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Simple Summary: Helicoverpa zea is one of the most destructive lepidopteran agricultural pests in the
world and can disperse long distances both with and without human transportation. It is listed in the
catalog of quarantine pests for plants imported to the People’s Republic of China but has not yet been
reported in China. On the basis of 1781 global distribution records of H. zea and eight bioclimatic
variables, we predicted the potential geographical distributions (PGDs) of H. zea by using a calibrated
MaxEnt model. The results showed that the PGDs of H. zea under the current climate are large in
China. Future climate changes under shared socioeconomic pathways (SSP) 1-2.6, SSP2-4.5, and
SSP5-8.5 for both the 2030s and 2050s will facilitate the expansion of PGDs for H. zea. Helicoverpa zea
has a high capacity for colonization by introduced individuals in China. Customs ports should pay
attention to the host plants of H. zea and containers harboring this pest.

Abstract: Helicoverpa zea, a well-documented and endemic pest throughout most of the Americas,
affecting more than 100 species of host plants. It is a quarantine pest according to the Asia and
Pacific Plant Protection Commission (APPPC) and the catalog of quarantine pests for plants imported
to the People’s Republic of China. Based on 1781 global distribution records of H. zea and eight
bioclimatic variables, the potential geographical distributions (PGDs) of H. zea were predicted by
using a calibrated MaxEnt model. The contribution rate of bioclimatic variables and the jackknife
method were integrated to assess the significant variables governing the PGDs. The response curves
of bioclimatic variables were quantitatively determined to predict the PGDs of H. zea under climate
change. The results showed that: (1) four out of the eight variables contributed the most to the model
performance, namely, mean diurnal range (bio2), precipitation seasonality (biol5), precipitation of the
driest quarter (biol7) and precipitation of the warmest quarter (bio18); (2) PGDs of H. zea under the
current climate covered 418.15 x 10* km?, and were large in China; and (3) future climate change will
facilitate the expansion of PGDs for H. zea under shared socioeconomic pathways (SSP) 1-2.6, SSP2-4.5,
and SSP5-8.5 in both the 2030s and 2050s. The conversion of unsuitable to low suitability habitat and
moderately to high suitability habitat increased by 8.43% and 2.35%, respectively. From the present
day to the 2030s, under SSP1-2.6, SSP2-4.5 and SSP5-8.5, the centroid of the suitable habitats of H. zea
showed a general tendency to move eastward; from 2030s to the 2050s, under SSP1-2.6 and SSP5-8.5,
it moved southward, and it moved slightly northward under SSP2-4.5. According to bioclimatic
conditions, H. zea has a high capacity for colonization by introduced individuals in China. Customs
ports should pay attention to host plants and containers of H. zea and should exchange information
to strengthen plant quarantine and pest monitoring, thus enhancing target management.
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1. Introduction

With the increasing number of non-native species and global trade integration de-
velopment, global biological invasions are considered to be one of the important factors
contributing to the decline of biodiversity and loss of ecosystem functions [1-3]. Biological
invasions are often influenced by various factors of global change, especially climate warm-
ing [4-6]. With climate warming, invasive alien species (IAS) become more environmentally
adapted and more competitive with native species after successful establishment [7,8]. Cli-
mate warming increases the survival of IAS and the availability of ecological niches in
the invaded regions, which promotes the invasive probability of IAS [9-11]. In addition,
there are differences in phenology between invasive and native species [12]. Changes in
precipitation and temperature patterns due to climate warming allow IAS to adapt more
quickly to invaded environments and enhance their ability to disperse [13-15]. According
to reports provided by the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC), warming will reach or exceed 1.5 °C in the next few decades [16].
As climate warming intensifies, biological invasions will become more rapid, more intense
and more harmful. There is not abundant proof that the number of IAS will decrease [17].
Therefore, predicting the potential geographic distributions (PGDs) of IAS and assessing
their potential for future invasion and dispersal are key problems worth solving.

Species distribution models (SDMs) have been widely used to study autecology and
the effects of climate change on PGDs [18,19]. SDMs are also playing an increasingly
important role in predicting the PGDs of species under climate change [20,21]. The MaxEnt
model uses species distribution records and the corresponding environmental variables
in a given habitat and is very suitable for modeling the PGDs of species [22,23]. In recent
years, application of the model has expanded not only to examine ecological degradation
processes, such as biological invasions [24] and ecological damage [25], but also to predict
potential risk areas for pests and epidemic disease [26,27]. Research on the identification of
habitats at risk for biological invasion has gradually become a popular research topic [28].
In previous studies identifying risk areas for IAS, researchers inferred the PGDs of IAS
and combined the results with ArcGIS software to identify locations with a high risk of
invasion [29].

Helicoverpa mainly consists of H. zea, H. virescens, H. armigera, H. assulata, H. viriplaca
and H. punctigera. Among these six species, H. armigera, H. assulata and H. viriplaca have
been recorded in China, and they cause great economic losses of the agricultural crops
annually [30,31]. At present, the distribution of H. zea has not been reported in China.
China and North America have similar climates, and most species from North America
can quickly adapt to new habitats in China and successfully colonize in a relatively short
period after being introduced [32]. Helicoverpa zea, a well-documented and endemic pest
throughout most of South and North America, and can affect 100 species of host plants,
including important agricultural crops, such as corn, cotton, and wheat [33]. It has not only
been listed as a quarantine pest of Asia and Pacific Plant Protection Commission (APPPC,
2021), but was also recently added to the European and Mediterranean Plant Protection
Organization Al list of quarantine pests [34]. China customs listed H. zea in the catalog of
quarantine pests for plants imported to the People’s Republic of China in 2006. Due to its
high reproductive capacity, wide range of host plants, and seasonal migration of adults, H.
zea has the potential to greatly harm Chinese economic crops if introduced into the country.

To date, studies on H. zea have mainly focused on its morphological features [35]
and biological characteristics [33], while few studies have aimed to identify its invasive
risk in different areas. In this study, distribution data of H. zea and related environmental
data were used to identify the PGDs of H. zea in China based on the MaxEnt model and
ArcGIS software, and we aimed to investigate the following issues: (1) the relationship
between the PGDs of H. zea and environmental variables; (2) the PGDs of H. zea in China
under the current climate; and (3) changes in the PGDs of H. zea in China under climate
change, and the shifting trend of PGDs of H. zea. Based on the above results, the dynamic
characteristics and the significant environmental variables limiting the PGDs of H. zea in
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China under climate change were clarified, and the possibility of its dispersal in China
was assessed. Our study provided a scientific and theoretical basis for establishing early
warning monitoring of H. zea in China.

2. Materials and Methods
2.1. Distribution Records of H. zea

Distribution records of H. zea were first collected from the Global Biodiversity Infor-
mation Facility (GBIF, https//:-www.gbif.org/, accessed on 5 November 2021) and the
Invasive Species Compendium of the Center for Agriculture and Bioscience International
(CABI-ISC, https/ /:www.cabi.org/isc, accessed on 5 November 2021). There were a total
of 5899 distribution records for H. zea. Duplicate records and distribution points with-
out detailed geographic locations were removed from the dataset. ENMTools software
(http:/ /purl.oclc.org/enmtools, accessed on 7 November 2021) was used to select dis-
tribution records of H. zea for model simulation. With reference to the resolution of the
environmental variables, only one distribution point was retained within each 5 km x 5 km
raster. Finally, 1781 valid occurrence records of H. zea were retained to prevent model
overfitting (Figure 1).
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Figure 1. Distribution records of Helicoverpa zea included in MaxEnt model.

2.2. Environmental Variables, Map and Model

Nineteen bioclimatic variables and altitude variables were downloaded from the
World Climate Database (version 2.1, http:/ /www.worldclim.org//, accessed on 5 Novem-
ber 2021) with a resolution of 2.5' (Table 1). This database collected detailed meteo-
rological information from meteorological stations around the world from 1970-2000.
Future climate data were obtained using the BCC-CSM2-MR global climate model de-
veloped by the National Climate Center for two periods (2030s and 2050s) and three
shared socioeconomic pathways (SSP1-2.6, SSP2-4.5, and SSP5-8.5). The shared socioe-
conomic pathways suggest, for example, that a future with “resurgent nationalism” and
fragmentation of the international order could make the “well below 2 °C” Paris tar-
get impossible [16]. An explanation of the shared socioeconomic pathways is provided
in Table 2. The world administrative map was downloaded from the National Earth
System Science Data Center, National Science and Technology Infrastructure of China
(http:/ /www.geodata.cn, accessed on 5 November 2021), and MaxEnt 3.4.4, which is
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freely available online (http:/ /biodiversityinformatics.amnh.org/open_source/MaxEnt/,
accessed on 5 November 2021).

Table 1. Environmental variables related to the distribution of Helicoverpa zea.

Variable Description In the Model (Yes/No) Unit
Biol Annual mean temperature No °C
Bio2 Mean diurnal range Yes °C
Bio3 Isothermality No -
Bio4 Temperature seasonality Yes °C
Bio5 Max temperature of the warmest month No °C
Bio6 Min temperature of the coldest month No °C
Bio7 Temperature annual range No °C
Bio8 Mean temperature of the wettest quarter No °C
Bio9 Mean temperature of the driest quarter No °C

Bio10 Mean temperature of the warmest quarter No °C
Bioll Mean temperature of the coldest quarter No °C
Biol2 Annual precipitation No mm
Biol3 Precipitation of the wettest month Yes mm
Biol4 Precipitation of the driest month No mm
Biol5 Precipitation seasonality Yes -
Biol6 Precipitation of the wettest quarter No mm
Biol7 Precipitation of the driest quarter Yes mm
Biol8 Precipitation of the warmest quarter Yes mm
Bio19 Precipitation of the coldest quarter Yes mm

Altitude Altitude Yes m

Table 2. Explanation of the three shared socioeconomic pathways.
Pathways Description
SSP1-2.6 A world of sustainability-focused growth and equality, radiative forcing stabilizes at 2.6 W/ m? in 2100
SSP2-4.5 A “middle of the road” world where trends broadly follow their historical patterns, radiative forcing
’ stabilizes at 4.5 W/m? in 2100
SSP5-8.5 A world of rapid and unconstrained growth in economic output and energy use, radiative forcing

stabilizes at 8.5 W/m? in 2100

Because there were some linear correlations between climate variables, correlation
analysis of the 19 bioclimatic variables was performed by ENMTools software [36,37].
Selection of bioclimatic variables was carried out in two steps: (1) the bioclimatic variables
and altitude variable were imported into the MaxEnt model three times, and those with
zero contribution were removed; and (2) all bioclimatic variables and altitude variable with
contribution rates greater than 0 were selected for correlation analysis in ENMTools. When
the correlation coefficient of two bioclimatic variables was greater than or equal to 0.8, the
variable with the highest score was retained; eight variables were ultimately retained for
MaxEnt modeling (Table 1, Figure 2).


http://biodiversityinformatics.amnh.org/open_source/MaxEnt/

Insects 2022,13,79

50f17

Bio2

0%
16 Bind . 06
010 —0.36 Eiol3 -4

L 02
Q.os 0.0z 011 Biaols

L 0
011 031 051 | 048 Bial? Q .

L 02
010 036 078 030 064 | Eiol3 | 04

. 06

009 043 06z | 030 071 042 | Eialo

Y
016 011 032 036 029 | 03 | 023 | Altitede

-1

Figure 2. Pearson correlation coefficients for the eight environmental variables retained for
MaxEnt modeling.

2.3. MaxEnt Model Calibration

MaxEnt, also known as the maximum entropy model, is an ecological niche model
based on the theory of maximum entropy and constructed on the Java platform [38]. The
most important parameters of MaxEnt are feature classes (FCs) and the regularization
multiplier (RM). The calibration of FCs and the RM can significantly improve the prediction
accuracy of the MaxEnt model [39,40]. In our work, the MaxEnt model was calibrated
by setting different combinations of FCs and incremental RMs. The FCs included five
basic parameters: linear-L, quadratic-Q, product-P, threshold-T, and hinge-H. There were
31 different combinations. Briefly, the RM is set to 4 or less and uses an interval of 0.1,
increasing from 0.1 to 4, for a total of 40 values in this paper. The Kuenm package of R
software (https://www.r-project.org/, accessed on 5 November 2021) was used to create
the 1240 candidate models [41]. Finally, R software was used to select the significant models
with omission rates less than 5% and delta AICc values less than 2.

2.4. Model Settings and Evaluation

An optimal model was obtained after MaxEnt model calibration. For this, 25% of
the distributed points were used to test the MaxEnt model, and the remaining 75% were
used to train the MaxEnt model [40]. The maximum number of iterations was 500, and the
maximum number of background points was 10,000 in the MaxEnt model. The importance
of the environmental variables limiting H. zea was assessed by the contribution rates and the
jackknife method from the MaxEnt model. Receiver Operating Characteristic (ROC) curves
and Area Under the ROC Curve (AUC) values were used to test the accuracy of the model
output. The ROC curve is an acceptance curve with the horizontal coordinate indicating
the false positive rate (1-specificity) and the vertical coordinate indicating the true positive
rate (1-omission rate) [42]. The AUC values not affected by thresholds are more objective
than others for model assessment. An AUC value closer to 1 indicates that the model result
is better. The evaluation criteria of model simulation accuracy were as follows: poor (AUC
< 0.50), available (0.5 < AUC < 0.80) and excellent (0.80 < AUC < 1.00) [43].
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Among the results of MaxEnt modeling, the maximum value of 10 replicates was
selected as the final result in this study. The ASCII raster layer was generated based on the
value of the presence probability (p) of H. zea, which ranged from 0 to 1. A higher presence
probability of H. zea was indicated by a higher P value. The results were converted into
raster format in ArcGIS software (https://www.arcgis.com, accessed on 5 November 2021)
and extracted according to the administrative division map of China. Finally, the suitable
habitats were ranked and visualized. The suitable areas were classified into four types:
high suitability habitat (0.5 < p < 1.0), moderate suitability habitat (0.5 < p < 0.3), low
suitability habitat (0.3 < p < 0.1) and unsuitable habitat (0.0 < p < 0.1). The number of grids
for each type and the proportion of suitable habitats in each class were calculated.

3. Results
3.1. FC and RM of the Optimal Model

The results of R software analysis showed that 1160 of the 1240 selected candidate
models were statistically significant, and the optimal model with the smallest delta AICc
value was selected. The FC was L, Q, and RM was 0.3 in the optimal models (Figure 3). On
the basis of 1781 distribution records of H. zea, the suitable habitats for H. zea were simulated
using the MaxEnt model under the current climate and projected climate change. The
results showed that all of the mean AUC values of the MaxEnt model were approximately
0.9 (Table S1), indicating that the model fit was excellent.
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Figure 3. Omission rates and AICc values for all, nonsignificant, and selected “best” candidate
models for Helicoverpa zea.

3.2. Significant Environmental Variables

The percentage contribution of variables to the model fit and regularized training gain
were combined to identify significant environmental variables. The top three variables
with the highest percent contribution were precipitation seasonality (Biol5, 37.8%), mean
diurnal range (Bio2, 24.9%) and precipitation of the driest quarter (Biol7, 13.6%), with a
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cumulative contribution of 76.3% (Figure S1). The results of the jackknife method revealed
that the three most significant effects on regularized training gain with only one variable
were precipitation of the driest quarter (Biol7), precipitation of the warmest quarter (Biol8),
and precipitation seasonality (Bio15), indicating that these variables provided information
that the other variables did not (Figure 4). The significant environmental variables affecting
the potential suitable habitats were one temperature (mean diurnal range) and three
precipitation variables (precipitation seasonality, precipitation of the driest quarter, and
precipitation of the warmest quarter).

B With all variables M With only variable M Without variables

all
bio4
bio2
biol9
biol8
biol7

Variable

biol5
biol3
altitude

0 0.2 0.4 0.6 0.8 1 1.2
Regularized training gain

Figure 4. The jackknife method results of environmental variables for Helicoverpa zea.

The relationships between the presence probability of H. zea and environmental vari-
ables were determined on the basis of the response curves of environmental variables to
presence probability (Figure 5). When the presence probability of H. zea was greater than
the threshold for high suitability habitat classification (p > 0.5), the corresponding interval
was suitable for the survival and growth of H. zea. The mean diurnal range suitable for the
growth of H. zea ranged from 10.43-21.42 °C; the precipitation seasonality suitable for the
growth of H. zea ranged from 0-89.27; the precipitation of the driest quarter suitable for
the growth of H. zea ranged from 34.24-431.58 mm; and the precipitation of the warmest
quarter suitable for the growth of H. zea ranged from 93.08-620.26 mm.

3.3. Potential Suitable Habitats of H. zea under the Current Climate

The PGDs for H. zea under current climate conditions are presented in Figure 6. Our
results showed that the high suitability habitat area was 3.26 x 10* km?, accounting for
0.34% of the Chinese mainland area, and located mainly in western Zhejiang Province,
eastern and southern Jiangxi Province, southeastern Hunan Province and northwestern
Fujian Province; the moderate suitability habitat area was 93.45 x 10* km?, accounting for
9.74% of the Chinese mainland area, and located mostly in Henan, Jiangsu, Anhui, Hubei,
Zhejiang, Jiangxi, Hunan, Fujian, northeastern Guangxi, southern Guangdong, and south-
ern Shanxi Provinces, as well as in sporadic areas of southern Shanxi Province, the junction
of Gansu, Qinghai and Sichuan Provinces. The moderately and high suitability habitats of
H. zea were patchily and sporadically distributed in southeastern China, respectively. Low
suitability habitat was widely distributed in all provinces of China.
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Figure 5. Response curves of probability of presence for Helicoverpa zea.
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Figure 6. Potential suitable habitats for Helicoverpa zea in China under current climate.



Insects 2022,13,79

90f17

3.4. Potential Suitable Habitats, Changes, and Centroid Distributional Shifts of H. zea under
Projected Climate Change

The PGDs and changes of H. zea under projected climate change are presented in
Figures 7 and 8. Our results showed that different types of suitable habitats changed
greatly among the current climate, the project climate of the 2030s and the project climate
of the 2050s under SSP1-2.6, SSP2-4.5 and SSP5-8.5. The shifts from unsuitable to the
low suitability habitat and from the moderately to the high suitability habitat were more
significant than the other shifts. The low suitability habitat mainly expanded in Yunnan,
Guangxi, Sichuan and Guangdong Provinces; the high suitability habitat mainly expanded
in Hunan, Hubei, Jiangxi, Fujian, Zhejiang and Anhui Provinces (Figures 52 and 8).

Our results showed that during the 2030s, under SSP1-2.6, the high suitability habi-
tat area of H. zea was predicted to be 5.97 x 10* km?, the moderate suitability habitat
area was predicted to be 88.01 x 10% km?2, and the total habitat area was predicted to be
395.28 x 10% km?, accounting for 0.62%, 9.17% and 41.18% of the Chinese mainland area,
respectively; during the 2050s, under SSP1-2.6, the high suitability habitat area of H. zea
was predicted to be 25.39 x 10* km?, the moderate suitability habitat area was predicted
to be 91.76 x 10* km?2, and the total habitat area was predicted to be 463.74 x 10* km?, ac-
counting for 2.64%, 9.56% and 48.31% of the Chinese mainland area, respectively (Table S2).
From the current to the 2030s and from the 2030s to the 2050s, under SSP1-2.6, the high
suitability habitats showed a gradual increase. During the 2050s, the unsuitable habitats in
South China were partially converted to the low suitability habitats, and the centroid of
total suitable habitats moved southward. From the current to the 2030s, the area that the
unsuitable habitat shifted to the low suitability habitat was 7.31 x 10* km?, and the area that
the moderate suitability habitat shifted to the high suitability habitat was 3.20 x 10* km?.
From the 2030s to the 2050s, the area that the unsuitable habitat shifted to the low suitability
habitat was 73.64 x 10* km?, and the area that the moderate suitability habitat shifted to
the high suitability habitat was 19.32 x 10* km?.

During the 2030s, under SSP2-4.5, the high suitability habitat area of H. zea was
predicted to be 4.58 x 10* km?, the moderate suitability habitat area was predicted to
be 89.38 x 10* km?, and the total habitat area was predicted to be 397.44 x 10* km?,
accounting for 0.48%, 9.31% and 41.4% of the Chinese mainland area, respectively; during
the 2050s, under SSP2-4.5, the high suitability habitat area of H. zea was predicted to be
18.19 x 10* km?, the moderate suitability habitat area was predicted to be 63.5 x 10* km?,
and the total habitat area was predicted to be 380.45 x 10* km?, accounting for 1.89%, 6.61%
and 39.63% of the Chinese mainland area, respectively (Table S52). From the present day to
the 2030s to the 2050s, under SSP2-4.5, the conversion of moderate suitability habitat to
high suitability habitat showed a significant increase, while poorly and moderate suitability
habitat did not vary much. From the present day to the 2030s, the area that the moderate
suitability habitat shifted to the high suitability habitat was 2.07 x 10* km?; from the 2030s
to the 2050s, the area that the moderate suitability habitat shifted to the high suitability
habitat was 13.79 x 10* km?.

During the 2030s, under SSP5-8.5, the high suitability habitat area of H. zea was
predicted to be 5.43 x 10* km?, the moderate suitability habitat area was predicted to
be 88.4 x 10* km?2, and the total habitat area was predicted to be 388.93 x 10* km?,
accounting for 0.57%, 9.21% and 40.51% of the Chinese mainland area, respectively; during
the 2050s, under SSP5-8.5, the high suitability habitat area of H. zea was predicted to be
16.88 x 10* km?, the moderate suitability habitat area was predicted to be 89.91 x 10* km?,
and the total habitat area was predicted to be 425.13 x 10* km?, accounting for 1.76%, 9.37%
and 44.28% of the Chinese mainland area, respectively (Table S2). From the current to the
2030s to the 2050s, under SSP5-8.5, the trends of suitable habitat conversion were similar
to those under SSP1-2.6. From the present day to the 2030s, the area that the unsuitable
habitat shifted to the low suitability habitat was 14.63 x 10* km?, and the area that the
moderate suitability habitat shifted to the high suitability habitat was 2.16 x 10* km?; from
the 2030s to the 2050s, the area that the unsuitable habitat shifted to the low suitability
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habitat was 46.86 x 10* km?, and the area that the moderate suitability habitat shifted to
the high suitability habitat was 11.54 x 10* km?.

2030s, SSP1-2.6 N 2050s, SSP1-2.6

A

Heilongiiang

2030s, SSP5-8.5

0 500 1,000 km

. I L f
[ ] Unsuitable habitat [ Low suitability habitat
7] Moderate suitability habitat I High suitability habitat

Suitable index

Figure 7. Potential suitable habitats of Helicoverpa zea under different climate change scenarios during
the 2030s and 2050s in China. Note: SSP: shared socioeconomic pathways (see Table 2).
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Figure 8. Changes in potential suitable habitats of Helicoverpa zea under different climate change
scenarios from current to 2030s and from 2030s to 2050s in China. Note: SSP: shared socioeconomic
pathways (see Table 2).

In summary, during the 2030s and 2050s, under SSP1-2.6, SSP2-4.5 and SSP5-8.5, the
ranges of PGDs of H. zea were quite different from those under the current climate, mainly in
terms of the expansion of highly and low suitability habitats in Southern China. Especially
during the 2050s, under SSP1-2.6, the expansion of poorly and high suitability habitats in
Southern China was more significant. The area increases of poorly and high suitability
habitats under SSP1-2.6 were much larger than those under SSP 5-8.5; the smallest increase
was observed under SSP 2-4.5.

The centroid of the suitable habitats of H. zea is shown in Figure 9. Under the current
climate, the centroid of suitable habitats was located at the point (108.86° E, 33.42° N).
Under SSP1-2.6, the centroid of suitable habitats shifted to the point (109.50° E, 33.51° N)
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from the present day to the 2030s and to the point (108.87° E, 33.20° N) for the 2050s. It
shifted 0.64° E and 0.09° N from the present day to the 2030s and 0.63° E and 0.31° N from
the 2030s to the 2050s. Under SSP2-4.5, from the present day to the 2030s, the centroid
of suitable habitats shifted to the point (109.59° E, 33.40° N) and to the point (109.58° E,
33.57° N) for the 2050s. It shifted 0.73° E and 0.02° N from the present day to the 2030s and
shifted 0.72° E and 0.15° N from the 2030s to the 2050s; under SSP5-8.5, from the present
day to the 2030s, the centroid of suitable habitats shifted to the point (110.40° E, 33.48° N),
and it shifted to the point (109.01° E, 32.77° N) for the 2050s. It shifted 1.54° E and 0.06° N
from the present day to the 2030s and shifted 0.15° E and 0.65° N from the 2030s to the 2050s.
From the present day to the 2030s, under SSP1-2.6, SSP2-4.5 and SSP5-8.5, the centroid of the
suitable habitats of H. zea showed a general tendency to move eastward; from 2030s to the
2050s, under SSP1-2.6 and SSP5-8.5, it moved southward, and it moved slightly northward
under SSP2-4.5. Under SSP5-8.5, the centroid moved the longest distance; under SSP1-2.6,
it moved the second longest distance; and under SSP2-4.5, it moved the shortest distance.
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Figure 9. Changes in the centroid distributional shifts of Helicoverpa zea under climate change. Red
circle: the centroid of potential geographical distribution of H. zea.

4. Discussion

Based on steadily increasing global temperatures and altered precipitation, the predic-
tion of invasive alien species’ (IAS) Potential Geographical Distributions (PGDs) can largely
assist strategic and tactical decisions in IAS early warning management [28,44,45]. To date,
related studies have been performed on many IAS, e.g., invasive forest insects (Mountain
Pine Beetle, Lymantria dispar) [46,47], and invasive agriculture insects (Phenacoccus solenop-
sis) [48]. However, little information is available on the impacts of warming temperatures
and changing precipitation on H. zea in China. Helicoverpa are major agricultural pests
worldwide, and their occurrence range is expanding [49]. Helicoverpa feed on more than
200 kinds of host plants in more than 30 families [50]. Helicoverpa zea, a seasonal migratory
insect, is an important pest of economic significance in North America, and mainly damages
crops, such as cotton and maize [33]. If H. zea invades China, it will likely cause consider-
able losses to Chinese agricultural production. Therefore, in the present study, data from
1781 valid occurrence records of H. zea and eight environmental variables were employed
to build a MaxEnt model. Thereafter, the dynamic characteristics and influencing variables
of the PGDs of H. zea in China under climate change were clarified, and the possibility of
its dispersal in China was assessed. The low suitability habitats of H. zea identified by the
model overlap with the main cotton and maize producing areas in China, such as Xinjiang
and three northeastern provinces, and the high suitability habitats identified by the model
overlap with the main fruit and vegetable production areas in China. Potential expansion
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of poorly and high suitability habitats for H. zea could therefore present a greater risk to
cotton, corn, fruit, and vegetable production in China under projected future climates.
The results of the present study are not only valuable for early warning regarding H. zea,
but also provide unique information on how IAS react to climate change, which is one
of the highest research priority areas and an integral part of the practical programs and
projects of the 2030 agenda and sustainable development goals of the Food and Agriculture
Organization (FAO) of the United Nations [51].

In recent years, China has become one of the countries that is most seriously affected by
biological invasions, which have greatly damaged natural environments and agricultural
production [52]. China has identified 560 IAS, 92 of which damage agroecosystems [53].
Adults of H. zea can be carried hundreds of kilometers by wind, and the larvae can be
transported across oceans with their hosts [54]. China has a total of 253 international
ports of entry [55]. In September 2014, inspection and quarantine at Gongbei customs
(Guangdong Province) intercepted a batch of insects in a container imported from the
United States; these insects were identified to include the first imported H. zea intercepted
at Chinese ports. This event showed that H. zea can be accidentally transported in goods,
packing containers, and cargo containers.

Insects are very sensitive to the features of the external environment, such as tem-
perature and precipitation or humidity. Therefore, climate change will certainly have an
impact on the survival and development of insects [56]. The direct impacts of climate
change on insects are mainly reflected in the increase in temperature affecting the growth
and development (overwintering survival rate), metabolic rate, number of generations,
survival, reproduction and other life activities of insects [57,58]. Precipitation also changes
under climate change, which has direct and indirect effects on insects. Some smaller insects
are affected by heavy rainfall, which can influence their population size. Precipitation also
changes the relative humidity of the air, which affects host plants and indirectly affects
insects [59]. Our results showed that the environmental variables significantly affecting
the PGDs of H. zea were the mean diurnal range (bio2), precipitation seasonality (bio15),
precipitation of the driest quarter (biol7) and precipitation of the warmest quarter (bio18).
Butler cultured H. zea on maize at different temperatures and reported total larval devel-
opment times of 31.8, 28.9, 22.4, 15.3, 13.6 and 12.6 days at 20.0, 22.5, 25.0, 30.0, 32.0 and
34.0 °C, respectively [60]. These results showed that the developmental duration of H. zea
became significantly shorter with increasing temperatures and that the development of H.
zea responded significantly to temperature changes. As the climate warms, precipitation
and temperature in the coastal areas of southeastern China will continue to increase [61].
Moreover, the mean annual temperature and mean diurnal range of suitable habitats for H.
zea in China were >10 °C, and the mean annual temperature and mean diurnal range of
high suitability habitat were >15 °C. Temperatures above these thresholds may be more
favorable for the survival of the host plants of H. zea and itself, thereby increasing its
survival probability. Overall, the temperature conditions under the current and future
climates in southern China are suitable for the survival of H. zea; thus, this region faces a
risk of colonization and dispersal of H. zea. All of the above findings further verified the
accuracy of our results that temperature and precipitation have significant effects on the
survival of H. zea. In our study, we selected the bioclimatic variables of the Beijing Climate
Center Climate System Model-Middle Resolution (BCC-CSM2-MR) to predict the PGDs of
H. zea under climate change. This is because, for different atmospheric model resolutions,
the BCC-CSM2-MR optimized the parameters of uncertainty sensitive parameters in the
physical process to set different parameter values, which makes the model able to more rea-
sonably reproduce the characteristics of climate distribution [62]. Therefore, we predicted
the PGDs of H. zea under climate change based on the BCC-CSM2-MR.

Predicting the suitable habitats of H. zea is an important part of the risk analysis of H.
zea invasion. Early warning regarding H. zea can be obtained by predicting its potential
suitable habitats or dispersal direction and is of great practical significance in guiding
relevant departments or personnel to implement scientific prevention and control strategies
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in the potential area of invasion. Our results showed that some expansion of the suitable
habitats of H. zea occurred and that the centroid of the suitable habitats shifted. Yan et al.
investigated the potential global distributional shifts of poikilothermic invasive crop pest
species under climate change [63], and the results of an ecological niche modeling analysis
of 76 species suggested that climate change may expand the overall global distributions of
pest species. Tang et al. used the MaxEnt model to predict the impact of climate change on
pine wilt disease in China. The result showed that the suitable habitats for pine wilt disease
also increased under climate change [26]. The geographic distributions of many IAS have
changed, and such species have become more invasive due to climate change and frequent
trade between countries around the world [64,65]; our results suggested that H. zea also
becomes more invasive and has an increasing geographic range under climate change. Due
to climate warming, insects are spreading at an average rate of 6.1 km per decade [66].
Because higher temperatures improve their overwintering survival rate, unsuitable habitats
for insects are transformed into habitats suitable for their survival [67]. Lopez-Vaamonde
et al. reported that many Lepidoptera species established populations and expanded their
ranges in Europe [68]. Parmesan et al. studied nonmigratory European butterflies and
showed that the geographic ranges of 63% had shifted northward and 3% had shifted
southward in the 20th century [69]. An increase in temperature significantly increased
the survival rate and population size of H. armigera, and significantly increased the larval
abundance of Lepidoptera [70,71]. Our results indicated that, based on an increase in the
temperature in Southeast China, the PGDs of H. zea will increase. Meanwhile, climate
change increases the expansion risk of H. zea in China. From the viewpoint of climatic
conditions and dispersal mode, H. zea has a high risk of colonization and poses an invasion
risk in China. Early warning measures should be developed accordingly. Customs should
implement strict quarantine measures for host plants and containers associated with H. zea
and strengthen information exchange and cooperation, as well as conduct early-warning
surveillance to reduce the risk of H. zea invasion.

5. Conclusions

The MaxEnt model based on optimized parameters for predicting suitable habitats of
IAS can yield more accurate results than other approaches. We used 1781 valid distribution
records of H. zea, eight environmental variables and a calibrated MaxEnt model to predict
the suitable habitats of H. zea under climate change. The results showed that the model
fit was excellent and that the significant environmental variables affecting the potential
suitable habitats were mean diurnal range, precipitation seasonality, precipitation of the
driest quarter and precipitation of the warmest quarter. The moderately and the high
suitability habitats of H. zea were patchily and sporadically distributed in southeastern
China, respectively. The low suitability habitat was widely distributed in all provinces of
China under the current climate. During the 2030s and 2050s, under SSP1-2.6, SSP2-4.5 and
SSP5-8.5, the PGDs for H. zea will expand. Especially during the 2050s, under SSP1-2.6,
the expansion of the poorly and the high suitability habitats will become obvious. The
conversion of unsuitable habitat to the poorly and the moderately to the high suitability
habitat is significant under climate change. From the present day to the 2030s, under
SSP1-2.6, SSP2-4.5 and SSP5-8.5, the centroid of the suitable habitats of H. zea showed a
general tendency to move eastward; from 2030s to the 2050s, under SSP1-2.6 and SSP5-8.5,
it moved southward, and it moved slightly northward under SSP2-4.5. Helicoverpa zea poses
a high risk of biological invasion in China.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/insects13010079/s1, Figure S1 Influence of percentage contribution
provided by eight environmental variables based on the MaxEnt model. Figure S2 Area conversion
between potential suitable habitats of H. zea under current climate and project climate changes.
Table S1 AUC values of the MaxEnt model results for different years. Table S2 Suitable habitat areas
for H. zea under current conditions and different climate change scenarios (10* km?).


https://www.mdpi.com/article/10.3390/insects13010079/s1
https://www.mdpi.com/article/10.3390/insects13010079/s1

Insects 2022, 13,79 15 0f 17

Author Contributions: Conceptualization, H.Z., X.X. and W.L.; methodology, H.Z.; software, X.X,;
validation, H.Z., X.X. and Z.Z.; formal analysis, H.Z. and X.X.; investigation, H.Z. and X.X.; resources,
X.X.; data curation, H.Z.; writing—original draft preparation, H.Z. and X.X.; writing—review and
editing, H.Z., X.X. and Z.Z,; visualization, H.Z., X.X. and EW.; supervision, H.Z. and X.X.; project
administration, W.L. G.Z.; funding acquisition, W.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China (Grant No.
2021YFC2600400), PRC-GEF Partnership Program for Sustainable Agricultural Development, (Grant
No. R-IAST2021-04), the Science and Technology Innovation Program of Chinese Academy of Agricul-
tural Sciences, (Grant No. caascx-2017-2022-TIAS), and Government Procurement of Services Program
of Ministry of Agriculture and Rural Affairs of the People’s Republic of China, (Grant No. 13210387).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available in this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Regan, E.; Bradley, B.A.; Dukes, ].S.; Lawler, ].].; Olden, ].D.; Blumenthal, D.M.; Gonzalez, P.; Grosholz, E.D.; Ibafiez, I.; Miller, L.P;
et al. Global Threats from Invasive Alien Species in the Twenty-First Century and Nation-al Response Capacities. Nat. Commun.
2016, 7, 12485.

Chapman, D.; Purse, B.V.; Roy, H.E.; Bullock, ]. M. Global Trade Networks Determine the Distribution of Invasive Non-native
Species. Glob. Ecol. Biogeogr. 2017, 26, 907-917. [CrossRef]

Castro-Diez, P; Vaz, A.S,; Silva, J.; Van Loo, M.; Alonso, A.; Aponte, C.; Bayon, A.; Bellingham, PJ.; Chiuffo, M.C.; DiManno,
N.; et al. Global Effects of Non-native Tree Species on Multiple Ecosystem Services. Biol. Rev. 2019, 94, 1477-1501. [CrossRef]
[PubMed]

Occhipinti-Ambrogi, A. Global Change and Marine Communities: Alien Species and Climate Change. Mar. Pollut. Bull. 2007, 55,
342-352. [CrossRef] [PubMed]

Pint6-Marijuan, M.; Munné-Bosch, S. Ecophysiology of Invasive Plants: Osmotic Adjustment and Antioxidants. Trends Plant. Sci.
2013, 18, 660-666. [CrossRef]

Ryding, S.; Klaassen, M.; Tattersall, G.J.; Gardner, ].L.; Symonds, M.R. Shape-Shifting: Changing Animal Morphologies as a
Response to Climatic Warming. Trends Ecol. Evol. 2021, 36, 1036-1048. [CrossRef]

Seebens, H.; Bacher, S.; Blackburn, T.M.; Capinha, C.; Dawson, W.; Dullinger, S.; Genovesi, P.; Hulme, PE.; van Kleunen, M.; Kiihn,
I; et al. Projecting the Continental Accumulation of Alien Species through to 2050. Glob. Chang. Biol. 2020, 27, 970-982. [CrossRef]
Kent, A.; Drezner, T.D,; Bello, R. Climate Warming and the Arrival of Potentially Invasive Species into Boreal Forest and Tundra
in the Hudson Bay Lowlands, Canada. Polar Biol. 2018, 41, 2007-2022. [CrossRef]

Paul, R.; Subudhi, D.K.; Sahoo, C.K.; Banerjee, K. Invasion of Lantana camara L. and Its Response to Climate Change in the
Mountains of Eastern Ghats. Biologia 2021, 76, 1391-1408. [CrossRef]

Cornelissen, B.; Neumann, P.; Schweiger, O. Global Warming Promotes Biological Invasion of a Honey Bee Pest. Glob. Chang. Biol.
2019, 25, 3642-3655. [CrossRef] [PubMed]

Skendzi¢, S.; Zovko, M.; Zivkovi¢, L; Legi¢, V.; Lemié, D. The Impact of Climate Change on Agricultural Insect Pests. Insects 2021,
12, 440. [CrossRef]

Wolkovich, E.M.; Cleland, E. The Phenology of Plant Invasions: A Community Ecology Perspective. Front. Ecol. Environ. 2010, 9,
287-294. [CrossRef]

Sturrock, R.N.; Frankel, S.J.; Brown, A.V.; Hennon, P.E.; Kliejunas, ]J.T.; Lewis, K.J.; Worrall, J.].; Woods, A.]. Climate Change and
Forest Diseases. Plant. Pathol. 2011, 60, 133-149. [CrossRef]

Schippers, P.; Abarca, E.L.; Verboom, J.; Wamelink, GW.W.; Vos, C.C.; de Boer, W.F,; Harvey, ].A.; Essens, T.; Grashof-Bokdam,
C.J.; WallisDeVries, M.E; et al. Biodiversity Conservation in Climate Change Driven Transient Communities. Biodivers. Conserv.
2021, 30, 2885-2906. [CrossRef]

Clements, D.R.; Jones, V.L. Rapid Evolution of Invasive Weeds under Climate Change: Present Evidence and Future Research
Needs. Front. Agron. 2021, 3, 664034. [CrossRef]

Masson-Delmotte, V.; Zhai, P; Pirani, A.; Connors, S.L.; Péan, C.; Berger, S.; Caud, N.; Chen, Y.; Goldfarb, L.; Gomis, M.I; et al.
(Eds.) IPCC, 2021: Summary for Policymakers. In Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to
the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021.
Hulme, PE. Climate Change and Biological Invasions: Evidence, Expectations, and Response Options. Biol. Rev. Camb. Philos. Soc.
2017, 92, 1297-1313. [CrossRef] [PubMed]


http://doi.org/10.1111/geb.12599
http://doi.org/10.1111/brv.12511
http://www.ncbi.nlm.nih.gov/pubmed/30974048
http://doi.org/10.1016/j.marpolbul.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17239404
http://doi.org/10.1016/j.tplants.2013.08.006
http://doi.org/10.1016/j.tree.2021.07.006
http://doi.org/10.1111/gcb.15333
http://doi.org/10.1007/s00300-018-2341-2
http://doi.org/10.1007/s11756-021-00735-8
http://doi.org/10.1111/gcb.14791
http://www.ncbi.nlm.nih.gov/pubmed/31394018
http://doi.org/10.3390/insects12050440
http://doi.org/10.1890/100033
http://doi.org/10.1111/j.1365-3059.2010.02406.x
http://doi.org/10.1007/s10531-021-02241-4
http://doi.org/10.3389/fagro.2021.664034
http://doi.org/10.1111/brv.12282
http://www.ncbi.nlm.nih.gov/pubmed/27241717

Insects 2022, 13,79 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

Porfirio Luciana, L.; Harris, RM.B.; Lefroy, E.C.; Hugh, S.; Gould, S.F; Lee, G.; Bindoff, N.L.; Mackey, B. Improving the Use of
Species Distribution Models in Conservation Planning and Management under Climate Change. PLoS ONE 2014, 9, e113749.
[CrossRef]

Jarvie, S.; Svenning, J.-C. Using Species Distribution Modelling to Determine Opportunities for Trophic Rewilding under Future
Scenarios of Climate Change. Philos. Trans. R. Soc. B Biol. Sci. 2018, 373, 20170446. [CrossRef] [PubMed]

Condro, A.; Prasetyo, L.; Rushayati, S.; Santikayasa, I.; Iskandar, E. Predicting Hotspots and Prioritizing Protected Areas for
Endangered Primate Species in Indonesia under Changing Climate. Biology 2021, 10, 154. [CrossRef]

Cerasoli, F.; Besnard, A.; Marchand, M.; D’Alessandro, P.; Iannella, M.; Biondi, M. Determinants of habitat suitability models
transferability across geographically disjunct populations: Insights from Vipera ursinii Ursinii. Ecol. Evol. 2021, 11, 3991-4011.
[CrossRef]

Barbosa, F.G.; Schneck, F. Characteristics of the Top-Cited Papers in Species Distribution Predictive Models. Ecol. Model. 2015,
313, 77-83. [CrossRef]

Elith, J.; Phillips, S.J.; Hastie, T.; Dudik, M.; Chee, Y.E.; Yates, C.J. A Statistical Explanation of Maxent for Ecologists. Divers. Distrib.
2011, 17, 43-57. [CrossRef]

Hsin-Ting, Y.; Cheah, H.; Chiu, M; Liao, J.; Chiun-Cheng, K. Assessment of Potential Invasion for Six Phytophagous Quarantine
Pests in Taiwan. Sci. Rep. 2021, 11, 10666.

Simon, V,; David, J.C. Can Habitat Suitability Estimated from Maxent Predict Colonizations and Extinctions? Divers. Distrib. 2021,
27, 873-886.

Tang, X.; Yuan, Y.; Li, X.; Zhang, J]. Maximum Entropy Modeling to Predict the Impact of Climate Change on Pine Wilt Disease in
China. Front. Plant. Sci. 2021, 12, 652500. [CrossRef] [PubMed]

Wei, W.; He, J.; Ning, C.; Xu, B.; Wang, G.; Lai, J; Jiang, J.; Ye, L.; Liang, H. Maxent Modeling for Predicting the Potential
Distribution of Global Talaromyecosis. bioRxiv 2021. [CrossRef]

West, A.M.; Kumar, S.; Brown, C.S.; Stohlgren, T.J.; Bromberg, J. Field Validation of an Invasive Species Maxent Model. Ecol.
Inform. 2016, 36, 126-134. [CrossRef]

Zhang, Y.; Tang, J.; Ren, G.; Zhao, K.; Wang, X. Global Potential Distribution Prediction of Xanthium italicum based on Maxent
model. Sci. Rep. 2021, 11, 16545. [CrossRef] [PubMed]

Anderson, C.J.; Tay, W.T.; McGaughran, A.; Gordon, K.; Walsh, T.K. Population Structure and Gene Flow in the Global Pest,
Helicoverpa armigera. Mol. Ecol. 2016, 25, 5296-5311. [CrossRef] [PubMed]

Huang, J. Effects of Climate Change on Different Geographical Populations of the Cotton Bollworm Helicoverpa armigera
(Lepidoptera, Noctuidae). Ecol. Evol. 2020, 10, 1324-1338. [CrossRef]

Peel, M.C,; Finlayson, B.L.; McMahon, T.A. Updated World Map of the Képpen-Geiger Climate Classification. Hydrol. Earth Syst.
Sci. 2007, 11, 1633-1644. [CrossRef]

EFSA Panel on Plant Health (PLH); Bragard, C.; Dehnen-Schmutz, K.; Di Serio, F.; Gonthier, P; Jacques, M.; Miret, ].A.].; Justesen,
A.F; Magnusson, C.S.; Milonas, P; et al. Pest Categorisation of Helicoverpa zea. EFSA ]. 2020, 18, €06177. [CrossRef]

EPPO Al List of Pests Recommended for Regulation as Quarantine Pests, Version 2021-09. Available online: https:/ /www.eppo.
int/ ACTIVITIES/plant_quarantine/Al_list (accessed on 9 December 2021).

Cordeiro, EM.G.; Pantoja-Gomez, L.M.; de Paiva, ].B.; Nascimento, A.R.B.; Omoto, C.; Michel, A.P; Correa, A.S. Hybridization
and Introgression between Helicoverpa armigera and H. Zea: An Adaptational Bridge. BMC Evol. Biol. 2020, 20, 61. [CrossRef]
[PubMed]

Warren, D.L.; Glor, R.E.; Turelli, M. ENMTools: A Toolbox for Comparative Studies of Environmental Niche Models. Ecography
2010, 33, 607-611. [CrossRef]

Zhang, K.; Yao, L.; Meng, J.; Tao, ]. Maxent Modeling for Predicting the Potential Geographical Distribution of Two Peony Species
under Climate Change. Sci. Total Environ. 2018, 634, 1326-1334. [CrossRef]

Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum Entropy Modeling of Species Geographic Distributions. Ecol. Model. 2006,
190, 231-259. [CrossRef]

Radosavljevic, A.; Anderson, R.P. Making Better Maxent Models of Species Distributions: Complexity, Overfitting and Evaluation.
J. Biogeogr. 2014, 41, 629-643. [CrossRef]

Merow, C.; Smith, M.].; Silander, J.A., Jr. A Practical Guide to Maxent for Modeling Species” Distributions: What It Does, and
Why Inputs and Settings Matter. Ecography 2013, 36, 1058-1069. [CrossRef]

Cobos, M.E,; Peterson, A.T.; Barve, N.; Osorio-Olvera, L. Kuenm: An R Package for Detailed Development of Ecological Niche
Models Using Maxent. Peer] 2019, 7, e6281. [CrossRef] [PubMed]

Fan, J.; Upadhye, S.; Worster, A. Understanding Receiver Operating Characteristic (ROC) Curves. Can. . Emerg. Med. 2006, 8,
19-20. [CrossRef] [PubMed]

Swets, ]. Measuring the Accuracy of Diagnostic Systems. Science 1988, 240, 1285-1293. [CrossRef]

Strubbe, D.; Matthysen, E. Predicting the Potential Distribution of Invasive Ring-Necked Parakeets Psittacula Krameri in Northern
Belgium Using an Ecological Niche Modelling Approach. Biol. Invasions 2009, 11, 497-513. [CrossRef]

Lippitt, C.D.; Rogan, J.; Toledano, ].; Sangermano, F.; Eastman, ].R.; Mastro, V.; Sawyer, A. Incorporating Anthropogenic Variables
into a Species Distribution Model to Map Gypsy Moth Risk. Ecol. Model. 2008, 210, 339-350. [CrossRef]


http://doi.org/10.1371/journal.pone.0113749
http://doi.org/10.1098/rstb.2017.0446
http://www.ncbi.nlm.nih.gov/pubmed/30348873
http://doi.org/10.3390/biology10020154
http://doi.org/10.1002/ece3.7294
http://doi.org/10.1016/j.ecolmodel.2015.06.014
http://doi.org/10.1111/j.1472-4642.2010.00725.x
http://doi.org/10.3389/fpls.2021.652500
http://www.ncbi.nlm.nih.gov/pubmed/33968109
http://doi.org/10.1101/2021.03.28.437430
http://doi.org/10.1016/j.ecoinf.2016.11.001
http://doi.org/10.1038/s41598-021-96041-z
http://www.ncbi.nlm.nih.gov/pubmed/34400696
http://doi.org/10.1111/mec.13841
http://www.ncbi.nlm.nih.gov/pubmed/27661785
http://doi.org/10.1002/ece3.5986
http://doi.org/10.5194/hess-11-1633-2007
http://doi.org/10.2903/j.efsa.2020.6177
https://www.eppo.int/ACTIVITIES/plant_quarantine/A1_list
https://www.eppo.int/ACTIVITIES/plant_quarantine/A1_list
http://doi.org/10.1186/s12862-020-01621-8
http://www.ncbi.nlm.nih.gov/pubmed/32450817
http://doi.org/10.1111/j.1600-0587.2009.06142.x
http://doi.org/10.1016/j.scitotenv.2018.04.112
http://doi.org/10.1016/j.ecolmodel.2005.03.026
http://doi.org/10.1111/jbi.12227
http://doi.org/10.1111/j.1600-0587.2013.07872.x
http://doi.org/10.7717/peerj.6281
http://www.ncbi.nlm.nih.gov/pubmed/30755826
http://doi.org/10.1017/S1481803500013336
http://www.ncbi.nlm.nih.gov/pubmed/17175625
http://doi.org/10.1126/science.3287615
http://doi.org/10.1007/s10530-008-9266-6
http://doi.org/10.1016/j.ecolmodel.2007.08.005

Insects 2022, 13,79 17 of 17

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.
57.

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Régniere, J.; Bentz, B. Modeling Cold Tolerance in the Mountain Pine Beetle, Dendroctonus Ponderosae. J. Insect Physiol. 2007, 53,
559-572. [CrossRef]

Peterson, A.; Williams, R.; Chen, G. Modeled Global Invasive Potential of Asian Gypsy Moths, Lymantria Dispar. Entomol. Exp.
Appl. 2007, 125, 39-44. [CrossRef]

Kumar, S.; Graham, J.; West, A.M.; Evangelista, PH. Using District-Level Occurrences in Maxent for Predicting the Invasion
Potential of an Exotic Insect Pest in India. Comput. Electron. Agric. 2014, 103, 55-62. [CrossRef]

Jones, C.M.; Parry, H.; Tay, W.T.; Reynolds, D.R.; Chapman, ].W. Movement Ecology of Pest Helicoverpa: Implications for
Ongoing Spread. Annu. Rev. Entomol. 2019, 64, 277-295. [CrossRef] [PubMed]

Wu, K.; Guo, Y. The Evolution of Cotton Pest Management Practices in China. Annu. Rev. Entomol. 2005, 50, 31-52. [CrossRef]
[PubMed]

FAO: Climate Change. Available online: https://www.fao.org/climate-change/zh/ (accessed on 9 December 2021).

Yan, Y; Xian, X,; Jiang, M.; Wan, E. Biological Invasion and Its Research in China: An Overview. In Biological Invasions and Its
Management in China; Wan, F., Jiang, M., Zhan, A., Eds.; Springer: Dordrecht, The Netherlands, 2017; Volume 1.

Wan, E-H.; Yang, N.-W. Invasion and Management of Agricultural Alien Insects in China. Annu. Rev. Entomol. 2016, 61, 77-98.
[CrossRef] [PubMed]

Westbrook, ].K.; Lépez, ].D. Long-Distance Migration inHelicoverpa zeal: What We Know and Need to Know. Southwest. Entomol.
2010, 35, 355-360. [CrossRef]

Ding, J.; Mack, RN.; Lu, P; Ren, M.; Huang, H. China’s Booming Economy Is Sparking and Accelerating Biological Invasions.
BioScience 2008, 58, 317-324. [CrossRef]

Pureswaran, D.S.; Roques, A.; Battisti, A. Forest Insects and Climate Change. Curr. For. Rep. 2018, 4, 35-50. [CrossRef]

Menzel, E; Feldmeyer, B. How Does Climate Change Affect Social Insects? Curr. Opin. Insect Sci. 2021, 46, 10-15. [CrossRef]
[PubMed]

Halsch, C.A.; Shapiro, A.M.; Fordyce, J.A.; Nice, C.C.; Thorne, ]. H.; Waetjen, D.P,; Forister, M.L. Insects and Recent Climate
Change. Proc. Natl. Acad. Sci. USA 2021, 118, €2002543117. [CrossRef] [PubMed]

Chen, C.; Harvey, ].A.; Biere, A.; Gols, R. Rain Downpours Affect Survival and Development of Insect Herbivores: The Specter of
Climate Change? Ecology 2019, 100, e02819. [CrossRef] [PubMed]

Butler, G.D. Bollworm: Development in Relation to Temperature and Larval Food. Environ. Entomol. 1976, 5, 520-522. [CrossRef]
Duan, R;; Huang, G.; Li, Y;; Zheng, R.; Wang, G.; Xin, B.; Tian, C.; Ren, J. Ensemble Temperature and Precipitation Projection for
Multi-Factorial Interactive Effects of GCMs and SSPs: Application to China. Front. Environ. Sci. 2021, 9, 742326. [CrossRef]

Wu, T; Lu, Y,; Fang, Y.; Xin, X,; Li, L.; Li, W,; Jie, W.; Zhang, ].; Liu, Y.; Zhang, L.; et al. The Beijing Climate Center Climate System
Model (BCC-CSM): The main progress from CMIP5 to CMIP6. Geosci. Model. Dev. 2019, 12, 1573-1600. [CrossRef]

Yan, Y.; Wang, Y.; Feng, C.; Wan, PM.; Chang, K.T. Potential Distributional Changes of Invasive Crop Pest Species Associated
with Global Climate Change. Appl. Geogr. 2019, 82, 83-92. [CrossRef]

Walther, G.-R.; Roques, A.; Hulme, P.E.; Sykes, M.T.; Pysek, P.; Kiihn, I.; Zobel, M.; Bacher, S.; Botta-Dukét, Z.; Bugmann, H.; et al.
Alien Species in a Warmer World: Risks and Opportunities. Trends Ecol. Evol. 2009, 24, 686—693. [CrossRef]

Hill, M.P,; Bertelsmeier, C.; Clusella-Trullas, S.; Garnas, J.; Robertson, M.P,; Terblanche, ]J.S. Predicted Decrease in Global Climate
Suitability Masks Regional Complexity of Invasive Fruit Fly Species Response to Climate Change. Biol. Invasions 2016, 18,
1105-1119. [CrossRef]

Parmesan, C.; Yohe, G. A Globally Coherent Fingerprint of Climate Change Impacts across Natural Systems. Nature 2003, 421,
37-42. [CrossRef] [PubMed]

Ma, C.-S.; Zhang, W.; Peng, Y.; Zhao, F.; Chang, X.-Q.; Xing, K.; Zhu, L.; Ma, G.; Yang, H.-P.; Rudolf, VH.W. Climate Warming
promotes Pesticide Resistance through Expanding Overwintering Range of a Global Pest. Nat. Commun. 2021, 12, 5351. [CrossRef]
[PubMed]

Lopez-Vaamonde, C.; Agassiz, D.; Augustin, S.; de Prins, J.; de Prins, W.; Gomboc, S.; Ivinskis, P.; Karsholt, O.; Koutroumpas, A;
Koutroumpa, F; et al. Lepidoptera. Chapter 11. BioRisk 2010, 4, 603—668. [CrossRef]

Parmesan, C.; Ryrholm, N.; Stefanescu, C.; Hill, ].K.,; Thomas, C.; Descimon, H.; Huntley, B.; Kaila, L.; Kullberg, J.; Tammaru, T.;
et al. Poleward Shifts in Geographical Ranges of butterfly Species Associated with regional Warming. Nature 1999, 399, 579-583.
[CrossRef]

Mironidis, G.K.; Savopoulou-Soultani, M. Effects of Heat Shock on Survival and Reproduction of Helicoverpa armigera (Lepidoptera:
Noctuidae) Adults. J. Therm. Biol. 2010, 35, 59-69. [CrossRef] [PubMed]

de Sassi, C.; Lewis, O.T.; Tylianakis, ]. M. Plant-Mediated and Nonadditive Effects of Two Global Change Drivers on an Insect
Herbivore Community. Ecology 2012, 93, 1892-1901. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jinsphys.2007.02.007
http://doi.org/10.1111/j.1570-7458.2007.00603.x
http://doi.org/10.1016/j.compag.2014.02.007
http://doi.org/10.1146/annurev-ento-011118-111959
http://www.ncbi.nlm.nih.gov/pubmed/30296859
http://doi.org/10.1146/annurev.ento.50.071803.130349
http://www.ncbi.nlm.nih.gov/pubmed/15355239
https://www.fao.org/climate-change/zh/
http://doi.org/10.1146/annurev-ento-010715-023916
http://www.ncbi.nlm.nih.gov/pubmed/26527302
http://doi.org/10.3958/059.035.0315
http://doi.org/10.1641/B580407
http://doi.org/10.1007/s40725-018-0075-6
http://doi.org/10.1016/j.cois.2021.01.005
http://www.ncbi.nlm.nih.gov/pubmed/33545433
http://doi.org/10.1073/pnas.2002543117
http://www.ncbi.nlm.nih.gov/pubmed/33431560
http://doi.org/10.1002/ecy.2819
http://www.ncbi.nlm.nih.gov/pubmed/31310666
http://doi.org/10.1093/ee/5.3.520
http://doi.org/10.3389/fenvs.2021.742326
http://doi.org/10.5194/gmd-12-1573-2019
http://doi.org/10.1016/j.apgeog.2017.03.011
http://doi.org/10.1016/j.tree.2009.06.008
http://doi.org/10.1007/s10530-016-1078-5
http://doi.org/10.1038/nature01286
http://www.ncbi.nlm.nih.gov/pubmed/12511946
http://doi.org/10.1038/s41467-021-25505-7
http://www.ncbi.nlm.nih.gov/pubmed/34504063
http://doi.org/10.3897/biorisk.4.50
http://doi.org/10.1038/21181
http://doi.org/10.1016/j.jtherbio.2009.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28799914
http://doi.org/10.1890/11-1839.1
http://www.ncbi.nlm.nih.gov/pubmed/22928417

	Introduction 
	Materials and Methods 
	Distribution Records of H. zea 
	Environmental Variables, Map and Model 
	MaxEnt Model Calibration 
	Model Settings and Evaluation 

	Results 
	FC and RM of the Optimal Model 
	Significant Environmental Variables 
	Potential Suitable Habitats of H. zea under the Current Climate 
	Potential Suitable Habitats, Changes, and Centroid Distributional Shifts of H. zea under Projected Climate Change 

	Discussion 
	Conclusions 
	References

