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Responsible Editor: M. Herdon  produced promising results. However the effect of olive fruit fly’s percentage and fruit
fly dispersion in space were not modelled correctly in some cases. In this work we
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olive fruit fly, dispersion, compared with the measured data by computing three metric indexes. For the case of 0%

simulation, olive fruit bearing  olive fruit the simulated data were nearly identical to the measured data, while for the
case of 30% olive fruit the reproduction of the measured data was quite promising.

1. Introduction

Olive fruit fly is a parasitic insect that infests olive groves as the development of the pre-imaginal
stages (egg, larva, pupa) is solely dependent on the presence of olive fruits. Therefore, if left unchecked
the olive fruit fly can cause great damage in both quality and quantity of the crop (Rice 2000;
Neuenschwander & Michelakis 1978). Due to its dependence on olive fruits for its reproduction it seems
logical that dispersion of the adult population of the insect would be dependent from the presence of
olive fruit inside the olive grove. In their experiments, Fletcher & Kapatos (1981) showed that as the
percentage of olive fruit presence decreases the olive fruit fly travels longer distances. Specifically,
when olive fruit flies were released in an olive grove with 30% of olive fruit production the olive fruit
flies traveled an average distance of 180m in one week. However, when released in an olive grove with
0% olive fruit (no olive fruit production) the olive fruit flies traveled an average distance of over 450m
in one week.

Moreover the population evolution of the olive fruit fly depends upon climate parameters (Broufas,
Pappas & Koveos 2009; Johnson et al 2011; Pappas et al 2011; Tsitsipis 1977; Tsitsipis 1980; Tsitsipis
& Abatzis 1980). However, other factors play also an essential role, such as the spatiotemporal evolution
of the olive fruit fly’s population. A model for the population evolution of the olive fruit fly
incorporating the spatial dispersion of the fly was introduced by Avlonitis, Tragoudaras & Stefanidakis
(2007). This was accomplished by the stochastic generalization of the logistic equation, with arbitrary
initial and boundary conditions for the olive fruit fly population.

ap _ _ 3%p
(1) 5;=Br(A—p)+c=+39®bp

where p is the population density, is the rate of increase, ¢ gz—p is the diffusion term in space and g(p)p

x2

models the spatiotemporal stochasticity and g(p) being the corresponding noise amplitude.
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Voulgaris et al (2013) introduced a simulation model that estimates olive fruit fly population
outbreaks, with the intent to be used as a real-time alert system. Outbreaks’ estimation is achieved by
providing input information about olive grove location, trap data collected from the field, along with
environmental data. Through their experiments, Voulgaris et al (2013) established that predicting the
time when a population outbreak will occur, could help to estimate the proper time to apply population
control methods.

The aforementioned model was upgraded by Kalamatianos, Avlonitis & Stravoravdis (2015) by
making the dispersion model of the olive fruit fly temperature dependent, in the sense that, when
temperature exceeds a predefined threshold, olive fruit flies are motionless. Furthermore, they modified
the time of immature stages of the olive fruit fly, needed to complete development. The time taken for
each olive fruit fly to develop from an egg to a fully grown adult became more random instead of a fixed
time which was the case in the model proposed by Voulgaris et al (2013). The simulation scenarios
conducted by Kalamatianos, Avlonitis & Stravoravdis (2015), revealed how the level of infestation is
affected under diverse temperature sets and drifting distances in addition to the number of starting areas
the initial population emerged.

Kalamatianos & Awvlonitis (2015) further upgraded the aforementioned model (Kalamatianos,
Avlonitis & Stravoravdis 2015) by changing the time resolution of the simulation from days to hours.
Furthermore, based upon field measurements (Fletcher & Kapatos 1981), they improved the dispersion
model of the olive fruit fly based on the olive fruit’s percentage in the olive grove. In this work olive
fruits percentage and symmetric spatial distribution of the olive fruit fly population were not modeled
in detail. While for 0% olive fruit the average traveled distance was correctly reproduced, this was not
the case for the 30% of olive fruit, as it was shown by Fletcher & Kapatos (1981).

In this paper, we further improve the dispersion model in order to address the aforementioned issues
and to better reproduce the findings from the experiments that were conducted by Fletcher & Kapatos
(1981). We compare our results with the field measurements by Fletcher & Kapatos (1981) and use
three metric indexes to validate the simulated data. We also compare our model against a field
experiment conducted by Rempoulakis & Nestel (2012), in which, although olive fruit fly dispersion in
relation to the presence of olive fruit was not the main focus of the experiment, it is derived that for 40%
olive fruit, olive fruit flies traveled in average 46.5m three days after their release.

2. Material and Methods

2.1. Simulation Model

In this subsection, we describe the simulation model, implemented with the Python programming
language, employed for our experiments.

1) Input data

For a simulation the following input data must be supplied. First, the field on which the simulation
will take place must be given. The information required, is the field dimensions, the location of olive
groves and the olive fruit percentage of each olive grove. Following, the climate of the field must be
given, namely the temperature of the field. Although, the development and activity of the olive fruit fly
depends also on more environmental parameters, such as relative humidity (Broufas, Pappas & Koveos
2009; Tsitsipis & Abatzis 1980) currently only temperature is incorporated into the simulation model.
The total number of temperature values must be equal to the total number of simulation steps. In
addition, the total olive fruit flies present at the start of the simulation and their position inside the field
are required. Finally, the total number of simulation steps must be given.

2) Population structure
We structured the population of the olive fruit fly into the following transformation stages:
1. Egg.

2. Larva. All instars are grouped into one transformation stage.
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Pupa.

Mature adult.

3
4. Immature adult. We consider all adults with undeveloped ovaries as immature.
5
6. Dead.

The first three transformation stages are considered as the immaobile population of the olive fruit fly,
since they do not move until the adult fly emerges. When an olive fruit fly reaches its fourth
transformation stage it is able to drift on the field.

3) Development

The time resolution used by the model is hourly, which means that one simulation step corresponds
to one hour following the methodology by Kalamatianos & Avlonitis (2015). In order to accurately
model the development of the olive fruit fly, we utilized the Degree Day model (Wilson & Barnett
1983). Various methods have been proposed to calculate Degree Day units (Wilson & Barnett 1983;
Brown 2013) however, we use the method shown in Equation (2), introduced by Voulgaris et al (2013)
and slightly modified by Kalamatianos & Avlonitis (2015), to calculate the accumulated degree hour
units of each fly.

1

24

where t; is the temperature in the i-th simulation step, T, and Ty are the lower and upper
developmental thresholds, respectively, of each olive fruit fly. When an olive fruit fly reaches its Degree
Day threshold it transforms to the succeeding transformation stage.

3) Oviposition

The model assumes that all olive fruit flies are females and thus can lay eggs, only when they reach
the mature adult transformation stage. Each olive fruit fly can lay up to three eggs in its lifespan, up to
one egg per day and exclusively during daytime hours (Johnson et al 2011; Avidov 1954). The total
number of eggs was selected to account for mortality.

4) Dispersion

The speed at which an olive fruit fly drifts inside the simulated field depends on two parameters,
namely, the temperature and the olive fruits’ percentage. The average speed of an olive fruit fly based
on the olive fruits’ percentage of its current position was calculated with Equation (3) (Kalamatianos &
Avlonitis (2015),

451.8*2—0.04098*]")('3,

(3) AvgSpeed(fs,) = —
where fyy is the olive fruit percentage on (x,y) coordinates of the grid and wh the total daytime hours
in the current week.

We observed, however, that for an olive fruit percentage of 30% the dispersion model couldn't
reproduce the field measurements, for the same fruit percentage, as in Fletcher & Kapatos (1981).
Therefore, we modified Equation (3) from the exponential to a linear Equation (4), as shown in Figure
1, still based on the assumption that for 100% olive fruit the olive fruit fly has no preferred direction.
Thus, the emerging equation is as follows:

—4.513+fy 5, +451.8
(4) Angpeed(fx‘y) =0

wh

1
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Figure 1. Curves for the mean travelled distance of olive fruit flies. Curve (a) exponential law
proposed by Kalamatianos & Avlonitis (2015) curve (b) linear law proposed in this work.

The final speed is calculated by Equation (5) based on the temperature at its current position
(Kalamatianos, Avlonitis & Stravoravdis, 2015).
(5) Speed = Angpeed(fx_y) * (1 - ;)

1+e—10*(ti—TM)

where t; is the temperature present in the i-th simulation step, TM is the upper movement threshold.
The upper movement threshold was set to 35 °C while beyond this temperature the olive fruit flies stop
drifting (Johnson et al 2011; Avidov 1954). Instead of the modified random walker model used by
Kalamatianos & Avlonitis (2015), we employ alternative method for the movement of the olive fruit
flies inside the grid. Specifically, each adult olive fruit fly that emerges picks a random direction to
move towards. At each time step it has three choices either it continues to move towards the same
direction, or it moves towards the opposite direction or it doesn't move. Each choice has a probability
which changes based on the olive fruit percentage of the current position of the olive fruit fly (see Figure
2). For 100% olive fruit all choices are equiprobably.

1
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Figure 2. Probability to choose a direction state based on olive fruit percentage.

2.2. Simulation Scenarios

Herein three simulation scenarios were considered. In all scenarios, 25000 adult olive fruit flies were
placed at the center of a 1500m x 1500m area olive grove. The simulation time period was set to one
week which corresponds to 168 (hours) simulation time steps, for the first two scenarios. For the third
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scenario the time period was set to three days or 72 simulation steps. The diurnal day/night cycle was
set to 14 and 10 hours respectively. Thus, dispersion was possible in only 98 (14h daytime x 7 days)
time steps for the first two simulation scenarios and 42 (14h daytime x 3 days) time steps for the last.
Since, dispersion in relation to the presence of olive fruit was the main focus of the simulations, the
temperature assumed was constant, namely 27°C, at all simulation steps and below the temperature
movement threshold. The variable that was changed in each scenario was the olive fruit percentage,
which was set to 0%, 30% and 40% respectively. Each simulation scenario was executed 100 times.

3. Results and Discussion

In this Section the results of the execution of the three simulation scenarios are presented. Table 1 -
3, all metrics were calculated with the PSPP statistical analysis software, present the results after 100
executions of all scenarios, respectively. In addition, the simulation results are compared against the
measured data for validation purposes.

Table 1. 1st Simulation scenario descriptives

Distance Mean Std. Variance
Intervals Deviation
0-49 | 0.59 0.05 0.00
50-99 | 1.73 0.09 0.01
100-149 | 2.92 0.11 0.01
150-199 | 4.09 0.12 0.01
200-274 | 8.45 0.19 0.04
275-725 | 82.23 | 0.25 0.06

Table 2. 2nd Simulation scenario descriptives

Distance Mean Std. Variance
Intervals Deviation
0-49 | 17.83 | 0.24 0.06
50-99 | 24.53 | 0.30 0.09
100-149 | 21.14 | 0.27 0.07
150-199 | 15.49 | 0.25 0.06
200-274 | 12.78 | 0.22 0.05
275-725 | 8.24 0.19 0.03
Table 3. 3rd Simulation scenario descriptives
Distance Mean Std. Variance
Intervals Deviation
0-49 | 49.73 | 0.30 0.09
50-99 | 35.93 | 0.30 0.09
100-149 | 14.34 | 0.23 0.05
150-199 | O 0 0
200-274 | 0 0 0
275-725 | 0 0 0

Figure 3 depicts the spatial distribution of the olive fruit flies for the first simulation scenario, where
the olive fruits’ percentage in the olive grove was 0%, which have dispersed in a circular shape. The
distribution of the olive fruit flies on the outer rim is denser than the inner rim and the core of the circular

shape.
e —
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Figure 3. Spatial distribution of olive fruit flies for 0% olive fruits’ presence in olive grove for a time
period of one week.

Figure 4 displays the relative frequency, in percentage, of olive fruit flies at specified distance
intervals after the end of the first simulation scenario. The simulated data are compared to the observed
data from Fletcher & Kapatos (1981) for 0% olive fruit presence. When there is no olive fruit present in
the olive grove, over 80% of the olive fruit flies have traveled a distance of at least 275m from their
starting position while for distances smaller than 275m smaller percentages of olive fruit flies can be
found.
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Figure 4. Relative frequency of olive fruit flies compared to observed data from Fletcher & Kapatos
(1981) for 0% olive fruit presence for a time period of one week.

When compared to the observed data from Fletcher & Kapatos (1981), it seems that the simulation
model reproduced the observed data quite well. Indeed, olive fruit fly presence gets more frequent as
the distance from the starting position increases, while the same behavior can be seen in the observed
data. A quantitative comparison of simulated and real data correlation will be given below (see Table
4).

Figure 5 depicts the spatial distribution of the olive fruit flies for the second simulation scenario,
where the olive fruits’ percentage in the olive grove was 30%. The spatial distribution of the olive fruit
flies for the case of 30% olive fruit is the opposite of the spatial distribution for 0% olive fruits’ presence.
Specifically, the distribution is denser in the core and inner rim of the circular shape than the outer rim.

—
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Figure 5. Spatial distribution of olive fruit flies for 30% olive fruit presence in olive grove for a time
period of one week.

Figure 6 displays the relative frequency, in percentage, of olive fruit flies at specified distance
intervals after the end of the second simulation scenario. The simulated data are, again, compared to the
observed data from Fletcher & Kapatos (1981) for 30% olive fruit presence. The simulated data
reproduce the behavior of the observed data although there are large fluctuations between the two data
sets at each distance interval.
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Figure 6. Relative frequency of olive fruit flies compared to observed data from Fletcher & Kapatos
(1981) for 30% olive fruit presence for a time period of one week.

A comparison of the average flight distance of the olive fruit flies from the third simulation scenario
compared to that measured from Rempoulakis & Nestel (2012), is shown in Figure 7. As it is shown our
simulation with an average distance of 55,11m is off by approximately 5m compared to the field
measurements by Rempoulakis & Nestel (2012).
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Figure 7. Average flight distance of olive fruit flies compared to observed data from Rempoulakis &
Nestel (2012), for 40% olive fruit presence for a time period of three days.

To validate the dispersion model a comparison between the simulated data against the measured data
from Fletcher & Kapatos (1981) was done, specifically a comparison between the relative frequencies
in relation to specified distance intervals was made. The following indices, which were also used by
Yang et al (2013), were used to estimate the closeness of the datasets: correlation coefficient (R), Bias
(Koboyashi & Salam 2000) and root mean square error (RMSE). When the values of the two latter
indices are close to zero, this indicates that the datasets are close to each other. All aforementioned
indices were computed via a script in the Python programming language.

1
Bias = 5 X Z 0BS; — SIM;

RMSE — ngil(OBsi — SIM,)?
N

OBSi and SIM; are the measured and simulated value, respectively, of the ith data point in N
observations.

The dispersion model validation was done for the cases of 0% and 30% olive fruit, since only for
those two cases the measured data were available. Additionally, for the case of 30% olive fruit, Fletcher
& Kapatos (1981) measured for the distance interval of 150-199m, no appearance of olive fruit flies,
which we consider as an outlier due, for example, to trap malfunction. Therefore, we computed the
aforementioned indices once for the whole dataset and once by merging the measurements for the
distance interval of 150-199m with the measurements of the distance interval 200-274m. The detailed
results are displayed in Table 4.

Table 4. Validation indices values

Fruit Validation indices

percentage | R Bias RMSE
0% 0.9980 | 1.38167 | 1.931
30% 0.595 |6.771667 | 8.272802
30%* 0.775 |4.438 4.999998
* merging 150 — 199m and 200-274m
cases

For 0% olive fruit, the comparison gave the following results: R, Bias and RMSE were 0.9980,
1.38167 and 1.931, respectively. It is clear that the estimated relative frequency correlated well with the

doi: :10.17700/jai.2018.9.2.437 19
Romanos Kalamatianos, Pavlos Bouchagier, Markos Avlonitis:: Modeling the effect of olive fruit bearing percentage on Dacus
oleae Gmel. (Dipt., Tephritidae) stochastic dispersion



https://doi.org/10.17700/jai.2018.9.2.437

Journal of Agricultural Informatics (ISSN 2061-862X) 2018 Vol. 9, No. 2:12-21

measured values. However, for 30% olive fruit presence the following results were computed: 0.595,
6.771667 and 8.272802 respectively, which indicates that the estimated relative frequencies have a low
correlation with the measured values. On the other hand, when we merged the distance intervals 150-
199m and 200-274m, for the case of 30% olive fruit presence, the following results were computed:
0.775, 4.438 and 4.999998 respectively. By merging the aforementioned cases the estimated relative
frequencies have a stronger correlation with the measured values, for this specific case.

4. Conclusion

We improved the dispersion model proposed by Kalamatianos & Avlonitis (2015) in order to better
reproduce the results from the experiments conducted in Fletcher & Kapatos (1981). We validated our
simulated data using the following three indexes: correlation coefficient (R), Bias (Koboyashi & Salam,
2000) and root mean square error (RMSE).

Simulation results showed, when compared to the results of Fletcher & Kapatos (1981) that for 0%
olive fruit the relative frequency of olive fruit flies at specified distance intervals increases as we move
further away from the origin point, which was observed as well in the field measurements, as well.
Additionally, small fluctuations from the measured data were observed. When, the three metric indexes
were computed they revealed a strong closeness and correlation between the simulated and measured
data. For the case of 30% olive fruit presence the relative frequency of olive fruit flies at specified
distance intervals have a similar tendency as the field measurements although there are large fluctuations
between them. The computed values of the three metric indexes showed that there are not that strongly
correlated as was the case of 0% olive fruit. Finally, when we merged, in our comparison, the values of
the distance intervals 150-199m and 200-274m for the case of 30% olive fruit, since we considered that
the field measurement for the 150-199m interval was a coincidence, the values of the metric indexes
improved.

When compared to the results of Rempoulakis & Nestel (2012) we found that we were 9m off in
regard to the average distance traveled by the olive fruit flies after three days. However, we consider
this difference not too large, since in the field 5m could correspond to the distance between two olive
trees.

We conclude that the proposed improvement of the olive fruit fly dispersion model, based on the
comparison between the simulated and measured data, reproduced the field measurements sufficiently,
especially for the case of 0% olive fruit.
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