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Abstract: Modern agriculture requires technology to give precise measures of relevant parameters,
such as those associated with pest control. Here, we developed an algorithm model as the basis for
a bait spray intervention by monitoring the olive fruit fly Bactrocera oleae (Rossi) with conventional
traps covering 24.3 hectares of non-irrigated Baladi olive cultivars in the Hasbaya region. We installed
49 yellow sticky traps with ammonium bicarbonate. The adults, both males and females, were
monitored on a weekly basis. The traps and trees were georeferenced, and parameters such as the
temperature, relative humidity, tree phenology (BBCH), and fruit load rate were compiled. The
results show that the infested fruits were correlated equally with the fruit load rate and the number of
adults captured, which in turn were correlated more with the temperature than the relative humidity.
The number of males captured was higher than that of females throughout the cultivation period.
The first symptoms of the fruits were observed on 22 September, when the BBCH was equal to 85,
with an average number of adult captures of less than five when using traps over 7 days.

Keywords: olive fruit fly; conventional traps; pest monitoring; algorithm for intervention

1. Introduction

The olive tree is considered one of the most important cultivated crops in Lebanon. It
represents approximately 43% of the total area cultivated with fruit trees [1]. This crop has
been threatened by several pests, especially the olive fruit fly (OFF), Bactrocera oleae Rossi
(1790) (Diptera: Tephritidae). This pest is widely distributed in the Mediterranean basin,
Middle East, and North Africa and poses a severe economic threat for commercial olive
growers, causing economic losses [1-4]. In fact, in areas where the olive fruit fly is well
established, such as in the Mediterranean region, it has been responsible for approximately
30% of crop losses, especially in countries such as Greece, Italy, Spain, and Tunisia, where a
large amount of commercial production occurs. If not treated, it is capable of destroying
100% of table cultivars and up to 80% of the oil value [2-4]. In Lebanon, the damage
losses are not yet reported. The adult females deposit their eggs (50400 eggs in one
lifetime) under the skin of the fruit [5]. The larvae develop and feed on the pulp of the
fruit. Infested fruit sometimes drop prematurely. The secondary infestation of bacteria
and fungi accumulated in the tunnels created by the larva inside the fruit reduces the oil
quality [6,7]. Thus, in years with large fly populations, damaged fruit cannot be processed
as table olives, and, in the case of olive oil production, B. oleae directly affects the amount
and the quality of the oil by increasing the acidity degree [6,7]. The flies are very mobile and
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have the ability to seek out cooler areas of the orchard and urban trees. Their mobility and
the fact that generations overlap make the treatment of this insect a complicated task [8-10].
Moreover, the activity of B. oleae is influenced by several factors, including the latitude,
altitude, tree load, irrigation [11], temperature [12], relative humidity [13], variety [14],
physicochemical characteristics of the drupe [15], and parasite activity [16]. In Lebanon,
chemical spraying is the main option used to control B. oleae [4]. Given its aggressive mode
of behavior, the control of the olive fruit fly is highly complex, as conventional chemical
control remains ineffective and has a negative impact on the environment and human
health, with associated problems of resistance and side effects for beneficial insects [17,18].
There are alternative control measures for this important pest that are more environmentally
friendly, such as Spinosad bait spraying, based on the monitoring of the pest population
through several types of traps, especially yellow sticky (YS) traps [19-22]. Thus, the
objectives of this study were to evaluate the critical parameters involved in determining
when, where, and how to spray, especially the number of adults captured by yellow sticky
traps equipped with the attractant ammonium bicarbonate; we also performed observations
of the infested fruits, coupled with the collection of climatic data (temperature, relative
humidity, etc.) and the phenological characteristics of the tree, especially the fruit load rate.

2. Materials and Methods
2.1. Experimental Site

The site was located in Southern Lebanon in the Hasbaya region. The coordinates
were latitude 33°23/53.00"" N and longitude 35°41'5.70"" E, with elevation between 525 and
600 m a.s.l. (Goto location: 33.382030, 35.718210) (Figure 1).
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Figure 1. (a) Area of the experimental site owned by 26 farmers; (b) protected zones in the site
composed of cement manufactory.

2.2. Trees and Practices

The site was not flat and was very heterogeneous in terms of topography. It presented
large variations in altitude (almost 75 m difference at maximum), showing many hills and
valleys. Owned by 26 farmers and with a total area of 24.3 ha, the site was composed of the
non-irrigated Baladi cultivar with different clones. This cultivar is characterized by high
tolerance to drought and moderate tolerance to OFF. The same agricultural practices were
registered despite the variations in tree age, ranging from 20 to 70 years old, and in tree
distance, from 5 to 8 m, giving a density of 250 to 350 trees per ha, or 5353 trees in total
across 24.3 ha. The tree height ranged between 3 and 7 m, with a canopy diameter between
3 x 3and 7 x 7.5 m. The fruit load rate of the trees was obtained on 13 August (Figure 2).
Pruning was not severe, weeding was almost absent, and spraying was not registered. The
addition of animal manure by the farmers in late September was registered.
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Figure 2. Cont.
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Figure 2. (a) Output of the OliveFlyNet application interface showing details about information
stored in the geodatabase system; (b) tree location map; (c) Voronoi polygons of the trap zones;
(d) tree picture.
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2.3. Trap Installation

The trap installation was realized on 22 July 2022, and the trap ID added to the tree ID
was registered (Figure 3).

TreelD | Notes | Longitude | Latitude | Altitude | Fruit-Load
2834 | T1+ 35.6487617 | 33.399129 601 30
3549 | T2+ 35.6492707 | 33.39871 586 60
3276 | T3+ 35.6497082 | 33.398461 580 55
3148 | T4+ 35.6501497 | 33.398088 571 50
3093 | T5+ 35.650828 | 33.398432 571 20
3012 | T6+ 35.6505782 | 33.398845 577 30
2334 | T7+ 35.6502066 | 33.399172 582 40
2691 | T8+ 35.6498838 | 33.399543 588 70
2820 | T9+ 35.6494547 | 33.399859 601 70
2634 | T10+ 35.6500572 | 33.400626 602 15
2472 | T11+ 35.6504696 | 33.400327 590 45
2286 | T12+ 35.6507844 | 33.399936 586 40
2010 | T13+ 35.6512538 | 33.399442 577 10
2088 | T14+ 35.6517267 | 33.39912 569 10
1927 | T15+ 35.6522647 | 33.399567 580 20
2225 | T16+ 35.6514241 | 33.400438 587 60
2621 | T17+ 35.6507884 | 33.401266 600 15
2559 | T18+ 35.6513814 | 33.401498 588 15
2139 | T19+ 35.6520415 | 33.400762 580 40
1934 | T20+ 35.6527873 | 33.399918 568 20
1919 | T21+ 35.6533394 | 33.400448 564 20

422 | T22+ 35.6529554 | 33.400998 570 15
354 | T23+ 35.6522958 | 33.401495 581 15
219 | T24+ 35.6516924 | 33.401962 591 15
207 | T25+ 35.6522987 | 33.402412 595 15
339 | T26+ 35.652958 | 33.402201 582 15
682 | T27+ 35.6536964 | 33.401696 578 28
873 | T28+ 35.6537702 | 33.400937 571 40
714 | T29+ 35.6544721 | 33.401805 572 28
543 | T30+ 35.654261 | 33.402354 586 5

Figure 3. Cont.
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TreeIlD | Notes | Longitude | Latitude | Altitude | Fruit-Load
59 | T31+ 35.6542045 | 33.402967 595 40
49 | T32+ 35.6532421 | 33.402741 581 40

774 | T33+ 35.6551546 | 33.401872 581 28
1040 | T34+ 35.6553129 | 33.401287 571 30
1169 | T35+ 35.6546449 | 33.40089 551 30
1164 | T36+ 35.6541967 | 33.400577 582 30
1172 | T37+ 35.6538102 | 33.400239 545 30
1259 | T38+ 35.6543835 | 33.399829 567 17
1246 | T39+ 35.6548195 | 33.400174 571 30
1118 | T40+ 35.6553581 | 33.400674 565 20

993 | T41+ 35.6561346 | 33.401863 561 35
1447 | T42+ 35.6564143 | 33.401005 561 27
1467 | T43+ 35.6561039 | 33.400485 564 27
1283 | T44+ 35.6553814 | 33.400012 558 17
1633 | T45+ 35.6551479 | 33.399324 553 10
1769 | T46+ 35.6561256 | 33.399848 558 10
1541 | T47+ 35.6567612 | 33.400512 525 55
1585 | T48+ 35.6568938 | 33.399777 550 55
1599 | T49+ 35.6559713 | 33.39904 541 10

Figure 3. Output of the OliveFlyNet application interface showing details about information stored

in the geodatabase system.

We installed 49 yellow sticky (YS) traps (2 traps/ha) [23-25] with ammonium bicar-
bonate in a small bag (10 g) [26] (Figure 4).
The traps were numbered from T1+ to T49+. The distance between two traps was
100 m. The size of the yellow panel was 14 x 20 cm, and we used only one side. Traps were
placed in the same way, at a 1.8 m height, in the southern part of the canopy. The traps
were renewed weekly.

Figure 4. Yellow sticky traps (2 traps/ha) with ammonium bicarbonate in small bag (10 g).

2.4. Meteorological Data Monitoring

Sensors were not applicable. The climatic data were obtained from the LARI weather

station, installed 3 km from the site (Figure 5).
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Figure 5. LARI weather station in Hasbaya region.

The Hasbaya AWS of DIAM at LARI uses the Evapotranspiration iMETOS 3.3 by
Pessl Instruments (https:/ /metos.at/ accessed on 25 May 2022) and is located at latitude
33.4009732°, longitude 35.6772606°, and altitude 873 m (1 km from the site). It started
recording data in mid-December 2013. The iMETOS 3.3 is powered by a rechargeable battery
and a solar panel. It is versatile, with the possibility to configure and connect many different
sensors—over 600 sensors can be connected through the intelligent sensor bus system. The
data logger has a built-in UMTS/CDMA modem for direct communication (GPRS) with
the Field Climate Web Platform. The system may store up to 8 MB of logged data. The data
are regularly uploaded to the Field Climate Web Platform, with the possibility of a 15 min
recording frequency. The reference evapotranspiration is a daily calculated parameter. The
Hasbaya AWS is equipped with sensors to measure the following parameters: precipitation
(mm), air temperature (°C) (dew point temperature is then estimated), relative humidity
(%), wind speed (m/s), solar radiation (W/m2), wind direction (degrees), atmospheric
pressure (kPa), reference evapotranspiration (ETo mm by day) (calculated through FAO
Penman—-Monteith equation). Thus, meteorological data were recorded during the whole
experiment, at an interval of 15 min (24/7). The major parameters recorded were the
temperature (average, maximum, minimum), the relative humidity (average, maximum,
minimum), the wind speed, and the precipitation, which were recorded from the beginning
of the experiment, on 22 July, until the end of the experiment, on 10 November.

2.5. Parameters Considered for Spraying
2.5.1. Pest Capture

Bactrocera olea was the pest target in this experiment. Counting of the adults, both
males and females, was carried out on a weekly basis. We marked the females with a
red circle and the males with a blue circle. The observations began on 29 July and were
concluded on 10 November.

2.5.2. BBCH Value

The phenological stage events of the olive were observed and followed in the BBCH
(Biologische Bundesanstalt, Bundessortenamt and CHemical industry) centesimal scale
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adopted by PHENAGRI [27-29]. Thus, we reported when we obtained a BBCH A =75
(50% of its final size), B = 80-85% (fruit becoming light green or yellowish), or C > 85-89%
(harvest maturity). The BBCH and the dimensions (W x L, size) of the olive fruits were
observed and registered from 29 July to 10 November, with the examination of 6 fruits (total
of 250 fruits) per zone trap until 15 September, followed by 12 fruits (total of 588 fruits) per
zone trap (588 fruits in total) (Figure 6a).

Figure 6. Fruit observation and dimensions (W x L; size) and rate of fruit infestation. (a) Stereoscope
and caliper; (b) egg at the arrow; (c) second-stage larva, L2; (d) pupa in the fruit; (e) empty hole.

2.5.3. Rate of Fruit Infestation, RFI

On a weekly basis and randomly (we crossed the field following the letter W to collect
the fruits), we collected and examined 6 fruits per zone trap (we had 49 zone traps) up to
September 22 (total of 250 fruits); after this date, we collected 12 fruits per zone trap (total
of 588 fruits) to obtain more representative samplings, given that the rate of infestation
would be increased, and the fruits were collected in three separate bags related to the three
fruit load rates obtained and numbered according to the three zone traps: 1 = 50-75%,
2 =25-50%, and 3 = 0-25%. The calculation of these rates was in relation to the scale of
fruit production [26,30-33].

Each fruit was examined at the LARI Laboratory at Tel Amara and, if needed, under
a stereoscope, to count the infested fruit. A fruit infestation was considered if there was
the presence of (1) an egg cone or plenty of eggs, (2) larva at the first second or third stage,
(3) pupa (empty or present), or (4) empty hole (Figure 6b—e, respectively).

2.6. Statistical Data Analysis

The mean dimensions and the BBCH of the fruits, referencing date and by trap zone,
were treated statistically with the multiple mean comparison test based on ANOVA tests
(Tukey tests, p < 0.05; data represented a normal distribution). On the other hand, the
rates of fruit infestation, referencing date and by trap zone, were treated statistically, with
Kruskal-Wallis tests (p < 0.05), because the data did not follow a normal distribution.
Linear regression tests (Pearson correlation) were realized between the fly captures and
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the temperature and relative humidity registered, respectively. All these analyses were
performed using SigmaStat plot software [34].

3. Results
3.1. Monitoring of the Adults

The means followed by high values of the standard deviation were observed during
the whole period of the experiment, and they underlined the strong variation in the total
number of adults (females marked by red circles and males by blue circles—Figure 7) from
trap to trap per date (Figures 8-10). This was related to the age of the trees, the variation
in the fruit load rate, or the heterogeneous topography of the site, where the climatic
conditions (T and RH) had to be registered close to each trap by sensors and not by the
weather station, which was located far from the trees. It should be noted that the farmers
began their fruit harvesting on 10 October, and it lasted one month.

Figure 7. Sample of yellow sticky trap with ammonium bicarbonate in plastic bag (10 g). Note: We
marked the females with a red circle and the males with a blue circle.
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Figure 8. Means and standard deviations of the adult captures by trap by date (49 yellow sticky traps
with ammonium bicarbonate across 24.3 ha).
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Figure 9. Means and standard deviations of the female captures by trap by date (49 yellow sticky

traps with ammonium bicarbonate across 24.3 ha).
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Figure 10. Means and standard deviations of the male captures by trap by date (49 yellow sticky
traps with ammonium bicarbonate across 24.3 ha).
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3.2. Adult Abundance

The average number of adults remained low until 22 September, when it reached 4.19
adults/trap/week; then, it increased progressively from 7 October to 10 November, with
averages of 12 and 18.4 adults/trap/week, respectively (Figure 8).

The captures were registered in a GIS system. The map samples extracted from the
geodatabase system (Figure 11a—c) show the variations, by date, in the flies” numbers in
terms of adults, females, and males, respectively.

Thus, the interpolated maps of adult captures (Figure 12) registered on the traps
weekly and extracted from the geodatabase also show the huge variation in the captures
from trap to trap on the same date.
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Figure 11. Bactrocera oleae captures by trap by date in the development of a decision support system
(49 yellow sticky traps with ammonium bicarbonate across 24 ha); (a) male captures on 5 August,
marked by blue circles; (b) female captures on 22 September, marked by red circles; (c) adult captures
on 6 October, marked by green circles. The size of the circles is related to the OFF density of adults,

males, and females, respectively.
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Figure 12. Interpolated maps of B. oleae adult captures on yellow sticky traps with ammonium
bicarbonate, from 29 July to 10 November 2022: (a) 27 July; (b) 5 August; (c) 15 August; (d) 22 August;
(e) 25 August; (f) 01 September; (g) 08 September; (h) 15 September; (i) 22 September; (j) 29 September;
(k) 6 October; (1) 13 October; (m) 20 October; (n) 27 October; (0) 3 November; (p) 10 November.

These large variations observed in the adult (female and male) captures were also re-
ported in other Mediterranean regions and even in subhumid climates (Essaouira, Morocco;
Mezghenna, Algeria and Egypt). In fact, it was observed that the olive fruit fly populations
fluctuated over time, from trap to trap, and from one period to another [23,35-38].

3.3. Spatial and Temporal Distribution of Bactrocera oleae Adults

The temperature and relative humidity were recorded on a daily basis at the LARI
weather station, installed at 873 m a.s.l. The minimum, average, and maximum values,
for both the registered daily temperature and the relative humidity, were very close to
each other, which did not necessarily reflect the real situation near the trap. The season
was essentially dry, with almost no rain for the entire period. We noticed two critical
periods in which the relative humidity was very low (30-40%). The first was between 15
and 31 August, with an average temperature between 27 and 30 °C, and the second was
between 27 September and 2 October, with an average temperature between 23 and 29 °C
(Figure 13). In El Fayoum, Egypt (dry region), it was indicated that the relative humidity
had a positive effect on the number of olive fruit flies during the 2017 cultivation period
when using McPhail traps and yellow traps [38], while many studies have shown the effect
of the temperature on the number of flies captured [39,40].
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Figure 13. Average temperature (°C) and relative humidity (%) on a daily basis.

Thus, the density of the fly captures increased from the first week of October. Thereafter,
the temperature decreased progressively (from 23 to 13 °C on 10 November), while the relative
humidity fluctuated between 40% and 80% (Figure 13). Our statistical analysis shows that the
captures were negatively correlated with the temperature, with y = —3.36x + 88.96; r = 0.785
(Pearson correlation) (Figure 14).
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Figure 14. Linear regression between temperatures registered and the adult captures.

3.4. Sex Ratio

Our observations show that the number of male captures was higher than that of
female captures (Figure 15) throughout the whole experiment, with a sex ratio between
0.2:1 and 0.83:1 (F:M) at the end of the cultivation period (Table 1).

However, some studies have reported a sex ratio close to 1:1 [11,41,42], while oth-
ers [43,44] have observed a slightly higher number of males (52.2% males) than females.
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Figure 15. Representation of the females and males in the whole area (24.3 ha).

Table 1. Sex ratio of B. oleae during the experimental period (F:M).

Date 29-July 5-August 15-August 22-August 25-August 1-September 8-September 15-September
Sex Ratio 0.2:1 0.41:1 0.64:1 0.42:1 0.47:1 0.32:1 0.89:1 0.65:1

Date 22-September 29-September 6-October 13-October 20-October 27-October 3-November 10-November
Sex Ratio 0.78:1 0.82:1 0.44:1 0.53:1 0.48:1 0.56:1 0.64:1 0.83:1

3.5. BBCH and Fruit Dimensions
The olive fruits reached half their size at the beginning of August and were still green

until the first week of September, which marked the beginning of the color change (BBCH:
80-81) (Figure 16).
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Figure 16. BBCH scale indicating the phenology of the olive trees.

Progressively, from September 15th, some of the olive fruits started to display a purple
color. It is important to note that even at the end of the experiment (10 November), the
fruits presented four colors: oily green, green brown, purple, and black purple. The olive
fruits declined in size during the drought period, from 22 August to the beginning of
September; meanwhile, from the first week of September, they grew in size (Figure 17).
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Figure 17. Size of the olive fruits during the experiment. The histograms followed by different letters
are statistically different.

The size gain of the olive fruits was related to the percentage of the fruit load rate
(Table 2). Many studies have shown the effect of the fruit load rate, the age, and the variety
on the fruit size [31-33].

Table 2. The size of the olive fruits referencing fruit load rate. The numbers, by column, followed by
different letters are statistically different.

Fruit Load Rate Width Length Size
50-75% 1.11+0.11 1.78 £0.24 198+ 036D
25-50% 1.21 £0.17 1.98 £0.21 24+052a
0-25% 118+ 0.2 197 £0.24 2.34+057a

3.6. Fruit Infestation

From 5 August to 15 September, the olive fruits showed only infertile punctures or
“white punctures” (less than 0.1 mm). Thus, these fruits were maintained in the laboratory
for one week, and we did not register any hatching larva, eggs, or any other symptoms.
Eggs, larvae, pupae, and empty holes due to the OFF attacks started to appear from
22 September (Figure 18). Thus, our observations show that the rate of fruit infestation, RFI,
remained equal to zero until 15 September. Then, the first symptoms were registered on
22 September, with RFI 0.4% and 1.5%, in the tree zones with 25-50% and 0-25% fruit load
rates, respectively. The RFI remained below 2% until 3 November, when, in the tree zones
with a 0-25% fruit load rate, it reached 2.27%. At the end of the experiment (10 November),
the RFI reached 4.4% and 3.7% in the tree zones with 25-50% and 0-25% fruit load rates,
respectively; the two RFI values registered on this date were biased by the decreased
number of the olives due to the end of the fruit harvest. On the other hand, it is important
to mention that OFF attacks were absent in the tree zones with a fruit load rate between
50 and 75%. A field evaluation of the susceptibility of mill and table olive varieties to the
egg laying of olive flies was performed in Sicily and Spain and the results show that the
percentages of fruit infestation increased as the olive fruits increased in diameter [45,46].
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Figure 18. The rate of fruit infestation RFI % observed during the experiment in relation to the fruit
load rate registered (50-75%, 25-50%, or 0-25%).

4. Discussion

Trap captures constitute the major data source for olive fruit fly population analyses.
The attractiveness of yellow sticky traps to olive fruit flies was significant in our study
but varied over the cultivation period, with stronger attraction effects on the males than
the females. Many studies have shown this type of variation, with different effects on
the two sexes of wild populations [44,47-51]. The first symptoms were registered on 22
September, where the BBCH was close to that of the harvest period (85-87) and the mean
number of adult captures was equal to 4.19 adults (1.84 and 2.35 female and male captures,
respectively—Figure 15). In fact, the RFI was more pronounced in the tree zones with a
0-25% fruit load rate (RFI = 1.5%). It should be mentioned that the tolerable fruit damage
threshold for table fruits is 2%, and it is 10% for olive oil production in Europe [52]. The
increasing number of adult captures observed from the first week of October could be
related to the decrease in the temperature values (below 25 °C). The relative humidity
showed severe fluctuations in values (from almost 40% to 65% and more) every two
weeks. Many studies have described the preference of the olive fruit fly for high humidity,
above 50% [39,40,53-55], and a moderate temperature below 25°C impacts the number of
flies [23,35-37,39,40]. The rate of infested fruits observed was significantly higher in the
tree zones with a 0-25% fruit load rate than in the other tree zones.

These results highlight the importance of the fruit load rate in relation to the OFF
attack. Thus, the number of infested fruits was correlated equally with the fruit load rate
and the size of the fruit, as well as with the number of adults captured. Our observations
allow us to introduce an algorithm model for bait spraying interventions when we observe
the first symptoms, taking into consideration a BBCH threshold equal to at least 85 and a
fruit load threshold of more than 25%, with an average number of adult captures of more
than one adult per day by trap.

5. Conclusions

The results obtained with the yellow sticky traps, the georeferencing of the olive groves,
and the compiled parameters discussed in the article (temperature, relative humidity, tree
phenology, and fruit load rate) can be used as input to a geodatabase, which is required to
implement a decision support system (DSS) to aid the management of Bactrocera oleae in
Lebanon, with the aim of reducing the frequency and volume of insecticide used.
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