the W1, W2, and W3 treatments were 5.02%–17.88%, 7.36%–21.06%, and 13.79%–27.88% higher than that of CK, respectively. Overall, irrigation increased soil moisture, resulting in a vertical distribution of soil moisture being low at the top and high at the bottom. The water content of the shallow soil in the flood irrigation treatment was significantly lower than that in the drip irrigation treatment. This is because the frequent side flow of irrigation water causes strong surface evaporation, indicating that drip irrigation has a better effect on maintaining surface soil moisture.
[image: Figure 2]FIGURE 2 | Spatial distribution of soil water (mass water content). (A), Stage A, end of April to end of May; (B), Stage B, end of May to end of June; (C), Stage C, end of June to end of July; (D), Stage D, end of July to early September.
3.2 Soil salinity dynamic movement
The spatial distribution of ECe at different stages is shown in Figure 3, demonstrating the trend in soil salinity during the growing season. Soil moisture movement controls the redistribution of soil salts. Owing to the small amount of irrigation at Stage A, the soil salinity in the 0–40 cm soil layer of each treatment did not change much during this period. Nevertheless, starting from Stage B, the soil salinity decreased sharply to lower levels in all treatments; in particular, the ECe of the 0–20 cm soil layer in the W3 treatment decreased by 5.68% compared with other treatments. In Stage C, compared with the CK, the desalination zone gradually appeared 0–40 cm below the drip emitters in the drip irrigation treatments, and the soil salts gradually leached to the deep layer. At the end of Stage D, with continuous irrigation, the soil desalination zone continued to expand, and its lower boundary edge further moved from to 30–50 cm to 70–90 cm. There was a clear decreasing trend in soil salinity in the 0–100 cm soil layer under the drip irrigation treatments. Compared with CK, the ECe of 0–40 cm soil layer in W1, W2, and W3 decreased by 23.53%–32.57%, 26.49%–35.64%, and 26.30%–36.86%, respectively. In general, with the prolongation of the maize growth period, the soil salts gradually leached down with soil water infiltration under the drip irrigation treatments and gradually formed a desalination zone centered on the drip emitters. In contrast, the soil salt leaching rate of CK was lower, and the salt distribution was uneven.
[image: Figure 3]FIGURE 3 | Spatial distribution of soil salinity (electrical conductivity of saturated extract). (A), Stage A, end of April to end of May; (B), Stage B, end of May to end of June; (C), Stage C, end of June to end of July; (D), Stage D, end of July to early September.
3.3 Soil pH and sodium adsorption ratio
Table 3 shows the trends in soil pH and SARe at the later stage of the field trial (end of Stage D). Except for the 10–20 cm soil layer, the drip irrigation treatments significantly reduced the soil pH value of each soil layer by 0.72%–2.13%, 0.83%–3.33%, and 0.81%–3.39% in W1, W2, and W3, respectively, compared with CK. When irrigation water removed salts from the surface soil, the pH of the 0–40 cm soil layer was significantly higher than that of the 40–80 cm soil layer. Similar to the soil ECe, it showed the vertical distribution characteristics of low salt content in the upper soil layer and high salt content in the lower soil layer as a whole, and the deep soil layer SARe was significantly higher than that of the shallow soil. The soil SARe values of the drip irrigation treatments were significantly lower than those of CK by 1.4%–6.63% (W1), 1.63%–7.02% (W2), and 1.43%–7.02% (W3). Consequently, the effect of salt washing of drip irrigation was positive, but the difference between the drip irrigation treatments was insignificant.
TABLE 3 | Soil pH and sodium adsorption ratio of different soil layers.
[image: Table 3]3.4 Soil desalination
As illustrated in Table 4, there were significant differences in soil salinity and desalination rate in the different soil layers of each treatment. At the start of the field experiment, there were no significant differences in soil salinity between the treatments. At the later stage of the field experiment, there was a significant difference in the soil salts among the treatments. In the 0–10 cm, 10–20 cm, 20–30 cm and 40–50 cm soil layers, the soil salinity of the drip irrigation treatments was significantly lower than CK, but the difference was not significant between the drip irrigation treatments. As the soil layer deepened, the difference in soil salinity between treatments gradually decreased. Overall, the soil salinity of CK showed a trend of high up and low down, while that of the drip irrigation treatments showed the reverse trend. Compared with the drip irrigation treatments, the overall desalination efficiency of CK was lower, and the desalination rate of each soil layer was unevenly distributed, with an average of only 5.32%. The desalination rates of W1, W2, and W3 were 18.46%, 20.84%, and 22.94%, respectively. The drip irrigation treatments significantly reduced soil salinity in the tillage layer (0–40 cm), and the desalination rates were 32.45% (W1), 35.01% (W2), and 36.23% (W3), respectively. Notably, with the deepening of the soil layer, the soil became denser, the porosity decreased, and the soil desalination rate gradually decreased. Especially in the 90–100 cm soil layer, the soil desalination rate became negative, and the soil salinity tended to increase.
TABLE 4 | Soil salinity and desalination rate of different soil layers.
[image: Table 4]3.5 Crop water consumption
As shown in Table 5, the soil water storage (ΔS) varied from 36.59 to 45.59 mm throughout the growing season, and there was no significant difference among the treatments. Compared with the flood irrigation treatment, the drip irrigation treatments produced uniform infiltration flow and reduced underground leakage (L) by precisely controlling the volume and flow of irrigation water. Due to the frequent flow of surface irrigation water caused by large amounts of flood irrigation, the surface evaporation (E) of CK was significantly higher than that of the drip irrigation treatments by 57.64%–68.29%, while there was no significant difference between the drip irrigation treatments. It can be seen that underground leakage and surface evaporation of CK accounted for 35.8% of irrigation water and rainfall, significantly higher than W1 (32.61%), W2 (28.73%), and W3 (23.88%). Compared with traditional flood irrigation, drip irrigation significantly improved the water use efficiency of maize. The water use efficiency of W1 and W2 was the highest, reaching 23.88–25.68 kg ha-1 mm-1, followed by W3, and CK was the lowest at only 15.98 kg ha-1 mm-1.
TABLE 5 | Maize (Zea mays L.) evapotranspiration components and water use efficiency.
[image: Table 5]3.6 Crop growth and yield
It can be seen from Table 6 that different treatments had no significant effect on maize plant height, stem diameter, and aboveground biomass, but the drip irrigation treatments significantly increased maize grain yield, with a general trend of W3≥W2≥W1≥CK. Compared with CK, the grain yield increase rates of W1,W2, and W3 were 6.6%, 16.18%, and 18.32%, respectively, indicating that drip irrigation significantly increased maize grain yield, and the yield increase effect was better with the increase of irrigation quota. According to the calculation of the nutritional quality index from maize grain yield and aboveground biomass, the drip irrigation treatments significantly improved the nutritional quality of silage maize, and the nutritional quality indices of W2 and W3 were 10.73%–12.31%, and 11.30%–14.97% higher than that of CK, respectively. Thus, under the condition of high-frequency water-fertilizer drip irrigation, the water and fertilizer supply can better meet the water and fertilizer needs of maize growth, improving the grain yield and nutritional quality of silage maize.
TABLE 6 | Maize (Zea mays L.) growth indicators in different treatments.
[image: Table 6]4 DISCUSSION
4.1 Soil desalination process
Irrigation schedules play an important role in controlling the soil moisture and salinity in irrigated arid areas (Ren et al., 2019). Many studies have been carried out in arid and semi-arid areas on the technology of combining drip irrigation with water and fertilizer to form a water-saving irrigation technology system (Zheng et al., 2016; Wang et al., 2018; Hou et al., 2019). In this study, the water content of the soil layers changed significantly with time under different irrigation patterns and gradually increased with increasing soil depth, demonstrating that the irrigation measures significantly improved the soil water infiltration performance. Compared with traditional flood irrigation, drip irrigation of medium and large volumes significantly increased the soil water content of shallow (0–20 cm) and deep (70–100 cm) soils, indicating that high-frequency drip irrigation replenished the water loss of shallow soils due to high evaporation and transpiration in arid and semi-arid areas, thus maintaining the surface soil moisture at a high level (Dong et al., 2021). Therefore, the large amount of low-frequency irrigation water treated by flood irrigation and the high-frequency uniform irrigation water treated by drip irrigation may be the main reason for the difference in soil water content between the two treatments. The uniform and stable infiltration of irrigation water under drip irrigation increased the water content of deep soil and maintained the high content of soil water under the high evaporation climate environment. However, in the traditional flood irrigation treatment, owing to the large amount of irrigation water used simultaneously, the irrigation water tended to accumulate on the soil surface, which made the irrigation water prone to uneven underground leakage, which was not conducive to water infiltration and lead to uneven distribution of soil water (Figure 2). In addition, flood irrigation treatment resulted in evaporation loss of a large amount of water, increased evapotranspiration of farmland, reduced water use efficiency (Table 5) and wasted valuable water resources.
Soil water movement drives the diffusion of soil salinity, whereas ECe reflects the total amount of soil ions, which decreases with the leaching of soil salts by drip irrigation (Qi et al., 2018; Su et al., 2022). Consistent with previous research (Dong et al., 2022), our study observed a significant decrease in soil salinity under drip irrigation as the irrigation intervention continued from stages A to D (Figure 3). This is because the soil salts were dissolved by the infiltrating water during the drip irrigation process, and the high-frequency underground leachate diffused downward smoothly, gradually forming a desalination zone centered on the drip emitter. This finding is consistent with those of other studies showing that soil salts accumulate around the desalination zone under drip irrigation conditions (Burt and Isbell, 2005). One interesting finding is that with the infiltration of water, soil salinity gradually migrated to deeper soil layers, and the characteristics of soil salinity gradually changed from a surface aggregation pattern to a bottom accumulation pattern (Figure 3; Table 5), forming the vertical distribution characteristics of the upper lower and lower higher as a whole. A possible explanation for this might be that the blocked downward movement of salts was caused by the compacted and reduced porosity of the deep soil, and the close distance to the groundwater table, where the salts in groundwater can easily enter the soil through capillary action (Shah et al., 2011; Sun et al., 2022). Another important finding was the uneven distribution of water and soil salinity across soil layers under flood irrigation treatment, which indicating that under the flood irrigation condition, the irrigation water was easy to accumulate on the surface, and cannot form uniform underground seepage in the soil, resulting in the uneven distribution of salt in the soil, and ultimately reducing the soil desalination efficiency.
During the desalination process, the soil pH value decreased significantly in the 0–50 cm soil layer (Table 3), indicating that irrigation measures reduced shallow soil alkalinization. In contrast to earlier findings (Dong et al., 2021), drip irrigation could increase the soil pH within a certain range by moving the soil salts. These differences may be partly explained by the fact that the change in pH was not only the result of an exchange reaction between H+ and Na+, but also that the transport of soil moisture in the irrigated soil can change the multi-ion composition of the soil, thus affecting the change of soil pH; the specific reasons for this need to be further studied. In this study, with the extension of the maize growing season, the soil SARe decreased gradually (Table 3), which was similar to the distribution of soil ECe. Previous studies have interpreted this phenomenon as that under saline water conditions, because Na+ has a lower charge and smaller hydration radius than Ca2+ and Mg2+, it is less likely to be adsorbed by soil colloids and migrate downwards during drip irrigation (Zhao et al., 2019), so Na+ leaches more than Mg2+ and Ca2+ (White, 2005). Therefore, in the process of soil desalination in this study, more Na+ was leached and less Mg2+ and Ca2+ were washed away during the soil desalination process, resulting in a lower SARe calculated with Na+ as the numerator and Mg2+ and Ca2+ as the denominators. Furthermore, the SARe of each soil layer in the drip irrigation treatments was significantly lower than that in the flood irrigation treatment, indicating that the steady and continuous infiltration flow of drip irrigation accelerated the leaching of soil ions and significantly inhibited the process of soil salinization.
4.2 Plant responses
Water plays an indispensable role in plant growth, and improving water use efficiency in arid regions is an effective way to increase productivity (Qu et al., 2020). This study found that the surface evaporation of CK was nearly four times that of W1 (Table 5), indicating that the surface evaporation of traditional flood irrigation was greatly increased by frequent horizontal flow because of the large amount of irrigation water spread on the farmland at one time. It is worth noting that the amount of underground leakage under flood irrigation was significantly higher than that under drip irrigation. The reason may be that the terrain of this area was flat, and there was no surface runoff during irrigation. Therefore, a large amount of flood irrigation water accumulated on the surface, causing uneven infiltration, damaging the soil structure, and forming gaps and tunnels connected with groundwater in many places, thus increasing the underground leakage flow. These gaps and tunnels were likely responsible for salts that had leached into the groundwater returning to the surface with transpiration at the end of the maize growth season, causing soil re-salinization (Li et al., 2021). However, under the drip irrigation treatment, the irrigation water conducted a small amount of high frequency drip irrigation on the soil, without surface water accumulation, maintaining the soil structure, so the underground seepage flow was low. Overall, nearly half (41.57%) of the total input water was lost from the farmland ecosystem in the diffuse irrigation treatment, which was significantly higher than that in the drip irrigation treatments, significantly reducing the water use efficiency. Similar to other studies in the dry and saline inland areas of Northwest China (Wang et al., 2012), this study found that drip irrigation treatments reduced deep leakage and surface evaporation, and improved the water use efficiency of farmland by uniformly distributing water and precisely controlling water volume.
In this experiment, maize varieties were used as silage. Plant height and stem diameter are the key characteristics of maize growth, and the quality of aboveground dry matter mass is an important indicator of maize silage yield (Rüegg et al., 1998), and the nutritional quality of silage maize depends on the proportion of grain yield and aboveground dry matter mass (Lima et al., 2022). This study found that there were no significant differences in plant height, stem diameter and aboveground dry matter mass between irrigation modes (Table 4); however, compared with the traditional flood irrigation, the drip irrigation treatments significantly increased the grain yield and improved the nutritional quality and economic value of silage maize. With the increase in irrigation amount, the yield increase effect of drip irrigation treatments was greater than that of the flood irrigation treatment. In addition, the water use efficiency of maize differed significantly between irrigation modes, with the highest water use efficiency achieved by small-volume drip irrigation, followed by medium-volume drip irrigation, large-volume drip irrigation, and flood irrigation treatment. In summary, the irrigation frequency, fertilizer ratio and application amount of irrigation water under the drip irrigation treatment were consistent with the law of fertilizer and water demand of maize (Fan et al., 2020). Drip irrigation treatments could provide sufficient nutrients and water for the middle and later stages of maize growth, promote the nutrient absorption of maize roots, reduce the evapotranspiration of farmland water, improve the water use efficiency of maize, thus improve the yield of maize and nutritional quality. In this test, it was found that the medium and large water drip irrigation treatment was the best in terms of soil water content, salt content and maize yield. Compared with the traditional flood irrigation treatment, the soil water content under the medium and large water drip irrigation treatment was increased by 14%–21% (Figure 2), the soil salt was reduced by 21%–23% (Table 4), and the grain yield was increased by 17%–18% (Table 6). Therefore, the initial recommended irrigation water in Yellow River basin was 450–540 mm.
5 CONCLUSION
Drip irrigation significantly improves the infiltration performance of soil water. Through uniform infiltration of irrigation water and precise water and fertilizer control, soil salts were smoothly infiltrated into deeper soil, gradually forming a desalination zone centered on the drip emitter, which gradually changed the soil salinity characteristics from the surface aggregation mode to the bottom aggregation mode, thus significantly reducing surface evaporation and underground leakage, and improving water utilization efficiency and yield. In contrast, flood irrigation led to an uneven distribution of soil water and salt, poor desalination, and a significantly lower water use efficiency and yield than drip irrigation. Therefore, using drip irrigation with an appropriate irrigation volume in the Yellow River irrigated regions can achieve the goal of water saving and salt control, whilst effectively improving land productivity. However, our study was limited by the short duration of the research, which is only 1 year. Soil improvement in saline-alkali land is a long-term process. In the future, long-term and continuous drip irrigation is required to observe its long-term impact on soil structure, water, salinity and plant growth.
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Nitrogen (N) and phosphorus (P) are fundamental for plant biomass production in grasslands, are often co-limiting, and have become major freshwater pollutants. By factorially applying gradients of N and P to field-based grassland mesocosms, we tested for saturating thresholds of plant uptake as nutrients increase and whether simultaneous and potentially additive growing-season demand reduces flows of dissolved nutrients to subsurface leachate. We quantified the seasonality of nutrient losses, differences in uptake by functional group (grasses, forbs), the impacts of increasing nutrients on root:shoot ratios, and contrasted vegetated and unvegetated treatments to isolate edaphic influences. Overall, most added nutrients were retained by plants and soil–80% for N and 99% for P. Co-limitation dynamics were powerful but asymmetrical with N additions reducing P in leachate, but P having little influence on N. N retention was primarily influenced by season—most N was lost prior to peak biomass when plant demand was presumably lower. Nutrients reduced root:shoot ratios by increasing foliage but with no detectable effect on retention, possible because root biomass remained unchanged. Similarly, there was no impact of functional group on nutrient loss. Despite substantial plant uptake, leachate concentrations of N and P still exceeded regional levels for safe drinking water and prevention of algal blooms. This work reveals how nutrient co-limitation can accelerate the capture of P by N in grasslands, indicating that plant uptake can significantly reduce dissolved subsurface nutrients. However, the offseason flows of N and the failure to meet regional water-quality standards despite capture levels as high as 99% reveal that vegetative-based solutions to nutrient capture by grasslands are important but likely insufficient without complimentary measures that reduce inputs.
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INTRODUCTION
Nutrient retention by plants is a critical ecosystem function, especially given dramatic anthropogenic increases in the inputs of nitrogen (N) and phosphorous (P) (Cordell et al., 2009; Stevens et al., 2015). This includes agricultural fertilization, which has increased crop yields in the past century but with accelerating environmental impacts (Sobota et al., 2015; McCann et al., 2021). The sole intent of fertilization is to trigger yield increases in crops, but a “retention gap” often occurs where upwards of 30%–50% of annually applied soluble inorganic fertilizer can be lost to leaching or volatilization (Bouwman et al., 2002; Good and Beatty, 2011; Mueller et al., 2012). This gap has resulted in N and P becoming major global pollutants, driven in part by their yearly addition to often nutrient-saturated farm soils (Drinkwater and Snapp, 2007). Reducing nutrient losses on farms will require a more complete understanding of the capacity for maximum plant uptake, by crops and by downslope amendments such as permanent-cover buffers (Blann et al., 2009; Noble et al., 2023).
The retention of N and P by plant uptake is often stoichiometrically regulated—they are required in combination and in different ratios, and are typically co-limiting such that the availability of one affects the uptake of the other (Elser et al., 2007; Harpole et al., 2011; Li et al., 2016). As such, the maximum capacity for plants to retain nutrients on farms may be determined in part by the availability of one or both nutrients (Greenwood et al., 2008; Hou et al., 2020). The power of N-P co-limitation for plant growth has been illustrated in global grasslands, with N-P additions on five continents increasing annual biomass by 48% compared to N alone (21% increase) and P alone (no detectable impact) (Carroll et al., 2022). This co-dependency suggests the potential for synergistic uptake, where their combined addition (as typically occurs in agriculture) triggers higher retention than would occur by adding one or the other in isolation. A challenge for maximizing co-dependent uptake, however, is that the magnitude and timing of uptake can vary widely by seasonal life stage (Niklas et al., 2005; Li et al., 2016; Deng et al., 2017; Jiang et al., 2019). Unfortunately, most farm nutrients are applied in single early-season pulses when plant demand is low. As well, uptake at peak biomass can be constrained in nutrient-saturated soils because resource limitations often shift to water, light, or other nutrients—declining root:shoot ratios may be associated with less nutrient demand (Harpole et al., 2017; Cleland et al., 2019). Given these complexities, the occurrence of “retention gaps” on farms is unsurprising, with more efficient and possibly complete utilization of soil nutrients by plants being dependent on the temporal dynamics of stochiometric uptake that can be difficult to determine (e.g., Penuelas et al., 2012).
Here, we use field-based grassland mesocosms to test these issues, exploring resource co-limitation, plant uptake, and the retention of nutrients from entering subsurface leachate. Foremost we measure nutrient loss in leachate across factorial gradients of added N and P, using application rates comparable to intensive agriculture (range: 0–20 g m−2). We quantify whether co-limitation impacts on retention are explicitly related to how N and P combine to affect overall plant production, on allocation to roots versus shoots, on whether N and P demands vary seasonally based on reductions of nutrient loads in leachate, and whether community composition (7 species of grasses, 7 species of forbs including 4 legumes, or a 14 species mix of both) alters these outcomes. We partner these treatments with unvegetated mesocosms with or without nutrients, to untangle background effects of soil processes on N and P flow rates (Burwell et al., 1977; Noble et al., 2023). Finally, we explore management implications, focusing on how early-season application, temporal patterns of biomass production by grassland, and species composition variously shape leachate concentrations, relative to established groundwater standards derived to protect drinking water and prevent algal blooms.
MATERIALS AND METHODS
Experiment design
Two hundred grassland mesocosms were established in 2018 with differing plant communities (4 levels including unvegetated) and nutrient additions (10 levels) at the rare Charitable Research Reserve (Cambridge, ON, Canada; 43 22 N, 80 21 W). Mesocosms were established in 19 L plastic buckets designed to capture leachate from the experimental plant communities (Supplementary Figure S1). A drainage spout was installed using a 50 cm 5/8″ inner diameter hose at the base of each mesocosm. These mesocosms were filled 30 cm of soil on top of a 5 cm layer of 3/4” inch aggregate stone to facilitate drainage. Sieved soil was acquired from the top 20 cm of an agricultural field, retired in 2007 from long-term corn-soy-wheat rotations (Harvey and MacDougall, 2014; 2015; 2018). After 2007, succession happened naturally, and the site is now characterized by oldfield taxa especially Solidago, Trifolum, and Symphyotrichum spp. The soils are well-drained luvisolic St Jacobs Loams (Agriculture and Agri-Food Canada, 2004). Filled mesocosms were arranged so that the drainage hose fed via gravity into a hand-dug hole (Supplementary Figure S1). Collection bags were attached to the end of each drainage hose.
Mesocosms were seed planted on 5 June 2018, with one of three randomly allocated experimental grassland communities plus a no-plant control. Grassland communities were all grasses (7 species: Bromus inermis, Dactylis glomerata, Echinochloa esculenta, Lolium multiflorum, Lolium perenne, Phleum pratense, Sorghum drummondii), all grassland forbs including legumes (7 species: Achillea millefolium, Brassica napus, Brassica oleracea, Medicago sativa, Trifolium hybridum, Trifolium pratense, Trifolium repens), or a 14-species combination of both (referred to as “both” for brevity in the figures). The unvegetated control treatment was unplanted. Mesocosms were hand weeded to maintain community composition. After planting, all mesocosms were watered daily for 2 weeks including the unvegetated controls.
Ten nutrient treatments began on 19 June 2018 once seeds had germinated. The treatments had variable N levels with constant P (0, 5, 10, or 15 g N m−2; 20 g P m−2), variable P levels with constant N (20 g N m−2; 0, 5, 10, or 15 g P m−2), both N and P at high levels (20 g N m−2; 20 g P m−2), or control levels with no N and P added (0 g N m−2; 0 g P m−2). The gradients of nutrient addition were designed to encapsulate i) recommended rates for crop fertilization [16.2 g N m−2 for corn (Ontario Ministry of Agriculture Food and Rural Affairs, 2018)], ii) levels of N and P commonly used in ecological nutrient studies [10 g N m−2 and 10 g P m−2 (Borer et al., 2017)], and iii) to maintain symmetrical levels of N and P addition. Fertilizer was added as urea (N) or triple super phosphate (P). After fertilizing, mesocosms were only watered to ensure plant survival. This was necessary in July which experienced a period without precipitation (Figure 1). As before, all mesocosms including the no-plant controls were equally watered. All watering events during this frame were adjusted to ensure that no water would percolate through the entire mesocosm and be lost as leachate. Treatments with plants (all grasses, all forbs, grasses and forbs) had 2 replicates per each nutrient treatment across 3 blocks for a total of 180 mesocosms (3 vegetated treatments X 10 nutrients treatments X 2 replicates X 3 blocks = 180). Treatments without plants had 2 replicates per nutrient treatment within only 1 block for a total of 20 mesocosms (180 + 20 = 200 total).
[image: Figure 1]FIGURE 1 | Nutrient loss with shifting levels of co-limiting resources, for high P with increasing levels of N and for high N with increasing levels of P. For P, increasing levels of N reduces P levels in subterranean leachate (A). In contrast, N levels in leachate are unaffected by increased levels of P addition (A). For unvegetated mesocosms, N losses are significantly higher compared to vegetated mesocosms, indicating the importance of plant uptake on N (A,B). Unexpectedly, P levels in leachate were lower in mesocosms lacking vegetation (A,B). Error bars represent = 1 SE, and trendlines show significant linear relationships. In (A), N = 9 for mesocosms with plants, and N = 5 for bare soil mesocosms. In (B), N = 9 for mesocosms with plants, and N = 1 for bare soil.
Leachate sampling and processing
Leachate collection began starting 19 June 2018 and occurred three times, approximately every 3 weeks (Figure 1). Collections encompassed i) 19 June–10 July (21 days, 9.5 cm ambient precipitation), ii) 10 July–5 August (26 days, 8.0 cm), and iii) 5 August–22 August (17 days, 21.1 cm). Leachate was processed by lowering the pH to 2.0 with hydrochloric acid to preserve the sample until processing, and then refrigerated up to 48 h until analysis.
Leachate was analyzed for total N and total P at SGS Agri-Food Laboratories (Guelph, ON, Canada). Nitrogen was determined by NO—cadmium reduction (Standard Methods, 2006) and Kjeldahl N (Standard Methods, 2005) to 0.05 mg/L. In some instances, the level
Of N present in the samples was below the detectable level of 0.5. In these cases, N was recorded
As 0 mg/L. Total P was determined by inductively coupled plasma—mass spectrometry (U.S. EPA. 1994) to 0.003 mg/L. Below the detection limit, P was recorded as 0 mg/L.
Total N and total P leached throughout the experiment was approximated by taking the product of each collection period’s leachate nutrient concentrations by the maximum volume of leachate collected within the collection period. There was no difference in mean volume of leachate collected between the 4 communities at any collection date, and there was high correlation between the mean and maximum volume collected (r = 0.97). Given that this experiment was not designed to precisely measure the volume of leachate, but rather the nutrient concentrations, the maximum volume at each date is used to reduce any error associated with spillage of leachate in transportation to the laboratory. Statistical significance remained unchanged regardless if volume mean or max was used, or if total potential leachate (based on rainfall amount during each collection period) was used. This value is equivalent to a “loadings” basis to facilitate comparisons between this experiment and water quality reports and recommendations.
Biomass harvesting
At the conclusion of the experiment, above- and below-ground biomass were harvested separately to obtain the aboveground: belowground ratio (AG: BG). The aboveground fraction was clipped at the soil surface, oven dried at 40°C for 48 h and weighed. Roots were collected by passing the entire mesocosm’s soil through a sieve (1 mm diameter), after which collected roots were washed free of dirt, oven dried, and weighed. Biomass measurements are g per mesocosm, which is equivalent to g 0.07 m−2.
Soil and plant chemistry
On a subset of the treatments (treatments = 0 g N m−2 + 0 g P m−2; 0 g N m−2 + 20 g P m−2, 20 g N m−2 + 0 g P m−2, 20 g N m−2 + 20 g P m−2), two soil cores (2.5 cm diameter, 10 cm depth) were collected at the conclusion of the experiment. Cores were stored at 4°C until analysis, sieved to remove roots and plant biomass, air dried, and homogenized using a coffee grinder. After processing, soil available P was determined using the Mehlich 3 procedure (Frank et al., 2012). Aboveground biomass collected from the same subset of treatments was homogenized using a Wiley Mill, after which we used a sulfuric acid digestion and determined foliar % P colorimetrically with ammonium molybdate (Ogdahl et al., 2013).
Statistical analysis
Analyses were performed at the block-level, averaging over two replicate mesocosms for a total n = 100 (90 experimental, 10 no-plant controls). Averaging was necessary to account for missing data, particularly during the second leachate collection time point during which multiple mesocosms did not produce leachate.
Analyses were performed on two different subsets of the 10 experimental fertilizer levels. The “variable N” experiment consisted of plots where N fertilizer levels varied (0, 5, 10, 15, 20 g N m−2) and P fertilizer was held constant (always at 20 g P m−2). The “variable P” experiment consisted of plots where P fertilizer levels varied (0, 5, 10, 15, 20 g P m−2) and N fertilizer was held constant (always at 20 g N m−2). Treatments where no N nor P was added were used as a comparative measure, similarly with plots with a no-plant addition control.
For the leachate analysis in mesocosms grown with plants, concentration of N and P at each time point was analyzed in a 2-way ANOVA where community type and fertilizer treatment were fixed factors. Above- and below-ground biomass and their ratio were also evaluated within the same 2-way ANOVA. Significance of all factors was evaluated with Type II tests using the Anova function in the car package (Fox and Weisberg, 2011). When there was a significant community type × nutrient interaction, separate linear models evaluating the effect of the variable nutrient on a response variable were run each community type. When there was a significant, main effect of community type, Tukey’s post-hoc tests were run evaluating the response variable against the 3 community types.
We used a piecewise structural equation modeling (SEM) approach to assess the importance of biomass and leachate responses to fertilizer addition for each community type. Given that biomass production could play both explanatory and response roles, we used piecewise SEMs to disentangle the role of each variable (Grace et al., 2010). Specifically, we used the piecewiseSEM package (Lefcheck, 2016) to investigate how added N and P impacts nutrient retention via direct (fertilizer rate) and indirect (mediated by biomass uptake) pathways. We tested if community composition significantly varied, and finding a better association with an unconstrained model, we fitted unique models to each community type. In all cases, the initial model included the following links: 1) Total N leached is affected by N fertilizer rate, biomass production, and above-:belowground ratio, 2) Total P leached is affected by P fertilizer rate, biomass production, and above-:Belowground ratio, 3) biomass production is affected by N and P fertilizer rates 4) above-:Belowground ratio is affected by N and P fertilizer rates. Importantly, our initial model did not include links between N addition and P loss, or P addition and N loss, because we had no a priori expectation, or any biological hypothesis, that would directly link these outcomes. After specifying our initial model, we refined our model by dropping non-significant links (p < 0.05) in a stepwise fashion beginning with the least significant until the 𝚫AICc between subsequent models was <2. Final model fits indicated good fit with the data for all communities (grasses: Fisher’s C = 13.52, p = 0.484; forbs: Fisher’s C = 10.5, p = 0.398; both: Fisher’s C = 16.74, p = 0.403) where p-value >0.05 indicates good model fit (Shipley, 2009). The relative importance of direct effects is given by standardized coefficients for each path, and indirect effects can be determined by multiplying standardized coefficients.
Data analyses were performed using R version 3.5.1 (R Core Team, 2018). Leachate levels were compared with regional standards for standing non-running surface water (Canada, 2004), of 10 ppm (comparable to 10 mg L−1) for N and 0.02 ppm (comparable to 0.02 mg L−1) for P. Both have been shown to be minimum thresholds for triggering significant impacts on drinking water quality and aquatic processes including algal blooms (see Noble et al., 2023).
RESULTS
Regulation of N loss by treatment
Overall N loss was not influenced by P additions (Figure 1; Supplementary Table S1). Temporally, nearly all N loss occurred before grassland plants had reached maturity (Figure 2). The period of greatest N loss was during the first month (average 105.0 mg L−1 in leachate across all treatments with 20 g N m−2 added—Figure 2). During this period, we did see evidence of co-limitation dynamics where P additions slightly reduced N losses (Figure 2; Supplementary Table S1), but the effect was not sufficiently strong to influence overall N loss (Figure 1; Supplementary Table S1). Following the first month, leaching losses of N dropped (Figure 2, average 0.5 mg L−1 loss for both the second and third month). During the second month, we saw that communities dominated by grasses had less leaching than communities with both grasses and forbs (Supplementary Table S1, Tukey’s post-hoc, p = 0.046). During the third month, adding P actually increased N leaching losses (Supplementary Table S1, linear post-hoc p = 0.009). The nearly undetectable levels of N leaching during the second and third months, however, left the total N leaching losses unaffected by adding P or manipulating community composition (Supplementary Table S1). Supplemental results show that greater N additions meant more N loss overall, but the magnitude of this effect was much smaller than the overall temporal patterns linked to plant development and uptake (Supplementary Figure S2A; Supplementary Table S1). Bare soil mesocosms lost more N than did any treatment with plants present (Figure 1). N loss occurred even in mesocosms where no N was applied (∼2 g m−2 total throughout the experiment; Figure 1B, Figure 2A).
[image: Figure 2]FIGURE 2 | Average concentration by time of nitrogen and phosphorus in leachate, for N losses with increasing P addition and P losses with increasing N addition. Temporal patterns for bare soil mesocosms (square points) and nutrient control mesocosms (grey points, 0 g N m−2 and 0 g P m−2) are shown for comparative purposes. Error bars = 1 SE, and trendlines show the average trend in nutrient losses for the focal mesocosms (solid line) as well as the bare soil and nutrient controls (dashed). Most N was lost early in the year prior to peak plant growth, regardless of P levels. Most P was lost later in the growing season, when mesocosm biomass was at its peak.
Regulation of P loss by treatment
Overall P leaching was reduced by N additions (Supplementary Table S1; Figure 1A, brown points). This trend emerged after the first month (Supplementary Table S1). Temporally, P loss accelerated throughout the growing season (Figure 2B). During the first month, we found that grass communities had higher P losses than those with only forbs (Supplementary Table S1, Tukey’s post-hoc p = 0.027) or with grasses and forbs growing together (Tukey’s post-hoc p = 0.038). Supplemental results show that adding more P meant greater P loss (Supplementary Figure S2B; Supplementary Table S1). Unexpectedly, bare soil mesocosms lost less P than did any treatment even with plants present—rather than retaining P by plant uptake, the presence of vegetation increased P loss to leachate (Figure 1).
Functional groups and root:shoot allocation with nutrients
There was no overall effect of functional group on nutrient loss across our three experimental plant communities, although vegetation (compared to bare soil controls) consistently reduced N losses and facilitated P losses (Figure 1). The different functional groups did vary in the magnitude to which biomass production and allocation patterns mechanistically influenced overall nutrient leaching (Figure 3). In grass communities, N additions increased plant biomass that subsequently led to higher P demand and less P lost in leachate (Figure 3). In contrast, N additions had little direct effect on forb biomass production, and therefore did not influence overall P leaching (Figure 3). In all cases, fertilizer application shifted allocation towards greater relative investment in shoots (Figure 3). While relative reduced root allocation was a consequence of N addition, this did not result in increased N leaching likely because total root biomass did not change—changes to root:shoot ratios strictly involved changes in foliar biomass.
[image: Figure 3]FIGURE 3 | Best-fit path models showing the links between experimental N and P additions, biomass production, ratios between above and belowground biomass (AG: BG), and amounts of N and P leached within the grass (A), forb (B) and grass + forb (C) communities. Arrow thickness is proportional to the standardized path coefficients, with the directionality and size given within boxes along the arrow. Asterisks indicate significance level of linkages (*<0.05, **<0.01, ***<0.001), and dashed lines are used when significance of paths is >0.05. R2 values are given within the boxes containing endogenous variables.
DISCUSSION
Overall, we observed significant retention of nutrients in mesocosm grassland, based on nutrients added as a one-time early-season input comparable to typical agricultural management. Nutrient concentrations detected in leachate during the growing season revealed the capture of ∼80% added N and ∼99% retention of added P. The mechanisms of retention, however, differed substantially and involved both vegetative and soil-based processes. First, the interaction between N and P were highly asymmetric—N additions reduced P leaching but there was no reciprocal effect of P additions on N loss. Second, there were significant temporal influences on both nutrients but in the opposite direction: nearly all N loss occurred before the mesocosm grassland had reached maturity while P loss was highest at peak biomass. Finally, we observed proportional linkages between higher application rates and greater leaching losses, especially for N. There was no overall effect of functional group among our three experimental plant communities. In total, our work shows that terrestrial nutrient retention can be immediately increased by establishing permanent vegetation cover and leveraging co-limitation dynamics to maximize biomass production–plants reduced N leaching to negligible levels as they matured, with N-driven biomass growth creating greater P demands and therefore reduced P leaching. On the other hand, despite these trends, nutrient concentrations in leachate still exceeded regional standards for water quality (even with ∼99% capture of P). These results strongly suggest that nutrient uptake by grasslands, while highly effective (e.g., planted riparian grassland buffers), is unlikely to stem nutrient losses in conventional agriculture, without complementary measures that reduce the amounts added and adjust the time of application towards periods of peak plant activity.
We observed strikingly different models of nutrient retention for N and P, both functionally and temporally. For N, plant maturity was the largest factor controlling retention, such that low plant biomass early in the growing season coincided with the greatest losses to leachate. Early season leachate concentrations for N, sometimes exceeding 105 mg L−1, were well above recommended guidelines for safe drinking water (<10 mg L−1) (Canada, 2019). Following the first month, leaching losses of N dropped to negligible levels (average 0.5 mg L−1 loss for both) in accordance with previous work showing that inorganic N is readily taken up by phenologically active plants (Hooper and Vitousek, 1998).
During the second month, we saw that communities dominated by grasses had slightly lower leaching than communities with both grasses and forbs, potentially because grasses may have had faster root biomass production than forbs although this was not tested. The nearly undetectable levels of N leaching during the second and third months, however, left the total N leaching losses unaffected by adding P or community composition. Our soils do not appear to be strongly P limited given that P addition did not significantly increase biomass production, so perhaps it is not surprising that P additions did not reduce N loss. The ability of plants to uptake N, and therefore reduce leaching losses throughout a growing season, was contrasted by the patterns seen in the bare soil mesocosms. Not surprisingly, fertilized bare soil lost up to 2.5 x more N than any treatment with plants present.
Temporally, total N loss corresponded in part with precipitation, with the first and third collection dates associated with appreciably more rainfall than the second (Supplementary Figure S3). This observation aligns with previous work showing that precipitation pulses can facilitate nutrient movement during the growing season (Congreves et al., 2016; Bowles et al., 2018; Noble et al., 2023). Finally, N loss to leachate occurred even in mesocosms where no N was applied. Soil used in this experiment had been farmed and fertilized for decades until 2007, suggesting nutrient legacies given that nutrient cessation occurred more than a decade prior to our experiment (see also Mazzorato et al., 2022). They may also reflect N loss associated with microbial decomposition (e.g., Craine et al., 2007), although we did not quantify N volatilization rates. Regardless, these results for N loss suggest that retention is best maximized by the presence of mature, phenologically active vegetation.
For P, in nearly all cases including both vegetated and unvegetated mesocosms, retention was at least 99% based on the difference between levels of fertilization and levels measured in leachate. This finding supports previous reports of P being typically less mobile than N via binding to soil (Burwell et al., 1977; Noble et al., 2023). However, three notable findings emerged from our work, despite the high levels of retention for P. Foremost, we found that overall P loss was reduced by N additions suggesting strong nutrient co-limitation. There were lower levels of P remaining in the soil at the conclusion of the experiment when N was added (Supplementary Figure S4), showing that N additions further limit P leaching losses. Mechanistically, more plant biomass (driven by N additions) likely meant higher demand, and thus uptake, for P. Alternatively, N additions have been shown to increase root and soil phosphatase activity (Marklein and Houlton 2012; Deng et al., 2017), which can also facilitate plant P uptake although we did not evaluate enzyme production here. While foliar plant %P was reduced with added N (Supplementary Figure S5), accounting for additional biomass production meant that P held in plant tissues was still greater when N was added. The temporal signature of P loss reinforces that biomass production demands P, and compliments previous findings of widespread N and P co-limitation on primary production (Elser et al., 2007; Harpole et al., 2017; Carroll et al., 2022). It also provides new evidence that co-limitation dynamics can impact nutrient retention in nutrient-rich systems.
Second, we found that plants appeared to facilitate small amounts of P loss based on comparisons with bare-soil mesocosms. Given the sensitivity of P solubility to pH (e.g., Penn and Camberato, 2019), one possible explanation is the acidification of the rhizosphere by plant activity. Plant-derived acidification cans occur by a range of possible mechanisms, including ammonium uptake, root exudation, and oxidization (Hinsinger, 2001). Consequentially, this may lead to greater P loss later once plants have developed root systems, an effect that may be magnified in the relatively confined area of the mesocosm containers (Supplementary Figure S1). This effect also appears to vary by vegetation type. During the first month, we found that grasses had higher P losses than communities grown with only forbs or with grasses and forbs, potentially because grass dominated communities established roots more quickly. An alternative possibility for unexpectedly high flows of P to subsurface water is macropores, which can form on clay-dominated soils during periods of summer drought (Noble et al., 2023). However, none were observed in our mesocosms.
Third, regardless of P retention approaching 100% the quantity of P leached from the system still exceeded levels necessary to maintain uncontaminated freshwater based on a threshold of 0.02 mg L−1 (Canada, 2004). This was true even when supplemental P was not added to the mesocosms—during the third month, P averaged 2.0 mg L−1 in leachate with fertilization and 0.60 mg L−1 without. While surface flows and sediment loss are the primary mechanisms by which P moves from terrestrial to aquatic systems (Gaynor and Findlay, 1995), these results show that P loss via leaching pathways cannot be disregarded as a threat to water quality (Noble et al., 2023). Given that we saw that adding more P fertilizer meant more P loss (Supplementary Figure S1B), we conclude that P leaching can be lowered by reducing P inputs.
The strong connection between plant growth and nutrient uptake is to be expected, given the need for both N and P for photosynthesis. However, we did not observe higher retention with greater functional group richness despite predictions that niche complementarity may elevate community-level nutrient foraging (Tilman et al., 1997; Cardinale et al., 2011). The greatest driver of vegetative-based retention was whether the plant community was present or absent, with the functional composition of our three communities being relatively unimportant. We did see some limited trends relating the presence of grasses or forbs. Communities grown with grasses had stronger biomass responses to N fertilizer additions, which subsequently was linked to less P loss via greater plant demand and uptake for P. In contrast, N additions had little direct effect on forb biomass production, and therefore did not influence overall P leaching. The forb community contained several N fixing species, which may have contributed to the lower sensitivity of biomass production to added N (You et al., 2017). Fertilizer application also shifted allocation towards greater relative investment in shoots, would be expected as mineral nutrient additions increased (Bloom et al., 1985; Ziter and MacDougall, 2013; Borer et al., 2014; Cleland et al., 2019; Eskelinen et al., 2022). However, this did not result in increased N leaching possibly because root biomass remained unchanged.
To conclude, these results reveal the potential for herbaceous vegetation to capture large percentages on dissolved plant-available forms of N and P at shallow depths in soils (30 cm deep), including feedbacks where higher N triggers elevated uptake of P (Cooper et al., 2017). This is consistent with numerous studies showing the effectiveness of farm and forest buffers for nutrient capture (e.g., Blann et al., 2009; Weigelhofer et al., 2012; Noble et al., 2023). It also reveals a paradoxical dynamic where nutrient additions could potentially act to stem nutrient losses in some circumstances, at least for dissolved P (Yang et al., 2018). Our factorial isolation of the relative effects of vegetation and soil was helpful to isolate retention mechansims, given that non-vegetative factors can also seasonally affect nutrient flows (e.g., drought-soil interactions in summer). Our non-vegetative plots showed that higher N flows occurred even without N addition, while also showing unexpectedly lower flows with P compared to vegetated mesocosms. The former is consistent with findings of high influxes of dissolved nutrients into open waters when plants are seasonally inactive (Noble et al., 2023). Finally, we also observed that nutrient concentrations in leachate often exceeded regional water-quality standards even with P capture at 99%. Clearly, vegetation alone cannot solve nutrient losses on managed landscapes unless partnered with measures that better match peak uptake with the timing, amount, and ratio of added nutrients (Noble et al., 2023).
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Soil aggregates are a crucial constituent of soil and have a significant function in regulating water, nutrients, air, and heat within the soil. The development of soil aggregates is influenced by various factors, including the soil’s parent material and human activities. Understanding the formation and the mechanism of stabilization of soil aggregates is of great significance in the study of soil development, in regulating and managing organic carbon pools in soils, and in promoting soil fertility. In this study, aeolian sandy soil with a low degree of soil development and compound soil formed by combining soft rock and aeolian sandy soil were selected as the research objects. We selected three time points from 0 to 9 years after amendment by soft rock in order to investigate the changes of soil aggregate cementing agents. The shape of soil aggregates in both types of soils was analyzed by environmental scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS), which were also used to assess the appearance of soil aggregates and quantify the composition of mineral elements on a cross section of the aggregate. The results show that when the soft rock and the aeolian sandy soil are compounded and mixed, the clay minerals in the soft rock change the microstructure of the original aeolian sandy soil from a single granular barrier to one characterized by a cumulative porous structure, indicating that clay minerals promote soil development and form aggregates with good structural properties. The cementing agents in the compounded soil aggregates are mainly clay minerals, aluminum, iron, and calcium. In comparison to aeolian sandy soils, the presence of iron and calcium in compounded soils is notably elevated. The iron oxides present in compounded soils serve a similar function to “bolts” in the formation of soil aggregates. These findings establish a theoretical foundation for investigating the process of soil aggregate formation and the mechanisms by which cementing agents contribute to their stabilization.
Keywords: aeolian sandy soil, compound soil, soil aggregate, cementing agent, environmental scanning electron microscopy
1 INTRODUCTION
Soil aggregates are an important component of soil and are widely regarded as the basic unit as well as an important parameter of soil structure (Barral et al, 1998; Hou et al, 2018). Aggregates play important roles in coordinating water, nutrients, air, and heat in soil, affecting the types and activities of soil enzyme, maintaining and stabilizing soil, and loosening and curing layers (Haynes et al, 1993; Jastrow et al, 1996). The formation of soil aggregates is a very complex process involving a range of physical, chemical, and biological effects that depend primarily on the quantity and nature of the various materials of composition in the soil (Chaney et.al., 1986a; Janalizadeh et al, 2019b; Lado et al, 2004). During the process of soil particle aggregation, not only organic compounds play an important role in particle cementation, but inorganic compounds such as iron and aluminum oxides and hydroxides, as well as silica and calcium carbonate also play important roles (Arya et al, 1972; Falsone et al, 2007; Wiesmeier et al, 2012). The parent material is the primary material that makes up soil, and has a great influence on the composition and action of inorganic soil cementing agents (Bosch-Serra et al, 2017; Oades et al, 1993). The formation of organic cementing agents is related to the quantity of microorganisms, their activity and metabolites, plant root exudates, and organic matter input (Chaney et.al., 1986b; Fakhrabadi et al, 2021; Gale et al, 2000).
Soil cementing agents may be inorganic, organic, or a combination of organic and inorganic (Giovannini et al, 1976; Shi et al, 2002) Although these three types of cementing agents may be found at the same time in different soil types, the composition of organic and inorganic cementing agents in the soil differs due to differences in parent materials, bioclimatic conditions, and agricultural management. In soils with high organic matter content and low clay and oxidized iron and aluminum, the role of organic matter is dominant (Guénet et al, 2016; Ren et al, 2011); in soils with low organic matter content, but high clay and oxidized iron and aluminum content, the formation of soil aggregates is mainly due to the cohesive force between clay particles and due to cementation by iron and aluminum oxides (Barral et al, 1998; Roshan et al, 2022; Skjemstad et al, 1993). Numerous studies have investigated the quantity, distribution, stability, and other factors that influence the formation of soil aggregates (Chaney et.al., 1986a; Terpstra et al, 1990; Diaz et al, 1994; Schomburg et al, 2018). However, such studies cannot describe the internal structure of soil aggregates, explain the process of aggregate formation, or the cementation mechanism. The basic physical indicators of aggregates contain very limited information and do not reflect the complex internal structural differences of the aggregates, but it is difficult to distinguish and discriminate the shape and internal composition of soil aggregates.
Soft rock, formed in continental clastic rock system of late Paleozoic Permian, Mesozoic Triassic, Jurassic, and Cretaceous (Sun and Han, 2018), has the characteristics of low diagenetic degree, poor intergrain bond and low structural intensity and is the fundamental reason for serious water loss and soil erosion in soft rock area. To solve the problems of the sand soil sharing common root but with different qualities and that it is hard for sandy to become soils, Han et al (2012) found that soft rock had great potentials as sandy remediating material. They prepared “new type soil” by mixing soft rock sandstone with sand at certain proportion, which not only could solve the problems of the sandy being unable to form colloidal materials due to poor resistance and fertility, but also could alleviate the trouble of nonlocal soil dressing. Applied in Mu Us Desert land consolidation projects, this technology helped increase the arable areas of more than 200,000 ha. Corns and potatoes have been planted in the “compound soil” with high yield. In this way, utilization of sand and soft rock is realized, which has increased effectively the arable areas and guaranteed food security with good ecologic, economic and social benefits (Sun et al, 2021). To study furthermore the improvement of soft rock of aeolian sandy soil as well as the formation of this new type of “artificial soil” mixed with soft rock and sand and to realize multi-purpose application of the compound soil, it is hard to diagnose and study relying only on some routine features of cross section form and the fundamental physical and chemical analysis; therefore, it requires also to study profoundly the micro morphology of the compound soil as well as the formation and development of the aggregate cementing materials in the compound soil.
With the advancement of soil morphology research, research on the structure of soil aggregates has evolved from qualitative observation by scanning electron microscopy (SEM) to quantitative analysis combined with image processing technology (Garbout et al, 2013; Hapca et al, 2015; Wang et al, 2012; Wilson et al, 2013). SEM has the characteristics of high magnification, high resolution, and large depth of field. It can be used to directly observe the original microstructure of soil aggregates and can be used together with X-ray diffraction spectroscopy to achieve simultaneous analysis of morphology at a microscopic scale and elemental composition (Sayen et al, 2009; Jiménez-Pinilla et al, 2016; Yu et al, 2017). It has become an important tool for the analysis of the morphology of clay mineral particles. The combined analysis of the qualitative and quantitative microstructure data provides information on the various nutrients, microorganisms, and cementing agents in soil aggregates and is an ideal method by which the state and mechanism of soil aggregate formation may be explored. For this research, the selected objects of study were aeolian sandy soil with low soil development and a compound soil created by combining aeolian sandy soil and soft rock. Understanding the nature of organic cementing materials, the concepts behind the formation of soil aggregates, the mechanisms of soil aggregate stability, and the mechanism for renewal and turnover can help to further explore changes in soil development and succession, organic carbon pool, water stability of soil aggregates, and other soil fertility indexes once virgin land is first opened for cultivation, as well as the mechanism of the influence of soil structure on soil fertility (Yu et al, 2017; Watteau et al, 2012; Zhang et al, 2015). The main purpose of our study is to determine, through the use of SEM-energy dispersive spectroscopy (EDS):
• the main composition of cementing agents on the surface of soil aggregates during soil development
• to quantify the distribution of major mineral elements on the surface of soil aggregates
• to elucidate the mechanism of action of cementing agents during the formation of soil aggregates.
2 MATERIALS AND METHODS
2.1 Sites and soil sampling
The aeolian sandy soil and compound soil selected for the experiment were collected from the Mu Us desert, Jingkeliang, Daji Khan Village, Yuyang District, Yulin City, China (38°27′53″N, 109°28′58 E). The area is located in northwestern Shaanxi at an altitude of 1,210 m above sea level and is a typical warm temperate monsoon climate. The annual average temperature is 6.0°C–8.5°C and the annual precipitation is 400–440 mm. The compound soil is composed of materials from soft rock (also called Pisha sandstone or Feldspathic Sandstone) and aeolian sandy soil in a volume ratio of 1:2 [Detailed field experiments design were shown in Sun et al (2018)]. The physical and chemical properties of the aeolian sandy soil and the soft rock materials are shown in Tables 1, 2. The soft rock is composed of Paleozoic Permian, Mesozoic Triassic, Jurassic and Cretaceous thick layer sandstones, sand shale, and argillaceous sandstones (Bazhenov et al, 1993; Martin et al, 1999). Its rock layer is thin, with low pressure, low diagenesis, and poor cementation between sand grains and poor structural strength (Wang et al, 2009). In recent years, some scholars have used the complementary properties of soft rock and aeolian sandy soil to form a new compound soil (the soil at this time is only at the beginning of its development) which is an improvement on aeolian sandy soil (Sun et al, 2018; Han et al, 2015; Han et al, 2012; Wang et al, 2013; Sun et al, 2019). As the years of cultivation increase, the compound soil tends to ripen. Therefore, this study selected aeolian sandy soil, compound soil that has undergone 3 years of planting, and compound soil that has undergone 9 years of planting as research materials. Undisturbed soil was collected from topsoil and the soil samples were taken back to the laboratory and naturally air-dried. The dry sieve method was used to screen the 1–2 mm soil aggregates that were the objects of observation in this study.
TABLE 1 | Basic characteristic of sandy soil and soft rocka.
[image: Table 1]TABLE 2 | Mineral composition of sandy soil and soft rock.
[image: Table 2]2.2 SEM and X-ray diffraction methods
The German LEO1430VP scanning electron microscopy (SEM) and the OXFORD7353 energy dispersive spectrometer (EDS) were used in combination. The SEM was operated with a test voltage of 30 kV, a secondary electron resolution of 3.5 nm, and a maximum magnification of 900,000 times. The EDS was used for quantitative analysis of the mineral elements in the sample, with an error of less than 5%. SEM-EDS was used to observe and analyze the soil aggregates (1–2 mm). The relatively flat interparticle cementation was used as the location of analysis for surface cementation, which standardized the locations where analyses were performed. In this study, 10 typical cementation points were selected on the surface of each observed soil aggregate for energy spectral point element analysis.
Soil aggregates 1.0–2.0 mm were selected for cross-sectional elemental analysis. The selected aggregates were embedded and fixed with polyester resin and sample columns with a diameter of 2 cm and a height of 1 cm were cut out, and the sample was mechanically polished. The cross section of the compound soil was observed by SEM, and the elemental distribution of the soil aggregate section was analyzed using the element mapping mode of EDS. Firstly, the typical cross section of the target aggregate was found at low magnification and then the overall element distribution analysis was performed by using the mapping mode. Finally, the overall regional elements are collected and analyzed quantitatively using pattern mode analysis. The SEM was set on fast mode, working distance 10 mm, acceleration voltage 15 kv, dead time is at 30%–50%, and then the result was subjected to zaf wt% normalization and correction.
2.3 Statistical analysis
Statistical analysis was performed using the PROC GLM process in SAS for equation analysis. The mean comparison was performed using the least significant difference (LSD) method with a significance level of p < 0.05 between treatments.
3 ANALYSIS RESULT
3.1 Aggregate trait analysis
The microaggregates of aeolian sandy soil are mainly composed of single particles of irregular shape, with high degree of rounding, smooth surface, almost no sharp edges and corners, and no bonding surface (Figures 1A, C). Compared with the aeolian sandy soil aggregates, the compound soil aggregates have a certain number of bridging barrier structures formed by the bonding of small mineral particles as cementing agents to the core structural particles; the coarse core structural particles are filled by fine particles, which either form filler-like junction structures filling the voids of the core structure or an envelope-like structure encapsulating core structural particles (Figures 1B, D). The differences in morphological characteristics between compound soil and aeolian sandy soil can be clearly observed on the surface of compound soil microaggregates, where 2–40 μm morphologically different pore structures can be observed (Figure 2A). The presence of hyphae was also observed on the surface of compound soil aggregates (Figure 2B), indicating that the compound soil has a good soil aggregate structure.
[image: Figure 1]FIGURE 1 | Morphology features of aeolian sandy soil (A,C) and compound soil (B,D).
[image: Figure 2]FIGURE 2 | Morphology features of aggregates in compound soil. (A) Surface of compound soil aggregates; (B) hyphae in soil aggregates.
3.2 Soil aggregate cross-section elemental distribution
The aeolian sandy soil aggregate section has regions of significant Si and Al enrichment, and only a small amount of Fe and Ca (Figure 3). The distribution of Al, Ca, and Fe in aeolian sandy soil aggregates are intermittently in the soil aggregate cross section. Areas of highly concentrated Si, Al, Fe, and Ca appeared in the cross section of compound soil aggregates that has undergone 3 years of planting (Figure 4). The Al-Mg distribution zones in the compounded soil have strong correlation and connectivity, and run through the entire soil aggregate cross section and form the basic shape of the aggregate section. Al has obvious regions of enrichment that exist mainly as semi-joined points. The areas of Al enrichment are mostly concentrated on the pores in the cross section and at the edge of the core structural particles. Ca is distributed independently in some parts of the section, and is relatively far from the areas containing Al-Mg.
[image: Figure 3]FIGURE 3 | SEM–EDS analysis of aeolian sandy soil aggregate. SEM image of the sample (A), and corresponding X-ray maps of O (B), C (C), Al (D), Si (E), Fe (F), Ca (G), Mg (H), Na (I), and K (J).
[image: Figure 4]FIGURE 4 | SEM-EDS analysis of compound soil aggregates that has undergone 3 years of planting. SEM image of the sample (A), and corresponding X-ray maps of O (B), C (C), Al (D), Si (E), Fe (F), Ca (G), Mg (H), Na (I), and K (J).
3.3 Analysis of elemental content on the surface of soil aggregates
The relative contents of Fe, Ca and Mg in the compound soil aggregates were significantly higher than those in the aeolian sandy soil (Table 3). It suggests that Fe, Ca, and Mg elements play an important role in the cementation process during the formation of soil aggregates. From this, it can be inferred that compared with aeolian sandy soil, the cementing materials on the surface of compound soil aggregates mainly include ferric oxide, calcium carbonate, and magnesium carbonate. After 9 years of cultivation, there are more iron cementation points on the surface of large aggregates in compound soil, and the content of Fe super-enriched zones is higher. The relative content of Fe increased from 7.27% to 10.74% and the distribution area is more extensive and tight. The Ca enrichment area also increased and the relative content of Ca increased from 3.47% to 4.40% (Table 3).
TABLE 3 | Analytical results of X-ray energy spectrum characteristics of the aggregates in aeolian sandy soil and compound soils.
[image: Table 3]4 DISCUSSION
Soil minerals are important constituents of soil and can be divided into three types: primary minerals, secondary minerals, and soluble minerals (Gislason et al, 1996; Ghadakpour et al, 2020). Primary minerals in soft rock and compound soils are silicate minerals such as quartz and feldspar. The main elements are Si, Al, and O. Secondary minerals include clay minerals, secondary oxides, and salts. The clay minerals are mostly in the form of cementing agents (Afrakoti et al, 2020; Roshan et al, 2020). The elemental composition is mostly Si, Al, O, Mg, K, Ca, and Fe. Secondary oxides are iron oxide or oxidized alumina, and its elemental composition is mostly O, Fe, and Al. Salt minerals include carbonates and other substances, the main elements of which are O, C, and Ca. In this study, the resin embedding technique was used for the cross-section analysis of the soil aggregates. The constituent elements of the resin were C and O. Therefore, C and O were not analyzed in this study.
This study analyzed the mapped image of the elements found on the cross-section of 1–2 mm soil aggregates in compound soil. According to the distribution characteristics of the Fe-rich region using iron oxide as the indicator, iron oxide is mainly in the form of an organic-inorganic composite formed by the iron oxide cemented by adsorption or co-precipitation with organic matter, and is mostly present around the core structural particles of the soil aggregate and at the pores as a clear semi-continuous envelope (Janalizadeh et al, 2019a; Koutenaei et al, 2021). Iron oxides act like “bolts” in the development of compound soil aggregates. In addition, the high degree of association between Fe-Ca distribution zones and Fe enrichment zones in the cross section of compound soil aggregates cultivated for 3 and 9 years indicates that good clay mineral-metal oxide-organic matter composite cementing agents is formed in the compound soil (Figures 4, 5). The composite cementing system is more stable as the years of cultivation increases.
[image: Figure 5]FIGURE 5 | SEM-EDS analysis of compound soil aggregates that has undergone 9 years of planting. SEM image of the sample (A), and corresponding X-ray maps of O (B), C (C), Al (D), Si (E), Fe (F), Ca (G), Mg (H), Na (I), and K (J).
The interaction between iron-aluminum oxide and clay minerals is closely related to the cementation of soil aggregates (Barral et al, 1998; Amézketa et al, 1999; Duiker et al, 2003; Molina et al, 2001). For the new “artificial soil” with low organic matter content and high content of clay minerals and iron-aluminum oxides (Alc: 2.17–2.07 mg/kg; Fec: 4.92–3.97 mg/kg) in the compound soil (Table 4), the formation of soil aggregates mainly depends on the cohesive force within the clay and the cementation of iron-aluminum oxide (Barral et al, 1998; Choobbasti et al, 2017; Skjemstad et al, 1993). This study found that iron oxides have obvious distribution characteristics in the compound soil aggregates: Fe is mainly concentrated at the outside of the aggregates, and the surface Fe aggregates become more and more abundant with increased years of cultivation (Figure 5). The free iron oxide in the compound soil aggregates showed a small downward trend with the increase in years of cultivation (Table 4). This is mainly because the soft rock contains minerals rich in Fe, adding the soft rock to the aeolian sandy soil increases the content of free iron oxide in the compound soil. Since iron oxide is very active in the soil environment and can move, under the continuous action of soil roots, leaching and redox, free iron oxide continuously enters the soil solution and adsorbs to the surface of the aggregate, effectively promoting the cementation of soil aggregates (Choobbasti et al, 2015; Muggler et al, 1999; Barberis et al, 1991). On the other hand, as a redox sensitive element, Fe is continuously enriched at the surface of the aggregate due to the difference of redox conditions on the inside and the outside of the compound soil aggregates and due to the lack of pores in the aggregate (Yaghi et al, 2013; Huang et al, 2016). This also leads to positively charged iron oxides on the surface of the compound soil aggregates becoming more easily cemented together with the negatively charged aggregates by electrostatic forces, causing the soil aggregate particle size to increase (Choobbasti et al, 2018). With increased years of cultivation, the free iron oxide in the compound soil ages, the free iron oxide is continuously reduced, and the iron oxide in the cemented state is gradually increased, which also reveals the soil formation process of the compound soil. In general, iron plays an important role as a “bridge builder” in the development of compound soil aggregates (Giovannini et al, 1976; Jiang et al, 2015).
TABLE 4 | Analytical results of cementing materials content in aeolian sandy soil and compound soilsa
[image: Table 4]Compared with compound soil, the distribution characteristics of clay minerals and aluminum oxides in aeolian sandy soils are not significantly different, but iron oxides exhibit a certain distribution on the surface and inside of aeolian sandy soil aggregates (Table 3), showing the difference in the distribution of cementing agents between the aeolian sandy soil and compound soil. The content of free iron oxide and complexed iron oxide is small, indicating that the aggregate cementation strength in aeolian sandy soil is low, which also illustrates in a different way the difference between the redox system and the pore channels inside soil aggregates from aeolian sandy soil and compound soil. When soft rock is compounded and mixed with the aeolian sandy soil, the micro-structural characteristics of the original aeolian sandy soil with a single-grain barrier are changed, which promotes the development of “new man-made soil” to form bridges, fill microaggregates, and promote good structural characteristics, mainly due to the positive effect of the cementing materials in the soft rock on soil formation and development of the compound soil.
With the same number of cultivation years, the clay mineral content in the compound soil is higher than that in the aeolian sandy soil, and the clay minerals in the compound soil and the aeolian sandy soil are mainly water-sensitive illite smectite mixed layers. This is mainly because soft rock contains abundant water-sensitive clay minerals (Li et al, 2014; Ma et al, 2016). These clay minerals have strong hydrophilicity, specific surface area and cation exchange capacity (Van et al, 1995; Joussein et al, 2004). The surface of the clay particles has strong hydrophilicity, which can absorb water and nutrients in the soil, forming a cohesive substance and promoting the formation of soil aggregates (Ghadakpour et al, 2020). In addition, clay particles can also provide support force to promote the stability of soil aggregates. After soft rock is used as a remediation material and compounded and mixed with aeolian sandy soil, under the action of continuous leaching and weathering, the soft rock gradually disintegrates, and the clay minerals are continuously released and redistributed (Li et al, 2017; Ribeiro et al, 2018). The clay minerals adsorb to the minerals in the aeolian sandy soil and improve its surface characteristics, which promotes the development of microaggregates in compound soil.
5 CONCLUSION
In this study, SEM-EDS was used to characterize the microstructure and elemental distribution of soil aggregates in aeolian sandy soils and compound soil containing a mixture of soft rock and aeolian sandy soil, and the formation and development and aggregation of cemented materials in compound soil aggregates were studied. The results show that when soft rock and aeolian sandy soil are compounded and mixed, the micro-structure of the original aeolian sandy soil, which is primarily single granular barrier, is changed, promoting the formation and development of soil and forms soil aggregates with good structural characteristics. Compared with aeolian sandy soil, the cementing agents in the compound solid aggregates are mainly clay minerals, aluminum cements, iron cements, and calcium cements. During soil development, many aggregates are further cemented into larger soil aggregates. Iron oxides are fixed by combining with organic matter, which further strengthens the stability and development of soil aggregates. The iron oxides in the compounded soil play a role similar to “bolts” during the development of soil aggregates. This study provides a theoretical basis for the study of the formation process and stabilization mechanism of soil aggregates driven by cementing agents. This study also has some shortcomings. It only analyzed the surface morphology characteristics of the complex soil, and did not detect the structures below the surface. Quantitative research needs to be strengthened in future studies.
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Agricultural ecosystem is the largest artificial ecosystem on Earth and provide 66% of the world’s food supply. Soil microorganisms are an engine for carbon and nutrient cycling. However, the driving mechanism of soil microbial community structure and carbon and nitrogen transformation mediated by fertilization and planting pattern in rainfed agricultural ecosystems is still unclear. The research was conducted at the Changwu Agricultural Ecology Experimental Station in Shaanxi Province, China. Seven different fertilization and planting pattern were designed. The Phosphate fatty acids (PLFAs) were used to explore the effects of fertilization and plating pattern on the soil microbial community structure and the relationship with soil carbon and nitrogen transformation. The results showed that there were significant differences in soil physical and chemical properties among treatments. Organic fertilizer significantly increased the soil carbon and nitrogen and decreased the soil pH. The contents of total PLFAs and microbial groups in the wheat and corn rotation treatment were the highest. Compared with the change in planting pattern, organic fertilizer had a greater impact on PLFA content and soil ecological processes. The soil microbial community structure has a significantly positive correlation with soil organic carbon (SOC), total carbon (TC), total nitrogen (TN), and total phosphorus (TP). Compared with applying NP fertilizer, applying organic fertilizer significantly increased the soil respiration rate and mineralized nitrogen content while decreasing the soil microbial biomass carbon (MBC). The correlation analysis showed that soil respiration was significantly positively correlated with SOC and TP, and mineralized nitrogen was significantly positively correlated with SOC, nitrate nitrogen, TN and MBC. Structural equation modeling (SEM) showed that the soil respiration rate was significantly positively affected by TC and negatively affected by SWC and explained 63%, whereas mineralized nitrogen was significantly positively influenced by TN and explained 55% of the total variance.
Keywords: rainfed farmland, soil respiration, nitrogen mineralization, fertilization, cropping pattern, soil microbe
1 INTRODUCTION
Soil microorganisms are not only widely involved in various biochemical reactions with element cycling but are also an important medium connecting plants and soil (Zhang Q. et al., 2022). The agricultural ecosystem provides nearly 66% of the food supply, and agricultural soil acts as an important matrix linking crops and underground ecosystem processes (Zhang J. Y. et al., 2022). Agricultural soil microorganisms are of great significance to soil fertility, and their biomass nitrogen and phosphorus are important sources of crop nutrients (Chen et al., 2017). The quality of the soil environment can directly affect the composition of the microbial community and thereby affect crop growth and health (Li et al., 2021). A suitable microbial community structure in agricultural ecosystems could promote crop growth, and the change in soil microbial community structure could be used as an important indicator of soil health and crop growth (Liu Z. H. et al., 2021).
Agricultural crop planting pattern affect soil physicochemical properties and microbial properties (Rashid et al., 2016). Agricultural crop planting pattern mainly include continuous cropping and crop rotation. Research has shown that the biotic and abiotic environments in the soil are significantly different between different crops under the same planting pattern or between different planting patterns of the same crop (Li et al., 2021). The reason is mainly because different planting patterns could affect the physical structure, nutrients, and microbial community structure of the soil (Aimaierjiang et al., 2022). Continuous cropping may lead to a decline in soil fertility and the transformation of soil microorganisms, causing abnormal crop growth (Ma et al., 2004; Pradeep et al., 2010). Crop rotation could balance the utilization of soil nutrients and increase the variety and quantity of beneficial microorganisms in the soil (Asuming-Brempong et al., 2008). For example, soybean rotation can significantly increase bacterial PLFA content, and avoid the process of microbial groups transforming to fungi caused by continuous cropping (Yao et al., 2015). Therefore, scientifically and reasonably selecting crop planting pattern is beneficial for improving the soil environment and promoting the healthy growth of crops.
Fertilization is an important factor affecting crop growth and soil health. Long-term application of chemical nitrogen and phosphorus fertilizers significantly increases soil organic carbon (SOC), total phosphorus (TP), and available phosphorus (AP) (Gao et al., 2021). Fertilization can also alter soil microbial properties, and organic fertilizers or organic‒inorganic combinations can effectively increase the number and activity of microorganisms (Li et al., 2005; Wu et al., 2020). In humid and warm climate conditions, organic fertilizer has a great effect on soil microbial properties and leads to greater microbial diversity and a more stable microbial community (Wang et al., 2017). The combination of organic and inorganic fertilizers increased the number of bacteria and decreased fungi (Nanda et al., 1998). Although chemical fertilizers can effectively improve crop productivity (Liu Z. et al., 2020; Liu J. A. et al., 2021), excessive application of inorganic fertilizers can cause damage to the soil environment, which not only leads to soil quality degradation but also has a negative impact on soil microecological balance (Tiziano et al., 2011; Kour et al., 2020; Yu et al., 2020). It is of great significance to explore the effects of fertilization on soil physicochemical and microbial properties to improve agricultural safety.
Soil organic carbon and nitrogen and their turnover processes determine soil fertility and sustainability (Morales-Rodriguez et al., 2019). Soil carbon and nitrogen mineralization is affected by environmental factors, and generally, the rate of soil organic carbon mineralization increases with increasing temperature (Ma et al., 2016). In addition to temperature, changes in planting and fertilization pattern also cause changes in soil carbon mineralization, which in turn affects crop growth. Nitrogen fertilizer application can prohibit soil carbon mineralization by inhibiting microbial biomass and extracellular enzyme activity (Keeler et al., 2009), while significantly improving soil microbial net nitrogen mineralization (NNM) (Wang et al., 2014). Organic fertilization could increase carbon mineralization by 52%–117% more than chemical inputs in soil, and significantly enhance NNM under no-tillage management in humid conditions (Wang et al., 2011). There has been a report that fertilization has a greater impact on soil microbial community structure than crop rotation (Guo et al., 2020). However, there are still few reports on the effects of fertilization and planting pattern on soil microorganisms and carbon and nitrogen mineralization in rainfed farmland.
The rainfed farmland in the Chinese Loess Plateau is an important agricultural ecosystem and produces vital food for the local people (Lian et al., 2021). To explore the effects of fertilization and planting pattern on soil microbial community structure and microbe-mediated ecological processes of carbon and nitrogen cycling. We used long-term field experiments to address these uncertainties and we hypothesized that 1) fertilization and planting pattern mainly affect the soil carbon and nitrogen contents and affect the microbial community structure and 2) compared with the change in planting pattern, fertilization had a greater influence on the structure and composition of the microbial community. To test these assumptions, the changes in the microbial community and carbon and nitrogen mineralization were tested by the traditional biochemical method. Determining the influence mechanism of fertilization and planting pattern on soil carbon and nitrogen mineralization and soil microbial properties will help to set an effective and safe fertilization pattern under different planting scenarios.
2 MATERIALS AND METHODS
2.1 Site description
The research site is selected in the Changwu Agricultural Ecology Experimental Station of the Chinese Academy of Sciences, Shaanxi Province, China. Geographic coordinates are 107°41′E, 35°14′N, with an altitude of 1,220 m. It belongs to a semihumid continental monsoon climate. The average annual precipitation is 580 mm, the average annual temperature is 9.1°C, and the frost-free period is 171 days. The loose and higher permeability soil is Heilu soil (Cumulic Haplustoll, USDA). The long-term field experiment in this research began in 1984. The initial soil nutrient status was as follows: organic matter = 10.50 g·kg−1, total nitrogen = 0.80 g·kg−1, total phosphorus = 1.26 g·kg−1, and pH = 8.10.
2.2 Experimental treatment and design
This experimental design had 7 different fertilization and planting pattern treatments: 1) wheat continuous cropping without fertilization (W-CK); 2) wheat continuous cropping with NP fertilizer (W-NP); 3) wheat continuous cropping with NP and organic fertilizer (W-NPM); 4) wheat and corn rotation with NP fertilizer (WC-NP); 5) wheat and corn rotation with NP and organic fertilizer (WC-NPM); 6) wheat, millet and pea rotation with NP fertilizer (WMP-NP); and 7) wheat, millet and pea rotation with NP fertilizer and organic fertilizer (WMP-NPM). The fertilization amounts of the three fertilizers were as follows: N (120 kg·ha−1·y−1 CH4N2O), P (90 kg·ha−1·y−1 P2O5), and M (7.5 × 104 kg·ha−1·y−1 manure with 10.6% organic matter content). Each treatment had 3 replicates with a 36 m2 (4 m × 9 m) plot area. Field activities such as weeding and spraying were carried out according to local field management habits.
2.3 Soil sample collection
In June 2019, soil samples were collected after crop harvest. After clearing the dead branches and leaves on the soil surface, a soil sample of 0–20 cm was taken using the five point sampling method. The same treated soil samples in each plot were mixed and bagged, stored at 4°C and taken back to the laboratory. After removing the visible sand, gravel, animal and plant residues, the soil was passed through a 2 mm stainless sieve. The screened soil sample was divided into 3 parts. One part was placed into a 4°C refrigerator to determine the soil microbial biomass and soil respiration, one part was stored at −86°C to test PLFAs, and the third part was used to determine the soil physical and chemical properties after air drying with protection from sunlight.
2.4 Measurement items and methods
2.4.1 Determination of soil physical and chemical properties
The soil water content (SWC) was determined using the oven drying method; total carbon (TC) in soil was measured using a carbon analyzer (Vario TOC, Elemental, Hanau, Germany); soil organic carbon (SOC) was measured using the potassium dichromate external heating method; total phosphorus (TP) in soil was measured using the Olsen method; a fully automatic Kjeldahl nitrogen analyzer was used to measure soil total nitrogen (TN); ammonium nitrogen (NH4+-N) and nitrate nitrogen (NO3−-N) in soil were extracted with K2SO4 solution and measured using a continuous flow analyzer (Autoanalyzer 3, Bran Luebbe, Germany); available phosphorus (AP) in soil was measured using the Olsen method; the organic phosphorus (OP) in the soil was determined by the high-temperature burning method; soil pH (water/soil at 2.5:1) was measured by a glass electrode pH meter; soil particle composition was measured using the Malvern 2000 laser particle size analyzer; and mineralized nitrogen was measured using the biological culture method (Bao, 2000).
2.4.2 Determination of soil microbial community structure and microbial indicators
The phosphate fatty acid (PLFA) method was used to determine the soil microbial community structure. 8 g of freeze-dried soil was weighed for the test. After operating with the protocol, phospholipid fatty acids were extracted and determined using a gas chromatograph (Agilent GC-7890B) combined with the MIDI microbial identification system Sherlock 6.2 (Frosteg et al., 1991). Bacteria were represented with 15:0, 17:0, 15:0iso, 15:0anteiso, 16:0iso, 16:1w7c, 17:0iso, 17:0anteiso, 17:0cycloω7c, 18:1ω7c and 18:1ω5c (Tunlid et al., 1989; Frosteg et al., 1993). Fungi were represented with 16:1ω5c, 18:1ω9c, 18:2ω6c and 20:1ω9c (Federle et al., 1986; Baath, 2003). Arbuscular mycorrhizal fungi (AMF) were represented with 16:1ω5c (Nordby et al., 1981; Olsson, 1999). Actinomycete were represented with 10Me16:0, 10Me17:0 and 10Me18:0 (Zelles, 1997). Gram-positive bacteria (G+) were represented with 15:0iso, 15:0anteiso, 16:0anteiso, 17:0iso, 17:1isoω9c, 18:0iso, 16:0iso, 17:0anteiso and 17:1anteisoω7c. Gram-negative bacteria (G−) were represented with 19:0cycloω7c, 12:1ω5c, 16:1ω7c, 18:1ω5c, 17:1ω8c, 12:1ω8c, 16:1ω9c, 17:0cycloω7c, 19:0cycloω7c and 21:1ω9c (Frosteg and Baath, 1996; Zelles, 1997).
Soil microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) were extracted and measured using the chloroform fumigation method. Soil respiration and mineralized nitrogen were measured by alkali absorption titration. The samples were incubated continuously at 25°C for 28 days and removed on days 1, 3, 7, and 14 to calculate the soil respiration rate during the incubation process by titration. At 28 days, the soil nitrate nitrogen (NO3−-N) and ammonium nitrogen (NH4+-N) contents before and after cultivation were measured using a continuous flow analyzer (Autoanalyzer 3, Bran Luebbe, Germany), and the soil mineralization nitrogen, soil net nitrification rate, and net mineralization rate were calculated as follows:
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In the formula, d refers to the cultivation days of the soil used for measuring mineralized nitrogen, which in this research is 28 days. c(NO3−-N)1, c(NO3−-N)2, c(NH4+-N)1 and c(NH4+-N)2 represent the concentrations of NO3−-N and NH4+-N before and after incubation. Anit and Amin represent the net accumulation of nitrate nitrogen and mineralized nitrogen content, respectively. Vnit and Vmin represent the net nitrification rate and net mineralization rate of nitrogen, respectively.
2.5 Statistical analysis
Data Processing System (DPS) software was used for data analysis (Tang and Zhang, 2013). One-way ANOVA was performed with least significant difference (LSD) analysis. Structural equation modeling (SEM) was used to analyze the effect of different treatments on mineralized nitrogen and soil respiration by soil microbial community structure. The maximum likelihood estimation method was used with Amos V18.0 (IBM, Chicago, IL, United States). R software was used to draw figures. The data in this research are expressed as the average ± standard deviation.
3 RESULTS
3.1 Soil physical and chemical properties under different treatments
Planting pattern and fertilization treatments had significant effects on soil physical and chemical properties (Table 1). Compared with the W-CK, SOC was significantly increased in the W-NPM and WC-NPM (p < 0.05), whereas TC was significantly decreased in the W-NP, WC-NP and WMP-NP (p < 0.05). All treatments significantly enhanced NO3−-N, while only W-NPM, WC-NP and WMP-NP increased NH4+-N and WC-NPM increased TN (p < 0.05). AP and TP were significantly higher than those in the W-CK in all other treatments, and OP was only significantly higher in the WMP-NP treatment (p < 0.05). The pH and SWC both significantly decreased in all the treatments, but the physical clay content only increased in the WC-NP treatment (p < 0.05).
TABLE 1 | Soil physical and chemical properties in different treatments.
[image: Table 1]In the wheat continuous treatment, SOC, TC, NH4+-N, TN, AP and TP were significantly higher in the organic fertilizer used plot whereas SWC had a reverse trend (p < 0.05). The wheat and corn rotation plot with organic fertilizer had significantly higher SOC, TC, NO3−-N, TN, AP and TP, and significantly lower NH4+-N, pH and SWC than the chemical fertilizer plot (p < 0.05). The plot with wheat, millet and pea rotation and organic fertilizer obviously enhanced AP, TP and SWC but abated NH4+-N, NO3−-N and OP (p < 0.05).
In the chemical fertilizer treatment, AP and TP significantly increased with the number of rotations whereas SWC decreased (p < 0.05). NH4+-N and NO3−-N were significantly influenced by rotational management with a reverse trend (p < 0.05). In the organic fertilizer plot, NH4+-N significantly decreased with the number of rotations, pH decreased first and then increased, and NO3−-N, TN and AP had a reverse trend (p < 0.05).
3.2 Soil microbial community structure in different treatments
Planting pattern and fertilization had a significant effect on the soil microbial community structure (Figure 1). Compared with W-CK, the total PLFA content was significantly decreased in W-NP and significantly increased in W-NPM, WC-NP and WC-NPM (p < 0.05). There was no obvious difference among the W-CK, WMP-NP and WMP-NPM (Figure 1A). The trend of bacteria, fungi, actinomycete, AMF, G+ and G− PLFAs all showed a similar pattern with the total PLFAs. The Fungal/Bacteria ratio was not significantly different.
[image: Figure 1]FIGURE 1 | Trends of Total PLFAs (A), Bacteria PLFAs (B), Fungi PLFAs (C), Fungi/Bacteria PLFAs (D), Actinomycete PLFAs (E), AMF PLFAs (F), Gram positive bacteria PLFAs (G) and Gram negative bacteria PLFAs (H) in soil microbial communities under different treatments. The same letter above each column indicates no significantly difference (p > 0.05); different letters indicate significant difference (p < 0.05).
The plot with organic fertilizer had higher microbial PLFAs than the chemical fertilizer treatment, and this effect was weaked in the wheat, millet and pea rotation scenario. As the rotation number increased, all the microbial PLFAs first increased then decreased. Overall, the application of organic fertilizers has a greater impact on soil microbial PLFAs than rotation management.
A heatmap was used to show the correlation between soil physical and chemical properties and soil microbial communities (Figure 2). The PLFAs of bacteria, gram positive bacteria and fungi were significantly correlated with SOC, TC, TN, SWC and TP (p < 0.05). The PLFAs of actinomycete and AM fungi were significantly correlated with SOC, TC and TN (p < 0.05). Gram negative bacteria were only correlated with SOC and TN (p < 0.05).
[image: Figure 2]FIGURE 2 | Correlation analysis of soil microbial PLFAs with soil physical and chemical properties.
3.3 Soil microbial biomass under different treatments
Fertilization and planting pattern have significant effects on soil microbial biomass. Compared with W-CK, W-NP and WMP-NP significantly increased MBC, whereas WC-NPM and WMP-NPM decreased MBC (p < 0.05). The organic fertilizer had a negative effect on MBC and the effect obviously increased as the rotation number increased (Figure 3A). The MBN was significantly decreased in the W-NP and WMP-NP treatments but increased in WC-NPM (p < 0.05). Contrary to MBC, MBN was positively influenced by organic fertilizer and the effect was lower in the wheat and corn rotation treatment (Figure 3B).
[image: Figure 3]FIGURE 3 | Soil microbial biomass C (A) and N (B) content under different treatments.
3.4 Mineralization of soil C and N under different treatments
3.4.1 Soil respiration rate of different treatments
Fertilization and rotation significantly affected the soil respiration rate (Figure 4A). Compared with the W-CK, the soil respiration rate was significantly increased in the W-NPM, WC-NPM, WMP-NP and WMP-NPM (p < 0.05). Under the same planting pattern, organic fertilizer significantly increased the soil respiration rate in the wheat continuous cropping, and wheat and corn rotation treatments (p < 0.05), whereas a converse trend was observed in the wheat, millet and pea rotation treatments, although it was not statistically significant. Under the chemical fertilizer scenario, the soil respiration rate increased as the rotation number increased, while this trend reversed when the organic fertilizer was applied.
[image: Figure 4]FIGURE 4 | Soil respiration rate (A) and respiration entropy (B) in different treatments.
There were significant differences in the soil respiration entropy among the different treatments (Figure 4B). The soil respiration entropy in the W-NPM, WC-NPM and WMP-NPM treatments was significantly higher than that in the W-CK treatment (p < 0.05). Under the same planting pattern, organic fertilizer significantly enhanced soil respiration entropy, and the wheat and corn rotation system was the most sensitive treatment (p < 0.05). Under the same fertilization treatment, chemical fertilizer had no obvious effect on the soil respiration entropy under different rotation plots, whereas the soil respiration entropy first increased and then decreased with increasing rotation number in the plot with organic fertilizer (p < 0.05).
The soil respiration rate was significantly positively correlated with SOC, NO3−-N and TP, and negatively correlated with pH and SWC (p < 0.05). Soil respiration entropy was significantly positively correlated with SOC, NO3−-N, TP and MBN, and negatively correlated with NH4+-N, pH and MBC, p < 0.05 (Figure 5).
[image: Figure 5]FIGURE 5 | Correlation analysis of soil carbon and nitrogen mineralization with soil physiochemical and microbial properties.
3.4.2 Mineralization of soil nitrogen under different treatments
The field management practice, fertilization and planting rotation, significantly affected soil mineralized nitrogen, net nitrogen mineralization rate and net nitrification rate with a similar trend (Figure 6). Compared with the W-CK, the soil mineralized nitrogen, net nitrogen mineralization rate and net nitrification rate were all significantly increased in the W-NPM, WC-NP and WC-NPM (p < 0.05). Under the same planting pattern, the soil mineralized nitrogen, net nitrogen mineralization rate and net nitrification rate were significantly higher in the plot with organic fertilizer but this effect was not significant in the wheat, millet and pea rotation treatment (p < 0.05). Under the same fertilization treatment, the soil mineralized nitrogen, net nitrogen mineralization rate and net nitrification rate all increased from the wheat continuous cropping to wheat and corn rotation treatment, and then decreased in the wheat, millet and pea rotation treatment (p < 0.05).
[image: Figure 6]FIGURE 6 | Soil mineralization nitrogen (A), net N mineralization rate (B) and net nitrification rate (C) in different treatments.
Soil mineralized nitrogen, net nitrogen mineralization rate and net nitrification rate were all significantly positively correlated with SOC, NO3−-N, TN and MBN, and negatively correlated with pH and MBC, p < 0.05, (Figure 5).
3.5 Effect of fertilization and planting pattern on soil microbial community structure and soil carbon and nitrogen mineralization
Based on structural equation modeling, the driving mechanisms of different treatments on mineralized nitrogen and soil respiration rate were analyzed (Figure 7, χ2 = 17.175, df = 10.000, p = 0.071, CFI = 0.916, GFI = 0.839, RMSEA = 0.189, AIC = 69.175). The results of the SEM showed that both TN and SOC directly positively affected total PLFAs and explaining 58% of the total variance with TC and SWC. The fungi/bacteria PLFAs were significantly negatively influenced by TN with −0.65 standardized path coefficients, and significantly positively affected by SOC with 0.63 standardized path coefficients. The combination of TC, TN, SOC and SWC explained 84% of its total variance. Mineralized nitrogen was significantly positively affected by TN, and 55% of the total variance was explained by soil environmental factors and soil microbial community structure. The soil respiration rate was significantly positively affected by TC and negatively affected by SWC and was explained 63% by soil physical, chemical and microbial properties.
[image: Figure 7]FIGURE 7 | Structural equation model shows the effect of fertilization and planting pattern on soil microbial community structure and soil carbon and nitrogen mineralization. Note: The model fits: χ2 = 17.175, df = 10.000, p = 0.071, CFI = 0.916, GFI = 0.839, RMSEA = 0.189, AIC = 69.175. The numbers on the arrows are standardized path coefficients (correlation coefficients), and asterisks following the numbers indicate significant relationships (***p < 0.001, **p < 0.01, *p < 0.05). Red solid arrows indicate significant positive relationships, blue solid arrows indicate significant negative relationships, and gray dashed arrows indicate path coefficients >0.05. The width of the arrows shows the strength of the relationship. Percentages (R2) close to endogenous variables indicate the variance explained by the soil factors.
4 DISCUSSION
4.1 Effects of fertilization and planting pattern on soil physical and chemical properties
Fertilization and planting pattern, as important field management practices, can affect soil nutrients and alter soil physicochemical characteristics (Wang W. et al., 2015; Cai et al., 2019). Soil nutrients are the main source for crop nutrition, and the level of soil nutrient content affects the survival and health of crops. Similar to other research, fertilization can significantly increase soil NH4+-N, NO3−-N, TN, AP, TP, and clay content, and reduce soil pH and SWC in the wheat continuous cropping treatment (Guo et al., 2010; Sun et al., 2014; Lusiba et al., 2017; Liu J. et al., 2020; Lin et al., 2022). The reason for this change in soil physicochemical properties may be that fertilizers contain a large amount of nitrogen and phosphorus. The application of fertilizers can quickly supplement the nutrient elements, thereby greatly increasing the available nitrogen and phosphorus. The increased available nutrients could enhance microbial activity and accelerate the transformation of nutrients (Zhang et al., 2013). The hydrolysis of urea causes a short-term and rapid decrease in soil pH, and lower pH and sufficient urea hydrolysates (NH4+-N) significantly stimulate nitrification in soils (Zhao et al., 2014). This is consistent with the significant increase in nitrate nitrogen content and the opposite trend of nitrate and ammonia nitrogen changes after fertilization in this study. Soil pH is an important factor affecting soil quality. Nitrogen in fertilizer promotes the absorption of soil cations by crop roots, resulting in the production of more hydrogen ions and a decrease in the soil pH value with soil acidification (Cai et al., 2019; Dong et al., 2021b). In addition, the H+ produced by nitrification will also reduce the pH (Dong et al., 2021a).
Compared with the application of inorganic fertilizers, the application of chemical with organic fertilizers can increase SOC and reduce SWC and pH. After being applied to the soil, organic fertilizers increase the rate of soil nutrient accumulation, improve the soil physical structure, and create a rich microenvironment, which is conducive to microbial reproduction and ultimately drives the carbon nitrogen cycle and is more conducive to the accumulation of organic carbon components (Chen et al., 2019). The decrease in pH may be due to the combination of organic and inorganic fertilizers regulating the carbon nitrogen ratio of soil, promoting microbial growth, increasing soil microbial diversity, stimulating soil enzyme activity, promoting organic matter degradation, and generating more low molecular organic acids such as acetic acid (CH3COOH) (Zhang et al., 2021). This research also found that under the same fertilizer conditions, the soil nutrient content was also affected by planting pattern. Under the same fertilization conditions, the SOC, TN, AP, and TP of the wheat corn rotation were higher than those of the wheat continuous cropping. This may be due to differences in nutrient absorption among different crops in rotation. Reasonable crop rotation can achieve balanced utilization of soil nutrients and achieve the effect of land nutrition. Meanwhile, compared to wheat continuous cropping, the SWC of wheat corn rotation decreases, possibly due to the more developed corn roots and high water demand, resulting in a decrease in SWC (Wu et al., 2021).
4.2 Effects of fertilization and planting pattern on microbial community structure
Soil microorganisms are an important component of soil ecosystems and play a notable role in maintaining soil ecosystem function and services. Fertilization significantly affects the abundance and diversity of soil microorganisms (Chinnadurai et al., 2014; Tamilselvi et al., 2015). In this research, compared with no fertilization, the application of chemical with organic fertilizer significantly increased the content of total PLFAs, bacteria, fungi, G+, G−, AMF and actinomycete PLFAs in the wheat continuous cropping treatment, whereas the NP fertilizer had the opposite effect. The application of organic fertilizer can provide a suitable survival environment for microorganisms (Wang et al., 2020). The application of organic fertilizers could increase the organic matter content of the soil, improve the soil physicochemical traits and the structure of the soil, improve the soil fertility, provide a suitable environment for microbial growth and promote microbial activity, and they also directly introduced microorganisms in organic fertilizers into the soil and played the roles of “inoculating” and “importing” (Zeng et al., 2007; Dong et al., 2014). Long-term application of inorganic fertilizers alters soil physicochemical traits and inhibits the activity of soil microorganisms; at the same time, exogenous organic carbon sources are insufficiently supplemented, and there is not enough energy to satisfy the growth and development of microorganisms, resulting in a decline in the number of microorganisms, while the input of organic fertilizers exactly complements this shortcoming, thereby increasing soil microbial PLFA contents (Li et al., 2020).
With the same fertilization, the PLFA content was different among the different rotation systems. In this research, the PLFA content in the wheat millet pea rotation treatment was lower than that in the wheat corn rotation treatment, indicating that rotation has a certain impact on the soil microbial community structure. Compared with the effect of fertilization, the planting pattern has a smaller impact on the soil microbial community structure, which may be because the application of organic fertilizer allows microorganisms to obtain a large amount of nutrients, or the presence of a large number of different microbial groups in the organic fertilizer. The differences in soil microbial community structure among different treatments are mainly related to whether organic fertilizers are applied, and although planting pattern have an impact on microbial community structure, the effect is relatively small.
4.3 Effects of fertilization and planting pattern on soil carbon and nitrogen mineralization
Soil microbial biomass serves as both a reservoir of available nutrients and a driving force for soil nutrient cycling and organic matter transformation (Yang et al., 2017). MBN is a key interconversion of inorganic and organic N in soils and often serves as a sensitive indicator for the evolution of soil fertility status and soil quality. Previous studies have shown that the application of chemical fertilizers can enhance MBC and MBN (Daniel and Kate, 2014). The results of this study differed in that, compared with no fertilization, the application of NP and organic manure had no significant effect on MBC and MBN, but the application of NP significantly increased the MBC content and decreased the MBN content. This may be due to the difference in the amount of NP applied compared to other studies, or it may be related to soil cultivation methods or background physicochemical indicators, resulting in the application of NP affecting microorganisms and causing a decrease in MBN. In addition, research has found that compared to applying NP, applying NP and organic fertilizer significantly reduces MBC content and increases MBN content. This may be due to unreasonable chemical fertilizer application, resulting in insufficient carbon sources. The increase in MBN may be due to the long-term input of exogenous organic materials, which can regulate the soil nitrogen supply (Liu et al., 2012).
Soil respiration is often used to measure the total activity of soil microorganisms and to evaluate soil fertility and is affected by fertilization and planting pattern. Compared with no fertilization, fertilization can significantly improve soil respiration, except when chemical fertilizer is applied in wheat continuous and wheat and corn rotation systems. This may be because fertilizer improves the availability of nitrogen in the soil, promotes the growth of crop roots and their secretions, and increases microbial respiration (Ding et al., 2006; Li et al., 2010). Compared with applying NP, applying NP and organic fertilizer can significantly improve soil respiration in wheat continuous and wheat and corn rotation systems. In addition, by comparing W-NP, W-NPM, WC-NP and WC-NPM, although rotation had an impact on soil respiration, the impact was far less than that of the combined application of organic fertilizer. The main reason may be that the combination of organic and inorganic fertilizers significantly increases the soil organic matter content and thus increases the number of soil microorganisms, thereby increasing CO2 emissions from microbial respiration (Han et al., 2008). Different soil microenvironments lead to different soil respiration (Raich and Tufekciogul, 2000), and changes in fertilization and planting pattern can change soil physical and chemical properties, which indirectly affect soil respiration by affecting the number and distribution of microorganisms (Zhou et al., 2011).
The nitrogen required by crops comes not only from the input of exogenous fertilizer but also from the inorganic nitrogen released by soil organic nitrogen mineralization. Therefore, studying the changes in soil nitrogen mineralization under different fertilization and planting pattern is crucial for the nitrogen supply to crops (Zhang et al., 2019). In this study, the trends of changes in soil mineralization nitrogen content, soil net nitrification rate, and soil net mineralization rate were the same among the different treatments. When the fertilization was the same, the wheat and corn rotation treatment had the highest soil mineralization nitrogen content, soil net mineralization rate, and soil net nitrification rate. The combination of organic fertilizer and wheat and corn rotation has a promoting effect on soil N transformation. According to the heatmap analysis in Figure 5, there is a highly significant positive correlation between soil mineralization nitrogen content and SOC, nitrate nitrogen, TN, and MBN, indicating that the richer the soil organic carbon, nitrate nitrogen, TN, and MBN content, the more substrates and more conducive to mineralization (He et al., 2005; Wang S. C. et al., 2015). Soil urease and protease are key enzymes for soil nitrogen conversion, and their activity is closely related to the intensity of soil nitrogen conversion and soil nitrogen supply capacity (Wang et al., 2010). It is speculated that the impact mechanism of fertilization and planting pattern on N mineralization is, on the one hand, by changing the mineralization substrate and the number of related microorganisms, and on the other hand, it may affect enzyme activity by changing soil physical and chemical properties, thereby affecting nitrogen mineralization.
5 CONCLUSION
There were significant differences in soil physicochemical factors and microbial community structure among the different fertilization and planting pattern. Compared with applying NP fertilizer, applying organic fertilizer significantly increased soil organic matter and nutrients and decreased SWC and soil pH. The wheat and corn rotation treatment had the highest content of total PLFAs and microbial groups. Applying organic fertilizer can significantly increase the content of PLFAs in the soil. Increasing organic fertilizer mainly affects the content of various microorganisms and total PLFAs in the soil by changing the content of SOC and TN. Compared with applying organic fertilizer, changes in the planting pattern had less impact on the structure of the soil microbial community. Both increasing organic fertilizer application and changing planting pattern can affect soil respiration and soil mineralized nitrogen content. Overall, increasing the application of organic fertilizers has a greater impact on soil ecological processes than changes in planting pattern. The soil microbial community structure (fungi:bacteria) was significantly negatively correlated with total nitrogen and positively correlated with soil organic carbon. Soil respiration was negatively affected by soil water content and positively affected by total carbon. Soil mineralized nitrogen was positively influenced by total nitrogen. In summary, compared to applying NP fertilizer, applying organic fertilizer has a more significant effect on improving soil quality in agricultural ecosystems. Compared with the planting pattern, the application of organic fertilizer has a higher impact on soil properties.
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Phosphatase activities and available nutrients in soil aggregates affected by straw returning to a calcareous soil under the maize–wheat cropping system
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The objective of this study was to investigate the effects of different rates of straw returning on soil aggregate stability, phosphatase activities, and the available nitrogen (N) and phosphorus (P) within different soil aggregate sizes. The experiment included five treatments: 1) no straw returning and no chemical fertilizer, 2) chemical fertilizer only (150 kg N ha-1, 75 kg P ha-1, and 75 kg K ha-1), 3) 20% straw returning with chemical fertilizer, 4) 60% straw returning with chemical fertilizer, and 5) 100% straw returning with chemical fertilizer. Soil samples were collected 3.5 years after the start of the experiment and separated into four aggregate sizes (<0.25 mm, 0.25–1 mm, 1–2 mm, and 2–7 mm) using the dry sieving method. Soil acid phosphomonoesterase (AcP) and alkaline phosphomonoesterase (AlP); phosphodiesterase (PD); pyrophosphatase (PrA) activities; and soil NO3−−N, NH4+−N, and resin-P were determined within soil aggregates. The results showed that straw returning rates did not significantly impact soil aggregate distribution. However, straw returning increased soil AcP, AlP, and PD in <2 mm aggregates, and high rates of straw returning led to high enzyme activities. Soil phosphatase activities were also higher in 1–2 mm aggregates. All straw returning and chemical fertilization treatments increased soil NO3−−N and resin-P concentrations but had much less effect on soil NH4+−N concentrations. Additionally, the study revealed that soil pH, the concentrations of NH4+−N, NO3−−N, resin-P, and CaCO3 significantly influenced soil phosphatase activities, but their impact varied across different sizes of aggregates.
Keywords: straw returning, soil aggregate, phosphomonoesterase, phosphodiesterase, pyrophosphatase
1 INTRODUCTION
The intensive winter wheat–summer maize cropping system in the central North China Plain is known for high inputs of chemical fertilizers, inadequate organic matter, high crop yields, and large amounts of crop residues (Zhang et al., 2016; Lu et al., 2020). Traditionally, both wheat and maize straws were used as fuel for cooking or burned on the farm to clean the field for planting the next crop. Since the on-farm straw burning practice was banned in 2008, a large quantity of straw must be incorporated into the soil. Straw returning has been shown to increase soil organic matter (SOM) and available soil nutrients (Tan et al., 2015), improve soil porosity and structure (Yao et al., 2015), reduce soil bulk density, and enhance soil enzyme activities (Wang et al., 2018). However, the straw return was challenging due to the lack of appropriate field equipment in some hilly areas, where straws are currently removed from fields. As a consequence, intensive farming has led to soil quality degradation (i.e., lack of SOM, low soil fertility, poor nutrient use, subsequently low yield, and degraded soil structure) (Liu and Diamond, 2005), which greatly influences the long-term productive capacity of the soil (Vitousek et al., 2019).
Soil aggregates are vital for soil structure and fertility (Mrquez et al., 2019), and the associated soil characteristics within and between aggregates are essential for soil quality (Lehmann et al., 2017). Straw returning has been shown to increase the proportion of soil macroaggregates larger than 0.25 mm (Alidad et al., 2012; Zhang et al., 2018; Zhao et al., 2018; Cao et al., 2021). Additionally, the distribution of soil aggregates and the mean weight diameter (MWD) also differed from the straw returning mode (Ma et al., 2020). However, the effects of straw returning on phosphorus (P) distribution among soil aggregates remain unclear. For instance, soil P could be enriched in soil macroaggregates or microaggregates due to different soil types (Ahmed et al., 2017). Studies have shown that 80% of soil total P was contained in soil macroaggregates (>2 mm) (Zhang et al., 2021), while soil total P or available P concentrations were highest in <0.053 mm soil aggregates (Cheng et al., 2019; Deng et al., 2021). Additionally, different sizes of soil aggregates also affect P loss from soil (Garland et al., 2018; Li et al., 2020; Cao et al., 2021). Therefore, the input of exogenous organic materials can potentially impact the structure of soil aggregates and P distribution among aggregates.
Phosphatase enzymes are responsible for mineralization of organic matter to release phosphate ions (H2PO4− and HPO42–) in soil (Criquet and Braud, 2008). Soil acid phosphomonoesterase (AcP), alkaline phosphomonoesterase (AlP), phosphodiesterase (PD), and pyrophosphatase (PrA) are specific enzymes that facilitate this process. Studies have shown that straw returning significantly increased soil alkaline phosphatase activity (Wang et al., 2018), and phosphatase activity decreased with decreasing aggregate size (Tian et al., 2022), but the effect of straw returning on soil phosphatase activities may not be long term (Stegarescu et al., 2021). Furthermore, the turnover of nutrients is closely related to soil aggregates and soil structure (Six et al., 2000; Galantini et al., 2004) because soil aggregates can provide physical protection for nutrients from microbial decomposition (Six et al., 2004; Barthès et al., 2008), and the availability of nutrients would conversely influence phosphatase activities. Thus, straw returning may cause a difference in soil phosphatase activities and P availability among soil aggregates.
The existing research on soil aggregates following straw returning to the field has mainly focused on water-stable aggregates (Meng et al., 2014; Garbuz et al., 2016). Although studies have primarily centered on soil carbon status among aggregates (Wang et al., 2015; He et al., 2018; Wang et al., 2018), few have investigated the concentration of available P and phosphatase activities after straw returning to the field. The study was conducted in a typical Yimeng mountainous area in Northern China, where cinnamon soil (Calcaric Cambisol, FAO) accounts for up to 50% of the land area. Straw returning is not common practice in this area, and the soils often suffer from erosion and low P nutrients. The objective of this study was to determine the effects of straw returning on the structure and internal available P and other nutrients and phosphatase activities of soil aggregates in a calcareous soil under a maize–wheat cropping system.
2 MATERIALS AND METHODS
2.1 Site description and experimental design
The field experiment was conducted on cinnamon soil (Calcaric Cambisols in FAO classification) at Fei County (117°54′ E and 35°13′ N), Shandong Province, Northern China. The region has a temperate continental monsoon climate; the annual mean temperature and precipitation are 14.1°C and 849 mm, respectively; and 60%–80% of the annual precipitation occurs during the maize-growing season in summer. The initial soil properties in the study area were 8.05 pH, 1.12% TC, 0.16% TN, and 548 mg kg-1 TP. Winter wheat was planted in early or mid-October with a seeder and harvested in early June of the following year. Then, summer maize was planted after the wheat harvest and harvested in early October. Five treatments were as follows: 1) CK (control - no fertilizer and no straw), 2) C (chemical fertilizer only), 3) SR20 (20% straw returning with chemical fertilizer), 4) SR60 (60% straw returning with chemical fertilizer), and 5) SR100 (100% amount of straw returning with chemical fertilizer). The chemical fertilizer treatment consisted of 150 kg N ha-1 urea and with about 5.48 kg N from NH4H2PO4, 45 kg P ha-1 as NH4H2PO4, and 45 kg K ha-1 as KCl. Each plot was 3 m × 4 m in size with a 1-m buffer zone between plots. All treatments were replicated four times, except CK (three times due to limited experimental area), and plots were arranged according to a single-factor, completely randomized experiment design. Prior to the initiation of this experiment, no straw returning was performed to the soil in this field previously. For this study, only maize straw was returned to the field, and the amount of the maize straw that was returned based on the average straw weight (8,700 kg/ha dry weight) in the field. The nutrient contents of straws returned to the fields were 687 g TC kg-1, 9.16 g TN kg-1, and 2.83 g TP kg-1. Maize straw was chopped into 1-cm-long pieces and disked into 0–20 cm soil layer.
2.2 Soil sampling
Intact soil core samples were collected from each plot by pushing a plastic frame (10 cm long, 10 cm wide, and 20 cm deep) into the soil after the wheat harvest, 3.5 years after the initiation of the experiment. After being transported to the laboratory, the soil cores were gently broken into small clods according to the natural texture and dried at 4 °C in a refrigerated cabinet until the soil water content was around 8%. After being sieved through a 7-mm sieve, soil aggregates were measured with the dry screening method (Zhang et al., 2013). The dry sieving method was chosen in our study as aggregates divided by the wet-sieving method can hardly be used for the determination of soil nutrient contents and soil phosphatase activities. A sub-sample was sieved (<2 mm) and stored at 4 °C for analysis of enzyme activities within a week. Another subsample was air-dried, sieved, and analyzed for basic soil properties.
2.3 Soil aggregate fractionation measurement
Cold air-dried soil samples (100 g) were agitated by a mechanical shaker (OA SS203, Ortoalresa, Spain) at 50 Hz frequency for 2 min on a stack of sieves (2–7 mm, 1–2 mm, 0.25–1 mm, and <0.25 mm) until soil aggregate samples were enough for further analysis. The aforementioned procedure was repeated several times. All soil aggregate samples were weighed and stored at 4 °C until further analysis. The MWD of soil aggregates was calculated using the following formula (Kemper and Rosenau, 1986):
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where Xi is the mean diameter (mm) and Wi is the weight proportion of each size fraction.
2.4 Soil properties
Soil pH was measured using a glass electrode (soil/water ratio of 1.0:2.5). Soil carbonate content was measured with a sieved air-dried sample (<100 mesh) using the pressure calcimeter method: 1.0 g of soil and 2 mL of 6 M HCl containing 3% by weight of FeCl2·4H2O are placed at the bottom of a 100-mL sealing reaction vessel; the acid was mixed with soil by turning the vessel sideways; an 18-gauge hypodermic needle was inserted, which is attached to the pressure transducer and voltage meter, the results were recorded; and then CO2 concentration was calculated using a calibration curve to obtain carbonate content (Loeppert and Suarez, 1996). Soil organic carbon (SOC) content was measured with sieved air-dried soil (<100 mesh)) using the dichromate oxidation method, and SOM content was calculated based on OM = 1.724 × SOC (Nelson and Sommers, 1996).
Soil available nitrogen (N) and P concentrations were determined for all grades of soil aggregates. Ammonium N and nitrate N concentrations were determined by the colorimetric method after being extracted with 1: 5 2 M KCl solutions (Mulvaney, 1996). The content of available P in soil was determined by the anionic exchange resin strips combined with molybdenum blue method, and the blue color was detected at 700 nm using the Agilent Cary 100 UV–Vis spectrophotometer (Sharpley, 2000).
2.5 Soil phosphatase assay
Soil acid phosphomonoesterase activities (EC 3.1.3.2, AcP), alkaline phosphomonoesterase activities (EC 3.1.3.1, AlP), and the phosphodiesterase activities (PD) were determined by the method of Tabatabai et al. (1994). Briefly, soil acid phosphomonoesterase activities were determined as follows: a fresh soil sample (1.0 g) was mixed with 1 mL of 50 mM disodium phenyl phosphate in 4 mL of modified universal buffer at pH 6.5 and 0.2 mL of toluene before incubating for 1 h at 37 °C. The alkaline phosphomonoesterase activities were determined using the same procedure, except the universal buffer pH was adjusted to 11. Universal buffer was prepared by mixing 12.1 g of Tris (hydroxymethyl) aminomethane, 11.6 g of succinic acid, 14.0 g of citric acid, and 6.3 g of boric acid in 488 mL of sodium hydroxide solution [C (NaOH) = 1 mol L-1], then diluting to 1 L, and storing at low temperature for future use. Modified universal buffer can be obtained by diluting the universal buffer from 200 mL to 1 L and modifying it to the needed pH of 6.5 for AcP and 11.0 for AlP. After incubation, 1 mL 0.5 mol L-1 CaCl2 and 4 mL mol L-1 NaOH were added to terminate the reaction. Phosphodiesterase activities (PD) were determined by incubating 1.0 g fresh soil with 1 mL of 50 mM sodium bis (p-nitrophenyl) phosphate and 4 mL of pH 8.0 buffer prepared by dissolving 6.1 g of Tris-base, adjusting to pH 8.0 with sulfuric acid solution, and then fixing the volume to 1 L. To stop phosphodiesterase activities, 1 mL 0.5 mol L-1 CaCl2 and 4 mL of CaCl2-Tris (hydroxymethyl aminomethane) were used. Fluorescence produced by the aforementioned enzymatic reactions was measured colorimetrically at 410 nm using the Agilent Cary 100 UV–Vis spectrophotometer. For the aforementioned enzyme assays, controls were included for each soil sample. Pyrophosphatase activities (EC 3.6.1.1, PrA) were also assayed following the method of Tabatabai et al. (1994). Fresh soil (1.0 g) was mixed with 3 mL of 50 mM sodium pyrophosphate, and after incubating for 1 h at 37°C, 25 mL of 0.5 M H2SO4 and 3 mL of pH 8.0 modified universal buffer (the same universal buffer as phosphomonoester activities modified with pH 8.0) were added and shook using a horizontal oscillator for 3 min, and then centrifuged to obtain the supernatant. About 2 mL of the supernatants was taken in 50-mL volumetric flasks, the developers were added, the volume fixed, and the color compared at 700 nm using the UV–Vis spectrophotometer (Agilent, Santa Clara, CA) after 15 min of color development.
2.6 Statistical analyses
The differences among treatments or grades were tested by one-way ANOVA using SPSS 16.0 (SPSS Inc., Chicago, Ill., United States). Mean separation was determined using Tukey’s or Dunnett’s T3 test based on the results of homogeneity of variances (p-value < 0.05). A detrended correspondence analysis (DCA) was applied, and the lengths of the gradients were less than 3. Then, a redundancy analysis (RDA) was used to identify the effects of soil properties on soil phosphatase activities among treatments and soil aggregates using Canoco Software 4.5 (Microcomputer Power, Ithaca, NY, United States). The soil factors were standardized by error variance when RDA was performed. All soil properties included in the RDA analysis were D standardized as Z-scores to remove the unit’s influence. Soil phosphatase activity scores were “divided by standard deviation,” soil phosphatase activity data chose the “do not transform” item, soil samples were “standardized by norm,” and the phosphatase activities were “standardized by error variance” when RDA was carried out. The Monte Carlo permutation test (999 permutations) was used to select factors that significantly influenced soil phosphatase activities. Figures were prepared using SigmaPlot 10 (SYSTAT, Point Richmond, CA, United States).
3 RESULTS
3.1 Effect of different rates of maize straw returning on soil pH, SOM, carbonate, and soil aggregate distribution
Compared to the use of chemical fertilizer alone, the maximum straw returning treatment (SR100) significantly increased SOM by 19% and reduced carbonate concentration by 51% (Table 1). The second highest straw returning treatment (SR60) significantly reduced carbonate concentration but did not significantly increase SOM. The low rate of straw returning (SR20) neither significantly affected the contents of organic matter nor those of carbonate. In addition, no significant changes in soil pH were found among treatments.
TABLE 1 | Effects of different rates of maize straw returning on soil chemical properties, aggregate distribution, and MWD.
[image: Table 1]The soil aggregates in the CK sample were almost equally distributed among small macroaggregates (33.2%, 0.25–1 mm), medium macroaggregates (27.6%, 1–2 mm), and large macroaggregates (30.6%, 2–7 mm); the microaggregates (<0.25 mm) were relatively small (8.6%). As for 2–7 mm aggregates, results showed that SR20 treatment significantly decreased the proportion of 2–7 mm aggregates compared to other treatments. Except for that, no significant differences were observed among treatments within the same size of aggregate. In addition, different treatments did not affect the soil MWD.
3.2 Effects of straw returning rate on the available N, P concentration among soil aggregates
All sizes of soil aggregates under CK treatment had significantly lower NO3−−N concentrations than those of other treatments, while medium macroaggregates (1–2 mm) showed significantly higher NO3−−N concentrations than those of other sizes of aggregates under the same treatments (Figure 1A). The high concentrations of NH4+−N were found in microaggregates (<0.25 mm), while the low concentrations were from medium macroaggregates (1–2 mm) for all treatments (Figure 1B). The NH4+−N concentration in <0.25 mm soil aggregates showed that SR100 treatment had the highest and SR20 treatment had the lowest NH4+−N contents, significantly different with C and CK treatments. For 0.25–1 mm aggregates, only the SR100 treatment had significantly higher NH4+−N contents than the other treatments. No significant difference was observed for NH4+−N contents associated with 1–2 mm aggregates among treatments. For 2–7 mm aggregates, the CK sample had the highest NH4+−N contents, which were significantly higher than those of the SR20 and SR100 treatments. Under the same treatment, NH4+−N contents ordinarily followed the sequence from high to low as < 0.25 mm > 2–7 mm > 0.25–1 mm > 1–2 mm. Only the SR20 treatment showed that NH4+−N was significantly high in 2–7 mm, followed by < 0.25 mm and 1–2 mm, and at last, 1–2 mm.
[image: Figure 1]FIGURE 1 | Soil aggregate-associated available NO3−−N (A), NH4+−N (B), and phosphorus (C) under different treatments [CK (no chemical fertilizer and no straw), C (chemical fertilizer only), SR20 (20% straw returning with chemical fertilizer), SR60 (60% straw returning with chemical fertilizer), and SR100 (100% full amount of straw returning with chemical fertilizer)]. Values are shown as the mean ± standard error. Different lowercase letters represent the difference among different treatments within the same aggregate size, and different capital letters indicate the difference among the grain levels of the same processing different aggregates.
The order of resin-P concentration was <0.25 mm aggregates >0.25–1 mm aggregates > 1–2 mm aggregates = 2–7 mm aggregates under CK, C, SR20, and SR100 treatments (Figure 1C). Only SR60 treatment showed that resin-P in 2–7 mm aggregates was significantly higher than that in 1–2 mm aggregates. Within the same aggregate, no clear trend was shown among treatments, but resin-P followed the order of SR100 > SR60 > SR20 > C > CK from high to low in 0.25–1 mm and 1–2 mm aggregates. Furthermore, the higher returning rate of straw had positive effects on soil resin-P concentration.
3.3 Effects of maize straw returning rate on soil aggregate-associated AcP, AlP, PD, and PrA
As shown in Figure 2A, AcP in <0.25 mm microaggregates under CK and SR20 treatments was significantly lower than those under SR100 and SR60 treatments. Within 0.25–1 mm aggregates, only SR100 treatment significantly increased AcP. As for 1–2 mm aggregates, SR20 treatment had the lowest AcP, which was significantly lower than that in SR100. For AcP in 2–7 mm aggregates, there was no significant difference among treatments. As seen from CK treatment, 1–2 mm aggregates showed the highest AcP, whereas SR60 treatment showed the highest AcP in both 1–2 mm and <0.25 mm aggregates. The rest of the treatments showed that <0.25 mm aggregates had the highest AcP. All treatments showed that aggregates of 0.25–1 mm had the lowest AcP.
[image: Figure 2]FIGURE 2 | Soil aggregate-associated AcP (A), AlP (B), PD (C) and PrA (D) under different treatments [CK (no chemical fertilizer and no straw), C (chemical fertilizer only), SR20 (20% straw returning with chemical fertilizer), SR60 (60% straw returning with chemical fertilizer), and SR100 (100% full amount of straw returning with chemical fertilizer)]. Values are shown as mean ± standard error. Different lowercase letters represent the difference among the different treatments within the same aggregate size, and the different capital letters indicate the difference among the grain levels of the same processing different aggregates.
Soil AlP was higher in 1–2 mm aggregates than in 2–7 mm aggregates under C and CK treatments (Figure 2B). Straw returning increased soil AlP associated with 1–2 mm aggregates, while only SR100 and SR60 treatments increased AlP associated with 0.25–1 mm and 2–7 mm aggregates. As for AlP within <0.25 mm aggregates, only SR100 had higher AlP than CK and C treatments. The soil AlP associated with 1–2 mm and 0.25–1 mm aggregates were higher than that associated with <0.25 mm and 2–7 mm aggregates under SR100, SR60, and SR20 treatments, while soil AlP within 1–2 mm aggregates were even more higher than within 0.25–1 mm aggregates under SR60 treatment. Furthermore, soil AlP in 1–2 mm aggregates was only higher than that in 2–7 mm aggregates under CK and C treatments.
As shown in Figure 2C, PD of <0.25 mm, 0.25–1 mm, and 1–2 mm aggregates under SR100 treatment was significantly higher than that under C, CK, and SR20 treatments. Soil PD in 2–7 mm aggregates under SR100 treatment was significantly higher than that under C treatment, and there was no significant difference compared with other treatments. Considering the same treatment, PD under SR20 treatment had no significant difference among aggregates. Under other four treatments, 1–2 mm aggregates had higher PD than other aggregates, and <0.25 mm or 0.25–1 mm showed the lowest value.
Unlike other soil phosphatase activities, soil PrA was significantly affected by treatments and among aggregates (Figure 2D). Soil PrA associated with <0.25 mm and 0.25–1 mm aggregates was significantly higher under C treatment than under other treatments. Soil PrA in 0.25–1 mm aggregates was highest under SR60 treatment, followed by C and SR20 treatments, and then SR100, and CK treatments. It is worth noting that CK treatment had the highest PrA in 2–7 mm aggregates, followed by C, SR100, SR60, and SR20 treatments. Under the same treatment, soil macroaggregates had higher PrA than microaggregates.
3.4 Multivariate analysis of soil phosphatase activities and soil properties
Redundancy analysis was conducted to investigate the relationships between soil phosphatase activities in different soil aggregates. In aggregates <0.25 mm, soil phosphatase activities were significantly related to soil available nitrogen (N) concentration, soil organic matter (SOM), and carbonate contents (Figure 3A). The soil properties explained 77.5% of the variation in soil phosphatase activities (F = 12.3, P = 0.001), with the first (RDA1) and second (RDA2) axes explaining 57.0% and 66.3% of the accumulated variation in soil phosphatase activities, respectively. The RDA1 explained 73.6% of the variation in the relationship between the soil phosphatase activities and soil properties (F = 18.1, P = 0.001), while the RDA2 explained 98.4% of the accumulated variation (F = 20.6, P = 0.001).
[image: Figure 3]FIGURE 3 | Redundancy analysis of ordination triplot of soil phosphatase activities in different soil aggregates. Samples are displayed as points, and soil variables are shown as arrows. The direction of the arrow shows the increase in environmental factors: CK (○)—no chemical fertilizer and no straw; C (□)—chemical fertilizer only; SR20 (△) - 20% straw returning with chemical fertilizer; SR60 (▽)—60% straw returning with chemical fertilizer; and SR100 (×)—100% full amount of straw returning with chemical fertilizer.
In aggregates 0.25–1 mm, soil phosphatase activities were significantly related to SOM and carbonate contents (Figure 3B). The soil properties explained 70.2% of the variation in soil phosphatase activities (F = 21.5, P = 0.001), with the first (RDA1) and second axes (RDA2) explaining 68.8% and 70.2% of the accumulated variation in soil phosphatase activities, respectively. The RDA1 explained 98% of the variation in the relationship between the soil phosphatase activities and soil properties (F = 40.6, P = 0.001), while the RDA2 explained 100% of the accumulated variation (F = 2.09, P = 0.312).
In 1–2 mm aggregates, soil phosphatase activities were significantly related to NO3−−N, resin-P, CaCO3, and pH (Figure 3C). The soil properties explained 73.4% of the variation in soil phosphatase activities (F = 9.68, P = 0.001), with the RDA1 and RDA2 axes explaining 63.9% and 70.5% of the accumulated variation in soil phosphatase activities, respectively. The RDA1 explained 87.1% of the variation in the relationship between the soil phosphatase activities and soil properties (F = 24.9, P = 0.001), while the RDA2 explained 96% of the accumulated variation (F = 6.28, P = 0.111).
In 2–7 mm aggregates, soil phosphatase activities were significantly related to NO3−−N, resin-P, CaCO3 contents, and pH (Figure 3D). The soil properties explained 81.3% of the variation in soil phosphatase activities (F = 10.5, P = 0.001), with the RDA1 and RDA2 explaining 72.6% and 80.9% of the accumulated variation in soil phosphatase activities, respectively. The RDA1 explained 89.3% of the variation in the relationship between the soil phosphatase activities and soil properties (F = 29.9, P = 0.001), while the RDA2 explained 99.4% of the accumulated variation in the aforementioned relationship (F = 11.5, P = 0.001).
4 DISCUSSION
4.1 Soil pH, SOM, and carbonate concentration
Unlike previous studies that found returning straw could decrease (Sahrawat, 2005; Bai et al., 2013; Cheng et al., 2023) or increase (Wang et al., 2013) soil pH, this study showed no significant change in soil pH during 3.5 years of the experiment. This could be attributed to the high soil-buffering capacity due to the high concentration of CaCO3 in the soil (Wang et al., 2013; Zamanian and Kuzyakov, 2019). Straw returning treatments with high percentages (60% and 100%) led to a reduction of approximately 50% in carbonate concentration within 3.5 years. Continuation of the straw returning practice might eventually neutralize all or most carbonate, leading to a reduction in soil pH. The increase in soil organic matter (SOM) resulting from straw returning may take longer and require larger amounts of straw. Although many studies reported an increase in SOM (0–20 cm soil depth) due to straw returning (Ma et al., 2020), significant results may take several years to emerge, as reported by Zhao et al. (2018) who observed a positive influence on SOC after 7 years. Chemical fertilization, mainly with N inputs, might cause reduction in SOM (Zhao et al., 2018), likely the same situation as observed under the C treatment. Additionally, straw returning can lead to priming effects, increasing microbial activity and causing SOM depletion (Fang et al., 2018). The decrease in CaCO3 content in SR60 and SR100 can be attributed to two reasons. First, organic acids released during the decomposition of the high rate of straw residue (Sahrawat, 2005; Cao et al., 2021) through root exudates and microbial respiration (Sahrawat, 2005; Wang et al., 2013) can contribute to the decrease. Second, the high rate of straw returning treatments can improve soil water permeability (Alidad et al., 2012; Gorokhova and Chursin, 2021), and the presence of H2O and CO2 could accelerate CaCO3 dissolution (Gorokhova and Chursin, 2021).
4.2 Soil aggregate distribution and associated available N and P concentrations
The mean weight diameter (MWD), an important index for assessing soil aggregate size distribution, can reveal the physical structure of soil and reflect soil quality (Ma et al., 2020). Previous studies have shown that straw returning increased MWD (Huang et al., 2017; Ma et al., 2020; Cao et al., 2021), but we found no significant change in MWD in our study, likely due to the use of the dry sieving method, which differs from the wet sieving method used in previous studies. As seen in Table 1, 2–7 mm soil aggregates were increased by the C, SR60, and SR100 treatments, but not the SR20 treatment. High rates of straw returning increased the proportion of >2 mm soil aggregates, consistent with previous reports (Wang et al., 2015; Ma et al., 2020), showing that fresh SOC can stimulate microbial activity to produce soil binders (Six et al., 2000), so it is easy for soil aggregate agglomeration. The C treatment also increased the proportion of >2 mm soil aggregates, which may be caused by the same reason, but the carbon source for microbial activity came from the depletion of soil original SOM. The low proportion of >2 mm soil aggregates under SR20 treatment showed high microbial activity but inadequate soil fresh carbon input.
The concentration of NO3−−N within all sizes of aggregates in C and straw returning treatments was higher than that in the CK treatment, likely due to the chemical fertilization of N (Nagatake et al., 2018). Furthermore, straw returning could increase soil cation exchange capacity (Cheng et al., 2023) and decrease N leaching in soil (Yang et al., 2016), which could also increase NO3− adsorption to soil aggregates and NO3−−N concentration. Our study also found that within the same treatment, NO3− was strongly associated with 1–2 mm soil aggregates.
Previous studies have suggested that straw returning could increase soil N availability due to N input from straw (Wang et al., 2018), immobilizing soil mineral N, and releasing N from straw decomposition (Takahashi et al., 2003; Thuy et al., 2008). However, few studies have investigated NO3−−N and NH4+−N distribution among different soil aggregates. We found that the SR100 treatment significantly increased NH4+−N concentration in <0.25 mm and 0.25–1 mm aggregates. The reasons might be that the SR100 treatment increased soil organic carbon content, which decreased NH4+ adsorption to the soil caused by reduced exchange sites for NH4+ (Zhang et al., 2022). All treatments showed that NH4+−N concentrations were higher in <0.25 mm and 2–7 mm aggregates but lower in 0.25–1 mm and 1–2 mm aggregates. Soil aggregates of <0.25 mm showed the highest NH4+−N concentration, likely due to their large surface area, which has been reported in previous studies to accumulate nutrients (Adesodun et al., 2007; Wang W. et al., 2011; Mitran et al., 2018). NH4+−N concentration was also high in 2–7 mm aggregates, possibly due to CaCO3 content shown by RDA analysis (Figure 3D). CaCO3 content has been reported to have positive effects on soil macroaggregates (Ge et al., 2019), which provide physical protection for soil organic carbon content from microbial decomposition (Wei et al., 2013), which was proved to be important for NH4+ retention in soil (Baldock and Nelson, 2000).
The application of chemical fertilizer alone or combined with straw returning was shown to increase soil available P due to P release from the fertilizer (Wang W. et al., 2011; Ahmed et al., 2017) or organic matter mineralization (Chen et al., 2018; Cheng et al., 2019; Cao et al., 2021). Previous studies reported that a high rate of straw returning has positive effects on soil available P in aggregates, indicating that more nutrients are contained in straw (Ma et al., 2020). This study found that resin-P concentrations generally increased as aggregate size decreased, which is consistent with previous findings and might be caused by the increasing surface area with decreasing size of aggregates (Mitran et al., 2018; Cheng et al., 2019).
4.3 Soil aggregate-associated phosphatase activities
Phosphatase activities play a crucial role in soil P availability. This study found that straw returning had positive treatment effects on soil acid phosphomonoesterase activities (AcP) in aggregates <2 mm and alkaline phosphomonoesterase activities (AlP) and phosphodiesterase activities (PD) in all aggregates. These findings were consistent with those of previous studies, which suggested that the increasing substrate availability caused by straw returning (Li et al., 2022), and cumulative effects on soil enzyme activities from annual straw incorporation, might contribute to the significant effects of a high rate of straw returning (Wang et al., 2018; Li et al., 2022). The high AcP, AlP, and PD in 1–2 mm aggregates indicate those aggregates provide a more suitable environment for microbial population, and soil enzymes due to the suitable environment probably had higher phosphomonoesterase and phosphodiesterase activities.
Pyrophosphatase in soil plays a role in catalyzing pyrophosphate to orthophosphate (Tabatabai et al., 1994). Pyrophosphatase activities (PrA) are negatively related to soil pH (Tabatabai and Dick, 1979), but no significance of soil pH was found in this study. The study also found that the activities of pyrophosphatase are closely related to substrate (pyrophosphate) content, which correlated positively with microbial P (Reitzel and Turner, 2014), especially with soil fungal communities (Bünemann et al., 2004; Makarov et al., 2005; Koukol et al., 2008). The previous studies showed that straw returning affects fungal communities, resulting in more fungal communities under medium and high levels of straw returning (Wang et al., 2021). The high activities of PrA in 1–2 mm aggregates under C, SR20, SR60, and SR100 treatments might show more fungal microbial biomass, which provided more pyrophosphate as substrates.
4.4 Relationships among straw returning, soil properties, soil aggregates, and soil phosphatase activities
Only four significant factors could influence <0.25 mm soil aggregates associated with phosphatase activities. Soil AcP, AlP, and PD positively related to soil organic matter, and PrA positively correlated with NH4+−N and NO3−−N concentration. Soil AcP, AlP, and PD positively related to soil organic carbon, which had been found previously (Saha et al., 2008; Wang J. B. et al., 2011; Wei et al., 2015) due to substrate effect and more favorable environmental factors for enzymes (Zhang et al., 2012; Zhang et al., 2016).
For 0.25–1 mm soil aggregates associated with phosphatase activities, only SOM and CaCO3 contents significantly influenced enzyme activities. SOM positively influences AlP, PrA, and soil CaCO3. Soil organic carbon increasing phosphatase activities were extensively reported (Tabatabai and Dick, 1979; Saha et al., 2008; Wang J. B. et al., 2011; Wei et al., 2015). Unlike the report of soil CaCO3 negatively related to soil PrA (Tabatabai and Dick, 1979), this study found a positive relationship between CaCO3 and PrA (also in 1–2 and 2–7 mm aggregates, Figures 3C, D). This was possible because the soil pH in this study still ranged in the optimum pH for soil PrA (Dick and Tabatabai, 1978), which covered the effect of CaCO3.
Soil pH, NO3−−N, resin-P, and CaCO3 were considered significant factors influencing soil phosphatase activities in 1–2 mm aggregates. Soil pH negatively correlated with soil AcP and PD, while soil AlP was attributed to soil resin-P concentration. Through the data analysis, the study found that alkaline phosphomonoesterase was a determining factor for P availability in 1–2 mm aggregates in calcareous soils and a high rate of straw returning had higher alkaline phosphatase activities.
The study found that soil pH, NH4+−N, NO3−−N, resin-P, and CaCO3 are significant factors that influence soil phosphatase activities in 2–7 mm aggregates. Similar to those in 1–2 mm aggregates, soil pH negatively correlated with soil AcP and PD, while soil AlP positively related to soil resin-P and NO3−−N concentration. NH4+−N and CaCO3 had a positive effect on soil PrA. Soil available nitrogen concentration positively correlated with soil PrA or soil AlP, except for 0.25–1 mm aggregates. This can be explained by soil biota secreting more enzymes to enhance the supply of N and P when soil nutrition is limited (Zhang et al., 2012). Soil pH was considered to have a negative effect on soil PrA, but the effect would be weak in neutral and alkaline soil (Tabatabai and Dick, 1979); thus, we found a slight influence between soil pH and PrA (Figures 3C, D). In addition, the soil pH in our study had no difference among treatments.
5 CONCLUSION
Straw returning with chemical fertilizer could increase soil phosphatase activities, and a high rate of straw returning treatment could be more desirable. The phosphatase activities within <0.25 mm, 0.25–1 mm, 1–2 mm, and 2–7 mm aggregates were influenced differently by soil properties under different treatments, with significant factors including soil pH, NH4+−N, NO3−−N, resin-P, SOM, and CaCO3. These factors can be classified into 1) SOM, which influences the substrate of phosphatase, and 2) soil pH, available N and P, and CaCO3, which influence the environment and soil biota. More research should be conducted on straw returning to calcareous soils, especially on soil aggregates and their associated enzyme activities, as they have not been extensively studied.
In conclusion, the short term (3.5 years) of maize straw returning to the field had no significant influence on the calcareous soil aggregate distribution. However, a high rate of straw returning significantly increased SOM and activities of soil enzymes (acid phosphomonoesterase, alkaline phosphomonoesterase, and phosphodiesterase). The soil pyrophosphatase activities showed a different trend from the other three enzymes and were significantly influenced by soil available N and CaCO3 concentration. Therefore, a high rate of straw returning is recommended to improve soil nutrition and phosphatase activities in calcareous soils.
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CK 900 169 40.162 20.002 4243 4157 664.82 15.98¢

w1 360 169 36.59% 11.33b 115.0b 3261b 439.3d 25.68
w2 450 169 45.59 1267b 134.7b 28.73b 517.3¢ 2388
w3 540 169 4541a 15.00 ab 154.0b 23.88b 585.4b 2137b

Note: I the irrigation amount, P is the precipitation during the maize growing season, AS s the change in soil water storage in the 0-100 cm soil layer, L is the underground leakage, £ s the
evaporation of surface water, ET is the maize evapotranspiration during the growth period, and WUE is the water use efficiency. Different lowercase letters in the same column indicate
il Gl entos Ieiween bestmmets. i doscst bl
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Treatment Plant Stem Aboveground biomass  Grain yield  Nutritional quality ~ Grain yield increase

height (cm) = diameter (mm) (kg ha™) (kg ha™) index (%) rate over CK (%)
CK 2878 19.702 572992 10572¢ 18.47b -
w1 | 19542 58553 11270be 19.250b | 6.60%
w2 28840 2042 59549 12349ab 20742 16.81%
w3 | o 19.902 601012 s | 2082 1832%
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Treatment Soil aggregate distribution (%)

1-2mm 0.25-1 mm
cK 798+ 011a | 168£077ab  30.1%13la | 306+ 113AB 276+ 100aB | 332%137aA | 859+ 141aC | 202007 ‘
[ 2778007 | 1605015b | 270514 | 25:080A | 269£07%B | 355097 | 605068C | 209+ 00% ‘
SR20 80340082 | 191£070ab 2734087 | 284+180aB  28405%B | 357+ 16laA | 755+131aC | 194+ 007 ‘
SR60 79740052 | 187:085ab 1262053 | 322:057A  278%067aB | 346%060aA | 537£079C | 209 %002 ‘
|

SR100 7.68 + 0042 191 %089 a 132 £ 0.44b 318 + 0.80aA 27.1 £ 036aB 346 + 1.01aA 646 £0.38aC | 2.06 + 0.03a

Note: Values are shown as mean + standard error. Different lowercase letters represent the difference between the different treatments within the same aggregate size, and the different capital
leters indicate differences in particle size distribution within the same treatment, Treatments were CK (no chemical fertlizer and no straw), C (chemical fertilizer), SR20 (20% straw returning
with charnical ereiliat), SHE0 (S0 straw renirning with chericsl Srilizar onld and SHI00 (100K full Amoiint of stiww retiming with chemiead fetilines).
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Plant growth parameters

2017 Plant coverage 0.184 ~0.008 0056 -0053 0.006 -0124
‘ Plant height 0.527* 0,666 0532° ‘ 0.507* 0583+ 0526*
‘7 Plant biomass 0.667%* 0815 0653+ ‘ 0.809% 0.809% 0674
2018 Plant coverage 0.349% 0609 0.624% ‘ 0.759* 0630 0310%
‘ Plant height 0471% [ 0802+ 0783 0.788* | 0.836* | 0368%
| Plant biomass 0.422% o 0.660° 0.868* 0715% 0232

SWS, mean soil water storage; SOC, soil organic carbon; TN, total N; TP, total P; AN, available N; AP, available P. *p < 0.05, **p < 0.01.
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Material Texture  Sand Silt Clay (d=e Organic matter 3

(%) (%) (cmol kg™) (g kg™ (%)
Aeolian sandy soil Sand 95.4 4.1 05 16 74 3.86 293 1.81 ‘ 5.04 225
Soft rock - 349 58.1 7 14 8.1 45.79 174 482 8.40 L16

*Percentage of clay (<0.002 mm), ilt 0.002-0.05 mm), and sand (0.05-2 mm) particles, measured by Pipette Method; BD, bulk densit
s Witk s Soil: Avcier £l 6 LA uiing 40 d0n PIT siee DB, cabim nokanes ciliadtly; inssbed By ihakine | s of-

measured by undisturbed soil core method; soil pH was
r-dried soil with 1 M NH,OAc at pH 7.0.
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Material Quartz Kaolinite Montmorillonite Feldspar Calcite Dolomite Amphibole

(%)

Acolian sandy soil

Soft rock
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Treatment Analyzed sites Element (%)

Al Si

3 year aeolian sandy soil 4998 078 191 1187 2693 272 173 4.08¢
3 year compound soil 43.56" 134 272 11.05° 28.50" 209 347" o
9 year compound soil 4107 083 252 1058 | 2726 | 2600 4400 1074

Mean values in the table, and columns within the same soil layer and with the same letters are not significantly different at p < 0.05 according to a protected LSD test.
& K& Colitinné within the st soll lever anid with the fiflent lettery are senifiantly difrek & o< 1S reconding % & trotcied 150 et
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Year Plant growth parameters SWS SOC ™ T AN

‘ 2017 Plant coverage 0.184 -0.008 0.056 -0.053 0.006

‘ | Plant height 0.527* 0.666** 0532+ 0,507+ 0583 0.526*
» [ Plant biomass 0.667* | 0.815%% 0.653* | 0.809% 0.809% 0.674*
‘ 2018 Plant coverage | 0340° 0.609** [ 0.624** 0.759% 0.630* | 0.310%
" Plant height 0471 0.802** 0.783** 0.788** 0.836** 0.368*
‘ Plant biomass 0422 0.663** 0.660** 0.868** 0.715** [ 0.232

SWS, mean soil water storage; SOC, soil organic carbon; TN, total N; TP, total P; AN, available N; AP, available P. *p < 0.05, **p < 0.01.
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Soil depth (cm) Treatment

W2
0-10 Initial soil salinity (g kg") 10.342A 10.22aA 10.41aA 10.4aA
Soil salinity at end of growth (g kg") 8.86abcA 6.39cB. 625cdB 6.32 B
SDR (%) 14.37% 37.39% 40.01% 39.16%
10-20 Initial soil salinity (g kg") 9.91abA 9.93abA 9.87bA 9.94abA
Soil salinity at end of growth (g kg") 9.42abA. 6.48¢B. 6.26cdB 6.29¢B
SDR (%) 4.82% 34.69% 36.57% 36.70%
20-30 [ Initial soil salinity (g kg") 9.45¢dA. 9.42cA 9.5bcA 9.42bcA
Soil salinity at end of growth (g kg") 9.450bA 6.15¢B. 5.86dB 5.73dB
SDR (%) ~0.05% 34.60% [ 38.30% 39.17%
30-40 Initial soil salinity (g kg") 9.51bcdA 9.56bcA 9.41bcA 9.58bcA
Soil salinity at end of growth (g kg") 9.85A 7.35abB [ 7.04abcBC 6.71bcC
SDR (%) ~3.60% 23.11% 25.17% 29.91%
40-50 Initial soil salinity (g kg") 9.63bcA 9.64bcA [ 9.59bA 9.65bcA
Soil salinity at end of growth (g kg") 9.46abA. 7.16bcB 7.32abB 7.15abB
SDR (%) 1.59% 25.55% 23.72% 25.78%
50-60 Initial soil salinity (g kg") 9.13dA 9.2cA 8.99cdA 9.2cA
Soil salinity at end of growth (g kg") 8.05cdeA 7.63abAB 6.88bcB. 7.1abAB
SDR (%) 11.87% 16.99% 23.47% 22.71%
60-70 [ Initial soil salinity (g kg") 8.54eA 8.56dA [ 85deA 8.55dA.
Soil salinity at end of growth (g kg") 8.18bcdA 7.62abAB 7.37abB 7.01abB
SDR (%) 4.15% 10.99% 13.20% 17.97%
70-80 Initial soil salinity (g kg") 7.82(A 7.88eA 7.69fA 7.88efA
Soil salinity at end of growth (g kg") 6.79B. | 7.742A 7.39abAB 7.09abAB
SDR (%) 13.09% 1.77% 3.91% 9.89%
80-90 [ Initial soil salinity (g kg") 8.12efA 8.09deA. [ 8.17efA 8.09deA
Soil salinity at end of growth (g kg") 7.68cdeA 7.63abA. 7.681A 7.19abA.
SDR (%) 5.44% 5.62% [ 5.63% 11.11%
90-100 Initial soil salinity (g kg") 7.34gA 7.27fA 749gA 7.26fA
Soil salinity at end of growth (g kg") 7.23deA 7.71abA 7.61abA 7.48 aA
SDR (%) 1.51% | ~6.08% -1.59% -3.01%
Average soil desalination rate (%) 5.32% 18.46% 20.84% 22.94%

Note: Different lowercase letters in the same column indicate significant differences between different soil layers, and different capital letters in the same row indicate significant differences
Latwon i aent: Drieation DatanE: At 5 < D05
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Soil layer Soil mechanical composition (%) Soil bulk density EGS
(cm) <0.002 mm 0.05-2 mm (g cm?) (dS m™) (mmol L)
0-10 082 90.76 842 136 281 8.62 2187
10-20 0.44 94.33 523 146 274 873 2164
20-30 113 91.36 7.52 146 265 8.64 2141
30-40 122 86.58 1220 155 245 8.52 2120
40-50 096 88.98 1206 157 247 8.68 2142
50-60 067 87.89 1144 153 240 850 2080
60-70 077 82.83 1840 158 238 8.65 2099
70-80 084 7452 2464 1.56 226 8.46 2036
80-90 132 7148 2920 158 224 8.63 2054
90-100 175 65.64 3261 155 214 8.47 1992
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Treatment Irrigation amount during growing seasons of maize (mm) Fertilization rates(kg ha™)

Seedling Jointing Flowering Maturation N P,0s KO
K 180 270 270 180 900 400 200 25
w1 [ 70 1 110 110 70 360 w | w0 | s
w2 % 135 135 %0 450 400 200 25

W3 110 160 160 110 540 400 200 225
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Soil layer (cm) Treatment

w2
pH 0-10 8.52dA 8.34cB 8.34¢B 832¢B

10-20 s 380 838dA 837dA
20-30 8.52bcdA 8.34cB 8.33¢B 832¢B
30-40 | sasen 31 8.33¢B 832¢B
40-50 8.55bA 8.49abB 8276C 8261C
50-60 52 85108 8.49abB 8.49aB
60-70 8.55abA 8.46cB 8.46cB 845cB
70-80 ssmn 50 8.49aBC 8.48abC
80-90 8.5dabcdA 8.47cB 8.47bcB 8.47bcB
90-100 | s.ssabea | sarbeb 8.47bcB 8.47bcB

SAR(mmol L") 0-10 17.90cA 16.76dB, 16.76B 16.75bB
10-20 " 1790ea 16.75dB 1676¢B 1676bB
20-30 17.93bcA 16.77dB 16.79¢B 16.79bB
30-40 1rsoea 67 1671cB 16728
40-50 17.96abA 16.79cdB 16.7cB 16.7bB
50-60 17.91bcA 17.04cB 17.30bB 17.04bB
60-70 17.95abcA 17.34bB 17.34abB 174128
70-80 18.00aA 17.36bB 17.520bB 17.57aB
80-90 17.94bcA 17.68aB 17.55abB 17.68aB
90-100 | 1796abA | 1rann 17.67aB 17.67aB

Note: Different lowercase letters in the same column indicate significant differences between different soil layers, and different capital letters in the same row indicate significant differences
batives differsnt o putini at 5 < 005
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Parameter Organic carbon Bulk density Total porosity Capillary porosity

MWDpy ‘ 0.408* -0.377 0338 -0341%
MWDy ‘ 0370° -0.590 0532 -0.096
MWDy ‘ 0.455* -0.068 -0015 -0.026

Note: * indicates a significant correlation at the 0.05 level (two-sided). **Indicates a significant correlation at the 0.01 level (two-sided), n = 35.
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Relative content of clay minerals (%)

Treatment Clay mineral content (%)
/S lllite Kaolinite Chlorite
3 year acolian sandy soil | 0.59 506 0.61 1.03 137 45 27 12 ‘ 16
3 year compound soil ‘ 0.48 7.66 217 4.92 212 47 28 12 ‘ 13
9 year compound soil ‘ 008 742 207 397 129 52 u 1 ‘ 13

T T S L R N R o e e —






OPS/images/fenvs-10-1110679/fenvs-10-1110679-g004.gif
.....





OPS/images/fenvs-10-1110679/fenvs-10-1110679-g005.gif





OPS/images/fenvs-10-1110679/crossmark.jpg
©

|





OPS/images/fenvs-10-1110679/fenvs-10-1110679-g001.gif





OPS/images/fenvs-10-1110679/fenvs-10-1110679-g002.gif





OPS/images/fenvs-10-1110679/fenvs-10-1110679-g003.gif
A

ol o)

A

e

w

pstep
70
53611 TS0

L0

B

o

" wsoms
o 20
P
v w0zt
<+ w20






OPS/images/fenvs-11-1138449/math_5.gif
Lreleased OF N released

Cne OF Ny = 5t s

S 6





OPS/images/fenvs-11-1138449/math_qu1.gif
Corteaned OF N rtoasad = DR X DM it X Coomrert OFN e X 0,001 (3)





OPS/images/fenvs-11-1138449/math_qu2.gif
Cinpe O Ninpue = @





OPS/images/fenvs-11-1138449/math_qu3.gif
@





OPS/images/fenvs-11-1232527/fenvs-11-1232527-t001.jpg
Treatment s0C TC NH,*-N NO™-N ™ AP TP PH (25 SWC (%)  Physical Clay (%)

Gkg)  (Gkg)  (mgkg™) (mgkgh)  (gkg) (mgkg)  (mgkg™) 1) clay (%)
WK | 805:06  2SS:LIn | 028200k 1099 2 09 L+ s07: | BR2:0se | BRN 50N BIS£00 | L4i: | J60e3k | 1004:
013bd e 007 L1isb
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o5 007 e
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WONPM | 1012:008 20642393 02800k B80S | Lo | IFN: | A28229% | N9 somd | loor: | sasosube | 927s
1301be 1890 0214 Losib
WMPNP | B4720b | d0s 0502 0068 70995376 | 1052010 | 1000520308 NSHE1Mc | UMb 777+ SOl Me6s0mb | 99
osbe 00l ossb
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Surface type Grain size content (%) Soil moisture (%) pH

<10 um 10-63 um 63-125 pm 125-250 pm >250 ym

Intermittent dry surface 7024 +8.11 2976 +6.55 883+ 04

Permanently dried surface 80.13 +7.29 1503 £ 321 05 % . 224+ 149 880+ .02
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Wind speed (m/s) at
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Permanent dry surface | 1109 A1 60 298 [ Q=.5927¢"%%
1196 06 60 449 Q= .8374¢7 %
1311 14 | % 7.04 Q= 1.2157¢181%
1431 24 .86 | 17.74 Q= 2.3025¢1%%
14.82 37 116 18.07 [ Q=2.719¢"%173%






OPS/images/fenvs-10-1110679/math_1.gif
=

4 = ln =

[0





OPS/images/fenvs-10-1110679/math_2.gif





OPS/images/fenvs-10-1110679/fenvs-10-1110679-g006.gif





