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Abstract

A shelterbelt is an important measure to protect farmland and increase crop yield. However, how a
shelterbelt structure affects crop yield is still unclear due to the difficulties accessing sufficient data
from traditional field observations. To address this problem, we developed an innovative
framework to estimate the shelterbelt structure and crop yield profile at a regional scale based on
Google Earth and Sentinel-2 data. Using this method, we quantified the impact of the shelterbelt
structure on the corn yield at 302 shelterbelts in the Northeast Plain of China. Generally, the corn
yield increased (by 2.41% on average) within a distance of 1.2—15 times the tree height from the
shelterbelt. Such an effect was particularly prominent within a distance of two to five times the tree
height, where the corn yield was significantly increased by up to 4.63%. The structure of the
shelterbelt has a significant effect on the magnitude of increase in yield of the surrounding corn.
The increment of corn yields with high-, medium-high-, medium- and low-width-gap grade
shelterbelt were 2.01%, 2.21%, 1.99%, and 0.91%, respectively. The medium-high grade shelterbelt
achieved the largest yield increase effect. The location of the farmland relative to the shelterbelt also
affected the yield, with a yield increase of 2.39% on the leeward side and 1.89% on the windward
side, but it did not change the relationship between the yield increase effect and the shelterbelt
structure. Our findings highlight the optimal shelterbelt structure for increasing corn yield,
providing practical guidance on the design and management of farmland shelterbelts for

maximizing yield.

1. Introduction

A farmland shelterbelt, a strip corridor dominated
by trees, plays an important role in the sustainable
development of an agroforestry ecosystem. A shelter-
belt can efficiently benefit the growth of surround-
ing crops (Kort 1988, Baker et al 2018, Smith et al
2021) by reducing soil erosion (Haddaway et al 2018,
Fang 2021, Su et al 2021) and wind disasters (Cleugh
et al 1998, Guan et al 2003, Yuan et al 2020) and

© 2022 The Author(s). Published by IOP Publishing Ltd

improving the microclimate for crop growth (Kanzler
et al 2019, Baker et al 2021). Moreover, the presence
of a shelterbelt creates more habitats for birds and
bees, reduces the occurrence of pests and diseases,
and reduces pesticide drift, thereby indirectly increas-
ing crop yield (Bentrup et al 2019, Gochez et al 2020,
Weninger et al 2021). Previous studies reported that a
shelterbelt could increase the corn yield, by 4%-9%
(Zheng et al 2016) on average, and by up to 56%
in some cases (Kort 1988, Rivest and Vezina 2015,
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Osorio et al 2019). Therefore, the construction of
shelterbelts is vital to protect farmland and secure
food supply.

The impact of a shelterbelt on crop yield is signi-
ficantly affected by its structure, such as height, ori-
entation, and density (Patil et al 2002, Amichev et al
2017, Hansen et al 2020, Zhu and Song 2021). The
yield increase effect was found to be proportional to
tree height and most significant within the distance of
20 H (H: tree height) (Kort 1988, Kenney 1992, Smith
et al 2021). The orientation of the shelterbelt largely
changed wind speed and subsequently affected crop
yield (Tamang et al 2010). Shelterbelts perpendicular
to the prevailing wind were the most effective layout
in increasing crop yield (Zhu et al 2003). The dens-
ity of the shelterbelt was another influencing factor of
shelter efficiency. Previous studies found that the dif-
ference in the yield increase effect caused by shelter-
belt density could exceed 10% (Jiang et al 2003). Wu
et al (2018) and Iwasaki et al (2021) proposed a sus-
picion of the optimal shelterbelt density to maximize
the protection efficiency. Shelterbelt density was tra-
ditionally expressed by porosity, which is a 2D indic-
ator defined as the percentage of open space in the
windbreak to its total volume (Zhou et al 2002, Guan
et al 2009, Wu et al 2018). But recent research found
that 3D indicators more accurately describe shelter-
belt density, such as shelterbelt width, total area dens-
ity and gap fraction (Deng et al 2013, Iwasaki et al
2020). However, these parameters were difficult to
obtain at a large scale based on field observations
(Yang et al 2017). In addition, previous studies on
shelterbelt structure mainly focused on its impact on
the farmland environment but rarely focused on its
crop vield effect (Wu et al 2018, Liu et al 2021). Thus,
it is necessary to conduct large-scale studies to invest-
igate the relationship between shelterbelt structure
and crop yield.

The impact of a shelterbelt on crop yield is usu-
ally investigated using yield profiles (i.e. the crop yield
versus the distance from the shelterbelt). The yield
profile around the shelterbelt usually consists of two
sections: yield-reduced section near the shelterbelt
and yield-increased section far from the shelterbelt
(Helmers and Brandle 2005, Osorio et al 2019). The
reduced crop yield near the shelterbelt is caused by
the competition between trees and crops, whereas
the increased crop yield in the far areas is induced
by the protective effect of the shelterbelt. Most stud-
ies obtained the yield profile through field measure-
ments (Kort 1988, Sudmeyer et al 2002, Ding and Su
2010, Rivest and Vezina 2015). Although this method
can accurately assess the shelterbelt’s impact on crop
yield, it is laborious, time-consuming, and can only be
operated on a small scale. Therefore, previous studies
about the impact of shelterbelts on crop yield were
usually restricted to a few shelterbelts and the impacts
of different shelterbelt structures were ignored (Bao
et al 2012, Rivest and Vezina 2015, Swieter et al 2019,
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Weninger et al 2021). Remote sensing measurement
can access shelterbelts and crop yield information at
a large scale. Recent studies have successfully used
remote sensing data to explore the impact of shelter-
belts on crop yield (Zheng et al 2016, Iwasaki et al
2019, Li et al 2020). However, due to the lack of
reliable methods and fine resolution remote sens-
ing data, detecting shelterbelts and measuring their
structure and crop yield profile at a large scale is still
challenging.

In this study, we developed an innovative frame-
work to estimate shelterbelt structure and corn yield
profile using state-of-the-art high-resolution remote
sensing data. Specifically, the Google earth data were
used to extract shelterbelt information for the meas-
uring of shelterbelt structures at a regional scale.
High-resolution Sentinel-2 data were used to calcu-
late corn yield profiles. Using this method, we invest-
igated 302 shelterbelts in Northeast China and first
quantified the impact of shelterbelt width and gap
fraction grade on corn yield. The underlying mech-
anisms of corn yield change under different shelter-
belt structures were discussed. Our findings can help
us better understand shelterbelt impacts on crop yield
and to guide the practical management of shelterbelts
based on their structure to improve corn yield.

2. Study area, data, and method

2.1. Study area

The study area is located on the Songliao Plain in
Northeast China, which is the largest farmland shel-
terbelt district (54 260 km?) and one of the essen-
tial grain-producing areas in China (figure 1). The
study area is included in the Three-North Shel-
ter Forest Program, which is the largest ecological
afforestation program worldwide (Yu et al 2006).
The shelterbelts have been well planned, construc-
ted, and managed by the professional agency since
1978 (Zhang et al 2017). Poplar is the domin-
ant tree species (mainly include Populus simonii,
Populus x xiaozhuanica, Populus pseudo-simonii and
Populus x beijingensis), accounting for more than
98% of all farmland shelterbelt planting areas (Zhu
and Zheng 2019). The major crop within the sheltered
farmland is corn (Zea mays L.), growing from mid-
April to late September. The region is at the junc-
tion of semi-humid and semi-arid regions with con-
tinental and monsoon climate characteristics. The
mean air annual temperature is 1 °C-7 °C, the mean
annual precipitation is 300-550 mm (Zheng et al
2016). According to the statistics of the daily average
wind data from 1981 to 2015 at six national weather
stations in the study area (triangle in figure 1), the
average wind speed during the growing season was
2.5-3.3 m s !, and the dominant wind direction of
all stations is south-southwest (figure 1). The max-
imum and minimum wind speed occurred in May
and August, respectively.
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Figure 1. Location of study area and the distribution of target shelterbelts with different width-gap grade (a) and wind rose maps
of six national meteorology stations (b)—(g). The star and triangle symbols denote the location of field measurement and weather
stations.

2.2. Data procedures

2.2.1. Google Earth data

Google Earth data were used to identify the tar-
get shelterbelts and measure their geometric para-
meters (i.e. shelterbelt width, shelterbelt length, gap
length, farmland length, and corn row-shelterbelt
angle) (figure 2(a)). Google Earth® provides sub-
meter spatial resolution geospatial datasets with red-
green-blue bands worldwide (Liang et al 2018) and
has been widely applied for geometric measurements
(Dingetal 2020). The Google Earth images from 2016
to 2019 were obtained from Google Earth Pro soft-
ware (www.google.com/earth/versions/#earth-pro).

2.2.2. Sentinel-2 data

Sentinel-2 data were used to calculate leaf area index
(LAI) and subsequently estimate corn yield. Sentinel-
2 is a constellation of two satellites in the same orbit
operated by the European Space Agency, with a spatial
resolution of 10-60 m and a temporal resolution of
about five days in the study area (Drusch et al 2012).
Sentinel-2 data has been widely used in yield estim-
ation, growth monitoring, and crop type identifica-
tion (Clevers et al 2017, Kayad et al 2019). The previ-
ous studies of Gao et al (2018), Lambert et al (2018),
and Skakun et al (2021) found the time window of
30-60 d before harvest (late July to early Septem-
ber) was the optimal period for corn yield estimation
using Sentinel-2 data, as this period corresponds to

the reproductive stage in phenological development
with the largest LAL. Accordingly, we used Sentinel-2
data in this time window to calculate the corn LAI
and yield. Sentinel-2 data from 2016 to 2019 were
acquired from https://scihub.copernicus.eu/ and pro-
cessed in Sentinel Application Platform (SNAP) soft-
ware (http://step.esa.int/main/). The data of all used
bands (resolutions from 10 to 60 m) were resampled
to 10 m.

2.2.3. Field measurement of corn yield

We used field measurement of corn yield data to
estimate and validate the parameters of the corn yield
profile model. The field measurements (figure 1) were
conducted in the Conservation Tillage Research and
Development Station of the Chinese Academy of Sci-
ences (43.34 N, 124.12 E) (Jiang et al 2021). The
spring maize varieties used in the field measurement
were Heyu-47, Heyu-12, and Fumin-58. We meas-
ured the corn yield at 68 quadrats along the corn
strips. The size of two rows x 10 m was selected to
perform yield measurements at each quadrat (Djamai
et al 2019). During harvest, ten corn plants were
selected equidistantly in each quadrat and harvested
manually, and then the grain yield per plant after dry-
ing was measured. The total number of corn ears and
the area in each quadrat were recorded to calculate
planting density. The yield of the quadrat was calcu-
lated by the grain yield per plant and planting density.
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Figure 2. Flow chart of estimating yield increase effect of shelterbelts using (a) Google Earth data and (b) Sentinel-2 data.

2.3. Method

2.3.1. Selection of target shelterbelts

The target shelterbelts were selected by interpreting
the historical Google Earth images in the study area
from 2016 to 2019. To highlight the impact of shelter-
belt structure and exclude the impact of tree height,
we only selected over-mature shelterbelts, which was
assumed to be 20 m (the process for determining shel-
terbelt height is in the supplementary files available
online at stacks.iop.org/ERL/17/044060/mmedia).
According to the management regulation of farm
shelterbelts by the local government (Tang et al 2008),
only over-mature shelterbelts (over 30 years) can be
cut down. Thus, we checked the Google Earth images
for two consecutive years for each shelterbelt. When
we found the shelterbelt in the latter image was cut
down, we chose the corresponding uncut shelterbelt
in the previous image as the target shelterbelt. Finally,
we obtained 302 target shelterbelts in total. Then we
used the linear ruler tools in Google Earth Pro soft-
ware to manually measure the shelterbelt length, gap
length, shelterbelt width, farmland length, and corn
row-shelterbelt angle (figure 2(a)).

2.3.2. Classification of shelterbelt structure

Previous studies showed that shelterbelt density was
mainly affected by the width, continuity, and total
area density of the shelterbelt (Deng et al 2013, Yang
et al 2017, Iwasaki et al 2021). Total area density
refers to the ratio of plant projection area to aver-
age crown length under per unit land area (Torita
and Satou 2007). In the study area, the planning
and planting of shelterbelts were under unified man-
agement (Zhu et al 2004). The difference in total
area density among target shelterbelts was minor, as
the tree species, tree height, and planting spacing
of shelterbelts were highly similar (Zhang et al 2017,

Table 1. Classification of the shelterbelt structure based on gap
fraction and shelterbelt width.

Width-gap Gap Shelterbelt  Shelterbelt
grade fraction (%) width (m)  number
High 0-5 20-25 116
Medium-high 0-10 15-20 115
Medium 0-15 10-15 54

Low 0-20 5-10 17

Zhu and Zheng 2019). Moreover, the width of all tar-
get shelterbelts has no significant change before cut-
ting down. Thus, the density of a target shelterbelt is
mainly dominated by its width and continuity. Shel-
terbelt continuity can be expressed by gap fraction,
the ratio of gap length to shelterbelt length (Piwowar
et al 2017, Cai et al 2021). Combining gap frac-
tion and shelterbelt width (figure 2(a)) (Podhrazska
et al 2021), we defined the width-gap grade and
divided it equidistantly into four different levels: high,
medium-high, medium, and low (table 1). Addition-
ally, given the influence of wind direction on the
yield increase effect, we further divided the strips into
leeward (north-northeast) and windward (south-
southwest) groups, based on the prevailing wind dir-
ection (south-southwest) in the study area (Zhu et al
2003).

2.3.3. Estimation of corn yield profile

We estimated yield profiles along corn strips for the
target shelterbelts. Since the farmland at the edge of
shelterbelts cannot be fully protected, we only selec-
ted corn strips in the middle of target shelterbelts
to estimate corn yield. All the selected corn strips
met three requirements as follows: (a) the strips are
uniform (only corn) and continuous (no gap); (b)
the strips are along the direction of planting rows to

4
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Figure 3. (a) Relationship between field-measured corn yield and LAI estimated by sentinel-2 data, and (b) the comparison

between the estimated and measured yield.

ensure the consistency of field management; (c) the
corn row-shelterbelt angle is greater than 60° which
can eliminate the influence of the shelterbelt edge.

We then calculated corn yield along the selec-
ted strips using Sentinel-2 data. Specifically, we first
used the biophysical processor to convert the multi-
spectral data into LAI, which is the freely available
standard post-processing tool in SNAP. This pro-
cessor is a collection of backpropagation artificial
neural networks trained using a PROSAIL and SAILH
canopy radiative transfer model (further details can
be found in Weiss and Baret (2016)). The estimated
LAI has high accuracy and has been validated in dif-
ferent regions globally (Hu et al 2020, Brown et al
2021). Here we calculated the LAI for the period of
30-60 days before harvest, which has been found to
be linearly correlated with corn yield and widely used
for yield estimation (Guindin-Garcia 2010, Lambert
et al 2018, Endris 2019). We then developed the
linear model to estimate corn yield based on the
derived LAI. The parameters in the linear model
were calculated based on the field measurement data
(figure 3(a)). Thus, we obtained the local estimation
model of corn yield (t ha™!) as follows:

Yield = 2.39 x LAI — 0.43. (1)

Here, we used 80% of field measurement data to
calculate the parameters in the linear model and the
remaining 20% of data to verify the developed model.
Generally, the developed model performed well in
estimating corn yield, with R* = 0.62 and RMSE of
0.36 t ha™! (figure 3(b)).

The corn yield profile was obtained based on
the yield-distance relationship. Specifically, the corn
yield at 10 m intervals of the Sentinel-2 images along

the strips was estimated using equation (1) (using
the Bandmath processor in SNAP). The distance (D)
between the shelterbelt and each yield estimation
point along the corn strips was obtained based on
row-oriented distance (L) and corn row-shelterbelt
angle («) and calculated as D = L x sin a. Thus,
we obtained the yield-distance dataset consisting of
D and yield for each shelterbelt (figure 2(b)). Then
we aggregated the yield-distance dataset for the four
width-gap grade classifications. Based on the aggreg-
ated yield-distance dataset, we fitted the yield pro-
file through a generalized additive model (Chen et al
2019, Baker et al 2021). Then we defined the distance
at which the corn yield will not be affected by the shel-
terbelt as the no-impact distance, which was set as the
range from 15 to 20 times the tree height (Brandle et al
2004). The average yield in the no-impact distance
was set as the 100% relative yield. The yield profile
was rescaled through the 100% relative yield to obtain
the relative yield profile.

2.3.4. Quantification of the impact of a shelterbelt on
corn yield

The impact of a shelterbelt on corn yield (i.e. yield
increment) was quantified as the ratio of mean yield
within the distance of 0.5-15 H to the average yield at
the no-impact distance range. The data within the
distance of 0-0.5 H was excluded because this area
was the machine-cultivated track and rarely grew
crops. We compared the impacts of shelterbelts on
corn yield among the four width-gap grades classi-
fications to reveal their relationship. In addition, the
yield profiles on the leeward and windward sides with
different shelterbelt width-gap grades were analyzed
to compare their yield increment.
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3. Results

3.1. Overall impact of shelterbelt on corn yield

The impact of a shelterbelt on the corn yield was
related to the distance from the shelterbelt. Figure 4
showed the integrated yield-distance relationship of
all target shelterbelts. The yield profiles consisted
of both yield loss and yield gain zones. Near the
shelterbelt, the corn yield was reduced due to the
environmental competition between shelterbelt and
corn. However, the reduced-yield effect decreased
rapidly and disappeared when the distance was reach-
ing about 1.2 H. The average reduced-yield effect
was —0.32% in the yield loss zone. Beyond 1.2 H,
the impact of the shelterbelt on corn yield became
positive and the corn yield continuously increased,
reached maximum (4.48% = 0.22%, mean =+ stand-
ard error, the same below) at 3.5 H and then gradually
decreased till 15 H. The average increased-yield effect
was 2.41% in the yield gain zone. Overall, the shelter-
belts improved the corn yield by 2.09 £ 0.04%. This
result matched with the values (1%-6%) reported by
Zheng et al (2016) and Nie (2020) in the study region.

3.2. Comparison of yield profiles of different
shelterbelt width-gap grades

The yield profiles were largely affected by shelter-
belt width-gap grade (figure 5). Both the distance
range of yield loss and gain zones and the amount of
yield changes varied with width-gap grades. The dis-
tance range of the yield loss zone were located within
0.5-1.2 H (high-grade), 0.5-1.2 H (medium-high-
grade), 0.5-1.3 H (medium-grade) and 0.5-1.3 H
(low-grade). The yield reductions of shelterbelts with

width-gap grades from high to low grade were 0.31%,
0.32%, 0.45%, and 0.47%, respectively. The lowest
yield reduction happened in high-grade shelterbelts,
despite the largest shading effect. This is because
the yield reduction is partly offset by the protective
effect caused by reduced wind, which is largest in
high-grade shelterbelts (Yuan et al 2020). The max-
imum yield increase effect appeared in 2-5 H, and
the corresponding amount of yield increment was in
the order of high (4.70%), medium-high (4.63%),
medium (4.16%), and low (3.17%) grade. Then the
yield increment gradually became weak and exten-
ded beyond 15 H. In the yield gain zone, the mean
yield increments were 2.32% (high-grade), 2.53%
(medium-high-grade), 2.44% (medium-grade), and
1.38% (low-grade), respectively. The medium-high-
grade shelterbelt had the largest yield increase effect
and distance range in yield gain zone, and the smal-
lest yield reduction effect and distance range in yield
loss zone. In contrast, the low-grade shelterbelt had
the opposite impact on the yield profile. Overall,
medium-high-grade shelterbelts had the largest pos-
itive effect on corn yield (2.21 £ 0.05%), compared
to high-grade shelterbelts (2.01 & 0.06%), medium-
grade shelterbelts (1.99 £ 0.11%), and low-grade
shelterbelts (0.91 & 0.12%). The underlying mechan-
ism of the impact of shelterbelt width-gap grade on
corn yield was discussed in section 4.

3.3. Comparison of yield profiles between
windward and leeward sides

We divided all corn strips into leeward and wind-
ward groups and found that the yield profiles and
their dependence on shelterbelt width-gap grade
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showed a significant difference between these two
sides (figure 6). Generally, the corn on the leeward
side had a larger yield increment (2.39 £ 0.04%)
compared to the windward side (1.89 4 0.06%). The
distance of the yield loss zone ranged from —0.5 to
—1.5 H and from 0.5 to 1.1 H for the windward and
leeward sides, respectively. The yield reduction in the
yield loss zone was —0.54% on the windward side and
—0.18% on the leeward side, whereas the yield incre-
ment in the yield gain zone was 2.43% on the wind-
ward side and 2.57% on the leeward side. The over-
all yield increments under different shelterbelt grades
were in the order of medium-high (2.17 £+ 0.07%),
high (1.80 £ 0.10%), medium (1.36 £+ 0.20%), and
low (0.67 = 0.13%) on the windward side, whereas in
the order of medium-high (2.54 4+ 0.06%), medium
(2.18 £ 0.11%), high (1.90 + 0.07%), and low
(1.30 £ 0.17%) on the leeward side (figure 7). The
protective effect of shelterbelts for leeward farmland
decreased slower from medium to low grades than
that for windward farmland, resulting in larger yield
increments. The results of the total groups are com-
posed of windward and leeward farmland. The pro-
tective effect of shelterbelts on the leeward side is lar-
ger than that on the windward side, leading to the
higher yield increment in both the leeward and total
groups. The yield reduction in the yield loss zone
was —0.59%, —0.49%, —0.85%, and —0.65% for high
to low grade shelterbelts on the windward side, and
—0.17%, —0.19%, —0.27%, and —0.32% on the lee-
ward side. The yield increment in the yield gain zone
was 2.39%, 2.66%, 2.21%, and 1.32% for high to low
grade shelterbelts on the windward side, while it was
2.07%, 2.73%, 2.45%, 1.62% on the leeward side.

4. Discussion

4.1. Impact of shelterbelt structure on corn yield
The shelterbelt impact on corn yield is a complex pro-
cess and still far from being fully understood. Our res-
ults found that the yield increase effect is the addition
of yield reduction in the yield loss zone and the yield
increment in the yield gain zone. The total yield effect
induced by a shelterbelt is positive, which is consistent
with the study of Iwasaki et al (2021). The yield loss
zone was usually caused by the competition between
the shelterbelt and the corn for light, water, and nutri-
ents (Barcic et al 2021, Podhrazska et al 2021, Thevs
and Aliev 2021). In the yield gain zone of 1.2-15 H,
due to the wind reduction effect of the shelterbelt, the
mechanical damage caused by the wind was reduced
(Cleugh et al 1998, Cai et al 2021), and the microcli-
mate was improved (Barcic et al 2021), therefore, corn
yield increased.

The impact of a shelterbelt width-gap grade on
corn yield is also complicated. Our results suggested
that the increasing grade of shelterbelts cannot always
bring the increasing yield increase effect, as expected
initially. The largest yield increment was achieved by
the shelterbelt with a medium-high width-gap grade.
The shelterbelt grade was determined by shelterbelt
width and gap fraction, which are closely related to
wind velocity reduction (Heisler and Dewalle 1988,
Yusaiyin and Tanaka 2009, Deng et al 2013). The wind
reduction effect of shelterbelts is an important reason
for the yield increase around shelterbelts (Helmers
and Brandle 2005) because low wind speed means
less mechanical damage, less evapotranspiration and
less soil erosion (Cleugh et al 1998, Barcic et al 2021,
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Su et al 2021). Dense shelterbelts have higher wind
reduction near the shelterbelt. Thus, we observed
that the high-grade shelterbelt had the largest yield
increase effect at the range from 2 to 5 H, followed
by medium-high, medium and low-grade shelterbelts
(figure 5). However, the yield increase effect of a high-
grade shelterbelt decreased rapidly with distance. In
the range from 5 to 10 H, the maximum yield increase
effect is achieved by a medium-high grade shelterbelt,
followed by medium-, high- and low-grade shelter-
belts. From 10 to 15 H, the maximum yield increase
effect is achieved by medium-grade shelterbelts. This
is because the gradient between the airflow passing
through and over-passing is larger for shelterbelts
with a higher grade, resulting in larger turbulence and
advection transmission (Guan et al 2003, Lietal 2021,

Liuetal 2021). Thus, the wind speed behind a shelter-
belt with higher grade recovered faster and the shel-
ter distance was shorter. Therefore, the yield increase
effect is affected by a trade-off between the distance
and the amount of wind reduction.

The shelterbelt with a medium-high width-gap
grade balanced the reduction in wind speed and
shelter distance, resulting in the largest wind reduc-
tion effectiveness and yield increase effect. The high-
grade shelterbelt had the densest structure, but the
yield increment was lower than the medium-high and
medium-grade shelterbelts (figure 7). The moderate
grade shelterbelt produced a higher yield increment,
which was consistent with the wind reduction effect
(Yuan et al 2020). The wind reduction effect of the
low-grade shelterbelt is the smallest, resulting in the

8
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smallest yield increment among the four grade levels
of shelterbelts (Dong et al 2007).

4.2. The uncertainties

The estimations of shelterbelt structure and their
effect on yield increase are challenging. This new
framework for obtaining the yield increase effect of
a shelterbelt was developed based on several assump-
tions, including homogeneous shelterbelt height,
shelterbelt planting spacing, corn cultivar and corn
planting density. In the real world, the structure
of the shelterbelt-farmland system is more complic-
ated than the idealized assumptions. Several uncer-
tainties may exist in this study. First, the height of
all selected shelterbelts was assumed to be 20 m,
which actually fluctuated in the range of 18-22 m
(see supplementary file). Future studies should take
into consideration the variation of shelterbelt height
across species, especially in the regions with mul-
tiple species. Second, we assumed homogeneous total
area density among all selected shelterbelts. However,
differentiation and pest/disease are inevitable, result-
ing in uneven total area density of shelterbelts. We
increased the sample size to reduce the uncertainty
caused by this assumption. Finally, the corn cultivar
and farmland planting density may also affect the
impact of a shelterbelt on corn yield. Although the
variation cannot be thoroughly eliminated, measures
to reduce it were made in this study by selecting the
corn strips along the direction of planting rows and
using relative yield to describe variation. Uncertain-
ties may also come from the process of data analysis,
for example, the selection of image date and sample
size of the field measurement. It is impossible to use
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images from the same date in all cornfields because
of cloud cover. Previous studies have shown that the
LAI changes little in the time window (30-60 days
before harvest), so the yield bias induced by incon-
sistent image date is small (Amuti et al 2018, Battude
et al 2016). Furthermore, the size of field verification
data used in this study was limited by field conditions.
It is necessary to implement the field measurement to
validate the applicability of the LAI-yield model when
applying this framework to other regions.

5. Conclusions

This study developed a new framework to identify
shelterbelts, and to estimate shelterbelt structure and
surrounding corn yield profiles at a regional scale
using high-resolution remote sensing data. Using this
framework, we first quantified the impact of shelter-
belt structure on corn yield. The results showed that
shelterbelt forests could increase corn yield by 2.09%
on average, with increments of 2.01%, 2.21%, 1.99%,
and 0.91% for high, medium-high, medium, and
low width-gap grade shelterbelts, respectively. These
total yield increments comprised the addition of the
yield loss zone (within 1.2 H) and yield gain zone
(1.2-15 H). Medium-high grade shelterbelts have a
well balanced relationship between wind reduction
and shelter distance, resulting in the highest yield
increase effect. The farmland location relative to the
shelterbelt largely affected the yield increase effect,
with increases of 2.39% on the leeward side and
1.89% on the windward side. Our findings are help-
ful in better understanding the shelterbelt impacts
on crop vield and guide the practical management
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of shelterbelts based on their structure, to improve
crop yield. For example, thinning can be considered
in a high-grade shelterbelt, to reduce shelterbelt width
(Jiang et al 2003), whereas replanting, adding shrub
borders, and enhancing the management of seedlings
can be applied to medium-grade shelterbelts (Zhu
and Song 2021).
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