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Introduction: Droughts and flooding occur frequently due to climate change and human activities, which have significantly affected the ecological environment of farmland and crop production. Rock wool (RW) has some properties like high porosity and water retention capacity, and it is widely used in green roofing and agricultural production to reduce flood and drought disaster.
Methods: We set 24 artificial rainfall experiments to analyze the impact of RW on the farmland runoff, soil water storage capacity (SWSC), nitrogen and phosphorus loss and crop growth. Finally, the Critic-Entropy comprehensive evaluation method was used to select the best solution for RW embedding.
Results: The result shows that RW could reduce the runoff by 49.6%–93.3%, and it made the SWSC increase by .2%–11% Vol in the 10–70 cm depth. During the runoff process, the concentration of nitrogen and phosphorus decreased with the increase of the RW volume, while the nitrogen and phosphorus loss reduced by 51.9%–96.6% and 72.4%–96.4% respectively when RW was buried in the farmland, so RW could effectively promote soil and water conservation. Finally, RW increased the plant biomass and yield by a maximum of 12.1% and 20.4% respectively due to the large retention of water and nutrients. Therefore, combined with the above experimental result, this study indicates that RW could obtain the best comprehensive benefit in the embedding volume of 536.73 m3/ha.
Discussion: When the volume of RW embedding was too large, RW easily caused insufficient water storage in short-duration rainfall or irrigation, which made the RW unable to release water to alleviate the soil water deficit during the critical growth period, which may result in drought events being aggravated and crop yield reduced. Overall, this study is conducive to clarifying the comprehensive application effect of RW in agricultural production, pollution control, and urban landscape, and it provides an important basis for expanding its application field and promoting the stability of farmland ecosystems.
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1 INTRODUCTION
Climate change and human activities result in the frequent occurrence of extreme hydrological events such as droughts and floods in farmland (Swain et al., 2018; Arunrat et al., 2021; Meresa et al., 2022), which makes the extreme hydrological events gradually increase in frequency, intensity, timing, and duration, while the extensive use of pesticides and fertilizers has caused serious agricultural non-point source pollution, both of them have seriously damaged the farmland ecological environment and the food production system (Dai et al., 2018; Li et al., 2018). For example, Li concluded that the future precipitation and temperature increase in Thailand under different climate models will lead to some negative effects on crops such as rice, and it also presents the same characteristics of high risk in Northeast, North, Central, and Southwest China (Du et al., 2022; Li J. N. et al., 2022). Therefore, how to alleviate the risk of drought and flood disasters without threatening the environment and natural resources, and promote the stability of farmland ecosystems and sustainable development has become a difficult problem that needs to be solved urgently (Liu et al., 2020).
Rock wool (RW) is composed of natural mineral rocks, which are melted at 1,600°C, centrifuged at a high speed, and sprayed with a special reagent (Lv et al., 2020). After the hydrophilic rock wool was found in 1969, people found RW have properties similar to biochar, including high porosity, and water retention capacity, and Choi studied indicating that rock wool could rapidly absorb and drain water, so RW is widely used in green roofing and agricultural production to reduce flood and drought disaster (Choi and Shin., 2019; Gu et al., 2020). The above-mentioned structural properties of rock wool show better benefits in soil and water conservation. Some studies show that: RW increases soil infiltration by 5.1%–79.2%, improves the wetting front advance rate by 0.5%–4.5%, and reduces runoff by 11.2%–62.5%, which can improve soil water holding capacity and reduce the risk of drought and flooding on farmland (Lv et al., 2020; Lv et al., 2021). Moreover, RW acts as a water storage module in the green roof, and it reduces the risk of urban flooding and the concentration of nitrogen and phosphorus in the runoff due to its stronger adsorption for nitrogen and phosphorus elements, so it has a wide range of applications in pollution prevention and urban landscape (Vijayaraghavan and Raja, 2014; Choi and Shin, 2019). In addition, RW alters water and nutrient cycling processes in farmland, it indirectly changes the composition and structure of soil microbial communities and key processes such as carbon and nutrient conversion, and then enhances the microbial activity and crop root growth in the root environment, thus supporting photosynthesis and crop growth in the upper part of the plant (Li S. P. et al., 2021; Hawrot-Paw et al., 2022). Therefore, RW may play an excellent role in soil and water conservation, soil remediation and agricultural production, etc (He et al., 2019; Yu et al., 2019). However, most of the above studies are simulations of a single element and a single process in a short time, while there is only a little attention has been paid to the comprehensive effect of RW on farmland soil erosion and crop growth (Pu et al., 2019; Cai et al., 2020; Libutti et al., 2021), which needs to be urgently explored and expand its application. To solve the above problem, we assume that rock wool (RW) can improve the soil structure, adjust the distribution of soil moisture, and then change the law of farmland runoff and nutrients migration, and ultimately affect the growth of crops, thereby maintaining the stability of the farmland ecosystem.
The Huaibei Plain is the largest distribution area of lime concretion black soil in China. The poor soil structure and the high groundwater level cause the soil to be easily saturated and waterlogging, while the ability of capillary water upward is weak, which is very prone to drought (Zhang et al., 2001). Therefore, we explore the effect of RW on soil improvement through artificial rainfall experiments. The main research purposes are: 1) to evaluate the effect of RW embedding on soil moisture, nitrogen and phosphorus loss, and crop growth; 2) to explore the best multi-objective RW deployment scheme.
2 EXPERIMENT AND METHOD
2.1 Study area
The experiment was conducted at the Wudaogou Experimental Station (117°21′E, 33°09′N) in Anhui Province, which is located in the Huai River Basin. This area experiences the northern subtropical and warm temperate semi-humid monsoon climate zones. The climate is rainy and hot in summer and cold and dry in winter. The local average annual rainfall and temperature are 890 mm and 14°C, respectively, and the average yearly rainfall-runoff depth is 240.2 mm (Li W. et al., 2022). In this area, the average soil bulk density is 1.5 g/cm3, and the average soil saturated water content, field capacity, and wilting point are about 45%, 34%, and 15%Vol, respectively, and the soil porosity is about 49.7%. The above data show that there is poor soil structure, soil bulk density varies from 1.41 g/cm3 to 1.53 g/cm3, and organic matter content from 5 g/kg to 15 g/kg, which easily aggravates the risk of droughts and floods disaster, resulting in crop reduction (Liu et al., 2017; Bi et al., 2020; Lv et al., 2020).
2.2 Rock wool
RW, an advanced product for rainfall regulation and storage, is made of natural mineral rocks as raw material, which is melted at 1,600°C, centrifuged at a high speed, and sprayed with a special reagent (www.hydrorock.com). Because of its stability, high porosity, and strong water retention, RW is widely used in sponge cities and green roofs (Table 1). More specifically, rainfall water will quickly enter the interior of the RW during rainfall due to RW with the strong water absorption capability. After the rain, RW will continuously release water to alleviate the soil water deficit, which is conducive to the consumption of rainwater and surface water (Figure 1.) (Lv et al., 2020; Li J. N. et al., 2022).
TABLE 1 | The parameter of RW.
[image: Table 1][image: Figure 1]FIGURE 1 | RW embedding in the farmland increases soil porosity, which benefits from reducing runoff, thereby improving soil water and nutrient distribution, and ultimately promoting crop production. Pictures (B, D) represent RW can absorb the rainwater and reduce the runoff owing to its high porosity. Pictures (A, C) represent the soil water will be infiltrated, evaporated, or absorbed by the vegetation, and the water in the RW will be released to the surrounding soil and alleviate the soil moisture deficit, which makes the wheat grow well during a drought.
2.3 Experiment design
2.3.1 Variables
This study set three variables including the rainfall intensity, RW volume, and growth period, with a total of eight experiment plots and 24 rainfall experiments (Table 2) (Li W. et al., 2022). The RW volume was set to increase the soil porosity of the experimental plot by 0%, 5%, 10%, and 15%. The rainfall intensity was set according to the rainfall event records of the typical dry, normal, and wet years of the experimental station, their return periods were 100 and 30 years in the Huaibei plain and all represented a grade of heavy rain (the historical maximum rainfall intensity was 92 mm/h), and the single rainfall amount was set at averagely 150 mm based on the total rainfall during the growth period of winter wheat (Lv et al., 2020).
TABLE 2 | Experiment design.
[image: Table 2]2.3.2 Experimental plot design
This study includes eight experimental plots in the greenhouse, the size of each plot is 5.3 × 3.8 m with a north-south slope with a slope of 3° (Figure 2). The effective depth of the local soil is 100 mm, so the RW is embedded in a depth of 30–70 cm. The devices in every plot includes artificial rainfall devices (Figure 3A): four conical nozzles are evenly distributed over each experimental plot; Wind dodger Figure 3B: polyethylene curtain is installed in the east-west direction of the experimental plots, which aims to reduce the influence of wind; Water-stop sheep Figure 3C: each experimental cell is isolated by a 1 m deep steel plate to mitigate the horizontal soil moisture exchange within the effective depth; Rain trap Figure 3D: it is mainly used to prevent rainfall splash into the experimental plot; Runoff canal Figure 3E: a baffle with a certain inclination is laid flat at the bottom of the slope to make the runoff flow to the outlet section; Water tank Figure 3F: we set up the exit section of the experimental plot to collect the runoff; Moisture sensor Figure 3G: FDR sensors are buried at 0.2, 0.4, and 0.6 m in the center of each experimental plot respectively, which is to monitor the variation of soil moisture (Lv et al., 2020; Li J. N. et al., 2022).
[image: Figure 2]FIGURE 2 | Picture (A) and (B) represent the plane and sectional figure of RW embedding, respectively. Red circles indicate soil moisture sensors in the center of every experiment plot, A1–A4 and B1–B4 represent the number of the experimental groups, V represents the volume of RW embedding in the soil, P represents the rainfall intensity.
[image: Figure 3]FIGURE 3 | The experimental plot and its composition. [Figure (A–G) represent the composition of the whole experimental group, it includes artificial rainfall devices (A), wind dodge (B), water-stop sheep (C), rain trap (D), runoff canal (E), water tank (F) and moisture sensor (G)].
2.3.3 Field management
We reference to local planting experience, winter wheat was sown at 675 kg/ha, sown in rows with a spacing of about 28 cm per row, and winter wheat sown on 1 November 2020. Fertilizer was applied a few days before sowing, with 750 kg/ha of compound fertilizer (24%N, 15%P2O5, and 6%K2O) and 150 kg/ha (46%N) of urea, while fertilizer was chased at 75 kg/ha of urea during the regreening period. In detail, fertilizer was fully mixed with the soil in the tillage layer by manual plowing before crop planting. The soil water was rehydrated before the re-greening period according to the average daily rainfall, and then rainfall experiments were conducted at the heading stage (3.25), flowering stage (4.15), and grain-filling stage (5.10). The winter wheat was harvested on 31 May 2021, and the yield indicators (plant biomass, plant density, grain number per spike, thousand-grain weight, etc.) were measured at the time of harvest.
2.3.4 Data measuring
2.3.4.1 Soil water
We monitored the soil moisture at 8 a.m. and 8 p.m. The artificial rainfall was performed when the surface soil moisture content (0.2 m) reached 23% ± 2% Vol, which can satisfy the need of wheat in the whole growth period based on the local agricultural observations.
2.3.4.2 Runoff process
During the rainfall, the runoff process was recorded according to a fixed time interval (5 min), and the indicators included the stream flow and time. The total runoff is as follows:
[image: image]
Where R represents the total runoff, mm; n represents the total number of periods; ri represents the value of stream flow at the time i, cm3/s; T represents the time interval, s; F represents the area value of the experimental plot, m2.
2.3.4.3 Nitrogen and phosphorus loss
During rainfall, we collected the sample of runoff water at regular intervals (10 or 30 min), which aimed to measure the concentrations of nitrogen and phosphorus. Total nitrogen was determined by the alkaline potassium persulfate digestion method, while total phosphorus and soluble phosphorus were determined by ammonium molybdate spectrophotometry (Wu et al., 2021; Yan et al., 2021; Wang et al., 2022). The total loss of nitrogen and phosphorus is as follows:
[image: image]
Where Q represents the total loss of nitrogen and phosphorus elements in a rainfall-runoff process, mg; qi represents the concentration of nitrogen and phosphorus at the time i, mg/L;
2.3.4.4. Crop growth
We observed the variety of the plant morphological characteristics and divided the growth period of winter wheat. The indicators included plant biomass, number of plants, grains number per spike, and grain weight. Plants from eight rows in each experimental group (.5 m long peer line) were harvested at maturity (early June) for grain yield determination. In this process, the yield components, plant biomass, plant density (PD), grain number per spike (SGN), thousand-grain weight (TGW), were determined by sampling randomly 50 plants from each plot (excluding those in border plants) (Wu et al., 2015; Fan et al., 2015; Zhao et al., 2019). The formula of theoretical yield is as follows:
[image: image]
Where TY represents the theoretical yield, kg/m2; SGN represents grain number peer ear; TGW represents the thousand-grain weight, g; PD represents the plant density, plant/m2.
2.4 Data processing
2.4.1 Date analysis
In this study, data were analyzed by SPSS, Excel, and Origin. The statistical significance was set at p < .05 (Zhang et al., 2021). We evaluated the impact of RW on the farmland’s ecosystem, the content of which mainly included the difference between the soil runoff process, nitrogen and phosphorus loss, and crop growth in different external environmental conditions. Based on the experiment data, we analyzed RW’s mechanism of action. Finally, we selected the best RW embedding plan by the entropy-critic comprehensive evaluation method.
2.4.2 Evaluation method
To reduce human subjective factors and enhance the relative importance of indicators, we used the Critic-Entropy weight method (CEWM) to empower the evaluation index, it could analyze the internal and related relationship between the evaluation indexes, and at the same time, it considered the discrete degree of every evaluation index (Lu et al., 2022). We took the runoff, water storage capacity, the concentration of the TN and TP, the loss of the TN and TP, plant biomass, and yield as the evaluation indicators, which formed the evaluation eigenvalue matrix X=(xij), and calculated the relative membership degree. The formula is as follows (Lu et al., 2022):
[image: image]
[image: image]
Where rij represents the relative membership degree of the index i in the scheme j; xi max represents the maximum value of the index i in the scheme; xi min represents the minimum value of the index i in the scheme; xij represents the value corresponding to the index i in the scheme j.
2.4.2.1 Entropy weight method
We normalized the matrix of the evaluation index to obtain matrix R=(rij) by applying Eqs 4, 5). The entropy value Hi of the evaluation index i is (Xia et al., 2021):
[image: image]
Where fij = rij/∑rij, k = 1⁄ln m. If fij = 0, and ln fij = 0.
[image: image]
Where wei represents the entropy weight of the evaluation index i; Hi represents the entropy value of the evaluation index i.
2.4.2.2 Critic weighting method
The degree of contrast was measured by the correlation between indicators, while the conflict was measured by the standard deviation within the indicators. The calculation formula is shown (Lu et al., 2022).
[image: image]
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Where wci represents the objective weight of index i determined by CWM; Ci represents the amount of information contained in indicator I; Rij represents the correlation coefficient between indicators i and j; Si represents the standard deviation of the relative affiliation of indicator i.
2.4.2.3 Comprehensive weight and evaluation
The formula for calculating the comprehensive weight is shown below:
[image: image]
Where wi represents the comprehensive weight, while wei and wci represent the objective weight determined by the EWM and CWM, respectively.
The comprehensive effect scores for each experimental group are:
[image: image]
Where Zl represents the total score for the farmland ecology when RW is embedded in the soil, l is the number of experiment groups, and wli and sli are the local weight and score data for the lth experiment groups, and ith. In this process, we classified the relative membership degree of every indicator into five levels and assign the appropriate score, the detail is as follows (Table 3) (Zhu, 2020):
TABLE 3 | Assignment scale.
[image: Table 3]3 RESULTS
3.1 Runoff process
During the growth period of winter wheat, the A2–A4 experimental groups decreased runoff by 67.1%, 59.2%, and 49.6% respectively, compared with the control group (Figure 4). But in the 50 mm/h, the runoff of the B2–B4 experimental groups decreased by 89.4%, 59.7%, and 93.3% respectively. Therefore, the RW embedding can effectively reduce the runoff water, but the runoff water is incompletely decreased with the increase of the volume of RW embedding.
[image: Figure 4]FIGURE 4 | Observed runoff in different plots and growth periods under 100 mm/h (left) and 50 mm/h (right) rainfall intensities. P1 represents the experimental plots under 100 mm/h rainfall intensity; P2 represents the experimental plots under 50 mm/h rainfall intensity, a–d and A–D indicate the significant difference between the different groups at 0.05 in 100 and 50 mm/h, respectively.
3.2 Soil water storage capacity
RW adjusts the distribution of soil moisture and increases the water storage capacity. In this study, the soil moisture decreased rapidly within 0–6 h after the rain, and the maximum reduction in the control group could reach 6.4% Vol (Figure 5). In addition, when the RW was embedded in the soil, the soil water storage capacity of the A2–A4 and B2–B4 groups decreased by 2.5%–6.3% Vol and 0.3%–2.6% Vol in 10–30 cm, compared with the control group, respectively. But in the depth of 30–50 and 30–50 cm, the water storage capacity of RW groups increased by 1.6%–16.3% Vol and −0.7%–17% Vol. To sum up, RW embedding made the water-storage capacity higher than the control groups by 0.2%–11% Vol in the depth of 10–70 cm (except for the A3 group reduced by 1.8%Vol). Therefore, RW embedding can effectively improve the water storage capacity.
[image: Figure 5]FIGURE 5 | Redistributions of soil water content in experimental plots at 10–70 cm depth from 1 to 6 h after rainfall ended [(A–C) indict the SWC in the 10–30, 30–50, and 50–70 cm soil under 100 mm/h rainfall intensity, respectively, while (D–F) indict the SWC under 50 mm/h rainfall intensity].
3.3 Nitrogen and phosphorus loss
RW could reduce the nitrogen and phosphorus concentration of runoff water. In general, under the 100 mm/h rainfall event, RW embedding decreased the average concentrations of TN, TP, and DTP by 7.1%–18.1%, 32.9%–45.2%, and 3.1%–55.1%, respectively. While under the 50 mm/h rainfall event, the average concentration of RW groups reduced by 35.2%–56%, 14.5%–35.5%, and 34.4%–46.7%, similarly (Figure 6). The average concentration of nitrogen and phosphorus in the runoff water was negatively correlated with the volume of RW (R2 > .81).
[image: Figure 6]FIGURE 6 | Nitrogen and phosphorus loss [(A–C) represent the average concentrations of TN, TP, and DTP during the rainfall in the growth period of winter wheat, respectively. While (D–F) represent the loss of TN, TP, and DTP, respectively. a–d indicates the significant difference between the different groups at 0.05.
RW embedding effectively reduced the total loss of nitrogen and phosphorus. In general, under 100 mm/h, the RW embedding reduced the total loss of TN, TP, and DTP by 51.9%–70.3%, 72.4%–77.9%, and 68.1%–77.4%, compared with the control groups, respectively. The total loss of TN and TP in different experimental groups was A1>A4>A3>A2. Non-etheless, RW embedding made the total loss of TN, TP, and DTP decrease by 92.3%–96.6%, 73.6%–96.4%, and 73.6%–96.4% in the 50 mm/h, respectively. The loss of TN and TP was incompletely decreased with the RW volume increase. In addition, RW embedding had a higher reduction ratio of nitrogen and phosphorus loss under long-duration rainfall.
3.4 Crop growth
3.4.1 Plant biomass
RW promotes the accumulation of plant biomass. The biomass of winter wheat in the mature period was 3.21–3.51 g/plant (Figure 7), and RW made the biomass per plant of winter wheat higher than the control groups by 1.6%–7.7%. On the whole, the biomass of the RW groups increased by 0.3%–12.1%, compared with the control groups. Therefore, the biomass of winter wheat increased first and then decreased with the increase of RW embedding volume. To sum up, RW embedding can effectively prompt dry matter accumulation.
[image: Figure 7]FIGURE 7 | Variation of plant biomass [(A) represents the biomass in a plant, and (B) represents the biomass in the unit area].
3.4.2 Yield components
3.4.2.1 Plant density
RW embedding prompts the proliferation and tiller of winter wheat. In the jointing period, the plant density (PD) of winter wheat increased with the increase of the RW embedding volume (R2 = .43 and 0.97, Figure 8). The number of tillers in RW experimental groups increased by 0.5%–15.3%, compared with the control group. Therefore, RW embedding was conducive to the proliferation and tillering of winter wheat.
[image: Figure 8]FIGURE 8 | Plant density [(A, B) represent the jointing periods and mature periods, respectively, and a and b indicate the significant difference between different RW volumes].
In the mature period, the PD increased first and then decreased with the increase of the RW embedding volume. The PD of the A2–A4 and B2–B4 groups increased by (3.8%, −3.2%, −4.1%) and (4.5%, 4.1%, and 0.6%), respectively. This was that PD increased first and then decreased with the increase of RW embedding volume (p > 0.05). To sum up, RW embedding can increase PD, but it may cause negative effects in high-intensity and short-duration irrigation events.
3.4.2.2 Grain number
RW increases the spike grain number (SGN) of winter wheat. In the mature period, the SGN of the A2-A4 and B2–B4 groups increased by (7.1%, −0.4%, 3.5%) and (5.4%, 5.8%, 9.2%), compared with the control group, respectively (Figure 9). The overall trend was increasing, and the SGN had a positive correlation with the volume of RW embedding (R2 = .9) in the long-duration irrigation events (It only had a significant difference between the B1 and B4 group, p < .05).
[image: Figure 9]FIGURE 9 | Grain number and thousand-grain weight in different experiment groups [(A, B) indicate the significant difference between different RW volumes, p < .05].
3.4.2.3 Thousand-grain weight
The irrigation deeply affects the thousand-grain weight (TGW) of the winter wheat in the grain-filling period. In the 100 mm/h irrigation event, the TGW of the A2 and A4 groups decreased by 1.6% and 6%, compared with the A1 control groups, respectively, but the A3 group increased by 1.8% in turn (Figure 9). RW may inhabit the grain filling under short-duration irrigation. On the contrary, in the 50 mm/h irrigation event, RW embedding prompted the growth of winter wheat grain biomass. The TGW of B2 - B4 groups increased by 2.2%–9.6%, compared with the B1 group, and the TGW had a positive correlation with the different volumes of RW embedding (R2 = .93). Overall, RW has a better appliance for grain filling in low rainfall intensity and long-duration irrigation events.
3.4.2.4 Theoretical yield
There is an interaction between RW embedding volume and irrigation method, which jointly affects the yield of winter wheat. In short-duration irrigation, the theoretical yield (TY)of winter wheat increased first and then decreased with the increase of RW volume. The change rate of TY at the A2–A4 experimental plot was 9.4%, −1.9%, and −6.7%, compared with the control group, respectively (Figure 10). It would hold back the growth of yield when the RW is buried in the soil excessively. On the contrary, it had a positive correlation between the volume of RW embedding and TY in long-duration irrigation events (R2 = .89), and the variation ranged from 12.7% to 20.4%. Therefore, when the RW was buried in the soil excessively, it was easy to make the yield increase or decrease in a large range by the influence of irrigation way.
[image: Figure 10]FIGURE 10 | Theoretical yield.
3.5 Comprehensive evaluation
According to the experiment on the impact of RW on farmland ecology, the comprehensive weight was (0.147.0.393.0.211.0.081.0.081.0.086). The results showed that the weights of the indicators are: biomass > SWSC > yield > TP loss ≈ TN loss ≈ runoff, so the biomass was most drastically affected by the volume of RW embedding, while yield, nitrogen, and phosphorus loss were relatively less affected. In addition, Comparing the CWM, EWM, and CEWM, the evaluation and rank results had some difference in the A1, A2, A3, and B4 experiment groups, the results of which changed all within ±10.7%, compared with the mean value, while other experiment groups varied with ±4.2%. The comprehensive evaluation ranking is: B3>A2>B2>B4>A4>A1>A3>B1 (Table 4), so the comprehensive benefits are influenced by the rainfall intensity or rainfall duration, while the appropriate amount of RW embedding could help promote the stability of farmland ecosystems. Moreover, under natural conditions, high rainfall intensity and short-duration rainfall events can cause weaker impacts on farmland ecosystems than long-duration rainfall events. Finally, we considered the comprehensive application effect in two rainfall events, and RW could obtain the best comprehensive benefit in the embedding volume of the A2 and B2 groups (536.73 m3/ha).
TABLE 4 | Comprehensive evaluation and rank.
[image: Table 4]4 DISCUSSION
4.1 Effect of RW embedding on the TN and TP loss
RW embedding can increase infiltration and decrease surface runoff (Lv et al., 2020), because the RW improves the soil structure, and increases the specific surface area and soil porosity (Sandoval et al., 2017). At the same time, the huge pore can provide sufficient space for water storage, which easily changes the movement path of the soil water and absorbs a large amount of free water (Libutti et al., 2021). So, RW embedding is beneficial for the local consumption of rainfall water or surface ponding. When the soil moisture gradually decreased to an unsaturated state after rainfall, the RW continuously exuded water to alleviate the soil moisture deficit (Lv et al., 2020; Li W. et al., 2022).
RW can effectively reduce nitrogen and phosphorus loss. Soil erosion often occurs on the surface of the soil, due to the limitation of RW embedding depth, RW cannot directly affect the runoff water quality, and it may indirectly affect the nitrogen and phosphorus content in the topsoil by increasing infiltration (Wang et al., 2020). However, the concentrations of TN and TP in the RW groups may be lower than in the control groups, because the concentrations of TN and TP in the runoff water often reach their peaks within a short period after the runoff starts (Li J. N. et al., 2022). As the runoff continues, the dilution effect plays an increasingly important role in the runoff process, which results in nitrogen and phosphorus elements infiltrating the soil profile with the movement of water, and the concentrations of TN and TP decrease continuously with the delay of the rainfall duration (Li et al., 2017; Yan et al., 2021). Thus RW delayed the runoff process and may have increased the nitrogen and phosphorus concentration.
RW reduces nitrogen and phosphorus concentration, but the difference of which in RW groups was within ±8%. The above phenomenon may be related to the form of nitrogen and phosphorus. The previous study showed that phosphorus is in a mostly granular state in the runoff, while nitrogen was mostly lost by NO3−(Zhou et al., 2021). Some scholars think raindrops with high kinetic energy directly hit the surface and transfer some of the kinetic energy to the soil and cause a splash effect, and soil particles are lost with surface runoff after runoff is formed (Ao et al., 2019), which makes it easier for the phosphorus in the topsoil to lose, while the loss of nitrogen is not sensitive to rainfall intensity, and there is no significant difference in TN concentration under different rainfall intensity (de Almeida et al., 2021; Li X. N. et al., 2021). When the runoff process continues, a large amount of nitrogen begins to dissolve, and the nitrogen content in the runoff water increases within a certain period (Yan et al., 2021). Therefore, the TN concentration under long-duration rainfall may be greater than under short-duration rainfall. When the runoff continues, the dilution effect makes the TN concentration continue to decline, that is, the phosphorus loss is more sensitive to the rainfall intensity, while the nitrogen element is more affected by the rainfall duration (Yan et al., 2021).
4.2 Effect of the RW embedding on the crop growth
RW embedding promotes early crop proliferation and tillering. In the jointing period, the number of tillers in RW experimental groups increased by 0.5%–15.3%. It has a positive correlation between the RW embedding volume and the number of tillers (R2 = .43 and .99), because the RW improves soil water storage capacity and promotes crop root water absorption (Choi and Shin, 2019; Gu et al., 2021). However, the water absorption capacity of hydrophilic RW increased with irrigation time (Choi and Shin, 2019). When extreme rainfall events occur frequently, RW can fully play its advantages of rapid water absorption and drainage, which can effectively reduce soil erosion and nutrient loss, and promote root material absorption and photosynthesis (Lee et al., 2015). In addition, on account of the rainfall duration and the applicability of RW, RW cannot fully absorb sufficient water in short-duration and high-rainfall irrigation events, which may result in insufficient water released in drought seasons to alleviate soil water deficit (VanWoert et al., 2005; Yu et al., 2018). For example, the grain-filling period is the key water-requiring period for crop growth, and the TGW and PD have a certain downward trend due to the applicability of RW, which may cause crop failure in the A3 and A4 groups (Chen et al., 2021). To sum up, RW can promote water drainage, water, and nutrient retention, which is beneficial to crop photosynthesis and biomass accumulation. However, when the volume of RW embedding is too large, likely, the properties of rock wool cannot be fully utilized in short-duration rainfall events. The result of the above phenomenon easily exacerbates the risk of farmland drought and crop failure, which seriously destabilizes the farmland ecosystem.
4.3 Comprehensive evaluation
Different evaluation methods result in different indicator weights (Liu et al., 2021). RW significantly reduces runoff and nitrogen and phosphorus loss, the variation of which is above 50%, so the above indexes relatively present the characteristics of high mean value and small variance (Figure 11). Some objective weighting methods consider that the above indexes contain less information or more repeated information, so the weighting is significantly lower than that of other indicators (Lu et al., 2022). Nevertheless, the different response degrees of RW embedding for different indicators, makes the distribution of normalized index significantly different, and it represents some characteristics like low mean value and high variance.
[image: Figure 11]FIGURE 11 | The distribution of the normalized index.
Different indicator weights make the evaluation results various. The evaluation results in EWM objectively reflect the comprehensive benefits to some extent, but there is little change in the evaluation result of the A2 and B4 groups when we used the CWM and EWM respectively, because the effect of RW on the biomass and SWSC made the evaluation results significantly different, and the weights of the above two indicators increase. The objective method mostly relies on the laws of the data to respond to the amount of information, and the CEWM considers the contrast intensity, dispersion degree, and conflict, which is more reasonable than the other evaluation systems (Lu et al., 2022). In this study, the evaluation results are the same basically when using singularly the EWM and CWM, while the SWSC and biomass have the higher weighting so the importance of both in the CEWM is significantly increased, which causes the weighting of the TN and TP loss to have a certain decrease, and resulting in some changes in the evaluation results when RW has the excellent effect in this index, such as the A1, A2, A3, and B4 groups. The response of each index to RW is influenced by various external conditions, which may make the RW embedding different in other application scenarios.
When RW with appropriate volume is buried in the winter wheat farmland, it can obtain the highest comprehensive benefits like soil and water conservation and farmland production in different conditions, but we must know the expense of RW restricted its application on a large scale at present, and the average price of a RW ranges from ¥1,000 to ¥2,000 m−3, so we can use it in intensive agriculture or economic crop planting. In addition, we must realize that RW cannot create water or reduce the soil water consumption of farmland, and it only plays a role in enhancing soil water storage capacity to delay drought events (Li W. et al., 2022). To sum up, we should consider the application of RW in long periods and multiple environments like agricultural production, flower cultivation, and urban greening, and the effectiveness and feasibility of RW in complex environments should be investigated through models or field studies, which aim to expand the production of RW and achieve comprehensive applications under multiple scenarios and objectives.
5 CONCLUSION
RW embedding affects farmland soil structure, which influences the farmland runoff process, nitrogen and phosphorus loss, and crop growth in turn. Based on the above assumption, we took winter wheat as the experimental object to explore the impact of RW on the farmland’s ecological environment. The results show that RW could reduce runoff and enhance the soil water storage capacity, which effectively alleviates the risk of drought and flood disasters in farmland. When extreme rainfall occurs, RW reduces the total amount of nitrogen and phosphorus losses by 51.9%–70.3% and 72.4%–77.9%, by reducing runoff, the TN, and TP concentration. The above effects generally increase with the increase of RW volume. Finally, plant biomass and yield increase by a maximum of 12.1% and 20.4%, respectively. To sum up, based on the Entropy-Critic comprehensive evaluation method, it is concluded that RW could obtain the highest comprehensive benefit under the embedding volume of 536.73 m3/ha. Overall, this study is conducive to clarifying the comprehensive application effect of RW in agricultural production, pollution control, and urban landscape. It provides an important basis for expanding its application field and promoting the stability of farmland ecosystems.
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