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Simple Summary: Red palm weevil (RPW) Rhynchophorus ferrugineus (Olivier, 1790) is a highly

invasive species of Southeast Asia and Melanesia origin that has spread widely in the Middle

East and the Mediterranean area. Its larvae cause extensive damage to several palm species in

the Arecaceae family, many of which are economically important for agricultural and ornamental

purposes. For this reason, many studies are investigating sustainable and effective management

strategies, including the Sterile Insect Technique (SIT). In this study, behavioral bioassays have been

carried out in laboratory to evaluate if sterile RPW adult males are able to sexually compete with

fertile males in no-choice and choice conditions. Results confirmed that irradiation does not induce

any negative effects on the mating behavior and performance of sterile RPW males.

Abstract: Red palm weevil (RPW) Rhynchophorus ferrugineus (Olivier 1790) is a highly invasive species

originating from Southeast Asia and Melanesia. Over the past 30 years, this alien pest has spread

extensively in the Middle East and the Mediterranean basin. Its endophagous larvae feed on various

palm species, causing significant damage that leads to the death of palm trees. Controlling RPW

infestations is challenging due to their gregarious nature and the lack of detectable early symptoms.

Systemic insecticides are effective means of control, but their use in urban areas is prohibited and

resistance can develop. Considering alternative options with minimal environmental impact, the

Sterile Insect Technique (SIT) has been explored. Previous research has shown that male RPWs

irradiated at 80 Gy or higher achieve full sterility. This study aimed to investigate in laboratory

conditions whether RPW sterile males (irradiated at 60 and 80 Gy) could compete sexually with

non-irradiate males. Laboratory bio-assays under both no-choice and choice conditions assessed

sexual performance in terms of number of matings, mating duration and time elapsed until the first

mating. The results confirmed that irradiation does not negatively affect the mating performance of

sterile males, demonstrating their ability to compete successfully with non-irradiated males in both

experimental setups.
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1. Introduction

Red palm weevil (RPW), Rhynchophorus ferrugineus (Olivier, 1790) (Coleoptera, Dryoph-
thoridae), is an invasive insect that feeds on various palm species, in the Arecaceae family.
Originally from Southeast Asia [1,2], it has rapidly spread to the Middle East and, subse-
quently, to the Mediterranean Basin, Australia, China, Japan, California, and more recently
to the Caribbean [3]. Similar to many invasive species, in areas of recent colonization
populations of RPW have stabilized, lacking effective natural enemies [4]. In Italy, for
example, this insect was first reported in 2005 [5], after being introduced through illegal
palm trade, which were later found to be infested with larvae of the beetle. To date, it is
possible to find this beetle in most regions of Italy [6].

The presence of RPW in Italy has caused numerous problems, including economic
losses, environmental damage, and the use of chemical pesticides for pest control. In
addition, it poses a threat to endemic Mediterranean species such as the Mediterranean fan
palm (Chamaerops humilis L.) and the Canary Island date palm (Phoenix canariensis Chabaud).
The disappearance of these palms is a concern, and there is a risk of RPW permanently
infesting the date palm (Phoenix dactylifera L.), economically important in North African and
Middle Eastern countries bordering the Mediterranean [7]. Both palm species, P. canariensis
and P. dactylifera, are phylogenetically close, in fact, studies have already shown how the
RPW is able to oviposit, develop and induce the death of date palm [7,8].

The control of RPW is not an easy task, as the biological cycle of this species does not
allow early monitoring of the damage caused by the endophagous larvae that live and feed
exclusively inside the palm. By the time first symptoms of the attack are visible, such as
the loss of the vegetative apex and the umbrella-like bearing of the leaves, the infestation
may be well-established making it harder to control [9]. Furthermore, the reproductive
success of the RPW also allows this species to spread rapidly: females can lay several
hundred eggs during a long oviposition period [10], managing to produce fertile eggs up
to one month after copulation [11]. These behavioral and biological characteristics make
RPW difficult to manage with conventional methods such as the use of insecticides [12].
Although effective pesticides have been identified [13], it is not, however, easy to reach the
target insects within the plant with pesticides that, in any case, may have harmful effects
on human health and environment.

More appropriate strategies based on territorial approach, such as the Sterile Insect
Technique (SIT), could improve the likelihood of successful RPW control, especially consid-
ering physically and ecologically isolated or susceptible areas [14], alone or in combination
with other biological control strategies [15]. This technique is an area wide form of pest
management which is based on massive releases of adults sterilized by ionizing radiation,
within a population of the same pest species whose ability to mate is as minimally com-
promised as possible, in order to introduce a genetic load that could lead to its decrease or
even eradication [16–18].

In the 1950s, the successful application of the SIT led to the eradication of the new-
world screwworm fly, Cochliomyia hominivorax, from the Americas [19]. Since then, the SIT
has been employed for managing various insect species [20,21].

One primary challenge of using SIT as an insect control strategy involves the develop-
ment of a laboratory strain that is both reproductively compatible and competitive with
the target population. The processes involved in strain development for SIT include the
optimization of a sterilization or irradiation method [16], which could change the corre-
sponding genotypes and phenotypes of an insect strain [22], resulting in reduced mating
competitiveness with the target population or sometimes even incompatibility.

Although several laboratory [23–28] and field studies [23,29] have already highlighted
the applicability of the SIT to control RPW, some aspects of the reproductive sphere of this
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species, such as polyandry, post-copulative sperm selection mechanisms and the gregarious
behavior [30] might make the use of this technique unsuitable for its control. In fact,
according to Lance and McInnis [25], the success of infertile mating between sterile males
and wild females may be lost if the females later also re-pair with wild males and select the
latter’s sperm for fertilization.

However, even in polyandric species, the SIT remains applicable [30]. The successful
application of SIT requires that sterile males can compete and mate successfully with their
wild counterparts [25], maintaining mating propensity, ability to locate a mate, copulate
and inseminate, despite the physiological damage usually caused by radiation.

In the specific case of R. ferrugineus, previous studies demonstrated that γ-irradiation
has important effects on the mortality of the males: the longevity of males irradiated at 60
and 80 Gy was reduced to 2–3 weeks compared to more than 120 days in the control [12]. In
addition, irradiated males at 80 Gy were able to induce full sterility of non-irradiated virgin
females with whom they mated [12]. More recent studies, using wild red palm weevils
collected in the field have shown that the eggs laid by females turn out to be exclusively
those fertilized by the last male encountered, according to the post-copulatory selection
mechanism called last-male sperm precedence [31–33]. Same results have been achieved
using wild-type red palm weevils: wild field collected R. ferrugineus irradiated males
(80 Gy) were able to induce the full sterility in wild non-treated and already mated females,
captured using Rhyncho-Traps® triggered with an aggregation pheromone and ethyl
acetate [31]. However, in a SIT application context, the most suitable dose of irradiation
should be considered a trade-off between effective sterility and male competitiveness [34]:
in fact, as the dose increases, sterility increases but so do the consequences on male quality,
longevity and mating competitiveness [12,31,35]. It is therefore necessary for dose selection
to possess information on the influence of dose on sterility and indicators of insect quality.

Thus, the following study aims to further behavioral laboratory bioassays in order
to evaluate the competitiveness of irradiated males in mating in comparison with fertile
males, both in no-choice and choice conditions.

To exclude the possible side-effects of the selection of genotypes better adapted to
captivity, we decided to use only wild-type RPW adults, keeping the γ-irradiation as the
only variable that would interfere with their mating competitiveness.

Considering that R. ferrugineus is a gregarious insect, and therefore male–male interac-
tions are to be expected [6,36], the objective of this study was to evaluate in a promiscuous
context (a choice-test, confining one female with two males, one fertile and the other sterile),
which one will mate first and whether the mating preference will remain stable during the
12 days of the experiment.

In addition, we focused our efforts to detect eventual differences in mating behavior
between fertile and irradiated RPW individuals, and whether these differences might
induce a mechanism of preference by females.

2. Materials and Methods

2.1. Insects and Male Irradiation

Following a protocol used in previous studies [6,31], wild adults of R. ferrugineus were
collected in Sicily, near Palermo and in Pantelleria Island, between November 2020 and
August 2022, through the use of Intrachem Rhyncho Trap® triggered with the aggregation
pheromone Ferrugineol and ethyl acetate and placed 400–500 m from healthy Phoenix
canariensis or P. dactylifera palms or in the vicinity of Phoenix spp. palms already attacked by
R. ferrugineus. Since previous behavioral studies in gregarious conditions clearly showed
that mating patterns in RPW males and females are independent from the physiological
status, age and size of the individuals, we used for the tests almost all the adults collected
(discarding only the weevils that showed signs of damage or deformity) [6,36].

Laboratory rearing consisted in field collected adult individuals placed inside trans-
parent plexiglass terrariums measuring 35 × 20 × 30 cm and fed with a diet consisting of
apple slices (Golden Delicious variety) mixed with coconut fiber. Males and females were
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kept in separate containers. No more than 15 individuals were placed in each container to
ensure that they did not experience stress from overcrowding.

Apple slices were replaced three times a week to prevent mold growth and allow
weevils to always have a fresh food source.

Irradiation was carried out at the ENEA “Calliope” facility by exposing wild adult
males to a source of Cobalt-60 γ rays [37] at a rate of 12.5 Gy min−1. For this study,
irradiation doses at 60 Gy and 80 Gy were selected as the most optimal according to a
previous screening on the longevity-sterility ratio [12].

2.2. Experimental Design

Two types of behavioral bioassays were carried out, which involved confining adult
individuals in 500 mL transparent glass jars, 12 cm in diameter, 5 cm of height, covered
with a 680 µm white polyester mesh and with sand at the bottom:

1. No-choice: wild female + irradiated male (60 or 80 Gy). A control was set up with a
wild female and a wild male.

2. Choice: wild female + irradiated male (60 or 80 Gy) + wild male. A control was set up
with one wild female and two wild males.

For each combination, 15 replicates were performed. In choice assays involving the
co-presence of two males, markings with 2 different colors of non-toxic natural water-based
paint (Benecos brand) were performed to distinguish the male irradiated from the fertile
male. Also in the choice assay control set, the two fertile males were marked with two
different colors. To avoid side effects due to an eventual interference of one of the two
marking colors, in 50% of the replicates the marking colors were switched. In order to
record reproductive parameters and their possible changes in relation to the time elapsed
since irradiation, observations of adults’ behavior occurred at regular intervals (3, 6, 9 and
12 days) after irradiation of the males, to compare the eventual differences in terms of
competitiveness between fertile and irradiated males over the time. The 12-day-timespan
was selected following the previous screening on the effects of gamma-irradiation on the
physiology of red palm weevil, showing that the longevity of weevils irradiated at 60 and
80 Gy was reduced up to just 2–3 weeks [12].

For the start of the experiment, first all males were added to each of the test containers
and then all females, to ensure that pair formation was as rapid and simultaneous as
possible for all replicates. Visual observations were made every minute for a duration of
4 h, always at the same time of the day, from 11:00 a.m. to 03:00 p.m., considered the hours
of highest sexual activities in R. ferrugineus [36].

Because pre-mating interactions do not necessarily lead to successful mating, the
occurrence of insemination was assessed by visual observation of the aedeagus in the
female genital opening for a time longer than 30 s [36].

The following behavioral data were recorded:

• The interval from T0 (time when the individuals were placed in the containers) and
the first mating, to compare the mating competition between fertile and sterile males;

• Duration of each mating;
• The total number of mating events that occurred in 4 h.

At the end of each observation, females were isolated in glass jars (6 cm in diameter)
labeled to trace them back to the mating jar from which they were taken. A quarter apple
wedge each was provided as a food source. Females were kept in these jars until the next
observation, when they were added back to the same container from which they were taken.

2.3. Data Analysis

2.3.1. No-Choice Test

A glmer analysis (generalized mixed model with random effects; package lme4, [38]
in the statistical environment R [39]) was performed on the response variable mating
frequency that was recorded as event occurrence having a binomial distribution 0, 1. The



Insects 2023, 14, 661 5 of 24

mating duration, the number of mating events per day and the time elapsed until the
first mating were also considered as response variables, given the importance of these
behavioral parameters for the reproductive fitness evaluation in the preparatory phase
of SIT studies. The response variables mating duration and time elapsed before the 1st
mating, were expressed as number of minutes, while the number of mating events per day
was expressed as a count. The model design was chosen based on the optimal parsimony
principle (AIC and BIC estimators) and on significance of the overall effects. Three fixed
effects (the explanatory variables) were considered as factors: the dose applied to the
irradiated male (0, 60 and 80 Gy), the experimental phase in hours (from 1 to 4), and the day
of the experiment (at 3, 6, 9 and 12 days from male irradiation), to analyze any variation in
the behavioral and physiological state of insects during the experiment. The couple used in
the experiment was considered as the random effect, and the factor ‘hours’ was considered
nested into the random effect.

2.3.2. Choice Test

Also in this case, a glmer model was applied using the same explanatory variables as
fixed effects (dose, day and hour) on the same response variables as in the case of no choice
test. The effect of the males 1 and 2 was considered nested into the dose treatment. In the
case of dose zero, males were both not irradiated and were used as a separate control. The
experimental unit with the three individuals to be tested was considered as a random effect.

Two main differences were made in comparison with the no-choice test: (1) For the
response variable mating frequency, the effects of the days and of the hours were analyzed
separately in order to simplify the analysis and to avoid convergence problems in the model.
Mating frequency was expressed here as number of minutes per unit of time (days or hours)
and a negative binomial distribution was applied. (2) In the case of the response variable
‘first mating’, two models were considered: In the first model a binomial distribution was
applied within the glmer model. Thus, the response variable consisted if the first mating
occurred with an irradiated male or not. In this model was considered also the case where
one of the two males did not mate at all during the 4 h of the experiment. The second
model was performed in order to analyze the case when both irradiated and healthy males
were competitive enough to mate once at least. Thus, in the second model, only the cases
where both males mated once at least were analyzed. The number of minutes elapsed
before the 1st mating were used as response variable and a negative binomial distribution
was applied into the glmer model.

The Tukey’s test for mean separation was performed in the statistical environment
R by the multcomp package [40]. In the text the means are always followed by the stan-
dard errors.

3. Results

3.1. No-Choice Test

3.1.1. Mating Occurrence

The mean values of mating proportion (expressed as event occurrence 0, 1) in relation
to the Gy dose applied and to the days of experiment, are reported in Figure 1 and in
Table A1. As Table 1 shows, mating did not occur for the majority of the time.

A significant effect of the irradiation dose was observed in the ANOVA estimates
performed on the overall effects of the glmer model (χ2 = 8.15, df = 2, p-value = 0.0170).
Even stronger effects were found in the case of the day of experiment (χ2 = 15.20, df = 3,
p-value = 0.0016) and for the hours elapsed from the beginning of the daily experiment
(df = 3, χ2 = 53.64, p-value = 1.3−11). As regards the interactions effects, no significant
interactions between hours and dose were found, while the interaction dose*day reached
statistical significance (χ2 = 14.32, df = 6, p-value = 0.0263) and for this reason the latter was
introduced in the glmer model.
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A significantly shorter time elapsed was observed at the 60 Gy dose in compari-
son with the dose of 80 Gy when the latter was used as reference level (coef = −1.8689,
z-value = 3.504, p = 0.0005), but not differences were found for both the tested doses when
compared with the dose zero (Table 5).

Table 5. Glmer model (family = negative binomial) with the time elapsed in minutes before the

first mating as response variable. The applied doses (0, 60, 80 Gy) are compared with the dose 0

(the reference level); the effect of the day (four levels) is also considered in the analysis. Significant

p-values are highlighted in bold.

Fixed Effects Estimate ±SE z Value p-Value

(Intercept) 3.517 0.389 9.038 <2 × 10−16

Dose 60 Gy −0.966 0.535 −1.806 0.0709
Dose 80 Gy 0.903 0.548 1.646 0.0997

6th day 0.121 0.460 0.262 0.7930
9th day −0.556 0.476 −1.167 0.2431

12th day −0.881 0.458 −1.923 0.0545
Dose 60 Gy: 6th day 0.836 0.660 1.266 0.2055
Dose 80 Gy: 6th day −0.554 0.668 −0.829 0.4072
Dose 60 Gy: 9th day 1.290 0.658 1.961 0.0499
Dose 80 Gy: 9th day −0.330 0.667 −0.495 0.6207
Dose 60 Gy: 12th day 1.323 0.622 2.126 0.0335
Dose 80 Gy: 12th day −0.698 0.655 −1.067 0.2862

A reduction in the time elapsed was observed at the dose of 80 Gy over time, and
a statistically significant difference was found between the 3rd day and the 12th day at
this irradiation dose (Figure 4b, Table A1). In addition, in the third day of the experiment,
the time elapsed before mating was significantly higher at 80 Gy in comparison to 60 Gy
(Figure 4b), as verified by the Tukey’s test. It is worth to note that at the 12th day of the
experiment at 80 Gy, the time elapsed before mating was very similar to that recorded on
the untreated control (Figure 4b), suggesting a better performance of the males irradiated
at 80 Gy during the last days of the experiment in comparison to the early phases of
the experiment.

3.2. Choice Test

3.2.1. Total Amount of Time Spent in Mating

Insects were sexually inactive most of time during the experiments, as already ob-
served in the no-choice mating experiments (Table 6), with mating occurring only for 7.5%
of the experiment duration.

Table 6. Number of minutes spent in mating throughout the entire experiment, with the three possible

alternatives: no mating, mating with the untreated male (fertile) and mated with the irradiated male.

In the control, both males are untreated but are still marked to distinguish their behaviors, similar to

the experimental set with irradiated males. Total means are calculated only on the experiments at 60

and 80 Gy.

Minutes Elapsed

Treatment
Dose (Gy)

Total Mean
0 60 80

No mating 902.3 888.2 873.6 877.9
“fertile” 28.5 24.5 29.8 27.2

“irradiated” 29.2 47.3 56.6 51.9

Total 960.0 960.0 960.0 960.0
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The total time of mating across the entire duration of the experiment was longer in the
irradiated males than the in the fertile ones, both at 60 Gy and 80 Gy, with 47.3 vs. 24.5 min
of mating time per couple at 60 Gy and 56.6 vs. 29.8 at 80 Gy. As expected, similar mating
frequencies were observed on the two untreated fertile males (28.5 vs. 29.2 min). These
outcomes were analyzed by a generalized mixed model with random effects. A statistically
significant effect of the treatment within the tested doses was observed, according to the
ANOVA model performed on the overall effects of the glmer model (χ2 = 14.62, df = 3,
p-value = 0.00217). Moreover, a significant effect of the day was recorded (χ2 = 20.57, df = 3,
p-value = 0.00013).

Looking at the glmer model estimates calculated for the day and the dose Gy effects
(Table 7), a significantly higher number of minutes spent in copulation was observed in
the sixth and ninth day of experiment in comparison to the third day, regardless of the
tested doses (coef. = 0.701, z-value = 3.58, p-value = 0.0003 in the sixth day and coef = 0.577,
z-value = 2.92, p-value = 0.0035 in the 9th day) (Table A4).

Table 7. Glmer model (family = negative binomial): response variable was analyzed as number of

minutes spent in copulation per day: The applied treatment is nested into the applied doses (0, 60,

80 Gy) and the model estimates are referred to the zero hypothesis of no difference between irradiated

and fertile. The effect of the days (four levels) is considered in the analysis (third day as reference

level). The males at the dose zero were used as a further control. Significant p-values are highlighted

in bold.

Fixed Effects Estimate ±SE z Value p-Value

(Intercept) 1.2842 0.2032 6.319 2.64 × 10−10

6th day 0.7007 0.1956 3.583 0.00034
9th day 0.5744 0.1966 2.922 0.00348
12th day 0.0329 0.1993 0.165 0.86885

treatm: dose 0 Gy 0.1895 0.2706 0.700 0.48380
treatm: dose 60 Gy 0.7599 0.2697 2.818 0.00484
treatm: dose 80 Gy 0.8177 0.2678 3.054 0.00226

The irradiated males mated for longer time than untreated ones (coef = 0.760, z-value = 2.818,
p-value = 0.00484 at 60 Gy; coef = 0.8177, z-value = 3.054, p-value = 0.00226 at 80 Gy)
(Tables 8 and A4). Instead, no significant effects were observed on the control (coef = 0.189,
z-value = 0.700, p-value = 0.484). Irradiated males reached a peak of sexual activity in the
6th day of the experiment (Tables 8 and A4, Figure 5).

 

ě ě
Λ ƺ

Figure 5. Time spent in copulation during the 12 days of the experiment. The applied doses of 60 and

80 Gy are compared with the untreated control. Both the males at the dose zero are untreated. Means

and ± standard errors are reported.
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Table 8. Means and standard errors of the time spent in copulation in function of the applied dose of

irradiation and the day and hour from the beginning of the experiment. In the case of the hours, the

mating frequency is summed across the four days of the experiment. The male with the subscript “2”

is the irradiated male, except in the case of the dose zero where both the males are untreated.

Dose Days Male(1) Male(2) Hours Male(1) Male(2)
(Mins) ±SE (Mins) ±SE (Mins) ±SE (Mins) ±SE

0

3 6.60 2.47 2.90 1.13 1 7.80 2.14 10.90 2.05
6 10.60 2.87 13.60 3.56 2 9.40 2.95 7.50 1.81
9 8.30 2.09 6.60 1.92 3 5.50 1.55 6.30 1.37

12 3.00 1.27 6.10 2.36 4 5.80 2.02 4.50 1.20

mean 7.13 1.17 7.30 1.32 mean 7.13 1.10 7.30 0.87

60

3 2.80 1.19 10.80 3.82 1 9.60 3.63 16.30 4.58
6 7.80 3.06 14.00 3.43 2 5.90 1.87 13.70 2.50
9 8.80 1.90 10.20 2.76 3 5.30 1.22 8.50 1.93

12 5.10 1.52 12.30 2.41 4 3.70 1.11 8.80 2.27

mean 6.13 1.05 11.83 1.53 mean 6.13 1.11 11.83 1.54

80

3 7.20 3.78 11.90 2.98 1 11.40 2.85 23.80 5.68
6 8.10 2.01 18.10 5.26 2 5.40 2.24 12.30 2.83
9 10.60 2.15 15.20 2.81 3 8.70 2.63 11.20 2.79

12 3.90 2.47 11.40 2.90 4 4.30 1.30 9.30 1.90

mean 7.45 1.35 14.15 1.80 mean 7.45 1.21 14.15 1.95

Total means *

3 5.53 1.55 11.35 2.36 1 9.60 1.66 20.05 3.65
6 8.83 1.52 16.05 3.09 2 6.90 1.38 13.00 1.84
9 9.23 1.16 12.70 2.00 3 6.50 1.10 9.85 1.68

12 4.00 1.03 11.85 1.84 4 4.60 0.87 9.05 1.44

mean 6.90 0.69 12.99 1.18 Total 6.90 0.66 12.99 1.18

* In the case of male 2, the total means are computed only for the mating with irradiated individuals.

Regarding the effect of the hours elapsed, a strong effect was observed, according
to the ANOVA model (χ2 = 35.85, df = 3, p-value = 8.05 × 10−8). Looking at the model
estimates (Table 9), the time spent mating decreased over time, regardless of the applied
dose treatment (Table 8 and Figure 6).

Table 9. Glmer model (family = negative binomial): the response variable was analyzed as number

of minutes of mating per hour: The applied treatment is nested into the experimental doses (0, 60

and 80 Gy) and the model estimates are referred to the zero hypothesis of no difference in mating

frequencies between irradiated and fertile; the males at the dose zero were both not irradiated and

were used as a further control. The experimental trend (hours) of the experiment is treated as a factor

(four levels, first hour as reference level). Significant p-values are highlighted in bold.

Fixed Effects: Estimate ±SE z Value p-Value

(Intercept) 2.003 0.166 12.075 <2 × 10−16

h2 −0.386 0.126 −3.104 0.001910
h3 −0.487 0.127 −3.834 0.000126
h4 −0.756 0.129 −5.846 5.05 × 10−9

treatm: dose 0 Gy 0.202 0.268 0.752 0.451903
treatm: dose 60 Gy 0.712 0.267 2.667 0.007645
treatm: dose 80 Gy 0.753 0.266 2.832 0.004619
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p-value = 2.1 × 10−5). At 60 Gy, the number of events was 3.48 ± 0.42 versus 1.97 ± 0.30
events observed with untreated males, while at 80 Gy, irradiated males mated 4.50 ± 0.52
times versus the 2.53 ±0.47 times recorded for the fertile males.

Table 10. Glmer model (family = negative binomial) with the duration of mating events as outcome

variable. The response variable was analyzed as duration of event in minutes: The treatment is nested

into the applied doses (0, 60 and 80 Gy) and the model estimates are referred to the zero hypothesis

of no difference in mating duration between irradiated and fertile. The males at the dose zero were

both not irradiated and were used as a further control. Significant p-values are highlighted in bold.

Fixed Effects Estimate SE z Value p-Value

(Intercept) 1.1123 0.0354 31.465 <2 × 10−16

treatm: dose 0 Gy 0.0130 0.0676 0.193 0.8472
treatm: dose 60 Gy 0.1115 0.0581 1.919 0.0549
treatm: dose 80 Gy 0.0291 0.0559 0.521 0.6025

Table 11. Means and standard errors of the response variables duration of mating in minutes, mating

events per day and minutes elapsed before the first mating, in function of the applied dose of

irradiation and the day from the beginning of the experiment. The male with the subscript “2” is the

irradiated male, except in the case of the dose zero where both the males are untreated. The dash

indicates no data available.

Duration of Mating
(Min Day−1)

Mating Events
(n. Day−1)

Time Elapsed
before the 1st Mating

(Min)

Dose Days Male(1) ±SE Male(2) ±SE Male(1) ±SE Male(2) ±SE Male(1) ±SE Male(2) ±SE

0

3 3.47 0.39 2.90 0.38 1.90 0.71 1.00 0.39 108.0 - 1.50 0.50
6 3.03 0.18 3.02 0.22 3.50 0.82 4.50 1.19 35.00 10.51 28.50 16.6
9 2.96 0.22 3.24 0.42 2.80 0.63 2.10 0.59 19.75 7.90 16.00 6.52
12 3.00 0.30 3.15 0.28 1.00 0.42 2.00 0.63 18.00 6.00 13.00 4.36

mean 3.10 0.13 3.08 0.15 2.30 0.35 2.40 0.42 33.17 8.64 16.86 5.42

60

3 2.55 0.31 3.45 0.35 1.10 0.43 3.10 1.07 - - 16.50 2.50
6 3.39 0.45 3.50 0.27 2.30 0.80 4.00 0.98 18.50 17.50 3.00 2.00
9 3.14 0.30 3.81 0.39 2.80 0.51 2.70 0.56 32.00 16.59 3.50 0.50
12 3.00 0.19 3.00 0.19 1.70 0.50 4.10 0.74 - - 21.29 10.8

mean 3.10 0.18 3.40 0.15 1.97 0.30 3.48 0.42 28.63 12.78 15.00 6.09

80

3 3.00 0.17 3.16 0.32 2.40 1.29 3.70 0.94 58.67 56.67 - -
6 3.52 0.42 3.55 0.18 2.30 0.58 5.10 1.35 47.80 37.47 3.00 0.58
9 2.79 0.17 2.92 0.15 3.80 0.80 5.20 0.87 10.00 3.00 7.80 2.65
12 2.44 0.13 2.82 0.16 1.60 0.98 4.00 0.97 4.00 - 3.33 0.33

mean 2.95 0.13 3.13 0.10 2.53 0.47 4.50 0.52 37.42 19.98 5.27 1.36

Total mean *

3 3.07 0.17 3.35 0.50 1.80 0.50 3.40 0.70 71.00 41.93 16.50 2.50
6 3.27 0.19 3.69 0.37 2.70 0.43 4.55 0.82 37.58 15.62 3.00 0.71
9 2.95 0.13 3.14 0.19 3.13 0.38 3.95 0.58 23.15 8.04 6.57 2.00
12 2.79 0.12 3.17 0.24 1.43 0.38 4.05 0.59 13.33 5.81 15.90 7.90

mean 3.04 0.08 3.33 0.16 2.27 0.22 3.46 0.34 33.62 8.52 10.54 3.45

* In the case of male 2, the total means of doses are computed only for the mating with irradiated individuals.
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The main objective of the behavioral bioassays carried out for this study was to high-
light any differences between the performance of fertile males and sterile males irradiated
at two different doses. The selected doses (60 and 80 Gy) were chosen because in previous
studies they provided the best response in terms of male lifespan and sterility [12,31]. These
behavioral assays not only provided a deeper understanding of the inherent structure of
the mating system of R. ferrugineus, but also revealed interesting patterns attributable to the
effects of irradiation dose, during a 12-day period (day 3, day 6, day 9 and day 12), which
correspond to previous data on the longevity of weevils irradiated at 60 and 80 Gy [12].

Excluding the variable “quality of the insects reared in captivity”, statistical analyses
of our data clearly confirmed that neither of the two radiation doses tested prevented the
irradiated RPW males from mating. This finding excludes the possibility that radiation
negatively interferes with the male insect’s sexual performance, preventing the mating
or inducing female repulsion. In this work the time spent in mating events was lower
compared to time spent in inactivity (Tables 1 and 6), showing a trait of the RPW female
to mate more times for short periods and with more males, according to the polyandrous
behavior [6,36].

In no-choice conditions, the amount of time spent in mating during the full experiment
period was not significantly different between the control males and those at the two
irradiated doses. Also for the other variables (number of matings, duration of the first
mating and the time elapsed in minutes before the first mating), it was not recorded any
particular difference between the control (fertile males) and the irradiated ones (Tables 1–5
and Figures 1–4), except for the mating frequency, where the male irradiated at 60 Gy were
performing slightly better than the fertile males (Figure 2).

However, notable differences were observed between fertile and sterile males in
choice conditions. Both groups of irradiated males exhibited optimal competitiveness
against wild males, while females always exhibited a passive behavior during the mating
phase, displaying no active preference for a specific male, according to previous data on
aggregation behavioral observations [6,36].

The differences between the irradiated and fertile males involved several aspects
of mating. Except for the duration of the mating, which does not show any significant
differences between the irradiated and the fertile male performance, the results for the other
two behavioral variables (number of matings and the time elapsed from the beginning of
the experiment to the first mating) are showing an evident better performance of irradi-
ated males (Tables 6–13 and Figures 5–8). In particular for the number of mating events
(Figures 6, 7b and 8a) and for the time elapsed from the beginning of the experiment to the
first mating (Figure 8b), the results highlight that irradiated male (in particular the ones
irradiated at 80 Gy) were sexually more competitive than fertile ones. This is particularly
true, considering previous behavioral studies on RPW carried out in gregarious conditions,
where mating context has been recorded as highly promiscuous, with several interactions
among all the individuals [6]. Matings were representing the most frequent interactions
(between 80.6 and 89.1 of the total interactions), with R. ferrugineus males performing
frenetic searches for matings in a promiscuous aggregation context [6,40].

The aspect correlated to the short time elapsed recorded in choice tests with males
irradiated at 80 Gy, needs to be better analyzed: comparing the results in no-choice con-
ditions (no significant differences among the treatments, Figure 4a) with the results in
choice conditions (just 5 min to start the mating, Figure 8b), the performance of the males
irradiated at 80 Gy when another male is present is showing extremely competitive pat-
terns; this response showing that irradiated RPW males (80 Gy) are clearly more sexually
competitive than the fertile ones, confirming that the reported decline in “insect quality”
can be related to the mass-rearing, handling and release practices [43–45]. Despite to the
fact that in Figure 1 (no-choice) and in Figure 6 (choice) the mating frequency in irradiated
males is following a negative physiological trend over time, the irradiated males are always
performing better than the control (in particular, for the males irradiated at 80 Gy). These
results, combined with the data on the time elapsed from the beginning of the experiment
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and the first mating, clearly showed that: (i) the mating performance of irradiated males
does not decline with the approaching of the end of their life; (ii) 80 Gy irradiated males are
the most suitable in terms of mating performance, confirming previous data on the effects
of the irradiation on the physiology of males of this pest species [12,31].

Even most of SIT programs have been applied to target pests belonging from the
Orders Diptera and Lepidoptera [25,41], there are some recent studies have shown the feasi-
bility of including the SIT in area-wide control programs against invasive alien weevils [14],
with the possibility even to eradicate the target pest from the territory [46].

Particularly for RPW, this pest species exhibits two peculiar physiological and bio-
logical characteristics associated with mating that support the use of SIT for its control:
(i) the complete absence in the female of a refractory period after mating, along with (ii) last
mating male sperm precedence. These two post-mating responses are increasing the proba-
bility of fertile females mating with sterile males and decreasing the overall reproductive
success of the population [6,31,36].

Concern about the suitability of implementing mass rearing facilities for this gregar-
ious target species, new ideas and approaches are under consideration based on mass
trapping, irradiation and release of large numbers of sterile males instead of multiplying
them in a laboratory [43,45,47]. The classic SIT approach, based on the assessment of large
mass rearing facilities is not an easy task for this species, for the long life-cycle (several
months), for the presence of cannibalism behavior at the larval stages and for the complicate
issue to spin a cocoon as pupation site: our preliminary data show the long life-cycle dura-
tion and the cost for the artificial diet as the most crucial aspects [12]. More recent studies
show that a semi-artificial diet can be used to rear small-scale laboratory colonies [48], but
probably they are not suitable for large scale SIT implementation programs. The alternative
that we are taking into consideration when dealing with arthropod pests showing a clear
gregarious behavior is a new approach, based on combining mass-trapping and SIT for
small scale programs [43,45]. Field traps trigged with the aggregation pheromone can
provide large numbers of alive RPW of both genders: keeping (or eliminating) the females
and release wild males after irradiation in the environment can be a suitable and sustain-
able approach in peculiar, well isolated territories, such as the small island of Pantelleria
or a date palm oasis in the Sahara Desert. In particular, Sterile Insect Technique can be
utilized in date palm growing areas where the distribution of palm trees is regular and
continuous but isolated (palm groves in oases). These conditions are ideal for an area-wide
approach as pointed out by Klassen [14]. Therefore, it is important to consider a multi-
trophic scenario that includes agronomic, socio-economic, and biological factors, along
with the physiological reaction of the target pest to irradiation.

5. Conclusions

The success of an area-wide pest management program that has the SIT as its strategic
core relies on setting up a system to release an adequate number of sterile males able to
compete with wild males for mating opportunities. Therefore, this work has focused on
using sterilizing radiation doses while maintaining the mating competitiveness of sterile
RPW males with respect to non-irradiated ones.

The data presented in this study suggest that irradiated wild-type male adults of R.
ferrugineus, especially those irradiated at 80 Gy, exhibit strong mating competition behavior
when confined in a cage with fertile males. Comparison between the 60 Gy dose, the 80 Gy
dose and the control showed several interesting aspects: the doses used did not affect mode
and timing of mating: after the first copulation, adults mated again and repeatedly, even
more than untreated adults.

Laboratory tests on competitiveness are generally not entirely reliable in predicting
performance and success in the field; this is why more accurate results can be obtained in
studies carried out directly in the field. Additional laboratory and confined field tests are
also necessary to better understand the interactions in large density weevil conditions.
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Appendix A

Table A1. Means and standard errors of the response variables proportion of mating, duration of

mating events per couple, number of mating events per day and time elapsed before the first mating,

in function of the applied irradiation doses and of the days of the experiment. Standard errors of the

estimates are derived from the glmer model.

Dose Gy Day
Proportion of

Mating
(0,1)

Duration of
Mating
(min)

Mating Events
Day−1

(n.)

Time Elapsed
before 1st Mating

(min)

0

3
0.040 3.00 3.20 58.89

±0.0064 ±0.30 ±0.57 ±26.95

6
0.063 3.00 5.10 46.20

±0.0095 ±0.24 ±0.64 ±17.36

9
0.059 2.89 4.60 20.80

±0.0089 ±0.25 ±0.72 ±8.40

12
0.054 2.74 4.60 20.50

±0.0082 ±0.24 ±0.81 ±8.82

Total mean
0.054 2.90 4.38 30.66

±0.0040 ±0.13 ±0.37 ±6.56

60

3
0.062 2.87 5.20 21.00

±0.0091 ±0.23 ±0.73 ±10.78

6
0.069 3.61 4.60 72.80

±0.0100 ±0.27 ±0.82 ±28.14

9
0.080 3.23 6.00 47.70

±0.0115 ±0.23 ±0.92 ±21.96

12
0.095 3.21 7.70 39.90

±0.0133 ±0.20 ±1.03 ±22.95

Total mean
0.077 3.22 5.87 29.57
±0.005 ±0.12 ±0.54 ±6.90
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Table A1. Cont.

Dose Gy Day
Proportion of

Mating
(0,1)

Duration of
Mating
(min)

Mating Events
Day−1

(n.)

Time Elapsed
before 1st Mating

(min)

80

3
0.033 3.08 2.6 115.80

±0.0052 ±0.35 ±0.44 ±30.17

6
0.043 3.59 2.9 95.30

±0.0065 ±0.35 ±0.50 ±27.45

9
0.055 3.23 3.9 75.50

±0.0080 ±0.29 ±0.56 ±28.02

12
0.055 3.14 4.2 43.60

±0.0079 ±0.27 ±0.63 ±23.22

Total mean
0.047 3.25 3.40 49.15
±0.005 ±0.16 ±0.43 ±9.08

Mean of days

3
0.045 2.95 3.67 65.45
±0.003 ±0.17 ±0.45 ±15.30

6
0.059 3.36 4.20 71.43
±0.004 ±0.17 ±0.56 ±14.32

9
0.065 3.12 4.83 48.00
±0.004 ±0.15 ±0.55 ±12.473

12
0.068 3.06 5.50 34.67
±0.004 ±0.14 ±0.60 ±11.04

Total
0.059 3.12 4.55 54.80
±0.003 ±0.10 ±0.28 ±6.72

Table A2. Crosstabulation on the duration of mating in relation to the applied dose of irradiation (0,

60 and 80 Gy). The percentages of categories are also reported.

Duration
of Mating

0 Gy 60 Gy 80 Gy Total

Min n % n % n % n %

1 71 43.3 76 32.3 46 33.8 193 36.5
2 70 39.7 90 38.3 52 38.2 212 38.7
3 24 13.6 44 18.7 21 15.4 89 15.9
≥4 11 6.5 25 10.6 17 12.5 53 9.9

Total 176 100 235 100 136 100 547 100

Table A3. Counts by crosstabulation performed on the time elapsed before the first mating in relation

to the applied irradiation dose. The response variable was arbitrarily divided in six classes of time.

The percentages of categories are also reported.

Categories of Time 0 Gy 60 Gy 80 Gy Total

min n % n % n % n %

<10 13 32.5 15 37.5 6 15.0 34 28.3
10–30 16 40.0 8 20.0 11 27.5 35 29.2
30–60 4 10.0 11 27.5 7 17.5 22 18.3
60–120 4 5.0 2 5.0 5 12.5 11 9.2

120–240 2 5.0 1 2.5 4 10.0 7 5.8
No mating 1 2.5 3 7.5 7 17.5 11 9.2

Total 40 33.3 40 33.3 40 33.3 120 100
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Table A4. Crosstabulation on the total sum of the minutes spent in copulation in relation to the

applied dose of irradiation (0, 60 and 80 Gy) and to the days of experiment. The percentage of time

is also reported. Total and mean with asterisks are computed on the experimental units with the

irradiated males (60 and 80 Gy).

Day
Dose
(Gy)

0 60 80 Total *
n. Male Type Mins % Mins % Mins % Mins %

fertile 66 (69.5) 28 (20.6) 72 (37.7) 100 (31.6)
3 irradiated 29 (30.5) 108 (79.4) 119 (62.3) 227 (69.4)

total 95 (100.0) 136 (100.0) 191 (100.0) 327 (100.0)

fertile 106 (43.8) 78 (33.8) 81 (30.9) 159 (33.1)
6 irradiated 136 (56.2) 140 (64.2) 181 (69.1) 321 (66.9)

total 242 (100.0) 218 (100.0) 262 (100.0) 480 (100.0)

fertile 83 (55.7) 88 (46.3) 106 (41.1) 194 (43.3)
9 irradiated 66 (44.3) 102 (53.7) 152 (58.9) 254 (56.7)

total 149 (100.0) 190 (100.0) 258 (100.0) 413 (100.0)

fertile 30 (33.0) 51 (29.3) 39 (25.5) 90 (28.5)
12 irradiated 61 (67.0) 123 (70.7) 114 (74.5) 237 (72.5)

total 91 (100.0) 174 (100.0) 153 (100.0) 327 (100.0)

Total fertile 285 (49.4) 245 (34.1) 298 (34.6) 543 (34.3)
irradiated 292 (50.6) 473 (65.9) 566 (65.4) 1039 (65.7)

Table A5. Crosstabulation on the total sums of the minutes spent in copulation in relation to the

applied dose of irradiation (0, 60 and 80 Gy) and the hours of the experiment. The percentage of time

is also reported. Total values and means with asterisks are only computed on the experimental units

with the irradiated males (60 and 80 Gy).

Hours Dose (Gy)

0 60 80 Total *

n. Male Type Mins (%) Mins % Mins (%) Mins %

fertile 78 (41.7) 96 (37.1) 114 (32.4) 210 (34.4)

1st
(0–60 min)

irradiated 109 (58.3) 163 (62.9) 238 (67.6) 401 65.6

total 187 (100.0) 259 (100.0) 352 (100.0) 611 (100.0)

fertile 94 (63.6) 59 (30.1) 54 (30.5) 113 (31.3)

2nd
(61–120 min)

irradiated 75 (44.4) 137 (69.9) 123 (69.5) 260 (69.7)

total 169 (100.0) 196 (100.0) 177 (100.0) 373 (100.0)

fertile 55 (46.6) 53 38.4 87 (43.7) 140 (41.5)

3rd irradiated 63 (53.4) 85 61.6 112 (56.3) 197 (58.5)

total 118 (100.0) 138 (100.0) 199 (100.0) 337 (100.0)

fertile 58 (56.3) 37 30.6 43 (31.6) 80 (30.7)

4th irradiated 45 (43.7) 88 70.4 93 (68.4) 181 (69.3)

total 103 (100.0) 125 (100.0) 136 (100.0) 261 (100.0)

Total fertile 285 (49.4) 245 34.1 298 (34.6) 543 (34.3)

(4 h) irradiated 292 (50.6) 473 65.9 566 (65.4) 1039 (65.7)
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