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Abstract

The South American cucurbit fruit fly, Anastrepha grandis (Macquart) (Diptera: Tephritidae), is an
economically important pest of cucurbits and is classified as a quarantine species in many countries.
In Brazil, A. grandis has a limited distribution; it is absent from northern and northeastern Brazil and
distributed discontinuously in other parts of the country. To indirectly evaluate the influence of
climatic and edaphic variables on the occurrence of A. grandis, we used data based on 4 years of
cucurbit fruit collections from all mesoregions of the state of S~ao Paulo. Our results show evidence
that A. grandis is constrained by a minimum air temperature above 12 °C, low (<20 °C) and high
(>29 °C) maximum air temperature, and by low rainfall and relative humidity, occurring at altitudes
from 520 to 780 m. More importantly, A. grandis was not collected in central to western S~ao Paulo,
where sandy soil and low soil water availability predominate and the climate is hot and dry. Our findings suggest that soil texture and moisture may be limiting factors for pupal survivorship of A. grandis, and consequently edaphic characteristics should be taken into account in studies on its
geographical distribution. Based on our results, central to western S~ao Paulo state can potentially be
classified as an area of low pest prevalence. Moreover, in countries where cucurbit species are cultivated in such conditions, it is not likely that A. grandis could become established.

Introduction
Anastrepha grandis (Macquart) (Diptera: Tephritidae), the
South American cucurbit fruit fly, is one of the main pests
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of Cucurbitaceae species in South America (Norrbom
et al., 2012). The main hosts of A. grandis are squash
(Cucurbita moschata Duchesne), pumpkins (Cucurbita
maxima Duchesne), zucchini (Cucurbita pepo L.), melon
(Cucumis melo L.), and watermelon (Citrullus spp.). Anastrepha grandis is considered a quarantine pest in several
countries, including the USA, Mexico, Argentina, and
Uruguay (COSAVE, 2011; CABI, 2020; EPPO, 2020).
Taxonomic, biological, and ecological studies must be
performed for quarantine species as part of a ‘pest risk
analysis’ (PRA) (EPPO, 1993), whose protocol aims to
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guarantee the biosecurity of imported vegetables. These
studies are used to evaluate the risks and potential for a
pest to establish in a certain region (FAO, 2019). For
example, the life cycle of the pest species, its host range,
biology, and geographical distribution must be determined. Therefore, for a certain cucurbit-producing region
to be able to export to countries where A. grandis is considered a quarantine species, the commodities must be produced in a pest-free area (FAO, 2018a), such as melon and
watermelon for export in Brazil; or growers must confirm
that a systems approach is used in cucurbit crop production, according to the standards defined by ISPM No. 35
(FAO, 2018b). Studies of the biotic and abiotic factors that
affect the establishment of A. grandis are essential to determine the risk of spread into or out of a country.
In South America, because of the interest ofmany countries in exportingmelon, watermelon, and other cucurbits,
the studies necessary for PRA and classification of A.
grandis-free areas began in the mid-1980s (de Cabanilla &
Escobar, 1993; Aguirre, 1997; Gonzalez & Troncoso, 2007;
Guillen & Sanchez, 2007), including Brazil (Araujo et al.,
2000). The biology (Silva & Malavasi, 1996; Bolzan et al.,
2015, 2017), pest-free areas (Nascimento et al., 1993; Malavasi & Zucchi, 2000; Silva et al., 2019a), and regions using
systems-approach crop production (Araujo et al., 2009; Montes et al., 2011; Rabelo et al., 2013; Silva et al., 2019b) are
well defined. However, the factors limiting the distribution of
A. grandis in these regions are still unknown.
Anastrepha grandis has a restricted distribution in Brazil;
it is present from central to southern Brazil and absent
from the northern and northeastern regions (Uch^
oa &
Nicacio, 2010). Moreover, even in Brazilian states where
A. grandis is recorded, there are sites where it is not collected (Silva et al., 2019b). For example, in the state of S~ao
Paulo, A. grandis is present in the eastern half of the state
and absent from the western half (Montes et al., 2011; Silva
et al., 2019b). Although the reasons for the absence of A.
grandis from these regions are still unknown, climatic
characteristics could be a limiting factor, especially in the
Brazilian northeast and in central to western S~ao Paulo.
However, both regions have thermal conditions suitable
for the development of A. grandis, based on current knowledge of its biology (Bolzan et al., 2015, 2017). In fact, Silva
et al. (2019a), based on thermal requirements, predicted
that A. grandis would occur in the semiarid region of
northeastern Brazil, a large region that could be classified
as a pest-free area, including two officially registered pestfree areas in the states of Rio Grande do Norte and Ceara.
Therefore, temperature cannot be solely responsible for
the restricted distribution, and other abiotic factors are
probably preventing A. grandis from establishing in certain
regions.

The life cycle of A. grandis is similar to that of other
tephritids; the female oviposits up to 110 eggs in the fruit
(Bolzan et al., 2016), where the larvae develop feeding on
the pulp and then leave it to pupate in the soil (Christenson & Foote, 1960; Silva & Malavasi, 1996). Studies with
various tephritids have shown that soil texture and moisture content significantly affect pupal mortality (Fitt,
1981; Ahmed et al., 2007; Bento et al., 2010; El-Gendy &
AbdAllah, 2019). In this study, we evaluated the possible
influence of edaphic (soil group, texture, and water availability) and climatic characteristics on the distribution of
A. grandis in the state of S~ao Paulo. Based on studies with
other fruit fly species (Neuenschwander et al., 1981;
Milward-de-Azevedo & Parra, 1989; Eskafi & Fernandez,
1990; Hulthen & Clarke, 2006), we hypothesized that A.
grandis is absent from the western half of the state of S~ao
Paulo, where soils are predominantly sandy, with a longterm water deficit, whereas in the eastern half of the state,
where A. grandis occurs, clay and heavy clay soils predominate.

Materials and methods
Data collection

Fruit of cucurbits known as hosts of A. grandis (see Zucchi
& Moraes, 2008) were collected at 98 sampling points,
located in 51 municipalities in several mesoregions of S~ao
Paulo, from February 2009 to February 2012. The state of
S~ao Paulo is located in southeastern Brazil and has an area
of 248.209 km2. Fruit were collected mainly in crop fields,
but also in urban and peri-urban areas, and were identified
at the species or cultivar level by one of the authors
(MFSF). The coordinates and altitude of each sampling
point were determined at the time of fruit collection, using
a global positioning system (GPS); therefore, all data were
geo-referenced.
Fruit were taken to the Laboratory of Economic Entomology (LEE) at the Biological Institute of S~ao Paulo,
located in Campinas municipality. Fruit were sorted
according to collection site, counted, weighed, and placed
in plastic containers of various sizes, depending on the size
of the fruit, with vermiculite at the bottom to facilitate
pupation. Metal 2 9 2-cm mesh screens were used to support the fruit. The plastic boxes were covered with cotton
cloth and kept in a room at ambient temperature. After
20–30 days, the vermiculite was sifted to collect the
puparia, which were counted and transferred to Petri
dishes in a 6-l glass container. The container was covered
with voile, and moistened cotton wool was placed on the
top to supply water to the emerged flies. Inside the container, a diet consisting of 1:3 parts sugar and yeast extract
was available as food for the adult flies. The containers
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were transferred to a climate-controlled room under
25  2 °C and 70  10% r.h. After 30 days, the glass
containers were placed in a freezer to kill the flies, which
were sexed and counted. The species was identified by one
of the authors (MFSF).
Climatic variables were obtained from the NASA
Power database (Sparks, 2018). For each sampling
point, we used its coordinates to record the daily minimum, maximum, and mean air temperature (°C) at a
height of 2 m, air relative humidity (%) at 2 m, and
total rainfall (mm).
The pedological map of the state of S~ao Paulo (Rossi,
2017) was used to classify soil groups (Acrisols, Ferralsols,
Cambisols, Fluvisols, and Nitisols) and soil texture (sandy,
loamy, clay, and heavy clay soil) at each sample collection
point. Soil water availability (SWA) was obtained from
CIIAGRO (2020) for each sampling location. Soil water
availability corresponded to the mean in the week that the
collection was carried out.
Data analysis

All analyses were performed in the statistical software R
v.3.6.2 (R Core Team, 2019). We recorded four response
variables: total number of puparia, total fly abundance (females+males), infestation per fruit (number of puparia
divided by number of fruit in the sample), and infestation
per weight (kg) of fruit (number of puparia divided by the
total weight of fruits in the sample). Principal components
analysis (PCA) was applied to evaluate the correlation
among the response variables. Abundance data were log
(x + 1)-transformed and scaled to unit variance prior to
the PCA.
A generalized additive model (GAM; Wood, 2017)
was applied to evaluate the effect of explanatory variables on the distribution of the response variable, using
the mgcv package (Wood, 2017). Generalized additive
models are generalized linear models (GLM) that can
account for possible non-linearity in the relationship
between explanatory and response variables, employing
smoother functions to the latter (Hastie & Tibshirani,
1986). The smoothers can manipulate a series of nonlinear relationships. The main reason to use a GAM was
the flexibility in modeling the spatial dependence in the
data (Wood, 2017) and to select the variables (Marra &
Wood, 2011). To select the variables that significantly
affected the response, we used the double penalty
approach (setting select = TRUE), which add an extra
penalty to each term so that it can be penalized to zero
(Marra & Wood, 2011).
The explanatory variables were host species, soil group,
soil texture, and the interaction between soil group and
soil texture, all entered as fixed effect. Years of collection

were added to account for temporal trend and months
to account for seasonal effect. Climatic variables, altitude, and water availability were added as a smoother
variable using a thin plate spline. Spatial dependence
was added to the statistical model as an interaction term
between longitude and latitude, setting the smoother
function as a Gaussian process. This method was
employed setting bs = ‘gp’ in the smoother term. Due to
differences in the sampling effort by months and years
in the locations, we have added three interaction
smoother terms to accommodate these sources of variability in our model. The first was an interaction
between months and years, the second between month
and location, and the third between years and location.
These interactions were added as tensor product
smoother using ‘ti’ smother. We fitted an error distribution of the quasi-Poisson type (a Poisson distribution
corrected for overdispersion).
We used Quantum GIS (QGIS) free software v.3.12
(QGIS, 2020) to organize and represent the values for the
number of puparia in shapefiles. Then, IDW (inverse distance weighting) interpolation was applied to the values
for the number of puparia for each assessed location, providing a visual description of the number of puparia in the
state of S~ao Paulo.

Figure 1 Biplot from the principal components analysis (PCA)
displaying the ordination of the response variables: infestation
rate by sampling weight (ir.weight) and by fruit (ir.fruit), and
number of puparia (n.puparia) and abundance (i.e., sum of
males and females) of Anastrepha grandis collected from
cucurbits at 98 locations (black dots) in the state of S~ao Paulo,
Brazil, from 2009 to 2012.
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Results
In total, 2 260 fruit from 15 cucurbit species, weighing
1 912 tons, were collected (Table S1). The total number of
puparia was 8 297, of which 4 850 adults of A. grandis
emerged (2 325 females and 2 525 males) (Table S1).
Infestation per fruit ranged from 0 to 350 puparia, whereas
infestation per weight ranged from 0 to 514 puparia kg-1
(Table S1).
The first two principal components (PCs) captured
98.5% of the variability of the data (Figure 1). PC1
accounted for 92.2% of the variation, revealing that the
number of puparia and the infestation rate by fruit and by
weight and abundance of A. grandis were highly and positively correlated (Figure 1). Therefore, we chose to analyze
only the number of puparia, because it is the simplest
parameter to record, reflects the insect’s success in terms
of development, and was not affected by mortality in the
laboratory.
The results from the variable selection based on the double penalty method are shown in Table 1. The number of
puparia was affected by year (Table 1), soil texture, rainfall, minimum and maximum air temperature, relative
humidity, altitude, and SWA (Figure 2). Month (Table 1),

host species, soil group, and mean air temperature at 2 m
had no significant effect on the distribution of the number
of puparia (Figure 3). The GAM accounted for 64.6% of
the variance.

Table 1 ANOVA test of significance from the quasi-Poissongeneralized additive model (GAM) evaluating the effects of
explanatory variables on the number of pupae of Anastrepha
grandis collected from several Cucurbitaceae species in the state
of S~ao Paulo, Brazil, from 2009 to 2012
Explanatory variables

d.f.

F

Linear

Host species
Soil group
Soil texture
Soil group*soil texture

0.904
0.005
5.19
0.80

0.54
0.94
0.001
0.45

Smooth

Month
Year
Longitude*latitude
Tmin
Tmax
T2m
Rainfall (mm)
Relative humidity (%)
Altitude (m)
Soil water availability (SWA)
Month*year
Month*longitude*latitude
Year*longitude*latitude

5
1
3
2
edf1
0.46
0.39
6.92
2.67
0.73
0.02
4.40
2.35
2.21
1.10
5.91
1.80
0.16

0.02
3.93
0.89
1.88
0.26
0.00
9.88
3.50
2.09
0.31
3.31
0.09
0.08

0.062
<0.001
<0.001
<0.001
0.024
0.23
<0.001
<0.001
<0.001
0.045
<0.001
0.001
0.002

Deviance explained = 64.6%.
edf = effective degrees of freedom.

1

P

Figure 2 Maps of the state of S~ao Paulo, Brazil: (A) map of South
America highlighting Brazil (grey) and the state of S~ao Paulo
(back). The main plot displays the interpolated number of
puparia of Anastrepha grandis collected from cucurbits from
2009 to 2012; (B) soil texture; (C) available soil water (mm); (D)
minimum air temperature (°C); (E) maximum air temperature
(°C); (F) relative humidity (%); (G) rainfall (mm); (H) altitude
(m). The dots indicate sampling points. [Colour figure can be
viewed at wileyonlinelibrary.com]
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The region with the highest number of puparia had
minimum air temperatures from 14 to 17 °C and maximum from 16 to 29 °C, whereas the region with no
puparia had higher minimum temperatures, 17–20 °C
(Figure 2D) and maximum temperatures below 20 °C
and above 29 °C (Figure 2E). The preferred altitude for A.
grandis was 520–780 m; in the region with no puparia, the
altitude was lower than 520 m (Figure 2H). Relative
humidity in the region with the highest numbers of
puparia varied from 76 to 82%, whereas in the region with
no puparia it ranged from 70 to 76% (Figure 2F). Rainfall
was higher in the eastern region, with higher puparia
abundance, and lower in the west (Figure 2G).

Figure 3 Total number of puparia of Anastrepha grandis by
month in each year (2009–2012) collected from cucurbits in the
state of S~ao Paulo, Brazil.

Distribution of Anastrepha grandis in the state of S~ao Paulo

The mapped distribution of the number of A. grandis
puparia shows a distinct gradient of abundance (Figure 2A). Anastrepha grandis is restricted to a region extending approximately from 46° to 49°W and from 24° to 20°S
(from the eastern to central part of the state, separated from
the central-western and southern regions). In the eastern
region, the number of puparia collected from cucurbit fruit
ranged from 30 to >45, decreasing from 10 to 1 in the
central-western part of the state (Figure 2A). No puparia
were collected from fruit from the central-western region
(49–52°W) or from the eastern part to the coast, from 45°
to 46°W and from 23° to 24°S (Figure 2A).
Inﬂuence of edaphic characteristics on the distribution of Anastrepha
grandis

The region with the highest number of puparia (46–49°W
and 20–24°S) has clay to heavy clay soil (Figure 2B),
whereas the region with no puparia has sandy to sandyloam soil (Figure 2C).
Climatic, seasonal, and temporal variables inﬂuencing the
distribution of Anastrepha grandis

The distribution of collected puparia of A. grandis was significantly affected by year, altitude, and certain climatic
variables (Tmin, Tmax, rainfall, r.h., and SWA) (Table 1).
There was no seasonal effect on the number of puparia
(Table 1). More puparia were collected in 2009 and 2011
than in 2010 and 2012 (Figure 3) and a significant difference occurred in the sampling effort by months in each
year and location and also in each location by year
(Table 1).

Discussion
Our results show a clear pattern in the distribution of
A. grandis in the state of S~ao Paulo, as the species was present from the eastern to central region and absent farther
west. Flies were most abundant in autumn (April to July).
As predicted, elevation, certain climatic conditions, and
soil texture and moisture (SWA) constrained the distribution, as puparia were collected mainly at altitudes from
520 to 780 m, with minimum air temperatures from 14 to
17 °C, maximum air temperature with extremes of low
(<20 °C) and high values (>29 °C), relative humidity
from 70 to 76%, and higher rainfall. In accordance with
our hypothesis, soil texture had a significant effect on the
number of puparia and water availability. Puparia were
most abundant in fruit collected on clay soils, whereas no
puparia were found in fruit sampled on sandy to loamy
soils. Accordingly, puparia were most numerous in fruit
collected from soils with higher water availability and
absent in fruit collected from soils with low water availability during the period of field sampling. Because larvae
develop in fruit pulp and are therefore not directly affected
by climatic conditions, we hypothesize that climate constrained the distribution of adults, and soil texture and
moisture the pupal survivorship.
The monthly abundance of A. grandis corresponds to
the period of cucurbit production in S~ao Paulo, with the
peak in the months with higher fruit availability and lower
abundance when production is lowest (CEAGESP, 2020).
The same pattern occurs in the state of Santa Catarina
(Garcia & Lara, 2006; Alberti et al., 2012), where production occurs in the same period (EMBRAPA, 2010). In contrast, Lisb^
oa et al., (2020) found that in the colder seasons,
the southern and southeastern regions of Brazil are inadequate for the development of the fly. In Switzerland, the
expansion of the invasive species Rhagoletis completa Cresson was related to the low temperature (Aluja et al., 2011).
The very low population of A. grandis during winter may
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be related to specific host requirements. Cucurbit crops
are susceptible to chilling injury at temperatures below
7–10 °C (Maynard, 2007).
The response of insects to altitude gradients varies
according to several factors that can act directly or indirectly (e.g., mediated through the host plant) on the insect
(Hodkinson, 2005). In the present study, as only cucurbit
fruit were sampled at all altitudes, the climatic conditions
appeared to affect the distribution of A. grandis. This species occurs in moderate environmental conditions, unable
to colonize neither areas at altitudes below 520 m, where
the temperature is higher and relative humidity and rainfall are lower, nor areas at altitudes above 780 m, which
exhibit the inverse climate. In Colombia, A. grandis was
collected at altitudes above 800 m, which are considered
suitable for Anastrepha species development in that country (Casta~
neda et al., 2010). In guava (Celedonio-Hurtado
et al., 1995) and mango orchards in Mexico (Aluja et al.,
1996), species richness was lower and the community was
dominated by Anastrepha obliqua (Macquart) and Anastrepha fraterculus (Wiedemann) at altitudes up to 250 m;
above that, Anastrepha ludens (Loew) dominated over
A. obliqua. Moreover, several species showed different
abundances at different altitudes (Celedonio-Hurtado
et al., 1995; Aluja et al., 1996). Infestation of common walnut by R. completa, in Italy, was higher at lower altitudes
and decreased linearly to 450 m; the fly did not occur
above 700 m (Poggetti et al., 2019). Other tephritids have
shown different responses to altitude. The invasive species
Bactrocera correcta (Bezzi) was not limited by altitude in
China, where it expanded its distribution from the lowlands to more than 1 000 m within a decade after invading
(Liu et al., 2013). For Ceratitis capitata (Wiedemann), Bactrocera oleae (Rossi), Bactrocera cucurbitae (Coquillett),
Dacus ciliatus Loew, and Dacus demmerezi (Bezzi), the altitudinal abundance is regulated by the weather. In warmer
periods, these species are more abundant in higher areas,
as the climate is more suitable; when the temperature
decreases and the climate is no longer suitable, they
migrate to lower altitudes (Vayssieres & Carel, 1999;
Kounatidis et al., 2008; Castrignan
o et al., 2012; Krasnov
et al., 2019). The range of occurrence of A. grandis in the
state of S~ao Paulo indicates that this species is not capable
of surviving under harsh climate conditions, i.e., in hot
dry regions (characteristic of the central to western part of
the state, an unsuitable region) or in very humid regions
(>84% r.h.).
The ability of adult fruit flies to survive in environments
where water loss is high (desiccation resistance) depends
mainly on the sex and also on the physiological characteristics of the species (Weldon et al., 2013, 2016, 2019;
Tejeda et al., 2014, 2016). Anastrepha ludens males are

more resistant to desiccation than females, despite being
smaller (Tejeda et al., 2014), as also observed for Bactrocera
tryoni (Froggatt) (Weldon et al., 2013). Adult flies with
higher body lipid and water contents were more resistant
to stress conditions than those with lower levels (Weldon
et al., 2013, 2016; Tejeda et al., 2014).
Pupal survival is also affected by desiccation and therefore edaphic characteristics can be a limiting factor
(Weldon et al., 2019). In agreement with several studies
that have found higher mortality of tephritid pupae in
sandy soils than in clay soils (Milward-de-Azevedo &
Parra, 1989; Eskafi & Fernandez, 1990; Hulthen & Clarke,
2006; Bento et al., 2010), we also observed that A. grandis
was absent from regions where sandy to loamy soils dominate, and the highest numbers of puparia were collected in
clay soils. Therefore, it is possible to infer that the limiting
effect of soil on the presence of A. grandis may be caused
by the soil water content, which decreases progressively
from the center to the west of the state of S~ao Paulo (CIAGRII, 2020). Pupal mortality in sandy soils occurs due to
lower capacity for water retention in these soils compared
to clay soils (Brady & Weil, 2013). Several studies have
demonstrated that drier soils have significant effects on
fruit fly pupation, ranging from delayed adult emergence
(Trottier & Townshend, 1979; Yee, 2013) to higher levels
of malformed adults (Neilson, 1964; Yee, 2013) and mortality (Neuenschwander et al., 1981; Jackson et al., 1998;
Hulthen & Clarke, 2006; Yee, 2013). The lower the moisture content in the first days of pupation, the higher the
pupal mortality (McPhail & Bliss, 1933). Therefore, soil
moisture content at the time of pupation is also crucial for
fly survival. Water availability central to western S~ao Paulo
is lower than in the eastern to central region during the
year, particularly in autumn and winter (March to
September). In this period, due to lack of rainfall, there is a
strong hydric deficit in this region (CIIAGRO, 2020),
making the sandy soils even drier. As A. grandis is more
abundant in this period, larvae that eventually move to
pupate will find very dry soils, impeding their development. However, from the eastern to central regions,
although rainfall is lower in the same period, the higher
water-retention capacity of the clay soils ensures the necessary moisture for fly pupation.
This is the first study using field collections showing that
the distribution of A. grandis is constrained by environmental conditions. Further studies are needed to disentangle the mechanisms that limit the distribution of A.
grandis.
Implications for Anastrepha grandis distribution in Brazil

Anastrepha grandis has a distribution limited to central
and southern Brazil, with no records in the northern and
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northeastern regions (Uch^
oa & Nicacio, 2010), except for
two reports in the state of Bahia (northeast), but the first
report provided no sampling location (Bondar, 1950). The
second report discussed seven adult flies collected in
southern Bahia, in domestic orchards in areas of Atlantic
Rainforest (Melo et al., 2016). Our results support the
hypothesis that the absence of A. grandis from both regions
is due to the extreme, although, opposite, climatic and
edaphic conditions in those regions. The northeast is the
hottest and driest region in Brazil, with a semi-arid climate
and annual mean temperature >22 °C, maximum altitude
of 600 m, and annual rainfall <1 000 mm (K€
oppen, 1936;
Alvares et al., 2013). The northern region, which includes
Brazilian Amazonia, is the warmest and wettest part of the
country, a tropical zone with annual mean temperature
>24 °C, altitude <400 m, and annual rainfall >2 500 mm
(K€
oppen, 1936; Alvares et al., 2013). Therefore, the northeast and north have climatic conditions that do not support the survival of A. grandis. These same unfavorable
climatic conditions for A. grandis are observed in the central to western region of the state of S~ao Paulo.
Regarding edaphic characteristics, in the northeast region,
sandy to loamy soils with low water availability dominate
(Marques et al., 2014). In the northern region, in contrast,
clay to heavy clay soils predominate (Teixeira et al., 2010),
and the high rainfall and relative humidity throughout the
year keep the soil moisture high (Falesi, 1986).
In addition to our findings, the hypothesis that edaphic
characteristics, rather than temperature, constrain the distribution of A. grandis in the state of S~ao Paulo is supported by two recent studies. Based only on a laboratory
study of the biology of A. grandis at different temperatures
(Bolzan et al., 2017) and the resulting data on its thermal
requirements, Silva et al., (2019a) predicted up to 10 generations per year for A. grandis in northeastern Brazil,
whereas Lisb^
oa et al., (2020) predicted that the annual
number of generations would be highest (>2) in the north
and northeast regions. However, the fly has never been collected in either of these regions (Uch^
oa & Nicacio, 2010),
despite several fruit fly surveys carried out. Hence, soil
characteristics are probably limiting the distribution of A.
grandis in these regions.
More importantly, as previously shown for other tephritids (Kumar et al., 2016; van Klinken et al., 2019), our
results suggest that an appropriate model for predicting
establishment and number of generations of A. grandis
needs to include the edaphic characteristics as explanatory
parameters.
Implications for Anastrepha grandis management

Our results suggest that central to western S~ao Paulo state
may be classified as an area of low pest prevalence for A.

grandis. In accordance with our results, in some municipalities of this region, a systems approach has been
implemented to export cucurbit fruit to Argentina
(Montes et al., 2011; Silva et al., 2019b). There are several specific requirements that a region must meet to be
declared – and to maintain – the status of an area of low
pest prevalence (FAO, 2017). These include the surveillance activities of trapping and fruit sampling, and official control of the movement of regulated products,
among others. Fruit collection can be used to complement trap sampling, but not as the sole surveillance
method for the presence/absence of the fly in an area.
Therefore, there is a need for further studies in this
region of the state of S~ao Paulo, involving federal and
state agencies to coordinate and fund the necessary
activities (FAO, 2017). Once the region is declared an
area of low pest prevalence, cucurbit crops such as
melon, watermelon, squash, and cucumber can be
exported to countries where A. grandis is classified as a
quarantine species. This can have significant economic
and social impacts for producers, the region, and the
state.
In the pest-free zone in the states of Rio Grande do
Norte and Ceara, farmers’ income increased, unemployment rate decreased, and resource allocation was more
efficient for those who adhered to the program (Sousa &
Miranda, 2015a,b, 2018). In Ceara, every real (Brazilian
currency) invested by farmers and the state government to
maintain the status of pest-free area prevents the loss of
three reais in exports and jobs (Sousa & Miranda, 2015b).
Hence, the status of pest-free area in central to western
state of S~ao Paulo could have significant social and economic impacts in the region, particularly for the small
farmers.
The constraints of soil texture and climate on A. grandis can be exploited to manage this pest. For example,
where possible, cucurbits could be sown earlier in regions
where the fly is abundant, to desynchronize the fruiting
period with the months of higher fly abundance, and
crop fields could be located in areas at lower altitudes.
Also, our results suggest that irrigation can be used to
reduce the fly abundance, if water is delivered in the
appropriate amount and by more localized methods,
such as micro-irrigation, lowering the local humidity and
maintaining soil moisture as low as possible in the same
region. In contrast, from central to western S~ao Paulo,
crops could be irrigated with less-expensive methods such
as sprinklers year-round, enabling continuous production
of cucurbits. Furthermore, any soil management technique that reduces water availability can be employed to
diminish soil moisture, and consequently minimize the
damage caused by A. grandis.
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Implications for Anastrepha grandis as a quarantine species

The status of quarantine species means that the economic
risk that A. grandis would establish in a region free of this
pest is very high, increasing costs for producers due to the
additional pest-management tactics necessary to overcome
the problem and meet the requirements of importing
countries (FAO, 2019). Sometimes, capturing a single
specimen can reset the quarantine status and result in a
temporary export ban. Based on our results we can infer
that there is a very low probability that A. grandis would be
able to establish in several countries where it is considered
a quarantine species. For example, the climatic and
edaphic characteristics of two important cucurbitproducing states in the USA, California and Arizona, are
more extreme (hotter and drier) than those of the state of
S~ao Paulo (NOAA, 2020). Hence, the present study may
be a useful resource for authorities to overcome the restrictions posed by countries on the importation of cucurbit
fruits from Brazil. However, further studies are needed to
evaluate the probability of establishment of A. grandis in
cucurbit-producing regions worldwide, based on climatic
and edaphic characteristics at each location.
In conclusion, our results showed that in addition to
climatic conditions, soil texture and soil moisture availability must be taken into account in studies of insect
pests that pass at least one stage of the life cycle in soil.
For fruit fly species, our results agree with other studies
(Hulthen & Clarke, 2006; van Klinken et al., 2019).
More importantly, almost half of the total area of the
state of S~ao Paulo has potential for the establishment of
A. grandis-low prevalence areas, a status that would generate a positive socioeconomic impact. Finally, our results
indicate that A. grandis has a low probability of establishing in cucurbit-producing countries where the soil is
sandy and the climate is hot and dry.
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