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Abstract

:

Uneven soil moisture and nutrient distribution before and after intercropping limits apple cropping system productivity in the western Shanxi–Loess Plateau area. To address this issue, a field trial was conducted between 2020 and 2021 to study the effects of different water and fertilizer management practices on soil moisture, nutrients, and root distribution, as well as the overall effectiveness of the apple–maize and apple–soybean intercropping systems during crop replacement. The experiment involved two irrigation methods: drip (D) and flood (M) irrigation. Three irrigation levels included rain-fed without irrigation (W0), and 50% (W1) and 80% (W2) of field capacity (Fc). Three fertilizer treatments included no additional fertilizer application (F0), 375 kg∙hm−2 (F1), and 750 kg∙hm−2 (F2), in addition to a control (CK) without irrigation or fertilization. The soil water content (SWC) decreased after the crop replacement. Additionally, nitrate nitrogen (NN), ammonium nitrogen (AN), and organic matter (OM) content levels in all treatments increased, whereas total phosphorus (TP) content decreased. The soil layer with crop roots moved downward after crop replacement, and partial fertilizer productivity (PFP), irrigation water use efficiency (IWUE), and water use efficiency (WUE) were decreased under both irrigation treatments. Principal component analysis showed that the W2F2 treatment had the highest benefit from crop combination across both irrigation treatments during the crop replacement period. According to our results, to optimize the benefits of apple-crop intercropping, drip irrigation with complete water supply and flood irrigation with incomplete water supply are recommended during crop replacement. In addition, an upper irrigation limit of 80% Fc with 750 kg∙hm−2 fertilization is recommended for optimal water and fertilizer regulation.
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1. Introduction


Intercropping fruit trees and crops is a typical type of agroforestry practice in the Loess Plateau area of western Shanxi Province which is essential for soil erosion control, restoration of ecological balance, and increase in local incomes. As a tree species of economic importance, apple trees are widely planted in the Loess Plateau region of western Shanxi Province; however, the fruit trees take a long time to reach reproductive maturity, thereby delaying the economic benefits [1]. To compensate for the economic losses, fruit growers often opt to plant maize between rows of young apple trees that have not yet fruited because maize production has a high economic efficiency. However, long-term intercropping of maize with apple trees causes soil compaction, pests, and diseases, impairs the soil nutrient balance, and reduces yields. Competition between aboveground and belowground parts of both apple trees and maize increases during the growing season [2], in turn reducing the comprehensive benefits of the intercropping system. In contrast, competition between aboveground and belowground parts of soybean and apple trees is relatively low; therefore, local fruit farmers often intercrop apples with soybean during the fourth year in an apple–maize intercropping system.



Root system types directly determine the capacity of a crop to absorb soil water and nutrients [3], and the spatial distribution characteristics of root systems in the soil affect crop water and fertilizer regulation [4]. Maize has a shallow, fibrous root system [5,6], whereas soybean has a deep taproot system [7]. Consequently, intercropping systems are susceptible to uneven distribution of water and nutrients due to variations in root distributions of intercrops after changing crops. The coexistence of fruit trees and crops in the Loess Plateau region of western Shanxi is typically associated with the uneven distribution of rainfall and low soil fertility, which affect the stability of intercropping systems and their benefits, thereby adversely affecting the incomes of fruit farmers and leading to land degradation [8,9].



Uneven distribution of soil water and nutrients can further alter root distribution and growth of intercrops during the intercrop replacement period, which thereby affects interactions between intercrops and overall intercropping efficiency, and, in present practice, currently needs to be reduced by implementing water and fertilizer management practices during the critical period. Researchers have investigated the distribution patterns of water and nutrients under different water and fertilizer conditions in continuous cropping systems, such as variations in soil water content (SWC) with distance from apple trees and soil depth in an apple–soybean intercropping system under straw and film mulching conditions [10,11]. Some scholars have also studied the law of change of soil moisture and available nutrients relative to distance from the tree and soil depth in apple–maize and apple–soybean intercropping systems under the coupled control of irrigation and fertilization [12,13]. Crop replacement not only alters the number and diversity of soil microbes [14], but also modifies the distribution of root systems. The distributions of soil microbial communities and plant root systems are crucial for water and nutrient uptake, as well as the synthesis of various substances in plants [15], which in turn, affect water and nutrient distributions, and alter interactions among subsurface species. Furthermore, water and nutrient distributions influence effective management of both water and fertilizer, which has an effect on the overall efficiency of an intercropping system. However, the relationship between soil moisture and nutrient distribution, their underlying mechanisms, and the overall benefits during the intercrop replacement period under controlled irrigation and fertilizer application remain unclear.



In addition, water supply conditions in the Loess Plateau area of western Jin vary considerably, and most water supply facilities in the region are inadequate. Only a few agricultural parks have relatively well-developed water supply systems, and the main water replenishment methods are drip and flood irrigation [16]. According to a previous systematic study conducted by our research team to determine the effects of different irrigation methods on the overall benefits of intercropping systems under apple–maize intercropping systems in this region, film mulching under flood irrigation provides greater overall benefits than does straw mulching in an apple–maize intercropping system [17], while drip irrigation at 50–65% of the field water holding capacity (Fc), combined with 70% fertilizer application, resulted in higher overall benefits [12]. However, the mechanisms underlying the effects of different water and fertilizer management practices on soil moisture, nutrients, root distribution, and overall intercropping efficiency during the intercropping replacement period remain unclear. The optimal water and fertilizer management practices during this period require further research.



This study adopted two water replenishment methods (drip and flood irrigation) and two fertilizer application rates to investigate the effects of different water and fertilizer management practices on: (1) the spatial distribution of soil moisture, nutrients, and roots in intercropping systems during the crop replacement period; and (2) aboveground dry matter quality (ADMQ), water use efficiency (WUE), and overall benefits during the intercropping period. Based on the results of the above analysis of relevant influencing factors, optimization measures for water and fertilizer management of apple intercropping systems in Loess Plateau areas of western Shanxi Province during the crop replacement period are proposed.




2. Materials and Methods


2.1. Experimental Site


The experimental site was located at the Shishanwan Experimental Base (36°53′10″–36°21′02″ N, 110°27′30″–111°07′20″ E) of the National Field Scientific Observatory of Forest Ecosystems in Jixian County, Shanxi Province, China (Figure 1). The site is part of the loess residual plateau gully area, with the top layer consisting of Quaternary wind-accumulated loess; the soil pH is 7.9. The soil in the area is poor, with less than 1% organic matter, and has an average dry bulk weight of 1.34 g/cm3. The climate of the area is described as a warm temperate continental monsoon climate with adequate sunshine, an average annual rainfall of 522.8 mm, and uneven distribution of rainfall between years. Rainfall is mainly distributed within a range extending from June through August, accounting for more than 80% of the annual rainfall. The average annual frost-free period is approximately 170 days, the average air temperature is 10 °C, and the average cumulative temperature is 3357.9 °C.




2.2. Experimental Design


The experimental site was located in Sanhou Village, Jixian County, Shanxi Province, and the study was conducted on a typical apple–maize intercropping system in 2020 and an apple–soybean intercropping system on the same plot in 2021. Apple trees which had not begun to bear fruits were planted in 2018 at a spacing of 3.5 m × 5 m in an east–west direction, and the plant height was 3.3 m. Apple trees were intercropped with a maize crop for two years before 2020, with maize and soybean rows being spaced at 0.3 m × 0.4 m in both 2020 and 2021. The apple trees were planted at a distance of 0.6 m from the crop rows. Each plot had one fruit tree, which was 2 m away from the edge of the plot, and the plot areas were 14 m2. Maize planting was delayed due to the COVID-19 outbreak in 2020. Maize was sown on 13 August 2020 and soybean was sown on 17 May 2021. Both maize and soybean were sown manually by placing two seeds per hole.



Three factors (irrigation method, irrigation level, and fertilizer application rate) were included as variables in the field experiment, based on the results of our previous studies on apple–maize intercropping systems in the area [2,10,12]. The appropriate water and fertilizer treatment ranges for apple–maize and apple–soybean intercropping systems were selected for the experiment (Table 1). The irrigation methods applied to this study included drip (D) and flood (M) irrigation; irrigation upper limits were rainfed (no irrigation, W0), 50% of the field water holding capacity (Fc)-W1, and 80% of the field water holding capacity (Fc)-W2. Fertilizer treatments included F0 (no fertilizer added), F1 (N 206.2 kg∙hm−2 + P2O5 84.4 kg∙hm−2 + K2O 84.4 kg∙hm−2), and F2 (N 412.4 kg∙hm−2 + P2O5 168.8 kg∙hm−2 + K2O 168.8 kg∙hm−2); areas with no irrigation and no topdressing were included as controls (CK). As both drip and flood irrigation–rainfed (without irrigation, W0), and drip and flood irrigation–no irrigation and no fertilizer treatments were the same, drip and flood irrigation treatments shared the W0F1, W0F2, and CK treatments, resulting in a total of 15 treatments with three replications for a total of 45 experimental plots. All plots were mulched with films and the spacing between two rows of crops was 40 cm. The flow rate of the drippers was 1.38 L/h, the spacing of the drip heads was 0.3 m, and the spacing between drip tapes was 0.7 m. Water was sourced from local farmers, and a water meter was installed at the inlet position of each irrigation treatment to regulate the amount of water used for irrigating crops. Before plowing, 75 kg∙hm−2 of N/P/K compound fertilizer was applied evenly to all treatments as a base fertilizer. The plot layout and sampling points are illustrated in Figure 2.




2.3. Data Collection and Measurements


2.3.1. Rainfall and Temperature


Precipitation and temperature data recorded at one-hour intervals were obtained from automated weather monitoring stations (Figure 3). The graphs included rainfall, temperature, and irrigation data collected during the maize and soybean growing seasons. The amount of rainfall received during the maize seedling stage in 2020 was 175.2 mm, or 83.7% of the total rainfall received during the reproductive period of maize (209.2 mm). Five heavy rainfall events (a total of 27.6–45.8 mm in 24 h) and one storm rainfall event (a total of 63.4 mm in 24 h) were recorded in 2021. The total number of days with rain was 24, implying that the total rainfall received during the soybean reproductive period was substantially higher than that received during the maize reproductive period. The rainfall received during the soybean maturity period was 356.2 mm, which accounted for 58.4% of the total rainfall received during the reproductive period of soybean (609.9 mm).




2.3.2. Soil Water Measurements


Soil moisture content was measured via an oven-drying method, using an auger (5 cm in diameter, the auger was used to collect soil samples) to determine soil mass moisture content at 0.3 m, 0.8 m, 1.25 m, and 1.7 m distance from the trees. Soil moisture content was measured at 7-day intervals for 0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm, 60–80 cm, and 80–100 cm (total of 8 layers), and soil bulk moisture content was measured, with additional measurements taken after irrigation and rainfall, three samples were taken from each layer to calculate the average.




2.3.3. Soil Nutrient Measurements


Soil nutrient sampling was carried out at the seeding stage and jointing stage of maize in 2020, and the podding stage and maturing stage of soybean in 2021. Soil samples were taken at 0.3 m, 0.8 m, 1.25 m, and 1.7 m from the trunks of the trees using the soil auger method in four layers of soil samples of 0–20 cm, 20–40 cm, 40–60 cm, and 60–100 cm; in total, three samples from each layer were tested. To make the samples representative of the average nutrient levels in the field, soil samples from three points equidistant from the tree rows were mixed as soil samples from one of the layers of a sample point, naturally shade-dried and sieved through sieves of different mesh sizes, and then analyzed in indoor tests. The indicators included nitrate nitrogen, ammonium nitrogen, organic matter, and total phosphorus. Nitrate nitrogen and ammonium nitrogen were measured by extraction with KCl solution and a Smartchem automatic chemical analyzer; organic matter was measured by concentrated sulphonic acid and potassium dichromate plus thermal oxidation [18]; and total phosphorus was measured by digestion and a Smartchem automatic chemical analyzer.




2.3.4. Root Measurements


The root system was sampled, using the root auger sampling method (10 cm diameter, 1570 cm3 volume), in 2020 at the jointing stage of maize and in 2021 at the maturing stage of soybean. The sampling points were selected in the same way as those selected for soil moisture and nutrients, and the sampling depths were the same as for soil nutrients, i.e., 4 layers of 0–20 cm, 20–40 cm, 40–60 cm, and 60–100 cm. Removed root systems were carefully selected and cleaned of any soil on the root system surface by continuous rinsing in clean water using a 2 mm sieve. Soybean and apple roots were carefully distinguished by their different appearance and finally scanned and analyzed for root-length density using a WinRHIZO root scanner (ver. 2003b, Reagent Instruments Inc., Quebec, Canada).




2.3.5. Determination of Aboveground Dry Matter Quality and Yield of Maize (Soybean)


Three plants representative of the treatments’ growth were taken from each treatment at the jointing and maturing stages of maize and soybean. The stems and leaves were divided into two parts and desiccated in an oven at 105 °C for 30 min, followed by drying until the samples were of constant weight. The dried dry matter mass was converted to hectare dry matter mass by taking the mean value. Due to frost damage to the crop in early October 2020 (maize jointing stage), which resulted in a lack of crop yield, the maize yield for 2020 in this study was calculated from an empirical model (R2 = 0.80, p < 0.01) which had been determined at the same location under the same climatic conditions (Zhou et al., 2019 [2]). The yield of soybean was determined as the seed yield in each plot at the maturing stage in 2021.





2.4. Statistical Analyses


2.4.1. Water Consumption (ET)


Water consumption (ET) levels during the growth of intercropped maize (soybean) were estimated using the water balance approach, as follows [19]:


   ET = I + P + U    −    R    −    F   ±   Δ W   








where ET is the water consumption of each growth stage (mm), I is the amount of irrigation water during the stage (mm), P is the amount of effective rainfall during the stage (mm), U is the amount of groundwater recharge (mm), R is the amount of surface runoff (mm), F is the amount of deep seepage (mm), and ΔW is the difference in the consumption of water stored in the 0–100 cm soil at the beginning and at the end of the stage. As the test site was flat, the visible surface runoff was 0. The groundwater burial depth was about 50 m, so the recharge from the surface layer of groundwater was also assumed to be 0. Deep seepage was assumed to be 0, as the SWC at 50–60 cm after each irrigation round or rainfall was less than Fc; consequently, the values of R, U, and F were considered negligible.




2.4.2. Irrigation Water Use Efficiency (IWUE)


Irrigation water use efficiency (IWUE) is the ratio of the GY to the amount of irrigation per unit area of intercropped maize (soybean), and was calculated as follows.


   IWUE = GY / I   








where IWUE is irrigation water use efficiency (kg/m3), GY is seed yield (kg/hm2), and I is irrigation water volume (m3/hm2) [2].




2.4.3. Water Use Efficiency (WUE)


WUE in the intercropping system was expressed as the ratio of maize (soybean) yield to ET across the intercropping area.


   WUE = GY / ET   








where WUE is water use efficiency (g/L), GY is the seed yield of maize (soybean) (kg/hm2), and ET is water consumption (mm) [20].




2.4.4. Partial Fertilizer Productivity (PFP)


The PFP is the ratio of economic yield per unit area of intercropped maize (soybean) to fertilizer application per unit area, calculated as follows:


  PFP = GY / F  








where GY is the maize (soybean) seed yield and F is the total amount of fertilizer applied (kg/hm2) [13].




2.4.5. Comprehensive Benefits


The composite score for each treatment was calculated using principal component analysis (PCA), with the following equation:


     Y = aY   1     + bY   2     + cY   3   








where Y is the composite score for each treatment using PCA, including soil moisture, nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus content; root-length density for maize, soybean, and apple; and above-ground dry matter quality and yield for maize and soybean. Here the three principal components (PC1, PC2, and PC3) could explain more than 75% of the variance in the first year and more than 73% of the variance in the second year. Y1, Y2, and Y3 are the scores of PC1, PC2, and PC3 for each treatment, and a, b, and c are the weights of the contributions of PC1, PC2, and PC3 to the cumulative variables.





2.5. Statistical Analyses


Statistical analyses were performed using Microsoft Excel 2016 (Microsoft Corp., Redmond, WA, USA). Origin 2021 (OriginLab Corp., Northampton, MA, USA) was used to plot graphs and perform principal component analysis of variables, including soil moisture, soil nutrients, aboveground dry matter, and yield. Structural equation modeling (SEM) was carried out using IBM SPSS Amos 24.0 (SPSS Inc., Chicago, IL, USA) to assess the direct and indirect effects of soil moisture and nutrients on water use (ET), WUE, partial fertilizer productivity (PFP), root-length density (RLD), and yield (Yd). Analysis of variance and the least significant difference test were used to determine significant differences in soil water and nutrient contents among treatments at p = 0.05 using IBM SPSS Statistics 26.0 (IBM Corp., Armonk, NY, USA).





3. Results


3.1. Spatial Distribution of Soil Water Content


Based on horizontal distribution, SWC under drip irrigation treatments initially increased, which was followed by a decrease, and then it increased with increasing distance from the apple trees. However, SWC under flood irrigation treatments increased with increasing distance from apple trees, and peaked at 1.7 m away from the apple trees (Figure 4). In 2021, SWC under drip and flood irrigation treatments decreased considerably, by 5.2% and 3.4%, respectively, after crop replacement when compared to levels in 2020 (Figure 4). The maximum SWC values under both drip and flood irrigation treatments were observed in the W2F2 treatment, whereas the minimum values were observed in CK (Figure 4). SWC generally increased with increased irrigation and fertilizer application, and was higher under drip irrigation treatments than under flood irrigation treatments when irrigation and fertilizer application levels were the same. SWC increased gradually during maize growth, but exhibited a contrasting trend after crop replacement. SWC of maize was greater than that of soybean at all distances from the apple trees. SWC at the F2 level was higher than that at the F1 level under drip and flood irrigation treatments in both years, indicating that the balance between SWC and ET was maintained at the F2 fertilizer level.



Based on vertical distribution, SWC initially increased and then decreased with soil depth (Figure 5). SWC in the 0–60 cm soil layer increased with soil depth and reached a maximum value at a depth of 50–60 cm, whereas SWC in the 60–100 cm soil layer decreased with soil depth. The increase in SWC with soil depth was more notable in the 0–40 cm soil layer and higher under the drip irrigation treatment than under the flood irrigation treatment in the apple–maize intercropping system. Slight differences were observed in SWC between drip and flood irrigation treatments in the 40–100 cm soil layer, and no significant differences were observed between drip and flood irrigation treatments after crop replacement. SWC in all soil layers decreased in 2021 when compared to those in 2020, with a substantial decrease being observed in the 0–30 cm soil layer. Differences in distances from apple trees and soil depths exerted highly significant effects (p < 0.01) on both horizontal and vertical distributions of SWC during the crop replacement period. Based on horizontal SWC distribution, the interactive effects of irrigation and fertilizer application, as irrigation–fertilizer application, on SWC distribution were highly significant (p < 0.01). Based on vertical SWC distribution, irrigation, fertilizer application, and soil depth exerted highly significant effects (p < 0.01) on SWC distribution. The interactive effect of irrigation and fertilizer application on SWC distribution was highly significant (p < 0.01) only during the podding stage of soybean, and had no significant effect on SWC distribution during the rest of the soybean growth period. The interactive effects of irrigation, fertilizer application, and soil depth on SWC distribution during the rest of the reproductive growth stages were significant (p < 0.05), except during soybean maturity.




3.2. Spatial Distribution of Nutrients


Regarding the horizontal distribution of soil nutrients, nitrate nitrogen (NN), ammonium nitrogen (AN), and organic matter (OM) contents exhibited increasing trends with increased distance from apple trees, with maximum values being observed at 1.7 m away from the apple trees (Figure 6 and Figure 7). Variation in total phosphorus (TP) content along the horizontal direction with increasing distance from the apple trees was insignificant. Overall, NN and AN contents under drip irrigation treatments were higher than those under flood irrigation treatments in 2020 and 2021. No significant differences were observed in OM content between the treatments. TP content under drip irrigation treatments was lower than that under flood irrigation treatments in 2020, but higher than that under flood irrigation treatments in 2021. All soil nutrient contents were highest in the D-W2F2 treatment, except for TP during the maize seeding stage, TP during the soybean podding stage, and OM during the soybean maturity stage, which were higher in controlled irrigation and fertilizer application treatments than in the control. Overall, the contents of NN, AN, OM, and TP increased with increasing irrigation and fertilizer application. The contents of NN, AN, and OM under drip and flood irrigation treatments increased by 19–69% and 21–67%, respectively, after crop replacement. TP content under drip and flood irrigation treatments decreased by 17% and 26%, respectively (Figure 6 and Figure 7). All soil nutrients decreased gradually during crop growth before crop replacement, but increased gradually during crop growth after crop replacement. The rest of the nutrient contents remained the same.



Regarding the vertical distribution of soil nutrients, NN, AN, and OM contents in the 0–100 cm soil layer during the crop replacement period were significantly higher in all treatments than those in CK (p < 0.05). The NN, AN, and OM contents decreased with increasing soil depth, and nutrient contents in the topsoil (0–20 cm soil layer) were highest (Figure 8 and Figure 9). No significant difference was observed in TP content with increased soil depth before crop replacement; however, TP content decreased gradually with increasing soil depth after crop replacement. In 2020, NN content in the 0–60 cm soil layer under drip irrigation treatment was higher than that under flood irrigation treatment. Moreover, NN content in the 60–100 cm soil layer under drip irrigation treatment was lower than that under flood irrigation treatment and a similar trend was observed after crop replacement in 2021. In 2020 and 2021, AN content in the 0–100 cm soil layer under drip irrigation treatment was higher than that under flood irrigation treatment, whereas OM content did not differ significantly between drip and flood irrigation treatments. TP content before crop replacement in the 0–100 cm soil layer under drip irrigation treatment was lower than that under flood irrigation treatment. However, after crop replacement, TP content under the drip irrigation treatment was higher than that under flood irrigation treatment. The highest soil nutrient contents during each reproductive period were mainly observed in the 0–20 cm soil layer of the W2F2 treatment. Soil NN content was mainly concentrated in the 0–40 cm soil layer before crop replacement, and mainly concentrated in the 0–60 cm soil layer after crop replacement (Figure 8 and Figure 9). No significant differences were observed in other nutrient contents in different soil layers during the crop replacement period. Distances from apple trees and soil depths had highly significant effects (p < 0.01) on nutrient distribution in 2020 and 2021. Irrigation and fertilizer application had significant effects (p < 0.05) on nutrient distribution; the interactive effects of irrigation and fertilizer application at different distances from apple trees and irrigation and fertilizer application at various soil depths on nutrient distribution were insignificant. The interactive effects of irrigation and fertilizer application on the horizontal and vertical distribution of TP content before crop replacement were significant (p < 0.05), whereas the effects on those of other nutrient distributions were insignificant. The interactive effects of irrigation and fertilizer application on the horizontal distribution of nutrients after crop replacement were insignificant.




3.3. Spatial Distribution of Roots


Based on horizontal root distribution, it was determined that distances from apple trees, irrigation levels, and fertilizer application levels had highly significant effects (p < 0.01) on maize and soybean RLDs. Maize and soybean RLDs increased gradually with increasing distance from apple-tree rows, with a maximum value being observed at 1.7 m from the trees. RLD under drip irrigation treatment was higher than that under flood irrigation treatment, with maximum values being observed in the W2F2 treatment, whereas the minimum values were observed in CK (Figure 10). Based on vertical root distribution, maize and soybean RLDs decreased with increasing soil depth, indicating that competition for water between apple trees and maize and apple trees and soybean decreased with increasing soil depth. Soil depth exerted a highly significant effect (p < 0.01) on RLD distribution during the crop replacement period. RLD decreased with increasing soil depth during the crop replacement period, with a maximum value being observed at a soil depth of 0–20 cm. Most of the maize roots were concentrated in the 0–40 cm soil layer before crop replacement, accounting for 81.9–99.2% of the total root length. Fewer roots were present in the 40–100 cm soil layer and most of the soybean roots were present in the 0–60 cm soil layer after crop replacement, accounting for 87.4–99.0% of the total root length. Fewer soybean roots were present in the 60–100 cm soil layer. Soybean roots were distributed in deeper soil layers than those of maize after crop replacement and RLD under drip and flood irrigation treatments increased by 18.2% and 1.7%, respectively.



Apple tree RLD decreased with increases in tree distance between 2020 and 2021 (Figure 10). In 2020, the apple tree root system was mainly distributed within a horizontal distance of 0.3–1.25 m from the trees and fine roots in this region accounted for 66.0–90.0% of the total root length in the whole area (within a radius of 1.7 m from the apple tree). The corresponding proportion in 2021 was 75.6–93.6%, indicating that the horizontal extension of the apple tree root system increased with an increase in planting years after crop replacement. With regard to the vertical direction, apple tree RLD in both years increased gradually with an increase in soil depth. Apple tree RLD in the 0–60 cm soil layer under drip irrigation treatment was higher than that under flood irrigation treatment, whereas that in the 60–100 soil layer under flood irrigation treatment was higher than that under drip irrigation treatment. The maximum RLD values for apple trees in both years were observed in the D-W2F2 treatment, whereas the minimum RLD value was observed in CK. Distances from apple trees and soil depth had highly significant effects (p < 0.01) on the distribution of apple tree roots. With regard to the horizontal direction, irrigation level, amount of fertilizer applied, and the interaction between irrigation and fertilizer application had highly significant effects (p < 0.01) on the distribution of apple tree roots. However, the interaction between irrigation and fertilizer application had no significant effect on the distribution of apple tree roots.




3.4. Water Consumption, Aboveground Dry Matter Quality, and Yield


In 2020, drip irrigation treatments consumed less water (ET) than did flood irrigation treatments when irrigation and fertilizer application levels were the same. Furthermore, ADMQ, Yd, PFP, IWUE, and WUE under drip irrigation treatments were higher than those under flood irrigation treatments (Table 2). A similar observation was made after crop replacement in 2021. ET during the maize seeding stage accounted for 75.5% of the total ET during the reproductive period of maize, and it increased with an increase in irrigation water, but it decreased gradually with an increase in fertilizer application before crop replacement. ET during the maturing stage of soybean accounted for 67.6% of the total ET during its reproductive period, and it increased gradually with an increase in irrigation water after crop replacement. No significant difference was observed in ET with an increase in fertilizer application. Overall, ADMQ increased with an increase in irrigation water; however, it initially decreased and then increased with an increase in fertilizer application under drip irrigation treatments and increased with an increase in fertilizer application under flood irrigation treatments. In 2020, maize Yd increased with increases in irrigation water and fertilizer application, and a similar trend was observed for soybean Yd after crop replacement. The highest Yd values were observed in the D-W2F2 treatments, and a significant difference was observed in Yd between drip and flood irrigation treatments after crop replacement. Yds under drip irrigation treatments in 2020 and 2021 were 1.6% and 11.8%, respectively, higher than those under flood irrigation treatments. PFP, IWUE, and WUE under drip and flood irrigation treatments decreased by 74.3–94.6% and 79.3–95.0%, respectively, after crop replacement. PFP increased with increases in irrigation water and decreased significantly (p < 0.05) with increases in fertilizer application during both years. IWUE and WUE increased with increases in fertilizer application before crop replacement; however, IWUE initially increased and then decreased with increases in fertilizer application after crop replacement. No significant differences were observed in IWUE in the remaining treatments, except for a few treatments in which WUE increased with increases in fertilizer application. Irrigation had highly significant effects (p < 0.01) on ET, ADMQ, Yd, and IWUE during the two years of crop replacement, but had no significant effect on PFP and WUE. Fertilizer application and year-of-planting had highly significant effects (p < 0.01) on ET, ADMQ, Yd, PFP, IWUE, and WUE. Moreover, the interactive effects of irrigation and fertilizer application on ET and ADMQ were highly significant (p < 0.01), but those on Yd, PFP, IWUE, and WUE were not significant.




3.5. Correlations between Crop Characteristics and Soil Nutrients


To assess the impacts of different water and fertilizer treatments on the combined benefits of intercropping systems, nine indices of maize and soybean (ADMQ, RLD, Yd, apple RLD, SWC, NN, AN, OM, and TP) were subjected to principal component analysis (PCA). According to the results, PC1, PC2, and PC3 explained 42.5%, 18.7%, and 12.2% and 44.9%, 20.6%, and 9.6% of the total variance observed in 2020 and 2021, respectively, with a cumulative explanatory contribution of more than 73% (Figure 11). Therefore, the three principal components were used as composite variables to assess the combined benefits of apple–maize and apple–soybean intercropping systems. The composite benefits of the intercropping systems increased gradually with an increase in irrigation and fertilizer application during the crop replacement period. All composite benefits of intercropping systems under drip irrigation treatments were higher than those under flood irrigation treatments, with the benefits increasing after crop replacement. Significant differences were observed in the composite benefits between drip and flood irrigation treatments. The impacts of MRLDs on PC1 were insignificant in 2020, but the impacts on PC1 for all nine indices were significant in 2021. The W2F2 treatment had the highest composite score for both apple–maize and apple–soybean intercropping systems under drip and flood irrigation treatments with different water and fertilizer management practices. The CK treatment had the lowest composite score in both years.



SEM results are illustrated in Figure 11. Overall, irrigation and fertilizer management practices had effects on soil water, nutrient contents, and distribution of apple tree, maize, and soybean root systems, which in turn affected ET and Yd of the intercropping systems, as well as water and fertilizer use efficiency. Apple tree and maize RLDs had no significant effects on ET and WUE before crop replacement, and maize RLD was significantly positively correlated with Yd. Soybean RLD had no significant effect on Yd after crop replacement, and apple tree and soybean RLDs were significantly positively correlated with ET, but negatively correlated with WUE. Maize and soybean RLDs were not significantly negatively correlated with PFP, and apple tree RLD and ET were significantly positively correlated with Yd after crop replacement. Yd was significantly positively correlated with WUE and PFP. The results suggest that the effects of irrigation and fertilizer application on growth and interactions between aboveground and belowground components of the intercropping systems were modified after crop replacement, which in turn, affected the overall benefits.





4. Discussion


4.1. Spatial Distribution of Soil Water and Nutrients


The results of this study revealed that different irrigation water and fertilizer treatments significantly increased SWC in the apple–maize and apple–soybean intercropping systems, and that drip irrigation had a better performance than did flood irrigation. Our findings are consistent with those of a previous study which revealed that drip irrigation can effectively reduce soil water evaporation when compared to flood irrigation [21,22]. Therefore, SWC content was higher under drip irrigation treatments than under flood irrigation treatments. Based on horizontal distribution, SWC under drip irrigation treatments initially exhibited an increasing trend, followed by a decrease, and then increased with increasing distance from apple tree rows, which could be attributed to the drip irrigation belts that were placed at marks 0.8 m and 1.7 m away from the trees. The decrease in SWC at 1.25 m could be due to the temperature differences between the inner and outer parts of the mulching films. Covering the soil surface with mulch films is more efficient than leaving the soil bare, as the films reduce soil water evaporation [23], leading to a decrease in SWC at 0.8–1.25 m. SWC under flood irrigation treatments increased with increasing distance from apple tree rows and reached a maximum value at 1.7 m. This could be because 1.7 m was the farthest distance from the sampling point, and the roots of apple trees and crops overlapped to a great extent near the trees [10,24], thereby absorbing more soil moisture. In addition, the observation could be explained by the exposure of four- and five-year-old apple trees to stress, high crop density, and shading between intercropped species, which reduces soil water evaporation and leads to a high SWC. The results are consistent with the findings of a previous study on fruit trees of the same age and within the same area [25]. SWC increased gradually with crop growth and decreased after crop replacement, which could be because maize planting was delayed. Temperature is a key factor that influences crop growth, and as the maize grew, the temperature gradually decreased, leading to reduced plant growth and decreased water consumption. Irrigation was carried out during the jointing stage of maize, in turn resulting in a gradual increase in SWC. After crop replacement, water and heat stress experienced by the soybean from the podding to maturing stages were simultaneous, leading to increased water consumption. Soybean crops were irrigated during the podding stage rather than during the maturity stage, resulting in a gradual decrease in SWC. The overall decrease in SWC after crop replacement could be due to the following reasons: late planting of maize, gradual decrease in temperature during the early growth stage of maize (Figure 3), delayed growth of maize, and the fact that soybean ET was significantly higher than that of maize during the same reproductive period (Table 2). Another reason could be that the increase in rainfall after crop replacement, as well as the increase in irrigation, led to a more rapid growth of fruit trees and the extension of the apple trees’ fine roots in all directions, which resulted in more intense water competition with the crop, leading to more water depletion in the soybean belt, and hence a smaller SWC for soybeans than for maize. The effects of the two irrigation methods on SWC after crop replacement also differed. The decrease in SWC after crop replacement was greater under drip irrigation treatments than under flood irrigation treatments, which could be due to the more precise distribution of SWC under drip irrigation treatment, which improved access to water by the apple tree and crop root systems, in addition to increasing transpiration. Plant roots under flood irrigation treatments could not easily absorb sufficient water from the soil due to the high amounts of soil water and inadequate air, thereby resulting in relatively low transpiration rates. SWC increased with fertilizer application at the same irrigation level, and the maximum SWC value was observed in the W2F2 treatment, suggesting that rational regulation of water and fertilizer can increase SWC and reduce competition for water [13]. Regarding vertical SWC distribution, a substantial decrease in SWC was observed in the 0–30 cm soil layer after crop replacement, which could be due to the overlapping of apple tree and soybean root systems in the 0–30 soil layer, resulting in high water use. SWC of each treatment after crop replacement initially exhibited an increasing and then a decreasing trend with soil depth. The maximum SWC value was observed in the 50–60 cm soil layer, whereas the minimum value was observed in the surface soil layer, which could be associated with high evaporation and root distribution in the surface soil layers (Figure 10). SWC at the F2 level was higher than that at the F1 level, which could be because plant growth was more vigorous at the F2 level, in turn leading to increased plant cover, reduced surface temperatures, and reduced evaporation of soil moisture [2]. Moreover, this observation could have been determined by the increase in the amount of fertilizer applied improved the soil structure, increasing the soil porosity and stability of the unit, which in turn led to an increase in the soil water storage capacity.



The soil nutrient contents in all irrigation and fertilizer application control treatments increased significantly when compared to those of the control, and nutrient contents increased with increases in the amount of fertilizer applied and irrigation. Based on horizontal distribution, soil nutrient contents increased with increasing distance from apple trees and reached a minimum value at 0.3 m (Figure 6 and Figure 7), which could be because apple tree roots overlapped with maize and soybean roots at 0.3 m. Most roots overlapped at 0.3 m, where they grow vigorously, thereby increasing competition for nutrients [26]. A similar trend was observed with the increase in the distance between the intercrops and apple trees [8], which gradually decreased the influence of the apple trees. Based on the vertical distribution of soil nutrients, the highest nutrient contents were observed in the 0–20 cm soil layer, and gradually decreased with soil depth (Figure 8 and Figure 9). The finding could be attributed to fertilizer application to the topsoil of the planting rows and the gradual decomposition of plant residues from the previous growing season. Decomposition products usually accumulate in the topsoil, thereby resulting in relatively high nutrient contents in the topsoil [27]. The main aggregation depth of NN content shifted downwards after crop replacement, probably because the sources of N absorbed by maize are mainly crop residues from the previous growing season and fertilizer additions, whereas the N absorbed by soybean is derived from N fixed by root nodules [28]. In addition, the soybean root system is capable of penetrating deeper soil layers than is that of maize, which directly affects the accumulation and transport of NN [29]. No significant differences were observed in TP content with soil depth before crop replacement; however, TP content gradually decreased with increasing soil depth after crop replacement. The results could be explained by the continuous cultivation of maize before crop replacement, low abundance of soil microbiota, and tilling of soil before planting maize. The soil’s microbial environment was modified, microbial abundance increased, and P uptake and use by the crops was enhanced after crop replacement [30]. Consequently, the distribution of the root system became a major influencing factor, leading to a gradual decrease in TP content with soil depth. TP content of soil under drip irrigation was lower than that of soil under flood irrigation before crop replacement, but higher than that of soil under flood irrigation after crop replacement. This observation could be explained by enhanced nutrient supply to plants under drip irrigation treatments when compared to those under flood irrigation treatments before crop replacement [31]. However, after crop replacement, the heavy rainfall received during the reproductive period of soybean (Figure 3), together with flood irrigation, caused nutrient leaching from the soil, resulting in a lower TP content under flood irrigation than that under drip irrigation. After crop replacement, NN, AN, and OM contents were higher in 2021 than in 2020, but TP content was higher in 2020 than in 2021. This could be due to microbial decomposition of maize stover and soybean stubble residues in the soil in 2020, which, in turn, increased soil OM content [32], as well as the establishment of a symbiotic relationship between soybean and N-fixing bacteria in the soil (rhizobia) in 2021 [33]. Nodulation is a crucial process for N fixation in soybean, which consumes high amounts of P [34]. Therefore, P fertilizer supplementation is recommended after soybean replacement.




4.2. Plant Growth, Water Use, and Fertilizer Use


Crop growth, development, and yield are influenced by the growth status of the root system [15]. As one of the key organs required for plants to absorb water and nutrients, roots not only promote aboveground dry matter accumulation, but also increase Yd [35]. In this study, the analysis of the horizontal distribution of root systems revealed that maize and soybean RLDs generally exhibited increasing trends, and maximum RLD values were observed at a distance of 1.7 m from the apple trees (Figure 10), which was consistent with the soil moisture and nutrient distribution patterns (Figure 4, Figure 6 and Figure 7); this latter determination may also be associated with the state of radiation distribution in the intercropping system. The distribution of water and nutrients in the soil is a key factor influencing the growth of crop root systems, and 1.7 m was the farthest distance from the apple trees in our experimental setup. The horizontal root distances of apple trees increased after crop replacement, which could be due to the increased overlapping of apple tree and maize roots, especially in near-surface soils. Maize is a tall crop [36] and has a higher competitive advantage for light over apple trees, which, in turn, affects the growth and development of apple trees. Overlapping of apple and soybean roots reduced after crop replacement because soybean has short stems [36], which decreases their competition for light with apple trees. Regarding the vertical distribution of root systems, maize and soybean RLDs decreased considerably with soil depth. The maize root system was shallow, and the soybean root system was deep (Figure 10), which enhanced competition for water and nutrients between apple trees and crops. According to our results, ADMQ increased after crop replacement, which could have been because of increased moisture uptake by intercrops in the apple–soybean intercropping system and improved soil nutrient use efficiency after crop replacement (Figure 4), resulting in increased plant root biomass. Most soybean roots were distributed in the deeper soil layers (Figure 10), thereby occupying a larger soil volume [37], which facilitated crop growth, ultimately increasing aboveground dry matter accumulation [38].



Crop Yd decreased after crop replacement; that is, maize Yd was greater than that of soybean, which is consistent with previous findings [39]. The high Yd observed under drip irrigation treatments when compared to those under flood irrigation treatments could be due to the increase in soil nutrients and soil microbial abundance after crop replacement [14]. Furthermore, it is possible that within the interval of positive water–fertilizer beneficial effects on Yd, water–fertilizer use efficiency under drip irrigation was higher than that under flood irrigation, resulting in the considerable differences observed in Yd between drip and flood irrigation treatments. A possible explanation for the significant increase in ET after crop replacement (Table 2) is that maize has a fibrous root system and soybean has a taproot system [6,7]. The high soybean RLD allowed soybean to absorb and use water from deeper soil layers more efficiently. Maize was planted late, and temperatures were low during its reproductive period, leading to an overall delay in crop growth and a reduction in ET. The high soybean ET was associated with the five heavy rainfall events and one storm event (total rainfall of 356.2 mm) that occurred during the soybean maturity period. PFP, IWUE, and WUE values of the intercropping systems before crop replacement were higher than those observed after crop replacement. The observation could be because of delayed maize planting before crop replacement and delayed crop fertility, thereby resulting in stunted growth and low WUE. In addition, the maize Yd was higher than that of soybean because maize roots have a higher nutrient uptake capacity than do soybean roots [40]; therefore, local farmers prefer to plant maize during the early stages of intercropping.




4.3. Impact of Water and Fertilizer Regulation on the Overall Benefits of Intercropping during the Crop Replacement Period


The root system has a high degree of plasticity and can be modified under different water and fertilizer regimes that alter roots’ characteristics, as well as water and nutrient uptake and use [41]. SEM results revealed that apple and maize RLDs did not have significant effects on water and fertilizer use efficiency and ET before crop replacement. However, apple and soybean RLDs were negatively correlated with water and fertilizer use efficiency, but significantly positively correlated with ET after crop replacement (Figure 12), suggesting that crop replacement altered interspecific competition between fruit trees and crops in the intercropping system. This may be due to the fact that the apple trees were young before crop replacement and the interactive effect between apple trees and maize had minimal influence. The observation could also be attributed to variations in the root systems of the intercrops. Maize has a fibrous root system that occurs within the shallow soil layers, whereas the apple tree root system penetrates deeper in the soil and can absorb water from the deeper soil layers. According to our results, apple and maize RLDs had insignificant effects on water and fertilizer use efficiency. Water and nutrient use efficiency in the two intercropping systems were independent and complemented each other due to the variations in the shapes and distributions of the root systems, which, in turn, reduced water–fertilizer interactions. The effects of apple tree and maize RLDs on ET were not significant, which could be attributed to the delayed planting of maize, and the main factor influencing maize ET was temperature. The interactive effect between apple trees and soybean in the apple–soybean intercropping system was enhanced after crop replacement due to the increase in intercropping years. The soybean root system was able to penetrate deeper soil layers, thereby increasing competition with apple trees for water and nutrients. Apple tree and soybean RLDs had a significant negative correlation with WUE and PFP, which enhanced competition between plant root systems, resulting in an increase in the ET of the intercropping system [42]. Therefore, the demand and supply of water in an intercropping system should be taken into consideration after crop replacement as the number of intercropping years increase.



PCA results showed that the optimal integrated benefits of the W2F2 treatment did not change after crop replacement, although this differed from those in the treatment with the highest integrated benefits under continuous cropping conditions of 80% Fc (upper irrigation limit) and N fertilizer application rate of 92 kg·ha−1 [12], which could be due to the variation in the ages of the apple trees. Overall, benefits derived from all treatments increased (Table 3). The results could be attributed to maize residues in the soil that improved the soil structure and provided favorable conditions for soybean growth and development. Soil water and nutrients are essential for crop growth and development. Another reason could be that the differences in water consumption by the intercropping systems were not significant after crop replacement (3.4–5.2%). However, rainfall, soil nutrients, and RLDs increased in 2021 (Figure 6, Figure 7 and Figure 10), leading to increased accumulation of ADMQ in soybean and an increase in the overall benefits of the intercropping systems. After crop replacement, the comprehensive benefits of drip irrigation treatments were higher than those of flood irrigation treatments. The reason for the observation could be that drip irrigation can effectively improve water and nutrient utilization efficiency when compared to flood irrigation [43], which enhances the growth and development of crops, as well as ADMQ accumulation, and increases crop yield, thereby resulting in higher RLDs under drip irrigation treatments than those observed under flood irrigation treatments. Maize RLD did not contribute significantly toward PC1 in 2020, although all nine indicators contributed significantly toward PC1 in 2021. The observation could be because of delayed maize planting in 2020 and low temperatures during the reproductive period of maize, which reduced maize growth. The effect of RLD on overall efficiency at the beginning of the maize reproductive period was weaker than that at the end of the reproductive period. The combined benefits of the intercropping systems increased with increases in irrigation and fertilizer application, which could be due to the experimental setting of irrigation and fertilizer application intervals within the range of their positive effects. Nevertheless, the effects of further increases in irrigation and fertilizer application on the combined benefits of intercropping systems remain unknown and require further studies. Drip irrigation was selected under situations with complete water supply facilities, and flood irrigation under situations with incomplete water supply facilities, based on the soil moisture, nutrient, root distribution patterns, comprehensive benefit analysis, and combined local natural and economic conditions. Based on our findings, drip and flood irrigation with an upper irrigation limit of 80% Fc and fertilizer application rate of N 412.4 kg∙hm−2 + P2O5 168.8 kg∙hm−2 + K2O 168.8 kg∙hm−2 are recommended for optimal water and fertilizer regulation.





5. Conclusions


The results of this study revealed that total SWC decreased after crop replacement and the decrease in SWC was greater under drip irrigation treatments than under flood irrigation treatments. No significant difference was observed in TP content with soil depth before crop replacement; however, TP content decreased gradually with an increase in soil depth after crop replacement. TP contents under drip irrigation treatments were lower than those under flood irrigation treatments before crop replacement, but higher than those under flood irrigation treatments after crop replacement. In addition, NN, AN, and OM contents increased after crop replacement, whereas TP content decreased. Therefore, P fertilizer should be applied after soybean replacement. Horizontal extension of the apple-tree root system and aboveground dry matter accumulation increased. A significant difference was observed in Yd between drip and flood irrigation treatments. Apple tree and maize RLDs did not have significant effects on WUE, PFP, or ET before crop replacement. Apple tree and soybean RLDs exhibited significant negative correlations with WUE, nonsignificant negative correlations with PFP, and significant positive correlations with ET after crop replacement. Therefore, water demand and supply after crop replacement in intercropping systems should be taken into consideration. The combined benefits of all treatments increased after crop replacement, with the benefits being higher under drip irrigation treatments than under flood irrigation treatments. Drip irrigation was selected in situations with complete water supply facilities, whereas flood irrigation was selected in situations with incomplete water supply facilities, based on soil moisture, nutrients, root distribution patterns, comprehensive benefit analysis, and local natural and economic conditions of the study area. Drip and flood irrigation with an upper irrigation limit of 80% Fc and a fertilizer application rate of N 412.4 kg∙hm−2 + P2O5 168.8 kg∙hm−2 + K2O 168.8 kg∙hm−2 are recommended for efficient water and fertilizer regulation.
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	NN
	Nitrate nitrogen



	ET
	Water use



	WUE
	Water use efficiency



	ARLD
	Apple root length density



	AN
	Ammonium nitrogen



	SWC
	Soil water content



	RLD
	Root length density



	ADMQ
	Aboveground dry matter quality



	OM
	Organic matter



	PFP
	Partial fertilizer productivity



	MRLD
	Maize root length density



	GY
	Seed yield



	TP
	Total phosphorus



	IWUE
	Irrigation water use efficiency



	SRLD
	Soybean root length density



	PCA
	Principal component analysis
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Figure 1. Geographical location of the study area. 
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Figure 2. Experimental plots and indicator-monitoring points in 2020 and 2021. 
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Figure 3. Precipitation, irrigation, and temperature in the growth period from 2020 to 2021. The numbers in the graph represent the total amount of rainfall (mm) in 24 h. 
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Figure 4. The soil water content of apple–maize and apple–soybean intercropping systems in the horizontal direction from 2020 to 2021. D, W, F, W × F, and D × W × F represent the effect of horizontal distance from apple trees; irrigation; fertilizer application; two interactions, of irrigation and fertilizer application; and three interactions, of horizontal distance, irrigation and fertilizer application, on soil water content for each year, respectively. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. (a–d) represent soil water content at maize seeding stage and jointing stage, and soybean podding stage and maturity stage, respectively; the letters D and M in the horizontal axis represent drip and flood irrigation, respectively; W0, W1, and W2 represent rainfed without irrigation and irrigation at the upper limits of 50% and 80% of the field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of the farmers’ usual levels of fertilizer application, respectively. 
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Figure 5. Soil water content in the vertical direction in apple–maize and apple–soybean intercropping systems from 2020 to 2021. S, W, F, W × F, and S × W × F represent the effects of soil depth, irrigation, fertilizer application, the interaction of both irrigation and fertilizer application, and the interaction of the three factors of soil depth, irrigation, and fertilizer application on the soil water content in each year, respectively. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. (a–d) represent soil water content at maize seeding stage and jointing stage, and soybean podding stage and maturity stage, respectively; the letters D and M in the horizontal axis represent drip and flood irrigation, respectively; W0, W1, and W2 represent rainfed without irrigation and irrigation at the upper limits of 50% and 80% of field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 






Figure 5. Soil water content in the vertical direction in apple–maize and apple–soybean intercropping systems from 2020 to 2021. S, W, F, W × F, and S × W × F represent the effects of soil depth, irrigation, fertilizer application, the interaction of both irrigation and fertilizer application, and the interaction of the three factors of soil depth, irrigation, and fertilizer application on the soil water content in each year, respectively. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. (a–d) represent soil water content at maize seeding stage and jointing stage, and soybean podding stage and maturity stage, respectively; the letters D and M in the horizontal axis represent drip and flood irrigation, respectively; W0, W1, and W2 represent rainfed without irrigation and irrigation at the upper limits of 50% and 80% of field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively.



[image: Agronomy 13 02706 g005]







[image: Agronomy 13 02706 g006] 





Figure 6. Soil nutrient content of the apple–maize intercropping system in the horizontal direction, where D, W, F, W × F and D × W × F represent the effects of horizontal distance, irrigation, fertilization, irrigation–fertilization interaction, and the three-way interaction of horizontal distance, irrigation, and fertilization on each of the indicators of soil nutrients; NN, AN, OM, and TP represent nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. In the figure, (a,c,e,g) represent the nutrient content of maize at the seeding stage, while (b,d,f,h) represent the nutrient content of maize at the jointing stage. The letters D and M in the horizontal axis represent drip and flood irrigation, respectively; W0, W1, and W2 represent rainfed without irrigation and irrigation at the upper limits of 50% and 80% of field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 
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Figure 7. Soil nutrient content of the apple–soybean intercropping system in the horizontal direction, where D, W, F, W × F and D × W × F represent the effects of horizontal distance, irrigation, fertilization, irrigation–fertilization interaction, and the three-way interaction of horizontal distance, irrigation, and fertilization on each of the indicators of soil nutrients; NN, AN, OM, and TP represent nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus. * Indicates significant, at the 0.05 level, ** indicates very significant, at the 0.01 level, and ns indicates not significant; in the figure, (a,c,e,g) represent the nutrient content of soybean at the podding stage while (b,d,f,h) represent the nutrient content of soybean at the maturing stage. The letters D and M in the horizontal axis represent drip and flood irrigation, respectively; W0, W1, and W2 represent rainfed without irrigation and irrigation at the upper limits of 50% and 80% of field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 
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Figure 8. Soil nutrient content of the apple–maize intercropping system in the vertical direction, where (a–d) represent soil nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus, respectively; S, W, F, W × F, and S × W × F represent the effects of soil depth, irrigation, fertilization, irrigation–fertilization interaction, and depth, irrigation and fertilization interaction on each index of soil nutrients, respectively; NN, AN, OM, and TP represent nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. The letters D and M on the vertical bar indicate drip and flood irrigation, respectively; W0, W1, and W2 indicate rainfed without irrigation and irrigation at 50% and 80% of the upper limits of the field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 
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Figure 9. Soil nutrient content of the apple–soybean intercropping system in the vertical direction, where (a–d) represent soil nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus, respectively; S, W, F, W × F, and S × W × F represent the effects of soil depth, irrigation, fertilization, irrigation–fertilization interaction, and depth, irrigation, and fertilization interaction on each index of soil nutrients, respectively; NN, AN, OM, and TP represent nitrate nitrogen, ammoniacal nitrogen, organic matter, and total phosphorus. * Indicates significant, at the 0.05 level, ** indicates very significant, at the 0.01 level, and ns indicates not significant. The letters D and M on the vertical bar indicate drip and flood irrigation, respectively; W0, W1, and W2 indicate rainfed without irrigation and irrigation at 50% and 80% of the upper limit of the field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 
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Figure 10. Root-length density distribution of maize, soybean, and two-year-old apple trees in 2020 and 2021. S, D, W, F, and W × F represent the effect of depth, distance from the tree, irrigation, fertilizer application, and interaction of irrigation and fertilizer application on the root system, respectively. * Indicates significant, at the 0.05 level; ** indicates very significant, at the 0.01 level; and ns indicates not significant. The letters D and M on the horizontal axis denote drip and flood irrigation, respectively; W0, W1, and W2 denote rain-fed without irrigation and irrigated at 50% and 80% of the upper field holding capacity, respectively; and F0, F1, and F2 represent a lack of additional fertilizer application and 50% and 100% of farmers’ usual levels of fertilizer application, respectively. 
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Figure 11. (a,b) represent the apple–maize intercropping system in 2020 and the apple–soybean intercropping system in 2021, respectively. MRLD, SRLD, ARLD, ADMQ, and Yd represent apple, maize, and soybean root-length density, aboveground dry matter quality and yield, respectively; SWC, NN, AN, OM, and TP represent the mean values of soil moisture, nitrate nitrogen, ammonium nitrogen, organic matter, and total phosphorus content during the reproductive period of the intercropping system; and PC1, PC2, and PC3 represent the first, second, and third principal components, respectively (n = 60). 
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Figure 12. Diagram of structural equation modelling. Notes: Single arrows represent path coefficients, double arrows represent correlation coefficients, black solid lines represent positive path coefficients, red solid lines represent negative path coefficients, W and F represent water and nutrients, respectively, and NN1, AN1, OM1, TP1, NN2, AN2, OM2, TP2 represent the content of nitrate nitrogen, ammonia nitrogen, organic matter and total phosphorus in maize during the seeding stage (soybean podding stage) and the content of nitrate nitrogen, ammonia nitrogen, organic matter and total phosphorus in maize during the jointing stage (soybean maturing stage), respectively; SWC1 and SWC2 represent soil water content at the maize seeding stage (soybean podding stage) and soil water content at the maize jointing stage (soybean maturing stage), respectively; ARLD, MRLD, SRLD, and Yd represent apple, maize, and soybean root-length density and yield, respectively; and WUE and PFP represent water use efficiency and partial fertilizer productivity, respectively. ** indicates significant at the 0.01 level and * indicates significant at the 0.05 level. 
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Table 1. Background values of soil nutrients in the apple orchard.
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	Depth of Soil Layer
	Nitrate Nitrogen

(mg/kg)
	Ammonia Nitrogen

(mg/kg)
	Organic Mass

(g/kg)
	Total Phosphorus

(g/kg)





	0–20 cm
	35.61
	6.22
	5.62
	0.71



	20–40 cm
	23.09
	4.68
	4.54
	0.67



	40–60 cm
	15.09
	5.51
	4.31
	0.65



	60–100 cm
	5.68
	4.73
	3.91
	0.67










 





Table 2. Water consumption, aboveground dry matter mass, yield, and water and fertilizer use efficiency in apple–maize and apple–soybean intercropping systems, 2020–2021.
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Year

	
Treatment

	
ET (mm)

	
ADMQ (kg/hm2)

	
Maize/Soybean

	
PFP (kg/kg)

	
IWUE (kg/m3)

	
WUE (g/L)




	
A/C

	
B/D

	
Growth Period

	
Yield (kg/hm2)






	
2020

	
D-W1F0

	
180.0 bc

	
48.5 e

	
228.6 abcde

	
9083.3 de

	
7470.6 cdef

	
-

	
74.7 b

	
32.9 bc




	

	
D-W1F1

	
177.9 bcd

	
39.7 f

	
217.6 def

	
7838.1 fg

	
7591.6 bcde

	
101.2 ab

	
70.9 ab

	
35.2 bc




	

	
D-W1F2

	
180.3 bc

	
30.5 g

	
210.8 ef

	
9055.3 de

	
7895.8 ab

	
52.6 cd

	
80.0 a

	
37.8 abc




	

	
M-W1F0

	
189.4 ab

	
52.8 e

	
242.2 ab

	
9526.1 cd

	
7417.8 cdef

	
-

	
74.2 b

	
30.8 c




	

	
M-W1F1

	
188.6 ab

	
19.2 h

	
207.7 efg

	
7661.9 gh

	
7619.5 bcde

	
101.6 ab

	
76.2 ab

	
36.9 abc




	

	
M-W1F2

	
169.1 cde

	
51.4 e

	
220.5 bcdef

	
7837.5 fgh

	
7743.7 bcd

	
51.6 cd

	
77.4 ab

	
35.4 bc




	

	
D-W2F0

	
148.2 fgh

	
96.0 a

	
244.2 a

	
8603.3 defg

	
7638.2 bcde

	
-

	
30.6 c

	
31.5 c




	

	
D-W2F1

	
155.0 efg

	
47.5 e

	
202.5 fg

	
9563.6 cd

	
7883.4 ab

	
105.1 a

	
31.5 c

	
39.1 ab




	

	
D-W2F2

	
151.2 fgh

	
36.0 fg

	
187.2 g

	
12,845.6 a

	
8190.6 a

	
54.6 c

	
32.8 c

	
44.0 a




	

	
M-W2F0

	
162.6 def

	
77.6 c

	
240.2 abc

	
8000.0 efgh

	
7591.6 bcde

	
-

	
30.4 c

	
31.8 bc




	

	
M-W2F1

	
142.2 gh

	
86.1 b

	
228.2 abcde

	
8891.4 def

	
7780.9 bc

	
103.7 a

	
30.1 c

	
34.3 bc




	

	
M-W2F2

	
135.3 h

	
80.3 bc

	
215.7 def

	
11,596.4 b

	
7787.1 bc

	
51.9 cd

	
30.2 c

	
36.3 bc




	

	
W0F1

	
164.6 cdef

	
69.0 d

	
233.6 abcd

	
10,328.3 c

	
7262.6 ef

	
101.6 ab

	
-

	
31.2 c




	

	
W0F2

	
154.6 efg

	
63.2 d

	
217.8 def

	
8409.7 defg

	
7380.6 def

	
48.4 d

	
-

	
34.1 bc




	

	
CK

	
202.4 a

	
15.9 h

	
218.3 cdef

	
6912.5 h

	
7119.8 f

	
-

	
-

	
32.8 bc




	
2021

	
D-W1F0

	
115.1 de

	
271.0 ab

	
386.1 cd

	
12,585.5 cd

	
2632.3 abc

	
-

	
4.5 ab

	
6.8 abcde




	

	
D-W1F1

	
100.3 fg

	
259.6 bc

	
359.9 ef

	
11,019.3 ef

	
2693.0 abc

	
7.2 a

	
4.6 a

	
7.5 ab




	

	
D-W1F2

	
97.4 fg

	
233.0 e

	
330.4 g

	
12,128.4 de

	
2556.7 bcde

	
3.4 b

	
4.3 ab

	
7.7 ab




	

	
M-W1F0

	
108.4 ef

	
278.8 a

	
387.2 cd

	
11,314.4 def

	
2207.4 cde

	
-

	
3.7 b

	
5.7 ef




	

	
M-W1F1

	
90.3 g

	
263.5 bc

	
353.8 efg

	
13,532.2 bc

	
2596.5 bcd

	
6.9 a

	
4.4 ab

	
7.3 abcd




	

	
M-W1F2

	
156.2 a

	
257.3 c

	
413.6 ab

	
12,128.4 b

	
2501.6 bcde

	
3.3 b

	
4.2 ab

	
6.0 cdef




	

	
D-W2F0

	
143.0 b

	
228.9 e

	
371.9 de

	
16,538.4 a

	
3021.7 ab

	
-

	
2.6 cd

	
8.1 a




	

	
D-W2F1

	
140.6 b

	
277.5 a

	
418.1 a

	
16,327.3 a

	
2781.0 ab

	
7.4 a

	
2.4 cd

	
6.7 bcdef




	

	
D-W2F2

	
143.5 ab

	
257.8 c

	
401.4 abc

	
17,576.3 a

	
3125.7 a

	
4.2 b

	
2.7 c

	
7.8 ab




	

	
M-W2F0

	
123.7 cd

	
262.6 bc

	
386.3 cd

	
11,037.3 ef

	
2089.7 de

	
-

	
1.8 d

	
5.4 f




	

	
M-W2F1

	
135.3 bc

	
254.2 c

	
389.4 bcd

	
13,607.6 bc

	
2746.2 ab

	
7.3 a

	
2.4 cd

	
7.1 abcde




	

	
M-W2F2

	
137.9 b

	
252.6 cd

	
390.5 bcd

	
14,333.8 b

	
2898.6 ab

	
3.9 b

	
2.5 cd

	
7.4 abc




	

	
W0F1

	
135.4 bc

	
260.5 bc

	
395.9 abcd

	
14,755.9 b

	
2710.1 abc

	
7.2 a

	
-

	
6.9 abcde




	

	
W0F2

	
132.4 bc

	
258.1 c

	
390.5 bcd

	
16,607.5 a

	
2712.9 abc

	
3.6 b

	
-

	
7.0 abcde




	

	
CK

	
103.0 efg

	
240.7 de

	
343.7 fg

	
10,087.3 f

	
2043.1 e

	
-

	
-

	
5.9 def




	
Significance test (F-value)




	

	
W

	
50.1 **

	
13.0 **

	
3.4 **

	
11.8 **

	
4.5 **

	
0. 2 ns

	
2427.4 **

	
0.4 ns




	

	
F

	
1.5 ns

	
3.0 **

	
7.9 **

	
3.8 **

	
5.0 **

	
15.7 **

	
3795.6 **

	
6.8 **




	

	
W × F

	
1.5 ns

	
5.4 **

	
3.1 **

	
16.8 **

	
0.4 ns

	
1.6 ns

	
0.9 ns

	
1.3 ns




	

	
Year

	
99.1 **

	
227.6 **

	
18.3 **

	
116.0 **

	
3508.9 **

	
56.6 **

	
81.7 **

	
1074.4 **








Note: A–D in the table represent the maize seeding stage, soybean podding stage, maize jointing stage, and soybean maturing stage, respectively. Significant differences (p < 0.05) exist between different letters in the same column. ET, ADMQ, PFP, IWUE, and WUE represent water consumption, aboveground dry matter mass, partial fertilizer productivity, irrigation water use efficiency, and water use efficiency, respectively; W and F represent irrigation and fertilizer application, respectively. ** indicates very significant at 0.01 level, and ns indicates not significant.













 





Table 3. Comprehensive score and ranking for all treatments in 2020–2021.
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	Year
	D-W1F0
	D-W1F1
	D-W1F2
	M-W1F0
	M-W1F1
	M-W1F2
	D-W2F0
	D-W2F1
	D-W2F2
	M-W2F0
	M-W2F1
	M-W2F2
	W0F1
	W0F2
	CK





	2020
	−1.53

(26)
	−1.00

(22)
	−0.01

(15)
	−1.73

(27)
	−1.92

(29)
	−0.47

(19)
	−1.02

(23)
	−0.46

(18)
	1.06

(8)
	−1.21

(24)
	−0.65

(21)
	0.75

(11)
	−1.49

(25)
	−0.61

(20)
	−3.02

(30)



	2021
	0.04

(14)
	0.98

(9)
	1.50

(3)
	−0.34

(17)
	−0.06

(16)
	1.43

(5)
	0.95

(10)
	1.34

(6)
	2.97

(1)
	0.70

(12)
	1.06

(7)
	2.49

(2)
	0.58

(13)
	1.43

(4)
	−1.73

(28)







Note: The numbers in parentheses are the rankings of the combined scores for each treatment.
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