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Abstract
The whitefly, Bemisia tabaci, is considered one of the most important pests for tomato Solanum lycopersicum. The population
density of this pest varies throughout the year in response to seasonal variation. Studies of seasonality are important to understand
the ecological dynamics and insect population in crops and help to identify which seasons have the best climatic conditions for
the growth and development of this insect species. In this research, we used CLIMEX to estimate the seasonal abundance of a
species in relation to climate over time and species geographical distribution. Therefore, this research is designed to infer the
mechanisms affecting population processes, rather than simply provide an empirical description of field observations based on
matching patterns of meteorological data. In this research, we identified monthly suitability for Bemisia tabaci, with the climate
models, for 12 commercial tomato crop locations through CLIMEX (version 4.0). We observed that B. tabaci displays seasonality with increased abundance in tomato crops during March, April, May, June, October and November (first year) and during
March, April, May, September and October (second year) in all monitored areas. During this period, our model demonstrated a
strong agreement between B. tabaci density and CLIMEX weekly growth index (GIw), which indicates significant reliability of
our model results. Our results may be useful to design sampling and control strategies, in periods and locations when there is high
suitability for B. tabaci.
Keywords Seasonality . Whiteflies . Modelling . CLIMEX

Introduction
The whitefly Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae) is an extremely polyphagous species, considered
a key pest for many crops worldwide, including vegetables,
ornamentals and field crops (Gilioli et al. 2014; Naranjo et al.
2009; Simmons et al. 2008). The damage caused by this pest
may occur directly through phloem feeding or indirectly
through the excretion of honeydew and the consequent
* Rodrigo Soares Ramos
rodrigosragro@gmail.com; rodrigo.ramos@ufv.br
1

Departamento de Entomologia, Universidade Federal de Viçosa
(UFV), Viçosa, MG 36570-900, Brazil

2

Ecosystem Management, School of Environmental and Rural
Science, University of New England (UNE), Armidale, NSW 2351,
Australia

3

Biological Sciences, Flinders University, GPO Box 2100,
Adelaide, South Australia 5001, Australia

development of sooty molds on the leaves, leading to a reduction of photosynthesis, which may consequently lead to plant
mortality and production losses of up to 100% (Friedmann
et al. 1998; Lapidot et al. 1997; Navas-Castillo et al. 2011;
Papayiannis et al. 2010). In Latin America, the tomato
(Solanum lycopersicum L.) is one of the main crops attacked
by B. tabaci (Morales and Jones 2004; Togni et al. 2010).
Additionally, this insect pest transmits several plant viruses.
In terms of area coverage, tomatoes suffer one of the greatest
crop losses valued at US$3806 ha−1 caused by insect pests
(Oliveira et al. 2014).
Every year, many of papers are published investigating
B. tabaci from different perspectives, such as chemical control
(McKenzie et al. 2014), molecular design (Elfekih et al.
2018), plant-insect interaction (Han et al. 2016; Ramos et al.
2018), disease-insect interaction (Ning et al. 2015), virus
transmission (Gottlieb et al. 2010), transcriptome (Xie et al.
2012), symbiosis (Luan et al. 2015), resistance to insecticides
(Horowitz and Ishaaya 2014), taxonomy (Grávalos et al.
2015) and others. However, ecological studies using
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B. tabaci are frequently neglected due to requiring detailed
field studies over a long period.
B. tabaci is highly sensitive to climate fluctuations due to
its ectothermic physiology (Zidon et al. 2016) and exhibits
these fluctuations as a response to climate variations
(Munyuli et al. 2017). Seasonality is a key component to understand the ecology of insect populations in field crops, especially pests (Campos et al. 2006; Pedigo and Rice 2014;
Pereira et al. 2007). Ecological studies using insect pest monitoring over time in field crops and climate dynamics for insect
species occurrence provide a useful method to better understand the spatio-temporal climate dynamics that determine
seasonality patterns of insects in field crops.
One of the tools to determine spatio-temporal climate
dynamics for species is using CLIMEX software. It has
been considered an inferential modelling software program, which enables the user to estimate the potential geographical distribution with great reliability (Kriticos et al.
2015). This program simulates the mechanisms that limit
species distribution based on ecophysiological parameters.
Additionally, it is possible to describe the spatio-temporal
dynamics in climate suitability (Kriticos et al. 2015).
Modelling using CLIMEX provides map sequences
displaying the suitability changes in both space and time.
Thus, it is now possible to increase our understanding of
climatic influence on spatio-temporal species dynamics
(e.g. B. tabaci) and produce robust models that can correlate with field monitoring data (De Villiers et al. 2016,
2013). All this information is relevant to plan management
strategies and ecological field studies during periods when
suitability and/or insect pest density is higher.
A better understanding of the temporal dynamics of
favourable conditions for B. tabaci considering climate dynamics is needed. Therefore, our aim in this study was to
determine the B. tabaci seasonal variability in a commercial
tomato crop over 2 years and the influence of climate dynamics. To determine the monthly climatic variations suitable for
B. tabaci, we used 12 different locations with tomato cultivation from 2 years (2015 and 2016) of monitoring, as well as
the influence of monthly climate on the species, using
CLIMEX modelling—CLIMEX (version 4.0).

Materials and methods
Bemisia tabaci distribution
In our research, we collected 94 records of Bemisia tabaci
from the published literature (Queiroz et al. 2016, 2017) and
the Global Biodiversity Information Facility (GBIF) and confirmed these using the software EPPO Plant Quarantine Data
Retrieval system (PQR, version 5.3.5, 2015). All records (94
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occurrences) used in this study from Central and South
America are shown in Fig. 1.

Field data collection
In this study, B. tabaci densities were assessed in tomato crops
from 12 commercial farms located in Coimbra, Minas Gerais
State, Brazil (20° 51′ 24″ S, 42° 48′ 10″ W; altitude 720 m).
The tomato crops were established in areas ranging from 2.5
to 6 ha, with a spacing of 1.0 m between rows and 0.5 m
between plants using local procedures (Heuvelink 2005;
Jones Jr 2007).
B. tabaci population density was monitored weekly from
the beginning of the transplanting of the seedlings until the last
harvest for each evaluated tomato crop (a total of 12 crops)
over a 2-year period: crop 1, from January 2015 to April 2015;
crop 2, from February 2015 to May 2015; crop 3, from
March 2015 to June 2015; crop 4, from July 2015 to
October 2015; crop 5, from November 2015 to December
2015; crop 6, from October 2015 to January 2016; crop 7,
from December 2015 to February 2016; crop 8, from
February 2016 to March 2016; crop 9, March 2016 to
June 2016; crop 10, from July 2016 to October 2016; crop
11, from August 2016 to November 2016; and crop 12, from
October 2016 to December 2016. In each field, we evaluated
B. tabaci density in 300 sampling units per location per week.
The sampling was performed in all locations, randomly monitored on a grid pattern to avoid bias in the choice of sampling
location (Bacci et al. 2006; da Silva et al. 2017). The sampling
method applied for B. tabaci involved the direct counting of
adults using plastic trays, where a leaf from the apex of a plant
was struck on a white background tray, and the direct counting
of nymphs on a leaf from the basal third of the tomato plant
(Gusmao 2000; Gusmão et al. 2005; Imenes et al. 1992; Lima
et al. 2017). We counted the number of nymphs present in the
basal part of the tomato canopy and the number of adults
present on the white plastic tray. Mean temperature, rainfall
and photoperiod were obtained daily from a local weather
station.

CLIMEX model
To study the spatio-temporal dynamics of climate suitability,
we chose to use CLIMEX because this software provides a
resource to compare locations/years and create maps of average conditions. This tool creates map sequences that allow us
to visualize how suitability changes across both space and
time (Kriticos et al. 2015). The simulation of how climatic
factors may simultaneously influence species range in space
and time is considered a significant and powerful tool not
available in other software programs (Kriticos et al. 2015).
CLIMEX software simulates the mechanisms that limit
species’ geographical distributions and determines their
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Fig. 1 Records of B. tabaci in Central and South America and current
distribution of B. tabaci in the validation region based on EI. The areas in
white (EI = 0), yellow (0 < EI < 30) and red (30 < EI < 100) indicate

unfavourable, less favourable and highly favourable climate areas for
B. tabaci, respectively. The circle indicates the monitored areas (12
different tomato field crops)

seasonal phenology, which may affect species abundance
such as insects (Kriticos et al. 2015). This software enables
us to describe how species respond to climatic variables at
different specific times (e.g. daily or weekly) (Kriticos
et al. 2015). To set the biological parameters in CLIMEX,
we used biological information from the species and from
the locations where their occurrence is reported.
Additionally, this software helps to predict and map potential distributions (Kriticos et al. 2015). The growth and
stress indices are combined into an Ecoclimatic Index
(EI), which is considered an average yearly index; this
index gives an overall measure of the climatic suitability
of a location for a target species. The EI values are scaled
from 0 to 100.
EI values close to 0 means that the location is inadequate for the establishment of the species while an EI
value higher than 30 indicates that there is suitability in
terms of climatic conditions for the growth and

development of a species (Kriticos et al. 2015). We used
CLIMEX (version 4.0), which is a software program that
can draw maps that describe the spatial distribution of
species over a given period of time using the weekly
growth index (GIw) and describe suitable conditions for
population growth on a scale from 0 to 1 (Kriticos et al.
2015). GIw is maximized (GIw > 0) in appropriate seasons, when the weekly suitability of climate for species
growth and development is present, and minimized during
unfavourable seasons. To determine the GIw value, we
used the temperature (TI) and moisture (MI) indices to
include B. tabaci growth requirements. We used the stress
indices in relation to the moisture index and temperature
for species survival. These indices need to be considered
because all of these abiotic indices contribute to a good
species distribution result in relation to the adverse climatic conditions that occur at different times throughout
the year (Kriticos et al. 2015).

284

Model calibration and validation
The CLIMEX model for B. tabaci was adjusted using 60
occurrence records and biological data of the species, such
as thermal requirements, moisture index and stress indices
(cold, heat dry and wet stress). For model validation, data
from Brazil was omitted, adjusting parameters only. For parameter adjustments, we used B. tabaci biological data from
the literature and unpublished information from the Integrated
Pest Management Lab at Universidade Federal de Viçosa,
Minas Gerais, Brazil, where numerous studies with B. tabaci
have been conducted in the laboratory and in the field. In our
model, we used CliMond 10′–gridded climate data.
To represent historical climate (data from 1961 to 1990,
30 years, centred on 1975), we used the average maximum
monthly temperature (Tmax), average minimum monthly temperature (Tmin), average monthly precipitation (Ptotal) and relative humidity at 0900 hours (RH09:00) and 1500 hours
(RH15:00). All values were fitted to match to the location
records for the pest with exactness of prediction by the
CLIMEX-generated model in different regions (Fig. 1). The
agreement between species distribution and the model for the
seasonal phenology provided cross-validation for our model
(Kriticos et al. 2015).

Temperature index
Albergaria and Cividanes (2002) have previously reported the
thermal requirements for B. tabaci. They presented a lower
temperature threshold of 8.3 °C for life cycle (egg–adult) and
an upper temperature threshold of 37 °C. Above this temperature, B. tabaci eggs became infertile. We established a lower
temperature limit (DV0) of 8.3 °C and an upper temperature
limit (DV3) of 37 °C. We considered the range from 15 to
35 °C as the most appropriate for B. tabaci survival, growth
and development (Albergaria and Cividanes 2002). Regarding
the lower (DV1) and upper (DV2) optimal temperatures, we
established values of 15 °C and 35 °C, respectively. In this
same research, Albergaria and Cividanes (2002) indicated for
a life cycle (egg–adult) value of 472.6 degree days. Thus,
PDD was set to 472.6 °C days.

Moisture index
We used B. tabaci records for distribution in wet tropical regions with the highest GI values. High B. tabaci incidence in
tomato cultivation located in Coimbra, Minas Gerais State,
Brazil, regularly occurs in seasons with a mean rainfall of
90 mm (Leite et al. 2006). For the moisture index, we used
0.1 (denoting a permanent wilting point) as a lower soil moisture threshold (SM0), 0.4 for lower optimum soil moisture
(SM1), 0.7 for upper optimum soil moisture (SM2) and 1.5
for an upper soil moisture threshold (SM3). These selections
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were used based on the literature and to obtain better model
results. All adjustments were made in terms of the B. tabaci
location records and considering B. tabaci density within the
monitored areas. In addition, these values provided the best fit
for host distribution (for tomato crops).

Stress indices
Cold stress
The cold stress temperature threshold defines a temperature
below which cold stress begins to occur. As a poikilothermal
species, B. tabaci may die when daily thermal accumulation is
too low to maintain metabolism (Kriticos et al. 2015). In another words, this occurs when a threshold number of degree
days above the developmental temperature threshold are not
reached.
In this context, this parameter is considered an important
parameter for B. tabaci because it affects species survival.
Therefore, we determined a threshold number of degree days
in the model, which is defined by the developmental temperature threshold (DVCS). This parameter is expressed in cold
stress degree day threshold (DTCS) and is defined by degree
day units. In the present study, the DTCS used was 10 °C days
and, for the cold stress degree day, expressed in units per week
(DHCS), it was 0 week−1. We selected all these values based
on the published literature which presented some similarities
for B. tabaci distribution in Central and South America
(Desneux et al. 2010; Gusmão et al. 2006; Leite et al. 2006;
Tomar and Malik 2017). All values used to adjust the model
are presented in Table 1 and are matched for the locations
where B. tabaci occurs.
Heat stress
High temperatures may be excessive and have a negative impact on insect growth and development (da Silva et al. 2017;
Gerling 1986; Rosenzweig et al. 2001). B. tabaci do not survive temperatures higher than 37 °C (Albergaria and
Cividanes 2002). The heat stress parameter (TTHS) was set
at 35 °C, and its accumulation rate (THHS) was
0.0007 week−1. High temperatures may cause physiological
disorders in insects and are in accordance with the nonoccurrence of the species in some regions in northern Brazil.
Dry stress
The most significant, known B. tabaci distributions are recorded in tropical and subtropical regions with some humid
areas (Hirano et al. 1993; Jafarbeigi 2014; Stansly and
McKenzie 2008). Another important parameter that may
cause stress for a species is when the soil moisture level is
too low or too high (Kriticos et al. 2015). For our model, the
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CLIMEX parameter values used for the Bemisia tabaci modelling

Index

Parameter

Values

Unit

References

Temperature

DV0 = lower threshold

8.3

°C

Albergaria and Cividanes (2002)

DV1 = lower optimum temperature

15

°C

Albergaria and Cividanes (2002)

DV2 = upper optimum temperature
DV3 = upper threshold

35
37

°C
°C

Albergaria and Cividanes (2002)
Albergaria and Cividanes (2002)

SM0 = lower soil moisture threshold

0.1

a

Leite et al. (2006)

SM1 = lower optimum soil moisture

0.4

a

Leite et al. (2006)

SM2 = upper optimum soil moisture

0.7

a

Leite et al. (2006)

SM3 = upper soil moisture threshold

1.5

a

Leite et al. (2006)

TTCS = temperature threshold
THCS = stress accumulation rate

8.3
− 0.001

°C
Week−1

Albergaria and Cividanes (2002)
Tomar and Malik (2017); Gusmão et al. (2006)

DTCS = degree day threshold

10

°C days

Tomar and Malik (2017); Gusmão et al. (2006)

Moisture

Cold stress

Heat stress
Dry stress
Wet stress
Hot-wet stress

Degree days
a

−1

DHCS = stress accumulation rate

–

Week

Tomar and Malik (2017); Gusmão et al. (2006)

TTHS = temperature threshold

35

°C

Albergaria and Cividanes (2002)

THHS = stress accumulation rate

0.0007

Week−1

SMDS = soil moisture threshold
HDS = stress accumulation rate
SMWS = soil moisture threshold

0.1
− 0.001
2

Moraes and Foerster (2015)
Jafarbeigi (2014)

Week−1
a

HWS = stress accumulation rate
TTHW = hot-wet temperature threshold
MTHW = hot-wet moisture threshold
PHW = hot-wet stress rate
PDD = degree days per generation

0.002
32
0.2
0.03
472.6

Week−1
°C
SMC
Week−1
°C days

Albergaria and Cividanes (2002)

Albergaria and Cividanes (2002)

Values without units are dimensionless indices of soil moisture (0 = over dry, 1 = field capacity)

soil moisture threshold (SMDS) was set at 0.1 and stress accumulation rate (HDS) at − 0.001 week−1.
Wet stress
Wet stress can affect insects in several ways, especially increasing mortality due to high precipitation (Bacci et al.
2006; Pereira et al. 2007; Varella et al. 2015). The soil moisture threshold for wet stress (SMWS) was set at 2.0, and the
stress accumulation rate (HWS) was set at 0.002 week−1. The
parameter values presented an adequate match with known
pest distributions, for example the Brazilian Atlantic Forest
area (da Silva et al. 2017; Gontijo et al. 2013). These values
are presented in Table 1.

Meteorological data
The monthly time series was used to compare locations by
loading the model with the “CL–Grid Data” simulation file
within a year in CLIMEX (Kriticos et al. 2015). Climatic
Research Unit (CRU) (CRU TS3.23, Norwich (http://www.
cru.uea.ac.uk/cru/data/hrg.htm) Time-Series (TS), version 3.
23, with monthly climate variations was used. This version
has the data for all parameters reformatted which is required

when using this software. Variables such as monthly average
daily maximum and minimum temperature, precipitation and
vapor pressure (Harris and Jones 2017) were included. Then,
the CLIMEX model (from January 2015 to December 2016)
and maps for the same period during which B. tabaci was
monitored were generated.

Model validation
The B. tabaci nymph and adult densities observed over 2 years
of collection in tomato plantations were compared with the
monthly suitability maps generated for the same period. The
model results were found to be consistent with real B. tabaci
distribution and therefore demonstrated significant reliability.
We used all occurrences registered in Central and South
America (94 occurrences) to test the model. The percentage
of the occurrence data which falls within the model projection
was calculated and used to evaluate our model’s reliability.

Results
The model presented in this study showed a consistent match
between the current distribution of Bemisia tabaci in Central
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and South America and the EI from the CLIMEX (Fig. 1). To
validate our model, we checked the reports of occurrence for
this species in all areas (Central and South America), and 99%
of Bemisia tabaci occurrences were within favourable climate
categories. This characteristic is important, and we may confirm the reliability and confidence in the values selected for
the parameters we used to generate our current model by applying the CliMond 10′–gridded climate data for modeling in
CLIMEX.
The highest B. tabaci densities were found in crops 2, 3, 6
and 10. Of these, crops 3, 6 and 10 showed the highest density
of adults and crop 2 the highest nymph density. The lowest
density was observed in crops 1, 4, 8, 9, 11 and 12. Only crops
5 and 7 showed intermediate density in relation to the other
crops evaluated in this study (Fig. 2).
The highest nymph densities were observed between
October and December in crop 6 in the first year and between
September and October in crop 10 in the second year. The
peaks for B. tabaci adults occurred in June: between
November and December for the first year (for crops 3 and
6) and in October for the second year (for crop 10) (Fig. 2).
B. tabaci occurrence in crops 1, 4, 8, 9, 11 and 12 (during
January–March and in July until the beginning of September)

was low for B. tabaci nymphs and adults in both years evaluated. We noticed the highest attack intensity for B. tabaci
during October to December and the lowest intensity during
January to April and during June to September in open-field
conditions. We observed a spatio-temporal variation for climate suitability for Bemisia tabaci over the 2 years (Fig. 3).
October and November were the months with the highest
climate suitability in Central and South America (e.g. countries such as Brazil, Bolivia, Ecuador, Peru, Colombia and
Andes Region) (Figs. 4 and 5).
For the greater part of the year, we observed high suitability
in coastal and southern Brazil and also in countries such as
Costa Rica, Guatemala, Honduras, Colombia, Southern Chile
and Venezuela. Climate suitability increased in June and
October–December throughout the five Brazilian regions
(north, mid-west, southeast, northeast and south) and large
regions of Bolivia, Peru and Argentina. June, July and
August present a change to climatically unfavourable conditions for B. tabaci in the mid-west and some regions of southeastern Brazil also. Additionally, a decrease was observed in

Fig. 2 a–d B. tabaci nymph and adult densities in commercial tomato
crops in Coimbra, Minas Gerais, Brazil, in 2015 and 2016

Fig. 3 Variation of temperature and rainfall in the tomato crops
throughout the experimental period
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Fig. 4 Climate variability by month, based on the growth index (0 to 1) for B. tabaci for the Central and South America for year 1. Areas in white color
means that the growth index is equal to 0 (zero)

January–April in the north and mid-west and in some parts of
southeastern Brazil, as well as in other countries such as Peru
and Ecuador (Figs. 4 and 5).
When we performed a zoom into an area, we noticed a
climatic variability for B. tabaci that includes the monitored
fields (where the evaluated crops were planted) (Fig. 6).

Increased climatic suitability for B. tabaci was observed between the months of April–May and October–November in
the first year and between the months of March–April and
September–October in the second year. The highest growth
index was observed during the months of April–May and
October–November for the first year and during April and

288

Int J Biometeorol (2019) 63:281–291

Fig. 5 Climate variability by month based on the growth index (0 to 1) for B. tabaci for the Central and South America for year 2. Areas in white color
means that the growth index is equal to 0 (zero)

October for the second year. On the other hand, a reduction
was observed between June and September and between
November and January. There was almost zero climate suitability for B. tabaci in January and August in both years. In
February, climate suitability returns with progressive increases
until May–June and September until November (Fig. 6).

Discussion
We noticed that a significant intensity of B. tabaci attacks
occurred during October to December and the lowest intensity
occurred during January to April and June to September in
open-field tomato crops. The main reason for this may be
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Fig. 6 Climate variability by month based on the growth index (0 to 1) for B. tabaci, displaying an area and the location of the 12 monitored tomato
crops. Areas in white color means that the growth index is equal to 0 (zero)

related to the environmental conditions of this season. October
to December proved to be significant for the growth and development of the species in open-field conditions because the
precipitation rate is not too high and the temperature during
this period is within the highest range for the growth and
development of this species. However, this pest species presents great adaptability to different climatic conditions
(Sutherst et al. 2011). Additionally, it is common to find a
high number and diversity of host plants in the field during
this season, which contributes to the successes of any invasive
species.
The environment directly and indirectly affects the seasonality of B. tabaci in the field (Alicai 1999; Leite et al. 2006;
Naranjo and Ellsworth 2005). The variability of insect density
may be influenced directly by seasonality due to the impact of
climate factors (i.e. rain, wind and temperature) and indirectly
by that due to food availability. For B. tabaci, food availability
does not appear to be a main factor when defining B. tabaci
seasonality in the field because it is a polyphagous species that
can be hosted by numerous plant species.
When we see our model results, it is clear that climate
suitability for B. tabaci presented variability in several areas
throughout the months of the year (Figs. 4 and 5). The direct
influence of climatic factors on seasonality for B. tabaci seems
to be greater than the indirect influence of host plant availability, since host plants (such as tomato crops) were available in
the field for B. tabaci throughout the whole evaluation period.
This can be observed in Figs. 2 and 5, where B. tabaci density
varied over time, coinciding with the highest and lowest
growth indices, respectively.

B. tabaci density was highest between September and
December, while its lowest densities were observed during
January–February and June–August. When we observe the
data for B. tabaci density in the field and the CLIMEX model
GIw for these periods, we notice a significant agreement between them, which reinforces confidence in the model’s results. Further, the rapid decrease and increase observed during
the evaluation period in the field matched the period of time
(an increase and decrease of B. tabaci densities with the
growth index of the CLIMEX model) which reinforces the
validity, highlighting the robustness of the model presented.
In the second year of evaluation, B. tabaci densities in
tomato crops were low from February to May but our model
showed a progressive increase in the growth index for the area
monitored. One of the possible reasons that might explain this
fact is related to the effectiveness of the pest control method
applied by the farmers in these crops, which contributes to the
low B. tabaci density. Additionally, this was a period where
rainfall was very low, which affected the planting of many
vegetable crops (including tomato cultivation) in the region.
Most of the host crops require a significant volume of water
for growth and development; in cases of adverse conditions,
this implies a low number and diversity of hosts (low food
availability). Consequently, the population of this pest in the
field over the colonization period was very low. This is just
one example of how climate conditions are important and may
indirectly affect species fluctuations. In the present case, this
may have affected the environment and, consequently,
B. tabaci density. In addition, the climate may affect natural
enemy populations, leading to low density which implies a
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low rate of natural biological control. Therefore, it is important
to intensify the monitoring at this time of the year since the
climate conditions show themselves to be favourable.
The combination of a high number of host plants (tomato
plantations), favourable climate, the presence of B. tabaci and
inadequate control methods in the field led to increased
B. tabaci numbers in the monitored area over 5–6 months of
the year.
In March, from the first year, we observed initial colonization by nymphs in the monitored areas (Fig. 2). Even though
this period was favourable for B. tabaci, no increase in the
number of adults was observed. This might be explained by
the efficient control applied during that stage, which contributed to decreased nymph numbers, thereby reducing the number of individuals that reached adult stage.
In October (in the first year) and September (in the second
year), colonization by B. tabaci started in the monitored areas
and a population increase (nymphs and adults) on crops was
observed over time. This occurred because no efficient control
method was applied and all conditions (favourable climate,
food availability and pest presence) were significant during
this period.
This seasonal variation matches our spatio-temporal climate dynamics model. These results provide a significant contribution for management and a further study of B. tabaci in
field crops, since the model results determine seasons with
favourable climate conditions for occurrence and the best moment to encounter B. tabaci. Our results indicate periods when
a risk of B. tabaci is highest and may help farmers to focus on
specific times of the year for B. tabaci control. Additionally,
further research could be conducted to determine other important factors (e.g. natural enemies) that influence the seasonal
variations of B. tabaci and its interactions with spatiotemporal climate dynamics in terms of ecological studies.
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