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Intensive farming leads to soil degradation, and poses a serious threat to agricultural yield sustainability and soil ecology. Superabsorbent polymer (SAP) and organic manure (OM) are amendments that can remediate the soil, and improve soil structure and soil pore characteristics, thereby enhancing soil quality and promoting crop growth. These benefits may be enhanced through long-term continuous application of the amendments. X-ray computed tomography (CT) was used to determine the number, connectivity, and locations of pores (160–1,000 μm, >1,000 µm) in the soil at depths of 0–100 cm. Soil organic carbon content, proportion of water-stable macroaggregates (>0.25 mm) (WSM), soil bulk density, field water capacity, available water content, wilting point content, and saturated hydraulic conductivity were also determined. Compared to the control, long-term SAP and OM treatments significantly increased the number of 160–1,000 µm and >1,000 µm soil pores (5–20 cm depths), >1,000 µm and >160 µm soil porosity (at 0–20 cm depths), total organic carbon (10–20 cm and 40–50 cm), field water capacity (0–20 cm), available water content (0–20 cm), wilting point (10–30 cm), saturated water content (10–70 cm), saturated hydraulic conductivity (0–90 cm), and WSM (0–30 cm and 40–50 cm) while decreasing the soil bulk density (0–70 cm). Compared to OM, SAP had greater beneficial effects on the total organic carbon, soil field water capacity, available water content, saturated water content, saturated hydraulic conductivity, and WSM in soil at 0–20 cm depth. The improvements to soil quality resulted in an increase in the yields of wheat and maize. Therefore, although SAP and OM were both effective at improving soil properties and increasing the economic yield of wheat and maize, the effectiveness of SAP was greater than that of OM.
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INTRODUCTION
As soils undergo cycles of farming and tillage, the soil organic carbon content decreases, while soil structures gradually worsen, which, when unmitigated, leads to a decline in soil and harvest quality (Xu et al., 2019; Giannitsopoulos et al., 2019). Soil structural and physical properties affect water availability, the nutrient uptake of crops (Giannitsopoulos et al., 2019), and soil ecology. Improved soil structure can increase soil porosity and enhance nutrient and water recycling, water availability, and biodiversity while reducing water and wind erosion (Alaoui et al., 2011). These improvements in soil quality lead to better soil conditions for crop growth and yields.
Organic manure (OM) not only increases the soil organic matter content (Pagliai et al., 2004; Celik et al., 2004), but also improves soil structure and increases the aggregate stability (Karami et al., 2012; Zhou et al., 2013; Wang et al., 2017a) while improving pore network characteristics (Jiang et al., 2018). Therefore, OM can enhance the soil’s water storage capacity (Celik et al., 2004; Lee et al., 2009; Li et al., 2010), promote soil water conservation and gas diffusion (Wang et al., 2019), and increase crop yields and water use efficiency (Bolan et al., 2003). However, Guo et al. (2019) found that OM improved soil aggregation in humid regions (acidic soil) but not in semi-humid or arid regions (basic soil). In addition, some studies even suggest that OM has a negative (Zhou et al., 2017; Guo et al., 2018) or neutral (Xie et al., 2015) effect on soil structure, and causes a decrease in soil stability. Therefore, the effect of organic fertilizer or manure on soil properties remains unclear, especially regarding long-term application.
Superabsorbent polymer (SAP) is a soil amendment technique that can improve the soil, and has been studied for several decades because of its unique properties (Busscher et al., 2009; Bai et al., 2010). SAP can readily absorb water, improve water retention (Yang et al., 2007), and preserve soil water by inhibiting evaporation (Yan et al., 2007; Cao et al., 2017). When the soil is dry, water previously absorbed by the SAP can be utilized by crops (Du et al., 2000). SAP also reduces soil erosion and runoff (Cao et al., 2017), and improves water-use efficiency (Zhang et al., 2009). Furthermore, the application of appropriate amounts of SAP can also improve soil structure and enhance aggregate properties (Yang et al., 2011a), pore properties (Keck and Boyer, 1974), soil infiltration (Yang et al., 2009) and water and fertilizer conservation, while improving the drought resistance of crops (Li et al., 2014). However, compared with SAP, Yang et al. (2013) found that OM was better at improving soil porosity, soil structure, and water retention characteristics after 3 years of application. Yang et al. (2018) also found that SAP combined with OM improved soil porosity, soil structure and other soil properties in topsoil under short-term application. However, the effects of long-term (8 years) application of SAP and OM on the deeper soil profile are unclear, thus it is necessary to study the effects of these two measures on soil structures.
The CT scanning technique has been used to analyse soil porosity (Sander et al., 2008; Scott et al., 2010) and the spatial distribution of soil pores, by which soil pore characteristics can be easily studied (Udawatta and Anderson, 2008). Compared with other established methods, CT scanning has the advantage of fast and accurate non-destructive imaging and analysis of soil at the mm to μm scale (Gantzer and Anderson, 2002). It can also be used for three-dimensional analysis of the internal soil structure by splicing together two-dimensional cross-sectional images (Mooney, 2010; Wang et al., 2018). Although the influence of OM and SAP on soil structure, soil porosity, other soil physical and chemical properties and crop yield has been studied extensively, few studies have investigated the effects of the long-term application of SAP and OM on the spatial distribution of soil pores, various soil organic carbon contents, and soil physical properties in deep soil and relationship between pore structure and physicochemical properties.
Research on the effects of long-term SAP and OM application on soil pores and structures in the 0–100 cm soil profile, and the mechanism by which they affect soil properties and crop yields, is relevant for the implementation of long-term soil improvement measures. We hypothesize that 1) long-term continuous SAP and OM application improves soil properties in both shallow and deep soil, and 2) crop yields will be increased due to improvement of soil properties. Therefore, the aims of our research are 1) to determine whether continuous applications of SAP and OM have significant effects on soil pore properties, soil physical properties and soil organic carbon in the subsoil, 2) to determine how the effects of the amendments change with depth and 3) to identify any correlations between crop yields and soil physical properties. This will contribute to increased understanding of the effect of SAP and OM on soil structure, and provide a scientific basis for the long-term application of SAP or OM.
MATERIALS AND METHODS
Site Description
The study area is located in Yuzhou County, Henan, China (113°0′-113°39′ E, 33°59′-34°24′ N; 116.1 m above sea level). The multiyear mean rainfall in this area is 674.9 mm, with more than 60% of the rainfall occurring in summer. The soil profile can be divided into three soil layers based on the soil texture (sandy loam (0–22 cm), clay loam (23–36 cm), sandy loam (37–100 cm), shown in Table 1) according to the international texture classification system. Before the experiments were initiated, the contents of soil organic matter, total nitrogen, water-soluble nitrogen, available phosphorus and available potassium in the different layers (0–22, 23–35, 37–100 cm) were shown in Table 1. Wheat-maize rotation has been carried out in this area for more than 50 years.
TABLE 1 | The soil texture, soil organic matter, total nitrogen, water-soluble nitrogen, available phosphorus and available potassium in different soil layers.
[image: Table 1]Experimental Design
The long-term field experiment was performed in wheat-maize rotation croplands from October 2006. Treatments included the control (CK) without super absorbent polymer and organic manure, SAP (60 kg ha−1 polyacrylamide, no nutrient, applied every 2 years before sowing winter wheat) in which the application rate and concentration follows the recommendations of our previous study (Yang et al., 2011b), and OM (dry chicken manure: 750 kg ha−1, 34.15% organic carbon, 1.56% N, 1.35% P, 0.82% K applied every year before sowing winter wheat) (Yang et al., 2018). The fertilizer, OM and SAP were evenly spread in the experimental field, followed by tillage (15-cm-deep ploughing with a rotavator). Prior to wheat sowing, the inorganic fertilizers urea, potassium sulfate and diammonium hydrogen phosphate fertilizers were applied at rates of 188 kg N ha−1, 113 kg K ha−1, and 113 kg P ha−1, respectively. In the fields treated with organic fertilizer, the nutrient content was kept uniform with the fields subject to other treatments (inorganic fertilizer was applied at the standard rate minus the nutrient content of the applied organic fertilizer). Tillage was performed at the time of annual wheat seeding, while maize was seeded without tillage. After the harvest of winter wheat, summer maize was sown in the same spots, and before sowing, compound fertilizer was applied at rates of 210 kg N ha−1, 120 kg P ha−1, and 90 kg K ha−1 by a no-tillage planter in every spot. Every treatment had three replicates in the experimental zones, and the plot size of each replicate was 30 m2 (5 × 6 m).
Soil Sampling
In October 2014, after the maize harvest, undisturbed soil columns were collected with a soil column collector (Yang et al., 2021). The container of the original soil column is a plexiglass pipe with an internal diameter of 80 mm, a thickness of 2 mm, and a length of 100 cm. The plexiglass tube is placed in the collector and struck vertically from above with a hammer. When the collector enters the soil to a depth of 110 cm, the collector is removed, and the plexiglass tube in the collector is removed from the bottom of the collector, which prevents compaction of the soil inside the container in the 0–100 cm layer (for measuring the soil pore distribution by CT scanning).
Next to the soil column, we dug a 1-m-deep soil profile to collect cut ring samples (the height of the ring is 5 cm, and the volume is 100 cm3) (used to measure soil bulk density, saturated soil water, field water capacity, available soil water content, wilting soil water content and saturated hydraulic conductivity) sequentially at increments of 5 cm: 2.5–7.5, 12.5–17.5, ..., 92.5–97.5 cm soil layers. Undisturbed soil samples (used to measure the water-stable aggregate content) and disturbed soil samples (used to measure soil organic carbon) were collected sequentially from the 0–10, 10–20, ..., 90–100 cm soil layers.
CT Scanning
A medical CT scanner (256-layer speed CT scanner produced by GE Healthcare, United States) was used to scan the soil columns. Prior to scanning the soil column, the medical CT scanning parameters were reset with a scanning peak voltage of 120 kV, current of 110 mA, scanning time of 1 s, and scanning thickness of 1 mm. Thereafter, each undisturbed soil column was placed between the X-ray tube and the detector of the CT scanner to obtain images of the different soil layers within the entire soil column. A cross-section was scanned every 1 mm from the top, yielding a total of 1,000 cross-section images for each soil column. This experiment was performed on nine soil columns (three repetitions for every treatment), which yielded a total of 9,000 images.
Image Analyses
Grey images in JPG format collected from CT scanner analyses were obtained using ImageJ 1.44 (Abramoff et al., 2004). The two-dimensional images (50 × 50 mm; a square was selected from the round cross-section to prevent possible compaction of the soil due to the plexiglass wall) were converted to 8-bit images and then segmented. According to the methods of Yang et al. (2021), we determined the pore characteristics, including the number, area, perimeter, and circularity of pores. The obtained CT minimum equivalent pore diameter was 160 µm after removing noise, and the smallest identifiable pore was 2 pixels (80 µm per pixel) in size. As a result, we divided pores into two categories: pores with equivalent diameters > 1,000 µm (macropores, as defined by the suction pressure (Luxmoore, 1981; Wamer et al., 1989) and those with diameters of 160–1,000 µm (mesopores) (Luxmoore, 1981). The pore number was counted as the total number of >1,000 µm pores and 160–1,000 µm pores in a CT image. Porosity was calculated as the area of the image covered by > 1,000 µm pores (for >1,000 µm porosity) or 160–1,000 µm pores (for 160–1,000 µm porosity) and expressed as a percentage. The total pore number and porosity (> 160 µm) were obtained by summing these values from both groups of pores.
A three-dimensional visualization of soil pore networks from 1,000 continuous images (30 × 30 × 100 cm, Figure 1) per soil column was reconstructed via saturated volume rendering using Amira software (Luo and Lin, 2009), which can evaluate pore distributions and connectivity under different treatments. The white parts are the substrate, and the purple parts are the pore spaces in Figure 1.
[image: Figure 1]FIGURE 1 | The 3D images of the control (left), SAP (middle) and OM (right) for the 0–100 cm soil profile (the purple color indicates soil pore). X, Y, Z: 30 cm, 30 cm, 100 cm.
Determination of the Field Water Capacity, Saturated Hydraulic Conductivity, Soil Bulk Density, Water Stable Aggregate Content and Soil Organic Carbon
The soil water characteristics, such as field water capacity (Institute of Soil Science, Chinese Academy of Sciences, 1978), saturated water content, wilting point, available water content (field water capacity minus the wilting point) (Hua and Wang, 1993), soil bulk density (Githinji, 2014) and saturated hydraulic conductivity (Ou, 2003), were measured with the ring cutting method. The water-stable aggregate content (>0.25 mm) was determined using the wet sieving method (Nimmo and Perkins, 2002). The undisturbed soil was placed into a sieve of 0.25 mm and shaking up and down in water, and the aggregate remaining in the sieve was a water-stable aggregate. TOC was determined using the heavy-metal cadmium acid potassium heating method (Lin et al., 1985), and the active organic carbon (AOC) was measured using potassium permanganate oxidation (Blair et al., 1995). The inert organic carbon (IOC) content was calculated as the total organic carbon value subtracted from the AOC value. The sampling depth of the soil was 0–100 cm.
Determination of Crop Yield
The crop yields were determined by manual harvesting and air-drying the grains, from 4 to 8 m2 areas chosen at random in each plot, for winter wheat and summer maize respectively.
Statistical Analysis
All reported values are means of three replicates implemented for each treatment. The soil pore parameters, soil organic carbon and soil physical parameters in the 0–100 cm soil layer are presented as the mean value ±standard deviation (SD) in Figures 4–7 based on SPSS Statistics 19.0. The Pearson correlation coefficient was calculated to assess the correlations among the soil organic carbon, soil pore parameters, other soil physical characteristics and wheat and maize yields (Tables 2–5).
TABLE 2 | Correlation coefficients between soil pore parameters, soil organic carbon and soil physical parameters.
[image: Table 2]RESULTS
3D Images of the 0–100 cm Soil Layers
3D images can clearly reveal the connectivity and distribution of soil pores in a soil profile. Figure 1 shows that most of the soil pores were concentrated in the 0–25 cm soil layer, and there were few soil pores in the 25–35 cm soil layer, especially under the control and SAP treatments. The soil pore density in the 0–10 cm soil layer under SAP was lower than that under the control and OM treatments. Compared to the control, the pore density under the SAP treatment was higher in the 40–100 cm soil layer and macropores and even earthworm burrows were clearly observed in these soil layers (Figure 1). OM treatment resulted in an increased number of pores and a more uniform spatial distribution across the soil. The soil pore distribution in the 30–60 cm soil layer under the control treatment had fragmented or unconnected pores compared with that under the SAP and OM treatments.
Distribution of Soil Pore Numbers
Figure 2 shows that with increasing soil layer, the number of pores of different sizes initially increased and then declined, followed by a tendency to stabilize at depths from 40 to 100 cm.
[image: Figure 2]FIGURE 2 | The number of total pores (>160 μm) (A), >1,000 μm pores (B) and 160–1,000 μm pores (C) in the soil profile (0–1,000 mm) under the control, SAP and OM treatments.
As shown in Figure 2A and Figure 2C, in the 0–10 cm soil layer, the number of >160 µm (total pores) and 160–1,000 µm pores (mesopores) under OM treatment was the highest among all treatments. In the 5–20 cm soil layer, the number of pores under SAP treatment was higher than that of the control (see also Figure 1). With increasing depth, the total pores and mesopores number changed slowly, remaining at approximately 100. In the 35–40 cm and 65–75 cm layers, the pore numbers under SAP treatment were higher than those of the control. In the 35–50 cm soil layer, there was a higher pore number under OM treatment than under the control treatment.
As seen in Figure 2B, the >,1000 µm (macropore) pore numbers changed significantly across the entire soil layer, especially at 0–20 cm. In the 0–10 cm soil layer, the macropore number under OM treatment was the highest compared with other treatments, but then decreased rapidly with depth. In the 5–10 cm and 20–30 cm soil layers, the macropore numbers under SAP treatment were greater than those of the control. There was no significant difference in the number of macropore between different treatments beneath the 40 cm soil layer.
Distribution of Soil Porosity
Figure 3 shows that the soil porosity changed greatly in the 0–20 cm soil layer. In the 0–20 cm soil layer, the total porosity (> 160 µm) and > 1,000 µm (macro) porosity of the SAP and OM treatments were greater than those of the control treatment. In the 25–35 cm, soil layer, the total porosity and macroporosity of the OM was higher than that of the control and SAP treatments. However, in the 60–65 cm and 75–90 cm soil layers, the total porosity and macroporosity of the SAP treatment were the highest. For smaller pores (160–1,000 µm, mesopores), OM treatment was more beneficial in the 5–10 cm and 30–40 cm soil layers. In the 15–25 cm and 75–85 cm soil layers, the porosities of the SAP treatments were higher than those of the control and OM treatments.
[image: Figure 3]FIGURE 3 | The porosity of total pores (>160 μm) (A), >1,000 μm pores (B) and 160–1,000 μm pores (C) in the soil profile (0–1,000 mm) under the control, SAP and OM treatments.
Distribution of Soil Physical Properties
With increasing depth (Figure 4A), the soil bulk density tended to decrease, and the lowest value was measured in the 10–20 cm soil layer. The soil bulk densities under the various treatments were as follows: control > OM > SAP. The soil bulk density under the SAP and OM treatments was lower than that of the control at 0–70 cm. In the 0–20 and 50–60 cm soil layers, the soil bulk density under SAP treatment was lower than that under OM treatment. In the 30–50 cm soil layer, the soil bulk density under OM treatment was lower than that under SAP treatment.
[image: Figure 4]FIGURE 4 | Soil bulk density (A), field moisture capacity content (B), soil saturated moisture content (C), available moisture content (D), wilting moisture content (E) and saturated hydraulic conductivity (F) in the different soil layers (0–100 cm) under the control, SAP and OM treatments. Error bars represent one standard deviation. Asterisk indicated differences between CK, OM and SAP (p < 0.05). Fr, Fs and FTxFs mean F-values of three treatments, soil depth and their interactions in variance analysis respectively. ** indicate difference at the 0.01 probability levels.
The field water capacity decreased gradually with depth (Figure 4B). In the 0–30 cm soil layer, the field water capacity of the SAP treatment was higher than that of the OM treatment, followed by that of the control. Below the 30 cm soil layer, the field water capacity of the SAP treatment was lower than that of the other treatments. There was no significant difference in field water capacity between the OM treatment and the control treatment in these soil layers.
As shown in Figure 4C, across the whole soil profile, the SAP and OM treatments resulted in higher soil saturated water than the control treatment. The SAP treatment was more beneficial than the OM treatment for improving the soil saturated water in the 0–20 cm soil layer. However, in the 20–40, 60–70, and 90–100 cm soil layers, the OM treatment had a more beneficial effect.
Figure 4D shows that the available water content changed gradually with depth, except in the 0–20 cm soil layer. In the 30–50 cm and 60–70 cm soil layers, the OM treatment was more beneficial for increasing the available water content.
The wilting point slowly decreased with an increase in depth. The SAP and OM treatments led to higher wilting points at 10–30 cm than the control. However, in the 40–70 cm and 80–100 cm soil layers (Figure 4E), the wilting point under SAP treatment was lower than that under the other treatments. The wilting point at 60–70 and 80–90 cm was highest under the OM treatment.
As seen in Figure 4F, the saturated hydraulic conductivity of the soil was the lowest at 20–30 cm, while the highest value was observed in the soil layers between 10 and 20 cm. The saturated hydraulic conductivity changed slowly with depth. In general, the saturated hydraulic conductivity was ranked as SAP > OM > control in 0–20 cm and 80–90 cm soil layers, but OM > SAP > control in 30–50 cm and 60–70 cm soil layers.
Distribution of Different Types of Soil Organic Carbon and Water-Stable Macroaggregates
As shown in Figure 5A, the total organic carbon (TOC) of the soil first increased with depth and then decreased gradually. The TOC content in the 10–20 cm soil layer was the highest, with values ranked as SAP > OM > control. In the 40–50 cm soil layer, the TOC of the SAP and OM treatments was still significantly higher than that of the control treatment, but with the increase in soil layer, the TOC of the SAP treatment became lower than that of the control, which may be related to the difference in the initial soil. In Figure 5B, AOC was shown to increase first and then decrease with depth. In the 0–40 cm soil layer, the AOC content of soil was ranked as SAP > OM > control. However, the IOC (Figure 5C) decreased rapidly with depth, except under SAP treatment in the 10–20 cm soil layer, with the highest value among the treatments, followed by OM. In the 0–10, 30–40, and 70–100 cm soil layers, the control had relatively larger amounts of soil IOC, whereas SAP and OM increased the IOC in the 10–20 cm and 40–50 cm soil layers.
[image: Figure 5]FIGURE 5 | Soil total organic carbon content (A), soil active organic carbon content (B), and soil inert organic carbon content (C) in the soil profile (0–100 cm) under the control, SAP and OM treatments. Error bars represent one standard deviation. Asterisk indicated differences between CK, OM and SAP (p < 0.05). FT, Fs and FTXFs mean F-values of three treatments, soil depth and their interactions in variance analysis respectively. ** indicate difference at the 0.01 probability levels.
As seen in Figure 6, with increasing soil layer, the WSM showed a trend that initially increased and then significantly decreased. In the 0–30 cm soil layer, the ranking of the WSM was SAP > OM > control. In the 40–60 cm soil layer, the highest WSM occurred under the SAP treatment.
[image: Figure 6]FIGURE 6 | The WSM in the soil profile (0–100 cm) under control, SAP and OM treatments. WSM, proportion of water-stable macroaggregate (> 0.25 mm). Error bars represent one standard deviation. Asterisk indicated differences between CK, OM and SAP (p < 0.05). FT, Fs and FTXFs mean F-values of three treatments, soil depth and their interactions in variance analysis respectively. ** indicate difference at the 0.01 probability levels.
Correlation Analysis of Different Soil Physical Characteristics
According to correlation analyses of the soil pore parameters (pore number and porosity), content of different types of organic carbon, and soil physical parameters (WSM, field water capacity, saturated water content, wilting point, saturated hydraulic conductivity, available water content and soil bulk density) resulting from different treatments (Table 2), it is can be concluded that all soil physical parameters showed significant (p < 0.05) or extremely significant (p < 0.01) positive correlations with pore parameters and the soil organic carbon content. However, the soil bulk density had extremely significant (p < 0.01) negative correlations with the pore number and soil organic carbon content. TOC (R2 = 0.413–0.931) had higher correlation coefficients with the different soil physical parameters than IOC (R2 = 0.312–0.870), followed by AOC (R2 = 0.500–0.791). There was a stronger correlation between soil porosity (R2 = 0.447–0.861) and the different soil physical parameters than between soil porosity and the pore number (R2 = 0.462–0.806).
Table 3 shows that the TOC, AOC and IOC contents had significant positive correlations with porosities (number) of different diameters (160–1,000 μm, >1,000 μm) in the soil. Furthermore, the correlation between the AOC and the parameters of the different pore diameters (160–1,000 μm, >1,000 μm and >160 μm) was the strongest (R2 = 0.742–0.793), followed by TOC (R2 = 0.657–0.717) and IOC (R2 = 0.539–0.639), which indicates that AOC is more related to the improvement in soil pore characteristics than TOC or IOC.
TABLE 3 | Correlation coefficients between different types of soil organic carbon content and soil pore parameters.
[image: Table 3]There were significant (p < 0.05) or extremely (p < 0.01) significant positive correlations between the WSM and field water capacity, saturated water content, available water content, and wilting point (Table 4). There were also significant (p < 0.05) or extremely (p < 0.01) significant positive correlations among the field water content, saturated water content, available water content, and wilting point. Soil bulk density displayed extremely significant negative correlations with the WSM, field water capacity, saturated water content, available water content, wilting point and saturated hydraulic conductivity.
TABLE 4 | Correlation coefficients among soil physical parameters.
[image: Table 4]Effects of SAP and OM on Wheat and Maize Yields From 2011 to 2017
We measured the wheat and maize yields from 2011 to 2017 (Figure 7), and the yield of wheat in 2013 and 2017 was lower than that in other years, which may be related to the wheat cultivar. Overall, in 2012, 2014, 2016 and 2017, the yield of wheat under SAP treatment was the highest, followed by that under OM treatment. The yield of wheat under OM treatment was the highest in 2015, followed by that of the SAP treatment, and the wheat yield of the control was the lowest among the treatments. In the case of maize, the yield under the different treatments generally decreased from 2013 to 2017; the yield of the different treatments increased significantly in 2017, whereas the yield of the control was the lowest in different years. The maize yield under SAP treatment was the highest in 2012, 2014, 2015 and 2017, followed by that under OM treatment, whereas the reverse was true in other years.
[image: Figure 7]FIGURE 7 | Yield of wheat and maize from 2011 to 2017 under the control, SAP and OM treatments. Error bars represent one standard deviation. Asterisk indicated differences among different treatments.
Correlation Analysis Between Crop Yields and Soil Physical Properties
From Table 5 (a case study of wheat and maize yields in 2017), it is apparent that all soil properties except bulk density showed positive correlations with wheat and maize yields. Total organic carbon, saturated hydraulic conductivity, field water capacity, saturated water content and available moisture content had significant (p < 0.05) or extremely significant (p < 0.01) positive correlations with wheat yield. The total organic carbon showed a significant (p < 0.05) positive correlation with maize yield.
TABLE 5 | Correlation coefficients between yields of wheat and maize and soil physical properties.
[image: Table 5]DISCUSSION
The Infuence of SAP and OM on Soil Pore Characteristics
Soil pores play an important role in mediating the movement of water, heat, nutrients and gas (Berisso et al., 2012). In our study, from the 3D figures (Figure 1) and Figure 2, we found that the soil pore density and number in the 0–5 cm soil layer under SAP was lower than that under OM treatment and similar to the control. This may be due to the shrinking of SAP, which leads to a decrease in macropore number (Sojka et al., 2006; Yang et al., 2011a) and SAP increases pore sizes (small pores expand; in a given finite total soil volume, macropore volume increases when pores expand, even if the number does not change) when the swelling and shrinkage of SAP occurs during the process of absorbing and releasing water, which then decreases the number of pores in the 0–5 cm soil layer (Yang et al., 2011a). However, in the 5–20 cm soil layer, the total pore and macropore number of SAP was significantly higher than that of the control. In the 30–40 cm soil layer, there were even fewer pores and the soil porosities were lower than that of other soil layer (Figures 1–3), possibly because the application of SAP in the upper layer led to a higher soil water content, which caused a larger concentration of crop roots to grow into this layer, in turn leading to a lower root density in the bottom ploughed layer at 30–40 cm. Furthermore, another possible cause is the reduced activity of microorganisms and soil fauna because of low soil water and crop root presence, which caused the porosity of this soil layer to be lower than that of other soil layers (Recknagel, 2008). However, compared to the control, the pore density under SAP treatment was higher in the 40–100 cm soil layer, and the presence of macropores and earthworm burrows suggest earthworm activity (Figure 1). This may have occurred because SAP treatment improved water retention below the 40 cm soil layer, which was beneficial for root activity (Li et al., 2015) and other biological activities (Joshua et al., 1999).
However, in the 0–10 cm soil layer, the total porosity and macroporosity of the OM treatment were greater than those of the SAP and control treatments. As OM provides suitable conditions for crop roots and soil organisms, more biological activity occurs in the 0–10 cm soil layer (Joshua et al., 1999) than in the lower soil layer, which is beneficial for the soil structure. From Figure 1, we found found that OM treatment resulted in an increased number of pores and a more uniform distribution across the whole soil profile. This may be the activity of earthworms, as other studies (Standen, 1984; Andriuzzi 2015) have found such a pore distribution to indicate the activity of earthworms or other soil organisms, resulting in the creation of more pores that are conducive to the downward growth of crop roots, thus expanding access to soil water and benefiting crop growth (Bierhuizen and de Vos, 1959). The soil pore distribution in the 30–60 cm soil layer under the control treatment had fragmented or unconnected pores compared with that under the SAP and OM treatments (Figure 1). In addition, Compared with OM, SAP had a greater effect on soil porosity because of hydrophilic networks structure of SAP, the agglutination of SAP and soil particles, and the expansion and shrinkage of SAP in the process of absorbing or releasing water. These factors led to an increase in the number of soil pores and an increase in porosity (Yang et al., 2011a; Yang et al., 2013).
The above results show that SAP and OM can reduce the compaction of soil due to natural or external forces while improving soil structure and pore conditions (Sojka et al., 2007; Alagoz and Yilmaz, 2009; Yang et al., 2018). The SAP and OM treatments improved the soil total porosity and macroporosity and in 0–20 cm and 25–30 cm soil layers and mesoporosity in 10–25 cm 30–35 cm soil layers. These effects are beneficial for the transport and exchange of water and air in the soil, especially in the ploughed layer.
The Influence of SAP and OM on Soil Structure, Physical Parameters, Soil Organic Carbon and Crop Yield
Soil compaction is a key issue for plant growth (Chen and Weil, 2011). In addition, Long-term tillage accelerates the decomposition of organic carbon in soil, and catalyzes the decrease of soil organic carbon in soil aggregates. However, applying SAP and OM improves soil structure, increases the physical protection of soil organic carbon by stable aggregates, slows down the decomposition rate of soil organic carbon, and enhances the ability of soil carbon sequestration (Zhong et al., 2017), thereby providing good growth conditions for the crops.
The proportion of water-stable macroaggregates (> 0.25 mm) (WSM) was used to characterize the soil structure stability (Six et al., 2000). We found that in the 0–30 cm soil layer, the WSM of SAP was the highest, followed by OM and the control was the lowest. In the 40–60 cm soil layer, the WSM under the SAP treatment was also the highest, which supports the argument that SAP improves the soil structure and stability (Gardner, 1956; Yan et al., 2007) in topsoil, promotes infiltration (Yang et al., 2009), and increases the soil water in the subsoil (35–60 cm). These in turn result in good conditions for crop growth, which then improves the soil aggregates (Czarnes et al., 2000). The same effect was observed under the OM treatment. However, Guo et al. (2019) found that animal manure improved soil aggregation in southern China but not in northern China. Domingo-Olivé et al. (2016) found that the application of pig manure had no effect on soil aggregation, while Zhang et al. (2014) found that chicken manure increases soil aggregates. This suggests the effects of OM application may depend on animal manure type and soil type, and will have to be studied in further detail.
Different types of soil organic carbon have various critical relationships with the soil structure. Soil active organic carbon (AOC) refers to the active part of soil organic matter, which is easily decomposed and mineralized by soil microorganisms, and has the most direct effect on plant nutrient supply in soil (Dong et al., 2015). However, soil inert organic carbon (IOC) characterizes the long-term accumulation and carbon sequestration ability of soil (Zhang et al., 2012).
We found that SAP and OM are better than the control for increasing TOC content in 0–20 and 40–50 cm soil layers by improving the soil structure and water retention, thus promoting root (Morris et al., 2006) and microbial (Lovell et al., 1995; Joshua et al., 1999) activity. In the 0–55 cm soil layer, the AOC content of soil was ranked as SAP > OM > control, which suggests that although AOC is easily transported following rain or irrigation into the deeper soil (Zhu et al., 2017), large amounts of AOC remained in the 0–40 cm soil layer due to retention and physical protection and sorption by SAP. However, SAP and OM were conducive to the preservation of organic carbon or for carbon sinks at 10–20 cm and 40–50 cm.
The soil structure, organic carbon, and soil physical properties such as the bulk density, field water capacity, and soil saturated water content, are also subject to the long-term influence of external conditions (Xu et al., 2019). We found that different soil physical parameters vary differently with depth. The effect of the treatments on the saturated water content and saturated hydraulic conductivity spanned the entire soil profile, but were concentrated especially at the 0–20 cm soil layer, which may be related to earthworm activity (Weil and Kroontje, 1979). Large changes at 0–70 cm occurred in bulk density, while marked changes in the field water capacity, available water content and wilting point were observed only in the 0–20 cm soil layer. The data indicates that overall, SAP was better than OM in the 0–20 cm soil layer. However, if too much SAP is applied, it will lead to soil compaction and an increase in soil bulk density. Hou et al. (2018) found that a dose of 60 kg/ha SAP decreased the soil bulk density. In this study, we also used the optimum SAP dose of 60 kg/ha, based on our previous research (Yang et al., 2011b), which yielded favourable results.
Soil organic carbon directly affects the distribution of soil pores, and Lugato et al. (2009) found that the soil organic carbon was negatively correlated with the 30–75 μm pore size class (mesopores) in sandy soil and was positively correlated with the 0.1–5 μm pore size class (ultramicropores) in clay and peaty soil. We found that the TOC, AOC and IOC contents had significant positive correlations with porosities (number) of 160–1,000 μm, >1,000 μm in sandy loam soil. And the correlation between the AOC and the parameters of 160–1,000 μm, >1,000 μm and >160 μm was the strongest.
Due to the improvement in soil physical properties, soil water retention improved (Franzluebbers, 2002), and crop yield increased (Wu et al., 2017). The measured the wheat and maize yields from 2011 to 2017 showed that SAP and OM treatments increased wheat and maize yields. SAP treatment increased wheat yield in 2012, 2014, 2016 and 2017, followed by OM treatment. The yield of wheat under OM treatment increased wheat yield in 2015, followed by that of the SAP treatment, and the control was the lowest among the treatments. The maize yield under SAP treatment was the highest in 2012, 2014, 2015 and 2017, followed by that under OM treatment. This indicates that SAP and OM improve soil physical parameters such as structure (Gardner, 1956) and soil porosity (Yang et al., 2018), which then enhances water retention and water availability, thus increasing crop yield. Furthermore, OM treatment increased soil organic carbon content, which also enhanced crop production by maintaining soil structure and moderating soil microbial activities (Plaza et al., 2004; Ghimire et al., 2017; Pant et al., 2017).
The results of the correlation analysis indicates that the improvement in soil physical properties may have been responsible for improving drainage capacities and the increased crop yields (Jiang et al., 2018), especially for wheat. Therefore, SAP was arguably more beneficial than OM in causing an increase in the yields of wheat and maize, because it resulted in more improvements to soil quality.
General Implications on the Use of SAP and OM Treatments
Soil structures improve gradually after the application of SAP into the soil. Eventually, part of the SAP gradually penetrates the pores within the aggregates (Lu and Wu, 2003; Sojka et al., 2007), binds soil particles together, and increases soil aggregation (Lu and Wu, 2003) and pore continuity (Ajwa and Trout, 2006). The application of OM, as a binding agent (Zhang et al., 2016), also significantly improves soil structure, soil pore characteristics and other soil physical properties, because it is rich in organic matter (Yan et al., 2013) and nutrient components. OM also promotes soil biological activity, which is beneficial for the formation of macropores and increases soil structure stability. However, when the application rate of SAP exceeds a certain threshold, it will cause soil consolidation (Pramthawee et al., 2017), soil pore blockages and soil structure deterioration (Yang et al., 2005). In addition, when disintegration of the SAP several years after application results in its reduced ability to bind soil particles, soil structural stability will decrease as well. This negatively affects the circulation and exchange of water and air in the soil, and the growth of crop roots and microorganisms, resulting in a decline in soil quality (Wang et al., 2017b). Accordingly, the effects and required dosages or frequency of SAP application is a critical factor that depends on soil type.
Guo et al. (2019) found that soil structure stability increased after animal manure application in southern China but not in northern China because of high Na+ from animal manure remaining in northern soil due to low rainfall (Yan et al., 2013). However, chicken manure itself functions well as a binding agent and increases soil aggregate stability (Zhang et al., 2014). Kuncoro et al. (2014a), Kuncoro et al. (2014b) found that when large quantities of organic materials are applied into soil, soil macropores can be blocked during the initial stages of the treatment, resulting in decreased hydraulic conductivity. In addition, excessive manure has a negative or neutral effect (Zhang et al., 2016; Guo et al., 2018) on soil structure, may lead to soil acidification, and cause the soil structure to be hardened and soil quality to be reduced (Yang et al., 2005), which may ultimately result in lower microbial activity and poor soil porosity. In summary, although SAP and OM are good amendments for improving soil structure, increasing soil organic carbon, and increasing crop yield, the dosage and frequency of application has to be appropriate for the soil type and climate.
CONCLUSION
Long-term application of SAP and OM significantly improved soil pore numbers and porosities at 5–20 cm depth, while improving the connectivity of soil pores across the soil profile, increasing the TOC (10–20 cm and 40–50 cm), AOC (0–40 cm), field water capacity (0–20 cm), available water content (0–20 cm), wilting point (10–30 cm), saturated water content (10–70 cm), saturated hydraulic conductivity (0–90 cm), WSM (0–30 cm and 40–50 cm), and reducing the soil bulk density (0–70 cm). Compared with OM, SAP had a stronger positive effect on the total organic carbon, soil field water capacity, available water content, saturated water content, saturated hydraulic conductivity, and WSM in the 0–20 cm soil layer. SAP and OM application improved the pore size distribution in the soil profile by increasing the TOC and AOC contents, and by enhancing the water-stability of aggregates. Therefore, we conclude that long-term application of SAP and OM, in appropriate amounts, provides conducive conditions for crop growth, and increases the yields of wheat and maize. Between the studied treatments SAP and OM, SAP led to greater increases in yields. Based on correlations between the soil organic carbon content, soil pore parameters and soil physical properties, the effect of the SAP and OM treatments on soil quality may possibly be characterized in the future without having to measure all of the soil physical properties.
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