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Simple Summary: Ceratitis capitata is a globally destructive pest distributed mainly in the Mediter-
ranean, African, and South American regions that causes significant economic losses. In this study, we
adjusted the biological parameters of C. capitata and used the CLIMEX model to predict its potential
geographical distribution under current and future conditions. Under the current climatic conditions,
southern Asia, southern Oceania, southern North America, southern and central South America, and
mainly southern and central Africa are highly favorable habitats. Owing to changes in temperature
under future climatic conditions, the area of geographical distribution is projected to decrease and
shift to higher latitudes.

Abstract: The Mediterranean fruit fly, Ceratitis capitata (Wiedemann), which is native to tropical Africa,
has invaded more than 100 countries and constitutes a risk to the citrus sector. Studying its potential
geographical distribution (PGD) in the context of global climate change is important for prevention
and control efforts worldwide. Therefore, we used the CLIMEX model to project and assess the risk
of global invasion by C. capitata under current (1981-2010) and future (2040-2059) climates. In the
prevailing climatic conditions, the area of PGD for C. capitata was approximately 664.8 x 10° km?
and was concentrated in South America, southern Africa, southern North America, eastern Asia,
and southern Europe. Under future climate conditions, the area of PGD for C. capitata is projected
to decrease to approximately 544.1 x 10° km? and shift to higher latitudes. Cold stress was shown
to affect distribution at high latitudes, and heat stress was the main factor affecting distribution
under current and future climates. According to the predicted results, countries with highly suitable
habitats for C. capitata that have not yet been invaded, such as China, Myanmar, and Vietnam, must
strengthen quarantine measures to prevent the introduction of this pest.

Keywords: Ceratitis capitata; CLIMEX; potential geographical distribution; climate change

1. Introduction

Fruit flies of the family Tephritidae comprise approximately 4300 recognized species
distributed across approximately 500 genera globally [1]. They are widely distributed agri-
cultural pests that infest diverse fruits and vegetables, causing serious economic losses [2-5].
The Mediterranean fruit fly (MFF), Ceratitis capitata (Wiedemann) (Diptera: Tephritidae),
is the most widely distributed and serious pest species in this family. The MFF is native
to tropical Africa [6] and was discovered in Spain at the beginning of the 19th century [7],
followed by various other regions of the world [8]. It is currently distributed throughout
the Mediterranean, much of Africa, and the Middle East, including the Indian Ocean
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islands, South and Central America, western Australia, and the Pacific between 1989 and
2014 [9]. The spread of the MFF is primarily attributed to increased human mobility and
international commerce [10]. The European and Mediterranean Plant Protection Organiza-
tion listed it as an A2 pest, and the United States, New Zealand, Belarus, Moldova, and
Mexico listed this species as a quarantine pest [11]. This species exhibits a high degree of
polyphagy, with a diet comprising more than 300 host plants. It demonstrates adaptability
to diverse climates, as evidenced by its ability to thrive in various environments [12]. The
MFF can also transmit fruit-rotting fungi, causing fruit to rot and fall off trees [13]. The
MFF larvae leave a large hole in the fruit, which serves as a potential gateway for fungi
and bacteria. Moreover, by the time the larvae leave the fruit, the fruit has suffered from
infestation. The gateway is made by the female when she lays the eggs [14]. In Brazil,
this pest is estimated to have caused 20-50% of total production losses, while its invasion
in California has resulted in an estimated USD 3.6 billion in production losses [9]. The
enormous economic losses caused by this pest have raised concerns worldwide.

Global warming-induced climate change accelerates insect growth rates, thereby
accelerating changes in insect population dynamics as well as altering patterns of popu-
lation distribution and shifting the range of insects to higher latitudes, including polar
regions [15-18]. A report from the Intergovernmental Panel on Climate Change indicated
that under multiple greenhouse gas emission scenarios, the global average temperature
is projected to increase by 2—4 °C by the end of the 21st century. Notably, MFF is a
holometabolous insect with four distinct life stages, and its growth and development are
closely related to environmental temperatures [17]. For example, an increase in temperature
can expand their overwintering area and increase their survival rate [16]. Additionally,
under elevated temperatures, larvae may undergo pupation at an accelerated rate, but
lower survival of the MFF in the immature stage has been observed at 35 °C [19]. Therefore,
it is essential to ascertain the potential geographical distribution (PGD) of the MFF under
the conditions of anticipated climate change to effectively monitor and control this pest on
a global scale.

Species distribution models (SDMs) are predictive instruments illustrating the impact
of environmental changes on species distribution [14]. The CLIMEX model has been
widely used to predict the abundance and PGD of organisms according to biological
parameters and climate data [20-22]. The main advantages of the CLIMEX model are that
it can be theoretically calibrated based on geographical distribution data and biological
properties [17]. Moreover, biological data can be continually revised and incorporated
into the CLIMEX model, thereby enhancing accuracy. Many studies have used CLIMEX
to predict the PGD of tephritid flies. However, these studies focused on the potential
distribution of the MFF in the current climate and did not predict its global distribution
under future climatic conditions [18-21].

Thus, in this study, we used the CLIMEX 4.0.0 model based on relevant biological
parameters and climate data with the aim of analyzing the following: (1) the PGD of MFF
under current and future climates; (2) the impact of climate change on the PGD; (3) the
spatial variation in PGD; and (4) the impact of individual climate factors on the PGD under
current and future climatic conditions. This information can serve as a valuable reference
for decision makers regarding the integrated management of the MFF.

2. Materials and Methods
2.1. CLIMEX Model

CLIMEX is a bioclimatic model that predicts the PGD of a species based on its biological
parameters and climate data [18]. In this study, we used the ‘Compare Location” function
of CLIMEX 4.0.0 (Hearne Science Software, South Yarra, Australia) for predicting PGD. The
model evaluates the climatic appropriateness of a species for a given location by calculating
the ecoclimatic index (EI). Theoretically, the EI ranges from 0 (indicating unsuitability) to
100 (indicating year-round suitability). Scores of 100 are typically attained only in regions
characterized by high climatic stability, such as certain equatorial zones. The EI value was
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determined based on calculations involving the annual growth index (GIA), stress index
(SI), and stress interaction index. For more detailed information on the computational
formulas, refer to Kriticos et al. [19].

2.2. Species Occurrence Records

The global distribution of the MFF was recorded from the Centre for Agriculture and
Biosciences International database (131 records), Global Biodiversity Information Facility
(6295 records), and Barcode of Life Data System (51 records) [11,20,21]. The biological
credibility of the data was validated, and duplicates as well as records lacking geographic
coordinates were eliminated from the database. Finally, 1845 records were retained and
used for parameter fitting. These records are geographically representative of the current
global distribution of the MFF (Figure 1).

100°W 80°W 60°W 40°W 20°W 0° 20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°

* ¢ @ Current occurrence records
@ Eradicated records

Figure 1. Global distribution of Ceratitis capitata. Red dots indicate that C. capitata was previously
recorded at the site but has now been eradicated, and green dots indicate that C. capitata is currently
recorded at the site.

2.3. Climate Data

The current climate data were obtained from the CM30_1995H dataset in CliMond
(these climate data are provided by the European Centre for Medium-Range Weather
Forecasts and are from 67,420 distributed meteorological stations worldwide) [22], which
include environmental variables such as monthly average rainfall and temperature, daily
temperature difference, and vapor pressure from 1981 to 2010. Based on these variables, the
average daily maximum and minimum temperatures and the average monthly relative hu-
midity from 09:00 to 15:00 were calculated for 1981-2010. Access 1.0, a global climate model
developed by the Australian Bureau of Meteorology, was used to simulate the potential
distribution of the MFF under future climate conditions for the period from 2040 to 2059.
In the future climate scenario, by the mid-century, temperatures are projected to increase
by 2 °C. The warmer atmosphere can hold more water vapor, leading to a corresponding
increase in humidity. Consequently, in this scenario, there is an anticipated increase in
extreme rainfall events, such as those classified as “once-in-ten-years” precipitation events,
with the likelihood of such events rising to 71.5% [23]. The choice of climate period is
based on the climate data available on the CliMond climate website (dedicated to CLIMEX
current and future climate data) and defaults to current climate (1981-2010) and future
climate (2040-2059).
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2.4. Irrigation Data

The MFF is a tropical species capable of surviving in temperate climates. In particular,
there have been MFF outbreaks in California in the United States. Under natural rainfall
conditions, California summers are too dry to support sufficient host development, leading
to a decline in MFF populations. Thus, the MFF is likely to persist only in areas with
irrigated crops or adequate soil moisture [24]. In order to maximize the fit of our predictions
to the actual distribution of the MFF, the scenario of 1.5 mm day’1 of summer irrigation [25]
from CLIMEX was applied.

2.5. Fitting CLIMEX Parameters

Previous studies have predicted the PGD of the MFF by using the CLIMEX model [24,26],
which lists MFF parameters as an example [27]. However, these predictions did not encompass
all documented distributions of MFFE, most likely because records of the known occurrence of
this species have been recently updated. Therefore, the parameter values required adjustment
based on the new occurrence data. In this study, we first used the parameters of Vera et al. [24]
and Szyniszewska et al. [9] as the initial values of the iterative tuning parameter and carried
out a preliminary fit. We found that some high latitudes in parts of Africa are non-viable
areas, but regardless of this, they have an established population distribution. Thereafter,
the temperature index and degree days per generation parameter values were determined
from the literature related to the MFF, followed by a determination of most of the parameter
values of cold, heat, dry, and wet stress according to the CLIMEX Mediterranean template.
Considering the host plants of MFF, the irrigation index was added for further tuning of the
parameter. Table 1 lists the adjusted final parameter values.

Table 1. Comparison of model parameter values of CLIMEX for Ceratitis capitata by location.

Szyniszewska et al. Vera et al. (2002) [24]
Parameter (2020) [26] Parameter Parameter Final Parameter Values
Values Values
Lower threshold of soil moisture (SMO0) 0.10 0.10 0.10
Lower limit of optimum soil moisture (SM1) 0.30 0.30 0.30
Upper limit of optimum soil moisture (SM2) 1.00 1.00 1.00
Upper threshold of soil moisture (SM3) 1.50 1.50 1.50
Lower threshold temperature (DVO0) 10.0 °C 12.0°C 10.0 °C
Lower optimum temperature (DV1) 21.0°C 22.0°C 21.0°C
Upper optimum temperature (DV2) 26.5°C 30.0 °C 26.0 °C
Upper threshold temperature (DV3) 35.0°C 35.0°C 35.0°C
Cold stress temperature threshold (TTCS) 10.0 °C 12.0°C 10.0 °C
Cold stress accumulation rate (THCS) 0/week 0/week
Heat stress temperature threshold (TTHS) 39.0°C 39.0°C 35.0°C
Heat stress accumulation rate (THHS) 0.01/week 0.01/week 0.01/week
Dry stress soil moisture threshold (SMDS) 0.02 0.02 0.02
Dry stress accumulation rate (HDS) —0.05/week - —0.05/week
Wet stress soil moisture threshold (SMWS) 1.6 1.6 1.5
Wet stress accumulation rate (HWS) 0.0015/week 0.0015/week 0.0015/week
Degree days taken to complete one 662 °C-d 622 °C-d 616 °C-d

generation (PDD)
Irrigation scenario

1.5 mm day~! in summer

2.5.1. Growth Index

The CLIMEX model uses the GIA to assess the suitability of a location for population
growth, which ranges from 0 to 100. This index typically combines the responses to
temperature, soil moisture, associated day length, and species diapause [27].
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2.5.2. Temperature Index

The temperature index comprises four temperature parameters: the lower-limit tem-
perature threshold (DVO0), lower-limit optimal temperature (DV1), upper-limit optimal
temperature (DV2), and upper-limit temperature threshold (DV3). These parameters are
typically derived from experimental results and are applied to interpret the setting and
distribution data. Duyck and Quilici [28] found that the minimum temperature required for
the development of MFF larvae was 10.2 °C by rearing multiple generations of MFF at dif-
ferent temperature gradients indoors. Additionally, the most favorable temperature range
for MFF development was found to be 20.6-26.1 °C when rearing MFF indoors [29,30].
Elnagar et al. [31] found that the survival rate of MFF decreased significantly when the
indoor rearing temperature was higher than 35 °C. Therefore, DV0, DV1, and DV2 were set
to 10 °C, 21 °C, and 26 °C, respectively, while DV3 was set to 35 °C.

2.5.3. Moisture Index

The moisture index comprises the lower limit of upper soil moisture (SM0), lower
optimum soil moisture (SM1), upper optimum soil moisture (SM2), and the lower limit of
the upper soil moisture (SM3). The MFF primarily inhabits regions around the Mediter-
ranean Sea, known for hot and dry summers and mild, rainy winters. CLIMEX adopts a
Mediterranean template, setting SM1 at 0.3, SM2 at 1, and SM3 at 1.5 as references for soil
moisture parameters.

2.5.4. Cold Stress

Cold stress (CS) represents the minimum daily cumulative temperature essential for
species survival, determined by the temperature threshold for cold stress (TTCS) and the
temperature rate of cold stress (THCS). According to Abd-Elgawad [14], the MFF is unable
to continue its development in the non-adult stage at temperatures of 10 °C or below.
Therefore, the TTCS was adjusted to 10 °C and the THCS to —0.0007 week ! to account for
the coldest regions currently occupied by the MFF, such as France and Hungary.

2.5.5. Heat Stress

The thermal stress temperature threshold (TTHS) and thermal stress temperature rate
(THHS) determine heat stress (HS). As HS cannot accumulate within the appropriate temper-
ature range for MFF population development and growth, TTHS must be equal to or greater
than DV3 [32]. Thus, TTHS and THCS were set to 35 °C and 0.01 week !, respectively.

2.5.6. Dry Stress

The dry stress threshold (SMDS) and dry stress rate (HDS) delineate dry stress (DS).
Due to limited information on the soil moisture requirements of the MFF, parameters were
established based on their known distribution. Consequently, the moisture index was
derived from that proposed by Kriticos et al. [27], the SMDS was configured at 0.02, and
the HDS was established at —0.05 week !

2.5.7. Wet Stress

Wet stress (WS) is characterized by the wet stress threshold (SMWS) and wet stress
rate (HWS), regulating species distribution in conditions of excessive soil moisture. SMWS
was defined as 1.5 based on SM3. Given the survival of the MFF in humid regions per
distribution records, a low HWS of 0.0015 week ~! was set in conjunction with Mediter-
ranean climate template parameters to align the model’s potential distribution with the
documented geographical distribution.

2.5.8. Degree Days per Generation

Degree days per generation (PDD) represents the cumulative effective temperature
(degree days) above DVO0, a critical threshold for completing a generation. According
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to Abd-Elgawad [14], the effective accumulated temperature of the MFF for a complete
generation is 616 degree days; therefore, this we established it at 616 degree days.

2.6. Classification of EI Values

The potential distribution of the species was categorized into four groups: unfavorable,
slightly favorable, favorable, and highly favorable. To enhance the clarity of the suitability
of MFF across different global regions, we adjusted the thresholds for the two suitability
categories based on known occurrence records and occurrence density in Europe. The
Mediterranean region and southern Africa exhibited relatively high distributions, serving
as suitable areas for this pest. We fine-tuned the thresholds until they aligned with the
ranges of suitable and highly favorable areas. Critical values for other regions were adjusted
according to their occurrence density. The resulting categories were defined as follows:
unfavorable (EI = 0), marginally favorable (0 < EI < 10), favorable (10 < EI < 20), and highly
favorable (20 < EI < 100).

2.7. Mapping the Potential Geographical Distribution and Spatial Variation in PGD

The distribution of suitable zones and four meteorological limiting factors was achieved
by applying the inverse distance-weighted interpolation (IDW) method of the spatial anal-
ysis module of ArcGIS 10.7 software to interpolate the EI, CS, DS, HS, and WS values of
each predicted meteorological data point.

The CLIMEX predictions were imported into ArcGIS and converted to raster files. The
ArcGIS reclassification tool was used to classify the suitability into four levels: “unsuitable”,
“low”, “favorable” and “highly favorable”. The “Calculate Geometry” tool in the ArcGIS
attribute table was used to calculate the area of suitable habitat in the projected coordinate
system under different climate scenarios.

Spatial variations in PGD were assessed using ArcGIS 10.7, and the results were
categorized as either stable or gaining or shrinking in PGD.

The arrangement of geographic entities and alterations in the positions of displacement
of geographical objects over time can be characterized by their centroids [33]. In this study,
the consistency in the shifting of potential habitat areas for the MFF was assessed based on
alterations in the duration of potential habitat availability. Initially, the habitat raster map
was converted into a vector map using ArcGIS 10.7. Subsequently, the centroid of the PGD
was determined using the Statistical Analysis Zonal tool of ArcGIS 10.7.

3. Results
3.1. PGD of the MFF under Current Climate Conditions

The PGD of the MFF under current climate conditions is illustrated in Figure 2A. The
PGD area was approximately 664.8 x 10° km? and was mainly concentrated in Africa, North
America, and South America. The highly favorable, favorable, and marginally favorable
habitats for the MFF measured 188.6 x 10° km?, 178.7 x 10° km?, and 297.5 x 10° km?,
respectively; they accounted for 28.37%, 26.88%, and 44.75% of the total suitable habitat area,
respectively (Figure 3). The highly favorable, favorable, and marginally favorable habitats
are located in Africa (63.5 x 10°, 58.3 x 10°, and 44.1 x 10° km?), including Morocco,
Ethiopia, South Africa, Zimbabwe, Mozambique, Madagascar, and Congo; these areas are
followed by southern North America (46.7 x 10°,47.3 x 10°, and 38.2 x 10° km?), including
the United States, Mexico, Cuba, Guatemala, and Honduras. Additional habitats were in
Asia (20 x 10°, 35.5 x 10° and 123.8 x 10° km?), South America (46.7 x 10°, 47.3 x 10°,
and 56.6 x 10° km?), Europe (11.4x 10°, 6 x 10° and 14.5 x 10° km?), and Italy, Spain,
Portugal, France, Austria, Hungary, and Slovakia, as well as in Oceania (22 x 10°,8.1 x 105,
and 20.3 x 10° kmz). Also included were Australia, New Zealand, and Asia (20 x 10°,
35.3 x 10° and 123.8 x 10° km?), including China, Vietnam, and Laos (Table 2).
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Figure 2. Potential geographical distribution of Ceratitis capitata under various climate scenarios.

(A) Potential geographical distribution under current climate conditions; (B) anticipated distribution

under future climate conditions (2050s).
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Figure 3. Proportion of different ecoclimatic index (EI) values for Ceratitis capitata across various

ranges in the habitable zone under both current and future climate conditions.
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Table 2. Potential geographical distribution area and percentage of total risk area for Ceratitis capitata
under current and future climate scenarios.

Current Climate Future Climate

Continent

Highly

Marginally Highly Marginally

Favorable Favorable

Favorable Favorable Favorable Favorable

Area

(105 km?)

Area Area Area Area Area
512 5 km?
(10° km?) (10° km?2) (10° km?) (10 km) (10% km?)

Africa
Asia
North America
South America
Europe
Oceania

63.5
20
25

46.7

11.4
22

58.3 441 24.1 23.1 66.7
35.3 123.8 15.2 253 123.6
23.7 38.2 7.2 17.2 60.4
47.3 56.6 31.3 22.3 41.7
6 14.5 13.6 8.4 33.5
8.1 20.3 15.9 53 9.3

180° 160°W 140°W 120°W

30°S 10°S 10°N 30°N 50°N 70°N

50°S

3.2. PGD of the MFF under the Future Climate Scenario

The PGD of the MFF projected in future climate scenarios for 2040-2059 is shown in
Figure 2B. The total area of the PGD is projected to be approximately 544.1 x 10° km?2. The
potential distribution areas were located in Africa, Asia, North America, South America,
Europe, and Oceania (Table 2). The areas of highly favorable, favorable, and marginally
favorable habitats for the MFF were 335.2 x 10° km?, 101.6 x 10° km?, and 107.3 x 10° km?
and accounted for 19.72%, 18.67%, and 61.61% of the total suitable habitat area, respectively
(Figure 3). Under future climate conditions, the total suitable area for MFF will shrink on all
continents except Europe. Compared with other continents, the total area of MFF suitable
areas has shrunk the most in South America, being 55.3 x 10° km? (Table 2).

3.3. Spatial Variation in PGD under Future Climate Conditions

The assessment of changes in the PGD offers a more intuitive representation of how
climate change affects the potential habitats of species. This study characterizes the spatial
variations in the PGD of the MFF under future climate conditions, categorizing them as
stable, gaining, or shrinking (Figure 4).

100°W 80°W 60°W 40°W 20°W 0° 20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°

- \- Loss~
<. || Gain v
. [ stable

Figure 4. Changes in the potential geographical distribution of Ceratitis capitata under future climate
conditions.

The expansion of the PGD under future climatic conditions is mainly projected to
occur in North America (northern United States), South America (Argentina), Europe
(Germany, Austria, the Czech Republic, Poland, Ukraine, and Russia), and Asia (China,
Kazakhstan, and Japan).
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Spatial variation classified as shrinking indicates that this habitat will cease to be
suitable for C. capitata under future climatic conditions. We projected that the habitat
of C. capitata would be reduced by 120.7 x 10° km? under future climate scenarios, and
the shrinking zone is mainly in South America (Brazil), North America (Mexico and the
United States), Africa (Botswana, Namibia, Zambia, Guinea, Sierra Leone, Liberia, central
Africa, and Somalia), Asia (Turkmenistan, Uzbekistan, Iran, Thailand, and Cambodia), and
Oceania (Australia).

The centroids of the PGD of the MFF in each continent in current and future climate
scenarios are shown in Figure 5. Under current climatic conditions, the centroids of PGD
for the MFF in North America, Europe, Asia, South America, Africa, and Oceania are
located in the United States (97.35° W, 30.98° N), Italy (10.95° E, 42.84° N), India (87.37° E,
25.77° N), Brazil (59.62° W, 13.61° S), Congo (23.04° E, 3.07° S), and Australia (136.96° E,
28.46° S), respectively. In 2059, in the future climate scenario, the centroids of the MFF
habitats in North America, Europe, Asia, South America, Africa, and Oceania are projected
to shift by 418 km, 672 km, 504 km, 686 km, 405 km, and 343 km, respectively, to the United
States (98.53° W, 34.82° N), Croatia (18.27° E, 45.35° N), China (90.81° E, 29.27° N), Bolivia
(61.13° W, 19.47° S), Congo (25.62° E, 6.08° S), and Australia (139.05° E, 31.02° S). Overall,
the centroids of the PGD for the MFF on each continent will shift to higher latitudes in
future climate scenarios.

@ Centroid point (current climate)
@ Centroid point (future climate)

¢ Centroid points on all continents // 8)/ o C S
A ,

0 3000

Figure 5. Alterations in the centroids of potential geographical distribution of Ceratitis capitata under
future climate conditions.
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3.4. Driving Variables

As shown in Figure 6, heat stress is the main factor affecting the majority of C. capitata
habitats under current and future climatic conditions. Heat stress affects the distribution
in southern and central North America, central Africa, southeastern Asia, central Brazil,
and much of Australia, whereas cold stress mainly affects MFF distribution at high lati-
tudes, such as in northern and central North America, Europe, and northern and central
Asia. Meanwhile, dry stress mainly affects its distribution in central and southern Africa,
southeastern Asia, and northern Oceania, whereas wet stress mainly affects its distribution
in northern and central South America, southern and central Africa, and southern Asia.

- M ws>o0

Figure 6. Distribution of four meteorological limiting factors for Ceratitis capitata. Red areas in
(A1,A2), (B1,B2), (C1,C2), and (D1,C2) indicate zones unsuitable for C. capitata due to cold stress
(CS), dry stress (DS), heat stress (HS), and wet stress (WS) indices, respectively. The numbers 1 and 2
correspond to current and future climate scenarios, respectively.

4. Discussion

The MFF is recognized as one of the most formidable fruit fly species [30]. The fruit
trade and its innate ability to utilize multiple hosts and adapt to various climates, as well
as its high reproductive potential, are the main reasons for its global spread [10,12]. Global
warming is an important factor contributing to its spread at high latitudes [34,35]. This
study investigated the influence of climate change on the PGD of this invasive species
using the CLIMEX model.

Advances in climate modelling techniques depicting a variety of climate scenarios and
combining experimental data within modelling have improved the accuracy of predicting
changes in the PGD of invasive species [36-38]. Over the past few decades, studies have
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been conducted to simulate the PGD of the MFF using the CLIMEX and MaxEnt mod-
els [24,39]. MaxEnt modeling revealed a concentration of suitable habitats for the MFF
in southern South America, with North America, particularly the eastern region, being
largely unsuitable [39]; this contradicts the results predicted by the CLIMEX model in this
study. Differences in the prediction outcomes are mainly due to differences in modeling.
The MaxEnt model focuses on determining correlations between the existence of a species
and reference points of spatial environmental factors [40]. In contrast, the CLIMEX model
uses the biology of the species to set appropriate biological parameters in conjunction
with climatic data to predict the range of the fitness zone [41]. The MFF has exhibited
a continuing trend of spreading globally [35], which is likely to increase its distribution;
therefore, the CLIMEX model is more suitable for predicting its PGD. Our results generally
agree with those predicted by Vera et al. [24], who also used CLIMEX. However, they only
predicted the PGD of the MFF under current climatic conditions and not its PGD under
future climatic conditions. Additionally, we investigated the spatial variation in suitable
habitats and the center of potentially suitable habitats for the MFF, which provided better
visualization of the alteration of MFF suitability zones under climate change.

Changes in temperature can directly impact the survival and development rates
of insects [42], and their geographic distribution can be altered by these changes [43].
Our research suggests that in the future climate scenario, potentially suitable areas and
the centroid of potentially suitable habitats for the MFF will shift to higher latitudes.
Warming temperatures influence the climate of colder northern regions, making them
milder and rendering many currently unsuitable areas suitable for future invasions by
the MFF. However, the total PGD area of the MFF is anticipated to decrease. Under
future climate conditions, temperatures are expected to rise by 2 °C [44], and a warmer
atmosphere can hold more water vapor, leading to a corresponding increase in humidity.
Global warming and increased humidity are the main reasons for the reduction of MFF in
suitable habitats in the Brazilian region (Figure 6). As the MFF cannot survive temperatures
above 35 °C, the extreme heat conditions may result in the death of adults and affect
the reproductive capacity of the MFF, decrease the quantity and quality of eggs, and
consequently, substantially reduce the PGD within these regions [14]. We also modeled
the effects of the CS, DS, HS, and WS indices on the PGD of the MFF under current and
future climatic conditions using CLIMEX. Among these, the HS index and WS index are
important factors leading to a decrease in the PGD of MFF under future climate conditions
(Figure 6). One limitation of the current study is that the CLIMEX model only considers
climatic factors [45]. However, aside from climate, additional factors can influence the
spread of pests, such as human activities, topographic changes, host plants, and natural
enemies [46]. In addition, the metabolic rate of a species may be altered by climate change;
therefore, the spatial and temporal variation in parameters is important for describing the
reaction of a species to climate change and enhancing the precision of projections [47].

Climate change induces diverse alterations in PGD across different regions. The re-
sults of the present study provide a foundation for quarantining the MFF. Regions with
habitats that are highly favorable for the MFF should implement strategies to prevent the
dissemination of this pest. For example, the southern coastal regions of China, especially
the Hainan and Fujian provinces, are not only highly favorable areas for the MFF but also
have several important ports of trade, such as the free-trade port of Hainan and the port of
Xiamen in Fujian. The spread of this species has been facilitated by increased global trade
activities [48], and cities or ports in these coastal countries should strengthen quarantine
measures to prevent the introduction of the MFFE. Prevention and control measures should
be adjusted according to projected spatial variations in this pest under future climatic
conditions. Preventive measures should be taken in the expanded areas of PGD, such as
Germany and Poland, to prevent its introduction. To combat the further spread of MFF
outbreaks globally, the following relevant measures can be taken: insecticide spraying [49],
use of protein baiting [50], implementation of biological control methods involving ento-
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mopathogens [51], introduction of predators [52] and parasitoids [53], and sterile insect
techniques [54].

5. Conclusions

The CLIMEX model is based on climatic and biological data and can provide accurate
predictions of pest distribution and life cycles. It considers various factors, such as tem-
perature, humidity, and precipitation, making it highly accurate in predicting ecological
distributions. In this study, we utilized CLIMEX version 4.0.0 to predict the PGD of the
MFF under current and future climate scenarios. These findings suggest that temperature
is the primary factor influencing the PGD of the MFF. Under current climatic conditions,
the PGD of the MFF is concentrated in eastern and southeastern Asia, southern Europe,
southern Africa, central North America, and most of South America. Although the PGD
area of the MFF is projected to decrease under future climatic conditions, the centroids
of potential distribution on each continent will shift toward higher latitudes, and some
European countries, such as Germany, Poland, Ukraine, and the Czech Republic, are at
risk of invasion. This study clarified the potential response of the MFF to climate change
by 2059 on a global scale. In brief, the impact of the MFF on agricultural development
in both its native and invaded regions is likely to be intensified by climate change. The
potential range of suitable habitats is projected to extend over a broad latitudinal spectrum.
These results may support regional monitoring efforts and decision making by quarantine
agencies and trade negotiators.

Author Contributions: Conceptualization, J.R., Y.Z., HZ., X.X. and W.L.; methodology, J.R.; software,
J.R.; validation, J.R., X.X., N.Y. and ].G.; formal analysis, J.R., H.Z. and X.X,; investigation, J.R., H.Z.
and X.X.; resources, J.R., Y.Z., H.Z. and N.Y,; data curation, J.R.; writing—original draft preparation,
J.R.; writing—review and editing, EW., H.Z. and X.X,; visualization, ].R.; supervision, J.R., Y.Z., X.X.
and H.Z; project administration, N.Y,, ].G., X.X. and W.L.; funding acquisition, N.Y. 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 (2023YFC2605200 and
2021YFC2600400), Tian-Shan Talent Program (2022TSYCCX0084), and the Cooperation and high-level
talent training projects with Canada, Australia, New Zealand, and Latin America (Liu-Jin-Mei 20221007).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

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

References

1.  White, LM. Taxonomy of the Dacina (Diptera: Tephritidae) of Africa and the Middle East, Afr. Entomol. 2006, 1-156.

2. Clarke, A.R.; Armstrong, K.E,; Carmichael, A.E.; Milne, J.R.; Raghu, S.; Roderick, G.K.; Yeates, D.K. Invasive Phytophagous Pests
Arising through a Recent Tropical Evolutionary Radiation: The Bactrocera dorsalis Complex of Fruit Flies. Annu. Rev. Entomol.
2005, 50, 293. [CrossRef]

3. Rwomushana, I; Ekesi, S.; Gordon, I.; Ogol, C. K.P.O. Host Plants and Host Plant Preference Studies for Bactrocera invadens
(Diptera: Tephritidae) in Kenya, a New Invasive Fruit Fly Species in Africa. Ann. Entomol. Soc. Am. 2008, 101, 331-340. [CrossRef]

4. Yee, W.L.; Goughnour, R.B. Host Plant Use by and New Host Records of Apple Maggot, Western Cherry Fruit Fly, and Other
Rhagoletis Species (Diptera: Tephritidae) in Western Washington State. Pan-Pac. Entomol. 2008, 84, 179-193. [CrossRef]

5. Schutze, M.K.; Mahmood, K.; Pavasovic, A.N.; Bo, W.; Newman, J.; Clarke, A.R.; Krosch, M.N.; Cameron, S.L. One and the
Same: Integrative Taxonomic Evidence that Bactrocera invadens (Diptera: Tephritidae) is the Same Species as the Oriental Fruit Fly
Bactrocera dorsalis. Syst. Entomol. 2015, 40, 472-486. [CrossRef]

6. Karsten, M.; Hansen van Vuuren, B.; Addison, P; Terblanche, J.S. Deconstructing Intercontinental Invasion Pathway Hypotheses
of the Mediterranean Fruit Fly (Ceratitis Capitata) Using a Bayesian Inference Approach: Are Port Interceptions and Quarantine
Protocols Successfully Preventing New Invasions? Divers. Distrib. 2015, 21, 813-825. [CrossRef]

7. Quayle, H]. Citrus Fruit Insects in Mediterranean Countries; No. 134; U.S. Department of Agriculture: Washington, DC, USA, 1914.

8. Gasperi, G.; Bonizzoni, M.; Gomulski, L.M.; Murelli, V.; Torti, C.; Malacrida, A.R.; Guglielmino, C.R. Genetic Differentiation,
Gene Flow and the Origin of Infestations of the Medfly, Ceratitis capitata. Genetica 2002, 116, 125-135. [CrossRef]


https://doi.org/10.1146/annurev.ento.50.071803.130428
https://doi.org/10.1603/0013-8746(2008)101[331:HPAHPP]2.0.CO;2
https://doi.org/10.3956/2007-49.1
https://doi.org/10.1111/syen.12114
https://doi.org/10.1111/ddi.12333
https://doi.org/10.1023/A:1020971911612

Biology 2024, 13,177 13 0f 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Szyniszewska, A.M.; Tatem, A.J. Global Assessment of Seasonal Potential Distribution of Mediterranean Fruit Fly, Ceratitis capitata
(Diptera: Tephritidae). PLoS ONE 2014, 9, e111582. [CrossRef]

Malacrida, A.R.; Gomulski, L.M.; Bonizzoni, M.; Bertin, S.; Gasperi, G.; Guglielmino, C.R. Globalization and Fruitfly Invasion and
Expansion: The Medfly Paradigm. Genetica 2007, 131, 1-9. [CrossRef]

EPPO Global Database. Available online: https://gd.eppo.int/taxon/CERTCA (accessed on 15 September 2023).
Papadopoulos, N.T.; Katsoyannos, B.I.; Kouloussis, N.A.; Hendrichs, J.; Carey, ].R.; Heath, R.R. Early Detection and Population
Monitoring of Ceratitis capitata (Diptera: Tephritidae) in a Mixed-Fruit Orchard in Northern Greece. J. Econ. Entomol. 2001, 94,
971-978. [CrossRef]

Cayol, J.P,; Causse, R. Mediterranean Fruit Fly Ceratitis capitata Wiedemann (Dipt., Trypetidae) back in Southern France. J. Appl.
Entomol. 1993, 116, 94-100. [CrossRef]

Abd-Elgawad, M.M.M. The Mediterranean Fruit Fly (Diptera: Tephritidae), a Key Pest of Citrus in Egypt. |. Integr. Pest. Manag.
2021, 12, 28. [CrossRef]

Elith, J.; Leathwick, ].R. Species Distribution Models: Ecological Explanation and Prediction Across Space and Time. Annu. Rev.
Ecol. Evol. Syst. 2009, 40, 677-697. [CrossRef]

Sutherst, RW.; Maywald, G.E,; Bourne, A.S. Including Species Interactions in Risk Assessments for Global Change. Glob. Chang.
Biol. 2007, 13, 1843-1859. [CrossRef]

Early, R.; Rwomushana, I.; Chipabika, G.; Day, R. Comparing, Evaluating and Combining Statistical Species Distribution Models
and CLIMEX to Forecast the Distributions of Emerging Crop Pests. Pest. Manag. Sci. 2022, 78, 671-683. [CrossRef]

Falla, C.M.; Avila, G.A.; McColl, S.T.; Minor, M.; Najar-Rodriguez, A.J. The Current and Future Potential Distribution of Gargaphia
decoris: A Biological Control Agent for Solanum mauritianum (Solanaceae). Biol. Control 2021, 160, 104637. [CrossRef]

Kriticos, D.J.; Kean, ].M.; Phillips, C.B.; Senay, S.D.; Acosta, H.; Haye, T. The Potential Global Distribution of the Brown
Marmorated Stink Bug, Halyomorpha halys, a Critical Threat to Plant Biosecurity. J. Pest. Sci. 2017, 90, 1033-1043. [CrossRef]
CABI Compendium. Available online: https:/ /www.cabidigitallibrary.org/doi/10.1079/cabicompendium.12367 (accessed on
15 September 2023).

BOLD Systems. Available online: https://v3.boldsystems.org/index.php/Taxbrowser_Taxonpage?taxid=25698 (accessed on
15 September 2023).

CliMond. Available online: https://www.climond.org/Core/Authenticated /Climex.aspx (accessed on 15 September 2023).
Liu, K.; Wang, Q.; Wang, M.; Koks, E.E. Global Transportation Infrastructure Exposure to the Change of Precipitation in a Warmer
World. Nat. Commun. 2023, 14, 1-9. [CrossRef] [PubMed]

Vera, M.T.; Rodriguez, R.; Segura, D.E; Cladera, ].L.; Sutherst, R.W. Potential Geographical Distribution of the Mediterranean Fruit
Fly, Ceratitis capitata (Diptera: Tephritidae), with Emphasis on Argentina and Australia. Environ. Entomol. 2002, 31, 1009-1022.
[CrossRef]

Guo, S.; Ge, X.; Zou, Y.; Zhou, Y.; Wang, T.; Zong, S. Projecting the Global Potential Distribution of Cydia pomonella (Lepidoptera:
Tortricidae) under Historical and RCP4.5 Climate Scenarios. J. Insect Sci. 2021, 21, 15. [CrossRef] [PubMed]

Szyniszewska, A.M.; Leppla, N.C.; Manoukis, N.C.; Collier, T.C.; Hastings, ].M.; Kriticos, D.J.; Bigsby, KM. CLIMEX and
MED-FOES Models for Predicting the Variability in Growth Potential and Persistence of Mediterranean Fruit Fly (Diptera:
Tephritidae) Populations. Ann. Entomol. Soc. Am. 2020, 113, 114-124. [CrossRef]

Kriticos, D.J.; Webber, B.L.; Leriche, A.; Ota, N.; Macadam, I.; Bathols, ].; Scott, ]. K. CliMond: Global High-Resolution Historical
and Future Scenario Climate Surfaces for Bioclimatic Modelling. Methods Ecol. Evol. 2012, 3, 53-64. [CrossRef]

Duyck, PF; Quilici, S. Survival and Development of Different Life Stages of Three Ceratitis spp. (Diptera: Tephritidae) Reared at
Five Constant Temperatures. Bull. Entomol. Res. 2002, 92, 461-469. [CrossRef]

Back, E.A.; Pemberton, C.E. Susceptibility of Citrous Fruits to the Attack of the Mediterranean Fruit Fly. ]. Agric. Res. 1915, 3,
311-330.

Thomas, M.C.; Heppner, ].B.; Woodruff, R.E.; Weems, H.V,, Jr.; Steck, G.J.; Fasulo, T.R. Mediterranean Fruit Fly, Ceratitis capitata
(Wiedemann) (Insecta: Diptera: Tephritidae): EENY-214/IN371, rev. 9/2001. EDIS 2004, 2004. [CrossRef]

Elnagar, S.; Smith, D.; Peterson, A.T. Mapping the Risk of West Nile Virus in North America. Int. |. Health Geogr. 2010, 9, 71.
Zou, Y.; Ge, X.; Guo, S.; Zhou, Y,; Wang, T.; Zong, S. Impacts of Climate Change and Host Plant Availability on the Global
Distribution of Brontispa longissima (Coleoptera: Chrysomelidae). Pest Manag. Sci. 2020, 76, 244-256. [CrossRef] [PubMed]
Zhang, Y.B; Liu, Y.L.; Qin, H.; Meng, Q.X. Prediction on Spatial Migration of Suitable Distribution of Elaeagnus mollis under
Climate Change Conditions in Shanxi Province, China. J. Appl. Ecol. 2019, 30, 496-502.

Liu, H.; Zhang, C.; Hou, B.H.; Ou-Yang, G.C.; Ma, ]. Interspecific Competition Between Ceratitis capitata and Two Bactrocera spp.
(Diptera: Tephritidae) Evaluated via Adult Behavioral Interference under Laboratory Conditions. J. Econ. Entomol. 2017, 110,
1145-1155. [CrossRef]

Ruiz-Arce, R.; Todd, T.N.; Deleon, R.; Barr, N.B.; Virgilio, M.; De Meyer, M.; McPheron, B.A. Worldwide Phylogeography of
Ceratitis capitata (Diptera: Tephritidae) Using Mitochondrial DNA. J. Econ. Entomol. 2020, 113, 1455-1470. [CrossRef]

Wei, J.; Zhao, Q.; Zhao, W.; Zhang, H. Predicting the Potential Distributions of the Invasive Cycad Scale Aulacaspis yasumatsui
(Hemiptera: Diaspididae) under Different Climate Change Scenarios and the Implications for Management. Peer] 2018, 6, e4832.
[CrossRef] [PubMed]


https://doi.org/10.1371/journal.pone.0111582
https://doi.org/10.1007/s10709-006-9117-2
https://gd.eppo.int/taxon/CERTCA
https://doi.org/10.1603/0022-0493-94.4.971
https://doi.org/10.1111/j.1439-0418.1993.tb01172.x
https://doi.org/10.1093/jipm/pmab025
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1111/j.1365-2486.2007.01396.x
https://doi.org/10.1002/ps.6677
https://doi.org/10.1016/j.biocontrol.2021.104637
https://doi.org/10.1007/s10340-017-0869-5
https://www.cabidigitallibrary.org/doi/10.1079/cabicompendium.12367
https://v3.boldsystems.org/index.php/Taxbrowser_Taxonpage?taxid=25698
https://www.climond.org/Core/Authenticated/Climex.aspx
https://doi.org/10.1038/s41467-023-38203-3
https://www.ncbi.nlm.nih.gov/pubmed/37137880
https://doi.org/10.1603/0046-225X-31.6.1009
https://doi.org/10.1093/jisesa/ieab024
https://www.ncbi.nlm.nih.gov/pubmed/33844017
https://doi.org/10.1093/aesa/saz065
https://doi.org/10.1111/j.2041-210X.2011.00134.x
https://doi.org/10.1079/BER2002188
https://doi.org/10.32473/edis-in371-2001
https://doi.org/10.1002/ps.5503
https://www.ncbi.nlm.nih.gov/pubmed/31148381
https://doi.org/10.1093/jee/tox083
https://doi.org/10.1093/jee/toaa024
https://doi.org/10.7717/peerj.4832
https://www.ncbi.nlm.nih.gov/pubmed/29844981

Biology 2024, 13,177 14 0f 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Kumar, S.; Yee, W.L.; Neven, L.G. Mapping Global Potential Risk of Establishment of Rhagoletis pomonella (Diptera: Tephritidae)
Using MaxEnt and CLIMEX Niche Models. J. Econ. Entomol. 2016, 109, 2043-2053. [CrossRef] [PubMed]

Rodriguez-Castafieda, G.; MacVean, C.; Cardona, C.; Hof, A.R. What Limits the Distribution of Liriomyza Huidobrensis and Its
Congener Liriomyza Sativae in Their Native Niche: When Temperature and Competition Affect Species’ Distribution Range in
Guatemala. J. Insect Sci. 2017, 17, 88. [CrossRef] [PubMed]

Li, B.; Ma, J.; Hu, X,; Liu, H.; Zhang, R. Potential Geographical Distributions of the Fruit Flies Ceratitis capitata, Ceratitis cosyra, and
Ceratitis rosa in China. J. Econ. Entomol. 2009, 102, 1781-1790. [CrossRef]

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

Kriticos, D.J.; Potter, K.J.B.; Alexander, N.S.; Gibb, A.R.; Suckling, D.M. Using a Pheromone Lure Survey to Establish the Native
and Potential Distribution of an Invasive Lepidopteran, Uraba lugens. ]. Appl. Ecol. 2007, 44, 853-863. [CrossRef]

van Lierop, P.; Lindquist, E.; Sathyapala, S.; Franceschini, G. Global Forest Area Disturbance from Fire, Insect Pests, Diseases and
Severe Weather Events. For. Ecol. Manag. 2015, 352, 78-88. [CrossRef]

Canelles, Q.; Aquilue, N.; James, PM.A.; Lawler, ].; Brotons, L. Global Review on Interactions between Insect Pests and Other
Forest Disturbances. Landsc. Ecol. 2021, 36, 945-972. [CrossRef]

da Silva Tavares, P.; Acosta, R.; Nobre, P.; Resende, N.C.; Chou, S.C.; de Arruda Lyra, A. Water Balance Components and Climate
Extremes over Brazil under 1.5 °C and 2.0 °C of Global Warming Scenarios. Reg. Environ. Chang. 2023, 23, 40. [CrossRef]
[PubMed]

Ding, W.; Li, H.; Wen, J. Climate Change Impacts on the Potential Distribution of Apocheima cinerarius (Erschoff) (Lepidoptera:
Geometridae). Insects 2022, 13, 59. [CrossRef] [PubMed]

Shabani, F.; Kumar, L.; Taylor, S. Climate Change Impacts on the Future Distribution of Date Palms: A Modeling Exercise Using
CLIMEX. PLoS ONE 2012, 7, e48021. [CrossRef] [PubMed]

Ge, X;; He, S.; Zhu, C.; Wang, T.; Xu, Z.; Zong, S. Projecting the Current and Future Potential Global Distribution of Hyphantria
cunea (Lepidoptera: Arctiidae) Using CLIMEX. Pest. Manag. Sci. 2019, 75, 160-169. [CrossRef] [PubMed]

Szyniszewska, A.M.; Leppla, N.C.; Huang, Z.; Tatem, A.]. Analysis of Seasonal Risk for Importation of the Mediterranean Fruit
Fly, Ceratitis capitata (Diptera: Tephritidae), via Air Passenger Traffic Arriving in Florida and California. J. Econ. Entomol. 2016,
109, 2317-2328. [CrossRef] [PubMed]

Wang, ].].; Wei, D.; Dou, W.; Hu, E,; Liu, W.E; Wang, ].]. Toxicities and Synergistic Effects of Several Insecticides Against the
Oriental Fruit Fly (Diptera: Tephritidae). J. Econ. Entomol. 2013, 106, 970-978. [CrossRef]

Vargas, R.I; Stark, ].D.; Kido, M.H.; Ketter, H.M.; Whitehand, L.C. Methyl Eugenol and Cue-Lure Traps for Suppression of Male
Oriental Fruit Flies and Melon Flies (Diptera: Tephritidae) in Hawaii: Effects of Lure Mixtures and Weathering. J. Econ. Entomol.
2000, 93, 81-87. [CrossRef]

Douglas, A.E. Symbiotic Microorganisms: Untapped Resources for Insect Pest Control. Trends Biotechnol. 2007, 25, 338-342.
[CrossRef]

Cao, L.; Zhou, A.; Chen, R.; Zeng, L.; Xu, Y. Predation of the Oriental Fruit Fly, Bactrocera dorsalis Puparia by the Red Imported
Fire Ant, Solenopsis invicta: Role of Host Olfactory Cues and Soil Depth. Biocontrol Sci. Technol. 2012, 22, 551-557. [CrossRef]
Bokonon-Ganta, A.H.; McQuate, G.T.; Messing, R.H.; Jang, E.B. Release and Establishment of the Parasitoid Diachasmimorpha
kraussii against the Tephritid Fruit Fly Bactrocera latifrons in Hawaii. . Insect Sci. 2013, 13, 302-311. [CrossRef]

Hendrichs, ].; Robinson, A.S.; Cayol, J.P,; Enkerlin, W. Medfly Areawide Sterile Insect Technique Programmes for Prevention,
Suppression or Eradication: The Importance of Mating Behavior Studies. Fla. Entomol. 2002, 85, 1-13. [CrossRef]

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/10.1093/jee/tow166
https://www.ncbi.nlm.nih.gov/pubmed/27452001
https://doi.org/10.1093/jisesa/iex059
https://www.ncbi.nlm.nih.gov/pubmed/28973492
https://doi.org/10.1603/029.102.0508
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.1365-2664.2007.01331.x
https://doi.org/10.1016/j.foreco.2015.06.010
https://doi.org/10.1007/s10980-021-01209-7
https://doi.org/10.1007/s10113-023-02042-1
https://www.ncbi.nlm.nih.gov/pubmed/36820201
https://doi.org/10.3390/insects13010059
https://www.ncbi.nlm.nih.gov/pubmed/35055902
https://doi.org/10.1371/journal.pone.0048021
https://www.ncbi.nlm.nih.gov/pubmed/23110162
https://doi.org/10.1002/ps.5083
https://www.ncbi.nlm.nih.gov/pubmed/29797397
https://doi.org/10.1093/jee/tow196
https://www.ncbi.nlm.nih.gov/pubmed/27594703
https://doi.org/10.1603/EC12434
https://doi.org/10.1603/0022-0493-93.1.81
https://doi.org/10.1016/j.tibtech.2007.06.003
https://doi.org/10.1080/09583157.2012.668515
https://doi.org/10.1673/031.013.0701
https://doi.org/10.1653/0015-4040(2002)085[0001:MASITP]2.0.CO;2

	Introduction 
	Materials and Methods 
	CLIMEX Model 
	Species Occurrence Records 
	Climate Data 
	Irrigation Data 
	Fitting CLIMEX Parameters 
	Growth Index 
	Temperature Index 
	Moisture Index 
	Cold Stress 
	Heat Stress 
	Dry Stress 
	Wet Stress 
	Degree Days per Generation 

	Classification of EI Values 
	Mapping the Potential Geographical Distribution and Spatial Variation in PGD 

	Results 
	PGD of the MFF under Current Climate Conditions 
	PGD of the MFF under the Future Climate Scenario 
	Spatial Variation in PGD under Future Climate Conditions 
	Driving Variables 

	Discussion 
	Conclusions 
	References

