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Abstract: Oedaleus decorus asiaticus is one of the dominant harmful pests in central Inner Mongolia,
China. Large-scale outbreaks of this pest create many serious problems in animal husbandry and
agriculture. Therefore, understanding the underlying mechanisms between plant losses and Odecorus
at different density levels and growth stages can guide the development of monitoring and prediction
measures to reduce damage. In this study, an unmanned aerial vehicle (UAV) carrying a camera
was employed to collect multi-spectral data. Further, nine vegetation indices (VIs) were analyzed to
explore the most suitable indices for estimating plant loss caused by O. decorus in different growth
stages. The following results were obtained: (1) The second instar nymphs of O. decorus could promote
vegetation growth. As the density level in each cage increased, the biomass of each cage increased
(nymph density < 30 nymphs/m2) and then decreased (nymph density ≥ 30 nymphs/m2). When
nymph density was greater than 60 nymphs/m2, the biomass in those cages decreased significantly.
(2) With respect to the control group, large damage began to emerge during the third instar nymphal
stage. In particular, the largest vegetation loss was caused by fourth nymphal larvae. (3) The ratio
vegetation index (RVI) appeared as the most excellent index for reflecting Leymus chinensis loss caused
by O. decorus at different growth stages. Nevertheless, the difference vegetation index (DVI) was
better than the RVI in the fifth instar nymphal stage.

Keywords: unmanned aerial vehicle (UAV); multi-spectral data; vegetation indices; density level of
O. decorus; SiZiWangQi grassland

1. Introduction

Grasshoppers play an important role in grassland ecosystems, as well as in nutrient
cycling and the energy flow of the ecosystem [1]. However, they are also a major pest in
animal husbandry and agriculture [2,3]. Large-scale outbreaks of grasshopper plagues lead
to numerous serious problems within a short time, such as forage reduction, soil erosion,
and grassland degradation, and even resulting in some socioeconomic consequences [4,5].
Although, in recent years, the monitoring and prediction of grasshopper plagues have
been gradually enhanced in many countries, large-scale plagues still occur in some areas
around the world [6]. For example, desert locusts invaded many parts of Africa and west
Asia from 2019 to 2020 [7]. Therefore, accurate monitoring and prediction of grasshopper
plagues is vital for the development of animal husbandry, grassland ecosystem stability,
and socioeconomic development.
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During and after invasion by pests and diseases, the spectral characteristics of vege-
tation change because these infestations can damage the internal and external structure,
decrease the water content and chlorophyll content of vegetation, and reduce the absorption
of the blue and red wavelengths [8,9]. Such characteristics have been widely considered in
the monitoring and detection of vegetation pests using hyper-spectral data in various areas,
such as grasslands, forests, and agricultural fields [10–12]. As one of the highly destructive
pests, grasshoppers have been monitored using ground-level hyper-spectral data in many
studies. For instance, Zhao et al. established the correlation between grassland loss caused
by Calliptamus abbreviates and the spectral change of vegetation [13]. Zheng et al. found
that the gap between the visible and near regions narrowed after locust damage, and
reflectance in the near-infrared region decreased [14]. Although these results have revealed
the applicability of ground-level hyper-spectral data to the monitoring and detection of
vegetation health, these studies still have some shortcomings. The disadvantage of this
monitoring method is that the field sampling is time consuming and timely monitoring and
detection of large areas cannot be achieved [15]. Consequently, this method is not suitable
for estimating loss caused by grasshoppers over a wide area in grasslands. Satellite remote
sensing is a noteworthy method that has been extensively used to predict the potential
habitats of grasshoppers and estimate plant loss on a large scale [16–19]. However, one
major limitation is that remote sensing images with high spatial–temporal resolution can-
not be obtained at some times, which directly decreases the monitoring accuracy [3,20].
Fortunately, the rapid development of unmanned aerial vehicles (UAVs) and the spectral
cameras of UAVs have facilitated the acquisition of more accurate data. UAV remote
sensing provides data of higher spatial and spectral resolution and is more flexible in
terms of experiment planning compared to satellite remote sensing [21]. Therefore, nu-
merous studies have been conducted to monitor and assess plant damage caused by pests
through UAV-based hyper-spectral data [20,22,23]. Song et al. assessed the loss of reeds
infested by Locusta migratoria manilensis using UAV-based hyper-spectral data, and the
results showed that UAV data can be used to quantitatively estimate the loss of vegetation
caused by grasshoppers [3]. However, a non-negligible issue is that the hyper-spectral
cameras of UAVs are extremely costly for widespread use. Nevertheless, compared to
hyper-spectral cameras, the multi-spectral cameras of UAVs can be applied with lower cost,
less complexity, and more convenient processing. Moreover, such devices can retain the
high spatial–temporal resolution and flexible features of hyper-spectral cameras. However,
UAV-based multi-spectral data have rarely been applied to the monitoring and estimation
of plant loss caused by grasshoppers. Therefore, further understanding of the effectiveness
of applying UAV-based multi-spectral data to the monitoring and assessment of plant loss
caused by grasshoppers will contribute towards identifying key factors, and thus help in
improving the efficiency of grasshopper control measures.

Inner Mongolia has the largest grasslands in China, and it is a significant animal
husbandry production base [24]. However, the grasslands of Inner Mongolia face serious
threats from grasshoppers [25], which directly influence the development of animal hus-
bandry. The dominant grasshopper species in the typical steppe and semi-desert steppe of
Inner Mongolia is Oedaleus decorus asiaticus (Bey Bienko, 1941) [26,27]. Therefore, it is worth
estimating vegetation loss caused by O. decorus at different growth stages and densities. In
this study, taking O. decorus in the SiZiWang county grassland of Inner Mongolia as an ex-
ample, multi-spectral data were collected with a drone for five periods, and nine vegetation
indices were calculated, which were then used to estimate Leymus Chinensis loss caused by
O. decorus. The major objectives were to (1) identify indicators that can effectively evaluate
Leymus chinensis loss, for which indicators that can represent the above-ground biomass of
Leymus chinensis were simulated; (2) identify the influence of O. decorus at different growth
stages on Leymus chinensis biomass at the same density level; (3) explore the damage of O.
decorus at the same growth stages on Leymus chinensis biomass at different density levels.
The findings of this study are expected to provide guidance to the large-scale monitoring
and control of O. decorus damage based on multi-source remote sensing data.
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2. Material and Methods
2.1. Study Area

The experiment was carried out in SiZiWangQi county (111◦56′40′′E, 41◦51′54′′N),
which is located in the central and western part of the Inner Mongolia Autonomous
Region, China (Figure 1A). The study area belongs to the mid-temperate continental climate
zone with an annual average temperature of 3 ◦C and annual cumulative precipitation of
approximately 313 mm [28]. The grassland type of the study area is temperate desert-steppe
vegetation, dominated by Allium polyrhizum, Artemisia frigida Willd, Stipa capillata L, and
Leymus chinensis. Similar to many grasslands in the world, grasshoppers are the main pests
in the SiZiWangQi grassland, and O. decorus is one of the dominant grasshopper species.
Therefore, an improved understanding of vegetation damage caused by O.decorus may be
highly beneficial to the prediction and control of plagues. In this study, eight density levels
were designed, comprising 0, 8, 15, 22, 30, 45, 60, and 90 O. decorus nymphs/m2 with three
replicates per level. Then, O. decorus cage experiments were conducted on 24 plots, with a
1-m2 quadrat per plot (Figure 1B,C).
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Figure 1. Location of the experimental site in the central and western part of Inner Mongolia, China
(A). Picture of the plots for ground cage experiments taken by a UAV (B). The distribution of O. decorus
density levels (C).

2.2. Unmanned Aerial Vehicle (UAV) Sensor Platform

The UAV system in the study comprised a Matrice 300 RTK drone (Da-Jiang inno-
vation Science and Technology Company, Shenzhen, Guangdong, China) and MS600 Pro
camera (Yusense Information Technology and Equipment Incorporated Company, Qingdao,
Shandong, China) for spectral data collection (Figure 2). The Matrice 300 RTK drone is a
quadrocopter equipped with a GPS and Inertial Measurement Unit (IMU), with a flight
time of more than 35 min when equipped with the MS600 Pro camera. The MS600 Pro
camera is a multi-spectral sensor and contains 6 spectral bands, including red, green, blue,
red-edge1, near-infrared, and red-edge2 wavebands. In this study, the camera was used to
collect spectral data within the cage at difference growth stages with various density levels
of O. decorus.
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2.3. Field Experiment

The field experiments were conducted from 18 June 2022 to 12 July 2022. O. decorus
nymphs from second to fifth instar larvae were applied because first instar nymphs are too
small to be captured. The processing of field experiments can be divided into three steps.
Step 1: after selecting the study area, 24 cages were assembled and weeds except Leymus
chinensis were removed from each plot. Step 2: more than one thousand O. decorus nymphs
were captured and various numbers of nymphs were placed in each cage according to the
density level (0, 8, 15, 22, 30, 45, 60, and 90 nymphs/m2), respectively. Then, the number
was counted (twice a day) and nymphs were added to corresponding cages if any nymphs
suffered death or escaped. Step 3: the growth stages of nymphs (Figure 3) were verified,
and if more than eighty percent of the nymphs completed molting, the growth stages of the
nymphs were considered to be changed. Then, all cages were removed and spectral data
of all plot canopies were collected by the UAV system. A flight altitude of 30 m above the
ground level was set. The camera provided an image size of 1280 × 960 pixels. More than
one hundred and fifty multi-spectral images of the study area were collected by the UAV
system at set intervals. After spectral images were collected, the cages were moved back,
and step 2 and step 3 were repeated. Finally, spectral data of five periods were collected by
the UAV system.

(1) On 19 June 2022, multi-spectral images were collected by the UAV system as initial
data. Then, all cages were installed and different numbers of O. decorus nymphs (0, 8,
15, 22, 30, 45, 60, and 90 nymphs/m2) were placed in corresponding cages (Figure 1C).

(2) On 28 June 2022, eighty percent of second instar nymphs had transformed to third
instar nymphs in most cages. All cages were removed and spectral images were
collected using the UAV system. Subsequently, all cages were moved back to continue
the experiments.

(3) On 3 July 2022, more than eighty percent of third instar nymphs had transformed to
fourth instar nymphs in most cages. All cages were removed. Spectral images of all
plot canopies were taken by the UAV system.

(4) On 8 July 2022, fourth instar nymphs in the cages had basically molted. Spectral
images were collected after removing all cages.

(5) On 11 July 2022, more than eighty percent of fifth instar nymphs had transformed to
adults. However, spectral data could not be collected due to poor weather conditions
until the field experiment was completed on the following day.
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Figure 3. Growth stages of O. decorus.

2.4. Multi-Spectral Image Processing

All multi-spectral images of UAV were processed in Yusense Map software (Version
2.2.3, http://mapupdate.yusense.com.cn:9092 (accessed on 13 March 2022)), including
band registration, image mosaic, radiometric calibration, and vegetation indices calculation.
Nine vegetation indices were derived from radiometric calibration-corrected reflectance
to estimate vegetation loss caused by O. decorus at different growth stages and densities.
Four commonly used vegetation indices in plant monitoring, the normalized difference
vegetation index (NDVI), enhanced vegetation index (EVI), ratio vegetation index (RVI),
and difference vegetation index (DVI), were derived from processing data in the red, near-
infrared, and blue wavebands. Furthermore, the soil-adjusted vegetation index (SAVI)
and modified soil-adjusted vegetation index (MSAVI) were derived from the red and
near-infrared bands to reduce soil noise [29]. In order to investigate the change in leaf
chlorophyll content after invasion by O. decorus, the green chlorophyll vegetation index
(GCVI) and Red Edge Ratio Index (RRI) were estimated, which are sensitive to leaf chloro-
phyll content [30,31]. Ultimately, nine vegetation indices were calculated for each plot
during five periods. All vegetation indices (VIs) and their formulas are displayed in Table 1.

Table 1. Vegetation indices and calculation formulas.

Vegetation Indices Formula Order

Normalized Difference Vegetation Index (NDVI) NDVI = ρNIR − ρRED
ρNIR + ρRED

(1)
Enhanced Vegetation Index (EVI) EVI = 2.5× ρNIR − ρRED

ρNIR + 6.0ρRED − 7.5ρBLUE + 1 (2)
Ratio Vegetation Index (RVI) RVI = ρNIR

ρRED
(3)

Difference Vegetation Index (DVI) DVI = ρNIR − ρRED (4)
Soil-Adjusted Vegetation Index (SAVI) SAVI = ρNIR − ρRED

ρNIR + ρRED+L × (1 + L) (5)

Modified Soil-Adjusted Vegetation Index
(MSAVI)

MSAVI =
2ρNIR + 1 −

√
(2ρNIR + 1)2 − 8(ρNIR − ρRED)

2

(6)

Green Chlorophyll Vegetation Index (GCVI) GCVI = ρNIR
ρGREEN

− 1 (7)
Red Edge Ratio Index (RRI 1) RRI1 = ρNIR/ρEDGE1 (8)
Red Edge Ratio Index (RRI 2) RRI2 = ρNIR/ρEDGE2 (9)

Note: ρNIR, ρRED, ρBLUE, ρGREEN, ρEDGE1, and ρEDGE2 represent the near-infrared, red, blue, green, red-edge1, and
red−edge2 wavebands of MS600 pro sensor, respectively. L represents a soil–vegetation interaction term, with a
value of 0.5.

2.5. Variation of Vegetation Indices

To improve the understanding of plant loss caused by O. decorus at different growth
stages and different density levels, the variation of VIs and losses of VIs were calculated
using Formulas (10) to (11):

∆VIs(i,d) = VIs(i,d) −VIs(i−1,d) (10)

where ∆VIs(i,d) means the variation of VIs between VIs(i,d) and VIs(i−1,d). VIs(i,d) represents
the vegetation indices at time i (i represents four periods, on 28 June, 4 July, 8 July, and 12

http://mapupdate.yusense.com.cn:9092
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July) of density level d (d = 0, 8, 15, 22, 30, 45, 60, and 90 nymphs/m2). VIs(i−1,d) indicates
the vegetation indices on 19 June, 28 June, 4 July, and 8 July.

LVIs(i,d) = ∆VIs(i,d) − ∆VIs(i,0) (11)

where LVIs(i,d) means the loss component of VIs at time I; ∆VIs(i,d) means the variation of
VIs at time i with density level d. ∆VIs(i,0) indicates the vegetation index at time i with a
density of 0 nymphs/m2. ∆VIs(i,d) and ∆VIs(i,0) were calculated using Formula (10).

3. Results
3.1. Response of Plant Vegetation Indices to O. decorus Invasion

The spectral characteristics of plants in the visible and near-infrared bands are well
known to vary after pest invasion. Many vegetation indices have been widely used to
monitor and predict damage caused by insects. This study calculated nine vegetation
indices to explore the most efficient indicator reflecting vegetation diversity in the five
periods under different density levels of O. decorus. The results are presented in Figure 4.
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larvae, respectively.

The vegetation indices were found to reveal the characteristics of biomass change
in each cage during the study periods. On June 19, multi-spectral images were collected
using the UAV system as the initial data, and nine vegetation indices (Figure 4) were
derived for cages that had little difference in plant status at that moment. However, some
differences in the nine plant vegetation indices appeared under different density levels
in the other four periods. For instance, the NDVI (Figure 4A) showed little difference
in variation between the experiment group (the number of nymphs greater than 0) and
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the control group (the number of nymphs was 0) on 28 June. On 3 July, however, large
variations began to emerge between the experiment and control groups. The NDVI of cages
with O. decorus densities of <22 nymphs/m2 and ≥30 nymphs/m2 displayed significant
differences. The NDVI increased during the study periods when the density level of O.
decorus was less than 22 nymphs per cage (nymphs/m2). If the density was equal to or
greater than 30 nymphs/m2, NDVI exhibited a slow increase or negative growth. On 8 July
and 12 July, the distinction became even more pronounced. Overall, EVI, RVI, DVI, SAVI,
and MSAVI (Figure 4B–F) presented similar change characteristics to NDVI. An interesting
phenomenon was found in that all vegetation indices exhibited large differences between
cages with density levels of <22 nymphs/m2 and ≥30 nymphs/m2. In addition, the VI of
cages with density ≥ 15 nymphs/m2 was higher than that of cages with a density of 0 or
8 nymphs/m2.

The other three vegetation indices were computed to investigate the change in leaf
chlorophyll content. The GCVI (Figure 4G) appeared to be more sensitive to leaf chlorophyll
content compared with RRI 1 (Figure 4H) and RRI 2 (Figure 4I). On 28 June, the GCVI
values of cages with density levels of 45, 60, and 90 nymphs/m2 were higher than those in
other experimental groups (8, 15, 22, 30 nymphs/m2). RRI 1 exhibited a similar pattern.
In contrast, RRI 2 was higher not only in cages with density levels of 45–90 nymphs/m2,
but also in cages with density levels of 8 and 15 nymphs/m2. On 3 July, 8 July, and 12 July,
GCVI or RRI 1 did not show clear differences between the experimental groups. Although
little differences in RRI 2 were observed among the experimental cages on 3 July, large
variations emerged in cages with density levels of 60 and 90 nymphs/m2 and in other cages
on 8 July and 12 July.

3.2. Variation Characteristics of Vegetation Indices Attributable to O. decorus

To better explore and understand the variation characteristics of the nine vegetation
indices attributable to the different density levels of O. decorus at different growth stages,
and to select appropriate indices to represent the above-ground biomass of Leymus chinensis,
the average vegetation index of each cage was calculated. The change trend of each
vegetation index and the change value between two adjacent times were obtained. The
variations were then plotted, as shown in Figure 5.

During the study period, the variation trend of NDVI showed a general increase.
From 19 June to 28 June, the second instar nymphs of O. decorus transformed to third instar
nymphs. The NDVI value of each cage increased significantly under different density levels,
especially in cages with density levels of 15, 22, 45, and 60 nymphs/m2. From 28 June
to 3 July, O. decorus transformed from third instar to fourth instar nymphs. The growth
rate of the NDVI became slower than that in the last stage. In cages with a density level
of 22 nymphs/m2, even negative growth was observed. The NDVI of cages with high
density (60, 90 nymphs/m2) increased more slowly than that of cages with low density. A
similar trend was observed in next period, during 3 July to 8 July (the transformation of O.
decorus into fifth instar nymphs). From 8 July to 12 July, fifth instar nymphs transformed to
adults. The NDVI values of all cages significantly decreased. The trend characteristics of
other vegetation indices and the NDVI were generally consistent during the study periods.
However, a large difference was observed in the EVI, DVI, SAVI, and MSAVI on 3 July
to 8 July compared to the NDVI. The EVI, DVI, SAVI, and MSAVI increased further with
reference to the last periods.
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The other three vegetation indices were used to reveal and represent the chlorophyll
content of plant leaves. Significant differences were observed in the trends of these vege-
tation indices (GCVI, RRI 1, and RRI 2). The GCVI gradually increased during the study
period, although the rate of change gradually decreased. The period from 19 June to 28 June
corresponds to the second instar nymphs of O. decorus. In cages with a density level of
45 nymphs/m2, the GCVI increased more rapidly than in other cages, followed by cages
with densities of 60, 22, 15, 90, 0, 8, and 30 nymphs/m2. From 28 June to 3 July (third instar
nymphs), most of the cages showed an increasing trend in GCVI, which was lower than
before. Only cages with a density level of 30 nymphs/m2 showed negative growth. From
3 July to 8 July (fourth instar nymphs), the GCVI increased at a lower rate in cages with
densities of 0, 8, and 30 nymphs/m2, while other cages showed higher increasing rates than
in the third instar nymphal stage. From 8 July to 12 July (fifth instar nymphs transforming
to adults), the GCVI showed a decreasing trend in most experimental cages.

Although RRI 1 and RRI 2 were derived from the red edge bands and red bands of
UAV multi-spectral images, they both exhibited significant differences. The change trend
of RRI 1 was more similar to that of the EVI. In the second instar nymphal stage (19 June to
28 June) of O. decorus, RRI 1 showed higher increases in all cages than in any other period.
During the third instar nymphal stage (28 June to 8 July), RRI 1 in those cages showed
a lower increase or a negative increase in cages with densities of 0, 8, 30 nymphs/m2,

and 22, 45, 60, 90 nymphs/m2, respectively. The vegetative index of RRI 1 in each cage
increased rapidly during the fourth instar nymphal stage. When grasshoppers transformed
from fifth instar nymphs to adults (8 July to 12 July), RRI 2 decreased in the sample plots,
except for cages with densities of 8, 15, and 45 nymphs/m2, which showed a slight increase.
On the contrary, from 19 June to 28 June, the growth rate of RRI 2 was far below that of
the other eight vegetation indices in cages with different densities. The growth rate of
RRI 2 decreased with increasing grasshopper densities. In the third instar nymphal stage
(28 June–8 July), the growth of RRI 2 was higher in all cages than in any periods. In the
other two periods, RRI 2 showed a negative increase.

3.3. Relationship between the Loss Component of Leymus Chinensis and the Density Level of
O. decorus

Formula (11) was used to estimate the loss components of Leymus chinensis attributable
to O. decorus in four periods (second, third, fourth, and fifth instar nymphal stages). SPSS
20.0 was applied to deduce the relationship between grasshopper density and the nine
VIs in the four growth stages. All equations are shown in Table 2. Regrettably, most VIs
showed poor correlation with grasshopper density. During the second instar nymphal
stage of O. decorus, the RVI presented the strongest relationship between vegetation loss
and nymph density (R2 = 0.788). The RVI increased when the grasshopper density was
less than 30 nymphs/m2, and decreased when the grasshopper density was greater than
30 nymphs/m2. However, the R2 of the other eight VIs with grasshopper density was
mostly less than 0.4, or even less than 0.2. A similar phenomenon was observed in the
third instar nymphal stage. Compared with other VIs, the RVI presented excellent per-
formance in reflecting plant loss (R2 = 0.6113). When the grasshopper density was less
than 45 nymphs/m2, plant loss gradually decreased. If grasshopper density in a cage was
greater than 45 nymphs/m2, plant loss gradually increased. In contrast, the other VIs
continued to show few good results for estimating the loss of vegetation at this time. With
the increase of the density level of O. decorus, plant loss exhibited an increasing trend,
according to the relationship between RVI variation and grasshopper density during the
fourth instar nymphal stage. Other VIs could not reflect plant loss well in this period. In the
next period, fifth instar nymphs transforming into adult grasshoppers, the DVI appeared
to be the best indicator (R2 = 0.3165) of damages damage caused by the grasshopper.
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Table 2. Relationship between the losses in VIs and density in the four growth stages of O. decorus.

Growth
Stages Second Instar Larvae Third Instar Larvae Fourth Instar Larvae Fifth Instar Larvae

VIs Equation Equation Equation Equation

NDVI y = −7 × 10−6x2 +
0.0005x + 0.0077 R2 = 0.2422 y = −6 × 10−6x2 +

0.0005x − 0.0268 R2 = 0.1085 y = −0.0002x −
0.0011 R2 = 0.3205

y = −2 × 10−7 ×
2 + 8E−05x +

0.0137
R2 = 0.1143

EVI y = −7 × 10−6x2 +
0.0005x + 0.0012 R2 = 0.3809 y = 8 × 10−7x2 −

0.0003x − 0.0068 R2 = 0.1302 y = −6 × 10−5x
− 0.0004 R2 = 0.1048 y = 0.0001x +

0.0109 R2 = 0.1978

RVI y = −5 × 10−5x2 +
0.0033x + 0.0455 R2 = 0.788 y = −6 × 10−5x2 +

0.0074x − 0.2479 R2 = 0.6113 y = −0.0022x +
0.0659 R2 = 0.6222 y = −0.0002x +

0.0826 R2 = 0.2205

DVI y = −4 × 10−6x2 +
0.0003x + 0.0005 R2 = 0.2948 y = 6 × 10−7x2 −

0.0002x − 0.0028 R2 = 0.2522 y = 5 × 10−6x +
0.0002 R2 = 0.0001 y = 0.0001x +

0.006 R2 = 0.3165

SAVI y = −6 × 10−6x2 +
0.0005x + 0.0011 R2 = 0.1832 y = −0.0002x −

0.007 R2 = 0.2342 y = 1 × 10−6x2 −
0.0001x + 0.0015 R2 = 0.1048 y = 0.0001x +

0.0101 R2 = 0.2855

MSAVI y = −−6 × 10−6x2

+ 0.0005x + 0.0006 R2 = 0.2834 y = −0.0002x −
0.0065 R2 = 0.1369 y = −2 × 10−5x +

5E − 05 R2 = 0.2011 y = 0.0001x +
0.0099 R2 = 0.3136

GCVI y = −6 × 10−5x2 +
0.0064x − 0.0381 R2 = 0.4125 y = 7 × 10−6x2 −

0.0019x − 0.0165 R2 = 0.1313
y = −3 × 10−5x2

+ 0.0034x −
0.0358

R2 = 0.2251 y = 9 × 10−6x2 −
0.0012x + 0.0946 R2 = 0.0174

RRI 1 y = −3 × 10−5x2 +
0.0031x − 0.0311 R2 = 0.352 y = −0.0006x −

0.0146 R2 = 0.2636 y = −3 × 10−5x2

+ 0.003x − 0.0276 R2 = 0.3377 y = 1 × 10−5x2 −
0.0012x + 0.0511 R2 = 0.2464

RRI 2 y = −7 × 10−5x2 +
0.0073x − 0.0182 R2 = 0.1781 y = −5 × 10−6x2 −

0.0003x − 0.0705 R2 = 0.2087
y = −7 × 10−6x2

+ 0.0002x −
0.0139

R2 = 0.1054
y = −4 × 10−6x2

+ 0.0008x +
0.0888

R2 = 0.1115

Note: R2 represents the square of correlation between vegetation loss indices and O. decorus density during the
four growth stages.

4. Discussion

The Earth has seen several grasshopper plagues in recent years [6]. It is, thus, be-
coming increasingly essential to find means of reducing losses caused by such plagues.
Specifically, the accurate monitoring and prediction of such incidents plays a vital role [32].
Therefore, understanding the underlying mechanisms of grasshoppers with different den-
sities affecting plants is a fundamental task for grassland protection. Many studies have
been conducted and their results have indicated that vegetation indices fully support the
estimation of plant loss caused by grasshoppers at different densities [3,13,14]. However,
previous studies focused on the simulation of plant loss under various densities of adult
grasshoppers and different damage duration treatments. Only a few studies have explored
damages caused by grasshoppers at different growth stages.

In this study, spectral data were acquired for multiple cages accounting for each
growth stage using a UAV equipped with a multi-spectral camera. Nine VIs were derived
from the acquired data to identify to the most suitable index for estimating plant loss
caused by O. decorus during different growth stages. The results showed that there was no
significant difference in VIs between the experimental and control groups in the second
instar nymphal stage (from 19 June to 28 June) of O. decorus, until the third instar nymphal
stage (from 28 June to 30 July), when VIs began to show some variation between cages with
densities of <22 nymphs/m2 and ≥30 nymphs/m2. These results suggest that O. decorus
caused little harm to plants in the second instar nymphal stage [18]. The decrease in VIs
mainly started from the third instar nymphal stage, especially when the nymph density of
O. decorus was ≥30 nymphs/m2.

To improve research on the underlying mechanisms between the variations of the nine
VIs and the density of O. decorus during the four growth stages, the average VIs per cage
were calculated. VIs were found to increase in many cages during the study period. With
the change in the growth stage and density per unit of O. decorus, however, significant
differences in the variation of VIs (∆VIs) appeared (Figure 5). In the second instar nymphal
stage, as the population density increased, ∆VIs increased and then declined in many cages.
Moreover, ∆VIs increased more in this stage than in the other three growth stages. From the
third to fifth instar nymphal stages, ∆VIs showed a downward trend, and even a negative
trend in the fifth instar nymphs. These results reveal that second instar nymphs could
promote plant growth [33]. However, as the nymphs increase in density and age, this
phenomenon would slowly disappear.
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In addition, the relationship between the loss components of plants and the density
levels of nymphs at different instar nymphal stages was investigated. Compared with other
VIs, the RVI appeared as the most excellent vegetation index for reflecting the relationship
between plant loss and the unit density of O. decorus in the second, third, and fourth instar
nymphal stages. According to the equation of nymph density and the RVI in the second
instar nymphal stage, low nymph density (less than 60 nymphs/m2) would promote the
growth of Leymus chinensis. With the increase in the number of nymphs, the biomass of
each cage increased (nymph density < 30 nymphs/m2) and then decreased (nymph density
≥30 nymphs/m2). After the nymph density exceeded 60 nymphs/m2, the biomass showed
negative growth. These results further confirmed that second instar nymphs with lower
unit density could promote plant growth. However, in the third instar nymphs, it was
surprising that plant loss components were significantly lower in cages with densities
of 45 and 60 nymphs/m2 than those in other cages (nymph density < 45 nymphs/m2 or
90 nymphs/m2). This unexpected result requires further study. During the fourth and
fifth instar nymphal stages of O. decorus, the loss components showed positive correlations
with nymph density. Furthermore, the most serious damage by O. decorus was observed
in the fourth instar nymphal stage. As the above-ground biomass of each cage was not
collected in this study, the relationships between above-ground biomass and VIs or the
density of O. decorus were not explored. Nevertheless, this study investigated and explored
the underlying mechanisms between nine VIs and O. decorus density in each cage, and
some results will guide the development of monitoring and control measures for reducing
damages caused by O. decorus.

5. Conclusions

In this study, a UAV equipped with a multi-spectral camera was used to investigate
the underlying mechanisms between plant loss and O. decorus density in individual cages
at different growth stages. The results confirmed that multi-spectral data can reveal plant
loss caused by grasshoppers. The ratio vegetation index (RVI) was found to be the most
excellent index for reflecting Leymus chinensis loss caused by O. decorus at different growth
stages. At low density, second instar nymphs of O. decorus can promote vegetation growth.
However, as the growth stage progresses, this phenomenon slowly disappears. The biomass
damage caused by nymphs mainly started from the third instar nymphal stage. Plant loss
was greater in the fourth instar nymphal stage than in other stages. These results can guide
the development of monitoring and prediction measures to decrease damage.
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