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Simple Summary: Spodoptera exempta is a global agricultural invasive pest which posing a serious
threat to the planting area of major crops of maize, wheat and rice. Our study predicted the potential
suitable areas for S. exempta globally based on 841 global occurrence records and eight important
bioclimatic variables, and analyzed the overlap with maize, wheat and rice planting areas. The results
of the study indicate that the high potential suitable areas of S. exempta are mainly distributed in
developing countries (Latin America, central South America, Central Africa, and southern Asia), with
the greatest impact on global maize planting areas, followed by rice and wheat. Global warming will
have a smaller limitation on the distribution of S. exempta. In view of the global potential geographic
distribution of S. exempta and its damage to three major crops, the above governments of various
countries should pay active attention to the prevention and control of S. exempta to protect global
food security.

Abstract: Spodoptera exempta, known as the black armyworm, has been extensively documented
as an invasive agricultural pest prevalent across various crop planting regions globally. However,
the potential geographical distribution and the threat it poses to host crops of remains unknown
at present. Therefore, we used an optimized MaxEnt model based on 841 occurrence records and
19 bioclimatic variables to predict the potential suitable areas of S. exempta under current and future
climatic conditions, and the overlap with wheat, rice, and maize planting areas was assessed. The
optimized model was highly reliable in predicting potential suitable areas for this pest. The results
showed that high-risk distribution areas for S. exempta were mainly in developing countries, including
Latin America, central South America, central Africa, and southern Asia. Moreover, for the three
major global food crops, S. exempta posed the greatest risk to maize planting areas (510.78 × 104 km2),
followed by rice and wheat planting areas. Under future climate scenarios, global warming will limit
the distribution of S. exempta. Overall, S. exempta had the strongest effect on global maize production
areas and the least on global wheat planting areas. Our study offers a scientific basis for global
prevention of S. exempta and protection of agricultural crops.

Keywords: Spodoptera exempta; MaxEnt model; global warming; agricultural crops; risk assessment;
potential overlapping areas

1. Introduction

Spodoptera exempta (Spodoptera; common name: black armyworm) is a highly aggres-
sive agricultural invasive pest found across various global regions such as Sub-Saharan
Africa (Kenya, Tanzania, South Africa, and the Arabian Peninsula), Oceania (Australia,
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Hawaii, and the USA), and South Asia (Indonesia, Kalimantan, Sulawesi, and the
Philippines) [1–3]. The early records of S. exempta date back to the 16th century in Ethiopia,
Hawaii in 1873, and South Africa in 1878, and occurrence records can be traced in Australia
and most African countries until the 20th century; it was introduced to India after 1950 [2,4].
Spodoptera exempta primarily inflicts harm upon plants belonging to the families Poaceae
and Cyperaceae, encompassing economically significant cultivars like barley, maize, oats,
rice, sorghum, sugar cane, and wheat [5]. Heavy feeding on the leaves and young stems
of host crops by S. exempta can lead to total defoliation of the crop and may damage the
quality of the soil, thus reducing crop yields. For instance, during outbreaks in East Africa,
S. exempta thrives at high larval densities, leading to reduced agricultural crop production
and the degrading of rangelands [6]. In Zambia, invasion by S. exempta caused a decline of
11% maize production in 2013 and a more substantial reduction ranging from 30 to 40% in
2017 [7]. The adult stage of S. exempta has the ability to disperse naturally, primarily through
migratory flight, while eggs and larvae can inadvertently spread via the unintentional
dispersal associated with plants, wood products, or trade activities involving host crops [8].
With the rapid development of global economic integration and trade, S. exempta will be
further spread [9]. However, studies on the potential geographic distribution of S. exempta
around the world have not been carried out, which poses a significant challenge to the
early warning, control and management of the species [7].

Ecological niche models (ENMs) are based on the theory of ecological niches and use
mathematical models to simulate and generalize species habitat minimum thresholds and
project them onto known environmental variables to make predictions about the potential
geographic distribution of species [10]. Ecological niche models can be broadly categorized
into two groups: correlative models and process-based models or mechanistic models [11].
The correlation model is represented by the MaxEnt model and the mechanistic model by
the CLIMEX model (also an ecophysiological model) [12,13]. Because distribution data for
species are easily available compared to biological parameters, correlation models are used
in more species [14]. Among them, MaxEnt is one of the most commonly used correlation
models [15], which can maintain a highly stable performance and demonstrates good
prediction accuracy even with a small sample size [16,17]. It exhibits superior performance
in analyzing the potential geographical distribution of agricultural invasive pests. For
instance, previous studies have used MaxEnt to assess the global potential geographic dis-
tribution of four Diabrotica species and the risks for agricultural production [18]. However,
the default-based model is prone to overfitting, leading to inaccurate prediction; therefore,
we used the ENMeval package in R software (version 4.2.2) [19].

In order to clarify the potential geographical distribution of S. exempta in the world, and
the harm it causes to the staple food areas, we used the MaxEnt model based on optimized
parameters to predict the global potential suitable areas of S. exempta under current and
future climate conditions and overlapped them with global planting areas of wheat, rice,
and maize. Thus, (1) we established global potential suitable areas of S. exempta under
current and future climate conditions, (2) we overlaid potential suitable areas of S. exempta
with major planting areas of wheat, rice, and maize crops, and (3) we identified important
bioclimatic variables that influence the global potential suitable areas of S. exempta. The
resolution of these questions contributes to the understanding of the potential suitable
areas of S. exempta and the damage to major crops, providing a further scientific basis for
the global prevention of S. exempta and crop protection.

2. Materials and Methods
2.1. Occurrence Records of Spodoptera exempta

The global occurrence records for S. exempta were sourced from the Global Bio-
diversity Information Facility (GBIF; https://www.gbif.org/, accessed on 18 Novem-
ber 2022), iNaturalist (https://www.inaturalist.org/, accessed on 18 November 2022),
and the literature records. The occurrence record bias obviously affects the accuracy
of model prediction results. First, the occurrence records without detailed informa-
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tion were removed; second, the remaining occurrence records were cleaned using the
ENMtools software (version 1.1.2) to ensure that only one occurrence record was re-
tained for each raster (5 arc minutes) [20]. After this process, 841 records were retained
for MaxEnt model construction (Figure 1). This study used the MaxEnt model of ver-
sion 3.4.1 (http://biodiversityinformatics.amnh.org/open_source/maxent/, accessed on
17 November 2022).
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Figure 1. Global occurrence records of Spodoptera exempta.

2.2. Bioclimatic Variables and Crop Data

In this study, 19 bioclimatic variables were selected (Table S1) (https://worldclim.
org/data/bioclim.html). The current and future bioclimatic variables were sourced from
the World Climate Database 2.0 (http://www.worldclim.org/) with a resolution of 5 arc
minutes, and future bioclimatic variables were selected from the BCC-CSM2-MR climate
system model developed by the National Climate Center, using two shared socioeconomic
pathways (SSPs) (Table S2). Future climate data based on the BCC-CSM2-MR model
performed well on both global and regional scales, For example, QBO, the MJO, the
diurnal cycle of precipitation, interannual variations in SST in the equatorial Pacific, and
so on [21]. The SSP1-2.6 scenario represents the combined effects of low vulnerability,
low mitigating stress, and low radiative forcing; the SSP5-8.5 scenario represents the high
forcing scenario [22]. Crop planting area data (wheat, rice, and maize) were sourced from
the Spatial Production Allocation Model (https://www.mapspam.info/), with a resolution
of 5 arc minutes.

Correlation analysis of 19 bioclimatic variables was performed using ArcGIS 10.7 soft-
ware due to the presence of multicollinearity between the bioclimatic variables (Figure S1).
If the value of the correlation coefficient of two bioclimatic variables was greater than 0.8
(|r| > 0.8), the one with the greater contribution of bioclimatic variables was retained.
Finally, eight bioclimatic variables were retained for MaxEnt model construction: the mean
diurnal air temperature range (Bio2), the temperature seasonality (Bio4), the max temper-
ature of warmest month (Bio5), the precipitation of wettest month (Bio13), precipitation
of driest month (Bio14), the precipitation seasonality (Bio15), the precipitation of warmest
quarter (Bio18), and the precipitation of coldest quarter (Bio19).

2.3. Optimize the MaxEnt Model

Using the default parameters in constructing the MaxEnt model might lead to over-
fitting of the model prediction results [23]. Therefore, we used the ENMeval package in
R software to adjust the two important parameters of the feature combination (FC) and

http://biodiversityinformatics.amnh.org/open_source/maxent/
https://worldclim.org/data/bioclim.html
https://worldclim.org/data/bioclim.html
http://www.worldclim.org/
https://www.mapspam.info/


Insects 2024, 15, 348 4 of 15

regularization multiplier (RM) in MaxEnt [24]. The MaxEnt model provides five features:
linear-L, quadratic-Q, hinge-H, product-P, and threshold-T. In this study, RM was set to
0.5–6, increasing by 0.5 each time, and six feature combinations were used [25]. AICc
(Akaike Information Criterion Correction, AICc) is a mathematical method for evaluating
the fit of a model to the data that produced it [26,27]. We used the ENMeval package in
R software to optimize the model parameters, and we determined the model parameters
according to the minimum AICc value, when model fitting was the lowest and prediction
was the most accurate [28].

2.4. Model Construction and Suitable Area Classification

The global occurrence records of S. exempta and bioclimatic variables were imported
into the MaxEnt model; 75% of the occurrence records were randomly selected as the
training set, and the remaining 25% of the occurrence records were used as the testing
set [29]. The parameters of the MaxEnt model were set according to the optimized feature
combination, while the background points were set to 10,000, the maximum number of
iterations was set to 500, the output format was Cloglog, and the runs were repeated
10 times for cross-validation. The receiver operating characteristic curve (ROC curve) was
drawn with ‘1-specificity’ (false positive rate) as abscissa and sensitivity as ordinate. The
area under ROC curve (AUC) was calculated as the test standard of model prediction
accuracy. The value range of the AUC was 0–1, and a larger value indicates a higher model
prediction accuracy, below 0.5 indicates model prediction failure, 0.5–0.8 indicates usable,
and above 0.8 indicates excellent model prediction [18].

The results indicated the global probability of the presence of S. exempta with a value
range of 0–1, with higher values indicating higher probability of species presence. We
selected the maximum test sensitivity plus specificity Cloglog threshold in the MaxEnt
model as the potential suitable area threshold for S. exempta worldwide. The model results
were imported into ArcGIS software using the reclassify tool to classify the potential
suitable areas for S. exempta into four kinds: 0–0.1838 was an unsuitable area, 0.1838–0.4
was a poorly suitable area, 0.4–0.6 was a moderately suitable area, and 0.6–0.1 was a highly
suitable area. We used the raster calculator of ArcGIS software to overlap the potential
suitable areas for S. exempta under current and future climatic conditions with the crop
planting areas data to predict the area of damage to the host crop (wheat, maize, and rice)
by the species.

3. Results
3.1. Evaluation of Model Performance

Overall, we obtained 72 different MaxEnt parameter combinations using 841 occur-
rence records and eight bioclimatic variables for S. exempta. The default settings for the
MaxEnt model were FC = LQHPT, RM = 1 and delta AICc = 50.27. However, the optimized
MaxEnt model revealed FC = LQHPT, RM = 0.5, and delta AICc = 0 (Figure 2). Follow-
ing 10 repeated runs, the mean AUC value was 0.964 in the optimized MaxEnt model
(Figure S2), indicating the optimized model has better fitting and mobility, and reduces the
over-fitting of the model.

3.2. Important Bioclimate Variables and Response Curve

The top three bioclimatic variables that influenced potentially suitable areas for
S. exempta were standard deviation temperature seasonality (Bio4: 62.5%), maximum
temperature of the warmest month (Bio5: 14.2%), and precipitation of the coldest quarter
(Bio19: 7.3%) (Figure S3). The jackknife analysis revealed that the standard deviation
temperature seasonality (Bio4), precipitation of the wettest month (Bio13), and maximum
temperature of the warmest month (Bio5) exhibited the three highest predictive factors
(Figure 3). Overall, the key bioclimatic variables that influenced the potentially suitable
areas for S. exempta included standard deviation temperature seasonality (Bio4), maximum
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temperature of the warmest month (Bio5), precipitation of the wettest month (Bio13), and
precipitation of the coldest quarter (Bio19).
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bars represent the total of all bioclimatic variables’ gain, gain for only one bioclimatic variable, and
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The individual response curves specific to each bioclimatic variable are shown in
Figure 4. For S. exempta, the suitable ranges for Bio4, Bio5, Bio13, and Bio19 were 38.54–444.67,
14.79–36.94 ◦C, 0–866 mm, and 0–544.63 mm, respectively. When Bio4 exceeded 30.00, the
probability of S. exempta’s presence sharply increased, peaking at 171.10, with the probabil-
ity reaching as high as 0.86. Subsequently, the curve decreased sharply before surging to the
second-highest probability (0.81). When Bio5 exceeded 21.07 ◦C, the survival probability of
S. exempta increased sharply, reaching its peak at 24.78 ◦C with a survival probability of
0.96. The Bio13 curve remained relatively stable but rapidly increased between 301.37 and
558.67 mm. It peaked at 556.10 mm, reaching a probability of 0.87. In contrast, the Bio19
curves continuously declined after 496.48 mm, eventually stabilizing.
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3.3. Potential Suitable Area of Spodoptera exempta under Current Climatic Conditions

Figure 5 depicts the potential suitable areas for S. exempta under the current climatic
conditions. The total suitable area was 1368.24 × 104 km2, constituting approximately 10%
of the global land mass, excluding Antarctica (Figure S4). Spodoptera exempta predominantly
inhabited tropical and semiarid regions, including southern North America, central South
America, southern Africa, southern Asia, and eastern Australia. The highly suitable area
covered 325.37 × 104 km2 (approximately 24% of the total suitable area), mainly distributed
in eastern Brazil and eastern and southern Africa (Figures 5 and S4). The moderately
suitable area spanned 312.09 × 104 km2 (approximately 23% of the total suitable area),
mainly distributed in southern Africa, southeastern North America, central South America,
and southern Asia. The poorly suitable area accounted for 730.78 × 104 km2 (approximately
53% of the total suitable area), mainly distributed in central South America, southern Africa,
and southern Asia.

3.4. Potential Suitable Area of Spodoptera exempta under Future Climatic Conditions

Figure 6 depicts the potential suitable areas for S. exempta under future climatic
conditions. Overall, no significant difference emerged between the potential suitable areas
for S. exempta under the current and future climatic conditions (Figure S4). Under future
climate conditions, the largest highly suitable area is 305.65 × 104 km2 at 2050s under
SSP1-2.6, followed by 303.77 × 104 km2 in the 2050s under SSP5-8.5, 301.69 × 104 km2 in
the 2030s under SSP5-8.5, and 288.33 × 104 km2 in the 2030s under SSP1-2.6. The largest
moderately suitable area is 298.22 × 104 km2 in the 2030s under SSP5-8.5, followed by
296.21 × 104 km2 in the 2050s under SSP1-2.6, 294.22 × 104 km2 in the 2030s under SSP1-
2.6, and 290 × 104 km2 in the 2050s under SSP5-8.5. The largest lowly suitable area is
719.1 × 104 km2 in the 2030s under SSP5-8.5, followed by 705.99 × 104 km2 in the 2050s
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under SSP5-8.5, 684.43 × 104 km2 in the 2050s under SSP1-2.6, and 678.58 × 104 km2 in
the 2030s under SSP1-2.6. The potential suitable areas for S. exempta under future climatic
conditions exhibited some reduction compared to the current ones, indicating that global
warming may limit the distribution of S. exempta.
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3.5. Overlapping Areas of Spodoptera exempta and Global Wheat, Rice, and Maize Planting Areas

Figures 7–10 illustrates the overlapping areas between S. exempta and global wheat,
rice, and maize planting areas under the current and future climatic conditions. Un-
der the current climatic conditions, the overlap between the global wheat planting areas
and potentially suitable areas for S. exempta covered 190.99 ×104 km2 (approximately
10.0% of the global wheat planting area). There is no significant difference in the dis-
tribution of overlapping areas under the current and future climatic conditions. The
overlapping areas are mainly located in central South America (southern Brazil, south-
ern Paraguay, central Bolivia, and Peru), southern North America (central Mexico and
Guatemala), central and southern Africa (Ethiopia, Kenya, Tanzania, Zimbabwe, South
Africa, and Angola), southern Asia (southwestern China, Thailand, southern and north-
western India, Bangladesh), western Europe (Spain and France), and eastern Oceania
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(eastern Australia) (Figures 7 and 8). The overlap area was largest under SSP5-8.5 in the
2030s (190.23 × 104 km2), followed by SSP1-2.6 in the 2050s (181.44 × 104 km2), SSP15-8.5
in the 2050s (180.19 × 104 km2), and SSP1-2.6 in the 2030s (172.94 × 104 km2) (Figure S5).
Under future climate conditions, the overlap area will be somewhat reduced compared to
that under the current climate conditions.
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under the current climatic conditions.
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Figure 9. Overlapping areas of Spodoptera exempta and global rice planting areas under the SSP1-2.6
and SSP5-8.5 in 2030s and 2050s.

Under the current climatic conditions, the overlapping area between the global rice
planting areas and potential suitable areas for S. exempta amounted to 312.3 × 104 km2 (ap-
proximately 20.89% of the global rice planting area). There exists no significant difference
in the distribution of overlapping areas under the current and future climatic conditions.
The overlap areas are mainly located in southern North America (southern and central
Mexico, Honduras, Guatemala, and Cuba), eastern South America (eastern Brazil, Bo-
livia, Peru, and southern Venezuela), central and southern Africa (Tanzania, Mozambique,
Madagascar, Angola, Democratic Republic of the Congo, Cameroon, southern Ghana),
and southern Asia (southern India, Burma, Vietnam, Thailand, southwest China, and
Indonesia) (Figures 7 and 9). The overlap area was largest under SSP5-8.5 in the 2050s
(296.36 × 104 km2), followed by SSP5-8.5 in the 2030s (295.83 × 104 km2), SSP1-2.6 in the
2050s (288.03 × 104 km2), and SSP1-2.6 in the 2030s (283.96 × 104 km2) (Figure S5). Under
future climatic conditions, the overlap area will be reduced to some extent.
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Among the three crops, the global maize planting areas are most threatened by
S. exempta. Under the current climatic conditions, the overlap between the global maize
planting areas and potential suitable areas for S. exempta covered 510.78 × 104 km2 (approx-
imately 19.25% of the global maize planting area). There is no significant difference in the
distribution of overlapping areas under current and future climatic conditions. The over-
lapping areas are mainly located in southern North America (central Mexico, Guatemala,
Cuba), eastern South America (Central and southern Brazil, southern Paraguay, Bolivia,
Peru, northern Venezuela), eastern and central Africa (Ethiopia, Kenya, Tanzania, Mozam-
bique, Madagascar, South Africa, Zimbabwe, Angola, and Democratic Republic of the
Congo), and southern Asia (southwestern China, southern India, Bangladesh, Vietnam,
Myanmar, Philippines, and Indonesia) (Figures 7 and 10). The overlapping area was
largest under SSP5-8.5 in the 2030s (492.91 × 104 km2), followed by SSP5-8.5 in the 2050s
(490.27 × 104 km2), SSP1-2.6 in the 2050s (479.83 × 104 km2), and SSP1-2.6 in the 2030s
(479.29 × 104 km2) (Figure S5). Under future climatic conditions, the overlap area will also
be reduced to some extent.

4. Discussion

Spodoptera exempta is a prevalent agricultural pest that presents a serious threat to
major crops worldwide, such as maize, wheat, and rice [5]. However, the worldwide
potential geographic distribution of S. exempta and its damage to maize, wheat, and rice are
currently unknown. Here, we studied the potential geographic distribution of S. exempta
and its overlap with the three crops’ planting areas under the current and future climatic
conditions using the optimized MaxEnt model. Our research provides theoretical guidance
for S. exempta control and for the conservation of major crops worldwide.

4.1. Model Accuracy Assessment

Ecological niche models have been widely used to predict the geographic distribution
of species, but ensuring the accuracy of predictions requires consideration of multiple
factors during the modeling process. Due to the absence of biological parameters of the
species, to ensure the accuracy of the prediction results, we chose the correlation model
(MaxEnt). Species distribution data and environmental variables determine the accuracy
of the model, so wherever possible, high-quality distribution data and environmental
variables closely associated with species distribution were collected [30]. Meanwhile, in
order to avoid overfitting the model, we cleaned the distribution data and filtered the
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environmental variables, respectively [28,31]. The FC and RM of the model were also
optimized using the ENMeval package, and the results also showed better prediction
than the default parameter model [27]. The value of the mean AUC was 0.964, while the
prediction may also overlap with the actual distribution of S. exempta. Therefore, we believe
that the predictions of the model are reliable.

4.2. Important Bioclimatic Variables Affecting the Geographic Distribution Patterns of
Spodoptera exempta

Climate change significantly influences the potential distribution of agricultural in-
vasive pests [32]. Gómez-Undiano et al. predicted the global potential suitable areas for
S. exempta using the Biomod2 platform and found that annual precipitation, annual mean
temperature, and isothermality were the major predictors for determining the potential
suitable areas for S. exempta [7]. Our results showed that the potential suitable areas for
S. exempta are associated with temperature and precipitation, especially standard devia-
tion temperature seasonality, max temperature of the warmest month, precipitation of the
wettest month, and precipitation of the coldest quarter, which would play critical roles in
the potential distribution. Moreover, in varying environmental conditions, solitary larvae
exhibit higher survival rates in high temperatures, while gregarious larvae tend to thrive
better in lower temperature environments. During the first two months after the beginning
of the short rainy season, the number of solitary larvae of S. exempta decrease with the
decrease in temperature; however, for gregarious larvae, a decrease in temperature leads
to an increase in population size [33]. Furthermore, the rainy season is very important for
the movement of S. exempta adults because wind, which mainly occurs during the rainy
season, is key to adult dispersal. Adults migrate along the wind direction to grassland
or crop areas where they feed, leading to subsequent infestation with larvae in nearby
areas [34–36]. Overall, previous studies verified the results of our study.

4.3. The Potential Suitable Areas of Spodoptera exempta in the World under Current and Future
Climatic Conditions

Our results indicate that under the current climatic conditions the potential suitable
areas for S. exempta are mainly located in tropical and semiarid areas, including southern
North America, central South America, central Africa, southern Asia, and eastern Australia.
Furthermore, the overlap between these suitable areas for S. exempta and global crop pro-
duction areas (wheat, rice, and maize) exposes different countries to varying levels of risk.
Specifically, concerning wheat planting areas, southern Brazil, southern Paraguay, central
Bolivia, Peru, central Mexico, Guatemala, Ethiopia, Kenya, Tanzania, Zimbabwe, South
Africa, Angola, southwestern China, Thailand, southern, northwestern India, Bangladesh,
Spain, France, and eastern Australia faced higher susceptibility to invasive threats posed
by S. exempta. Considering overlap with rice planting areas, southern and central Mexico,
Honduras, Guatemala, Cuba, eastern Brazil, Bolivia, Peru, southern Venezuela, Tanzania,
Mozambique, Madagascar, Angola, Democratic Republic of the Congo, Cameroon, south-
ern Ghana, southern India, Burma, Vietnam, Thailand, southwest China, and Indonesia are
at higher risk. Considering overlap with maize planting areas, the areas at higher risk are
nearly consistent with the potential suitable areas for S. exempta, that is, southern countries
of North America, central and eastern countries of South America, central and southern
countries of Africa, and southern countries of Asia. In particular, the United States is the
center of diversity and a native region of maize, and even though S. exempta does not have
a potential distribution area here, there is one nearby in Mexico, so we believe that the
species poses a similarly high risk of harm to maize planting areas in the United States. Of
the three major crops, wheat, rice, and maize, the potential threat to maize planting areas
worldwide is potentially the greatest. Previous studies have also indicated that S. exempta
is a major pest to maize crops in eastern and southern Africa [37]. Meanwhile, in the
laboratory, S. exempta can be reared very successfully on a diet containing dried maize leaf
meal [38]. These findings align with the conclusions drawn in this study. Moreover, the
high potential threat from S. exempta extends to all three major crops in several countries,
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including Mexico, Brazil, Bolivia, Paraguay, Uruguay, Ethiopia, South Africa, Zimbabwe,
Myanmar, Australia, India, and China. In conclusion, our study showed a slight reduction
in the area of potential suitable areas for S. exempta under future climate change conditions,
but the three main planting areas of wheat, rice, and maize, which still significantly overlap
with the potential suitable areas for S. exempta, should all be of sufficient concern, especially
in maize planting areas.

4.4. Prevention and Control Measures of Spodoptera exempta

Early warning is more important than control for invasive alien species [39]. Our
results showed that, under the current climatic conditions, S. exempta has a wide distribution
of potential suitable areas and overlapping crop planting areas in South and North America,
despite there being no occurrence records of the species available for these areas. However,
these areas are similar to the actual distribution areas of the species in climatic conditions,
and there is significant trade between the regions, and if S. exempta was introduced into
these areas, it would spread rapidly and pose a great risk to food security [7]. Therefore,
these areas should strengthen their quarantine efforts to prevent the invasion of S. exempta.
At the same time, African countries should strengthen the control and management of
S. exempta, which we consider to be native based on the time the species was studied and
its presence in Africa, although there are no clear studies indicating the native range of the
species. The mode of spread and outbreak of S. exempta is mainly migration flying [40]. In
particular, prevention and control should be intensified during the annual rainy season
because studies have proven that the winds generated during the rainy season are key to
the spread of S. exempta [7]. During severe outbreaks, S. exempta can migrate windward
for up to 100 km or more; therefore, widespread monitoring and prevention is needed [41].
Meanwhile, when S. exempta individuals are encountered, reasonable measures should be
taken to eradicate them on time, including cultural control, biological control and chemical
control measures. Cultural control focuses on removing weeds near crops because crops
over 50 cm are less likely to be damaged by the larvae of S. exempta, which can subsequently
damage crops if they develop weeds [40]. Biological control methods have gained attention,
with the nuclear polyhedrosis virus (SpexNPV) being utilized to manage outbreaks of
S. exempta [37]. Chemical control involves the use of insecticides to eliminate the larvae of
S. exempta, because the larvae are sensitive to multiple insecticides and no resistance has
been recorded. These insecticides, classified as organophosphorus compounds, carbamates,
and synthetic pyrethroids, exhibit greater effectiveness, particularly when applied after
heavy rain [42]. In summary, countries should build up a complete system for early
warning, quarantine, and prevention to effectively control S. exempta to protect global
food security.

Under future climatic conditions, we used data from current host crop planting areas
overlayed with future suitable areas for S. exempta to show the areas where the species is
harming crops. This is due to the lack of future data, and subsequent studies will need to
focus on crop planting area data for future periods.

5. Conclusions

We predicted the global potential suitable area of S. exempta using an optimized
MaxEnt model, and the results were overlapped with global wheat, rice, and maize planting
areas. The optimized model for predicted S. exempta has high reliability in the global
potential suitable areas. Temperature has a stronger effect on the global distribution of this
species than precipitation. The standard deviation temperature seasonality (Bio4) and max
temperature of the warmest month (Bio5) are the most two important bioclimatic variables
influencing on the global distribution of S. exempta. Under the current climatic conditions,
Latin America, Central Africa, and Southeast Asia, which are the areas of concentration for
developing countries, were mainly areas of high-risk distribution of S. exempta, while global
warming would have some limitations on the global geographic distribution. The global
potential suitable areas for the species would not expand further in the future. Overall,
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S. exempta had the greatest impact on global planting areas of maize, mainly in southern
North America, eastern South America, central and eastern Africa, and southern Asia; the
second greatest impact was on the global planting areas of rice, mainly in the southern
North America, eastern South America, central and southern Africa, and southern Asia;
and the smallest impact was on the global planting areas of wheat, mainly in central South
America, southern North America, central and southern Africa, and southern Asia. Global
warming will limit the impact of S. exempta on the three major crops. Under future climate
scenarios, damage caused by S. exempta to the three crops’ planting areas will be somewhat
reduced compared to that in the current period. Our study provides a theoretical reference
for the global quarantine sector, especially for developing countries, to prevent and control
S. exempta, thus protecting global food security.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/insects15050348/s1, Table S1: Meanings of 19 bioclimatic vari-
ables in worldclim; Table S2: Meanings of the selected two emission scenarios; Figure S1: Eight
bioclimatic variables used to construct the MaxEnt model: absolute correlations were less than
0.8 (|r| < 0.8); Figure S2: ROC curve and the value of Mean (AUC) for the MaxEnt model after
optimal parameter combination; Figure S3: Contribution of each bioclimatic variables related to the
distribution of Spodoptera exempta; Figure S4: The change of the potential suitable area of Spodoptera
exempta under current and future climatic conditions; Figure S5: The change of the overlapping areas
of Spodoptera exempta intersected with global wheat rice and maize acreage under current and future
climatic conditions.

Author Contributions: M.L., Z.J., X.X. and W.L.: conception and design of the research. M.L. and Z.J.:
acquisition of data. M.L., Z.J. and Y.Q.: analysis and interpretation of data. M.L. and Z.J.: statistical
analysis. M.L., Z.J. and Y.Q.: drafting the manuscript. H.Z., N.Y., J.G., B.C., X.X. and W.L.: manuscript
revision. All authors have read and agreed to the published version of the manuscript.

Funding: This project was funded by the National Key R&D Program of China (grant no. 2021YFD1400100,
2021YFD1400101, 2021YFC2600400), and Tian-Shan Talent Program (grant no. 2022TSYCCX0084).

Data Availability Statement: Raw data can be obtained from the corresponding author.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Fox, D.K.J. Migrant Lepidoptera in New Zealand 1974–1975. N. Z. Entomol. 1976, 6, 199–200. [CrossRef]
2. Haggis, M.J. Distribution of the African armyworm, Spodoptera exempta (walker) (Lepidoptera: Noctuidae), and the frequency of

larval outbreaks in Africa and Arabia. Bull. Entomol. Res. 2009, 76, 151–170. [CrossRef]
3. Yoshimatsu, S.; Uesato, T.; Ibusuki, H.; Yuda, T. First recognition of the damage of crops by Spodoptera exempta (Walker) (Noctuidae)

and the records of the adult moth until now in Japan. Jpn. Heterocerists’ J. 2011, 260, 243–245. (In Japanese)
4. EPPO. EPPO Global Database 2022. Available online: https://gd.eppo.int/ (accessed on 21 November 2022).
5. Odindo, M.O. Epizootiological observations on a nuclear polyhedrosis of the African armyworm Spodoptera exempta (Walk). Int. J.

Trop. Insect Sci. 1983, 4, 291–298. [CrossRef]
6. Cheke, R.; Tucker, M. An evaluation of potential economic returns from the strategic control approach to the management of

African armyworm Spodoptera exempta (Lepidoptera: Noctuidae) populations in eastern Africa. Crop Prot. 1995, 14, 91–103.
[CrossRef]

7. Gómez-Undiano, I.; Musavi, F.; Mushobozi, W.L.; David, G.M.; Day, R.; Early, R.; Wilson, K. Predicting potential global and
future distributions of the African armyworm (Spodoptera exempta) using species distribution models. Sci. Rep. 2022, 12, 16234.
[CrossRef]

8. Tanzubil, P.B.; McCaffery, A.R. Effects of Azadirachtin on reproduction in the African armyworm (Spodoptera exempta). Entomol.
Exp. Appl. 1990, 57, 115–121. [CrossRef]

9. Seebens, H.; Essl, F.; Blasius, B. The intermediate distance hypothesis of biological invasions. Ecol. Lett. 2017, 20, 158–165.
[CrossRef]

10. Kumar, S.; Neven, L.G.; Yee, W.L. Evaluating correlative and mechanistic niche models for assessing the risk of pest establishment.
Ecosphere 2014, 5, 1–23. [CrossRef]

11. Dormann, C.F.; Schymanski, S.J.; Cabral, J.; Chuine, I.; Graham, C.; Hartig, F.; Kearney, M.; Morin, X.; Römermann, C.; Schröder, B.;
et al. Correlation and process in species distribution models: Bridging a dichotomy. J. Biogeogr. 2012, 39, 2119–2131. [CrossRef]

https://www.mdpi.com/article/10.3390/insects15050348/s1
https://www.mdpi.com/article/10.3390/insects15050348/s1
https://doi.org/10.1080/00779962.1976.9722247
https://doi.org/10.1017/S0007485300015376
https://gd.eppo.int/
https://doi.org/10.1017/S1742758400001284
https://doi.org/10.1016/0261-2194(95)92862-H
https://doi.org/10.1038/s41598-022-19983-y
https://doi.org/10.1111/j.1570-7458.1990.tb01422.x
https://doi.org/10.1111/ele.12715
https://doi.org/10.1890/ES14-00050.1
https://doi.org/10.1111/j.1365-2699.2011.02659.x


Insects 2024, 15, 348 14 of 15

12. Santana, P.A.; Kumar, L.; Silva, R.S.D.; Picanço, M.C. Global geographic distribution of Tuta absoluta as affected by climate change.
J. Pest Sci. 2019, 92, 1373–1385. [CrossRef]

13. Ceia-Hasse, A.; Sinervo, B.; Vicente, L.; Pereira, H.M. Integrating ecophysiological models into species distribution projections of
European reptile range shifts in response to climate change. Ecography 2014, 37, 679–688. [CrossRef]

14. Tourinho, L.; Sinervo, B.; Caetano, G.H.O.C.; Vale, M.M. A less data demanding ecophysiological niche modeling approach for
mammals with comparison to conventional correlative niche modeling. Ecol. Model. 2021, 457, 109687. [CrossRef]

15. Phillips, S.J. A Brief Tutorial on Maxent. Network of Conservation Educators and Practitioners, Center for Biodiversity and
Conservation, American Museum of Natural History. Lessons Conserv. 2009, 3, 108–135.

16. Elith, J.; Graham, C.H.; Anderson, R.P.; Dudík, M.; Ferrier, S.; Guisan, A.; Hijmans, R.J.; Huettmann, F.; Leathwick, J.R. Novel
methods improve prediction of species’ distributions from occurrence data. Ecography 2006, 29, 129–151. [CrossRef]

17. Phillips, S.J.; Anderson, R.P.; Schapire, R.E. Maximum entropy modeling of species geographic distributions. Ecol. Model. 2006,
190, 231–259. [CrossRef]

18. Mousazade, M.; Ghanbarian, G.; Pourghasemi, H.R.; Safaeian, R.; Cerdà, A. Maxent Data Mining Technique and Its Comparison
with a Bivariate Statistical Model for Predicting the Potential Distribution of Astragalus fasciculifolius Boiss. in Fars, Iran.
Sustainability 2019, 11, 3452. [CrossRef]

19. Muscarella, R.; Galante, P.J.; Guardia, S.M.; Boria, R.A.; Kass, J.M.; Uriarte, M.; Anderson, R.P. ENMeval: An R package for
conducting spatially independent evaluations and estimating optimal model complexity for Maxent ecological niche models.
Methods Ecol. Evol. 2014, 5, 1198–1205. [CrossRef]

20. Warren, D.L.; Glor, R.E.; Turelli, M. ENMTools: A toolbox for comparative studies of environmental niche models. Ecography 2010,
33, 607–611. [CrossRef]

21. Wu, T.W.; Lu, Y.X.; Fang, Y.J.; Xin, X.G.; Li, L.; Li, W.P.; Jie, W.H.; Zhang, J.; Liu, Y.M.; 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]

22. Zhang, L.X.; Chen, X.L.; Xin, X.G. Short commentary on CMIP6 Scenario Model Intercomparison Project (ScenarioMIP). Clim.
Chang. Res. 2019, 15, 519–525.

23. Qiao, H.J.; Soberón, J.; Peterson, A.T. No silver bullets in correlative ecological niche modeling: Insights from testing among
many potential algorithms for niche estimation. Methods Ecol. Evol. 2015, 6, 1126–1136. [CrossRef]

24. Merow, C.; Smith, M.J.; Silander, J.A. A practical guide to MaxEnt for modeling species’ distributions: What it does, and why
inputs and settings matter. Ecography 2013, 36, 1058–1069. [CrossRef]

25. Zhu, G.P.; Redei, D.; Kment, P.; Bu, W.J. Effect of geographic background and equilibrium state on niche model transferability:
Predicting areas of invasion of Leptoglossus occidentalis. Biol. Invasions 2014, 16, 1069–1081. [CrossRef]

26. Akaike, H. Information theory and an extension of the maximum likelihood principle. In Information Theory, 2nd ed.; Akademia
Kiado: Budapest, Hungary, 1973; pp. 267–281.

27. Zhu, G.P.; Qiao, H.J. Effect of the Maxent model’s complexity on the prediction of species potential distributions. Biodivers. Sci.
2016, 24, 1189–1196. [CrossRef]

28. Warren, D.L.; Seifert, S.N. Ecological niche modeling in Maxent: The importance of model complexity and the performance of
model selection criteria. Ecol. Appl. 2011, 21, 335–342. [CrossRef]

29. Wang, X.F.; Duan, Y.X.; Jin, L.L.; Wang, C.Y.; Peng, M.C.; Li, Y.; Wang, X.H.; Ma, Y.F. Prediction of historical, present and future
distribution of Quercus sect. Heterobalanus based on the optimized MaxEnt model in China. Acta Ecol. Sin. 2023, 43, 6590–6604.

30. Guo, Y.L.; Zhao, Z.F.; Qiao, H.J.; Wang, R.; Wei, H.Y.; Wang, L.K.; Gu, W.; Li, X. Challenges and Development Trend of Species
Distribution Model. Adv. Earth Sci. 2020, 35, 1292–1305.

31. Yang, X.Q.; Kushwaha, S.P.S.; Saran, S.; Xu, J.C.; Roy, P.S. Maxent modeling for predicting the potential distribution of medicinal
plant, Justicia adhatoda L. in Lesser Himalayan foothills. Ecol. Eng. 2013, 51, 83–87. [CrossRef]

32. Grünig, M.; Calanca, P.; Mazzi, D.; Pellissier, L. Inflection point in climatic suitability of insect pest species in Europe suggests
non-linear responses to climate change. Glob. Chang. Biol. 2020, 26, 6338–6349. [CrossRef]

33. Aguilon, D.J.; Medina, C.; Velasco, L. Effects of Larval Rearing Temperature and Host Plant Condition on the Development,
Survival, and Coloration of African Armyworm, Spodoptera exempta Walker (Lepidoptera: Noctuidae). J. Environ. Sci. Manag.
2015, 18, 54–60. [CrossRef]

34. Rose, D.; Rainey, R.C. The signifcance of low-density populations of the African armyworm Spodoptera exempta (Walk.). Philos.
Trans. R. Soc. B Biol. Sci. 1979, 287, 393–402.

35. Wilson, K.; Gatehouse, A. Seasonal and geographical variation in the migratory potential of outbreak populations of the African
armyworm moth, Spodoptera exempta. J. Anim. Ecol. 1993, 62, 169–181. [CrossRef]

36. Harvey, A.; Mallya, G. Predicting the severity of Spodoptera exempta (Lepidoptera: Noctuidae) outbreak seasons in Tanzania. Bull.
Entomol. Res. 1995, 85, 479–487. [CrossRef]

37. Grzywacz, D.; Mushobozi, W.L.; Parnell, M.; Jolliffe, F.; Wilson, K. Evaluation of Spodoptera exempta nucleopolyhedrovirus
(SpexNPV) for the field control of African armyworm (Spodoptera exempta) in Tanzania. Crop Prot. 2008, 27, 17–24. [CrossRef]

38. David, W.A.L.; Taylor, E.S.G. Rearing Spodoptera exempta on semi-synthetic diets and on growing maize. Entomol. Exp. Appl. 1975,
18, 226–237. [CrossRef]

39. Kolar, C.S.; Lodge, D.M. Progress in invasion biology: Predicting invaders. Trends Ecol. Evol. 2001, 16, 199–204. [CrossRef]
40. CABI. Spodoptera exempta (Black Armyworm); CABI Compendium: Wallingford, UK, 2022.

https://doi.org/10.1007/s10340-018-1057-y
https://doi.org/10.1111/j.1600-0587.2013.00600.x
https://doi.org/10.1016/j.ecolmodel.2021.109687
https://doi.org/10.1111/j.2006.0906-7590.04596.x
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.3390/su11123452
https://doi.org/10.1111/2041-210X.12261
https://doi.org/10.1111/j.1600-0587.2009.06142.x
https://doi.org/10.5194/gmd-12-1573-2019
https://doi.org/10.1111/2041-210X.12397
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1007/s10530-013-0559-z
https://doi.org/10.17520/biods.2016265
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1016/j.ecoleng.2012.12.004
https://doi.org/10.1111/gcb.15313
https://doi.org/10.47125/jesam/2015_1/06
https://doi.org/10.2307/5491
https://doi.org/10.1017/S0007485300032958
https://doi.org/10.1016/j.cropro.2007.04.005
https://doi.org/10.1111/j.1570-7458.1975.tb02374.x
https://doi.org/10.1016/S0169-5347(01)02101-2


Insects 2024, 15, 348 15 of 15

41. Rose, D.J.W.; Dewhurst, C.F.; Page, W.W. The bionomics of the African armyworm Spodoptera exempta in relation to its status as a
migrant pest. Integr. Pest Manag. Rev. 1995, 1, 49–64. [CrossRef]

42. Rose, D.J.W.; Dewhurst, C.F.; Page, W.W. The African Armyworm Handbook, 2nd ed.; Natural Resources Institute, University of
Greenwich: London, UK, 2000.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF00140333

	Introduction 
	Materials and Methods 
	Occurrence Records of Spodoptera exempta 
	Bioclimatic Variables and Crop Data 
	Optimize the MaxEnt Model 
	Model Construction and Suitable Area Classification 

	Results 
	Evaluation of Model Performance 
	Important Bioclimate Variables and Response Curve 
	Potential Suitable Area of Spodoptera exempta under Current Climatic Conditions 
	Potential Suitable Area of Spodoptera exempta under Future Climatic Conditions 
	Overlapping Areas of Spodoptera exempta and Global Wheat, Rice, and Maize Planting Areas 

	Discussion 
	Model Accuracy Assessment 
	Important Bioclimatic Variables Affecting the Geographic Distribution Patterns of Spodoptera exempta 
	The Potential Suitable Areas of Spodoptera exempta in the World under Current and Future Climatic Conditions 
	Prevention and Control Measures of Spodoptera exempta 

	Conclusions 
	References

