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Abstract

:

In arid and semi-arid areas, interspecific below-ground competition is prominent in agroforestry systems. To provide theoretical and technical guidance for the scientific management of apple–crop intercropping systems, a field study was conducted in the Loess Plateau of China to examine the variation of fine roots distribution in apple–crop intercropping systems. The fine roots of apple trees and crops (soybean (Glycine max (L.) Merr) or peanuts (Arachis hypogaea Linn.)) were sampled to 100 cm depth at ten distances from the tree row using the stratified excavation method. The results showed that the vertical distribution of fine roots between intercropped apple trees and intercropped crops were skewed and overlapped. Apple–crop intercropping inhibited the fine roots of apple trees in the 0–60 cm soil depth, but promoted their growth in the 60–100 cm soil depth. However, apple–crop intercropping inhibited the fine roots of intercropped crops in the 0–100 cm soil depth. For the fine roots of each component of the apple–crop intercropping systems, variation in the vertical distribution was much greater than variation in the horizontal distribution. Compared with monocropped systems, apple–crop intercropping caused the fine roots of intercropped apple trees to move to deeper soil, and those of intercropped crops to move to shallower soil. Additionally, apple–crop intercropping slightly inhibited the horizontal extension of the fine-root horizontal barycentre (FRHB) of intercropped apple trees and caused the FRHB of intercropped crops to be slightly biased towards the north of the apple tree row. Variation of the fine roots distribution of each component of the apple–soybean intercropping system was greater than that of the apple–peanut intercropping system. Thus, the interspecific below-ground competition of the apple–peanut intercropping system was weaker than that of the apple–soybean intercropping system. Intense competition occurred in the apple–peanut intercropping system and the apple–soybean intercropping system was in sections whose distance ranged from 0.5–1.3 and 0.5–1.7 m from the tree row, respectively. The interspecific below-ground competition was fiercer on the south side of the apple tree row than on the north side.
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1. Introduction


The agroforestry system is an efficient land use pattern. It breaks single-plantation structures through a horizontal mosaic, stereoscopic collocation and time combination of species, resulting in a new interaction relationship between different species in the distribution and utilization of light, water and nutrients. However, with respect to the distribution of resources, species can be both competitive and complementary [1]. Therefore, the key to the operation and management of agroforestry systems is to minimize resource competition between trees and crops and maximize the synergistic use of resources of the agroforestry system as a whole [2,3,4]. There are two interaction interfaces in agroforestry systems: one is the above-ground interface, where species compete for light, heat, and water, and the other is the below-ground interface, where interspecific roots compete with soil, water, and nutrients [5,6]. In agroforestry systems, interspecific competition occurs predominately below-ground [1,7,8]. In arid and semi-arid areas, interspecific below-ground root competition of agroforestry is especially prominent [9,10,11].



In recent years, root research has become an important part of agroforestry experiments, and the root system of agroforestry systems plays an important role in the competition for below-ground resources [12,13]. Plant root growth patterns are guided by genetic factors and environmental factors such as soil moisture and nutrients [14]. When the roots of two species in an intercropping system cross, the soil nutrients or soil moisture become heterogeneous [15,16], and the spatial distribution of roots responds differently to differences in soil nutrients, soil moisture, etc. [17,18]. Specifically, the spatial structure of fine roots, which supply moisture and nutrients needed for plant growth, determines not only the utilization effect and potential of the root system to access below-ground resources [19] but also the individual competitive ability of a plant to access those resources [11,20]. However, the responses in terms of variation of fine-root distribution to resource availability and/or plant competition constitute the main mechanism used by plant roots to avoid competition [21,22]. Reasonable root interaction mechanisms are keys to the sustainable development of agroforestry systems [23]. Therefore, it is important to understand the spatial distribution of the root system of each component in an agroforestry system to measure the degree of resource competition or the degree of complementarity among components [24,25]. In this context, it is important to study the effects of interspecific below-ground competition on the variation in the spatial distribution of fine roots of each component in an agroforestry system.



Many reports exist concerning root characteristics in agroforestry systems. Studies have reported that intercropping reduces the quantity of fine roots of trees [26] and crops [11,26,27]. Conversely, other studies reported that intercropping increases the quantity of fine roots of trees [28] and crops [29]. Moreover, there was no spatial separation of fine roots of trees and crops in the Grevillea robusta–maize (Zea mays L.) intercropping system [11] and walnut (Juglans regia L.)–soybean intercropping system [30]. However, tree–crop intercropping may reduce the degree of niche overlap between the fine roots of intercropped trees and intercropped crops by changing the distribution of their fine roots. In response to interspecific below-ground competition for soil resources, the fine roots of the intercropped trees move to deeper soil [26,31,32,33], while the fine roots of the intercropped crops move to shallower soil [27,34]. Studies have also found that intercropping inhibits the horizontal reach of tree roots [35]. Variation of fine roots distribution and spatial distribution of fine roots are keys to adapting to competition and maximizing the absorption of both soil moisture and nutrients in agroforestry systems [36], These factors determine the degree of niche overlap of fine roots in agroforestry systems, ultimately affecting the status of the below-ground competition of these systems. The variation in the spatial distribution of the root system of the whole intercropping system has not been completely studied. Moreover, some studies were based on the hypothesis that the fine roots of intercropped trees and intercropped crops were equally distributed in the north and south direction of the tree row [27,30,37,38]. However, whether the variation of fine roots distribution of intercropped trees and intercropped crops is consistent on both north and south sides of the tree row have not been reported yet. Therefore, in the present study, the variation in the spatial distribution of fine roots of each component in an agroforestry system and fully and systematically studied. The adaptive strategies of the fine roots of each component in the agroforestry system were explored with respect to interspecific below-ground competition between species, and the niche overlap of fine roots in agroforestry systems was further analyzed. The results of this study are important for understanding interspecific below-ground competition.



Apple–crop intercropping systems constitute one of the most widely applied agroforestry systems on the Loess Plateau. These systems play an important role in solving problems related to overpopulation and insufficient land resources. However, only a few studies have focused on the fine roots in this type of intercropping system in this region with respect to exploring the strategy of modifying the competition environment of each component in the intercropping system and proposing effective management measures. In this study, a stratified excavation method was used to sample the fine roots of an apple–peanut intercropping system and an apple–soybean intercropping system as well as their corresponding monocropped systems on the Loess Plateau. The spatial distribution and variation of the fine roots of each component in the intercropping systems was further studied. The purposes of this study were (1) to analyze the adaptation strategies of the fine roots of each component in the apple–crop systems to interspecific below-ground competition between species, (2) to select the type of apple–crop intercropping system best suited for local resource conditions, and (3) to propose agronomic measures to alleviate interspecific below-ground competition in apple–crop intercropping systems.




2. Materials and Methods


2.1. Experimental Site


The experimental field was located at the Red Flag Forest Farm in Jixian County, Shanxi Province, China (36°01′ N, 110°46′ E). Ji County constitutes a typical hill and gully region on the Loess Plateau. This region has a temperate continental monsoon climate; the mean annual rainfall is 571 mm, the mean annual evaporation is 1729 mm, and the mean annual temperature is 9.9 °C. The hours of daylight are 2563.8 h, and there are 172 frost-free days. The parent material of the soil is loess, the soil is uniform, and the soil properties within the 0–100 cm soil layer are as follows: pH = 7.97, 1.32 g·cm−3 bulk density, 13.5 g·kg−1 organic C, 0.81 g·kg−1 total N, 19.7 g·kg−1 available P, and 235.7 mg·kg−1 available K. The major intercropped tree species include apple, walnut, and apricot (Prunus armeniaca Lam.). The major intercropped crop species include soybean, peanut, and maize.




2.2. Materials and Experimental Design


The experiment was conducted in August 2017. An apple–peanut intercropping system and an apple–soybean intercropping system as well as their corresponding monocropped systems were selected as experimental subjects. The apple trees were planted at a spacing of 4.0 × 5.0 m in an east–west direction in 2012. The average tree crown width and average tree height were 1.6 m and 3.6 m, respectively, in August 2017. Peanut and soybean were cultivated at a spacing of 0.3 × 0.4 m and at a distance of 0.5 m from the apple tree row. Monocropped soybean plants and monocropped peanut plants were also cultivated at a spacing of 0.3 × 0.4 m.



The experimental design included three replications for each treatment. The treatments were as follows: (1) apple–peanut intercropping systems (AP), which included intercropped apple trees (AP–A) and intercropped peanut plants (AP–P); (2) monocropped peanut plants (MP); (3) apple–soybean intercropping systems (AS), which included intercropped apple trees (AS–A) and intercropped soybean plants (AS–S); (4) monocropped soybean plants (MS); and (5) monocropped apple trees (MA). Each intercropping systems replicate (AP and AS) was a 12.0 × 15.0 m plot that consisted of fourteen apple trees and intercropped crops. Each treatment replicate of monocropped apple trees (MA) was the same size (12.0 × 15.0 m) but consisted of only fourteen apple trees, and each treatment replicate of monocropped peanut plants (MP) and monocropped soybean plants (MS) was the same size (12.0 × 15.0 m). The same agricultural management practices (weeding, pest control, etc.) were used in all treatments, and all plots received no irrigation during the year.




2.3. Collection and Measurement of Root Samples


A stratified excavation method was used to collect root samples. The area perpendicular to the apple tree row and within a distance of 0.5 m from the apple tree row was used for the fine-root sampling area (4.0 m perpendicular to the apple tree row; 4.0 m parallel to the apple tree row) in the apple–crop intercropping systems (AP and AS) and monocropped apple trees (MA) (Figure 1). We divided each fine-root sampling area into ten equally sized sections, which were denoted as S1, S2, S3, S4, S5, N5, N4, N3, N2, and N1; among them, S1, S2, S3, S4, and S5 were at a distance of 0.5–0.9, 0.9–1.3, 1.3–1.7, 1.7–2.1, and 2.1–2.5 m, respectively, south of the apple tree row, and N1, N2, N3, N4, and N5 were at a distance of 0.5–0.9, 0.9–1.3, 1.3–1.7, 1.7–2.1, and 2.1–2.5 m, respectively, north of the apple tree row (Figure 1). Three sections (4.0 m in length and 0.4 m in width) were randomly selected in the monocropped soybean plants (MS) and monocropped peanut plants (MP). In each section, we divided the vertical soil profile into five soil layers (0–20, 20–40, 40–60, 60–80, and 80–100 cm) to excavate and collect the roots of apple trees, peanut plants and soybean plants.



Root samples were collected and placed into net bags (0.15 mm pores). The root samples were then soaked in water for 24 h, and then they were carefully cleaned with tap water to remove any adhered soil particles. An electronic Vernier caliper was used to measure the diameter of each root to distinguish between the fine roots (≤2.00 mm) and thick roots (>2.00 mm) of the apple tree, peanut plant, and soybean plant samples. With respect to the apple trees, peanut plants, and soybean plants, only fine roots were included in this study. Dark roots, partially decomposed roots, brittle roots, and other extraneous materials were removed; the fine roots of apple trees, peanut plants and soybean plants were included. All root samples were weighed immediately after drying at 70 °C for 48 h. The root sample data were expressed as the fine-root dry weight.




2.4. Fine-Root Biomass Density


Data were expressed as the fine-root biomass density (FRBD, g·m−3). The FRBD was calculated as the ratio of the fine-root dry weight (Wdry, g) to the soil volume (Vsoil, m3), and the equation was as follows:


  FRBD =    W  d r y    /   V  s o i l     ,  



(1)








2.5. Fine-Root Vertical Distribution


To compare the variation in the vertical distribution of the fine roots between different treatments, the soil depth that contained 50% of the cumulative FRBD (d50, cm) was used for each section. Non-linear regression [39] was used to fit the following function:


  Y = 1 −  β d  ,  



(2)







With respect to the profile of the cumulative fine-root fraction (Y) downwards from the soil surface, for each section, d is the soil depth (cm) and β is the regression coefficient. The d50 values for each section can be calculated using the following formula:


   d 50  =   ln ( 0.5 )   ln ( β )   ,  



(3)








2.6. Fine-Root Horizontal Distribution


A root spatial distribution barycenter formula [27,30] was used to compare the fine-root horizontal barycenter (FRHB) changes between treatments and to analyze the variation in the horizontal distribution of fine roots in each treatment. The formula is as follows:


  FRHB =  ∑  i = 1  n   D i   P i  ,  



(4)







In the formula, FRHB represents the distance of the horizontal barycenter of FRBD (m); i (i ≤ 10) represents the section; Di is the distance from the center of the section to the apple tree row (m), in which the Di of S1, S2, S3, S4, and S5 is a distance of 0.7, 1.1, 1.5, 1.9, and 2.3 m, respectively, south of the apple tree row and in which the Di of N1, N2, N3, N4, and N5 is a distance of 0.7, 1.1, 1.5, 1.9, and 2.3 m, respectively, north of the apple tree row; and Pi represents the proportion of FRBD in each section accounting for the total FRBD of all sections.




2.7. Statistical Analyses


Analysis of variance (ANOVA) was performed using SPSS 22.0 (IBM Inc., Armonk, NY, USA). The FRBD of each depth was the mean value of FRBD of the depth of all sections (S1, S2, S3, S4, S5, N5, N4, N3, N2, and N1). The FRBD of each section was the mean value of FRBD of the 0–100 cm depth. All parameters (FRBD, d50, and FRHB) for each treatment were described in terms of mean values (n = 3) followed by their standard deviations. Differences between different distances or depths for apple trees (MA, AP–A or AS–A) or crop species (MP, AP–P, MS or AS–S) were determined via one-way ANOVA, and significant differences between their mean values were compared using the least significant difference test (LSD). Paired-sample t-tests were used to examine differences in FRBD and d50 between the apple trees and crops or between the monocropping systems and intercropping systems. The statistical results with error bars and significance level (p) are shown, and differences were considered statistically significant at p ≤ 0.05.





3. Results


3.1. Vertical Distribution of the Fine-Root Biomass Density


The vertical distribution of the FRBD (mean value of FRBD of the depth of all sections) of apple trees initially increased but then decreased as the soil depth increased (Figure 2A). In addition, the FRBDs of apple trees were concentrated within the 20–40 cm soil depth, where the FRBD of AP–A, AS–A and MA accounted for 44.84%, 44.85%, and 42.54% of the total FRBD (0–100 cm), respectively. Moreover, the FRBD values of apple trees were concentrated mostly within the 0–60 cm soil depth, where the AP–A, AS–A, and MA accounted for 89.31%, 87.82%, and 92.63% of the total FRBD, respectively. Overall, compared with MA, the FRBD of AP–A and AS–A decreased by 12.21% and 17.71%, respectively. Furthermore, compared with MA, the FRBD of AP–A and AS–A significantly decreased (P < 0.05) within the 0–60 cm soil depth, while the FRBD of AP–A and AS–A decreased by 24.66 and 35.28 g·m−3, respectively. However, compared with MA, the FRBD of AP–A and AS–A indistinctively (P > 0.05) increased within a soil depth of 60–100 cm, and the FRBD of AP–A and AS–A increased by 3.50 and 4.60 g·m−3, respectively.



The vertical distribution of the FRBD (mean value of FRBD of the depth of all sections) of peanut plants and soybean plants decreased as the soil depth increased (Figure 2B). The FRBD concentrated within the 0–20 cm soil depth of MP, AP–P, MS, and AS–S accounted for 80.60%, 82.42%, 66.40%, and 70.09% of the total FRBD (0–100 cm), respectively. The FRBD of MP and AP–P was concentrated mostly within the 0–40 cm soil depth, accounting for 90.70% and 92.87% of the total FRBD, respectively. The FRBD of MS and AS–S was concentrated mostly within the 0–60 cm soil depth, accounting for 90.75% and 93.74% of the total FRBD, respectively. Overall, the FRBD values of AP–P and AS–S were significantly (P < 0.05) less than the corresponding values in MP and MS within the 0–100 cm soil depth, and the FRBD values of AP–P and AS–S were reduced by 7.86 and 27.39 g·m−3, respectively. Compared with the corresponding monocropped crops, the proportion of FRBD that was reduced in intercropped crops increased as the soil depth increased.




3.2. Horizontal Distribution of the Fine-Root Biomass Density


The fine roots of apple trees were distributed within a distance of only 2.1 m from the apple tree row (Figure 3A). As the distance to the apple tree row decreased, the FRBD (mean value of FRBD of the 0–100 cm depth) increased. The FRBD was slightly larger north (mean value of FRBD of sections N1–N4) of the apple tree row than south (mean value of FRBD of sections S1–S4) of the row in MA, AP–A and AS–A; the values were 8.49%, 9.70%, and 11.46% greater on the north side than on the south side, respectively. The majority of the FRBD of MA, AP–A, and AS–A was concentrated in the 0.5–1.3 m sections and accounted for 80.60%, 83.62%, and 84.40% of the total FRBD, respectively. In addition, compared with MA, the proportion of FRBD that was reduced of AP–A and AS–A increased as the distance from the apple tree row increased.



The FRBD of AP–P and AS–S north (mean value of FRBD of sections N1–N5) of apple tree row was 1.41% and 2.23% larger than that south (mean value of FRBD of sections S1–S5) of the apple tree row, respectively (Figure 3B). The shorter the distance to the tree row, the lower was the value of FRBD (mean value of FRBD of the 0–100 cm depth) of AP–P and AS–S within a distance ranging from 0.5–2.5 m from apple tree row. The FRBD values of AP–P and AS–S were significantly (p < 0.05) lower than the corresponding values of MP and MS within a distance ranging from 0.5–1.7 m from the apple tree row.




3.3. Vertical Distribution of Fine Roots


To compare the fine-root distributions between treatments, d50 depths (Figure 4A) were determined by fitting Equation (3) to the data from each treatment. Curves fitted to the data from each apple treatment showed that MA had the shallowest fine-root distribution and that AS–A had the deepest distribution; additionally, the depth of the fine-root distribution in AP–A was between that of MA and AS–A (Figure 4B). Curves fitted to the data from each crop treatment showed that AP–P and AS–S had shallower fine-root distributions than those of the corresponding MP and MS; additionally, the distributions of AP–P and MP were both closer to the soil surface than the distributions of AS–S and MS (Figure 4C).



The horizontal distribution regularities of d50 on the south and north sides were nearly identical (Figure 5A,B). The values of d50 of AP–A, AS–A, and MA tended to be deeper as the distance from the apple tree row increased. The values of d50 of AP–A (Figure 5A) and AS–A (Figure 5B) were both larger than that of MA in each section. Overall, the values of d50 of AP–A and AS–A were significantly (p < 0.01) greater than that of MA, with a difference of 3.41 and 5.26 cm deeper, respectively. The relative distance (the values of d50 in MA minus that of in AP–A/AS–A) of the d50 between intercropped apple trees (AP–A and AS–A) and MA gradually increased as the distance from the apple tree row increased.



The d50 horizontal distributions in AP–P and AS–S were essentially identical on both the south and north sides (Figure 5C,D). The values of d50 of AP–P and AS–S tended to deepen as the distance from the apple tree row increased. Generally, values of d50 of AP–P and AS–S were significantly (p < 0.05) shallower than those of the corresponding MP and MS with a difference of 1.23 and 2.21 cm, respectively. The relative distance (the values of d50 in MP/MS minus that of in AP–P/AS–S) of the d50 between intercropped crops (AP–P and AS–S) and their corresponding monocropped crops (MP and MS) gradually decreased as the distance from the apple tree row increased.



The values of d50 in AP–A and AS–A were both greater than that of AP–P (Figure 5E) and AS–S (Figure 5E,F). Overall, the relative distance of the d50 in each component in the apple–peanut intercropping system (the value of mean d50 in AP–A minus that of in AP–P) was 1.87 cm greater than that in the apple–soybean intercropping system (the value of mean d50 in AS–A minus that of in AS–S) within a distance ranging from 0.5–2.1 m from apple tree row. There were significant (p < 0.05) differences between intercropped apple (AP–A and AS–A) and the corresponding intercropped crops (AP–P and AS–S) in the sections whose distance ranged from 0.5–2.1 m from the tree row, and their relative distance (the values of d50 in AP–A/AS–A minus that of in AP–P/AS–S) increased as the distance from the tree row increased. The relative distance of the apple–peanut intercropping system and apple–soybean intercropping system north (mean value of d50 of sections N1–N4 in AP–A/AS–A minus that of in AP–P/AS–S) of the apple tree row was 0.08 and 0.24 cm larger than that south (mean value of d50 of sections S1–S4 in AP–A/AS–A minus that of in AP–P/AS–S) of the apple tree row, respectively. The relative distance (the values of d50 in AP–A minus that of in AP–P) between AP–A and AP–P in the sections whose distance ranged from 0.5–1.3 m from the apple tree row was less definitive than that in the sections whose distance ranged from 1.3–2.1 m. The relative distance (the values of d50 in AS–A minus that of in AS–S) of AS–A and AS–S in the sections whose distance ranged from 0.5–1.7 m from the apple tree row was less definitive than that in the sections whose distance ranged from 1.7–2.1 m.




3.4. Horizontal Distribution of Fine Roots


The FRHB values in MA, AP–A, and AS–A were essentially symmetrical on the north and south sides of the apple tree row (Figure 6). The FRHB values in both AP–A and AS–A were lower than that of MA; AP–A, and AS–A approaching 0.03 m and 0.04 m (the average of the south and north sides), respectively, from the apple tree row. The fine roots of MP and MS were evenly distributed. In the 4.0 × 5.0 m monoculture sample plot, the FRHB values in MP and MS were within 2.5 m from the center of the plot. Thus, compared with MP and MS, the FRHB values in AP–P and AS–S approached the northern tree row by 0.01 and 0.02 m, respectively.





4. Discussion


4.1. Variation in the Vertical Distribution of Fine Roots


The fine roots of intercropped apple trees were distributed mostly within the 20–40 cm soil depth (see Figure 2A), as was also concluded by Bi et al. (2011) [23]. The fine roots of intercropped peanut plants and soybean plants were distributed mostly within the 0–20 cm soil depth (see Figure 2B), which was the same conclusion reached by Xu et al. (2013, 2014) [27,30]. These results indicated that the vertical distribution of fine roots in the apple–crop intercropping systems is skewed. The intercropped crops mainly use shallow soil resources, while the intercropped apple plants can use the relatively deep soil resources, of which the intercropped crops use less. This root distribution pattern is beneficial for reducing below-ground competition among species and for improving the utilization efficiency of deep soil resources in apple–crop intercropping systems [40]. The fine roots of intercropped walnut trees were concentrated within the 0–20 cm soil depth [30], while the fine roots of intercropped apple trees were within the 20–40 cm soil depth (see Figure 2A). Therefore, compared with walnut–soybean intercropping systems [30], the fine-root distribution in apple–crop intercropping systems has a better spatial structure and reduces the competition between apple–crop intercropping system components for surface soil resources. In the arid and semi-arid regions of the Loess Plateau, water is the primary limiting factor for plant growth, and soil nutrients on farmland are insufficient [41]. The FRBD value in intercropped apple trees (AP–A and AS–A), AP–P and AS–S was concentrated mostly within the soil depths of 0–60 cm (see Figure 2A), 0–40 cm and 0–60 cm (see Figure 2B), respectively. These results indicated that both the competition for soil moisture and nutrients caused by insufficient resources and spatial overlap of fine roots inevitably occur within the 0–40 cm soil depth in apple–peanut intercropping systems and within the 0–60 cm soil depth in apple–soybean intercropping systems. Generally, perennials have greater longevity and a larger root system than those of annuals. Interspecific roots inevitably compete for below-ground resources when perennials and annuals grow together [34]. The study results confirmed that apple–crop intercropping inhibited the growth of fine roots of apple trees (see Figure 2A), and the fine roots of AS–A were more suppressed than those of AP–A (see Figure 2A). In addition, the FRBD values of AP–A and AS–A were inhibited by AP–P and AS–S within the 0–60 cm soil depth. However, apple–crop intercropping could promote the growth of the fine roots of apple trees within the 60–100 cm soil depth (see Figure 2A), which is direct evidence of the variation in the fine-root distribution in apple–crop intercropping systems. When competition is inevitable, plants promote greater root development in the deeper layers of the soil to capture greater amounts of moisture and nutrients [25,42]. This root development is also a response to the weakened deep soil competitiveness of intercropped crops. Compared with AP–A, the fine-root growth of AS–A was seemingly more promoted by apple–crop intercropping (see Figure 2A), as the fine roots were much more abundant in AS–S than in AP–P (see Figure 2B) and were more competitive with respect to soil moisture and nutrients [38]; this increased competitiveness led to an increase in fine roots in AS–A deep in the soil to meet the absorption of soil moisture and nutrients in that system. This phenomenon constitutes an adaptive strategy for the interspecific below-ground competition of intercropped apple trees adapted to different intercropping crops. The inhibitory effect of intercropped apple on the fine roots in both AP–P and AS–S was mainly concentrated within the 0–100 cm soil depth (see Figure 2B). In addition, AS–S was more suppressed than AP–P (see Figure 2B), which might have occurred because more fine roots were present in AS–S than in AP–P.



To adapt to the spatial heterogeneity of soil moisture and nutrients in apple–crop intercropping systems, the distribution characteristics of the fine roots of intercropped apple trees and intercropped crops changed, which reflected the response of the variation of fine-root distribution to environmental conditions [30,43]. The present study confirmed that the fine roots of intercropped apple trees move towards deep soil (see Figure 4B and Figure 5A,B) and the fine roots of intercropped crops move towards the soil surface (see Figure 4C and Figure 5C,D). Many researchers studying tree–crop intercropping systems have reached the same conclusion [27,28,29,30,32,33,34,35,36,44]. This phenomenon may help the fine roots of intercropped apple trees to enlarge the absorption area of soil moisture and nutrients, and reduces the degree of the fine-root niche overlap between the intercropped apple trees and intercropped crops, thus improving the utilization efficiency of soil resources. Apple–peanut intercropping systems have a better niche separation status than that of apple–soybean intercropping systems (see Figure 5E,F), and the productivity of the apple–peanut intercropping system was higher than that of the apple–soybean intercropping system [6]; therefore, apple–peanut intercropping systems were better than apple–soybean intercropping systems. According to theoretical ecology, competition occurs under conditions in which the supply of shared resources is insufficient and the niches overlap [45,46]. Our previous studies found that the apple–peanut intercropping system has better soil moisture and soil nutrients than the apple–soybean intercropping system [23]. Therefore, the interspecific below-ground competition of the apple–peanut intercropping system is weaker than that of apple–soybean intercropping system. The degree of fine-root niche overlap of apple–crop intercropping systems south of the apple tree row was slightly larger than that north of the row (see Figure 5E,F), and soil moisture was better on the north of the apple tree row than on the south [47]; therefore, the interspecific below-ground competition was fiercer on the south side of the apple tree row than on the north side. In the apple–crop intercropping systems, soil moisture and nutrients increased as the distance from the tree row increased [23], and the degree of fine-root niche overlap decreased as the distance from the tree row increased (see Figure 5E,F); therefore, interspecific competition for soil moisture and nutrients decreased as the distance from the tree row increased. Moreover, intense competition occurred in the apple–peanut intercropping system and apple–soybean intercropping system in the sections whose distance ranged from 0.5–1.3 and 0.5–1.7 m from the tree row, respectively (see Figure 5E,F).




4.2. Variation in the Horizontal Distribution of Fine Roots


The fine roots of 5-year-old apple trees were distributed within a distance of 2.1 m from the apple tree row and mostly within 1.3 m from the tree row (see Figure 3A); these results were similar to the conclusion of Meng et al. [29]. The fine roots of AP–P and AS–S grew vigorously as the distance from the apple tree row increased (see Figure 3B); this vigorous growth may increase the competitive advantage of the roots with respect to soil moisture and nutrient uptake [48] and is a positive response to the reduced competitiveness of intercropped apple trees [23]. This study found that the FRBD on the north side of the apple tree row in both intercropped apple trees and intercropped crops was greater than that on the south side of the apple tree row (see Figure 3A,B), which might be affected by the shading of the crown, while the soil moisture status on the north side of the apple tree row was better than that on the south side [47]. The FRBD values of intercropped apple trees and intercropped crops in each section were lower than those of the monocropped systems (see Figure 3A,B), possibly because the interspecific below-ground competition of the apple–crop intercropping systems led to amounts of soil moisture and nutrients that were lower than those in monocropped systems [6]. With respect to root system competition in agroforestry systems, plants whose root systems were developed had a greater ability to obtain soil nutrients and exhibited a stronger adaptability to changes in the soil environment [49]. Therefore, these kinds of plants had a greater competitive advantage. The intercropped apple trees have a greater competitive advantage in apple–crop intercropping systems.



The apple–crop intercropping suppressed the horizontal expansion of the fine roots of intercropped apple trees (see Figure 6). Similarly, the walnut–Scutellaria baicalensis (Scutellaria baicalensis Georgi) intercropping suppressed the horizontal expansion of fine roots of walnut trees [35]. In the apple–crop intercropping system, the FRHB values in AP–P and AS–S were slightly closer to that of the north of apple tree row (see Figure 6), probably due to soil moisture conditions that were better on the north side of the apple tree row than on the south side [47]. However, compared with the variation in the vertical distribution of fine roots of apple trees/peanut plants/soybean plants, the variation in the horizontal distribution is very low.





5. Conclusions


In conclusion, apple–crop intercropping caused variations in the FRBD and fine-root distribution of apple trees, peanut plants, and soybean plants. Compared with monocropped systems, the fine roots of each component of the apple–crop intercropping systems were inhibited, and the components of the apple–soybean intercropping system were more inhibited. Moreover, the effect of interspecific below-ground competition on variation in the vertical distribution of fine roots of apple trees/peanut plants/soybean plants was much greater than that on variation in the horizontal distribution. The interspecific below-ground competition caused the fine roots of intercropped apple trees to move to deeper soil and that of intercropped peanut plants and soybean plants to move to shallower soil. This effect reduced the degree of the fine-root niche overlap of the apple–crop intercropping systems. Ultimately, the interspecific below-ground competition of the apple–peanut intercropping system is weaker than that of the apple–soybean intercropping system. The intense competition in the apple–peanut intercropping system and apple–soybean intercropping system occurred in the sections whose distance ranged from 0.5–1.3 and 0.5–1.7 m from the tree row, respectively. The interspecific below-ground competition was fiercer on the south side of the apple tree row than on the north side. To effectively alleviate the competition for soil moisture and nutrients between intercropped apple trees and intercropped crops and to obtain increased yields, farmers should select apple–peanut intercropping systems as highest-priority. Furthermore, peanut plants/soybean plants can be planted at a distance of 1.3/1.7 m away from the apple tree row to avoid excessive interspecific below-ground competition. Farmers can also increase the inputs of moisture and fertilizer within the 0–40 cm soil depth of the intercropping area. The irrigation and fertilization should be appropriately increased as the distance to the apple tree decreases, and the irrigation and fertilization south of the apple tree row should be slightly greater than that north of the row. Further quantitative assessment of the degree of competition for light, water, and nutrients of components of the apple–crop intercropping systems is needed.
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Figure 1. Location of sampling sections in apple–crop intercropping systems. The fine-root sampling area was divided into ten equally size sections, which were denoted as S1, S2, S3, S4, S5, N5, N4, N3, N2, and N1. 
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Figure 2. Vertical distribution of the fine-root biomass density (FRBD) of (A) monocropped apple trees (MA), intercropped apple trees in apple–peanut intercropping systems (AP–A) and intercropped apple trees in apple–soybean intercropping systems (AS–A) and (B) monocropped soybean plants (MS), intercropped soybean plants in apple–soybean intercropping systems (AS–S), monocropped peanut plants (MP) and intercropped peanut plants in apple–peanut intercropping systems (AP–P). The FRBD of each depth was the mean value of FRBD of the depth of all sections (S1, S2, S3, S4, S5, N5, N4, N3, N2, and N1). The error bars indicate standard deviations. The means with different letters within a row or column are significantly different (p < 0.05). 
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Figure 3. Horizontal distribution of the fine-root biomass density (FRBD) of (A) monocropped apple trees (MA), intercropped apple trees in apple–peanut intercropping systems (AP–A), and intercropped apple trees in apple–soybean intercropping systems (AS–A); (B) monocropped soybean plants (MS), intercropped soybean plants in apple–soybean intercropping systems (AS–S), monocropped peanut plants (MP) and intercropped peanut plants in apple–peanut intercropping systems (AP–P). The FRBD of each section was the mean value of FRBD of the 0–100 cm depth. The error bars indicate standard deviations. The means with different letters within a row or column are significantly different (P < 0.05). 
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Figure 4. (A) Fitting of Equation (1) to a profile of the cumulative fractional fine-root biomass density (Y); the dotted lines mark the depth of 50% of the cumulative fine-root biomass density (d50); (B) mean profiles of Y for monocropped apple trees (MA), intercropped apple trees in apple–peanut intercropping systems (AP–A) and intercropped apple trees in apple–soybean intercropping systems (AS–A); (C) mean profiles of Y for monocropped soybean plants (MS), intercropped soybean plants in apple–soybean intercropping systems (AS–S), monocropped peanut plants (MP), and intercropped peanut plants in apple–peanut intercropping systems (AP–P). 
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Figure 5. Values of the depth of 50% of the cumulative fine-root biomass density (d50) for (A) monocropped apple trees (MA) and intercropped apple trees in apple–peanut intercropping systems (AP–A); (B) monocropped apple trees (MA) and intercropped apple trees in apple–soybean intercropping systems (AS–A); (C) monocropped peanut plants (MP) and intercropped peanut plants in apple–peanut intercropping systems (AP–P); (D) monocropped soybean plants (MS) and intercropped soybean plants in apple–soybean intercropping systems (AS–S); (E) intercropped apple trees (AP–A) and intercropped peanut plants in apple–peanut intercropping systems (AP–P); and (F) intercropped apple trees (AS–A) and intercropped soybean plants (AS–S) in apple–soybean intercropping systems. The error bars indicate the standard deviations. The means with different letters within a row or column are significantly different (p < 0.05). 






Figure 5. Values of the depth of 50% of the cumulative fine-root biomass density (d50) for (A) monocropped apple trees (MA) and intercropped apple trees in apple–peanut intercropping systems (AP–A); (B) monocropped apple trees (MA) and intercropped apple trees in apple–soybean intercropping systems (AS–A); (C) monocropped peanut plants (MP) and intercropped peanut plants in apple–peanut intercropping systems (AP–P); (D) monocropped soybean plants (MS) and intercropped soybean plants in apple–soybean intercropping systems (AS–S); (E) intercropped apple trees (AP–A) and intercropped peanut plants in apple–peanut intercropping systems (AP–P); and (F) intercropped apple trees (AS–A) and intercropped soybean plants (AS–S) in apple–soybean intercropping systems. The error bars indicate the standard deviations. The means with different letters within a row or column are significantly different (p < 0.05).



[image: Agronomy 08 00280 g005a][image: Agronomy 08 00280 g005b]







[image: Agronomy 08 00280 g006 550] 





Figure 6. The fine-root horizontal barycenter (FRHB) for monocropped apple trees (MA), intercropped apple trees in apple–peanut intercropping systems (AP–A), intercropped apple trees in apple–soybean intercropping systems (AS–A), intercropped peanut plants in apple–peanut intercropping systems (AP–P), and intercropped soybean plants in apple–soybean intercropping systems (AS–S). The error bars indicate the standard deviations. “S” indicates south of the apple tree row; “N” indicates north of the apple tree row. 
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