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1 | INTRODUCTION

The cotton aphid, Aphis gossypii (Glover) (Hemiptera: Aphididae),
is a destructive sap-feeding pest that causes economic damage

in many crops worldwide, including melon, cucumber, pumpkin,

Abstract

A standardized sampling plan is the starting point for developing a decision-making
system for pest control. Aphis gossypii (Hemiptera: Aphididae) is a destructive sap-
feeding pest on cotton worldwide. However, research addressing cotton cultivar,
plant phenology and field size with the aim of developing a sampling plan for A. gos-
sypii has not been done. Therefore, in this study, we developed a standardized sam-
pling for A. gossypii as a function of these factors. To accomplish this, A. gossypii
densities in four experimental cotton cultivars were sampled weekly during year one
to determine the ideal aphid characteristic to sample (by individual or colony). During
year one and two, A. gossypii densities were sampled weekly in the same cultivars to
determine sampling unit, sampling technique and the number of samples for an
A. gossypii sampling plan. Using the sample number determined, the sampling time
was recorded for cotton field size of 1, 5, 10, 50, 100 and 150 ha in order to estimate
the sampling cost. In cotton, the count of individuals was the best characteristic for
the assessment of A. gossypii. Leaves of the most apical branches for the vegetative
and reproductive cotton plant stage were the best sampling units. The best sampling
technique was direct counting. The cotton cultivar did not affect the development of
the sampling plan. The A. gossypii sampling plan involved the evaluation of 58 sam-
ples per zone and required 20 min (<0.35 min/sample) for the evaluation of these
samples. However, the walking time between samples was the main factor responsi-
ble for the total sampling time and cost in cotton fields, and this factor strongly de-

pends on the size of the cotton field.
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tomato, pawpaw and cotton (CABI, 2018; Cao, Zhang, Gao, Liang,
& Guo, 2008; Li et al., 2013). In cotton, A. gossypii may cause indi-
rect damage by the transmission of the persistent circulative cotton
leafroll dwarf virus (CLRDV) and cotton anthocyanosis virus (CAV),

which cause cotton blue disease and cotton anthocyanosis disease,
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respectively (Corréa et al., 2005). The cotton aphid may also cause
direct damage by sap-feeding (sucking) on cotton plant tissues
(Fernandes et al., 2012; Ramalho et al., 2012). In addition, during
this sucking process, excessive excretion of carbohydrates derived
from the phloem sap favours the incidence of sooty mould fungus
(Bachmann, Nault, & Fleischer, 2014; Fernandes et al., 2012). The
presence of this fungus on leaves affects the plant's photosynthetic
activity, and its presence on fibres decreases boll quality (Chamuene
et al., 2018; Malaquias et al., 2017).

Although there are alternative pest control methods, insecti-
cide use remains the primary method to control A. gossypii, (Li et
al., 2013; Radcliffe, Hutchison, & Cancelado, 2009; Zhang et al.,
2015). However, excessive insecticide use has increased the number
of cases of field control failure (e.g., Australia), outbreaks of cotton
aphids through the removal of natural enemies and reduced efficacy
of chemical control due to resistance development (Cao et al., 2008;
Herron, Powis, & Rophail, 2001). Furthermore, this excessive insec-
ticide use has contributed to environmental toxicity and human poi-
soning (Kerns, Yates, & Baugh, 2015).

In this context, the use of decision-making systems for the con-
trol of A. gossypii in integrated pest management (IPM) programmes
can reduce insecticide use in cotton (Bueno et al., 2011). Sampling
plans are essential components of the decision-making systems in
IPM programmes (Lima et al., 2017). Sampling plans can be con-
ventional or sequential. The conventional plan can also be called
“standardized sampling plan” because the number of samples is
fixed, whereas in the sequential plan, the number of samples varies.
The standardized sampling plan is the starting point for developing
a decision-making system for pest control and can also be used to
validate sequential sampling plans (Naranjo & Castle, 2010; Pereira
et al., 2016). Standardized sampling plans are determined based on
the aphid characteristic (e.g., individual or colony), units, techniques
and number of samples (Rosado et al., 2014). These determinants, in
turn, provide representative, accurate, quick and low-cost sampling
(Lima et al., 2017; Rosado et al., 2014).

For pest sampling, the crop area needs to be divided into
zones. In these zones, the characteristics of topographical relief,
plant cultivar, phenological plant stage and agricultural systems
should be uniform. The zones might have an area of less than one
to hundreds of hectares, and the plants in each zone might have
different absolute pest densities based on the specific features
of the zone (Miranda, 2010; Moura et al., 2018). In this sense, the
sampling plan used should have a sample size that allows the de-
termination of relative densities that represent the absolute pest
density in both small and large zones (Moura et al., 2018; Pinto
et al., 2017). To evaluate the samples, the distance covered in
small zones is less than that covered in large zones. Throughout
the world, cotton fields range from a few to thousands of hect-
ares (Cao et al., 2008; Kerns et al., 2015; Malaquias et al., 2017).
Cotton pest sampling plans should be adapted to each of these
situations based on the recommendation that the cotton field
zones used for samplings plans should not be larger than 150 ha
(Miranda, 2010).

Due to the importance of cotton, a few studies have attempted
to contribute to the development of decision-making systems for
A. gossypii IPM programmes. Kerns et al. (2015) determined eco-
nomic thresholds for A. gossypii on cotton based on the number
of aphids per leaf. Fernandes, Spessoto, Degrande, and Rodrigues
(2011) developed a sequential sampling plan for A. gossypii on cotton
based on the number of aphid colonies. However, this sampling plan
was determined for only one cotton cultivar without considering the
different phenological stages of the cotton plant. In addition, this
sampling plan did not consider the ideal aphid characteristic (individ-
ual or colony), units and techniques for the evaluation of A. gossypii
populations, as well as the sampling time and cost.

Therefore, in this study, we developed a standardized sampling
plan for the cotton aphid, A. gossypii, which depends on the specific
phenological plant stage and the cotton cultivar. To develop these
sampling plans, we divided this study into five parts. We determined
the ideal (a) aphid characteristic, (b) sample unit and (c) sampling
technique for assessing A. gossypii in cotton, as well as (d) the num-
ber of samples that should be included in the standardized sampling
plan and (e) the sampling time and cost required for sampling A. gos-

sypii in different sized cotton fields or zones.

2 | MATERIALS AND METHODS

2.1 | Experimental conditions

This study was performed over two consecutive years in an experi-
mental area belonging to the State Research Company of Paraiba
(EMEPA) in Itaporanga (07°18'14"S 38°09'00"W, 289-m altitude,
semiarid climate), Paraiba state, Brazil.

The factors under study consisted of the cotton cultivar and the
phenological plant stage. The cotton cultivars tested are BRS Safira
(resistant), BRS Rubi and BRS Verde (tolerant), and BRS 8H (suscep-
tible) (Smith, 2005). These cultivars were selected to assess whether
cotton cultivar types with different aphid susceptibility levels in-
fluence sampling plan development. The phenological cotton plant
stages tested were the vegetative (before the appearance of the first
flower) and reproductive (after the appearance of the first flower or
the settlement of the first boll).

The experimental design was a completely randomized design
with six replications. Each cotton plot (i.e., plot of each cultivar: BRS
8H, BRS Rubi, BRS Safira and BRS Verde) consisted of 1 ha, and the
spacing between rows and plants was 1.0 x 0.20 m. Weeds were
controlled by one herbicide application [2.5 L/ha Herbadox (BASF
Corporation, Hannibal MO, USA) + 1.5 L/ha Diuron (NORTOX S/A,
Arapongas, PR, Brazil)] one day after planting, and two hand hoeings
(at 40 and 70 days after planting). In this study, no insecticide was
applied. The aphid specimens collected were placed in glass vials
(10 ml) containing a 70% ethanol solution and identified according to
Blackman and Eastop (1984).

Extension publications and recommendations for Brazilian cot-
ton pest sampling recommend evaluating at least 100 plants per
zone (Gallo et al., 2002). Therefore, in the following sections of this
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FIGURE 1 Details of the cotton plant showing the structures at the (a) vegetative and (b) reproductive stages [Colour figure can be

viewed at wileyonlinelibrary.com]

study, 140 plants were evaluated. The plants were sampled per plot
using the zigzag pattern, which is the typical pattern adopted for
cotton pest sampling (Fernandes et al., 2011; Gallo et al., 2002).

2.2 | Selection of the aphid characteristic for
assessing Aphis gossypii on cotton plants

This section of the study was conducted according to Kerns et al.
(2015), which demonstrated that the damage caused by A. gossypii
is a function of the number of aphids per cotton plant (and so eco-
nomic thresholds). In contrast, Fernandes et al. (2011) developed a
sampling plan based on the number of colonies (25 insects) of A. gos-
sypii per cotton plant. Therefore, because the damage caused by
A. gossypii is a function of the number of aphids per plant, it remains
unclear whether the number of colonies reflects the total number of
aphids per plant.

To answer this question, this part of the study was performed in
each cotton plot during the first year. The number of A. gossypii indi-
viduals was evaluated on 140 plants randomly selected in each cot-
ton plot (natural field infestations). For each evaluation, the cotton
plant growth stage (i.e., vegetative or reproductive) was recorded.
Correlation analyses (p < 0.05) were then performed among the
total number of cotton aphids per plant and the number of aphid
colonies per plant. The selected characteristic (i.e., colonies or indi-

viduals) was used in the following studies.

2.3 | Selection of the best sampling unit for
assessing Aphis gossypii on cotton plants

To select the sample unit, 140 plants in each cotton plot were evalu-
ated weekly during both years. For each evaluation, the cotton plant
growth stage (i.e., vegetative or reproductive) was recorded. To elim-
inate directional assessment trends, our evaluations were performed
on plants located equidistantly (Midgarden, Youngman, & Fleischer,
1993).

The plants were randomly selected, and all plant structures (i.e.,
bud, stem, petiole, leaf, flower and boll) were assessed (Figure 1). First,
A. gossypii density (nymphs and adults) was determined considering

the part of the plant canopy for the vegetative stage (apical nodes 1-2,
median nodes 3-4 and basal nodes 5-6) and the reproductive stage
(apical nodes 1-6, median nodes 7-12 and basal nodes 13-18). Next,
for each plant, A. gossypii density (nymphs and adults) was determined
considering the position of the leaf on the branch and the position of
the branch on the main stem. The most apical branch on the main stem
was labelled number 1, the second most apical branch was labelled
number 2 and so on until the plant base was reached. The most apical
leaf on the distal position of the branch was labelled number 1, the
second most apical leaf was labelled number 2 and so on until the base
of the branch was reached.

The evaluation of A. gossypii densities (mean + SE) was done
using the direct counting technique and was calculated per plant
canopy, branch and cotton structure (i.e., bud, stem, petiole, leave,
flower and boll). The sample unit was selected using the criteria of
precision and representativeness. For the criterion of precision, the
sample whose aphid density presented relative variance less than
25% was selected. This was done because these units generate sam-
pling plans with low sample numbers, which makes them feasible
(Binns, Nyrop, & Werf, 2000; Southwood, 1978). The relative vari-
ances were calculated using the following formula (1):

RV=100x (SE/X), )
where RV = relative variance (%), (SE) = standard error of the A. gos-
sypii mean densities and )_( = mean density of insects sampled.

For the criterion of representativeness, the relative density (i.e.,
number of aphids per leaf) that showed a positive and significant
correlation (p < 0.05) with absolute density (total number of aphids

per plant) was selected (Southwood, 1978).

2.4 | Selection of the best technique for sampling
Aphis gossypii on cotton plants

Four sampling techniques were studied: leaf beating on a white plastic
tray (LBPT) (35-cm length x 30-cm width x 5-cm depth), direct count-
ing (DC) of insects on both leaf surfaces (abaxial and adaxial), whole
leaf collection in paper bags (WLCPB) and yellow stick trap (YST).
These techniques were chosen because they are the most frequently
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used techniques for sampling sap-feeding insects (Jasrotia, Nataraja,
Harish, Dutta, & Savaliya, 2016; Moura et al., 2007; Pinto et al., 2017).

To select the best technique, 140 plants randomly selected
from each cotton plot were evaluated weekly during both years.
For each evaluation, the cotton plant growth stage (i.e., vegetative
or reproductive) was recorded. To eliminate directional assessment
trends, our evaluations were performed on plants located equidis-
tantly (Midgarden et al., 1993). Because the cotton season is long,
and in order to optimize data collection, all techniques were applied
throughout of the plant canopy during the two years, except for
the yellow stick trap that was used according to the manufacturer's
recommendations. However, for the data analysis, only data corre-
sponding to the sample unit selected on the previous section were
used.

The LBPT technique consisted of placing a tray below the selected
sampling unit, shaking the sample at least ten times inside the tray and
then counting the fallen insects. In the DC approach, the insects on
the selected sampling unit were counted. In the WLCPB method, the
leaves present on the selected sampling unit were rapidly collected
and placed in a paper bag for subsequent identification. The bags con-
taining leaves were then transported to the laboratory, where the live
insects on the leaf and in the bag were counted (Moura et al., 2007).
The YST technique involved the counting of insects by looking at both
sides of the trap.

The criteria of accuracy and representativeness were used to de-
termine the best sampling technique (Binns et al., 2000; Southwood,
1978). According to the accuracy criterion, the sampling technique
that presented RVs below 25% was selected (Southwood, 1978). The
RV calculation followed the same procedures as that used for the
selection of the best sampling unit. With respect to the representa-
tiveness criterion, the sampling technique that showed positive and
significant (p < 0.05) correlations between the absolute and relative

densities of A. gossypii was selected.

2.5 | Determination of the number of samples

To determine the number of samples, 140 plants randomly selected
from each cotton plot were evaluated weekly during both years. For
each evaluation, the cotton plant growth stage (i.e., vegetative or
reproductive) was recorded. To eliminate directional assessment
trends, our evaluations were performed in plants located equidis-
tantly (Midgarden et al., 1993). For the data analysis, only data corre-
sponding to the sample unit and technique selected on the previous
sections were used.

For each cotton cultivar and phenological plant stage, the mean
and SE of the A. gossypii densities were calculated. The observed
and expected frequencies of A. gossypii densities by the negative,
Poisson and binomial positive distributions were calculated. The
densities of A. gossypii fit a type of frequency distribution when
differences between observed and expected frequencies were non-
significant according to the chi-square test (p > 0.05) (Bliss & Owen,
1958; Young & Young, 1998).

As previously observed in most crops, the A. gossypii densities fit
a negative binomial distribution (Young & Young, 1998). The aggre-
gation parameter values were calculated for each cultivar using the

following Equation (2):

f=x/ (s*-x). (2)

where k = negative binomial distribution parameter, $2 = variance of
A. gossypii density sampled and X = mean.

To verify whether there was a common aggregation parameter
(K

ommon)» the K value of each cotton cultivar and phenological plant

stage (i.e., vegetative and reproductive) was submitted to simple lin-
ear regression analysis (Bliss & Owen, 1958). It was considered that

the cotton cultivar/stage combination presented a K when

common
they had a significant slope and a non-significant intercept, based on
the F test at p < 0.05 (Bliss & Owen, 1958).

After having verified the existence of a K

common @Mong the differ-

ent cotton cultivars and of the different phenological plant stages,
the number of samples to compose the A. gossypii sampling plan in
cotton was estimated. The number of samples was calculated ac-
cording to the formula proposed by Young & Young for the negative
binomial distribution (1998) (3):

N={(1/¢2) x [(1/x) + (17|}, (3)

where N =number of samples, C = permitted error, ;(= popula-
tion mean and k.= common parameter of the negative binomial
distribution.

For these calculations, we employed error values of 0.05-0.25.
These errors were used because sampling errors between 0.05 (5%)
and 0.25 (25%) are considered acceptable for decision-making in in-

tegrated pest management programmes (Southwood, 1978).

2.6 | Determination of the sampling time and cost

In these calculations, the sample size ideal for the evaluation of A. gos-
sypii populations determined previously in this study (58 samples per
zone) was used. The 58 samples evaluated were located equidistant
in each field (Midgarden et al., 1993). The sampling was performed
twice in each field, at the vegetative and reproductive stages. To de-
termine the sampling time, samples were collected from field of 1, 5,
10, 50, 100 and 150 ha because cotton fields are currently from a few
to thousands of hectares; in addition, 150 ha was the largest field size
used to assess the sampling of A. gossypii in cotton (Cao et al., 2008;
Kerns et al., 2015; Malaquias et al., 2017; Miranda, 2010).

The sampling time for the evaluation of A. gossypii included the
walking time between the different samples and the evaluation time
of the pest. For each situation (walking and evaluation time), the time
was recorded separately. Afterwards, the A. gossypii sampling cost
was determined for one sample for each field size, based on the ma-
terials and labour cost (Pinto et al., 2017). Materials (clipboard, paper,
pencil and eraser) were cost-estimated for one sampling event during
a crop season (25 weeks). Labour cost was calculated based on the
wage paid per hour to one pair of workers in Brazil (US $4.48).
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3 | RESULTS

3.1 | Characteristic to be assessed in the sampling

We verified that there was no correlation (r=0.11, p = 0.26) be-
tween the total number of A. gossypii individuals and the number of
colonies on cotton plants of different cultivar types and of different
phenological plant stages. Among the evaluated plants, we observed
23.68 + 2.56 aphids per plant and 4.90 + 0.49 aphid colonies per
plant.

Because the damage caused by A. gossypii is a function of the
number of aphids per plant (Kerns et al., 2015), and there was no
correlation between the total number of individuals per plant and
the number of colonies per plant, we considered the number of
aphids as the characteristic for the sampling plan developed in this

study.

3.2 | Sampling unit

The results obtained to determine the sampling unit for each cot-
ton cultivar were similar; thus, the results obtained aiming to select
the best sampling unit are a summary of the data obtained for all
tested cultivars (Supporting Information Tables S1-S8). The leaves
of the most apical branches (first and second branch) were the best
sampling unit to evaluate A. gossypii on cotton plants, at the vegeta-
tive and reproductive phenological stages (Table 1). More detailed
information about A. gossypii density per plant canopy, branch and
cotton structure (i.e., bud, stem, petiole, flower and boll) is shown in
the Supporting Information Tables S9-S11.

Using the DC method of cotton plants, greater A. gossypii den-
sities were detected on the second leaf from the first and second
branches of the apical canopy of the cotton cultivars. The first, sec-
ond and third leaves yielded relative variance values below 25%, and
significant positive correlations (p < 0.05) between the relative and
absolute A. gossypii densities. Thus, the leaves of the most apical
branches were the ideal unit for sampling A. gossypii populations in

the cotton fields at all plant growth stages.

3.3 | Sampling technique

The results obtained to determine the sampling technique for each
phenological cotton plant stage were similar; thus, the results of this
part of the study are a summary of the data obtained for both cotton
phenological stages. Among the sampling techniques considered in
this study, higher A. gossypii densities were observed with the LBPT
and DC method at the vegetative and reproductive stages (Table 1).
The YST method, even when using different heights, did not yield
higher densities of A. gossypii; thus, the results shown for the YST
method constitute a summary of all YST results. The Supporting
Information provides more detailed information about each YST
study (Table S12). All the techniques had a relative variance value
below 25% for both plant stages. However, no significant positive
correlations (p < 0.05) were found at the vegetative or reproductive
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stages between the relative densities obtained with each of the
tested techniques (YST, LBPT, WLCPB) and the absolute A. gossypii
densities obtained through DC. The sampling technique that should
be used for A. gossypii sampling is DC on the leaves of the most api-
cal branches of the cotton plants.

3.4 | Number of samples in the sampling plan

The results obtained to determine the number of samples required
for a standardized sampling plan are shown for nymphs and adults
(winged and wingless). Most of the A. gossypii densities obtained for
different phenological stages and for different cotton cultivars fit
a negative binomial distribution. Based on the goodness-of-fit chi-
square test, all the cultivars and stages, except for the Safira cul-
tivar at the reproductive stage, fit a negative binomial distribution
(Table 1).

The regression curve of the aggregation parameter (K . )
according to the K parameter of each cultivar/stage combination
presented a significant slope (p < 0.05) and a non-significant inter-
cept (p > 0.05) (Table 2). Thus, among A. gossypii densities in cotton
fields of different cultivars types and of different phenological plant
common = 0-2786).
The error chosen to calculate the number of samples to perform

stages, there is a common aggregation parameter (K

the sampling of A. gossypii in cotton was 25% (Figure 2). This error
was adopted because according to Southwood (1978), for pest man-
agement purposes, an error of up to 25% is admissible. Therefore,
at this precision error, the standardized sampling plan for A. gossypii
in the different cotton cultivars with plants at vegetative and repro-
ductive stages requires 58 samples/zone.

3.5 | Sampling cost and time

The results are a summary of the data obtained for both pheno-
logical stages of the cotton plants. The sampling time required for
sampling A. gossypii included the walking time between the different
samples and the evaluation time (Table 3). The time required for as-
sessing 58 samples was only 20 min (<0.35 min/sample). In contrast,
the walking time between the samples ranged depending on the
field size. For fields with a size of 1-150 ha, the walking time ranged
from 20 min to 4 hr and 05 min. The sampling cost for one sampling
of A. gossypii in an area of 1-150 ha ranged from US$ 3.11 to 19.32
per sampling, and the final sampling time ranged from 40 min to 4 hr
and 25 min.

4 | DISCUSSION

The number of aphids was the ideal characteristic for sampling
A. gossypii on cotton plants. Selecting the ideal pest characteristic
for sampling is the first step to develop representative and accu-
rate samplings plans (Moura et al., 2007). In addition, understanding
which characteristic represents the pest damage is the primary step
for developing appropriate economic injury levels (Foresti, Bastos,
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TABLE 1

Insect density (mean + SE), relative variance, Pearson's correlation coefficient (r) as a function of the leaf position in the most

apical branches and sampling technique, and chi-square test (;(2) between observed and expected frequencies by negative binomial, Poisson
and positive binomial distributions of Aphis gossypii densities

Selection of the best sampling unit

Leaf (humbered from the branch apex)

Insect density (mean * SE)

1st 17.04 £ 1.94
2nd 3242 +2.83
3rd 11.56 £2.27
4th 0.79 £0.53
5th 0.30+0.21

11.40

8.72
19.63
67.30
70.69

Relative variance (%)

0.02*
0.03*
0.02*
0.18
0.16

Selection of the best sampling technique

Insect density Relative variance

Phenologic stage Sampling technique (mean * SE) (%) r
Vegetative Yellow stick trap 6.43 +£0.39 6.03 0.03
Beating plants against tray 5770 +4.83 9.74 0.28
Whole leaf collection in paper bags 25.70 £ 9.09 15.07 0.05
Direct counting 60.85+3.75 9.04 0.72*
Reproductive Yellow stick trap 5.05+0.47 9.35 0.00
Beating plants against tray 74.73 £7.08 9.47 0.01
Whole leaf collection in paper bags 12.85+1.90 14.79 0.02
Direct counting 80.22 + 6.22 9.11 0.83*
Fitting densities to a frequency distribution
Negative binomial Poisson Positive binomial
Insect density
Cotton cultivar  Phenologic stage (mean * SE) 2 df % df x> df
BRS 8H Vegetative 27.38 £0.34 2.70™ 1 - - 43.37* 3
Reproductive 36.68 £ 0.66 14.73™ 8 - - - -
Rubi Vegetative 14.18 +0.20 0.53"™ 3 = = 110.88* 8
Reproductive 28.07 £0.31 6.84™ 5 - - - -
Safira Vegetative 12.30+0.24 6.83"™ 2 - - 69.75* 3
Reproductive 17.30 £ 0.20 31.02* 17 - - - -
Verde Vegetative 15.90 + 0.34 3.85™ 2 - - - -
Reproductive 48.84 +0.46 3.94" 5 - - 468.27* 1

*Significant at p < 0.05. "™Non-significant at p < 0.05.

Fernandes, & Silva, 2018; Moura et al., 2018; Pereira et al., 2016).
Therefore, aphid counts should not only be considered as most ap-
propriate for sampling, but also to develop economic injury levels for
A. gossypii in cotton.

Leaves of the most apical branches at both phenological stages
(vegetative and reproductive) were the best sampling units for sam-
pling A. gossypii in all cotton cultivars. These leaves and branches
were chosen because this enabled adequate sampling in different
cotton cultivars at two phenological stages (vegetative and repro-
ductive) and were highly representative and accurate (Moura et al.,
2007; Southwood, 1978). Higher insect densities are frequently as-
sociated with a plant's structures where resources can be best ex-
ploited (food or shelter) (Cibils-Stewart, Sandercock, & McCornack,

2015; Smith & Chuang, 2014). Sap-feeding insects exploit the apical
canopy to a greater degree because this plant structure has higher
levels of water and nitrogen (Bernays, 1994). In addition, in this part
of the canopy, we found tender plant tissues, such as the apical bud
and youngest leaves, which are easiest to exploit (Pinto et al., 2017).

The best sampling technique was the DC for sampling A. gossypii.
Only the DC technique enabled fast and high-precision sampling
(relative variance <25%). This technique has been recommended for
sampling several species of aphids and thrips, including the thrips
Frankliniella schultzei and Thrips palmi (Bacci et al., 2008). The DC
technique allows better visualization of the insect without disrupting
it (Bacci et al., 2008). In addition, it has been reported that for sam-

pling plans, the DC technique is best because it provides improved
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TABLE 2 Estimation and homogeneity test for the common
aggregation parameter (Kcommon) of the negative binomial
distribution for the density data of Aphis gossypii from cotton
cultivars

Degrees of
Variance source freedom Mean squares F
Slope 1/kc 1 16.69 13.99°
Intercept 1 0.01 0.01
Residue 8 1.19

K =0.2786

common

*Significant according to the F test at p < 0.05.
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FIGURE 2 Number of samples for sampling Aphis gossypii as a
function of the different levels of precision error

representativeness and faster sampling with good accuracy (Lima
et al., 2017; Pereira et al., 2016; Rosado et al., 2014). Among the
sampling techniques evaluated in this study, the LBPT approach, al-
though not representative, also had higher densities of A. gossypii,
possibly because this aphid cannot hold onto the plant or cannot fly
when the leaves are shaken during LBPT (winged adults).

The A. gossypii density data fit a negative binomial distribution
due to the high frequency of samples with extreme densities (low or
high), resulting in variances higher than the average (Taylor, 1961). A
single insect species might present different values for the param-
eter K in the negative binomial distribution depending on the crop
species attacked, resulting in sampling plans with different num-

bers of samples for each crop attacked by a specific species (Young

TABLE 3 Time and cost required for

899
IRy Wi LEY -

& Young, 1998). Here, A. gossypii densities in the different cotton
cultivar crops showed a common aggregation parameter (K ).
This indicates that it is possible to obtain a reliable sampling plan
for A. gossypii in cotton of different cultivars types (Rosado et al.,
2014; Young & Young, 1998). In addition, in the case of this study,

the presence of a K

ommon iNdicates that the sampling plan is flexible

and can be used in cotton fields during the vegetative and reproduc-
tive stages.

The number of samples required is important because it in part
determines the feasibility of a sampling plan (Lima et al., 2017).
Sampling plans are feasible when they allow fast and low-cost sam-
pling. Data collection and processing, as well as decision-making,
should be performed over a period of one day or less (morning or
afternoon) (Moura et al., 2007). This time period enables fast pest
management decisions before the pests cause economic damage
and it is essential for insects that exhibit high population growth
rates, such as aphids (Bachmann et al., 2014; Ramalho et al., 2012).
Therefore, the precision error of 25% was adopted because this was
the smallest error that generated a feasible plan allowing the tasks
of sampling, data processing and decision-making to be conducted
within one day.

Sampling time includes the walking time between samples and
the evaluation time for each sample. We developed a sampling plan
in which 58 samples were evaluated in only 20 min. This was pos-
sible because the DC technique associated with the selected sam-
ple unit resulted in a sampling plan that is representative, accurate
and rapid (Lima et al., 2017; Rosado et al., 2014). The walking time
is responsible for most of the sampling time. An area of 150 ha
required a sampling time of 4 hr and 25 min, but the actual evalu-
ation represents only 20 min of this time. Therefore, we reinforce
that the selection of the sample unit and sampling technique is an
important factor for developing a feasible sampling plan. In addi-
tion, it is important to observe that as the field size increases, the
sampling time also increases because more is the time spent walk-
ing between the samples. The sampling cost, in turn, increases as
the field size increases. In this sense, the uniqueness of this study
regarding the sampling time as a function of the cotton field size
highlights the importance of the field size for sampling planning.

In conclusion, the sampling plan determined in this study to eval-
uate A. gossypii in cotton consists of a feasible sampling plan that
can be incorporated into integrated pest management programmes
for different cotton cultivars, different plant phenology stages and

one sampling of Aphis gossypii by one pair LG SR
P .g P .g ypirby R P Area (ha) between samples Evaluation time Sampling time cost? (US $)
of workers in cotton fields as a function of
the area sampled 1 20 min 20 min 40 min 3.11
5 45 min 20 min 1 hr: 05 min 498
10 1 hr: 03 min 20 min 1 hr: 23 min 6.32
50 2 hr: 22 min 20 min 2 hr: 42 min 12.22
100 3 hr: 20 min 20 min 3 hr: 40 min 16.56
150 4 hr: 05 min 20 min 4 hr: 25 min 19.92

Cost of one sampling per each crop area.
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field sizes. Therefore, for cotton, this sampling plan consists of direct
counting of 58 samples of aphids on the leaves from the most apical
cotton plant branches. Although only 20 min is necessary for eval-
uating these samples (evaluation time), the walking time between
samples is the main factor responsible for the final sampling time
and cost.
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