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Abstract

BACKGROUND: Knowledge of the spatio-temporal distribution of pests is important for the development of accurate
management approaches. The boll weevil, Anthonomus grandis grandis Boh., is a deleterious cotton, Gossypium hirsutum L.,
pest in the western hemisphere. The spread of boll weevils across cotton fields remains poorly understood. We assessed the
dispersal pattern of adult weevils through cotton fields cultivated in a tropical area during dry and wet seasons using geosta-
tistics for the number of adults and infested reproductive structures (buds, bolls and total).

RESULTS: Adult weevils and infested reproductive structures increased across both seasons despite the prevailing climatic
variables. In both seasons, boll weevil adults and infested reproductive structures followed an aggregated distribution. The
distances over which samples maintained spatial dependence varied from 0.7 to 43.4 m in the dry season and from 6.0 to
614.4m in the wet season. Boll weevil infestations started at field borders and the infested reproductive structures (oviposition
and/or feeding punctured) were greater than the adults regardless of cotton growth stage.

CONCLUSION: Sampling for boll weevils in cotton fields should start at the field borders and focus on total infested reproduc-
tive structures (buds + bolls) and as cotton plants develop, sampling should focus on the field as a whole. Distances among
samples will vary from 6 to 470 m. Thus, despite the cotton phenological stage or growing season, monitoring of boll weevil
should be done by sampling total infested reproductive structures with a minimum distance of 6 m among samples.
© 2022 Society of Chemical Industry.

Supporting information may be found in the online version of this article.
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1 INTRODUCTION
The boll weevil, Anthonomus grandis grandis Boheman
(Coleoptera: Curculionidae), is considered to be the most harmful
cotton, Gossypium hirsutum L., pest throughout subtropical, and
tropical regions of the western hemisphere.1,2 Boll weevil damages
cotton by feeding upon and laying eggs inside its reproductive
structures, where hatched larvae feed and pupate,3,4 causing
abscission or reduction of fiber quality,3,5,6 and economic losses
of up to US$74 million per year.7 Boll weevil chemical control inter-
ventions are based on economic thresholds obtained by sampling
the plants and for adult boll weevils captured in pheromone-baited
traps.3,8,9 In order to develop an accurate monitoring and manage-
ment program, estimates of population density are essential.10,11

Biotic and abiotic factors affect dynamics and within-field distribu-
tion (aggregated, random or uniform patterns) of insect popula-
tions.10,12 Knowing a pest's distribution within a field can help to:
(1) develop site-specific sampling and control efforts; (2) predict pest
movement; (3) improve insecticide-resistancemanagement; (4) con-
serve biological control agents by precision targeting sprays for the
infested areas; and (5) reduce the economic, social and environmen-
tal costs associated with pest control.10,11,13 The spatial distribution
of boll weevils has been investigated using mean–variance

relationships4,14 without considering within-field spatial density dis-
tribution, or has been based on pheromone-baited trap captures.15

The most accurate approach is the use of geostatistics because the
position of the samples in space is accounted for.16 Recent work
reported that geostatistics is of particular interest for pest manage-
ment because it allows inferences about the minimum inter-sample
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distance needed to obtain independent estimations and indicates
patterns of distribution and colonization of an organism, all of which
are crucial for the development of effective sampling programs.11,13

The purpose of this study was to investigate the spatial dynamics of
A. grandis grandis on cotton by determining within-field distribution
of adults and infested reproductive structures (having feeding
and/or oviposition punctures).

2 MATERIAL AND METHODS
2.1 Trials and crop management
The trials were conducted at the experimental station of the Uni-
versity of Brasília (UnB) called Fazenda Água Limpa, Vargem
Bonita Co., Brasília, Brazil (15°56057.4800S, 47°56006.400W). The cli-
mate is tropical with an average annual precipitation of
1400 mm. Trials were run in two seasons: dry, with sowing on
28 August 2020 (15°57001.3300S, 47°56003.5400W); and wet, with
sowing on 9 November 2020 (15°57005.0900S, 47°56006.3300W)
(Figure 1). The cultivated areas surveyed during the dry and wet
seasons were 91.1 × 35.6 m (44 rows, maximum length 91.1 m,
minimum length 84.3 m) and 107.4× 86.1m (141 rows, maximum
length 86.1 m, minimum length 22 m), respectively. Plants were
located within 10 rows during the dry season and 21 rows during
the wet season. The total area were approximately 3243.2 and
6368 m2 for the dry and wet seasons, respectively. Row spacing
was 0.7 m and the linear density of plants was six per meter. Initial
soil fertilization, at sowing, used 4–30–16 N–P–K and approxi-
mately 40 days after planting (DAP) plants were fertilized with N
using urea (Table 1). During the dry season, plants were also
sprayed with an amino acid formulation (Table 1) at 42 DAP.
At 15 days before sowing, mechanical soil cultivation involved

two plowings with a heavy 28-disc model harrow plow NVCR
(Baldan) followed by leveling the soil with a 12-disc harrow plow
(GAM Tatu Marchesan) both coupled to a TL 85E (New Holland)
tractor. Sowing was accomplished using a 3060 PD (Jumil) planter

FIGURE 1. Sampling points for boll weevils in two cotton fields (dry and
wet season) and an aerial photograph of the areas and their surroundings.
Hort. Crops, horticultural crops, that is, broccoli, cabbage, carrot, cassava,
kale, garlic, tomato and sweet potato; Sunfl., sunflower.

TABLE 1. Fertilizers, pesticides and additional products used in the cotton fields during the trials

Treatment type Commercial name a.i. Concentration (g L−1) Dose C.P. Manufacturer Place

Foliar spray ROUNDUP ORIGINAL MAIS® Glyphosate 577 5 L ha−1 Monsanto São Paulo, SP
Acid equivalent 480

Volcane® MSMA 790 3 L ha−1 Corteva Paulínia, SP
Assist® Mineral oil 756 0.1 L ha−1 Basf São Paulo, SP
Naturamin® WSP Free aminoacides 80% w/w 0.5 kg ha−1 Daymsa Zaragoza, Spain

Total nitrogen 12.8% w/w
Organic nitrogen 12.8% w/w

Sponsor® Mepiquat chloride 250 0.2 L FMC Campinas, SP
Seed treatment Terra Forte® Fipronil 250 0.3 L 100 kg

sementes−1
Ouro Fino Uberaba, MG

Derosal Plus® Carbendazim 150 0.6 L 100 kg de
sementes−1

Bayer Belford Roxo, RJ
Thiram 350

Fertilization at
sowing

4–30–16 (N–P–K) Total nitrogen 4% 217 kg ha−1 Rifertil
Fertilizantes

Rio Verde, GO
P2O5 30%
K2O 16%
SO4 2.1%
Ca 4%

Side-dressing
fertilization

Uréia Nitro Fértil® Total nitrogen 45% 120 kg ha−1 Rifertil
Fertilizantes

Rio Verde, GO

Abbreviations: C.P. - commercial product; w/w - weight/weight.
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and fertilization (Table 1) , containing seven lines and coupled to a
New Holland TL 85E tractor. Herbicides (Table 1) were sprayed
using a 20-L backpack sprayer (model P1B, Jacto) equipped with
a fan-type beak and drift guard, calibrated for an application rate
of 200 L ha−1. This spray technology was chosen because herbi-
cides in commercial cotton areas are sprayed through terrestrial
applications. Before sowing, the experimental areas were treated
with glyphosate + MSMA (Table 1) for weed control using an
M12775 (Jacto) sprayer coupled to the TL 85E tractor. After cotton
emergence, weeds were controlled over the whole area with
glyphosate (Table 1) using a 20-L backpack sprayer model P1B.
Cotton cultivars used in the dry and wet seasons were BRS

371 and BRS 368 (Embrapa), respectively, both susceptible to boll
weevils and glyphosate tolerant. Cotton seeds were chemically
delinted and treated with fipronil and carbendazim (Table 1)
because the areas had a history of infestation by Atta spp.
(Hymenoptera: Formicidae) and the fungal plant pathogen Ramu-
laria areola (Mycosphaerellaceae), and damping off (caused by
Colletotrichum, Fusarium, Pythium and Rhizoctonia). A plant
growth regulator was used during the wet season, because in this
season plants reached the vegetative growth stage when its use is
recommended (Table 1).

2.2 Sampling
In each field for each season, 200 sampled plants, with each plant
representing an experimental replicate, were georeferenced,
tagged and numbered. Plants were distributed across the areas
keeping the following distances: (1) dry season—distances among
subjacent plants in the horizontal plane were 2.8–4.9 m and in the
verticalplanewere3.3–7.6m;(2)wetseason—distancesamongsub-
jacent plants in the horizontal planewere 2.1–5.6m and in the verti-
cal plane were 3.4–7.9 m (Figure 1). Plants were sampled weekly
throughout both seasons. Sampling was initiated when plants
began producing flower buds at 70 and 59 DAP during the dry and
wet seasons, respectively, and was terminated when bolls opened
(147 and 144 DAP, dry and wet seasons, respectively). Whole-plant
inspections were conducted and the numbers of boll weevil adults,
punctured (feeding and oviposition) and non-damaged reproduc-
tive structures (buds,flowers andbolls)were recorded.Dataonpho-
toperiod, wind speed and direction, precipitation, temperature and
relative humidity (RH) were collected using a thermohygrometer
model HMP155 (Vaisala), anemometer model 051103 (R.M. Young),
pluviometer model TB4 (HyQuest) and pyranometer model SP Lite
2 (Kipp and Zonnen), respectively. Climatic data was used to draw
figures representingmean values for themonth.

2.3 Data analyses
Percentages of infested buds, bolls and total reproductive struc-
tures (buds + bolls + flowers) were calculated by dividing the

FIGURE 2. Climatic variables registered during two cotton-growing sea-
sons: dry and wet seasons. (A) Photoperiod, (B) wind speed,
(C) precipitation, (D) temperature and (E) relative humidity. Veg., vegeta-
tive stage; Bd., buds; I.F., initial flowering; L.F., late flowering; O.Bl., open
bolls.

FIGURE 3. Seasonal variation in the mean density of boll weevils per cot-
ton plant during (A) dry and (B) wet seasons. Bd., buds; I.F., initial flowering;
L.F., late flowering; O.Bl., open bolls.
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number of damaged buds, bolls or total reproductive structures
by the total number of reproductive structures (damaged +
non-damaged).
Data on the density of adult boll weevil and the percentages of

infested buds, bolls and total reproductive structures per plant
were used to calculate the mean and the standard errors (SEM),
and were used together with the climatic variables to show fluctu-
ations throughout the experimentation period.
Geostatistical interpolationwas performed using the ordinary kri-

ging technique,which considers thedistance and thedegree of var-
iation between points and uses spatial dependence between
samples to estimate unknown values of unsampled points.17,18 To
estimate the unsampled values within the evaluated cotton fields,
semivariograms were modeled for all sampling dates. For this pur-
pose, the semivariance was first calculated using the equation:

γ hð Þ= 1
2N hð Þ ∑

N hð Þ
i=1 Z xið Þ−Z xið Þ+h½ �2

where γ(ℎ) is the semivariance, Z(xi) is the value that variable
x assumes at position i, Z(xi) + h is the value that variable x
assumes at position i+ h, and N(h) is the number of measured
pairs in the lag distance h.19 Data from all the sampling dates were
then adjusted to the linear, Gaussian, spherical and exponential

semivariogram models and tested for the existence of spatial
autocorrelation.20–22 Spherical models are described by the
formula20–22:

γ hð Þ=
O, h = 0

C0 + C
3
2
h
a
−
1
2
h3
a3

� �
,O<h ≤ a

C0 + C,h>a

8>><
>>:

Where C0 is the nugget constant, C0+C is the sill, C is the struc-
ture variance and a is the effective range. The model shape fol-
lows a linear growth close to the origin (short distances
between two points) and it plateaus above the range value.20–22

Omnidirectional models, having the highest regression coeffi-
cients and lowest residual sum of squares together with the linear
regression models parameters, were used for cross-validation of
the selected models, that is, those having: (1) determination coef-
ficients (R2) close to one; (2) intercepts (⊎0) close to zero; and
(3) slopes (⊎1) close to one.16,21,23,24

After adjusting the models, the parameters nugget effect (C0), sill
(C0 + C), and range (R, in m) were obtained and used to calculate
the spatial dependence (SD) as the nugget (C0) to sill (C0 + C) ratios:

SD=
C0

CO+Cð Þ×100

SD varies between strong (SD ≤ 25%), moderate (25% < SD ≤ 75%)
and weak (SD > 75%) aggregations as suggested by Cambardella
et al.25 Whereas SD is observed (or samples are autocorrelated) over
distancescloserthantheestimatedrange(R), thesill (C0 + C) indicates
where the semivariogrammodels plateau and the nugget effect (C0)
corresponds to thevaluewhere thesemivariogrammodels intercepts
the y-axis.16,26 Linear variogrammodels indicate randomdistribution,
whereas exponential, spherical orGaussianmodels indicate aggrega-
tion or spatial dependence.11,13 Therefore, following selection of the
curvilinear models (exponential, spherical or Gaussian), SD was
ensured,anddigitalizedmapscontaining interpolateddatawerebuilt
using ordinary kriging interpolation. Maps allowed to keep track of
bollweevil infestationacross seasons.20,23,24 TheprogramGs+version
7 was used for all of the spatial analyses as recommended by Vieira
et al.20,27

3 RESULTS
Photoperiod varied from 11.4 to 13.0 h of light (Figure 2A), wind
speed from 0.9 to 1.1 m s−1 (Figure 2B), precipitation from 0 to
15.8 mm (Figure 2C) and temperature from 18.5 to 22.4°C
(Figure 2D), whereas RH varied from 55.3% to 81.2% (Figure 2E).
Density of adult boll weevils increased as the cotton plants devel-
oped, particularly in response to the production of reproductive
structures (Figure 3). At the end of the dry season, boll weevil
densities continued to increase (Figure 3A) in contrast to a decline
observed at the end of the wet season (Figure 3B). Mean (± SEM)
numbers of boll weevils per plant were similar across seasons:
0.1 ± 0.4 and 0.1 ± 0.5 adults for the dry and wet season, respec-
tively. In each season, the greatest densities occurred when the
bolls were opening (Figure 3).
Percentage of infested cotton reproductive structures generally

increased across both seasons, exhibiting relatively small varia-
tions (Figure 4). Infestations of buds contributed the most to the
proportion of total infested reproductive structures until the
beginning of the initial flowering stage in both seasons when

FIGURE 4. Seasonal variation in themean infestation percentage of buds,
bolls and total (buds + bolls) reproductive structures by boll weevils per
cotton plant during (A) dry and (B) wet seasons. Bd., buds; I.F., initial flower-
ing; L.F., late flowering; O.Bl., open bolls.

Boll weevil differential distribution in cotton www.soci.org

Pest Manag Sci 2022; 78: 2492–2501 © 2022 Society of Chemical Industry. wileyonlinelibrary.com/journal/ps

2495



infestation of total reproductive structures was a result of infesta-
tions from both buds and bolls (Figure 4). Dry season infestations
of buds, bolls and total reproductive structures were greatest at
the boll opening stage and were 28.8% ± 1.3%, 5.0% ± 0.6%
and 34.9 ± 1.4%, respectively. During the wet season at the same
cotton stage, infestation of bolls and total reproductive structures
reached 51.4% ± 1.1% and 65.8% ± 1.9%, respectively, although
maximum infestation of buds, 17.0% ± 0.9%, occurred at late
flowering stage. The average rate of infested structures to boll

weevil adults (that is, the average cumulative numbers of infested
reproductive structures divided by the average cumulative num-
bers of adults per plant across each season for each plant stage)
observed in our study was 30.5, 10.3 and 52.7 during initial flower-
ing, late flowering and open bolls for the dry season, and 31.4,
37.9 and 7.3 during initial flowering, late flowering and open bolls
for the wet season.
From the 69 (33 for the dry season and 36 for the wet season)

variogram models adjusted to the data obtained from the

Table 2. Parameters and theoretical models adjusted to the spatial distribution pattern of Anthonomus grandis grandis during dry season

Phenological stage Variables Characteristics of the spatial distribution models Cross-validation

Buds Model C0 C0 + C R SS R2 SD ⊎0 ⊎1 R2

BW – – – – – – – – – –

I.Bd. Gaussian 0.01 21.31 6.51 168 0.718 0.0005 0.82 −0.07 0.003
I.Bl. – – – – – – – – – –

I.R.S. Gaussian 0.01 21.31 6.51 168 0.718 0.0005 0.82 −0.07 0.003
Initial flowering BW Exponential 0.05 0.18 43.44 8.61 × 10−3 0.650 0.2560 0.04 0.61 0.092

I.Bd. Gaussian 1.00 420.10 7.00 36.657 0.792 0.0024 10.21 0.09 0.004
I.Bl. Gaussian 0.00 2.95 7.38 3.92 0.665 0.0003 0.23 −0.03 0.001
I.R.S. Gaussian 1.00 437.20 6.89 39.566 0.795 0.0023 10.99 0.06 0.002

Late flowering BW Exponential 0.03 0.15 7.50 2.65 × 10−3 0.345 0.2310 0.01 0.81 0.088
I.Bd. Exponential 59.60 144.50 16.92 718 0.820 0.4125 4.71 0.81 0.182
I.Bl. Gaussian 0.71 14.58 4.87 15.50 0.726 0.0487 2.18 −0.11 0.002
I.R.S. Exponential 89.00 580.50 12.12 19.230 0.791 0.1533 7.10 0.67 0.110

Open bolls BW Gaussian 0.02 0.40 5.42 0.02 0.725 0.0532 0.23 0.23 0.011
I.Bd. Gaussian 42.60 333.30 0.69 15.682 0.000 0.1278 7.14 0.77 0.097
I.Bl. Gaussian 0.10 86.20 6.10 2.432 0.674 0.0012 2.96 0.16 0.009
I.R.S. Gaussian 53.00 455.00 5.92 5.548 0.915 0.1165 11.79 0.54 0.080

Abbreviations: BW, boll weevil mean density; C0, nugget effect; C0 + C, sill; I.Bd., infested buds (%); I.Bl., infested bolls (%); I.R.S., total infested repro-
ductive structures (%); R, range; R2, determination coefficient; SD, spatial dependence; SS, residual sum of square; ⊎0, intercept of the curve; ⊎1, slope
of the curve. (−) Occasions with the absence of either the insect or structure, restraining the adjustment of a model.

TABLE 3. Parameters and theoretical models adjusted to the spatial distribution pattern of Anthonomus grandis grandis during wet season

Phenological stage Variables Characteristics of the spatial distribution models Cross-validation

Buds Model C0 C0 + C R SS R2 SD ⊎0 ⊎1 R2

BW – – – – – – – – – –

I.Bd. Exponential 3.59 7.47 259.20 6.31 0.361 0.4805 0.20 0.38 0.013
I.Bl. – – – – – – – – – –

I.R.S. Exponential 3.59 7.47 259.20 6.31 0.361 0.4805 0.20 0.38 0.013
Initial flowering BW Exponential 0.11 0.42 614.40 1.39 × 10−3 0.813 0.2632 0.12 0.05 0.000

I.Bd. Exponential 67.30 224.80 450.00 485 0.846 0.2994 0.68 0.94 0.180
I.Bl. Exponential 2.66 25.36 12.60 34.90 0.371 0.1049 1.49 0.48 0.054
I.R.S. Exponential 83.60 281.30 470.10 749 0.840 0.2972 0.36 0.99 0.196

Late flowering BW Exponential 0.09 1.06 9.00 0.05 0.230 0.0870 0.25 0.55 0.039
I.Bd. Exponential 8.60 162.40 7.20 2.526 0.027 0.0530 7.32 0.56 0.057
I.Bl. Spherical 1.80 164.70 8.10 851 0.174 0.0109 8.23 0.44 0.036
I.R.S. Exponential 172.40 447.60 434.70 3.663 0.710 0.3852 2.34 0.91 0.176

Open bolls BW Exponential 0.52 1.04 44.70 0.131 0.407 0.4995 0.11 0.679 0.066
I.Bd. Exponential 7.80 237.10 7.20 2086 0.076 0.0329 8.78 0.424 0.028
I.Bl. Spherical 1.00 769.80 6.00 29 933 0.000 0.0013 22.24 0.559 0.028
I.R.S. Exponential 17.0 497.60 6.00 8406 0.031 0.0342 21.11 0.520 0.028

Abbreviations: BW, boll weevil mean density; C0, nugget effect; C0 + C, sill; I.Bd., infested buds (%); I.Bl., infested bolls (%); I.R.S., total infested repro-
ductive structures (%); R, range; R2, determination coefficient; SD, spatial dependence; SS, residual sum of square; ⊎0, intercept of the curve; ⊎1, slope
of the curve.(−) Occasions with the absence of either the insect or structure, restraining the adjustment of a model.
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combination of four variables (boll weevil density, infested buds,
infested bolls and total infested reproductive structures) and nine
(dry season) and 10 (wet season) dates of evaluation, 14 were
selected for each season based on ⊎0 values close to zero, and
⊎1 and R2 values close to one. All models were isotropic exhibiting
the same spatial autocorrelation in all the directions. For the dry
season and among the 14 selected models, 10 were Gaussian
and 4 were exponential (Table 2), whereas for the wet season,
12 models were exponential and 2 were spherical (Table 3). The
41 remaining models, which were not selected, are included in
Tables S1 and S2.
Spatial dependence among sampled plants was detected and

varied from strong in 19 models (SD < 0.25) to moderate in
9 models (0.25 < SD <0.75) (Tables 2 and 3), and confirmed an

aggregated distribution of the boll weevil population in both sea-
sons. Spatial dependence varied from 0.03% to 41.2% in the dry
season (Table 2), and from 0.1% to 49.9% in the wet season
(Table 3).
Range varied from 0.7 to 43.4 m during the dry season (Table 2)

and from 6.0 to 614.4 m during the wet season (Table 3). Maxi-
mum range values were 6.5, 43.4, 16.9 and 6.1 m for buds, initial
flowering, late flowering and open boll stages, respectively, for
cotton cultivated in the dry season (Table 2), and 259.2, 614.4,
434.7 and 44.7 m in the wet season (Table 3).
The spatial distributions of boll weevils and infested reproduc-

tive structures were determined using maps generated through
ordinary kriging from 19 sampling dates. Each map was gener-
ated for the combination of each sampling date (nine or ten)

FIGURE 5. Spatial distributionmaps over time of the densities (Anthonomus grandis grandis/plant) and infestation (%) of cotton structures by boll weevils
across cotton phenological stages during the dry season. Numbers in parentheses above each map represent the mean ± SEM of all evaluated plants
(n = 200) in that stage. Different colors in the maps indicate different ranges for boll weevil density or infestation percentages as described in the legends
above the maps.
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and variable (four), giving 36maps for the dry season and 40maps
for the wet season. Of these, four maps only were chosen for each
variable to show infestation evolution across cotton phenological
stages, that is, buds, initial flowering, late flowering and open bolls
(Figures 5 and 6). The remaining generated maps are included in
Figures S1 and S2.
Adult boll weevils were not detected on cotton plants when

they had buds during both seasons (Figures 5 and 6). At the initial
flowering stage and later, the insect was observed on cotton
plants, always with an aggregated distribution pattern (Figures 5
and 6). Mean boll weevil densities of 1–1.9 adults per plant were
observed across all cotton phenological stages during both sea-
sons (Figures 5 and 6), except during the initial flowering stage

of the wet season when adults of boll weevil did not occur
(Figure 6). The maximum density ranges of 2–2.9 and 3–5 adults
per plant for dry and wet seasons (Figures 5 and 6), respectively,
were observed close to harvest, at the late flowering and open
boll stage, in some parts of the fields. Mean adult boll weevil den-
sities varied from 0 to 0.3 ± 0.05 per plant (Figure 5) and from 0 to
0.5 ± 0.07 (Figure 6) in the dry and wet seasons, respectively.
Infested reproductive structures, even at the early cotton stages,

were as high as 6%–19% for both seasons (Figures 5 and 6), or up
to 40%–69% at certain locations in the cotton field during the dry
season (Figure 6). Infestations were aggregated, reaching 70%–
100% in some locations by the open boll stage, regardless of sea-
son (Figures 5 and 6). Based on the colors of the maps and on the

FIGURE 6. Spatial distributionmaps over time of the densities (Anthonomus grandis grandis/plant) and infestation (%) of cotton structures by boll weevils
across cotton phenological stages during the wet season. Numbers in parentheses above each map represent mean ± SEM of all evaluated plants
(n = 200) in that stage. Different colors in the maps indicate different ranges for boll weevil density or infestation percentages as described in the legends
above the maps.
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mean values, buds, when available, were preferred over bolls for
infestation (Figures 5 and 6). The only exception occurred during
open bolls stage of cotton plants growing in the wet season
(Figure 6).

4 DISCUSSION
In spite of the presence of boll weevils being a serious pest of cotton
in the Americas for more than a century,28 there is a lack of knowl-
edge on the dynamics of infestation across cotton fields. Data on
the prevailing climatic variables in the trials are within the ranges
that allow proper boll weevil development and population
increase.29,30 Adult densities increased by the end of the dry season
and decreased by the end of the wet season. Overlapping genera-
tions within fields occur when infested fallen fruiting structures are
not removed31,32 and when intensive (every 2–3 days) insecticide
applications are used to suppress the population. Previous work
reported that increases in infested reproductive structures are
expected until ‘cut-out' (end of square production) because, after
that, square production declines rapidly and, therefore, boll weevil
populations generally plateau.33,34 This pattern was observed late
in the wet season, when the boll weevil population declined. In the
dry season, the boll weevil population was still increasing at the
end of the season, probably because a plant growth regulator was
not used, continuing the production of flower buds.
Because boll weevils prefer to infest buds,35–38 sampling should

start when plants begin producing buds and continue until bolls
open. Boll weevil adults are able to detect small quantitative dif-
ferences in the concentration of plant attractive compounds such
as the acyclic homoterpenes (tetranorterpenes) (E)-4,8-dimethyl-
1,3,7-nonatriene and (E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetra-
ene,39 and free amino acids40 and, consequently, differentiate
between vegetative and reproductive cotton stages. Monitoring
should also focus on infested reproductive structures rather than
on free-living adults, which were less numerous, only observed
later (initial flowering stage) in the growing season, not represen-
tative of crop injury and inaccurate because most of the boll wee-
vil population is inside fruiting structures.
Previous research on adult boll weevil in-field distributions used

whole-plant sampling14 and pheromone-based traps both pos-
sessing different dimensions for analyzing dispersion compared
with the current approach.8,15,41 Alternatively, application of kri-
ging and other techniques to characterize in-field cotton pest dis-
tributions were used to describe spatial distribution of pests such
as the pink bollworm,42 cotton bollworm,43,44 pentatomid stink
bugs45–48 and thrips.49 Our study is the first to describe spatial dis-
tribution of the boll weevil with ordinary kriging.
Similar toother studiesoncurculionid spatialdistributions,11,50 the

boll weevil exhibited a moderate to strong aggregated pattern for
adults and for infested reproductive structures. This suggests rela-
tively slow in-field dispersal of adults when plants offer plenty of
structures for foodandasovipositionsites;51hence, there isno impe-
tus tomove fartheraway.Aggregation inbollweevilpopulationscan
result from the release of aggregationpheromone,52 and thepreva-
lence of preferred reproductive structures.36–38 Although in-field
infestations were widespread at advanced phenological cotton
stages (late flowering and open bolls), aggregation patterns
remained because buds declined and increasing percentages of
already-infested reproductive structures increased.
In our study, infestations were initiated at the field edges and

spread in all directions into the field (Figures 5 and 6). In tropical
and subtropical areas boll weevils are able to feed on a variety

of host plants,3,53–56 but in the absence of cotton (and a few other
host plants), viable egg production does not occur.57–59 Coloniza-
tion of a field then occurs from surrounding cotton fields or other
host plants, usedmostly for food, located nearby.3,54 Field borders
are, therefore, important places to commence sampling when
plants begin producing buds (Figures 5 and 6).
Range values are theminimumdistances over which the depen-

dence among samples is maintained.13,60 For sampling purposes,
to determine infestation levels for triggering insecticide treat-
ments, the minimum distance adopted to monitor the boll weevil
population should be higher than the average range value of the
variograms.11,13 The range values in our study varied according to
the cotton's phenological stage; the minimum estimated distance
between samples should be more than 0.7 m and the maximum
distance should be approximately 600 m. This recommendation
should be incorporated in the future development of sampling
plans for the pest and contribute to the reduction in the sampling
effort while monitoring the pest.
Suchvariations inrange(maximumdistancethatsamplesshowspa-

tial dependence) are common.13,24When numbers of infested repro-
ductive structures were low, plants had more variable infestation
levels between them, and shorter distances were recommended to
better characterize variation. Conversely, when infestation spread
and levels were high, most places in the field had similar infestation
levels; hence, larger sampling distances (ranges) could be adopted
without compromising sampling precision, because in those cases
moderate spatial dependencewas also noticed.
We recommend that at the bud stage, when infestations begin,

sampling for boll weevils in cotton fields should start at the field
borders, focusing on infested reproductive structures using a dis-
tance of 7–260 m between samples. Later, as cotton plants
develop and in-field infestations spread, sampling of infested
reproductive structures should focus on the field as a whole, using
among-sample distances of 7–470, 12–435 and 6 m when the
plants are at the initial flowering, late flowering and open bolls
stage, respectively. Selection of the sampling distance to be
adopted, considering an aggregated distribution of the boll weevil,
will ultimately be dependent on the growth stage of the cotton
plant which, in turn, influences the variability in infestation levels
between plants and the spatial dependence among samples.
Closer distances between plants should be used when infestations
are relatively low due to heightened variability, and strong spatial
dependence is noticed. Wider distances are recommended when
infestation levels between plants are less variable, usually associ-
ated with relatively high numbers of infested reproductive struc-
tures, and spatial dependence is moderate. Based on the fact
that most growers sample infested reproductive structures while
monitoring the boll weevil,61 no matter the cotton growth season
or phenological stage, high precision can be assured by adopting a
conservative approach that includes using the narrowest range
found for sampling infested reproductive structures. Therefore, as
a general recommendation, the minimum distance that should
be adopted between samples to monitor boll weevil-infested
reproductive structures across all phenological stages is 6 m. The
recommendation found herein is valid for any other area cultivat-
ing cotton under tropical/subtropical conditions, which prevail in
most cotton-producing regions across the globe.62
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