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Abstract 

The distribution of adult and larvae Bactrocera oleae (Diptera:
Tephritidae), a key pest of olive, was studied in olive orchards. The
first objective was to analyze the dispersion of this insect on olive and
the second was to develop sampling plans based on fixed levels of pre-
cision for estimating B. oleae populations. The Taylor’s power law and
Iwao’s patchiness regression models were used to analyze the data.
Our results document that Iwao’s patchiness provided a better descrip-
tion between variance and mean density. Taylor’s b and Iwao’s b were
both significantly more than 1, indicating that adults and larvae had
aggregated spatial distribution. This result was further supported by
the calculated common k of 2.17 and 4.76 for adult and larvae, respec-
tively. Iwao’s a for larvae was significantly less than 0, indicating that
the basic distribution component of B. oleae is the individual insect.
Optimal sample sizes for fixed precision levels of 0.10 and 0.25 were
estimated with Iwao’s patchiness coefficients. The optimum sample
size for adult and larvae fluctuated throughout the seasons and
depended upon the fly density and desired level of precision. For adult,
this generally ranged from 2 to 11 and 7 to 15 traps to achieve preci-
sion levels of 0.25 and 0.10, respectively. With respect to optimum sam-
ple size, the developed fixed-precision sequential sampling plans was
suitable for estimating flies density at a precision level of D=0.25.
Sampling plans, presented here, should be a tool for research on pest
management decisions of B. oleae.

Introduction

The olive fruit fly Bactrocera oleae (Gmelin) (Diptera: Tephritidae)
is the most serious insect pest of olive fruits in the world. It is known
primarily from the Mediterranean area of southern Europe, and is also
found in North Africa, the Middle East, and along the east coast of
Africa to South Africa. It is generally agreed among olive fly researchers
that this insect can survive and develop in any area of the world where
olive trees are grown (Economopoulos, 2002; Eliopoulos, 2008; Daane &
Johnson, 2010). This monophagous pest was first detected in 2004 in
north of Iran, develops three generations per year with wide overlap in
them (Jafari & Rezaee, 2005). It is able to reduce crop yield in several
ways. Adult females injure drupes through their oviposition on the
ripening fruits. The newly hatched larva will grow as a fruit borer, exca-
vating a tunnel in the mesocarp until pupation. Larval feeding on the
mesocarp causes yield loss primarily by pulp consumption and inducing
premature fruit dropping (Corrado et al., 2012). Additionally they are
creating channels inside the fruit while feeding, they tunnel through-
out the fruit, allowing entry of secondary infestation of bacteria and
fungi that rot the fruit and decrease the oil quality and quantity, also
greatly increase the free fatty acid level (acidity) of the oil olive (Pavlidi
et al., 2013). It has been estimated that the average crop loss is in the
range of 5-30% of the total olive production, even with intense chemical
control measures (Corrado et al., 2012).

Effective and sustainable management of the olive fruit fly is a chal-
lenge. The most widespread management technique in Iran is the use
of the hydrolyzed protein (%3) mixed with 0.001 concentration of
deltamethrin (2.5%), an insecticidal bait that is acceptable for organic
production (Noori, 2011). The bait application is recommended once a
week to alternate rows of trees in the treated orchard. Sanitation (i.e.,
removing fruits after harvest) is an important cultural control for the
olive fruit fly in olive orchards, but it is time consuming and expensive
(Villamil et al., 2013). No effective natural enemies have been found
to date in Iran. Experimental data have shown that spraying ento-
mopathogenic nematodes such as Steinernema feltiae over fallen
olives may prove to be a good control technique for larvae in the soil
and inside fallen olives (Sirjani et al., 2009). Mating disruption, which
involves the release of great quantities of sex pheromone to interfere
with male’s ability to find females in the field, is a potential approach
for olive fruit fly management (Villamil et al., 2013). Yellow sticky tape
plus pheromone is one of the common and effective methods for sam-
pling and mass trapping of olive fruit fly (Montiel-Bueno, 1986; Caleca
et al., 2006; Burrack et al., 2008). Studies on spatial patterns of
Tephritidae are scarce and are mostly based on trap counts. Examples
include spatial patterns of the Mediterranean fruit fly, Ceratitis capita-
ta (Wiedemann) using large grid of traps with trimedlure (Israely et
al., 2005), spatial distribution of adults of B. oleae (Gmelin) in olive
orchards using food attractant-based traps (Dimou et al., 2003), spatial
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and temporal patterns of B. dorsalis (Hendel) adults captured in traps
and described by indices of dispersion and regression models
(Soemargono et al., 2011).

Information about changes in population density of B. oleae during
the season, identification of factors influencing population fluctuations
and determination of their impacts on productivity will be critical to
assisting olive producers in management of this pest. The spatial dis-
tribution of populations is affected by the dispersal abilities of the
species, interactions among individuals, or habitat selection (Vinatier
et al., 2011). Knowledge of the spatial distribution of arthropods pro-
vides useful information not only for theoretical population biology but
is also critical for field monitoring programs (Arbab, 2014; Arbab &
McNeill, 2014). No field sampling can be efficient without understand-
ing the underlying spatial distribution (Taylor, 1984). Understanding
the spatial distribution of insect pests also allows for the estimation of
densities while minimizing data collection costs which in turn form the
basis for making decision in pest management (Khaing et al., 2002;
Fernandes et al., 2011). Methods that are commonly used to describe
dispersion of insects and other arthropod populations have been sum-
marized by Southwood (1995). Two regression models, Taylor and Iwao,
depend on the relationship between the sample mean and the variance
of insect numbers per sampling unit through time, and provide a stable
relationship from one year to another based on only the observed sam-
pling mean (Bisseleua et al., 2011).

In developing a suitable sampling program for research or pest man-
agement purposes, it is necessary to determine two characteristic fea-
tures of any population, its density and its dispersion (Pedigo & Buntin,
1994). In this regard, little is known about the incidence and dispersion
of B. oleae in olive; therefore, we investigated these aspects on B. oleae.
From this information, incidence-density relationships, the optimal sam-
ple sizes for estimating density, and a sequential sampling plan suitable
for intensive population research and pest surveys were developed.

Materials and methods

Experimental site
Two 0.8 ha olive orchards in the Tarom Sofla (36° 23’ 0” N, 49° 14’

0” E) western part of Qazvin province, Iran with heavy infestation of B.
oleae were selected. The trees was maintained under normal commer-
cial practices for irrigation and fertilizer but not used any insecticides
during the study period (from the early of March to the end of August
2012). The olive variety grown was Mari and the trees were 12-15 years
old, 3-4 m tall and 6-7 m apart.

Data collection

Adults

For the purposes of studying the distribution of the adult olive fruit
fly, six yellow sticky traps (about 5”×10” in size, covered with a non-
drying sticky coating) plus both ammonium carbonate and pheromone
(sex attractant) lures were randomly set up in each orchard. The traps
separated from each other by 70 m. To obtain a continuous release of
the sex pheromone (1,7-dioxaspiro-[5,5]-undecane) into the environ-
ment, the traps were set under shade of plant canopy, placed at halfway
the height of the olive trees canopy and oriented towards the upwind
side. These traps were serviced weekly. The dispensers were replaced
monthly, with a new one. The traps were in operation from March 2012
to August 2012 to monitor the fly population. On each sample date at
each site, the number of adults caught was counted both on the inter-
nal and external sides of the traps and calculated the mean and vari-
ance as weekly. After each sampling, flies were trapped out of the trap

to the next sample is not calculated. Each sticky trap was treated as a
replicate. A total of 13 sets of data were obtained from each sampling
location and was used to calculate dispersion indices. The analysis of
spatial distribution was performed on the basis of the weekly captures. 

Immature (larvae)

Sampling of larvae was carried out on sixteen trees. A total of 480
fruit from these trees were collected weekly from 11th July to 3rd

October 2012. The samples were transferred to the laboratory and dis-
sected and examined with a stereomicroscope to confirm for active and
non-active infestation involving alive and dead larva. As adult, a total of
13 sets of data were obtained from each sampling location and the
mean and variance were calculated.

Spatial distribution
To analyze the spatial dispersion, means ( )and variances (S2) for

counts of adult (per pheromone trap) and larvae (per fruit), were cal-
culated and used as basic data for models. We used and compared
three common methods for describing the dispersion of B. oleae in
the study site. 

Taylor’s power law

A power law function can be used to model the relationship between
mean and variance as: 

                                                                                           (1)
where S2 is the variance; 

the sample mean;
a is a scaling factor related to sample size and b measuring the species
aggregation. 

When a=b=1, a >1, b <1 and a <1, b >1, the distribution is random,
regular and aggregated, respectively. Through use of a log transforma-
tion, one can estimate the coefficients with linear regression as: 

                                                         (2)

where a and b are the parameters of the model, estimated by lineariz-
ing the equation after a log-log transformation (Taylor, 1961).

Iwao’s patchiness regression

Iwao’s regression method was used to quantify the relationship
between mean crowding index ( ) and mean density ( ) using the
equation 3: 

                                                                                      (3)

where a indicates the tendency to crowding (positive) or repulsion
(negative) and b reflects the distribution of population in space and is
interpreted in the same manner as b of Taylor’s power law (Iwao, 1968).
Student’s t-test can be used to determine whether the adults are com-
posed of single individuals and if adults are dispersed randomly. 

Test b=1: t=(b – 1) / SEb                                                                        (4)

and Test b=1: t=(b – 1) / SEb                                                                (5)

where SEb and SEb are the standard errors of the slope for the Taylor’s
power law and Iwao’s patchiness regression, respectively. Calculated
values are compared with tabulated t-values with n-2 degrees of free-
dom. If the calculated

t (tc) <t – table (tt)                                                                                 (6)

the null hypothesis (b=1) would be accepted and spatial distribution
would be random. If tc >tt, the null hypothesis would be rejected and if
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b >1 and b <1, the spatial distribution would be aggregated and uni-
form, respectively (Moradi-Vajargah et al., 2011).

The k exponent of the negative binomial distribution 

The parameter k of the negative binomial distribution is one meas-
ure of aggregation that can be used for insect species having clumped
or aggregated spatial pattern. When k values are low and positive (k
<2) they indicate a highly aggregated population; k values ranging
from 2 to 8 indicate moderate aggregation; and values higher than 8 (k
>8) indicate a random population (Elliott, 1971; Southwood, 1995). The
k values were calculated by the moments method (Costa et al., 2010),
and given by:

                                                                                      
(7)

Stability of the k parameter
In order to assure the stability of the k parameter and increase our

confidence in its suitability for adult counts we used Taylor procedure
for testing this assumption. The parameter k from the negative binomi-
al distribution was regressed against the mean to determine whether
estimates of k and mean were related (Taylor et al., 1984). 

Common k (kc)

To test for the existence of a common k (kc) for both data sets, the
estimate of the dispersion parameter k was linearly regressed on pop-
ulation mean ( )as shown in Equation (8) (Tsai et al., 2000):

                                                                                        (8)

A d value significantly >0 indicates the dependence of k on mean
density and justifies estimation of a common k. Estimates of kc were
made using a regression method (Southwood, 1995; Afshari et al.,
2009), which estimates kc by regressing

                                                                                     (9)

on ,                                                                      
                                                                

(10)

and kc was defined by kc =1/slope (Southwood, 1995).

Sampling plan development
Determining the Taylor power law and Iwao’s regression coefficients

requires a large sample size (Ifoulis & Savopoulou-Soultani, 2006).
The coefficients from Iwao’s regression were used to determine opti-
mum sample size requirements necessary for estimating population
means of B. oleae with fixed levels of precision (D). Precision was
defined as: 

                                                                     (11)

where is the standard error of the mean. D is a fixed proportion of
the absolute mean of the population involved. It is also known as the
allowable error, or fixed-precision level, with which the mean is meas-
ured (Krebs, 1999). A precision level of 0.10 is generally desired for
research purposes while a precision level of 0.25 is generally accepted
for pest sampling in pest management programs (Southwood, 1995);
thus we tested these two precision levels in this study. The number of
samples necessary to estimate the mean with two-fixed precision was
determined by solving for Green’s model (Green, 1970):

                                                                                        
(12)

where a and b are coefficients obtained from Taylor power law coefficients.
Because Iwao’s regression coefficients provided the best explanation

for the data, we developed sampling recommendations based on Kuno’s
formula (Kuno, 1991). The critical stop lines, the maximum number of
samples required for fixed-precision sequential sampling plans were
calculated using following equation:

                                

(13)

where Tn is the critical cumulative number of individuals counted in n
samples, N=total of sample unit (12 and 16 for adult and larvae respec-
tively) a and�b are coefficients obtained from the Iwao’s regression
coefficients and D is the required level of precision (0.10 and 0.25).

Results and discussion

Dispersion indices
Iwao’s patchiness regression revealed that the intercept value or the

index of basic contagion (a) was negative for larvae (a=–1.04, P<0.001)
(Table 1). The negative values indicated that for larvae B. oleae the basic
component of the population tends to be a single individual. Further esti-
mates for b, the density contagiousness coefficient, were significantly
greater than unity (tc>tt), in both stages (b=1.06, P<0.001 for adult and
b=1.04, P<0.001 for larvae) suggesting that the populations were over
dispersed (Table 1).

Taylor’s intercept was greater than zero (for adult, a=1.22, P<0.001; for
larvae, a=0.01, P<0.001). In both stages, the slope or index of aggregation
(b) was significantly >1 (for adult, b=1.29, P<0.001; and b=4.80, P<0.001
for larvae) (tc>tt), thus confirming the aggregate nature of distribution
(Table 1). In addition, the values of 1/k (reciprocal of k derived from the
negative binomial), was greater than zero, generally ranging between
0.33 and 2 for larvae and 0.17 and 1.24 for adult (Table 2). Overall, the
results indicated aggregation of adult populations. 
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Table 1. Estimated values of parameters of Bactrocera oleae by regression analysis of Taylor’s power law and Iwao’s patchiness regression.

Stage                          Taylor’s power law
                                                  a                                     b                                   SE b                               r2adj                               P reg

Adult                                                      1.22                                            1.29                                            0.15                                            0.72                                        P<0.001
Larvae                                                   0.01                                            4.80                                            0.30                                            0.66                                        P<0.001
                 Iwao’s patchiness regression patchiness
                                                  a                                     b                                  SE b                               r2adj                               P reg

Adult                                                      0.65                                           1.104                                           0.07                                            0.88                                        P<0.001
Larvae                                                  –1.04                                          1.02                                           0.005                                           0.99                                        P<0.001
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Aggregation was also reported for Bactrocera species affecting sever-
al crops (Dimou et al., 2003; Soemargono et al., 2011; Jahnke et al.,
2014). Soemargono et al. (2011) that the distribution of Bactrocera dor-
salis followed an aggregate pattern in mango. Jahnke et al. (2014)
reported agrigation pattern for Anastrepha fraterculus (Dip.:
Tephritidae) in common guava. Also similar observations were made by
other researchers for other families of diptera. Such as: Namvar et al.
(2011) for larvae Liriomyza sativae (Dip.: Agromyzidae) in cucumber,
Lee et al. (2005) for larvae L. trifolli in cherry tomato, and Burgio et al.
(2005) for larvae L. huidobrensis in lettuce.

The causes of aggregation as declared by Poole (1974), Southwood
(1995), and Wratten and Fry (1980) were due to active aggregation of the
fruit fly such as behavior whereby the presence of each individual male
attracting to female, and reproductive biology were influenced by the het-
erogeneity of the environment such as microclimate especially relative
humidity and preferred part of plant (Soemargono et al., 2011).
Preferential oviposition of eggs on west-facing fruits resulting in signif-
icantly clustering larvae among fruits (Stonehouse et al., 2002) con-
firmed the presence of preferred part of plant. Pertaining to the behavior,
it could be explained by the fact that the fruit flies caught in traps baited
with methyl-eugenol, a highly potent attractant for the male fruit flies of
several species, are mostly males (Stonehouse et al., 2002; Soemargono
et al., 2011). The attraction of the traps may lead to overestimating the
size of local populations due to migration of insects attracted from adja-
cent areas (Jenkins et al., 2011). Count data of larvae from infested fruit,
as conducted in our study, may more realistically provide evidence of
search and host selection behavior of the female fruit fly.

It is well known that the heterogeneity of the habitat is the most obvi-
ous cause of aggregation (Poole, 1974). Abiotic factors such as light,

temperature, wind, humidity and other ecological factors such as compe-
tition for food, predation and sexual stimuli, may influence the patterns
of aggregation of individuals in a population (Jahnke et al., 2014).

Estimation and stability of common k (kc)
The stability of k is necessary to develop parametric sequential sam-

pling methods (Nyrop et al., 1989), because k is used to determine the
minimum number of samples for which the mean density estimate has
met a specific level of precision (Gonzalez-Andujar et al., 2006). There
was no relationship between k and (for larva, r2=0.17; P=0.14; for
adult, r2=0.31; P=0.54) and the slope of the regression of k against the
mean density per sample unit ( ), was not significantly greater than
0, therefore, the calculation of a common k (kc) is acceptable (Table 3).
The estimate of kc was 2.17 and 4.76 for adult and larvae, respectively
(Table 3), so the hypothesis that there was a common kc was not rejected.
The stability of k implies that the degree of aggregation of the adult pop-
ulation was relatively constant, despite variation in sample means.
According to Elliott (1971), the stability of k implies that the degree of
contagiousness in the population was relatively constant over several
months despite the variation in sample means.

Therefore, in this current study, k was an adequate model for the
aggregation of the fruit fly. Similar test to confirm the stability of k had
been carried out by Soemargono et al. (2011) for the oriental fruit fly
(B. dorsalis) distribution in mango plantation.

Sequential sampling plans
Optimum sample size (OSS) and critical stop lines: optimum ample size

curves for fixed levels (10 and 25%) of precision are shown in Figure 1. At
a given level of precision, the optimum sample size decreased rapidly as
fly density increased. For example, at a precision level of 0.25 that is sug-
gested suitable for pest management purposes, for adult the OSS varied
from the minimum of 2 samples in the late season when total population
density was 20 flies/trap, to a maximum of 11 samples in early season
when population density was 4 flies/trap. To achieve a desired precision
level of 0.10 (recommended for research studies), the minimum and
maximum of required sample increased to 7 and 15 flies/trap, respective-
ly (Figure 1). For larvae, the OSS varied from the minimum of 47 samples
(fruits) when total population density was 1.8 larvae/fruit, to a maximum
of 63 samples when population density was 1.46 larvae/fruit. To achieve
an upper precision level (0.10), the minimum and maximum of required
samples increased to 47 and 70, respectively (Figure 1). 

The critical stop lines for the cumulative number of adults at preci-
sion level of 0.1 and 0.25 for both adult and larvae based on Iwao’s
patchiness regression are shown in Figure 2. The cumulative total
number of fly (Tn) collected in the trap/fruit is plotted on a graph as
samples are collected. If the point (n, Tn) is below the line for D, it is
necessary to continue sampling until the fixed level of precision has
been reached. By comparison, when it is above the line for D, the mean
can be estimated with Tn/n (Afshari et al., 2009).

Conclusions

Improved knowledge of the spatial distribution of B. oleae in olive
fields coupled with the development of sequential sampling plans pro-
vides a foundation for more selective and efficient pest management
options for growers. This study showed that B. oleae adults exhibit an
aggregated behavior and follows a negative binomial distribution pat-
tern. It could be inferred that this aggregated distribution is due to the
behavior of fruit fly and some heterogeneity of the environment. The
next steps are to develop an efficient scouting program and establish
threshold densities for action that will inform growers on when the pest
is active and when interventions (e.g., insecticides) can be applied.

                                Article

Table 2. Estimated parameters dispersion indexes for Bactrocera
oleae adult and larvae on different sampling dates in olive
orchard.

Date           k adult               Larvae             1/k adult             Larvae

21-Apr                 2.40                            0.5                            0.42                             2
28-Apr                 0.80                           0.55                           1.24                           1.81
04-May                1.00                            0.8                            1.00                           1.25
11-May                3.26                            1.2                            0.30                           0.83
18-May                1.85                            1.4                            0.54                           0.71
25-May                2.23                            2.1                            0.44                           0.47
01-Jun                 0.98                             3                             1.02                           0.33
08-Jun                 1.87                            2.6                            0.53                           0.38
15-Jun                 5.91                            1.5                            0.17                           0.66
22-Jun                 1.19                           2.22                           0.84                           0.45
29-Jun                 2.72                            2.1                            0.37                           0.47
05-Jul                   3.27                            1.8                            0.30                           0.55
12-Jul                   1.58                             2                             0.63                            0.5
The negative binomial distribution (k) and the clumping index (1/k). Values for 1/k can be random
(1/k=0), aggregated (1/k>0) or uniform (1/k<0).

Table 3. F and P values of regression between aggregation index
k (dependent variable) and fly mean density (independent vari-
able) and estimated common k, kc.

Stage       Regression            r2adj                  P reg                    kc

                  equation                  

Adult        k=15.19 – 4.36 m              0.31                         P=54                         2.17
Larvae      k=5.88 – 0.21 m               0.17                        P=0.14                        4.76
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Figure 2. The stop lines for fixed-precision sequential sampling for larvae and adult population of Bactrocera oleae at two precision lev-
els (0.10 and 0.25) according to Kuno’s model.
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