

[image: Effects of long-term maize/peanut intercropping and phosphorus application on soil surface electrochemical properties and crop yield]
Effects of long-term maize/peanut intercropping and phosphorus application on soil surface electrochemical properties and crop yield





ORIGINAL RESEARCH

published: 25 March 2025

doi: 10.3389/fagro.2025.1535871

[image: image2]


Effects of long-term maize/peanut intercropping and phosphorus application on soil surface electrochemical properties and crop yield


Rentian Ma 1*, Ning Yu 1, Shiwei Zhao 2,3, Taiji Kou 1 and Nianyuan Jiao 1*


1 College of Agriculture, Henan University of Science and Technology, Luoyang, China, 2 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest Agriculture and Forestry (A&F) University, Yangling, China, 3 Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling, China




Edited by: 

Tariq Aziz, Faisalabad, Pakistan

Reviewed by: 

Ping Liao, Yangzhou University, China

Hafiz Muhammad Bilal, Government of Punjab, Pakistan

*Correspondence: 

Rentian Ma
 1371105625@qq.com 

Nianyuan Jiao
 nianyuanjiao@haust.edu.cn


Received: 28 November 2024

Accepted: 11 March 2025

Published: 25 March 2025

Citation:
Ma R, Yu N, Zhao S, Kou T and Jiao N (2025) Effects of long-term maize/peanut intercropping and phosphorus application on soil surface electrochemical properties and crop yield. Front. Agron. 7:1535871. doi: 10.3389/fagro.2025.1535871



Intercropping and phosphorus application are effective ways to increase crop yield and improve cultivated land quality. This study took the soil under the maize-peanut intercropping system which has been planted for 12 years as the research object, the physical, chemical, and electrochemical properties of soil, and crop yield under different planting patterns [sole-crop maize (SM), sole-crop peanut (SP), and maize-peanut intercropping (M/P)] and phosphorus application rates [P application (180 kg P2O5 ha−1) and no P application (0 kg P2O5 ha−1)] were studied. The results showed that intercropping increased soil aggregate stability, clay content, and gas phase ratio, P application further optimized the soil physical properties. At the same time, intercropping decreased soil pH and EC, increased soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) contents. P application increased soil pH, SOC, TN, TP, and EC. Compared with monoculture, intercropping increased the surface charge number (SCN) by 19.98%, specific surface area (SSA) by 44.34%, surface charge density (σ0) by 38.08, electric field strength (E0) by 38.22, and Zeta potential by 46.85%. P application further increased the SCN by 20.75%, SSA by 23.43%, σ0 by 67.82%, E0 by 67.13%, and Zeta potential by 15.51%. Maize-peanut intercropping increased the total crop yield of the intercropping system, the application of phosphate fertilizer further increased the yield of maize and peanut. The aggregate stability and nitrogen were significantly positively correlated with crop yield, and the carbon, phosphorus, and electrochemical properties were extremely significantly positively correlated with crop yield.
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1 Introduction

Intercropping refers to the planting pattern of two or more crops on the same land, which can intensively utilize resources such as light, temperature, water, and heat, and improve the yield of crops per unit area (Li et al., 2023a; Wang et al., 2024). Maize/peanut intercropping is a common intercropping pattern between grasses and legumes, which can fully leverage the dual advantages of crop marginal effects and peanut biological nitrogen fixation, not only solve the contradiction of land competition between grain and oil, but also effectively improve the utilization rate of resources and improve the soil ecological environment through compound planting pattern (Jiao et al., 2021; Zhao et al., 2023).

Phosphorus (P), as one of the basic components of many biological compounds (such as phospholipids and nucleic acids), plays an important role in plant growth and metabolism. The content of available phosphorus in farmland soil is generally low. Applying phosphate fertilizer is not only the main means to alleviate the limitation of soil phosphorus and improve crop yield, but also the fundamental way to maintain and improve the level of soil phosphorus pools (Guo et al., 2023; Li et al., 2024). Maize and peanut are both phosphorus loving crops and are sensitive to the phosphorus content in the soil. The addition of phosphorus fertilizer can enhance the photosynthesis of crops, increase the accumulation of protein, improve the utilization rate of light energy, and promote the accumulation of dry matter and crop growth and development (Shi et al., 2020; An et al., 2023).

The electrochemical properties of soil surface are the basis of soil fertility and the key factors affecting crop growth and nutrient absorption, including surface charge number, specific surface area, surface charge density, surface electric field strength, etc. The soil surface carries charges, which can absorb and transfer various nutrient ions released by fertilizer, and can better reflect the fertility level, fertilizer retention ability and buffering ability of soil (Liu et al., 2022a; Ma et al., 2023; Zhou et al., 2024). The specific surface area of soil can reflect its adsorption and ion exchange capacity. A larger specific surface area can store nitrogen and provide nutrient support for crop growth (Jiang et al., 2011; Wang et al., 2021). The surface charge density and electric field strength of soil determine the cation adsorption strength of soil colloids, and the magnitude of soil ion adsorption strength is of great significance for the retention of effective nutrients in crops (Liu et al., 2020; Ali et al., 2023).

Compared with monoculture, long-term intercropping can increase the content of soil organic matter and change the basic physicochemical and electrochemical properties of soil (Jat et al., 2019; Liu et al., 2020). At the same time, the application of phosphate fertilizer can also promote the dissociation of hydroxyl group on the surface of soil colloids, and increase the charge amount of soil colloids (Lü et al., 2017; Luo et al., 2021). At present, there are many studies on soil physical and chemical properties, microbial properties, and photosynthetic performance under intercropping and phosphorus application (Qu et al., 2022; Zou et al., 2023; Wu et al., 2024), but there are few studies on soil surface electrochemical properties and crop yield under intercropping and phosphorus application. This study took the 12-year maize-peanut intercropping system as an example to study the soil physical, chemical, and electrochemical properties of soil, and crop yield under three planting patterns of sole-crop maize (SM), sole-crop peanut (SP), and maize-peanut intercropping (M/P), as well as two P levels of P application (180 kg P2O5 ha−1) and no P application (0 kg P2O5 ha−1). The purpose is to explore (1) the effects of different planting patterns and phosphorus application levels on soil physical, chemical, and electrochemical properties, (2) the effects of different planting patterns and phosphorus application levels on crop yield, (3) the relationship between crop yield and soil properties under different planting patterns and phosphorus application levels.




2 Materials and methods



2.1 Experimental site

This experiment was conducted in Luoyang, Henan Province, China (33°35′N, 111°8′E) from 2010 to 2022. The experimental site is located in the temperate zone, belonging to the semi-humid and semi-arid continental monsoon climate, the average annual precipitation is 610 mm, the average annual evaporation is 2113 mm, and the average annual temperature is 13.6 °C. The soil in the experimental site is fluvo-aquic with medium soil texture. At the beginning of the experiment in 2010, the soil characteristics of 0-20 cm topsoil were as follows: pH, 7.33, bulk density, 1.35 g cm−3, organic carbon, 10.7 g kg−1, total nitrogen, 1.20 g kg−1, available phosphorus, 11.6 mg kg−1, available potassium, 223.8 mg kg−1.




2.2 Experimental design

Two-factor randomized block design was used in the experiment. Two factors were planting pattern and phosphorus application level. The planting patterns included sole-crop peanut (SP) (Arachis hypogaea L. cv. Huayu 16), sole-crop maize (SM) (Zea mays L. cv. Zhengdan 958), and maize intercropping with peanut (M/P) (combination of two rows of maize and four rows of peanut). The phosphorus application rates were set at 2 levels of 0 kg P2O5 ha−1 (P0) and 180 kg P2O5 ha−1 (P180). A total of 6 treatments, each treatment repeated 3 times, and there were 18 plots, each with an area of 60 m2 (6 m × 10 m). In sole cropping, the row spacing, plant spacing, and plant density for maize and peanut were 60 and 30 cm, 25 and 20 cm, 66 667 and 166 667 plants ha-1, respectively. In intercropping, the row spacing, plant spacing, and plant density for maize and peanut were 40 and 30 cm, 20 and 20 cm, 50 000 and 100 000 plants ha-1, respectively. In intercropping, the row spacing between maize and peanut was 35 cm.

Diammonium phosphate was adopted as the phosphate fertilizer and applied as the base fertilizer. Urea was used as nitrogen fertilizer, and 90 kg N ha−1 of basal fertilizer was applied to both monoculture and intercropping peanut at once. The nitrogen application rate for monoculture and intercropping maize was 180 kg N ha−1, divided into two applications according to a basal to topdressing ratio of 1:1. The topdressing was applied during the big bell stage of maize. Maize and peanut were planted at the same time in early June and harvested at the same time in early October.




2.3 Soil sampling

Soil samples were collected after the crop was harvested in October 2022. Topsoil samples ranging from 0 to 20 cm were collected in each plot. In single cropping plot, three sub-samples were collected between crop rows in each plot with auger and mixed into one soil sample. In intercropping plot, three sub-samples were collected between two crop rows with auger and mixed into one soil sample. Then took the soil samples back to the laboratory and broke it into blocks with a diameter of about 10 mm according to its natural structure. Each sample was divided into two parts, one part was used to analyze the stability of soil aggregates, and the other part was used to analyze the physical, chemical, and electrochemical properties of soil.




2.4 Soil sample analysis

Soil bulk density (BD) was analyzed by three cutting ring samples in 0-20 cm soil layers in each plot. Soil aggregate stability was determined by conventional wet sieving methods (Elliott, 1986). Mean weight diameter (MWD) was calculated as an index of soil aggregate stability as Equation 1. The particle size fraction (psf, sand: silt: clay) was measured by the Malvern laser particle size analyzer (MS3000). Soil solid-liquid-gas three-phase ratio (tpr, solid: liquid: gas) were determined by the conventional core method (Hao et al., 2020; Peng et al., 2020). Soil pH and electrical conductivity (EC) were measured by An HQ30d Protable Meter (HACTH, USA) [soil: water = 1: 2.5 (w/v)]. Soil organic carbon (SOC) content was determined by the potassium dichromate oxidation method (Lu, 2000). The total nitrogen (TN) and total phosphorus (TP) contents were determined by the Kjeldahl method and Mo-Sb colorimetric method, respectively (Lu, 2000). The zeta potentials and size distributions of soil colloid particles were analyzed using a ZetaPlus instrument (Brookhaven Instruments Corporation, USA), using the dynamic light scattering (DLS) method (Hong et al., 2021). Soil surface electrochemical properties were determined by the conjoint determination method of material surface properties established by Li et al. (2011). In short, first, washed approximately 100 g of soil with 500 mL 0.1 mol L-1 HCl to prepare an H+-saturated sample, and then washed repeatedly with deionized water until the solution contains no Cl-. Dried the H+-saturated soil sample at 60°C and passed it through a 0.25 mm sieve. Second, the 10 g H+-saturated soil sample (in triplicate) was transferred to the 150 ml triangular bottle, and the Ca(OH)2 and NaOH solution of the equal volume of 0.01 mol L−1 were added. After shaking for 24 hours, 0.1 mol L−1 HCl was dropped to adjust the pH of the suspension to 7. Third, centrifuged the suspension to collect the supernatant and measured the concentrations of Na+ and Ca2+ in the supernatant. Finally, the soil surface electrochemical properties were calculated by the following Equations 2–6 (Li et al., 2011; Yu et al., 2017).

 

where xi and wi mean the mean diameter (mm) and percentage (%) of each size aggregate fraction, respectively.

 

 

 

 

 

where

	

	

	

	

where φ0 (mV) is the surface potential, R (J K−1 mol−1) is the universal gas constant, T (K) is the absolute temperature, F (C mol−1) is the Faraday constant, Z is the charge of each ion species, βNa and βCa are the corresponding modification factors of Z for Na+ and Ca2+, respectively. c0Na (mol L−1) and c0Ca (mol L−1) are equilibrium Na+ and Ca2+ concentrations in the bulk solution, respectively. σ0 (C m−2) is the surface charge density, E0 (V m−1) is the surface electric field strength, SSA (m2 g−1) is the specific surface area, SCN (cmol kg−1) is the surface charge number, I (mol L−1) is the ionic strength, κ (dm−1) is the Debye-Hückel parameter.




2.5 Determination of crop yields

At the harvest stage of sole-crop maize (SM), intercropping maize (IM), sole-crop peanut (SP), intercropping peanut (IP), the yields of five-meter double row peanut and maize were measured randomly with three replicates. The weight of maize seed and peanut pod was measured after air-drying.

The intercropping advantage is measured by the land equivalent ratio (LER), and the formula is as Equation 7 (Mead and Willey, 1980):

 

where YIM and YIP represent the actual yields of intercropping maize and intercropping peanut, respectively, YSM and YSP represent the actual yields of monoculture maize and monoculture peanut, respectively. LER > 1 indicates intercropping advantage, LER < 1 indicates intercropping disadvantage.




2.6 Statistical analysis

Microsoft Excel 2013 and SPSS 22.0 software were used for statistical analysis of the experimental data, and Origin 2021 was used for plotting. Soil physical, chemical, and electrochemical properties, and crop yield were compared between different treatments using the one-way analysis of variance (ANOVA) followed by a Tukey’s honest significant difference test. The Pearson coefficient test was used to measure the correlation between soil properties. Redundancy analysis (RDA) was carried out using the software of Canoco 5. Structural equation modeling (SEM) was used to analyze the direct and indirect effects of planting patterns and phosphate fertilizer application on soil electrochemical properties using AMOS 20.0 (AMOS Development, Spring House, U.S.A.).





3 Results



3.1 Soil basic physicochemical properties under different planting patterns and phosphorus application rates



3.1.1 Soil physical properties under different planting patterns and phosphorus application rates

The intercropping of maize and peanut and the application of phosphorus had a significant impact on soil physical properties (Figure 1). Intercropping and P application reduced soil BD compared to monoculture and no P application, but the difference was not significant (P > 0.05). Compared with SP and SM, M/P significantly increased soil MWD by 38.37% and 19.00%. Compared to P0, P180 significantly increased soil MWD by 19.42%. Compared with monoculture and no P application, intercropping and P application reduced sand (-6.04%-7.81% and -1.45%-11.80%) and silt contents (2.70-4.74% and -0.57%-1.84%) and increased clay content (1.87%-7.86% and 1.10%-4.92%). Intercropping and P application reduced the percentage of soil solid phase (0.64%-6.85% and -1.02%-2.22%) and increased the percentage of soil gas phase (3.90%-7.71% and 0.86%-5.55%) compared to monoculture and no phosphorus application. In addition, intercropping and P application had significant or extremely significant effects on MWD and particle size fraction (P < 0.05 or P < 0.01), the interaction effect between intercropping and P application had a significant impact on soil MWD, particle size fraction, and three-phase ratio (P < 0.05).




Figure 1 | Soil physical properties under different planting patterns and phosphorus application rates. Different letters indicate significant differences at P < 0.05. I, planting pattern; P, P level; I×P, planting pattern×P level.






3.1.2 Soil chemical properties under different planting patterns and phosphorus application rates

The intercropping of maize and peanut and the application of phosphorus had a significant impact on soil chemical properties (Figure 2). Intercropping reduced soil pH compared to monoculture, but the difference was not significant (P > 0.05). Compared to SP and SM, M/P increased soil SOC by 0.95% and 2.94%, respectively. Under P0 level, the TN content of SP was the highest, which was significantly higher than that of SM and M/P by 6.15% and 3.74%. Under P180 level, M/P significantly increased TP content by 10.11% and 8.36% compared to SP and SM (P < 0.05). M/P significantly reduced soil EC by 11.43% and 7.41% compared to SP and SM (P < 0.05). Compared to P0, P180 significantly increased soil pH by 1.06% (P < 0.05), SOC by 5.61% (P < 0.05), TN by 13.92%, TP by 85.17%, and EC by 6.50% (P < 0.05). In addition, intercropping had a significant or extremely significant impact on soil pH, SOC, and EC (P < 0.05 or P < 0.01), while phosphorus application and the interaction between intercropping and phosphorus application had an extremely significant impact on soil pH, SOC, TN, TP, and EC% (P < 0.01).




Figure 2 | Soil chemical properties under different planting patterns and phosphorus application rates. Different letters indicate significant differences at P < 0.05. I, planting pattern; P, P level; I×P, planting pattern×P level.







3.2 Soil electrochemical properties under different planting patterns and phosphorus application rates

The intercropping of maize and peanut and the application of phosphorus had a significant impact on soil electrochemical properties (Figure 3). Compared to SP and SM, M/P increased soil SCN by 27.89% and 12.07%, respectively. Compared to P0, P180 significantly increased soil SCN by 20.75% (P < 0.05). M/P significantly increased SSA by 60.90% and 27.78% compared to SP and SM (P < 0.05). P180 significantly increased SSA content by 23.43% compared to P0 (P < 0.05). Compared to SP and SM, M/P increased σ0 by 43.85% and 32.30%, respectively. Compared to P0, P180 significantly increased σ0 by 67.82% (P < 0.05). Compared to SP and SM, M/P increased E0 by 37.95% and 38.48%, respectively. Compared to P0, P180 significantly increased E0 by 67.13% (P < 0.05). Under P0 level, M/P significantly increased φ0 by 15.29% and 9.13% compared to SP and SM. Under P180 level, there was no significant difference in φ0 between different treatments (P > 0.05). P180 significantly increased φ0 by 10.52% compared to P0. In addition, the interaction between intercropping and phosphorus application had an extremely significant impact on soil SCN, SSA, σ0, E0, and φ0 (P < 0.01).




Figure 3 | Soil electrochemical properties under different planting patterns and phosphorus application rates. Different letters indicate significant differences at P < 0.05. I, planting pattern; P, P level; I×P, planting pattern×P level.



Figure 4 shows the Zeta potential under different planting patterns and phosphorus application rates. Compared to SP and SM, M/P increased Zeta potential by 41.10% and 11.49%, respectively. Compared to P0, P180 significantly increased Zeta potential by 15.51%.




Figure 4 | Zeta potential under different planting patterns and phosphorus application rates. Different letters indicate significant differences at P < 0.05. I, planting pattern; P, P level; I×P, planting pattern×P level.



Figure 5 shows the soil particle size distribution under different planting patterns and phosphorus application rates. Under P0 level, the main distribution range of soil particle size was 400-2000 nm, and under P180 level, the main distribution range of soil particle size was 300-3000 nm. The average effective particle sizes of P0SP, P0SM, P0M/P, P180SP, P180SM, and P180M/P were 476, 762, 1220, 892, 557, and 1428 nm, respectively.




Figure 5 | Soil particle size distribution under different planting patterns and phosphorus application rates.



Figure 6 shows the redundancy analysis (RDA) of soil electrochemical properties and basic physicochemical properties. The first and second axes accounted for 82.33% and 6.93% of the total variance, respectively. There were differences in soil properties under different planting patterns and phosphorus fertilizer application. Soil P, C, and MWD (F=37.5, P=0.001; F=18.6, P=0.001; F=8.4, P=0.018) were the main factors affecting soil surface electrochemical properties, which explained 42.8%, 26.7%, and 12.6% of the variation of electrochemical properties, respectively (Table 1).




Figure 6 | Redundancy analysis (RDA) of soil electrochemical properties and basic physicochemical properties. BD, bulk density. MWD, mean weight diameter. psf, particle size fraction (sand: silt: clay). tpr, solid-liquid-gas three-phase ratio. EC, electric conductivity. SCN, surface charge number. SSA, specific surface area. σ0, surface charge density. E0, electric field strength. φ0, surface potential.




Table 1 | Interactions between soil basic physicochemical properties and surface electrochemical properties.






3.3 Crop yield under different planting patterns and phosphorus application rates

Table 2 shows the yield of maize and peanut under monoculture and intercropping and different phosphorus application rates. Overall, the yield of SM was the highest, significantly higher than that of IM, and the yield of SP was significantly higher than that of IP. The yield of maize was higher than that of peanut. The yield of maize and peanut under P180 was significantly higher than that under P0. Planting method, phosphorus levels, and their interaction had significant effects on crop yield. LER values ranged from 1.23 to 1.46 with an average of 1.32. LER value > 1, showing intercropping advantage.


Table 2 | Effect of planting patterns and phosphorus levels on crop yield.






3.4 The relationship between crop yield and soil properties

Figure 7 shows the relationship between crop yield and soil properties. Soil BD was significantly negatively correlated with MWD and σ0 (P < 0.01). Soil MWD was significantly positively correlated with psf, SCN, SSA, σ0 and φ0 (P < 0.01), and significantly negatively correlated with EC (P < 0.01). Soil psf was significantly negatively correlated with SSA and σ0 (P < 0.01), and significantly positively correlated with EC (P < 0.01). Soil trp was significantly positively correlated with pH (P < 0.01). C was significantly positively correlated with P, SCN, SSA, φ0, E0, and σ0 (P < 0.01), and significantly negatively correlated with EC (P < 0.01). N was significantly positively correlated with P, σ0, and E0 (P < 0.01). P was significantly positively correlated with SCN, σ0, E0, and φ0 (P < 0.01). EC was significantly negatively correlated with SCN, σ0, and E0 (P < 0.01). There was a significantly positive correlation among SCN, SSA, σ0, E0, and φ0 (P < 0.01). Crop yield was significantly positively correlated with C, P, SCN, SSA, σ0, E0, φ0, and Zeta potential (P < 0.01).




Figure 7 | Relationship between crop yield and soil properties. ** and * indicating statistical significance at levels of P < 0.01 and P < 0.05, respectively.



The interaction among planting patterns, phosphorus application, soil properties, and crop yield was analyzed by structural equation model (SEM). As can be seen from Figure 8, planting patterns had significant positive effects on soil physical (P < 0.001), chemical (P < 0.01), and electrochemical properties (P < 0.01). Phosphorus application had significant negative effects on soil physical properties (P < 0.001) and electrochemical properties (P < 0.01), and significant positive effects on soil chemical properties (P < 0.001). At the same time, planting patterns and phosphorus application also had positive effects on soil electrochemical properties through indirect effects on soil physical and chemical properties. Soil physical (P < 0.01), chemical (P < 0.01), and electrochemical properties (P < 0.001) had significant positive effects on crop yield, and the electrochemical properties had the greatest effect on crop yield, with a correlation coefficient of 0.76.




Figure 8 | Structural equation modeling (SEM) of the associations among planting patterns, phosphorus application, and soil properties. The red and blue lines represent positive and negative pathways, respectively. Numbers on the arrowed lines and thickness of arrows indicate normalized path coefficient. ** Significant at P < 0.01. *** Significant at P < 0.001. R2 beside the latent variables are the coefficients of determination. Model fitness details (χ2/df, P, GIF, RMSEA) are shown in the figure.







4 Discussion



4.1 Effects of planting patterns and phosphate fertilization on soil physical properties

Soil physical properties are the foundation of soil fertility and have a significant impact on crop gas exchange and root development (Burrell et al., 2016; Yang et al., 2021). This study found that intercropping could reduce soil bulk density compared to monoculture (Figure 1), this was mainly due to the dense distribution of crop roots under intercropping pattern, which helped loosen the soil and reduce soil bulk density (Li et al., 2020). Soil aggregates is a reservoir of soil nutrients, and its stability is related to soil nutrient supply capacity. Intercropping and phosphorus application could improve soil aggregate stability, which was consistent with the results reported by Garland et al. (2017) and Zan et al. (2023). Intercropping could increase the stability of soil aggregates because the intercropping pattern has a more developed crop root system, which made it easier for the soil to form larger particle size aggregates through root entanglement and consolidation (Seidel et al., 2017). At the same time, intercropping increased the interaction between roots of different crops, and promoted the increase of root exudates and microbial activity. Polysaccharides and other organic complexes secreted by plant roots and fungal hyphae promoted the bonding of soil particles and microaggregates, which was conducive to the transformation of microaggregates into macroaggregates (Tian et al., 2019). Additionally, the application of phosphate fertilizer increased the complexation of aluminum and calcium with phosphate in soil, and the complexation product was a good cementitious substance, which promoted the formation of aggregates (Du et al., 2022).

Intercropping and phosphorus application also increased soil clay content and reduced sand content (Figure 1), indicating that intercropping and phosphorus application were beneficial to soil cohesion, optimize soil texture, and improve particle composition. At the same time, intercropping and phosphorus application changed the soil three-phase ratio, that was, increased soil gas phase ratio and decreased soil solid phase ratio. This was mainly because intercropping and phosphorus application promoted crop root growth, established a good physical structure in the cultivated layer, reduced soil bulk density and compaction, increased porosity and moisture content, resulting in the change of soil three-phase ratio (Moura et al., 2021).




4.2 Effects of planting patterns and phosphate fertilization on soil chemical properties

Soil chemical properties reflect the potential ability of soil to supply nutrients to plant roots and are closely related to the nutritional status of plants (Deiss et al., 2020). In this study, intercropping reduced soil pH compared to monoculture (Figure 2), which was related to the interaction between roots in the intercropping system inducing changes in root secretion of H+ and OH- (Wang et al., 2015). The decrease of soil pH in the intercropping can promote the activation of some insoluble nutrients in the soil, which can improve the nutritional status of crops and promote crop growth. Intercropping increased the soil organic carbon content, because the roots in the intercropping system was developed, and the number of roots and their secretions in the soil increased, resulting in an increase in the input of organic carbon in the soil, and thus increased the soil organic carbon content (Jat et al., 2019). Phosphorus application not only promoted the growth and development of aboveground parts of crops, but also promoted the growth of crop roots, resulting in an increase in the number of stubble returned to the field and thereby increasing the organic carbon content in the soil (Mahmoud et al., 2019). In addition, it was found that at P0 level, the total nitrogen content of monoculture peanut was significantly higher than that of monoculture maize and maize-peanut intercropping. This was because the rhizobia in peanut roots have a nitrogen fixing effect, which in turn increases the nitrogen content in the soil.

Compared with monoculture, intercropping increased the total phosphorus content in the soil. This was because intercropping promoted the root growth of maize and peanut, significantly increased root dry weight, root crown ratio, and root length, and changed the distribution of roots in different levels of soil, thereby promoting the increase of soil nutrients (Jiao et al., 2021). Compared with not applying phosphorus fertilizer, the total phosphorus content in the soil significantly increased after applying phosphorus fertilizer. This might be due to the fact that an appropriate amount of phosphorus fertilizer promoted root growth, increased root exudates, and led to more root exudates and residues entering the soil (Du et al., 2022). Moreover, the application of phosphorus fertilizer is the main reason for the increase in soil phosphorus content. Soil electrical conductivity is an indicator that reflects the concentration of electrolytes in the soil and also characterizes the concentration of soil salt ions (Liu et al., 2019). Within an appropriate range, a higher soil electrical conductivity indicates more available nutrients for plant utilization in the soil. Intercropping reduced soil electrical conductivity, because intercropping increased soil porosity, water content, and other characteristics, increased nutrient absorption, and allows some salt to be absorbed, resulting in a decrease in soil electrical conductivity (Su et al., 2022).




4.3 Effects of planting patterns and phosphate fertilization on soil electrochemical properties

The electrochemical properties of soil surface affect a series of physical and chemical processes, such as soil fertility, nutrient uptake, element migration, and soil structural stability (Li et al., 2013; Hu et al., 2015). Surface charge number is one of the factors affecting cation exchange capacity, and it is also the key to affect the absorption of nutrients by crops (Yu et al., 2017). This study found that intercropping increased the amount of soil surface charge (Figure 3), because the crop root density and root exudates were high under intercropping conditions, while substances such as sugars and organic acids secreted by roots entered the soil and were adsorbed due to strong complexation, thus increasing the amount of soil surface charge (Farhangi-Abriz and Ghassemi-Golezani, 2023). The application of phosphate fertilizer also increased the amount of charge, because when phosphorus entered the soil, it would promote the dissociation of hydroxyl groups on the surface of soil colloids, resulting in an increase in the amount of negative charge of soil colloids (Lü et al., 2017). The specific surface area of soil is an important site for adsorption reaction and ion exchange in soil, which is closely related to the ability of soil to maintain and supply nutrients and water for crops (Bayat et al., 2015). Intercropping and phosphorus application increased soil specific surface area, which indicated that intercropping and phosphorus application could improve soil adsorption and ion exchange capacity, and store more nutrients for crop growth.

Surface charge density of soil particles refers to the number of charges per unit area of soil particles. The higher the charge density, the greater the ion adsorption capacity (Liu et al., 2022b). Intercropping and phosphorus application increased the surface charge density of soil particles, indicating that intercropping and phosphorus application increased the amount of charge per unit area and the ability of soil to retain nutrient ions. It was found that intercropping and phosphorus application increased the Zeta potential (Figure 4), because intercropping and phosphorus application increased the content of soil organic matter, and soil organic matter (mainly humus) could generate variable negative charge through the dissociation of its functional groups, which led to the increase of Zeta potential absolute value (Li et al., 2023b).

In this study, under different planting patterns and phosphorus application rates, MWD and particle size fraction in soil physical properties are the main factors affecting soil electrochemical properties (SSA and SCN) (Figure 6, Table 2). MWD affects the electrochemical properties of soil because the more stable the aggregates are, the stronger the ability of soil to hold charges, and the organic carbon is not easy to mineralize (Even and Cotrufo, 2024). In the particle size composition of soil, clay has a large specific surface area, and its main components are layered silicate clay minerals and oxides, which the soil surface negatively charged by isomorphism displacement and hydroxyl ion dissociation, respectively (Liu et al., 2020). Therefore, the increase of clay content can increase the value of soil electrochemical properties. While the sand particles are mostly primary minerals, whose specific surface is smaller and can provide fewer ion exchange sites, the increase of its content in soil will decrease the value of electrochemical properties (Chen et al., 2019).

As is well known, due to the valence state of phosphorus itself, it inevitably participates in the adsorption, fixation, and certain exchange reactions on the surface of soil colloids in the soil. The reactions may also affect and alter the release of hydroxyl groups on the surface of soil colloids, causing changes in the types and quantities of charges carried on the surface of soil colloids (Luo et al., 2021). Intercropping and phosphorus application can also affect the electrochemical properties of soil by increasing the content of soil organic matter, because organic matter can produce variable negative charges through the dissociation of its functional groups, which increases the amount of soil surface charges (Yu et al., 2017). Moreover, organic matter is composed of three-dimensional polymer phases and has a high internal surface area (Liu et al., 2020). Therefore, the higher the content of soil organic matter, the greater the specific surface area of soil. Intercropping and phosphorus application change the pH value of soil (Figure 2). In addition to directly affecting the variable charge properties and quantity, soil pH can also affect the electrochemical properties of soil colloid through ion morphology, competitive adsorption, precipitation dissolution, coordination and other reactions (Xu et al., 2017; Bian et al., 2021).




4.4 Effects of planting patterns and phosphate fertilization on crop yield

Long-term rational intercropping can improve the biodiversity and ecological environment of farmland, increase crop yield, and maintain the stability of crop yield. The results of this study indicated that although the yield of each crop in the intercropping system decreased, the total crop yield of the intercropping system was higher than that of the monoculture, and the land equivalent ratio (LER) was greater than 1 (Table 2). LER is the main indicator for evaluating the efficiency of land use. LER greater than 1 indicates that intercropping systems have certain intercropping advantages, and land use efficiency increases (Yu et al., 2015). In this study, the LER of the maize-peanut intercropping system was greater than 1 (Table 2), indicating that the intercropping of maize and peanut showed obvious yield advantages and improved land productivity. This result was consistent with the research findings of Feng et al. (2020), who found that the land equivalent ratio of maize-soybean intercropping system was 1.23-1.57, it also indicated that intercropping had significant yield advantages. In addition, compared with no phosphorus fertilizer, the application of phosphorus fertilizer could increase the yield of maize and peanut (Table 2).

Maize-peanut intercropping and phosphate fertilizer application affected crop yield by changing soil physical, chemical, and electrochemical properties (Figures 7, 8). In soil physical properties, aggregate stability was positively correlated with crop yield. This results align with the findings of Yang et al. (2024). Stable soil aggregate structure can provide a favorable soil environment for crop growth, regulate soil permeability, increase soil temperature, promote root penetration and development, thereby improving crop yield and quality (Tian et al., 2019). The planting pattern and phosphorus fertilizer application also affected crop yield by changing the soil three-phase ratio and particle size fraction. The different proportions of soil solid-liquid-gas three phases directly affect the ventilation, water permeability, water supply and water retention of soil, and also affect the acidity and alkalinity of soil and the absorption efficiency of nutrients, thus affecting crop yield (Zhou et al., 2023). The particle size fraction of soil directly affects the ability of soil to retain water and fertilizer and the growth of crops (Jiang et al., 2024).

Maize-peanut intercropping and phosphate fertilizer application increased crop yield by increasing soil nutrient contents. Soil organic matter has a significant impact on crop growth and soil carbon cycling, promoting stable soil aggregate structure, enhancing water and fertilizer retention capacity, and microbial activity, which is beneficial for the growth of maize and peanut roots and nutrient supply (Li et al., 2021; Wu et al., 2021). As an important element, nitrogen can participate in the physiological and metabolic activities of crops, promote the accumulation of organic matter in crops, ensure the development of various organs of crops, and thus improve crop yield and quality (Zhang et al., 2025). Phosphorus application can increase the available phosphorus content in soil, which is beneficial for improving the leaf area index, photosynthetic substance accumulation, and growth rate of maize and peanut, and enhancing the photosynthetic capacity of maize and peanut (Jiao et al., 2021; An et al., 2023; Zan et al., 2023). Electrical conductivity is an important parameter for evaluating soil fertility and one of the key factors for crop growth (Liu et al., 2024). Different crops have different requirements for soil conductivity, and too high or too low conductivity will hinder the growth of maize and peanut.

The electrochemical properties of soil have a significant impact on the yield of maize and peanut. The quantity and properties of soil surface charges directly affect the adsorption performance of soil and the effectiveness of nutrients. The electric field formed by soil surface charges can affect root growth and nutrient absorption. The quantity and properties of soil surface charges also affect microbial activity, which in turn affects the decomposition of organic matter and nutrient cycling (Yu et al., 2017). Specific surface area is one of the important indicators for evaluating soil texture and water management capacity. Due to the large surface area of soil particles, the soil can adsorb and retain more water, which is crucial for plant growth and development. The specific surface area is closely related to the nutrient cycling and fertility of the soil. Due to the large surface area of soil particles, soil can adsorb and store relatively more nutrients, such as nitrogen, phosphorus, and potassium (Bayat et al., 2015). Zeta potential also has a significant impact on the availability of soil nutrients. It can affect the cation exchange capacity (CEC) in soil, which in turn affects the release and absorption of nutrients, ultimately affecting the nutritional status of plants (Farhangi-Abriz and Ghassemi-Golezani, 2023).





5 Conclusions

Maize-peanut intercropping and phosphorus application have effects on soil physical, chemical, electrochemical properties, and crop yield. Intercropping and phosphorus application decreased soil bulk density, increased soil aggregate stability, and increased soil clay content and gas phase ratio. At the same time, intercropping and phosphorus application increased soil SOC, TN, and TP contents, while intercropping decreased soil pH and EC. Intercropping and phosphorus application increased the soil surface charge number, specific surface area, surface charge density, electric field strength, and Zeta potential, optimizing soil electrochemical properties. Maize-peanut intercropping increased the total crop yield of the intercropping system and improved land productivity. The application of phosphate fertilizer further increased the yield of maize and peanut. The physical, chemical, and electrochemical properties of soil had a significant positive impact on crop yield, with electrochemical properties having the greatest positive effect on crop yield.
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SM, sole-crop maize; IM, intercropping maize; SP, sole-crop peanut; IP, intercropping peanut; LER, land equivalent ratio; Pg: 0 kg P;Os ha™; P1g6:180 kg P,Os ha™'. I, planting pattern; P, P level;
IxP, planting patternxP level. ** Significant at p < 0.01. Different letters in the same line indicate significant differences among treatments (P < 0.05).
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MWD, mean weight diameter; psf, particle size fraction (sand: silt: clay); EC, electric
conductivity; BD, bulk density; tpr, solid-liquid-gas three-phase ratio.
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