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Rapid urbanization has led to a large-scale loss of cropland to non-agricultural uses. To avoid losses caused by abandonment, farmers working in cities have converted part of their farmland into economic forests (Primarily poplar). To assess how converting cropland to forest land negatively impacts neighboring grain production, we selected five agroforestry interfaces in humid and semi-humid regions of China. We investigated the effects of long-term poplar planting on the production process of summer maize in neighboring fields. Eight sampling points (d1-d8) were established at 1-meter intervals along the agroforestry interface extending into the maize field, at each interface. During the maize maturity stage, morphological structure, yield, and dry matter distribution were measured. The results showed that long-term planting of poplar trees had a significant effect on the growth and harvest parameters of neighboring summer maize. Compared to the farthest distance (control), the maize plants closest to the poplar trees exhibited reductions in plant height, stem diameter, and leaf area by 46.4%, 34.9%, and 60.2%, respectively. Compared to control, root, stem, leaf, tassel, bract, and corncob dry weight at d1 were reduced by 47.2%, 28.7%, 42.6%, 27.5%, 35.3%, and 40.5%, respectively, and the yield per spike and total dry weight at d1 were reduced by 94.9% and 58.0%, respectively. Furthermore, trend analysis revealed that these parameters exhibited logarithmic growth trends with increasing distance (All R2 > 0.80). Structural equation modeling demonstrated that summer maize morphological structure and dry matter distribution directly and indirectly influenced yield per spike and total dry weight through distinct pathways. These findings provide management implications for mitigating the negative impacts of agroforestry systems on agricultural production in humid regions, while also providing a parameter basis for accurately assessing the grain yield reduction effect resulting from the large-scale conversion of agricultural land to forestry.
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1 Introduction

Food security is crucial to the survival and development of humankind worldwide (Xu et al., 2022). In particular, in recent years, with the intensification of human activities and climate change, the issue of food production and security has received increasing attention from scholars (Sahu and Liu, 2023). On the one hand, a country or region’s political, economic, and cultural factors may indirectly affect food security (Liu and Zhou, 2021). On the other hand, changes in land use types, the use of bioenergy crops, and global climate change can directly influence food production and security (Cui and Zhong, 2024; Sabir et al., 2024; Xu et al., 2022). Therefore, ensuring food security amid global changes and increasing human activities will be one of the key challenges facing humanity in the future.

Maintaining both the quantity and quality of cropland is one of the key factors in ensuring food security (Sabir et al., 2024). However, irrational cropland utilization may directly or indirectly affect food production and security (Molotoks et al., 2021; Wang, 2022). On the one hand, accelerated urbanization has led to the conversion of significant amounts of cropland to urban use (Liu and Zhou, 2021). Research indicates that over 55,000 square kilometers of cropland in China were converted to urban use between 2010 and 2020 (Zeng et al., 2023). On the other hand, the rapid rural-to-urban population migration may trigger the conversion of agricultural land to other land-use types such as wasteland, woodland, and grassland. This transition could subsequently lead to increased farmland fragmentation and diminished food production capacity (Chen et al., 2024; Sethumadhavan et al., 2024). Between 2010 and 2020, high-risk areas for cropland abandonment in China showed an increasing trend (Zeng et al., 2024), and 83.8% of counties demonstrated an upward trend in the cropland fragmentation index (Qu et al., 2025). The decrease in rural population has created challenges for agricultural production on small-scale farms, leading to cropland abandonment or conversion to forest land (Li and Li, 2016). This replacement of cropland with forest land not only reduces grain yield per unit area but also affects food production in adjacent cropland (Ramesh et al., 2023). According to a study by Yang et al. (2023), agroforestry systems led to average crop yield reductions of 33.9%, 47.8%, 20.6%, and 43.4% in Northwest, East, North, and South China, respectively.

Research on the impact of forestland on the yield of neighboring crops has mainly focused on agroforestry systems (Pohlmann et al., 2024; Saj et al., 2023). An agroforestry system generally refers to an integrated system of agriculture and forestry (Hildreth, 2008; Khan et al., 2022). These systems are based on theories of ecological niche complementarity and species symbiosis to avoid excessive competition and thus achieve a win-win situation (Fernández et al., 2007; Loreau and Hector, 2001). They play an important and positive role in increasing carbon sequestration (Verma et al., 2023), improving soil health (Muchane et al., 2020), regulating soil microbial communities (Wang et al., 2022), improving water use efficiency (Bai et al., 2016), maintaining microclimate conditions (Karvatte et al., 2020), and reducing water and soil losses (Zhu et al., 2020). In arid and semi-arid areas, where water and nutrients are limited, agroforestry systems can create complementary effects and achieve win-win outcomes (Veldkamp et al., 2023; Verma et al., 2023). A study in the Mediterranean demonstrated that agroforestry systems can effectively buffer against adverse climatic conditions, stabilizing or even enhancing crop yields under climate change (Amassaghrou et al., 2023). In contrast, research conducted in Windlach, located in the northern part of Kanton Zürich, indicated that moderate shading had no effect on barley yield within temperate forest-based agroforestry systems (Vaccaro et al., 2022). Therefore, the impact of agroforestry systems on crop yield remains uncertain, particularly regarding its effects across different regions and tree species (Baier et al., 2023; Khan et al., 2022; Ramesh et al., 2023). Moreover, few studies have examined the impact of converting cropland to forestland on agricultural production, especially in humid and semi-humid areas.

In certain regions of China, cropland faces the risk of abandonment due to rural-to-urban migration. To prevent this, some croplands have been converted to economic forests (primarily poplar plantations). Based on the results of the 2018 Ninth National Forest Inventory, compared with 1973, the area of plantation forests saw a net increase of 6.7312 million hm2. Nearly half of this increase (47.97%) originated from afforestation on former cropland, with poplar forests ranking as the second largest category by area within these plantations. The main reason for choosing poplar is that it is known as ‘the people’s tree’ and is widely planted worldwide due to its broad environmental adaptability (Xi et al., 2021). Its natural distribution ranges from 22°N to 70°N, with an altitudinal range reaching 4800m (Xi et al., 2021). Poplar trees exhibit fast growth, easy propagation, and high hybridization potential, making them valuable for environmental improvement and economic benefits in many countries (Richardson and Isebrands, 2014). To optimize poplar cultivation efficiency, mixed cropping systems combining poplar and crops have been developed successfully in many arid and semi-arid regions (Dai et al., 2021). However, significant poplar planting also occurs on cropland in humid and semi-humid areas (Xi et al., 2021). The extent of poplar’s impact on adjacent food production remains unclear in these humid and semi-humid regions.

In summary, while agroforestry systems have been extensively studied in arid and semi-arid regions, research remains relatively limited in humid and semi-humid areas. Moreover, due to the distinct climatic conditions and agricultural practices (such as cropland-to-woodland conversion) in these regions, the response patterns of agroforestry ecosystems may differ significantly. Therefore, this study investigates the effects of long-term poplar planting on the morphology and yield of neighboring summer maize to address the following questions: (1) In humid and semi-humid regions, does poplar cultivation influence the morphology and yield of neighboring maize, and what is the effective impact distance? (2) What underlying factors drive the observed changes in maize yield? (3) How can the response patterns of neighboring maize to long-term poplar planting provide guidance for future agroforestry system management and supply critical parameters for large-scale agricultural yield assessments?




2 Materials and methods



2.1 Experimental site

The study area is located in Pingqiao District (113°42’~114°25’E, 31°43’~32°37’N), Xinyang City, Henan Province, China, with an elevation range of 60 to 214m above sea level (Figure 1). This region lies in the transition zone between subtropical and northern temperate zones. The climate is a moist continental temperate type, characterized by cold, dry winters and rainy, hot summers. The long-term mean annual precipitation is approximately 1100mm, with marked seasonal and inter-annual variation. Most precipitation occurs between June and July, accounting for 66% of the annual total. The mean annual temperature is 15.2°C, with monthly averages ranging from 1.9°C in January to 33.6°C in July (China Meteorological Data Sharing Service System, https://data.cma.cn/). Five agroforestry transition zones were selected for investigation in the area. All five transition zones were located within a 1-km radius, covering areas ranging from 2,500 to 10,000 m², with interface lengths of 50–100 m.

[image: Map depicting regions in China with specific counties marked, including Pingqiao District, Shihe District, and others. The map shows elevation using a color gradient from brown to green. A sampling site is marked with a red dot in Pingqiao District. A scale and compass are present.]
Figure 1 | Location of sampling site.

The study area is characterized by loamy soils derived from alluvial deposits, typical of humid and semi-humid regions in central China, with moderate fertility and a history of maize–wheat rotation prior to the establishment of poplar plantations. These soils generally exhibit a pH of 6.5–7.5 and organic matter content around 15–20 g kg-1, according to local soil survey data.





2.2 Experimental design

The primary objective of this study was to evaluate the long-term poplar planting effects on the morphology and yield of adjacent summer maize. Prior to the establishment of poplar plantations, these sites were typical agricultural areas with a long history of cultivation. Located within humid and semi-humid regions, the primary agricultural land use consisted of rain-fed farmland (without irrigation). The prevailing cropping pattern involved the rotation of crops such as maize, peanuts, soybeans, and wheat without a fixed sequence. The management practices were predominantly characterized by extensive farming. After planting, the poplar trees remained unmanaged and grew naturally over the long term. The crops were cultivated using traditional methods and extensive management, without consideration of any synergistic effects with the poplar stand. Due to recent urbanization, substantial rural-to-urban migration has led to partial cropland abandonment and conversion to non-grain land uses (e.g., economic forests), with poplar being the dominant species in such plantations within the region. The poplar trees were 15–17 years old, with an average height of 17m and mean diameter at breast height of 28.5cm. The planting interval between poplars was approximately 5m. The maize cultivation areas were all situated north of the poplar stands, where summer shading effects were significant. Maize was mechanically planted with 0.5m row spacing in an east-west orientation. The nearest distance between maize and poplar rows was 1m, with 0.3m spacing between individual maize plants. Planting occurred between April 15-30, 2023.




2.3 Plant sampling and analysis

Plant sampling and marking were conducted from September 1-5, 2023. Sampling areas were established in the central zone of each agroforestry interface with five replicates spaced approximately 5 meters apart. Sampling commenced from the row closest to the poplar trees at 1-meter intervals, extending to a maximum distance of 8 meters from the poplar trees, beyond which no significant differences in maize plants were observed (d1 to d8 represent sampling distances of 1 to 8 meters). Therefore, we defaulted to the farthest point (d8) as the control group. At each sampling point (d1 to d8), three maize plants with similar growth were marked. During the early harvest period (prior to leaf wilting; Sampling date: September 1, 2023), we measured plant height, basal stem diameter, and average leaf area of the marked plants. Leaf area was expressed as the average single leaf area. Using the measurement method by Ma and Zhou, 2013, the length and width of all leaves were first measured, and the single leaf area was calculated using the formula: leaf area = leaf length × leaf width × 0.75. The total leaf area was then obtained by summing the areas of all leaves, and the average single leaf area was calculated by dividing the total leaf area by the number of leaves per plant. Basal stem diameter was measured at a height of 3cm above the ground.

From September 10-25, 2023, the marked maize plants were harvested. The harvested maize samples were first cleaned at the root zone to remove surface soil and then transported to the laboratory. All samples were oven dried at 65°C for 48h and weighed (Zhong et al., 2022). Dry matter distribution of summer maize was determined for roots, stems, leaves, tassels, bracts, cobs, and grains. Total dry matter content was calculated by summing all components. Cobs were threshed and weighed to determine yield per plant.




2.4 Photosynthetically active radiation (PAR), soil moisture and temperature measurement

From September 1 to 20, 2023, PAR was measured between 11:00 and 12:00 hours on three consecutive sunny days using a Li-Cor Quantum Sensor (Li-Cor, Lincoln, NE, USA; Zhong et al., 2022). Within each sampling point, three measurements were taken at the top of the maize canopy to obtain the average PAR at the canopy level (PARu). The ambient PAR (PARn) was simultaneously measured in an open area without shading from poplar trees. The intercepted PAR (PARi) was then calculated as: PARi = (PARn - PARu)/PARn. Since shade from the trees was completely absent beyond 5 meters, PARi was measured only up to that distance (d1-d5).

Soil temperature and moisture were measured at the identical time points as the PAR measurements. Soil moisture (at 10cm depth) and temperature (0–10 cm depth) were measured three times per sampling point, using a portable soil probe (Diviner-2000, Sentek Pty Ltd., Australia) and a thermocouple connected to a Li-8100 Soil CO2 Flux System (Li-Cor Inc., USA), respectively (Zhong et al., 2019). As no significant variations in soil temperature and moisture were observed, these parameters were omitted from the analysis in the Results section.




2.5 Statistical analyses

All data analyses were performed using R 4.4.0 software. In this study, the five agroforestry zones were treated as independent blocks (replicates), and the sampling distance from poplar trees (d1–d8) was considered a fixed factor. A one-way ANOVA with a randomized block design was performed to test the effects of distance on maize growth traits, with the “agroforestry zone” included as a random blocking factor to account for spatial heterogeneity among zones. Mean values of the three marked plants per sampling point were used for analysis. Analysis of variance (ANOVA) was conducted to examine differences across sampling distances, with statistical significance set at P<0.05. Linear and nonlinear trend analyses in R were employed to analyze the variation of relevant parameters with distance, with the best-fitting equation (largest R²) selected for result presentation. Additionally, we performed heat map analysis for all measured indicators and developed a structural equation model to explore relationships among variables. The graphics were finalized and optimized in both Excel and R software.





3 Results



3.1 PARi change

PARi decreased significantly with increasing distance from the interface (P<0.001, Figure 2). The mean PARi at d1 to d5 were 39.6%, 26.5%, 15.2%, 3.2%, and 0.8%, respectively, exhibiting a logarithmic decreasing trend.

[image: Scatter plot showing the relationship between distance (d1 to d5) and PARi percentage, with a negative logarithmic trend line. The equation \(y = -25.34\ln(x) + 41.297\) is shown. The correlation coefficient \(R^2 = 0.9788\) indicates a strong fit, with \(P < 0.001\). Points labeled a to d have error bars.]
Figure 2 | The change of PARi along the distance. Different letters indicate significant differences (P<0.05, Duncan’s test).




3.2 Plant morphology of summer maize

Summer maize plant height, stem diameter, and leaf area increased significantly with increasing distance from the interface (all P<0.001, Figure 3). The minimum and maximum values of these three morphological parameters all occurred in d1 and d8 locations, respectively. Relative to the maximum values, plant height, stem diameter, and leaf area at the minimum distance (d1) were reduced by 46%, 35%, and 60%, respectively, indicating that leaf area was most affected by distance, followed by plant height.

[image: Three graphs showing the relationship between distance and plant traits. Graph a: Plant height in centimeters increases with distance, equation \(y = 55.538 \ln(x) + 126.63\), \(R^2 = 0.9829\). Graph b: Stem diameter in millimeters, equation \(y = 3.1763 \ln(x) + 11.529\), \(R^2 = 0.9853\). Graph c: Leaf area in square centimeters per leaf, equation \(y = 140.45 \ln(x) + 156.58\), \(R^2 = 0.9465\). All show significant \(P < 0.001\), with annotations indicating statistical differences.]
Figure 3 | The change of plant morphology (plant height (a), stem diameter (b), and leaf area (c)) of summer maize along the distance. Different letters indicate significant differences (P<0.05, Duncan’s test).

Trend analysis revealed that all three morphological parameters followed significant logarithmic trends with increasing distance from d1 to d8 (all P<0.001, Figure 1). Plant height and stem diameter stabilized at d6, while leaf area stabilized at d5.




3.3 Dry matter distribution of summer maize

All six dry matter allocation parameters showed a significant increasing trend with increasing distance from the interface (all P<0.001, Figure 4). The minimum values for all parameters occurred in the d1 location, while the maximum values showed some variation: root and stem dry weight peaked at d7, whereas bract and corncob dry weight reached their maxima at d8. Compared to their respective maximum values, root, stem, leaf, tassel, bract, and corncob dry weight at d1 were reduced by 48.0%, 30.0%, 42.6%, 27.5%, 35.3%, and 40.5%, respectively. All six dry matter allocation parameters followed significant logarithmic trends from d1 to d8 (all P<0.001, Figure 4), and stabilized at D4.

[image: Six graphs display plant dry weight components (root, stem, leaf, tassel, bract, and corncob) against distance. Each graph shows a positive logarithmic trend line with specific equations and R-squared values indicating strong correlations. Statistical annotations (a, b, c, ab, etc.) signify significant differences in dry weight at different distances. All graphs have a significance level of P < 0.001.]
Figure 4 | The change of dry matter distribution (root (a), stem (b), leaf (c), tassel (d), bract (e), and corncob (f) dry weight) of summer maize along the distance. Different letters indicate significant differences (P<0.05, Duncan’s test).




3.4 Yield index of summer maize

Both yield per spike and total dry weight showed a significant increasing trend with increasing distance, stabilizing at the d4 location (both P<0.001, Figure 5). The minimum values occurred at d1 (4.0g and 88.6g for yield per spike and total dry weight, respectively), while the maximum values were observed at d8 (78.2g and 211.0g, respectively). Compared to their respective maximum values, the yield per spike and total dry weight at d1 were reduced by 94.9% and 58.0%, respectively. Relative to the maximum values, the d2 and d3 locations showed reductions of 66.9% and 41.3% in yield per spike, and 41.6% and 28.7% in total dry weight, respectively.

[image: Two graphs show the relationship between distance and plant yield. Graph (a) plots yield per spike (grams per plant) against distance, with a logarithmic trend line and significant correlation (R² = 0.9434, P < 0.001). Graph (b) plots total dry weight (grams per plant) against distance, also with a logarithmic trend line and significant correlation (R² = 0.9675, P < 0.001). Both graphs label points with letters a to d, indicating statistical differences.]
Figure 5 | The change of yield (yield per spike (a) and total dry weight (b)) of summer maize along the distance. Different letters indicate significant differences (P<0.05, Duncan’s test).




3.5 Comparative analysis of the parameters in the fitting equations

Comparative analysis of correlation trends among different parameters revealed that morphological structure, dry matter distribution, and yield all exhibited significant logarithmic increases with distance (Table 1). However, the slopes of the fitted equations varied significantly across different parameters. The tassel dry weight had the smallest slope (0.38), while the leaf area exhibited the largest slope (140.45). This indicates that although all parameters were influenced by poplar trees, the degree of impact varied considerably. Furthermore, the fitted equations for plant height, single ear yield, total dry weight, and leaf area all exhibited high slopes (all greater than 36), suggesting these parameters were particularly sensitive to poplar influence. In contrast, the fitted equations for other parameters showed relatively low slopes (all below 10), indicating their ability to maintain relative stability under the influence of poplar trees.


Table 1 | Fitting equation for measuring parameters.
	Index
	Equations
	R2
	P



	PARi(%)
	y = -25.34ln(x) + 41.297
	0.9788
	<0.001


	Plant height (cm)
	y = 55.538ln(x) + 126.63
	0.9829
	<0.001


	Stem diameter (mm)
	y = 3.1763ln(x) + 11.529
	0.9853
	<0.001


	Leaf area (m2· leaf-1)
	y = 140.45ln(x) + 156.58
	0.9465
	<0.001


	Root dry weight (g·plant-1)
	y = 3.3451ln(x) + 6.1992
	0.9538
	<0.001


	Stem dry weight (g·plant-1)
	y = 8.2239ln(x) + 36.974
	0.9574
	<0.001


	Leaf dry weight (g·plant-1)
	y = 7.2714ln(x) + 19.419
	0.9689
	<0.001


	Tassel dry weight (g·plant-1)
	y = 0.3774ln(x) + 1.8747
	0.9580
	<0.001


	Bract dry weight (g·plant-1)
	y = 2.2715ln(x) + 7.014
	0.8232
	<0.001


	Corncob dry weight (g·plant-1)
	y = 3.7012ln(x) + 10.823
	0.9305
	<0.001


	Yield per spike (g·plant-1)
	y = 36.106ln(x) + 5.5766
	0.9434
	<0.001


	Total dry weight (g·plant-1)
	y = 61.296ln(x) + 87.88
	0.9675
	<0.001










3.6 Path analysis for effects of plant morphology and dry matter distribution on yield of summer maize

Correlation analysis revealed significant relationships between yield parameters of summer maize and plant morphology as well as dry matter distribution parameters in the agroforestry system (Figure 6). All parameters exhibited positive correlations with each other, with the exception of PARi, which showed negative correlations with the other parameters. Yield per spike and total dry weight exhibited significant negative correlations with PARi, but showed significant positive correlations with all other parameters. To identify the key influencing factors on yield parameters, we focused on parameters showing correlation coefficients greater than 0.7 for subsequent analysis.

[image: Correlation matrix heatmap visualizing correlations between variables such as PARi, LA, PH, SD, and others. Colored circles represent correlation strengths, with a scale on the right from -1 to 1. Red indicates negative correlations, blue indicates positive correlations. Notable correlations include strong positive values between TTDW and YPS, and negative correlations with PARi.]
Figure 6 | Correlation graph of yield index, plant morphology, and dry matter distribution. The size of circles and numbers both indicate the correlation between parameters. The meaning of the abbreviations: PARi, intercepted PAR; LA, leaf area; PH, plant height; SD, stem diameter; RDW, root dry weight; LDW, leaf dry weight; SDW, stem dry weight; TDW, tassel dry weight; BDW, bract dry weight; CDW, corncob dry weight; YPS, yield per spike; TTDW, total dry weight.

Path analysis demonstrated strong interdependence between yield per spike and total dry weight (R² = 0.952, Figure 7). Variations in root dry weight (R² = 0.308) and leaf dry weight (R² = 0.187) exerted positive effects on yield per spike. Similarly, root dry weight (R² = 0.246), stem dry weight (R² = 0.180), and leaf dry weight (R² = 0.263) significantly influenced total dry weight. Both leaf area and plant height exhibited indirect positive effects on both yield per spike and total dry weight (Figure 7). Interestingly, stem diameter demonstrated both direct and indirect effects on these yield parameters. However, PARi exerts a negative impact on yield per spike and total dry weight through LDW and RDW.

[image: Path analysis diagram illustrating relationships among various plant traits, including leaf area, PARi, plant height, stem diameter, and their influence on root dry weight, stem dry weight, and leaf dry weight. The diagram highlights direct and indirect effects on yield per spike and total dry weight. Arrows indicate direction and strength of relationships, quantified by R-squared values. The diagram includes both solid and dashed arrows, denoting significant and less significant paths, respectively.]
Figure 7 | Structural equation model (SEM) analysis of causal relationships of yield per spike and total dry weight to changes in stem diameter, plant height, leaf area, root dry weight, stem dry weight, and leaf dry weight of summer maize in an agroforestry system. All arrows represent significant relationships (P<0.05). Results of the model fitting: χ2 = 26.85, P=0.217, df = 22, GFI=0.989, CFI=0.992, RMSEA=0.074. The number adjacent to each arrowed line is a factor loading (R2) that shows the variance explained by the variable. ^, *, **, and *** indicate significant differences at the 0.1 0.05, 0.01, and 0.001 probability levels, respectively. The solid black line represents a positive correlation, the dashed black line represents a negative correlation, and the thickness of the lines indicates the strength of the correlation.





4 Discussions



4.1 The effect of poplar planting on yield of maize

Agroforestry systems are increasingly recognized for their potential to enhance climate resilience and contribute to sustainable agricultural development (Chemura et al., 2021; Scordia et al., 2023). However, considerable debate persists regarding their impacts on crops, particularly regarding crop yields (Baier et al., 2023; Raatz et al., 2019; Scordia et al., 2023). The tree-crop relationship is influenced by multiple factors, including system complexity, management practices, and local geography (Baier et al., 2023; Majaura et al., 2024). Well-designed agroforestry systems typically aim for win-win outcomes, thereby promoting positive tree-crop interactions (Baier et al., 2023). By contrast, poorly designed systems in transition zones often exert greater negative impacts on crop production (Baier et al., 2023; Yang et al., 2023).

This study was conducted in a non-standardized agroforestry transition zone where competition between trees and crops is likely significantly more intense than in intensively managed agroforestry systems. The results indicate that the yield per maize plant reached its maximum at site d8 (78.2g) and decreased to its lowest level at site d1 (4g), representing a maximum yield reduction of 94.9%. This finding is consistent with the trend reported in most previous studies, but demonstrates a more pronounced negative effect (Scordia et al., 2023; Yang et al., 2023). A study on a rubber-peanut agroforestry system revealed that crop yield increases with greater distance from the rubber trees, with light availability identified as the primary influencing factor (Huang et al., 2020a). Furthermore, a meta-analysis demonstrated that tree-crop systems can lead to an average crop yield reduction of 48.8% (Yang et al., 2023). The same study also indicated that poplar exerts the most substantial negative impact on crop yield among tree species, while factors such as tree characteristics, crop species, and climate zone significantly modulate the overall effect (Yang et al., 2023). Therefore, the phenomena observed in this study can be attributed to the following factors: Extensive agricultural research has shown that maize yield is influenced by multiple variables (Ding and Su, 2010; Liu et al., 2023a; Lobell et al., 2014), including sunlight availability, soil nutrients, water supply, microclimate conditions, and soil microbial activity (Ruthes et al., 2023; Skarpa et al., 2023; Wang et al., 2024; Zai et al., 2024). This study was conducted in the humid and semi-humid regions of China, with mean annual precipitation of 1100mm. Our results also indicate that soil moisture exhibits minor, yet statistically insignificant variations over distance (data not shown). Moisture is likely not a primary limiting factor in this region. Thus, in this study, poplar shade emerged as a potentially critical factor affecting maize productivity. Two primary mechanisms were identified: First, maize was planted on the northern side of poplars, where extended shading distance led to progressively lower yields. Second, higher-density poplar canopies generated more pronounced shading effects (Peng et al., 2015). Additionally, as a C4 photosynthetic pathway crop, maize exhibits high sensitivity to light limitation (Peng et al., 2009). Numerous studies have shown that farmland soil moisture is highly susceptible to the influence of adjacent trees (Huang et al., 2020b). Trees and crops often compete for topsoil water, and the closer the distance to the trees, the lower the topsoil moisture content (Rivest and Vézina, 2015). However, no significant changes in soil moisture were detected in our study. This lack of variation is likely attributable to the humid and semi-humid climate of the region, where the high annual rainfall compensated for the influence of poplar trees on surrounding soil moisture. It should be noted that the poplar trees selected in this study are large, mature specimens (with an average diameter at breast height of ~28.5 cm and height of ~17 m), which may exert a more pronounced influence on maize yield (Wolz et al., 2017). Of course, many other factors, such as field management practices, annual precipitation, and temperature, could also affect maize productivity.




4.2 The effect of poplar planting on the distribution of dry matter in maize

The dry matter content of maize serves as an important indicator of harvest potential (Wu et al., 2024), yet it has received limited attention in agroforestry research. This study demonstrates that poplar planting influences maize growth and morphological structure, thereby altering dry matter distribution and ultimately reducing total dry matter accumulation and yield (Figure 5). Near poplars, maize growth characteristics (e.g., leaf area, plant height, and stem diameter) are significantly impaired by resource competition, and since these traits directly govern dry matter partitioning, their decline negatively impacts plant dry weight and yield—a pattern consistent with prior findings (Guo et al., 2022; Sun et al., 2023). Reduced solar radiation diminishes maize photosynthetic capacity, leading to inadequate assimilate accumulation (Guo et al., 2022), while light limitation further restricts panicle development, disrupts male-female panicle balance, shortens the grain-filling period, and ultimately lowers yield (Yang et al., 2016; Zhong et al., 2014). Our data corroborate these effects, showing pronounced reductions in tassel dry matter near trees (Figure 3). Additionally, as the primary interface between plants and soil, root systems determine soil resource acquisition and growth potential (Singh et al., 2010), but under moisture or light stress, their impaired development further exacerbates yield and dry matter losses (Guo et al., 2022). A global analysis underscores that dry matter allocation dynamics during maize growth stages are critical for yield prediction (Liu et al., 2023b).




4.3 Research limitations and cropland management implications

Although this study provides clear evidence that long-term establishment of poplar-based economic forests significantly alters the morphological traits, dry matter allocation, and yield of adjacent maize, several limitations should be acknowledged. First, site-specific soil physicochemical properties (e.g., soil pH, texture, organic matter, and nutrient content) were not directly measured during field sampling. While regional soil survey data indicate that the study area is dominated by loamy soils with moderate fertility, variations in local soil conditions could partly contribute to the observed spatial differences in maize performance near the agroforestry interface. Therefore, future studies should integrate detailed soil measurements—such as nutrient availability, root-zone moisture, and microbial activity—to better disentangle the belowground mechanisms driving crop responses. Moreover, studies have also indicated that agroforestry systems can lead to variations in field microclimate factors (such as air temperature, wind speed, and relative humidity) with increasing distance from trees (Cleugh, 1998; Kanzler et al., 2019). These microclimatic changes may adversely affect crop yields to some extent and should be given greater attention in future research. It should be noted that this study did not include measurements of plot-scale microclimate conditions, which limits a more detailed mechanistic interpretation of the observed effects. Nevertheless, the consistent trends in plant growth parameters and yield across different buffer distances provide robust empirical evidence for establishing practical management guidelines.

While numerous studies have documented win-win benefits of agroforestry systems (Verma et al., 2023), their negative impacts on crop production remain a critical concern (Yang et al., 2023). The conversion of arable land poses significant challenges both in China and globally (Sabir et al., 2024), with dual consequences: direct reduction of cultivated area affecting food output, and indirect yield losses in adjacent fields through resource competition. The spatial extent of these impacts shows considerable variability, influenced by tree characteristics (age, height, species, and planting density) (Baier et al., 2023) and crop type (Majaura et al., 2024). This complexity underscores the need for further research to quantify how land-use transitions may compromise food security.

Our results, which indicate a significant yield reduction in corn adjacent to a poplar tree line, contrast with studies reporting yield benefits in other agroforestry systems. For instance, in alley cropping systems with widely spaced tree rows and careful species selection (e.g., olive with legume crops), the microclimate modifications and soil improvements can lead to stable or even enhanced crop yields in the alleys (Amassaghrou et al., 2023). Similarly, optimization of boundary spacing has been demonstrated to minimize shading competition while maximizing beneficial edge effects (Peng et al., 2015). In a similar poplar-based agroforestry system in Germany, the width of crop alleys was found to have no significant effect on the overall crop yield of rapeseed, winter wheat, and winter barley (Lamerre, 2016). The divergent outcomes observed in our study may stem from the specific context of dense poplar stand borders in humid/semi-humid regions, where ample precipitation, suitable temperatures, and sufficient fertilization mitigate resource limitations, thus making light competition the predominant influencing factor. This underscores that the net effect of agroforestry is highly dependent on specific system design, tree and crop species, and environmental conditions.





5 Conclusions

This study investigates the effects of converting cropland to forest by examining the interface between poplar and summer maize. The results indicate that long-term poplar planting has adverse effects on the morphological structure, yield, and dry matter distribution of neighboring summer maize, with the magnitude of impact decreasing logarithmically as distance increases. Additionally, significant variations were observed in the responses of different parameters. The most affected parameter was yield per spike, which showed a maximum reduction of 94.9% compared to the control. This was followed by leaf area and total dry weight, with maximum reductions of 60.2% and 58.0%, respectively. Analysis of the response distance revealed that all parameters (light availability, dry matter allocation, and yield) became statistically insignificant beyond a distance of 4 meters, with the exception of morphological structure, which showed non-significant effects after exceeding 5–6 meters. Furthermore, structural equation modeling revealed that poplar cultivation primarily affects summer maize yield through morphological structure and varying dry matter distribution, exerting varying degrees of direct and indirect influences that ultimately reduce yield per spike and total dry matter. Therefore, to ensure that maize yield is not affected by long-term poplar planting in this region, a minimum buffer distance of at least 4 meters should be maintained between the tree line and maize fields. These findings provide insights into the processes underlying the negative effects of extensive management in agroforestry systems on grain production in humid and semi-humid regions. Moreover, future assessments of the impact of cultivated land conversion on grain production should consider not only the direct loss of cultivated land area but also the secondary effects of plantations on adjacent crops.
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