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Climate change impacts on worldwide
ecological niche and invasive potential of
Sternochetus mangiferae
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Abstract

BACKGROUND: Present climate studies on invasive species imply that climate change will alter the habitat suitability of invasive
pests, especially given the projected rise in average global temperatures by the end of 2100. However, globally, limited infor-
mation exists on the habitat suitability of the mango stone weevil, Sternochetus mangiferae Fabricius, which impedes the devel-
opment of early detection and preventive measures. Herein, we used the MaxEnt model to estimate the potential global
geographical distribution of S. mangiferae.

RESULTS: Our results revealed that thermal conditions played a significant role in explaining the invasion risk of S. mangiferae.
Habitat suitability was found in all continents, except Antarctica. Under the present condition, habitat suitability covered
5.67 x 107 km?>. For ssp126, habitat suitability will decrease from the 2060s (5.58 x 107 km?) and 2080s (5.57 x 10’ km?). Sim-
ilarly, under ssp585, suitable areas will decrease from 5.62 x 107 to 5.51 x 10’ km? for the 2060s and 2080s, respectively.

CONCLUSION: Our study has estimated variability in the habitat suitability of S. mangiferae which establishes a foundation for
determining global risk assessment and response plans for the pest. This study also identifies areas where the pest is inherently
more vulnerable to the impacts of changing climates and enables forecasting of its potential distribution in a dynamic world.
© 2024 The Author(s). Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
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1 INTRODUCTION

Global warming affects the ecological range of insects by causing
these species to migrate into new areas. Such warming tempera-
tures can profoundly influence insects' development, distribution,
and phenology in agriculture, affecting crop production and food
security.! Recent studies have demonstrated that temperature
changes alter the geographical distribution of invasive species.”™
4 The spread of invasive species has been facilitated by factors,
including forest sector activities, economics, travel, trade, tourism,
and regulatory regimes.”® Invasive species have received global
attention because their impacts are compounded by climate
change and global warming.® Therefore, understanding the
potential distribution of invasive species like the mango stone
weevil (MSW) Sternochetus mangiferae Fabricius (Coleoptera:
Cuculidae) is paramount to its biological invasion as such model-
ing results can provide a theoretical framework for policy formu-
lation and development of plant protection and regulatory plans.

MSW was first discovered in India but has rapidly spread due to
globalization and international trade. It is currently distributed in
Africa, Asia, Australia, the Caribbean, and the Pacific islands.'®
The MSW is classified as a damaging quarantine pest by the Carib-
bean Plant Protection Commission, Inter-African Phytosanitary
Council, North American Plant Protection Organization, and Orga-
nismo Internacional Regional de Sanidad Agropecuaria."’ MSW
overwinters under the loose bark near the base of mango trees
and in the forks of branches but can also live in leaf litter around
the tree. Adults of MSW can survive for about 3 years without a
host.'? Balock and Kozuma'® reported that the onset of diapause
was associated with long-day photoperiod and stopped during a
short-day photoperiod.

The host range of the MSW is confined to mangoes and feeds on
the leaves, young shoots, and flower buds. Females of MSW start
laying eggs within 3-4 days after mating on different sizes of
mango fruits, ranging from marble-sized to fully unripened fruit-
sized." However, eggs are usually laid on the sinus of the fruits
or stems.”> The oviposition periods vary, ranging from 3 to
6 weeks.”>'® A female can lay about 15 eggs daily, with about
300 eggs in 3 months under laboratory conditions.'® The egg
incubation lasts about 5 to 7 days, depending on seasonal varia-
tions and temperature conditions.”® After hatching, the MSW
larva burrows into the seed through the mango fruit."> There
are five to seven larval stages, and the complete larval develop-
ment varies across different locations. For instance, complete lar-
val development takes about a month in southern India,'* 22 days
to 10 weeks,"*'” and about 40 days in the Northern Territory of
Australia.”” The pupae stage occurs in the seed and is rarely found
in the flesh. The pupa stage lasts about a week.'* The develop-
ment time from egg to adult has been estimated at 35-54 days
in India,'*'® whereas 45-58 days have been reported in
Australia,”> suggesting environmental factors play a role in its
development.

The economic impact of the MSW is principally assessed based
on its phytosanitary consideration, thereby restricting access to
new international markets and contributing to rejections of fruit
bound for existing export countries.'® MSW is a significant con-
cern to the mango industry in Africa because the crop serves as
a food source for domestic and export markets. For the latter,
the presence of MSW in the mango production chain justifies
the export rejection of mango fruits.2®?' Schotman?®? reported
that the presence of weevils does not have an unfavorable effect
on mango fruit growth, but the mere presence of weevils in fruits
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can result in shipments being rejected for export. MSW infestation
and premature fruit drop have been estimated to be between 5%
and 80%.”

MSW management and control strategies include quarantine
measures, farm sanitation, and mechanical, physical, biological,
and chemical control. The latter appears to be the most common
management strategy by mango farmers.>* However, concerns
over chemical residues in mango fruits and resistance develop-
ment in MSW populations'®?® suggest that a more friendly
approach is needed to manage MSW in mango plantations. In
response, several studies have used natural enemies, such as the
African Weaver Ant Oecophylla longinoda (Latreille),*® entomo-
pathogens Beauveria bassiana®’ to reduce field populations of
MSW. Despite the efforts to control MSW using biological control
agents, the pest continues to affect foreign local markets of many
mango-producing countries. Therefore, a clear understanding of
its potential distribution can contribute to developing surveil-
lance, monitoring, and prevention programs.

Species distribution models (SDMs) are a group of techniques
that combine species occurrence data with environmental data
to predict the ecological needs of the species by employing
machine learning algorithms.”® These models are widely used in
ecological and biogeographic studies to assess the potential dis-
tribution of species at different times and spaces to identify the
areas that are suitable for the species.?®*° SDMs have been widely
used to assess the invasive potential of species.? Such models
have been used to predict the potential distribution of species,
both at the regional and global scales. Among the SDMs, a
machine learning algorithm based on the maximum entropy
model has been widely used because it works well with small
sample sizes and performs well when absent data are unavailable.
Da Silva et al®" assessed the habitat suitability of MSW in different
Brazilian states using the MaxEnt model. However, to the best of
our knowledge, no study has evaluated the habitat suitability
of the pest, globally.

In this study, we predicted the potential global distribution of
MSW using an updated global occurrence record with the MaxNet
package in R statistical software to fit the MaxEnt model and iden-
tify climate-suitable areas for the pest. It was also necessary to
analyze the changes in suitable areas for the pest under current
and future climate change scenarios [shared socioeconomic path-
ways (SSPs) (SSP126 and SSP585)] for the 2060s and 2080s. The
results from this study provide a theoretical basis and data sup-
port for surveillance, monitoring, and development of ecologi-
cally friendly methods.

2 MATERIALS AND METHODS

All procedures related to data processing, model development,
and map creation were conducted in the R environment (version
4.3.0).32 The modeling process was divided into four main stages:
(i) obtaining species data and cleaning; (ii) obtaining and selecting
environmental variables; (iii) MaxEnt predictions; and (iv) creating
habitat suitability maps for MSW. We illustrate the technical flow
chart of the study in Fig. 1.

2.1 Occurrence data

The global occurrence records of MSW were obtained from scien-
tific literature,®***3” and supplemented by data from online
databases, namely Centre for Agriculture and Bioscience Interna-
tional (CABI: https://www.cabi.org; Plantwise Knowledge Bank:
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Figure 1. Technical flow chart of the study.

https://plantwiseplusknowledgebank.org, and Global Biodiversity
Information Facility (GBIF): https://www.gbif.org). The search cri-
teria yielded 253 occurrence points. The data were filtered out
to remove duplicates and erroneous records using the ‘flexsdm’
package and enforcing a 5 km distance to avoid sampling
bias.3®3° After this procedure, 16 occurrence records of MSW
(6.32%) out of the total 253 points initially considered were found
to be duplicates and were removed (Supporting Information
Table S1). Following these steps, 237 occurrences were consid-
ered for the modeling process (Supporting Information Fig. S1

(@),(b)).

2.2 Environmental data

The bioclimatic variables from 1970 to 2000 used in this study
were obtained from the Worldclim database version 2.1
(Table S2) using the ‘geodata’ package.*®*' These variables have
an average spatial resolution of 2.5 arc-min, approximately equal
to 4 km at the equator. Next, we considered the 2041-2060, and
2061-2080 periods for the SSP126 and SSP585. The SSPs delin-
eate distinct developmental trajectories, accounting for potential
trends in radiative forcing (in W/m?).*? Under the SSP126 scenario,
an SSP-based concentration-driven model shows minimal radia-
tive forcing at the century's end. By 2100, the radiative forcing
level will reach 2.6 W/m?, as this scenario closely tracks the repre-
sentative concentration pathway (RCP) RCP2.6 global forcing tra-
jectory under SSP1 socioeconomic conditions. In contrast,
SSP585 envisions a society dependent on fossil fuels and inten-
sive energy use, anticipating a radiative forcing of 8.5 W/m? in
2100 and a global temperature rise between 3.5 and 5.5 °C.***3
To address multicollinearity among bioclimatic variables, vari-
ables with a correlation coefficient |r] > 0.70 were excluded
(Fig. 2(a), Tables S3-S6). The ‘corrplot’ package was used for the
cluster analysis.**

2.3 Model development, calibration, and evaluation
MaxEnt model, based on maximum entropy, was selected for its
extensive use in species distribution modeling and demonstrated
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efficacy compared to alternative methods.>® MaxEnt has been
applied for assessing suitable regions for invasive species estab-
lishment globally? and is recognized as a dependable approach
in species distribution modeling.*> However, MaxEnt is suscepti-
ble to sample bias and potential overfitting issues.*® To optimize
the MaxEnt model, a species-specific adjustment process was
employed.*” This approach aimed to avoid excessive complexity,
which could reduce performance when projecting the model to
diverse locations or under various climate change scenarios.*®*°
We finetuned the MaxEnt settings based on linear (L), quadratic
(Q), product (P), and hinge (H).>>>" One hundred and nineteen
models (FC =L, Q, H, LQ, QH, LQH, LQP, LQHP; RM = 1 to 5, with
increments of 0.25) were fitted to determine the best combina-
tion. Finally, the best model with RM = 0.5 and FC = LQH was
used for the model settings.

The calibration area for the model was determined by consider-
ing the Kdeppen-Geiger zones occupied by the species,®*** as
illustrated in Fig. S1(b). The resulting calibration area covered
68 026 420 km?. Utilizing this approach is relevant for models
intended for extrapolation to different geographic regions
beyond the calibration area or for alternative temporal inter-
vals.38>* To select 10000 background points from the calibrated
area, a k-fold cross-validation was used by dividing the occurrence
points into four blocks. Thirty grids from each block, varying in res-
olution from 0.5° to 8°, were generated, each ensuring a mini-
mum of ten occurrences per partition (Fig. S2(a),(b)). This
method effectively addresses potential spatial autocorrelation
challenges between training and test data, offering a more suit-
able evaluation of model transferability than alternative partition-
ing methods.>>>® Lastly, we determined the contribution of the
environmental variables using the ‘varlmportance’ function
within the ‘fit MaxNet’ package.

The receiver operating characteristic (ROC) curve is indepen-
dent of threshold and scale and has been extensively utilized for
assessing the performance of SDMs*® According to Hosmer
et al,”” a ROC curve boasting an area under the ROC curve
(AUQ) value of 0.9 or higher signifies an exceptional model fit,
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Figure 2. (a) Relationships between bioclimatic factors. Correlations are positive when the blue color slopes to the right and negative when the red color
slopes to the left. Beginning at zero on the circle and progressing through the intermediate ellipse and line, the strength of Pearson's correlation coeffi-
cient (r) grows. Centroids were used in hierarchical cluster analysis to group variables with a correlation coefficient greater than 0.70. (b, c) Frequency his-
tograms of the climatic classes occupied by the recorded occurrences of Sternochetus mangiferae. Native (b) and Invasive (c) ranges. Bio1 (annual average
temperature), Bio02 (mean diurnal range), Bio03 (isothermality), Bio04 (seasonality of temperature), Bio05 (highest temperature of the hottest month),
Bio06 (lowest temperature of the coldest month), Bio07 (annual temperature variation), Bio08 (average temperature of the rainy quarter months),
Bio09 (average temperature of the driest quarter months), Bio10 (average temperature of the hottest quarter months), Bio11 (average temperature of
the coldest quarter months), Bio12 (annual precipitation), Bio13 (precipitation of the rainiest month), Bio14 (precipitation of the driest month), Bio15 (pre-
cipitation seasonality), Bio16 (precipitation of the rainiest quarter months), Bio17 (precipitation of the driest quarter months), Bio18 (precipitation of the
hottest quarter months), and Bio19 (precipitation of the coldest quarter months); Tropical monsoon climate (Am), Tropical dry savanna climate (As), Trop-
ical savanna, wet (Aw), Hot semi-arid (steppe) climate (Bsh), hot deserts climate (BWh), cold desert climate (BWk), humid subtropical climate (Cfa),
monsoon-influenced humid subtropical climate (Cwa), subtropical highland climate or temperate oceanic climate with dry winters (Cwb), Tropical rain-
forest climate (Af), cold semi-arid (steppe) climate (BSk), temperate oceanic climate (Cfb), hot-summer Mediterranean climate (Csa), and warm-summer
Mediterranean climate (Csb).

while a value falling between 0.7 and 0.9 is deemed reasonable.
Conversely, a value of 0.5 or lower implies that the model per-
forms no better than random chance. The positioning of the true
positive rate (TPR) near 1 signifies an elevated level of sensitivity.
The true skill statistic (TSS) is a numerical measure within the 0 to
1 range, with a value exceeding 0.9 considered ideal and a range
between 0.85 and 0.9 deemed exceptional. TSS values falling
between 0.7 and 0.85 are classified as very good, while those
between 0.5 and 0.7 are considered good. Moreover, a TSS value
within the 0.4 to 0.5 range is considered decent, and any
value less than or equal to 0.4 indicates a poor fit.>®

3 RESULTS

According to the TSS metric (= 0.59587), the optimal configura-
tion of the MSW model was achieved by utilizing the linear, qua-
draticc and hinge (LQH) classes concurrently with a
regularization multiplier of 0.5. The assessment metrics for the
chosen model out of the 50 models tested, supplied by the
‘flexsdm’ package and computed from these models, are detailed
in Table S7, with the models exhibiting superior performance
compared to the random baseline.

The ROC curve of the final model (Fig. S2), derived from asses-
sing true positive predictions (sensitivity) and false positive pre-
dictions (1 — specificity), demonstrated a valuable predictive
capability with an AUC value ranging between 0.8 and 0.9
(Fig. S2(a)). Figure S2(b) precisely depicts the ROC curve and
partial AUC details when constraining the false positive rate
(FPR) and TPR (x = FPR = specificity; y = TPR = sensitivity)
within the 90-100% range. The partial area (pAUC) can be inter-
preted as the average sensitivity within the specified specificity
range and the average specificity within the specified sensitivity
range.

The response curves of the model are depicted in Fig. S3, offer-
ing insights into the average marginal impact of environmental
variables on the suitability of the environment for MSW. These
graphs elucidate how each predictor variable influences the
model response individually while maintaining the effects of
the other variables constant. The most favorable habitats (optimal
values) for MSW, as predicted by our model, are detailed in
Table S8. The response curves for the training and projection data
are also presented in Fig. S4. Additionally, the histogram illustrat-
ing the occurrence of MSW concerning environmental variables is
presented in Fig. S5.
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In its native regions, MSW primarily inhabits areas characterized
by a tropical rainforest climate (Af), tropical monsoon climate
(Am), and hot semi-arid (steppe) climate, as per the updated Kop-
pen-Geiger climate classification (Fig. 2(b)). Approximately 100%
of the data points fall within these climate classes. However, in the
invaded regions, the occurrences are more concentrated (around
77%) in the climate classes of tropical savanna, wet (Aw), humid
subtropical climate (Cfa), and temperate oceanic climate (Cfb)
(Fig. 2(b)). Notably, we observed a broader range of climate clas-
ses occupied by MSW in newly invaded areas compared to its
native regions, indicating a shift in its ecological niche.

The analysis revealed the hierarchy of significance among the
seven bioclimatic variables, with temperature seasonality
(Bio04) > average variation of daytime temperature (Bio02)
> precipitation of the hottest quarter months (Bio18)
> precipitation of the driest month (Bio14) > precipitation of
the coldest quarter (Bio19) > average temperature of the rainy
quarter months (Bio08) > average temperature of the driest quar-
ter months (Bio09) emerging as the most influential factors driv-
ing the distribution of MSW. Among these environmental
variables, Bio04, Bio02, Bio18, Bio19, Bio08, and Bio09 collectively
contributed to approximately 95% of the model's explanatory
power (Fig. 3).

One way to see how the occurrence records are distributed is
through a partial dependency plot. The results showed that
MSW was more likely to be found in areas with a high probability
of occurrence points as predicted by the model (Fig. 4). Tukey's
analysis showed a significant difference between the current
and future predictions (Fig. S6). However, no significant difference
was detected for SSP126 in the 2060s and 2080s (Fig. S6). Simi-
larly, the analysis showed no significant relationship between
the 2060s and 2080s under the SSP585 climate change scenario.

Bio04

Bio02

Bio18

Bio14

Bio19

Bio08

Bio09

0% 10%

As generated by our model, the predicted potential global geo-
graphic distribution of MSW under the current time is depicted in
Fig. 5(a), presenting the probability of establishment categorized
into seven classes to facilitate visualization and comparison across
different locations. The calculated probabilities for high, optimal,
moderate, marginal, and unsuitable conditions were 100%
(Table S9, Fig. 5(b)). Applying a threshold that maximizes the
sum of sensitivity and specificity (max_sens_spec = 0.3656577)
yielded the map shown in Fig. 5(b), covering an area of
5826 205 km? (Table S9). The model predicts the expansion
of climate-suitable areas from the currently known occurrence
records of the pest. Based on the current prediction, the newly
identified areas include parts of Spain, Portugal, Sweden, and
Italy in Europe; Mexico and the United States in North America;
Argentina, Uruguay, and Paraguay in South America; northern
fringes of Africa; Namibia, Angola, Mali, and Democratic Republic
of Congo in Africa; Papua New Guinea in Oceania; and China, and
Pakistan in Asia (Fig. 5(a),(b)).

The projected distribution regions for MSW worldwide under
the SSP126 and SSP585 and for the two specified periods (the
2060s and 2080s) are depicted in Fig. 6 and detailed in Table S9.
The model's predicted suitability classes for the country are visu-
alized in Fig. 7, encompassing marginal to highly suitable habitats.
However, areas exhibiting high suitability are predominantly situ-
ated in the southern regions of the predicted areas. For SSP126,
the suitability will decrease from the 2060s (5.58 x 10’ km?) and
2080s (5.57 x 107 km?). Similarly, suitable areas will decrease from
5.62 x 107 to 551 x 10’ km? for the 2060s and 2080s under
SSP585, respectively (Table S9 and Fig. 7). Similarly, unsuitable cli-
mate areas will increase from the 2060s (8.05 x 107 km?) to 2080s
(8.15 x 10’ km?). Based on the modeling results, mango-
producing regions like Brazil, China, India, Indonesia, Mexico,

20% 30% 40%

Permutation importance

Figure 3. Percentage contribution of environmental variables to the final model of Sternochetus mangiferae. Mean diurnal range (Bio02), temperature
seasonality (Bio04), mean temperature of wettest quarter (Bio08), mean temperature of driest quarter (Bio09), precipitation of driest month (Bio14), pre-

cipitation of warmest quarter (Bio18), precipitation of coldest quarter (Bio19).
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Figure 4. Histogram depicting the occurrence of Sternochetus mangiferae concerning environmental variables. (a) Mean diurnal range (Bio02),
(b) temperature seasonality (Bio04), (c) mean temperature of wettest quarter (Bio08), (d) mean temperature of driest quarter (Bio09), (e) precipitation
of driest month (Bio14), (f) precipitation of warmest quarter (Bio18), and (g) precipitation of coldest quarter (Bio19).

and Pakistan are projected to undergo changes in suitable climate
areas from the current period to the future, with most of these
countries showing high climate suitability for MSW in the future
(Figs 6 and 7).

4 DISCUSSION

The MSW, a significant pest of mango, is quickly spreading across
all continents. It is critical to assess the spread of the MSW due to
its impacts on global food security. In the present study, we fitted
the MaxEnt model with the MaxNet package in R to estimate cli-
mate change impacts on the habitat suitability of the MSW. Our
model demonstrates a substantial confidence level, as its perfor-
mance surpasses random outcomes, indicating a strong agree-
ment between the presence of MSW and its predicted habitat
suitability. The present study showed that temperature seasonal-
ity, mean diurnal range, mean temperature of the driest quarter,
precipitation of the driest month, precipitation of the warmest
quarter, and precipitation of the coldest quarter were the most
important variables affecting the global distribution of MSW. In
contrast, da Silva et al.>! found mean annual temperature, annual
precipitation, mean daytime temperature range, and annual tem-
perature range to be the most important variables influencing
MSW habitat suitability. Yet, both studies suggest that tempera-
ture, much more than rainfall variables, influences the pest's distri-
bution. The effects of temperature on the biology of the MSW
have been investigated, revealing that the pest's reproductive
rate exhibits a non-linear response to the recorded tempera-
tures.'®*° This observation underscores the sensitivity of MSW
to temperature variation and provides evidence that the popula-
tion growth and survival of this species could be negatively
affected by climate change.®

The current study predicts climate-suitable areas for MSW on
every continent except Antarctica, covering global areas of

5.67 x 10” km? Conversely, da Silva et al.>' found no habitat suit-

ability in Europe. Several factors, including the number of occur-
rence records and the calibrated area, can influence the model
output. In the present study, we used 237 occurrences, whereas
da Silva et al®' used 64 occurrences of the MSW. Additionally,
Amaro et al.%® demonstrated that the extent of the study area
used for training the data can influence the model output. In
the present study, the calibration was based on the Képpen-
Geiger zones occupied by the species which is different from that
of da Silva et al®' Lastly, the present study used the MaxNet pack-
age in Rto fit the MaxEnt model, whereas da Silva et al.! used the
MaxEnt Java software for their predictions, which could have
influenced the prediction outcomes.

The current study's predictions covered mango-producing
countries in parts of Southern Asia, Southeast Asia, East and West
Africa, the tropical and subtropical Americas, the Caribbean, and
the province of Malaga, Spain.®’®? In Spain, the EFSA Panel on
Plant Health (PLH) report from 2018 showed that MSW had been
eradicated. However, the predictions showed large areas had
habitat suitability and if the pest were to invade and establish
itself, it could significantly impact the Spanish economy. There-
fore, our study proposes urgent measures to prevent the invasion
of the pest in areas where it is currently absent but predicted to
have habitat suitability. This study also suggests the need for reg-
ular monitoring and surveillance in these regions.

Our predictions show a reduction in marginal and highly
climate-suitable areas from the 2060s to the 2080s, accompanied
by an increase in moderate and optimal climate-suitable areas
during the same period. Likewise, in the projected future scenario
(SSP585), there is a decline in high and marginal suitable climate
areas from the 2060s to the 2080s, coupled with an ascent in opti-
mal and moderate areas during the same timeframe. Considering
the current and future predictions, it can be concluded that MSW
has the potential to threaten mango production until the 2080s.

wileyonlinelibrary.com/journal/ps

© 2024 The Author(s).

Pest Manag Sci 2024

Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

85UB01 T SUOLILIOD BA11e81D) 8|qeot(dde 8y} Aq pausenob e e YO 8sN Jo SajnJ 10} ARIq1T 8UIUO AS|IA UO (SUOTHIPUOD-PUE-SWBY/W0Y™A8 | IM ARe.d]1jBulUo//:Sdny) SUORIPUOD PUe SWie | 8U1 89S *[Z0Z/0T/60] Uo A%iqiTauliuo A8IM ‘ S3d VO - 0%ewy 861089 Aq 9v8'sd/z00T 0T/10p/woo" A Im Areiqijeuluo s euINo (10s//:sdny wouy pepeojumod ‘0 ‘866v92ST


http://wileyonlinelibrary.com/journal/ps

Potential global geographical distribution of Sternochetus mangiferae

@)
SClL

where science
meets business

WWW.50Ci.org

150°W 120°W 90°E 120°E 150°E
60°N
30°N '
00 By o -
% it
150000 R - Sy
100000 2\ 3
50000 N R
[ . ~
— 02 04 06 08 .
M High (5.826.205 km*) BN J\j
Optimal (10,022,750 km?) “; 3

Moderate (15,566,526 km?)
Marginal (25,353,136 km?)
Unsuitable (80,012,128 km?)

0 1000 2000 3000 4000 5000 km

150°W  120°W 90°W 60°W

Figure 5. (a) Current global potential habitat suitability of Sternochetus mang.

The most common means of MSW long-distance dispersal are
fruits and seeds, which can transport several stages of develop-
ment, including larvae, pupae, and adults,®® which can facilitate
its dispersal through international trade and movement of host
plant materials.>*%> As such, careful inspection of fruits for the
pest at entry points of countries predicted to be suitable but with-
out the pest could minimize potential invasion. Research on the
frequency of outbreaks, irradiation of fruits,°® quarantine
treatment,'* sanitation,’> biological control,** hot and cold
treatment,’® host plant resistance,®” and chemical-based control
methods®® can help sustainable management of the pest. More-
over, our study suggests that scientists and plant protection and
regulatory services can use our MSW habitat suitability maps to
choose which mango cultivars to plant carefully in specific areas.

The classification of the native and invaded areas suggests that
those in the invaded areas have adapted to varying climates. Such
invasive potential is worrying as MSW has been found in mango
fruits and seeds traded internationally.***> Moreover, with the rise
in international trade, urgent attention is required for global phy-
tosanitary regulation and the development of strategic measures

30°W 0°

30°E 60°E 90°E 120°E 150°E

iferae based on (a) the probability of occurrence and (b) MaxEnt classes.

using our predictive models to minimize the spread of MSW. With
the help of our distribution maps, researchers can better under-
stand the patterns of the MSW dispersion and pinpoint parts of
countries where the MSW can be established. Officials can use
our modeling outcomes to prioritize checking agricultural prod-
ucts entering or passing through areas with a higher risk of inva-
sion, making it an essential tool for decision-making. Moreover,
this study adds to the existing body of knowledge by showing
that the potential introduction of MSW will most likely occur in
regions outside the presently known distribution areas.

The current study predicts the regions with habitat suitability for
MSW invasion worldwide. The probability of its establishment was
evaluated, and the outcomes were interpreted without account-
ing for certain constraints associated with the pest which should
be considered in future studies. Our study employed bioclimatic
climate variables, which are not the only factors influencing spe-
cies distribution; our model does not consider biotic factors such
as competition in the invaded areas, behavior and adaptation,
and propagule pressure. The adult MSW has a weak dispersal
capability; it can only fly short distances and usually stays near
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the host mango tree.®® Hence, anthropogenic activities are the
primary vectors for the long-distance spread of weevils,>'7%7
but were not considered. Moreover, MSW winter hiding places
include the mango tree's loose bark, the forks in the branches,
the leaf litter below the tree, and even the seeds of the mango
tree.”® Farm-level management practices like sanitation should
have been considered in the present modeling. Furthermore, abi-
otic factors and government interventions for eradicating the
pest, as in the case of Spain,>® were not considered. Farm-level
management strategies, early detection and surveillance policies,
and rapid response programs after invasion can all influence the
successful invasion and establishment of an invasive species like
MSW. Future studies should include some of these factors in the
development of MSW models. We did not consider natural and
future factors that can influence the dispersal of the MSW as many
invasive species are spread through human-induced activities
such as the movement of host plant materials. Future studies that
incorporate the natural dispersal of the pest can provide more
insights into its habitat suitability. We also encourage further
research on this invasive pest and its socioeconomic effects.

Nonetheless, the resultant maps are considered reliable based
on the acceptable range of the metrics and thresholds used for
modeling the MSW. The predictions provide the theoretical basis
of areas that can be used for setting traps thereby maximizing
trap catches and reducing economic losses associated with mon-
itoring and surveillance of the MSW.
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