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Abstract


The under-canopy light environment in agroforestry systems is a key limiting factor for the growth of intercropped crops. However, the impact of under-canopy light heterogeneity on crop yield remains unclear. This study focused on 4 (Y4)-, 6 (Y6)-, and 8 (Y8)-year-old apple tree/soybean intercropping systems with root barriers, measuring under-canopy photosynthetically active radiation, yield, and yield components at different phenological stages of soybean, and establishing a quantitative relationship between light heterogeneity and soybean yield. In the apple/soybean intercropping system, the spatial heterogeneity of accumulated photosynthetically active radiation (APAR) is greatest in Y6, with the APAR divided into five categories parallelized along the tree rows. Y4, which had the least spatial APAR heterogeneity, was divided into three categories. The APAR was split into two classes in Y8. The seed number per plant and 100-seed weight of soybean decreased with the increase in tree age. Compared to Y4, yields of Y6 and Y8 treatments decreased by 22.6% and 46.2%, respectively. The reduction in APAR showed a negative effect on yield and its components of soybean, especially in Y4. The shading intensity and under-canopy light heterogeneity jointly constrained the intercropped soybean yield; this effect was gradually strengthened with increasing tree age. Different measures should be taken according to different tree ages and soybean growth stages in intercropping systems to reduce the adverse effects of under-canopy light on soybean yield.
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1. Introduction


The global population continues to grow, while the area of arable land is steadily decreasing, and the quality of farmland is continually declining, which leads to significant production pressures on agriculture. Adjustments in dietary structures have also exacerbated the land competition between crops and trees, further constraining agricultural development [1]. Agroforestry systems (AFSs), as an efficient land use method, have attracted widespread attention in recent years [2]. Agroforestry systems are more complex in structure and function than single-crop agricultural systems, and they are better able to cope with the uncertainties brought about by environmental changes [3]. Additionally, they provide multiple ecological services such as carbon sequestration, water conservation, soil erosion reduction, and improved soil fertility, thereby enhancing and expanding the ecological services of agricultural ecosystems [4]. Implementing diversified planting methods, such as alley cropping, in economic forests can effectively utilize solar radiation and soil moisture resources, promote plant photosynthesis and growth, and thus improve the overall productivity and environmental sustainability of the land [5]. However, in agroforestry systems, plants of different species not only have complementary resource utilization but also compete for water, nutrients, and light [6]. How to reasonably arrange the time and spatial configuration based on the biological characteristics of different species becomes the key issue for reducing interspecies competition, improving system resource utilization efficiency, and maximizing benefits [7,8,9,10,11].



Many studies focus on the water and nutrient competition in the underground components of agroforestry systems, but light is the main factor influencing plant photosynthesis and the formation of organic matter, and it is also a key limiting factor for the growth of under-canopy crops [6,12]. Shading can significantly reduce soybean photosynthetic efficiency and cause premature leaf senescence, while also reducing nitrogen redistribution [13]. Additionally, studies have found that there is a decoupling phenomenon between radiation use efficiency and leaf nitrogen during early soybean growth, which provides an important physiological basis for optimizing light resource utilization [14]. Under shaded conditions, plants modify their morphology and growth patterns to avoid competition, and this light response mechanism is further regulated by climatic factors such as temperature and drought [15]. Tree canopies have complex geometric structures, and differences in factors such as tree species composition, canopy structure, vertical and horizontal variation, and leaf distribution affect the transmission of solar radiation at different layers of the canopy. After solar radiation passes through the canopy, it undergoes significant changes, causing noticeable differences in the effective light received at different spatial locations within the forest, thus leading to spatial heterogeneity in the light environment under the canopy [16,17,18,19]. The spatial heterogeneity of the light also directly affects the photosynthetic processes of under-canopy crops. A reduction in under-canopy photosynthetically active radiation leads to a decrease in crop photosynthetic efficiency, while the distribution and transport of photosynthetic products are also limited, inhibiting crop growth [20,21,22,23,24].



In agroforestry systems with alley planting configurations during the early stages of fruit trees and crops, the canopy structure of fruit trees at different ages varies significantly, leading to corresponding changes in the under-canopy light environment [25]. For instance, studies have shown that the shading intensity of apple trees is significantly negatively correlated with soybean yield, and the spatiotemporal distribution pattern of shading has important implications for light resource allocation in intercropping systems [26,27]. Traditional orchard management or monoculture crop research typically focuses on the overall differences in light interception in the upper canopy, with limited attention given to the unevenness of light distribution at different spatial locations and microdomain scales beneath the canopy, as well as its seasonal dynamics [9,10,14,21]. Current studies have not yet clarified the differences in light environment heterogeneity across various tree ages in fruit trees, nor have they fully explained how light environment heterogeneity impacts the yield of intercropped crops. To maximize the benefits of agroforestry systems and ensure high and stable yields, it has become an urgent task to investigate the heterogeneity of the light environment within the system and understand its effects on intercropped soybean.



Agroforestry systems show great potential in responding to climate change, improving the ecological environment, enhancing agricultural productivity, and ensuring food security. Therefore, this study aims to quantify the spatiotemporal heterogeneity of light in apple/soybean intercropping systems of different tree ages, and to assess its impact on soybean yield during key growth stages, providing theoretical support for light management to achieve higher and more stable yields and enhance the sustainability of agroforestry systems.




2. Materials and Methods


2.1. Experimental Location


The study area is located in Jixian County, Linfen City, in the southwestern part of Shanxi Province, China, which belongs to the typical loess plateau gully region. Jixian County has a warm temperate continental climate, with an average annual precipitation of 571 mm, an average annual temperature of 9.9 °C, an average annual sunshine duration of 2563.8 h, and an average annual solar radiation of 5424 MJ/m2. The frost-free period lasts for 172 days. The main soil type in the area is brown soil derived from loess parent material, with a deep soil layer that is suitable for planting fruit trees and crops. In this experiment, we specifically focused on apple (Malus pumila) and soybean (Glycine max). While other fruit tree species, e.g., apricot (Prunus armeniaca), peach (Prunus persica), walnut (Juglans regia), and crops, e.g., maize (Zea mays) and peanut (Arachis hypogaea), are present locally, they were not part of our study.




2.2. Experimental Design


Based on the characteristics of the agroforestry intercropping system in the study area and the local planting practices, an apple/soybean intercropping system with apple trees aged 4, 6, and 8 years (Y4, Y6, and Y8) was selected as the experimental object in the agroforestry intercropping demonstration area of Nanping Village, Zhongduo Township, Jixian County, Shanxi Province (E 110°43′46″, N 36°01′07″). The apple variety is dwarf Fuji on an intermediate rootstock, and the tree rows are arranged symmetrically in the east–west direction with a row spacing of 4.00 m × 5.00 m. The soybean (Glycine max) variety “Jindou 37” was used, which has a medium growth period of approximately 125 days and a determinate growth habit. Seeds were manually sown on 13 May 2018, at a row spacing of 0.40 m and a plant spacing of 0.20 m (two plants per hole). The previous crop of soybean was maize, consistently used across all plots in the previous season to ensure uniform initial soil conditions.



For each apple/soybean intercropping system at different tree ages, a core experimental area, enclosed by four adjacent apple trees, was established (5.0 m in the north–south direction and 4.00 m in the east–west direction), with three replicates set up for each tree age group. Prior to soybean sowing, a 1.00 m deep impermeable plastic sheet was laid 0.05 m from the tree row to serve as a root barrier, preventing interference between the fruit trees and soybeans regarding underground water, nutrients, and root systems. In the intercropping area, the distance between the soybean planting row and the base of the tree trunk was 0.10 m. Fertilization was conducted before sowing with a compound fertilizer (15-24-10) at 300 kg·ha−1. Irrigation followed local orchard practices, with two drip irrigation events (late June and early August), each providing about 75 mm of water. Tillage and weeding were also uniformly managed to minimize variability among plots.




2.3. Data Measurement


2.3.1. Photosynthetically Active Radiation


This experiment analyzed the heterogeneity of the light environment under different positions of soybean planting points in the apple/soybean intercropping systems at different tree ages. In this alley-cropping system of Malus pumila (apple) and Glycine max (soybean), apple trees were spaced at 4.00 m × 5.00 m, and soybean rows were planted in between. We installed HOBO PAR Smart Sensors (Model S-LIA-M003, Onset Computer Corporation, Bourne, MA, USA) at 1 min logging intervals, arranged in a 0.80 m × 1.00 m grid across the intercropped area. The sensors were labeled from north to south as A/B/C/D/E/F/G rows, and from east to west as 1/2/3/4/5 columns. Each sensor was named with the row number first and the column number last, and the layout is shown in Figure 1. PAR monitoring data were collected at 1 min intervals during the three main growth stages of soybean: the seedling stage (V2–V3) (early June), flowering stage (R2) (mid-July), and pod-setting stage (R5) (early September).




2.3.2. Soybean Yield


At maturity (R8 stage), each sensor point covered 0.4 m2 of soybean canopy, including 10 plants closed to the sensor in same soybean row. All plants within this area were harvested, oven-dried at 60 °C to constant weight, and seed yield was corrected to a standard 13% moisture content.





2.4. Data Processing


2.4.1. Subdivision of Understory Light Environment


Kriging interpolation (with a spatial resolution of 0.4 m × 0.4 m) was first used to fit the variogram of the original data and obtain an interpolation accuracy with R2 > 0.75, transforming the discrete accumulated photosynthetically active radiation (APAR) data for the three apple–soybean intercropping systems at different tree ages during seedling (V2–V3), flowering (R2), pod-filling (R5), and the entire growing season into continuous two-dimensional raster data (with the center of the experimental area as the origin, x direction from −2.0 m to 2.0 m, and y direction from −2.4 m to 2.4 m). Next, a moving statistical analysis with variable window sizes (window height ranging from 0.1 m to 0.4 m) was applied in the y direction. A new row band was created every 0.1 m southward, and a two-sample t-test (α = 0.05) was conducted on the average PAR values of adjacent row bands. When the mean difference between adjacent row bands was significant (p < 0.05), a light environment boundary line was established at the y-coordinate between the two row bands, and the entire area was divided from north to south into several light environment regions. To ensure each region had clear upper and lower boundaries, a t-test was conducted on the average PAR values of adjacent regions after the boundary lines were defined. If the difference was significant (p < 0.05), the two regions were considered distinct; otherwise, the adjacent regions were merged until significant differences were found between them. Ultimately, multiple light boundary lines in the y direction were obtained for each period, and these were used to define multiple light environment regions.




2.4.2. Spatial Variability of Understory Light Environment


The APAR data for each sensor point were calculated (e.g., cumulative values by phenological stages), and then the coefficient of variation in PAR within each experimental sample area was calculated.


  CV = σ / μ × 100 %  



(1)







σ is the standard deviation of the accumulated photosynthetically active radiation at each monitoring point within each experimental plot, µ is the mean cumulative photosynthetically active radiation at each monitoring point within each experimental plot, and CV is the coefficient of variation, used to characterize the unevenness of the spatial distribution of APAR.




2.4.3. Yield Stability


Calculate the yield stability for each experimental plot’s yield data in the intercropping systems with different tree ages. Reference is made to the method described by Tran et al. [28],


  Y i e l d   S t a b i l i t y = 1 / CV = σ / μ × 100 %  



(2)




where CV is the coefficient of variation, σ is the standard deviation of accumulated photosynthetically active radiation at each monitoring point within each experimental plot, and µ is the mean cumulative photosynthetically active radiation at each monitoring point within each experimental plot.





2.5. Statistical Analysis


Descriptive analysis, regression analysis, analysis of variance, and correlation analysis were performed in SPSS 25.0 (IBM SPSS Statistics, Armonk, NY, USA, 2017). p < 0.05 was considered significant. Graphs were created using Origin Pro 2021 (Origin Lab Corporation, Northampton, MA, USA, 2021).





3. Results


3.1. Temporal and Spatial Distribution of APAR


In the intercropping system with 4-year-old apple trees, the spatiotemporal distribution of APAR in the understory is shown in Figure 2. During the soybean seedling stage (V2–V3), the spatial distribution of understory APAR can be divided into four regions. The low-light region is [−2, 2] × [−2.4, −1.7] and [−2, 2] × [2.1, 2.4], the moderate-light region is [−2, 2] × [−1.7, −1.3] and [−2, 2] × [1.1, 2.1], the next-high-light region is [−2, 2] × [0.7, 1.1], and the high-light region is [−2, 2] × [−1.3, 0.7]. During the soybean flowering stage (R2), the low-light regions of understory APAR are [−2, 2] × [−2.4, −1.3] and [−2, 2] × [2.1, 2.4], while the high-light region is [−2, 2] × [−1.3, 2.1]. In the flowering stage (R2), the high-light region occupies a larger area in the middle of the north–south direction, while the low-light regions are mainly located at the northernmost and southernmost parts. During the soybean pod-filling stage (R5), the low-light regions of understory APAR are [−2, 2] × [−2.4, −0.1] and [−2, 2] × [2.1, 2.4], while the high-light region is [−2, 2] × [−0.1, 2.1].



During the soybean growing period, the understory APAR is divided into four distinct regions. The low-light areas are [−2, 2] × [−2.4, −1.7] and [−2, 2] × [2.1, 2.4], with an average APAR of 704.3 MJ/m2. The moderate-light areas are [−2, 2] × [−1.7, −0.9] and [−2, 2] × [1.1, 2.1], with an average APAR of 862.1 MJ/m2. The second-high-light areas are [−2, 2] × [−0.9, −0.3] and [−2, 2] × [0.7, 1.1], with an average APAR of 985.4 MJ/m2. The high-light area is [−2, 2] × [−0.3, 0.7], with an average APAR of 1033.2 MJ/m2. Throughout the growing period of soybean, the intercropping system formed several levels of light variation along the north–south direction, showing a gradual transition from the low-APAR regions in the northernmost and southernmost areas to the central high-APAR region.



In the intercropping system with 6-year-old apple trees, the spatial distribution of understory APAR during the soybean seedling stage (V2–V3) can be divided into five regions (Figure 3a). The extremely low-light region is [−2, 2] × [−2.4, −2.1], the low-light region is [−2, 2] × [−2.1, −1.3] and [−2, 2] × [1.1, 2.4], the moderate-light region is [−2, 2] × [−1.3, −0.9], the second-high-light region is [−2, 2] × [−0.9, −0.3] and [−2, 2] × [0.7, 1.1], and the high-light region is [−2, 2] × [−0.3, 0.7]. During the soybean flowering stage (R2), the spatial distribution of understory APAR is also divided into five regions (Figure 3b). The extremely low-light region is [−2, 2] × [−2.4, −1.7], the low-light region is [−2, 2] × [−1.7, −1.3] and [−2, 2] × [1.1, 2.4], the moderate-light region is [−2, 2] × [−1.3, −0.9], the second-high-light region is [−2, 2] × [−0.9, −0.1] and [−2, 2] × [0.7, 1.1], and the high-light region is [−2, 2] × [−0.1, 0.7]. During the soybean pod-filling stage (R5), the zonal distribution differs significantly from the previous two periods. The high-light region shifts further northward compared to the flowering stage (R2), covering [−2, 2] × [0.3, 1.1]. The low-light region extends further to [−2, 2] × [−0.1, 2.1].



The spatial distribution of understory APAR during the soybean growing stage can be divided into five regions (Figure 3d). The extremely low-light region is [−2, 2] × [−2.4, −1.7], with an average APAR of 530.9 MJ/m2. The low-light region is [−2, 2] × [−1.7, −1.3] and [−2, 2] × [1.1, 2.4], with an average APAR of 649.1 MJ/m2. The moderate-light region is [−2, 2] × [−1.3, −0.9], with an average APAR of 752.3 MJ/m2. The second-high-light region is [−2, 2] × [−0.9, −0.1] and [−2, 2] × [0.7, 1.1], with an average APAR of 868.4 MJ/m2. The high-light region is [−2, 2] × [−0.1, −0.7], with an average APAR of 930.9 MJ/m2. Within each region, there is no significant difference between columns in the x direction, indicating that the APAR heterogeneity in the east–west direction within the region is relatively small.



In the eight-year-old intercropping system, the spatial distribution of APAR during the soybean seedling (V2–V3) and flowering stages (R2) is divided into a low-light region of [−2, 2] × [−2.4, −1.3] and a high-light region of [−2, 2] × [−1.3, 2.4] (Figure 4a,b). During the soybean pod-filling stage (R5), the spatial pattern of APAR is divided into [−2, 2] × [−2.4, −2.1] and [−2, 2] × [−2.1, 2.4] (Figure 4c). The spatial distribution of understory APAR during the entire soybean growth period can be categorized into a low-light region of [−2, 2] × [−2.4, −1.3] and a high-light region of [−2, 2] × [−1.3, 2.4], with average APAR values of 472.9 MJ/m2 and 428.2 MJ/m2, respectively (Figure 4d).




3.2. Spatial Variability of the Understory Light


During the soybean seedling (V2–V3) and flowering stages (R2), the spatial heterogeneity of understory APAR differed significantly (p < 0.05) among different tree-age agroforestry systems, with the 4-year-old system exhibiting the least spatial heterogeneity and the 8-year-old system showing the highest (Figure 5). During the soybean pod-filling stage (R5), the spatial heterogeneity of understory APAR was greatest in the 4-year-old agroforestry system, while it was the lowest in the Y8 system, indicating a significant reduction in light environment heterogeneity in high-age systems (Y8) after the pod-filling stage (R5) (p < 0.05). There were also clear differences in the spatial heterogeneity of understory APAR during the entire soybean growth period under different treatments, with the 4-year-old system having the smallest heterogeneity and the Y8 system having the greatest.




3.3. Yield and Its Components


There were significant differences in soybean yield and yield components among the apple/soybean intercropping systems with different tree ages (Table 1). The seed number per plant and 100-seed weight in the Y4 treatment were significantly higher than those in Y6 and Y8 (p < 0.05), resulting in 29.1% and 85.7% higher yields in Y4 compared to Y6 and Y8, respectively.




3.4. Effects of APAR on Soybean Yield


The under-canopy APAR during the flowering stage (R2) of soybean shows a significant positive effect on the number of seeds per plant in the intercropped soybean under all tree-age treatments (Figure 6a). Analysis of the slope of the fitted equation reveals that under-canopy APAR in the 6-year-old apple tree system has a stronger influence on the number of seeds per plant than that in the Y8 and Y4 systems. During the pod-filling stage (R5), under-canopy APAR is positively correlated with the 100-seed weight of intercropped soybean (Figure 6b), although the positive effect of under-canopy APAR on 100-seed weight decreases as tree age increases. Specifically, in the Y8 treatment, the slope of the fitted equation between APAR and 100-seed weight decreases to 0.0189. However, in the Y8 system, the relationship between APAR and 100-seed weight is not significant (p > 0.05) and is represented by a blue dashed line in Figure 6b. Throughout the soybean growing stage, APAR has a significant positive effect on soybean yield, but there are differences between treatments (Figure 6c).




3.5. Effects on APAR Spatial Variability on Soybean Yield


With the increase in the spatial coefficient of variation in under-canopy APAR, the number of seeds per plant and 100-seed weight of soybean both decreased (Figure 7a,b), which led to a significant reduction in soybean yield (Figure 7c). A 10% increase in the spatial coefficient of variation in APAR directly resulted in a decrease of 23.0 seeds per plant, 39.0 g in 100-seed weight, and 72.7 g/plant in yield. However, the spatial coefficient of variation in under-canopy APAR did not affect the stability of the number of seeds per plant, 100-seed weight, or individual plant yield (Figure S1).





4. Discussion


4.1. Spatial Variability of Understory Light


The distribution characteristics of under-canopy light environmental heterogeneity observed in this study exhibit greater complexity and dynamics in their spatiotemporal patterns [29]. In contrast, this study revealed that older orchards exhibited more pronounced under-canopy light environmental heterogeneity, which accumulated continuously in both space and time [30]. This heterogeneity is reflected not only in the radial variation in light intensity from the center to the edge of the canopy but also in the formation and intensification of local shading patches as the season progresses, with the development of the canopy and expansion of branches and leaves. This contrasts with conclusions from studies of Pearcy [31] suggesting that light resources under the canopy are relatively uniform, with light distribution irregularities being limited to certain critical moments. Fan et al. [32] also reported that in traditional monoculture orchards, light distribution under the canopy tends to become relatively uniform in the later growth stages, and spatial heterogeneity does not show the phenomenon of continuous accumulation throughout the season. This study found that heterogeneity is not merely prominent at a particular phenological stage but generates continuous, multi-scale cumulative effects as the growth process and tree age increase. This observation can also be validated by the results. Matsuo et al. showed the increase in tree age significantly enhances vertical light heterogeneity, and the height of the light intensity inflection point increases from 3.4 m in 8-year-old stands to 18.3 m in 32-year-old stands, with the light attenuation rate decreasing by 0.024 units per year, while simultaneously reducing horizontal light heterogeneity (the under-canopy light intensity decreases from 3.56% to 1.56%) [33]. This suggests that research on heterogeneity should not be limited to a single period but should integrate data from the entire growing season for a comprehensive evaluation [34].



The distribution characteristics of under-canopy light environmental heterogeneity show a hierarchical and zonal pattern at the spatial scale. Zhou et al. [35] also mentioned in their research in orchards and forests that the adjacent differences in under-canopy light distribution within small-scale areas significantly impact the resource competition patterns within crop communities. This study quantitatively classified different PAR gradients into extremely low-light, moderate-light, next-high-light, and high-light zones. However, the under-canopy APAR distribution in the 4-year-old orchard was the most complex, whereas the Y8 treatment could be simplified into two light zones. This is mainly due to the relatively small crown width of the 4-year-old apple trees and the larger structural differences within the canopy. In contrast, in older orchards, dense branches and leaves tend to form stable, persistent low-light areas [36]. Therefore, the older orchards should be given to directional and proper pruning and the establishment of light transmission zones to mitigate the expansion of local shading patches, thereby reducing the unevenness of under-canopy light distribution and optimizing the growth conditions for intercropped crops [37].




4.2. Influence of Light Variability on Soybean Yield


The total APAR accumulated over the soybean growing season strongly influences yield formation, especially during the flowering (R2) and pod-filling stages (R5) [38]. At the same time, during the soybean growth process, the flowering (R2) and pod-filling stages (R5) are particularly sensitive to light requirements. A reduction in light during these stages can significantly impact the accumulation of photosynthetic products, thereby reducing yield factors such as seed number and 100-seed weight [39]. The results of this study aligns with the findings from the study by Ning et al. [40], which showed the east–west orientation resulted in a 4.99% decrease in PAR, leading to a 30.4% reduction in the number of seeds per plant and an 8.90% decrease in 100-seed weight compared to the control. And the northeast–southwest orientation caused a 24.65% decline in PAR, corresponding to a sharp 38.5% decrease in the number of seeds per plant and an 11.29% reduction in 100-seed weight. The total growing season APAR has a significant positive effect on soybean seed number and 100-seed weight, indicating that when total incident light is abundant, soybean seed set and pod-filling efficiency are correspondingly enhanced [41]. This finding resonates with the concept of “light transmittance” emphasized by Feng et al., both of which highlight the positive relationship between overall light intensity and yield level [42]. However, the concept of “light transmittance” alone is insufficient to accurately predict final yield (chlorophyll also influences the light absorption coefficient) [43]. In orchard or high-density planting systems, local shading and its dynamic changes remain important constraints on light use efficiency. The LUE results ranged from 1.68 to 1.31 and 1.13 g DM MJ (PAR)−1, indicating that LUE can be significantly affected by increasing tree age [44,45,46].



The increase in spatial heterogeneity of the under-canopy light environment directly reduced soybean yield factors and overall yield. In this study, when the coefficient of variation (CV) increased from 0.20 to 0.35, the number of seed per plant decreased from about 110 to 70, the 100-seed weight dropped from 18 g to 14 g, and the yield per plant fell from 20 g to 10 g, showing a reduction of 20–50%. This is because the patchiness and gradient characteristics of under-canopy light distribution play a key inhibitory role in the process of yield formation [39]. This indicates that not only does reduced total incident light weaken yield, but the uneven multi-level distribution of light also intensifies resource competition and allocation imbalance among plants, leading to an overall decline in yield components [47].



While overall yield levels are significantly suppressed by heterogeneity, the impact of CV on the stability of yield-related indicators did not show a statistically significant linear pattern. This may indicate that in high-heterogeneity environments (CV > 0.3), multiple factors, including soil nutrients, water supply, variety characteristics, and canopy management, jointly affect yield stability [41,42,48]. In the study by Liao et al. [49], without the installation of root barriers, soybean yields in the apple–soybean intercropping system decreased by 34% and 41% in the 6-year and 8-year apple orchards, respectively. This result is similar to the findings of the present study, further validating that light is the most important factor influencing intercropping systems. In this study, root barriers were installed between soybean and apple trees to reduce the impact of underground water and nutrient competition on soybean, allowing for a more accurate assessment of the effect of light on soybean. However, when light resources are unevenly distributed, suitable cultivation management, directional pruning, light-transmission strip design, and selection of shade-tolerant varieties can also mitigate yield fluctuations to some extent [42,50,51,52]. Therefore, although light heterogeneity is a key factor influencing yield components, for stability across years or spatial scales, it is necessary to consider the multifactorial influences of the agroecosystem and management interventions [50,53,54].





5. Conclusions


In apple orchards with 4-year-old trees, under-canopy APAR was higher, with spatial distribution showing multiple light zones. The under-canopy APAR in 8-year-old orchards was significantly lower than that in 4- and 6-year-old orchards, and the spatial distribution of APAR was simplified into two light zones. On the temporal scale, under-canopy APAR during the pod-filling stage (R5) in 4-year-old orchards had the greatest impact on intercropped soybean yield, while during the flowering stage (R2) in 6-year-old orchards, APAR had the greatest effect on soybean yield. In 8-year-old orchards, the under-canopy APAR’s strong influence extends into both the flowering (R2) and pod-filling stages (R5). The spatial heterogeneity and shading of under-canopy APAR inhibited soybean seed number and 100-seed weight, thereby reducing soybean yield. However, the lowest under-canopy APAR also induced the lowest soybean yield in 8-year-old orchards, compared to 4- and 6-year-old systems. Notably, under-canopy APAR heterogeneity did not affect the yield stability of intercropped soybean. Therefore, canopy pruning, tree shape management, and crop layout optimization should be adopted for different tree ages and growth stages to reduce local shading patches, alleviate extreme light distribution, and enhance soybean efficiency in utilizing under-canopy light resources, thus stabilizing yield. This study clarified the impact of APAR and light heterogeneity, the most significant light factors influencing intercropped crop yields, on soybean yield, based on the exclusion of underground water and nutrient competition through the use of root barriers. In the future, other influencing factors (such as groundwater and nutrient competition, microclimatic factors, etc.) can be integrated to provide a comprehensive analysis of interspecific competition in the apple–soybean intercropping system.
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Figure 1. Schematic diagram of experimental area configuration and sensor layout. 
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Figure 2. Below-canopy APAR distribution in the 4-year-old apple/soybean intercropping system: (a) seedling stage (V2–V3) of soybean, (b) flowering stage (R2) of soybean, (c) pod-filling stage (R5) of soybean, and (d) entire growing stage of soybean. 
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Figure 3. Below-canopy APAR distribution in the 6-year-old apple/soybean intercropping system: (a) seedling stage (V2–V3) of soybean, (b) flowering stage (R2) of soybean, (c) pod-filling stage (R5) of soybean, and (d) entire growing stage of soybean. 
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Figure 4. Below-canopy APAR distribution in the 8-year-old apple/soybean intercropping system: (a) seedling stage (V2–V3) of soybean, (b) flowering stage (R2) of soybean, (c) pod-filling stage (R5) of soybean, and (d) entire growing stage of soybean. 
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Figure 5. Spatial variability of APAR in soybean growth stages under different intercropping systems of varying apple tree ages (Y4 = 4 years old, Y6 = 6 years old, Y8 = 8 years old). Data are means ± standard deviation (n = 3). Different letters (a, b, c) in the same column indicate significant differences (p < 0.05) according to Duncan’s test. 
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Figure 6. Effect of APAR on yield of intercropped soybean ((a): Effect of APAR on seed number per plant during flowering stage (R2) of soybean. (b): Effect of APAR on 100-seed weight at pod-filling stage (R5) of soybean. (c): Effect of APAR on yield at entire growing stage of soybean. Apple tree ages Y4 = 4 years old, Y6 = 6 years old, Y8 = 8 years old). One-way analysis of variance (ANOVA) was used to evaluate the differences among treatments, and Duncan’s multiple range test was used (p < 0.05). The “*” after fitting the formula means that the Duncan test is significant (p < 0.05). 






Figure 6. Effect of APAR on yield of intercropped soybean ((a): Effect of APAR on seed number per plant during flowering stage (R2) of soybean. (b): Effect of APAR on 100-seed weight at pod-filling stage (R5) of soybean. (c): Effect of APAR on yield at entire growing stage of soybean. Apple tree ages Y4 = 4 years old, Y6 = 6 years old, Y8 = 8 years old). One-way analysis of variance (ANOVA) was used to evaluate the differences among treatments, and Duncan’s multiple range test was used (p < 0.05). The “*” after fitting the formula means that the Duncan test is significant (p < 0.05).



[image: Agronomy 15 00581 g006a][image: Agronomy 15 00581 g006b]







[image: Agronomy 15 00581 g007a][image: Agronomy 15 00581 g007b] 





Figure 7. Relationship between the coefficient of variation in under-canopy APAR and soybean yield ((a): Effect of APAR spatial variation on seed number per plant of soybean. (b): Effect of APAR spatial variation on 100-seed weight of soybean. (c): Effect of APAR spatial variation on soybean yield). One-way analysis of variance (ANOVA) was used to evaluate the differences among treatments, and Duncan’s multiple range test was used (p < 0.05). The “*” after fitting the formula means that the Duncan test is significant (p < 0.05). 
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Table 1. Yield components of soybean in apple/soybean intercropping systems of different apple tree ages.
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	Seed Number Per Plant
	100-Seed Weight (g)
	Yield (g/plant)





	Y4
	102.7 ± 1.1 a
	18.8 ± 0.3 a
	19.5 ± 1.3 a



	Y6
	91.2 ± 0.5 b
	16.5 ± 0.5 b
	15.1 ± 0.4 b



	Y8
	72.3 ± 1.7 c
	14.3 ± 0.6 c
	10.5 ± 0.6 c



	Mean
	88.7 ± 12.5
	16.5 ± 1.8
	15.0 ± 3.7



	F
	479.2
	69.9
	90.3







Note: (Y4 = 4 years old, Y6 = 6 years old, Y8 = 8 years old). Data are means ± standard deviation (n = 3). Different little letters in the same column indicate significant differences (p < 0.05) by Duncan’s test.
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