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Abstract: Global warming has led to increases in the frequency and intensity of typhoons. In recent
years, super typhoons have had a greater impact on agriculture in the black soil farmland of Northeast
China, posing serious threats to crop growth. Planting trees as windbreaks and to reduce erosion
is common in this region, but their protective effects against crop damage from typhoons is still
unknown. This paper studied the protective effect of different shelterbelt structures on crops that
encountered a super typhoon. The results show that the distance between shelterbelt rows and
shelterbelt porosity have significant influences on the starting lodging distance of crops behind
the shelterbelt. Increasing the shelterbelt distance between shelterbelt rows or reducing shelterbelt
porosity can enhance their protective effects on crops. Among the main crops, rice has the strongest
lodging resistance, followed by soybeans, with maize being the least resistant. The protective effect
of mixed tree and shrub shelterbelts is better than that of single tree species shelterbelts. Dead or
missing trees reduce the shelterbelt protective effect. These results provide strategies for reducing
the impact of more intense and frequent super typhoons.

Keywords: crop lodging; typhoon; shelterbelts; structure; distance between shelterbelt rows; digital
image processing methods

1. Introduction

The intensification of super typhoons, the tropical cyclones found in the western North
Pacific, ranks among the most destructive natural hazards under the conditions of global
warming [1]. Typhoons are an important feature of China’s climate and can cause extensive
property damage. While the southeast coast is the region of China most frequency affected
by typhoons [2], over the past 50 years, the effects of typhoons have increasingly been
moving further north, with records showing that more typhoons with a greater intensity
are arriving in Northeast China [3,4]. In 2019, super Typhoons Lekima and Lingling had an
impact on crops in Northeast China [5,6]. In 2020, three super typhoons affected China’s
northern-most province, Heilongjiang—Typhoon Bavi made landfall in North Korea in
late August, followed in quick succession by Typhoon Maysak, which crossed the Korean
Peninsula into China in early September, and then Typhoon Haishen followed just days
later. Typhoon Maysak was the strongest typhoon to reach East Asia in the past 20 years,
continuing into Inner Mongolia. Strong winds and heavy precipitation accompanied these
super typhoons, causing widespread crop damage in Heilongjiang Province.

Crop lodging is one of the major factors contributing to crop yield and quality reduc-
tion [7]. Lodging (the term refers to the bending or breaking of the stems) occurs when
plants do not stand upright, leading to yield loss when the combine fails to harvest the
grain from the lodged plants [8]. Severe lodging destroys much of the plant itself, resulting
in a reduction of the photosynthetic ability, grain yield, and harvesting efficiency. While
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crop lodging can be caused by excess soil nitrogen [9], the direct effects of wind and rain can
also result in lodging [10]. Prior studies have documented grain crop damage—particularly
lodging and yield reductions—following typhoons. Crops are frequently damaged by ty-
phoons in Southern China. For example, in Fujian Province, located on the southeast coast,
Typhoon Sula caused 47,610 hectares of damage in 2012, and Typhoon Tamei caused 80,480
hectares of damage in 2013 [11]. In recent years, accelerated by global warming, some
typhoons have reached North China. Typhoon Bolaven, which crossed Northeast China
as the most powerful storm of 2012, was found to induce lodging, reducing maize yields
by 17–20%, and increase harvest costs [12]. Since, historically, few typhoons have directly
affected Northeast China [13], previous studies of typhoon-induced crop damage have
mainly focused on middle and low latitudes. However, with global warming, typhoons
are tending to increase in intensity and affect larger areas [14], making it more likely that
Northeast China will be affected by super typhoons.

Around the world, shelterbelts are commonly employed to combat wind erosion, wa-
ter erosion, and desertification. The major factors that determine the efficacy of windbreaks
are the height of trees, the degree of shelterbelt porosity, and the width and orientation
of the belt [15–17]. Planting trees as shelterbelts or windbreaks is a common strategy in
successful agricultural systems throughout the world, enhancing agricultural sustainability
and profitability [18]. Shelterbelts have been used for centuries to improve microclimate
and environmental conditions and to increase crop yields. The selection and placement
of trees planted in shelterbelts must consider the needs of the land manager and the de-
sired protective effect [18–20]. Thus, the optimized design of a shelterbelt should consider
parameters such as the number of rows, shelterbelt length, height, and width [21–25]. In
China, strategic tree planting dates back centuries, enshrined in local customs and national
policies under the Qing Dynasty and in the National Forest Law of 1914 [26,27]. Under the
People’s Republic, annual tree planting was made a constitutional obligation, with massive
mobilizations across the country, most notably in the Three Norths Shelterbelt (also known
as the Great Green Wall), for which 66 billion trees have been planted since 1978 to combat
erosion and desertification [28]. In much of South and East China, planting shelterbelts
is a common method to reduce crop damage from typhoons. The primary function of
farmland shelterbelts is to reduce wind speed, thus improving microclimate conditions in
the sheltered area [29]. The completeness or porosity of trees in a shelterbelt is an obvious
indicator of the belt’s ability to reduce the wind speed. Perera et al. [30] found that with
a very dense shelterbelt (less than 0.25 porosity), the wind speed on the leeward side of
the shelterbelt was still very high. Prior studies of wind erosion have determined that the
optimal degree of shelterbelt porosity is between 0.25 and 0.50 [31]. In the coastal region of
Jiangsu Province (North of Shanghai), Zhang et al. [32] found that the production loss of
farmland protected by shelterbelts was reduced by two thirds from rice lodging compared
with the unprotected farmland; the greatest protection occurred where the main windbreak
had over 90% tree coverage.

The black soil region of China encompasses most of the three northeastern provinces
(Heilongjiang, Liaoning, and Jilin) and extends into neighboring Inner Mongolia [33]. The
western part of this region is subject to soil erosion from strong spring winds, mostly
from the northwest, resulting in land degradation and loss of agricultural productivity.
Windbreaks are often planted in this region to protect crops and soils from wind erosion. In
Northeast China, wind protection on the windward side of the shelterbelt has been found to
extend to a horizontal distance of up to 10 times that of the average height of the shelterbelt,
denoted as 10 h; and on the leeward side of the shelterbelt, the protection extends up to
20 h [16]. One study in the northeast black soil region found effective protection on the
leeward side extending to 28 h, reducing wind speed by an average of 21% [34].

However, the design of windbreaks in Northeastern China did not originally take into
account the threat from typhoons. We do not know whether the existing windbreaks are
effectively protecting crops from typhoons. Wind erosion in this region does not generally
cause crop lodging, and prior studies have measured the effectiveness of windbreaks in
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terms of reducing wind speed and soil erosion or increasing crop production, rather than
focusing on the kind of crop damage caused by typhoons.

This investigation examines the effectiveness of existing windbreaks in protecting
against typhoon-induced crop lodging in the black soil region of Northeast China. The
study measures the effectiveness of shelterbelts in protecting crops against damage from
typhoons in terms of the lodging situation of crops behind the shelterbelt [31]. One such
measure is the ILCD (initial lodging distance of crops behind the shelterbelt divided by
the height of the trees), as many scholars use the tree height multiple instead of the actual
distance to compare the protective effects of differ shelterbelts [17,35]. This paper uses
drone imagery taken over affected farmland to analyze the prevalence of crop lodging in
relationship to windbreaks. It is important to see whether the farmland shelterbelt has
some protective effect against typhoons, as well as their relationship with the shelterbelt
structure. This research aims to quantify how well existing windbreaks protect crops from
lodging under scenarios of increased typhoon activity in Northeast China.

2. Materials and Methods
2.1. Site Conditions

The research sites for this project are located in the Songnen Plain of western Hei-
longjiang Province and belong to the typical black soil region. The area falls into the
temperate continental monsoon climate zone, with four distinct seasons: a dry and windy
spring, a hot and rainy summer, a short autumn with early frost, and a long dry and cold
winter. Gannan County is located in the Songnen Plain. The common crops are maize
(corn), rice, and soybeans. The area began to set up farmland shelterbelts in the late 1970s
in a network pattern; their main purpose is to reduce wind erosion in springtime and
water erosion during the summer rainy season. In recent years, in view of the degradation
of commonly seen in Populus simonii × P. nigra shelterbelts, some degraded stands have
been renovated by replacing poplars with pines. The tree species used for renovation are
mostly Populus simonii × P. nigra, Pinus sylvestris var. mongolica, Larix gmelinii, Picea wilsonii.,
and Ulmus pumila. The transformation methods are single-row, multi-row, and integral
replacement. In mid-September 2020, this site was affected by super Typhoon Maysak,
with a maximum daily rainfall of 106.9 mm, which is about 20% of the annual rainfall, and
a maximum daily wind speed of 10.7 m/s.

Figure 1 provides a schematic diagram of the crop lodging in farmland caused by
Typhoon Haishen in Northeast China in 2020. The light-colored areas in the photos indicate
lodging. As can be seen, the typhoon had a severe impact on crops and caused serious crop
lodging, even in shelterbelt-protected farmland.

2.2. Selection of Research Site

After an initial reconnaissance in October 2020, 19 Songneng Plain shelterbelts were
selected for further study from the five study sites, including five degraded shelterbelts,
two non-degraded shelterbelts, and 12 renovated shelterbelts (Figure 2). The condition of
the shelterbelts was classified as follows:

• severely degraded, with over 40% of trees dead or near death;
• moderate degraded, with 10% to 40% of trees dead or near death;
• mildly degraded, with up to 10% of trees dead or near death;
• non-degraded, with no trees dead or near death [36].
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The study sample area only had severely degraded and non-degraded shelterbelts.
The severely degraded shelterbelts included three pure Larix gmelinii and two pure Populus
simonii × P. nigra belts. Another two pure Populus simonii × P. nigra belts were classified as
non-degraded. Among the renovated shelterbelts, there were three pure Pinus sylvestris
var. mongolica belts, two mixed Pinus sylvestris var. mongolica and Larix gmelinii belts, one
mixed Pinus sylvestris var. mongolica and Ulmus pumila belt, and six mixed Pinus sylvestris
var. mongolica and Populus simonii×P. nigra belts (Figure 2).
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2.3. Data Collection

First, we collected the shelterbelt structure information by selecting a 30 m section
of the shelterbelt and took ground-level photos from 25 m to 30 m perpendicular to the
transect (following [24]) with a high-power digital camera. To compensate for the different
angles of incident sunlight during our field measurements, we took photos on both sides of
the shelterbelt. The height of each tree in the 30-m section of the shelterbelt was measured
with an automatic altimeter (accurate to 0.5 m). The diameter at breast height (DBH)
at 1.3 m was measured with a DBH ruler. The width of the shelterbelt and the distance
between rows were measured 1.5 m above the ground surface with a flexible ruler.

Then, to collect the lodging information, a DJI Mavic Air 2 UAV (Unmanned Aerial
Vehicle) was used to collect images of the shelterbelts and crops between belts; a total of
64 photos were taken by hovering the UAV vertically 120 m above the shelterbelt. The
aerial photos were stitched together to establish a complete image of the shelterbelt and
the farmland between the belts. We also filmed a typical shelterbelt network continuously
to establish a complete image of a small grid cell of farmland.

2.4. Data Processing Methods

We used digital image processing methods to extract the porosity of the ground-level
photos taken perpendicular to each shelterbelt. First, the images taken by the high-power
camera were imported into Adobe Photoshop for image segmentation, dividing the images
into tree crowns and tree trunks. Then, the processed images were imported into ENVI
5.3 software and a supervised classification was performed to distinguish between the
tree parts and light transmittance (Figure 3). The pixels for each class were extracted to
calculate the porosity as follows:

β = (β1 × h1 + β2 × h2)/h (1)

where β is the porosity, β1 is the canopy porosity, β2 is the stem porosity, h is the average
height of the shelterbelt, h1 is the average height of the canopy, and h2 is the average height
of the stem.
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2.5. Lodging Recognition and Extraction Method

We used Photoshop to splice the images taken by the UAV’s CMOS sensor with
48 million pixels (Figure 4a). The data quality of images for five shelterbelts was not
sufficient for further analysis, so we finally selected 14 shelterbelts (two degraded poplar
shelterbelts and 12 renovated shelterbelts) in the above 19 shelterbelts for the analysis. For
this study, we divided the 14 shelterbelts into two porosity ranges: 0.25 to 0.50 and greater
than 0.50. Ten shelterbelts fell into the former category, which we selected for further
study of the structural factors influencing the relationship between their configuration and
the ILCD.
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Finally, 15 complete images of the monitoring area were obtained (14 shelterbelts and
one small grid cell, which was enclosed by four Pinus sylvestris var. mongolica belts), includ-
ing shelterbelts and protected farmland. ENVI software was used to perform geometric
correction and radiometric correction, and the ROI (region of interest) tool combined with
visual interpretation [37] was used to identify whether or not the correction was made
(Figure 4b). We determined the lodging area using the field investigation as a training
reference to distinguish the crop situation on the UAV image. Back to the lab, using the
method of visual interpretation, we identified the field sites as the interest area, and then
designated the known lodging areas as red and non-lodging areas as green, allowing for
the use of the maximum likelihood method to classify the rest of the images. AutoCAD
2007 software was used to identify the degree of correction after processing. The lodged
and unlodged crop areas behind the shelterbelt were marked, and the distance between
the lodged crops on the leeward side of the shelterbelt was collected (Figure 4c). The crop
lodging rate is equal to the lodging area divided by the entire farmland area (Figure 4c).

We classified rice plants as lodged where the plants were tilted or broke, or as non-
lodged where the crops kept their original vertical state; within the site (Figure 5), the
supervised classification method was used to extract the crop lodging areas. The maximum
likelihood classification algorithm was used to classify the wind disaster extraction results
into three categories: severe lodging, mild lodging, and unlodging, and human−computer
interaction was used to correct the classification results. In the visible light range, unlodg-
ing corresponded with spectral reflectivity between 0.003–0.010, mild lodging between
0.010–0.021, and severe lodging between 0.021–0.025 (Figure 6).
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3. Results

In this section, we evaluate the effects on the ILCD (the starting lodging distance of the
crops behind the shelterbelt divided by the height of the trees) of the porosity, configuration,
and degradation status of the shelterbelt. As shown in Figure 4, the ILCD was calculated
as follows:

ILCD = F/h (2)

where F is the starting lodging distance of crops behind the shelterbelt and h is the average
height of the shelterbelt.

3.1. Shelterbelt Porosity

Figure 5 shows the relationship between the post-typhoon ILCD and the porosity of
the shelterbelt. ILCD is strongly negatively correlated with shelter belt porosity (correlation
coefficient −0.847, p < 0.01). Therefore, shelterbelt porosity alone may be the decisive factor
for determining the ILCD. In general, the degraded shelterbelts had a high porosity and a
short initial lodging distance, while the non-degraded shelterbelt had a low porosity and
a long initial lodging distance. In the non-degraded shelterbelt, the ILCD varied greatly
among shelterbelts with a similar porosity, which indicates that the ILCD was also related
to some other factors.

3.2. Shelterbelt Configuration

The shelterbelt configuration includes both the spatial structure of the shelterbelt
(the number of rows and the distance between shelterbelt rows) and the tree species. We
analyzed and compared these three factors individually to understand the influence of
shelterbelt configuration on its protective effect. The correlation coefficient between the
distance between shelterbelt rows and the ILCD was 0.82 (p < 0.01). It could be seen that
the distance between the shelterbelt rows was an important factor for determining the
ILCD (Table 1).

Table 1. The relationship between initial lodging distance (ILCD) for crops on the leeward side of the shelterbelts with
different configurations.

Tree Species Number of
Rows in Shelterbelt

Distance between
Shelterbelt Rows(m) ILCD (H)

The Correlation
Coefficient between

the Distance between
Shelterbelt Rows and

the ILCD (R)

P. sylvestix var mongolica and
Ulmus pumila 1 - 1.86 × AHSB

R = 0.820
p = 0.007 < 0.01

P. sylvestris var mongolica 1 - 1.19 × AHSB
P. sylvestris var mongolica 2 - 2.55 × AHSB
P. sylvestris var mongolica 3 - 1.28 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 2 4.5 2.55 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 2 7.5 3.82 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 3 2.5 1.19 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 3 5 1.28 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 4 1.9 1.35 × AHSB

P.sylvestris var mongolica and
Populus simonii×P. nigra 4 3.8 1.5 × AHSB

AHSB: average height of the shelterbelt.
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In Northeast China, shelterbelts are commonly constructed in networks forming a
grid around cropland. We chose a typical network and measured the lodging situation
while comparing four individual shelterbelts within the network. Figure 6 shows a small
network around a 600 m × 600 m field, enclosed by four Pinus sylvestris var. mongolica
shelterbelts. The field is mostly planted with rice, while corn and soybeans occupy a strip
about 80 m wide along the southern shelterbelt. The basic properties of the four shelterbelts
of Pinus sylvestris var. mongolica are similar.

It can be seen from Figure 6 that the lodging situation of the rice in the shelterbelt
network decreases first and then increases in distance from the shelterbelt in the direction
of the wind. In combination with field investigations, reflectivity can be used to determine
the lodging situation. In Figure 6, blue corresponds with no lodging, yellow corresponds
with light lodging, and green corresponds with severe lodging. At the left of Figure 6, near
the left shelterbelt, there is with more area shown in green; then, moving from left to right
the color changes successively from green to yellow to blue, then to green and blue again,
with blue occupying the larger area near the right shelterbelt. So, this suggests that the
wind speed changes from decreasing to increasing, then decreasing again near the right of
the shelterbelt.

Although the spatial distribution of the wind speed during the typhoon event was
not directly measured, the lodging of rice within the shelterbelt network can reflect the
distribution of wind damage [38]. The first severe lodging area (at the left in Figure 6) can
be attributed to the strong funneling effect of the wind in the shelterbelt. Next, downwind,
the mild lodging area reflects the aerodynamic drag force generated by the canopy, which
reduces the kinetic energy of the wind passing through the shelterbelt. The center has very
little lodging because, as the strong wind encounters the shelterbelt, it loses kinetic energy
or experiences turbulence, reducing the direct impact on crops. Still further downwind,
the second severe lodging area is due to the wind returning to full speed beyond the
shelterbelt’s effective protection distance. The non-lodging area (at the right in Figure 6)
can be attributed to the shelter network’s weakening effect on air flow upwind from the
north shelterbelt [36].

Table 1 shows the relationship of the tree species, the number of rows in the shelterbelt,
and the distance between the shelterbelt rows. We analyzed the protection effect of different
tree species, numbers of rows, and distance between the shelterbelt rows behind the
shelterbelt by comparing the lodging situation in the crop fields.

We calculated the ILCD from the closest occurrence of crop lodging behind the shel-
terbelt; however, to provide a more representative measure of the crop damage, following
the recommendation of Zhang et al. [32]. we calculated the lodging rate within an area of
36 hm2 (formed by a shelterbelt network of 600 m × 600 m) behind the shelterbelt. The
crop lodging rate behind a pure shelterbelt of Pinus sylvestris var. mongolica with a distance
between shelterbelt rows of 4.5 m was 56.8%. The crop lodging rate was 11.9% in the mixed
shelterbelt of Pinus sylvestris var. mongolica and Populus simonii×P. nigra with a distance
between shelterbelt rows of 7.5 m, but it was 69.5% when the distance between shelterbelt
rows was 2.5 m and 86.7% with a distance between shelterbelt rows of 1.9 m. We found the
lowest crop lodging rate occurred with a 7.5 m distance between shelterbelt rows behind
the mixed Pinus sylvestris var. mongolica and Populus simonii×P. nigra shelterbelt. Therefore,
we conclude that distance between shelterbelt rows is the dominant factor determining
the protective effect of the shelterbelt: the larger the distance between shelterbelt rows, the
larger the ILCD under typhoon conditions.

3.3. Tree Gaps

To examine the influence of tree gaps on the protective effect of shelterbelts, we
selected two shelterbelts with missing trees for further study. Figure 7a,b show that the
ILCD for belts with gaps was shorter compared with that for shelterbelts with no missing
trees, indicating that the tree gaps reduced the protective effects of those shelterbelts.
Qu [38] called for shelterbelt managers to replace trees immediately in cases where gaps
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are greater than 7 m long, or 4 m long in areas of strong winds, while Zhang et al. [32],
argued that shelterbelts need to be at least 90% complete to maintain their protective effect.
Here, we found that the crops closest to the shelterbelt had different lodging characteristics
depending on their proximity to gaps, with greater damage near the gaps. In the image,
the brown elliptical regions indicate shelterbelts with missing trees, which resulted in more
severe lodging than the shelterbelts without missing trees. In the shelterbelts without
missing trees, ILCD was longer, and in those with missing trees, the onset of lodging was
closer to the gaps in the shelterbelt. Therefore, in the existing shelterbelts, the missing
plantings should be repaired in time to achieve a better protective effect.
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3.4. Lodging Resistance of Agricultural Crop Species

In order to compare the lodging resistance of different crops, we selected plots with
different crop types (rice, soybeans, and maize) but similar site conditions, the same
shelterbelt structure and tree species, and similar spatial orientations. As before, we
extracted the lodging area of these plots by visual interpretation of UAV imagery (see
Figure 8a,b). The lodging area of the rice paddy fields, soybean fields, and maize (corn)
fields accounted for 36%, 52%, and 94%, respectively, of the total area of each plot. The
results show that different crops had a differential resistance to wind stress under similar
conditions.
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After analyzing the spatial characteristics of the lodging occurrence among the three
crops, we found that the rice paddies displayed discontinuous, alternating patterns of
lodging downwind from the shelterbelt. This suggests that rice could better reflect the
spatial distribution of the wind speed behind the shelterbelt due to its different state of
lodging, which is easier to recognize in the image. In contrast, lodging was continuous
in the maize and soybean fields, and the lodging area was larger in the maize fields. In
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general, among the three crops, rice had the strongest lodging resistance, while maize had
the weakest lodging resistance, which may be related to the greater height of maize and its
larger grain load.

4. Discussion

Although porosity seems to affect the protective effects of shelter belts the most, other
factors are also important. For shelterbelts with similar levels of porosity, the distance
between shelterbelt rows, number of rows in the shelterbelt, tree species composition, and
tree height may create some differences. The distance between shelterbelt rows had the
greatest impact on the protection effect, and tree height also had some effect. The width of
the belt seemed not to be a dominant factor. Therefore, we will focus our discussion on the
distance between shelterbelt rows and porosity.

Among the shelterbelts we investigated, those with the largest distance between shel-
terbelt rows had the best protective effect, while degraded shelterbelts with dead or missing
trees had the worst. Based on these results, the construction of shelterbelts in the black soil
farmland region of Northeast China should increase the distance between the shelterbelt
rows of the shelterbelt appropriately. The absence of shrubs in most existing shelterbelts
weakens their protection effect. The effectiveness of shelterbelts in preventing typhoon-
induced crop damage is closely related to the integrity of the main shelterbelt. Therefore,
we suggest that the planning and construction of shelterbelt networks in the black soil
area should consider these findings: tree gaps should be replanted, the distance between
shelterbelt rows of new shelterbelts should be appropriately increased, and the spacing
between trees should be appropriately reduced so as to maximize the protective effect.

This study suggests that shelterbelt managers in Northeast China can adapt the
lessons of belt design from farther south in China that have been shown to be effective
in protecting against crop damage from typhoons [39,40]. In Jiangsu Province, Zhang
et al. [41] found that cotton lodging and yield loss was reduced in an area extending
27 h (27 times the height of the trees) leeward of shelterbelts. In the middle and lower
reaches of the Yangzi River (Changjiang) basin, Zhang [42] also found that typhoon-
induced rice lodging behind shelterbelts was reduced to 16.28%, or half as much damage
as that found in our investigation in the black soil area. In that study in South China, the
shelterbelt network encompassed farmland cells of 4–6 hm2, while the farmland protective
shelterbelt network in the black soil region of Northeast China encompasses farmland cells
of 30–36 hm2. The smaller grid size in the southern regions has a better protective effect
against typhoons [43,44]. However, due to differences in suitable tree species and soil types
between the north and the south, and the continued importance of preventing spring wind
erosion in the north, further work is required to evaluate shelterbelt configurations suitable
for the northern black soil region.

5. Conclusions

Farmland shelterbelts are mainly used to prevent spring wind erosion in North China.
As North China has rarely been affected by typhoons, their effectiveness in preventing crop
damage from typhoons has not previously been measured or considered for shelterbelt
design. Existing shelterbelts are at least partially effective at reducing crop damage from
typhoons. The main findings of this study are as follows:

1. Reducing the porosity of shelterbelts can increase the ILCD when in a porosity
between 0.25–0.50, thus improving shelterbelt protection.

2. The distance between shelterbelt rows has a significant effect on the ILCD. The larger
the distance between the shelterbelt rows, the further the ILCD, and the better the
protection effect.

3. The lodging resistance of maize is lower than that of soybean and rice.
4. The protective effect of mixed tree and shrub shelterbelts is better than that of a single

tree species shelterbelt.
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Our use of UAV remote imagery was effective at identifying the visible characteristics
of the shelterbelts and crops, but we also noted limitations in this method’s ability to
differentiate the degrees of crop lodging or other less visible aspects of shelterbelt quality.
Further research should expand on the use of these methods beyond the 14 shelterbelts
examined here. Researchers should also consider employing imagery outside of visible
wavelengths to better distinguish crop and shelterbelt characteristics in order to contribute
to the sustainable development of agriculture and shelterbelts around the world.
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