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Abstract

:

Shelterbelts (or windbreaks) can effectively improve the microclimate and soil conditions of adjacent farmland and thus increase crop yield. However, the individual contribution of these two factors to yield changes is still unclear since the short-term effect from the microclimate and the accumulated effect from the soil jointly affect crop yield. The latter (soil effect) is supposed to remain after shelterbelt-cutting, thus inducing a post-cutting legacy effect on yield, which can be used to decompose the shelterbelt-induced yield increase. Here, we develop an innovative framework to investigate the legacy effect of post-cutting shelterbelt on corn yield by combining Google Earth and Sentinel-2 data in Northeastern China. Using this framework, for the first time, we decompose the shelterbelt-induced yield increase effect into microclimate and soil effects by comparing the yield profiles before and after shelterbelt-cutting. We find that on average, the intensity of the legacy effect, namely the crop yield increment of post-cutting shelterbelts, is 0.98 ± 0.03%. The legacy effect varies depending on the shelterbelt–farmland relative location and shelterbelt density. The leeward side of the shelterbelt-adjacent farmland has a more remarkable legacy effect compared to the windward side. Shelterbelts with medium–high density have the largest legacy effect (1.94 ± 0.05%). Overall, the legacy effect accounts for 47% of the yield increment of the shelterbelt before cutting, implying that the soil effect is almost equally important for increasing crop yield compared to the microclimate effect. Our findings deepen the understanding of the mechanism of shelterbelt-induced yield increase effects and can help to guide shelterbelt management.
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1. Introduction


A shelterbelt is an effective agroforestry practice to protect adjacent farmland by reducing soil erosion and improving microclimate, resulting in a crop yield increase effect [1,2,3]. Many previous studies have reported the significant yield increase effect of shelterbelts, which can be up to 16% [4,5,6]. Regions with intensive use of agroforestry, such as North America [7], Eastern Europe [8], and East Asia [9], have put great effort into establishing shelterbelts through a series of national afforestation programs to ensure their food supply [6,10,11].



Microclimate modulation and soil quality improvement are considered the two main aspects favoring crop growth brought by a shelterbelt [12,13,14]. Although the mechanisms have been explored by many previous studies [2,15,16], the individual contribution of these two factors is still unclear. The shelterbelt-induced microclimate changes, such as the reduction of wind speed and the increase of air humidity, are short-term effects that disappear immediately when the shelterbelt is removed [17,18,19,20], while the soil effects, such as the improvement of soil quality, are accumulated processes that cannot vanish with shelterbelt-cutting [21,22,23]. Many studies have found that the accumulated improvement of soil quality could remain after shelterbelt-cutting due to the soil nutrient inheritance and the long memory effect maintained by soil microbes [24,25,26]. For example, shelterbelts have been shown to increase the soil microbial biomass and diversity in adjacent farmland [27,28], which is considered a memory effect and could be maintained for decades after environmental changes [29,30,31,32]. The post-cutting shelterbelt was called the “ghost shelterbelt” [23] because it still had considerable organic carbon stock inheritance in the adjacent farmland that was conducive to crop growth [33,34,35]. Thus, regarding the crop yield increase, the post-cutting shelterbelt should have a legacy effect due to lingering effects on soil composition. This legacy effect can conceptualize the distinct contributions of the soil and microclimate effects on the yield increase. However, this legacy effect of post-cutting shelterbelt on crop yield has never been verified.



The ongoing regeneration of the national shelterbelt program in China (i.e., cutting down the overmature shelterbelt and replanting new seedlings) provides a good opportunity to quantify the legacy effect [36]. China’s Three-North Shelter Forest Program is the world’s largest afforestation project, which has already planted 1.66 million hectares of shelterbelt to protect over 30 million hectares of farmland [37,38]. In recent years, over half of the trees in the shelterbelt became over-mature with a natural decline in growth [39]. To maintain a sustainable agroforestry ecosystem and optimize crop yield, a large number of the over-mature shelterbelts were regenerated [40], which provided a natural experiment to investigate the legacy effect of the post-cutting shelterbelt on crop yield.



Shelterbelt monitoring based on high-temporal and -spatial resolution remote sensing images provides new opportunities to assess shelterbelt-induced yield increase effects at a regional scale [41,42]. It complements the traditional field measurement that is hardly feasible for large-scale shelterbelt studies. Zheng et al. [6] identified shelterbelt-induced crop yield variation using 1 km resolution remote sensing data and a harvest index method. However, the study failed to resolve the variations in crop yield within a single field due to the coarse spatial resolution. Osorio et al. [5] combined the crop yield monitor equipment and a GIS-based method to quantify the yield variation induced by shelterbelts. Yet, the study only investigated a small area and was difficult to expand to a regional scale, due to the enormous workload on the in-site yield monitoring. It is, therefore, necessary to employ high-resolution remote sensing data and to develop a method for regional shelterbelt-crop yield studies.



To reveal the legacy effect of the post-cutting shelterbelt, this study developed an innovative framework to investigate the farmland yield variation induced by the shelterbelt using high-resolution remote sensing data at a large scale. Using this framework, we, for the first time, quantified the legacy effect of post-cutting shelterbelts on crop yield in Northeastern China. Moreover, we investigated the impact of shelterbelt–farmland relative location and shelterbelt structures on the legacy effect. We aim to decompose the shelterbelt-induced yield increase effect into microclimate and soil effects by comparing the general shelterbelt-induced yield increase effect and post-cutting shelterbelt legacy effect. It is hoped our findings could illuminate the mechanism of shelterbelt-induced yield increase effects and provide a new perspective on agroforestry ecosystem research.




2. Study Area, Data, and Methods


2.1. Study Area


This study was conducted in the Songliao Plain in Northeast China—the largest farmland shelterbelt district in the Three-North Shelter Forest Program and the major grain-producing area in China (Figure 1) [43]. It is located in the temperate semi-arid and semi-humid climate zone with an annual mean temperature of 1–7 °C and annual total precipitation of 300–550 mm [6]. The major crop is corn, which is grown from mid-April to late September [44]. In the growing season, the dominant wind direction in the study area is south–southwest and the mean wind speed is 2.9 m/s. The afforestation of this area began in 1978 [6]. The cover of poplar trees contributes to more than 98% of the shelterbelt areas (including Populus simonii, Populus × xiaozhuanica, Populus pseudo-simonii, Populus × beijingensis, etc.) [39]. In recent years, the over-mature shelterbelt (older than 30 years) in the study area has gradually been cut down and will be replanted for sustainable management. These cut-down shelterbelts have similar tree heights (~20 m) due to the unified tree age and management measures [45].




2.2. Data


We have developed an unprecedented dataset of 302 shelterbelts that went through regeneration from Google Earth images and Sentinel-2 data from 2016 to 2019 to identify the shelterbelts and analyze their impact on corn yield. Specifically, Google Earth© provided sub-meter spatial resolution imagery from the visible part of the spectrum for our study area [46]. We used the Google Earth Pro© software (https://www.google.com/earth/versions/#earth-pro, accessed on 1 December 2021) to analyze the temporal changes in Google Earth images to select the target shelterbelts that experienced cutting and to measure the shelterbelt–farmland geometric parameters (see details in Section 2.3.1).



Sentinel-2 provides 10–60 m spatial resolution hyperspectral images worldwide [47,48]. We used 10 m resampled Sentinel-2 data to estimate corn leaf area index (LAI) and yield through the Sentinel Application Platform (http://step.esa.int/main/, accessed on 1 February 2022). In addition, we conducted a field yield measurement of 68 plots in 2019 in the Conservation Tillage Research and Development Station of the Chinese Academy of Sciences (triangle in Figure 1). The measured corn yield data were used to estimate and validate the parameters in the yield estimation linear model (see details in Section 2.3.3).




2.3. Methods


2.3.1. Selection of Target Shelterbelt and Corn Strips


The target shelterbelts were selected based on historical Google Earth images through manual identification. A total of 302 cut-down shelterbelts were identified in the study area during 2016–2019 (Figure 1). We then measured the geometric parameters of each identified shelterbelt and the adjacent farmland (i.e., the shelterbelt length, gap length, shelterbelt width, farmland length, and corn row–shelterbelt angle) using the linear ruler tools in Google Earth Pro (Figure 2a) [49].



Corn yield near the shelterbelt was estimated along the corn strips in each target shelterbelt. Niu’s corn phenology dataset [44] was used to identify the corn farmlands [44]. To highlight the impact of the shelterbelt on corn yield and exclude the potential influence of other factors, we used four criteria to select corn strips: (1) the strips were located in the middle of the target shelterbelt to minimize the influence of shelterbelt edge effect on corn yield; (2) the strips were homogenous in crop type (only corn) and continuous (no gap); (3) the strips were aligned with the direction of planting rows to ensure field management consistency; (4) the corn row–shelterbelt angle was greater than 60° to minimize the influence of the shelterbelt edge.




2.3.2. Estimation of the Corn Yield


We estimated the crop yield using Sentinel-2 data via two steps. First, the Weiss and Baret [50] method was used to convert the multi-spectral Sentinel-2 data of each corn strip into LAI. We then estimated the crop yield through a linear model based on previous studies (e.g., Jin et al. [51], Lambert et al. [52], and Skakun et al. [53]), which found that the corn LAI from late July to early September was linearly correlated with corn yield and could be used for yield estimation [54,55]. By combining the field measured yield data, we calibrated the linear model with local observations as Yield = 2.39 × LAI − 0.43. The localized linear model estimated the variability of corn yield well at within-field after verification (R2 = 0.62, RMSE = 0.36 t/ha) [56]. Finally, we obtained the corn yield for all the strips by applying this linear model to remote-sensing images with a resolution of 10 m.




2.3.3. Quantification of Yield Increment


We used the yield profile, i.e., the yield variation along with the distance to the shelterbelt, to quantify the yield increment of the shelterbelt [57]. Given the various corn yields among different shelterbelts, the raw yield profile was rescaled into the relative yield profile. Specifically, the x-axis was relative distance, which is expressed as the ratio of the real distance to H (H: tree height, 20 m for the cutting shelterbelt). The y-axis was relative yield, which is expressed as the ratio of the real yield to the yield that cannot be affected by the shelterbelt. The impact of shelterbelts on crop yield decreased with distance. Previous studies (e.g., Brandle et al. [58] and Bao et al. [59]) found that the yield increase effect almost disappeared at 15–20 H. Accordingly, we set the average crop yield at 15–20 H away from the shelterbelt as the baseline yield without the shelterbelt effect to calculate the relative yield profile. As the distance within 0.5 H was normally the machine-cultivated track and rarely planted, the yield data in this range were excluded during the calculation of the total impact of shelterbelt on corn yield.




2.3.4. Statistical Analysis


We compared the yield increment along the shelterbelt distance to quantify the yield increase effect. We conducted such comparisons for pre- and post-cutting. Pre-cutting represents conditions affected by both microclimate and soil, while post-cutting represents soil effect only, namely the legacy effect. Therefore, the difference between pre- and post-cutting with reference to crop yield is the microclimate effect.



Given that the shelterbelt–farmland relative location and shelterbelt structure could significantly affect the shelterbelt-induced yield increase effect [15,60], we further analyzed the dependency of the legacy effect on leeward/windward sides and shelterbelt density. Specifically, all the shelterbelts were classified into four density levels following the previous study [56]: high density (SW ≥ 20 m and RG ≤ 5%), medium–high density (SW ≥ 15 m and RG ≤ 10%), medium density (SW ≥ 10 m and RG ≤ 15%), and low density (SW ≥ 5 m and RG ≤ 20%), where SW and GF represent the shelterbelt width and the ratio of gap length to shelterbelt length. In addition, we divided the corn strips into leeward (north-northeast) and windward (south-southwest) groups based on the dominant wind direction (south-southwest) in the study area [61]. Then, we classified the yield-distance dataset into different subsets by four shelterbelt density groups and two leeward/windward side groups both before and after shelterbelt-cutting. For each subset, we fitted all yield–distance data into one yield profile using the generalized additive model [1] and converted it into the relative yield profile to calculate the yield increment both before and after shelterbelt-cutting. We also conducted a test for statistical significance for the yield increment effect within 0.5–15 H compared to the crop yield within 15–20 H for each subset (Figure S1).






3. Results and Discussion


3.1. Profound Legacy Effect of Post-Cutting Shelterbelt


We found a strong legacy effect of the shelterbelt on crop yield across the study area (Figure 3). Before shelterbelt cutting, the minimum relative corn yield of 85.9% appears at 0.5 H from the shelterbelt (Figure 3a). The corn yield then increases rapidly at a distance of 2 H and maintains a high level at 2–5 H (H: tree high). The maximum relative yield is 104.6% at 3.6 H. Beyond 5 H, the corn yield starts to decline until 15 H. Overall, the existence of the shelterbelt increases corn yield by 2.09 ± 0.04% (mean ± standard error, the same below). After shelterbelt-cutting (Figure 3b), the shape of the yield profile is similar to that before shelterbelt-cutting. A yield increment still appears between 2 and 15 H, but to a smaller extent, representing the legacy effect of a post-cutting shelterbelt. The minimum and maximum relative corn yields appear at 0.5 and 3.7 H, with values of 88.5% and 102.0%, respectively. Overall, the average yield variation at 0.5–15 H, namely the intensity of the legacy effect, is 0.98 ± 0.03%. As mentioned in the introduction, this legacy effect is likely the result of lingering effects on soil properties [21,62]. The accumulated improvement of farmland soil structure and soil quality caused by shelterbelts could still partly remain after cutting [24,26]. Thus, the post-cutting shelterbelt still had a positive effect on the adjacent farmland’s crop yield.




3.2. Stronger Legacy Effect on the Leeward Sides


The location between the shelterbelt and farmland relative to the main wind direction is an important factor affecting the yield increment and legacy effect of the shelterbelt (Figure 4). Before shelterbelt-cutting, the yield profiles on the leeward and windward sides are similar, but the magnitude of the yield increase on the leeward side (peak at 104.8% at 1.8 H) is slightly higher than the windward side (peak at 104.5% at 2.5 H). The minimum relative yield on the leeward side (89.0%) is higher than the windward side (81.8%). After shelterbelt-cutting, the yield increase effect on the leeward side is much larger than that on the windward side, namely a significant larger legacy effect on the leeward side. The relative yield on the leeward side reaches a higher peak of 102.4% at 1.7 H compared to that on the windward side (101.5% at 2.3 H), whereas the minimum relative yield on the leeward side (94.1%) is higher than the windward side (81.0%). On average, before shelterbelt-cutting, the yield increment on the leeward and windward strips are 2.39 ± 0.04% and 1.89 ± 0.06%, respectively. After the shelterbelt-cutting, the yield increase on the leeward side still increases by 1.52 ± 0.04%, presenting a stronger legacy effect compared to that from the windward side (0.01 ± 0.05%). Previous studies [63,64] found the soil environment on the leeward farmland was more conducive to crop growth, compared to windward farmland, mainly because the shelterbelt effectively reduced soil erosion on leeward farmland by blocking the wind-drift sand. This could explain the stronger legacy effect on the leeward farmland than the windward.




3.3. The Variation of Legacy Effect of Shelterbelt across Its Density


The yield increment and legacy effect induced by the shelterbelt are affected by its density (Figure 5). Before shelterbelt cutting, a shelterbelt with medium–high density has the highest yield increment (2.21 ± 0.05%), followed by high (2.01 ± 0.06%), medium (1.99 ± 0.11%), and low density (0.91 ± 0.12%). The legacy effect of the post-cutting shelterbelt has the same order as the yield increment with density. After shelterbelt-cutting, the medium-high density shelterbelt remains the class with the largest yield increment (1.21 ± 0.04%), followed by medium- (1.1 ± 0.08%) and high- (0.74 ± 0.05%) density. The influence of post-cutting low density shelterbelt on corn yield is not statistically significant (the results of the test for statistical significance among all groups are shown in Figure S1).



Shelterbelt density affected the yield increment and legacy effect on both the leeward and windward sides. Before shelterbelt-cutting, all densities of shelterbelts on both leeward and windward sides show significant yield increments. The yield increments under different shelterbelt densities are in the order of medium–high (2.54 ± 0.06%), medium (2.18 ± 0.11%), high (1.90 ± 0.07%), and low (1.30 ± 0.17%) on the leeward side, whereas the order is medium–high (2.17 ± 0.07%), high (1.80 ± 0.10%), medium (1.36 ± 0.20%), and low (0.67 ± 0.31%) on the windward side. After shelterbelt cutting, the leeward side still retains part of the yield increment with the order of medium–high (1.94 ± 0.05%), medium- (1.39 ± 0.08%), and high-density (1.17 ± 0.06%), but the legacy effect on low density shelterbelts is not significant. For the windward side, the yield increment across all densities is not significant (Figure S1). Overall, the legacy effect on the leeward side is stronger than on the windward for all shelterbelt densities. Shelterbelts with high-, medium–high, and medium densities have significant legacy effects, but the legacy effect of low-density shelterbelts is minor.



Shelterbelt density is closely related to wind speed, which could change crop evapotranspiration and farmland soil erosion and thus affect crop yield [20,65]. Many previous studies [16,56] had reported the significant impact of shelterbelt density on crop yield. Our results further indicated that the variation pattern of shelterbelt density on yield increase effect also applied to the legacy effect.




3.4. Decompose the Microclimate and Soil Effects from the Total Yield Effect


Our results quantified a significant legacy effect of post-cutting shelterbelts on crop yield. As was mentioned in the introduction, this legacy effect is likely the result of lingering effects on soil properties instead of the microclimate effect, which becomes homogenous after shelterbelt cutting [66,67,68,69]. The yield increment before shelterbelt cutting is the synergy of both the microclimate and soil effects of the shelterbelt (i.e., total yield effect). Thus, we can decompose the microclimate and soil yield effects from the total yield effect by comparing the yield profiles before and after shelterbelt cutting.



Figure 6 shows the comparison of the yield profiles of microclimate and soil effects after decomposition. In general, the contribution of the microclimate effect (53%) is slightly larger than the soil effect (47%). Both effects present a contrasting pattern before and after a certain distance from the shelterbelt, with suppression and conducive effects for the former and the latter, respectively. For the microclimate effect, the yield reduction within 1 H is likely caused by the shelterbelt shading [70]. In the distance range of 1–12 H, the reduced wind speed, reduced temperature, and increased humidity conditions mitigate crop evapotranspiration and thus increase the water use efficiency, contributing to the increase of crop yield [20]. For the soil effect, the decrease in crop yield within 1.2 H is likely caused by the root competition from the shelterbelt [71]. The increase in crop yield within 1.2–15 H is the result of the soil nutrient inheritance and the increase of soil microbial biomass [24,25,26,72].



These findings can help us to understand the shelterbelt–crop interaction and provide a new perspective on agroforestry ecosystem research. Although the soil effect was found to be an important mechanism for crop yield through the study of the legacy effect, investigations into the influence of shelterbelts on farmland soil properties are rare [23] compared to a large number of shelterbelt-induced microclimate observation studies [1,12,65]. The existing models [16,19,71] mainly consider the microclimate effect on crop yield but ignore the shelterbelt-induced soil effect and its impact on yield, leading to an underestimation. It is necessary to conduct the investigation of soil structure and composition on the shelterbelt-adjacent farmland so as to provide a soil parameterization scheme for the models. In addition, given the important influence of shelterbelt density on the yield increase effect (before shelterbelt cutting) and the yield legacy effect (after shelterbelt-cutting), it is necessary to take management measures to regulate the shelterbelt density (such as thinning the over-dense shelterbelt and replanting seedlings to fill the shelterbelt gap) to maximize the shelterbelt-induced yield increase effect [40,56].





4. Conclusions


This study revealed a strong legacy effect of post-cutting shelterbelt on corn yield through remote sensing data of 10 m and a decomposition of the shelterbelt-induced yield increase effect into microclimate and soil effects. On average, the post-cutting shelterbelt had a legacy effect with an intensity of 0.98 ± 0.03%. The legacy effect varied with the shelterbelt–farmland relative location and shelterbelt density. The legacy effect on the leeward side was higher than the windward side. Shelterbelts with medium–high density had the greatest legacy effect, which may be the optimum shelterbelt structure, followed by medium and high density. The contributions of microclimate and soil effects are comparable when it comes to increasing crop yield. Overall, our study verified the legacy effect of post-cutting shelterbelts at a regional scale, achieved the decomposition of microclimate effects and soil effects, and revealed the mechanism by which shelterbelts affect crop yield. It can guide the shelterbelt regeneration practice and development of shelterbelt–farmland models. In addition, our study mainly examines the legacy effect of the shelterbelt in the short period after shelterbelt removal. For accurate management of shelterbelt regeneration, it is also worth studying how long it takes for changes in the soil to occur and disappear.
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Figure 1. The location of the study area (in red) (a) and the spatial distribution of target shelterbelts (b). Subplots (c) and (d) show an overview of a target shelterbelt (star in (b)) via Google Earth images before (Imagery Date: 18 July 2015) and after cutting (Imagery Date: 9 May 2018). The triangle in (b) represents the location of the field measurement. 
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Figure 2. The schematic diagram for selecting the target shelterbelt (a) and the flowchart to quantify the legacy effect of post-cutting shelterbelt on crop yield (b). 
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Figure 3. The relative yield profiles before (a) and after (b) shelterbelt cutting. Boxes show the quartile values from 25% to 75% of the relative yield with horizontal lines for the median. The shadow represents the 95% confidence interval. 
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Figure 4. The relative yield profiles on the windward (a) and leeward (b) sides. The shaded parts represent the 95% confidence interval. 
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Figure 5. Yield increment of shelterbelt with different densities before and after shelterbelt cutting. The total, leeward, and windward labels represent the all, leeward, and windward target shelterbelt groups, respectively. The x-axis represents the shelterbelt classification (T: all densities, Hi: high density, MH: medium–high density, M: medium density, L: low density). 
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Figure 6. Decomposition of the total effect (blue line) into microclimate effect (green line) and soil effect (red line). The total effect and soil effect are represented by the yield profiles before and after shelterbelt cutting, respectively. The microclimate effect is represented by the difference between the yield profiles before and after shelterbelt cutting. 
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