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We study a simple mathematical model describing the dynamics of a wild-type pest insects population experiencing competition
from sterile insects (one-sided competition). ,is model can be used for conceiving control strategies based on the Sterile Insect
Technique (SIT) or the Incompatible Insect Technique (IIT), aiming to reduce or eradicate Red PalmWeevil (RPW) populations
in some target regions. We show that suppression may occur for continuous and periodic release strategies for various in-
traspecific and interspecific submodels except in the case of a single release strategy where a strong Allee effect is required.

1. Introduction

Over the past few decades, there has been an increasing
interest in the effectiveness of the biological methods for the
control of insect pests. ,e aim is to replace the existing
insecticide-based control strategies. ,e SIT is a tool that has
proven to be effective in the field for the areawide control of
some insects. ,is method, suggested initially by Knipling
[1, 2] and collaborators, relies on the release of a large
number of sterilized males, without affecting their ability to
mate. ,ese released insects compete for mates with the
wild-type males, and any wild-type female inseminated by a
sterile male has no progeny. ,en, if sufficient sterile males
are released for a long enough period, most of the wild-type
females in the field mate with the released sterile males and
thus produce no viable offspring. ,e average fertility of the
target population could be reduced leading to the control or
even in certain situations to the eradication of the pest
insects from large areas. ,e first successful areawide SIT

programs have been operated against the screwworm
population in Florida in the early 1950s. Since then, the
technique has been applied to combat various agricultural
pests and disease vectors, such as the Mediterranean fruit fly
(medfly), the RPW in coconut and date palm gardens, and
the tsetse fly in Africa (see Ref. [3] for a general review of the
SITand its applications). Given the experienced efficiency of
the SIT, it is now believed by population ecologists that this
tool should be included as a component of large programs of
pest insects management.

Furthermore, other biocontrol methods, with similar
acting principles as the classical SIT, are being developed.
Particularly, we mention the IIT and Population replace-
ment (PR). ,ese two techniques utilize the Cytoplasmic
Incompatibility (CI) property of the Wolbachia bacterium.
,is bacteria is known to infect various Arthropods, among
them the RPW. ,en, since Wolbachia-infected males (W-
males) are not able to fertilize uninfected eggs, due to CI, the
massive releases of W-males act like the classical SIT. On the
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other hand, the CI-property increases the progeny of
W-females considerably. ,us, as Wolbachia is maternally
inherited, releasing a large number of W-females into a
target population may lead to a high abundance of Wol-
bachia-infected insects (population replacement), as was
observed, for instance, with the Californian Culex pipiens
[4]. ,is will eventually result in the elimination or the
reduction of the pest population [5].

In view of the above considerations, many works have
been oriented particularly to theoretical studies, especially of
the SIT and the IIT, using mathematical modelling (see, for
example, [5–12] and references therein).,emain objectives
are the understanding and the analysis of suppression
mechanisms as well as the knowledge of explicit mathe-
matical conditions for the total extinction of the target pests
population. ,is may be very crucial to a SIT/IIT pro-
gramme, since it permits to estimate its cost as it highlights
the features to be considered when taking decision about
strategies to adopt.,us, various classes of models have been
applied to these techniques, including deterministic, sto-
chastic, continuous-time, discrete-time, and hybrid ap-
proaches (see Ref. [13] for a discussion of the relative merits
of different models). ,e virtues of analytic models are their
generality and the precision with which the actions of dif-
ferent parameters of the strategy can be predicted. On the
other hand, their major shortcoming is the simplification
which must be allowed to make the models mathematically
tractable.

In this paper, we consider a simplified, but fairly rea-
sonable, mathematical model for the extermination process
using the SIT/IIT. As will be argued later, we assume the
sterile-fertile interaction to be a one-sided competition that
solely affects the fertile population negatively. ,is scenario
is mathematically implemented by modifying the inter-
specific competition term in a recent predator-predator
model for SIT [14]. ,en, using an approximate averaging
procedure, we derive analytically the mathematical condi-
tions necessary to achieve the eradication of the wild
population in finite time. In particular, relations between the
extinction time, the size of the released sterile males, and
model’s parameters are explicitly obtained. Next, we com-
pare our analytical findings with exact numerical results in
order to assess the accuracy of the used approximations.

,is paper is organized as follows. In Section 2, we
present and argue our general mathematical model for the
interactive dynamics between wild and sterile insects. In
Sections 3 and 4, this model is used to approximate the
conditions analytically to achieve the total extinction of the
target population for different release strategies of sterile
individuals. ,e obtained results are then discussed after
being confronted with predictions of exact numerical cal-
culations. In Section 5, we discuss the limitations and
weaknesses of the considered model. In the last section, we
give our conclusion.

2. Model Formulation

2.1. Assumptions and Equation Dynamics. ,e model con-
sidered in this work assumes continuous-time, deterministic

and density-dependent growth of pest insects [15]. We also
adopt most of the general assumptions, which apply to
biological situations, originally discussed in [15]. Moreover,
we assume that released sterile individuals are male-only and
that all sorts of external factors, such as migration, envi-
ronmental factors, mutation, and selection play no role. In
addition, to keep the model simple, we do not include any
stage distinction (one-stage model). Furthermore, it is
agreed that, for many insects, most of the density depen-
dence occurs in larval survivorship as a result of competition
for natural resources [16]. Hence, we argue that sterile-fertile
competition is a one-sided competition. Indeed it is widely
admitted that SITemphasis the competition for mates rather
than for natural resources. Such competition obviously af-
fects only the fertile population. Conversely, the sterile
population is not affected by the presence of fertile indi-
viduals neither through the competition for mates (sterile
individuals) nor through the competition for natural re-
sources (no larval survivorship in the field). It is why we
think that predator-predator and cannibalism models are
not convenient for SIT modelling. ,us, we shall assume
henceforth a one-sided competition affecting wild-type in-
sects solely.

Mathematically, the model for these two species is de-
scribed by a one-stage nonlinear dynamic system whose
properties appear to depend essentially on the form of the
growth rate of a native wild-type population N(t), and their
interaction with the sterile individuals of density M(t).
Consider the following density-dependent evolution equa-
tions subject to one-sided competition:

dM

dt
� −

1
τs

M + mR, t≥ 0, (1)

dN

dt
� rNF(N) − δMH(N), t≥ 0, (2)

where mR is a function of time characterizing the release
strategy of sterile males whose average life-time is τs. ,e
term rF(N) is the per-capita growth rate of wild-type
population. ,e parameter r allows us to scale, if needed, the
continuous function F(N) so that maxN F(N) � 1. In that
case, r is the maximum per-capita growth rate without any
interference from other individuals in the population. ,e
density dependence of adult pest insects growth rate can be
seen as a remanent feature of natural resource limitation at
the larval stage.,e interaction term δMH(N) describes the
sterile-fertile one-sided competition where H(N) is the
functional response and the parameter δ is the interaction
rate between the two species. Note that the death rate of the
wild-type population has been ignored in equation (2).

2.2. Intraspecific and Interspecific Competitions. ,e choice
of the intraspecific competition model appears to condition
the population dynamics. While early studies tended to
assume the population growth rate to be logistic, more
recently, much attention has been paid to the impact of the
Allee effect, as the latter was shown to affect virtually all
aspects of species interactions in space and time [17, 18].
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,is negative competition effect refers to a decrease in the
per-capita growth rate at low population densities, which
may increase the extinction risk of low-density populations
[19, 20]. ,is effect arises from a number of sources such as
difficulties in finding mates, social dysfunction, and in-
breeding depression [21] andmay have potential importance
in the dynamics of small populations [22, 23], as well as in
population diffusion processes [24–27].

Let us assume that the wild-type population has a stable
steady state F(Nh

s ) � 0: that is, the carrying capacity of the
niche in the absence of sterile males. When the Allee effect is
sufficiently strong, there is also an unstable steady density
Nl

u of wild-type insects, such that 0<Nl
u <Nh

s , and for
which F(Nl

u) � 0. ,ese states are given in Table 1, for the
two types of function F(N) that we are going to consider in
this work.

For F2 the submodel, the condition 0< α< β ensures a
strong Allee effect [24].,us, the parameter α can be defined
as “Allee effect constant”; the bigger α is, the stronger the
Allee effect will be.

On the other hand, for interspecific submodels, de-
scribing the one-sided competition between sterile and
fertile populations, we shall consider functional responses of
Holling type in addition to a flat mating rate response. ,e
latter are shown in Table 2. For Holling type-II and type-III
responses, the parameter s measures the “satiation” effect:
the mating with fertile wild-type females by a unit number of
a sterile male cannot continue to grow linearly with the
number of wild-type females available but must “saturate” at
the value 1/s (see for instance [28, 29]). If the number of
available male matings equals or exceeds the number of
available female matings, then all available matings with
fertile females occur. Besides, as long as mating is random,
the proportion of fertile female matings to fertile and sterile
males will not be altered by the presence of females that were
fecundated. It is obvious that this submodels are not
equivalent and some criteria based on field experiments and
state-of-the-art for SIT should be considered when drawing
conclusions regarding their applicability.

3. Extinction Condition

Regarding the cost and the duration of SIT, it is crucial to
have information on the underlying factors of the ,reshold
Amount of Sterile Males (TASM) to be released in order to
achieve total extinction. Our procedure will provide a good
estimation of TASM for various competition submodels and
release strategies, by relating the condition for total ex-
tinction to the initial number, Minit, of sterile individuals
released in the niche.

Firstly, it is assumed that insect population density is
initially in a stable steady state.,en, to take into account the
eventual Allee effect, we merely have to reduce the pest
population density from β to αsup in order to achieve ex-
tinction. In practical terms, this requires that interspecific
competition should be stronger than the intraspecific
competition as N goes from β to αsup in the typical time scale
τe of a given release strategy. Furthermore, by integrating
equation (2) between 0 and τe we get the following:

N τe(  � β + 
τe

0
[rNF(N) − δMH(N)]dt. (3)

,e extinction condition, N(τe)≤ αsup, leads then to the
following equation:

r〈NF(N)〉 − δ〈MH(N)〉 ≤ −
β − αsup 

τe

, (4)

where the symbol 〈·〉 denotes the time average over the
interval (0, τe). ,en, equation (4) can be rewritten as
follows:

〈MH〉≥
1
δ

r〈NF〉 +
β − αsup 

τe

⎡⎣ ⎤⎦. (5)

Since H(N(t)) and M(t) are measurable functions over
(0, τe), then it is possible to use Hölder’s inequality,
according to which we have the following equation:

〈MH〉≤ 〈Mp〉1/p〈Hq〉1/q, (6)

where p, q ∈ ]1, +∞[ and 1/p + 1/q � 1. ,is yields a more
stringent extinction condition, given by the following
equation:

〈Mp〉1/p ≥
1

δ〈Hq〉1/q
r〈NF〉 +

β − αsup 

τe

⎡⎣ ⎤⎦. (7)

,e last formula summarizes the effects of each term in
equation (2) on the minimum size of the sterile males to be
released. Moreover, a key component of our approach is to
replace the time-averaged functionals of N(t) in equation
(7), 〈Hq〉 and 〈NF〉, by their values on 〈N〉, and to adopt a
linear approximation for 〈N〉, that is,

〈N〉 ≈
αsup + β

2
. (8)

,ese approximations should naturally result in some
errors, and we shall rely on numerical simulations to check

Table 1: Intraspecific growth submodels of wild-type insect growth
rate.

F(N) Nh
s Nl

u

F1(N) � 1 − (N/β) β 0
F2(N) � k2(1 − (N/β))(N/(c + N)), c> 0 β 0
F3(N) � k3(α − N)(N − β), 0< α< β β α
Nh

s and Nl
u stand, respectively, for the highest stable steady state and the

lowest unstable one. To meet maxN F � 1 condition, the normalization
constants should be set at k2 � β/(2c + β − 2

�������
c(c + β)


) and

k3 � 4/(α − β)2.

Table 2: Interspecific models of sterile-fertile competition.

H(N) Submodel
HI(N) � N Holling type-I
HII(N) � N/(1 + sN) Holling type-II
HIII(N) � N2/(1 + sN2) Holling type-III
HIV(N) � 1/s Flat mating rate
,e parameter s is a positive real number.
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their validity. On the other hand, the adopted approximation
of the averaged functionals of N(t) removes the dependence
of equation (7) on the parameter q, and leaves us a free
choice of parameter p . Later, the value of p will be chosen so
as to get the best fit for numerical results. Tables 3 and 4 give
〈NF(N)〉 and 〈H(N)〉 for various models of growth rate
and sterile-fertile interaction.

4. Mass Release Strategies

A given control strategy may succeed or fail depending
largely not only on various ecological characteristics of the
target species but also on the choice of the mass release
strategy of sterile males. In order to investigate the pa-
rameters that govern the effectiveness of SIT control strat-
egies, in what follows, we apply the above results for three
different strategies for the release of sterile males, which are
the single release, the constant release, and the periodic
release.

4.1. Single Mass Release. Although a single release strategy
may be seen as an unusual practice, its investigation could
highlight relevant parameters to be considered for other
release strategies. For single mass release, the sterile pop-
ulation density follows the law:

dM

dt
� −

1
τs

M. (9)

so that M(t) � Minite
− t/τs where τs is the sterile insects

average life-time and Minit is the initially released number.
For this strategy, the sterile males are gone after the release
generation and have no more effect. ,erefore, the wild-type
population is expected to decrease under the SIT effect
within a time scale τe of the order of τs. An interesting result
is that for a single release strategy, extinction does not occur
for F1 and F2, for all Holling type submodels considered in
this work. Indeed, for a weak Allee effect, the condition (4)
requiring an effective negative growth rate that could not be
satisfied as Δt⟶ +∞. Because of the exponentially de-
creasing effect of sterile insects, there exits a time t0 after
which the wild population recovers persistent positive
growth rate until it reaches its highest stable steady state
again. ,is result is well proved by numerical calculations as
illustrated in Figure 1, which displays the behavior of the
wild-type population N(t) corresponding to F1 and F2 for
interspecific submodels HI, HII, and HIII.

,en, only a strong Allee effect allows for effective ex-
tinction when the single release strategy is chosen. In this
case, we have the following:

〈Mp
(t)〉1/p �

τs

pτe

1 − e
− pτe/τs  

1/p

. (10)

Hence, according to equation (7), for the F3 submodel,
the TASM to achieve effective extinction in population size
with a single release, within a period of time τe, is given by
the following equation:

MTASM �
pτee

pτe/τs

τs epτe/τs − 1( )
 

1/p 1
δ〈H〉

r

2
(β + α) +

β − α
τe

 .

(11)

Before proceeding further, we would like to make some
comments on Flores’s work [14]. Flores used a model with
HI and a nonnormalized F3, (k3 � 1), with r � 1 and as-
suming τe � τs which should yield the following equation:

MTASM �
pep

ep − 1
 

1/p
(β − α)

δ(β + α)

2
τs

+
β2 − α2 

4
⎡⎣ ⎤⎦. (12)

It is worth emphasizing here that Flores’s result, quoted
in [14], does not show any dependence on τs. Numerical
simulations agree with the above result for a large range of
parameters as shown in Figure 2. In particular, we find that
numerical MTASM exhibit an explicit dependence on the life-
time of sterile insects corroborating our claim that results in
[14] were incomplete.

For an empirical investigation of this result, let us
consider the case where, β≫ α., we get for the same
assumptions:

MTASM �
1
δ

pep

ep − 1
 

1/p 1
τs

+
1
8
β2 . (13)

It is interesting to notice that for this choice, the min-
imum sterile insect amount to release goes like β2. ,is is
counter-intuitive if we learn that for entomologists its is
widely assumed that MTASM should go like β: constant ratio
behavior.,is shortcoming is due in part to the fact that F3 is

Table 3: Average factors for various intraspecific models of wild-
type insect growth rate.

F(N) 〈NF〉

F1(N) β/4
F2(N) β3/4(2c + β)(2c + β − 2

�������
c(c + β)


)

F3(N) (β + α)/2

Table 4: Average factors for various interspecific models of sterile-
fertile competition.

H(N) 〈H〉

HI(N) (β + αsup)/2
HII(N) (β + αsup)/2 + s(β + αsup)

HIII(N) (β + αsup)2/4 + s(β + αsup)2

HIV(N) 1/s
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not normalized. On the other hand, it is quite interesting to
see that for a normalized growth rate, the constant ratio
behavior of the TASM can only be obtained through the
submodel of interspecific competition. ,is requires H(N)

to be a slowly varying function which is achieved for HII,
HIII, and HIV. ,e work on our assumptions leads here to
the following:

MTASM �
1

δ〈 H〉

pep

ep − 1
 

1/p

r +
2
τs

(β − α)

(β + α)
 . (14)

On the other hand, for β≫ α, we have 〈 HII− III− IV〉≃ β/2.
,erefore we get the following equation:

MTASM �
rβ
δ

pep

ep − 1
 

1/p 1
rτs

+
1
2

 , (15)

proving that our assumptions allow us to obtain the em-
pirically justified behavior. In the Flores model, symmetric
competition between fertile and sterile insects seems to be

related to the availability of resources. Although in finite
niche, natural resources are limited, for adult insects, it is not
a limiting factor. Limited resources are muchmore critical at
juvenile stages (larval) when there is no fertile-sterile
competition [30]. ,erefore, fertile-sterile competition on
resource need not affect a population’s growth rate. Com-
petition is strictly related to mating.

Note that more realistic models would be compliant with
the empirical “sterile-to-fertile ratio” consideration that is
the sterile-to-fertile males ratio is one of the most relevant
parameters in SIT programmes [31].

To test the theoretical predictions presented above,
evolution equation (2) was solved numerically using
Mathematica 9. ,e initial wild-type population was sup-
posed to be at its highest stable steady state. ,e numerical
computations for the three submodels closely agree with the
analytical result, as shown in Figure 3.

4.2. Continuous Mass Release. Multiple releases are usually
necessary to eradicate target populations. A continuous
release strategy is an idealization of what is done in practice.
Here, we assume that the release of sterile males is performed
uniformly in time with a rate m. Under this assumption, the
population dynamics is governed by the following system:

dM

dt
� −

1
τs

M + m. (16)

Ignoring the transitory exponential decaying solution we
have the following:

M(t) � τsm, (17)

yielding

mTASM �
1

τsδ〈 H〉
r〈F〉 +

2
τe

β − αsup 

β + αsup 
⎡⎢⎣ ⎤⎥⎦. (18)

In addition, as the continuous release strategy is based on
a long-time scale: τe≫ 1, the extinction condition becomes
as follows:

5 10 15 20
0

50

100

150

β

M
TA

SM

Figure 2: ,eoretical and simulated MTASM as a function of β. Our
(Flores) theoretical result is represented by thick (dotted) line (for
τs � 5 and α � 0.8), thin (dotted) line (for τs � 0.5 and α � 0.8), and
dashed (dot-dashed) line (for τs � 5 and α � 2.8). Rectangles,
triangles, and circles correspond to simulated results for the same
choices of parameters τs and α, respectively. ,e remaining pa-
rameters values are δ � 1 and p � 13.
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Figure 1: Plots of N(t) for single release strategy in cases of F1 and F2 for interspecific models HI, HII, and HIII. Solid (broken) lines
correspond to Minit � 20 (Minit � 5) in the case of F1 and to Minit � 6 (Minit � 4) in the case of F2.
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Figure 3: ,eoretical and simulated MTASM, in the case of single mass release strategy, as a function of β and as a function of τe. ,e
remaining parameters values are δ � 1, c � 0.5, and p � 13. (a) Parameters values are as follows: r� 1, τs � 8, τe � 5, and α� 0.8, (b)
parameters values are as follows: r� 1, τs � 8, and α� 0.8, (c) parameters values are as follows: τs � 8 and τe � 6, (d) parameters values are:
τe � 5, τs � 8, and α� 0.8, (e) parameters values are as follows: r� 1, τs � 15, β� 15, and α� 0.8, (f ) parameters values are as follows: r� 1,
τs � 15, β� 15, and α� 0.8.
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mTASM �
r

τsδ
〈F〉

〈 H〉
. (19)

In particular, for all intraspecific and interspecific sub-
models, and for β≫ α we expect the following:

mTASM �
rβ
2τsδ

. (20)

,is result is of utmost interest as it clearly shows the
relevant factors that should be considered for SIT. Nu-
merical results summarized in Figure 4 show that all sub-
models closely agree with the theory.

4.3. Periodic Mass Release. A periodic release strategy is the
most effective in what is done in practice. ,e sterile insect
population dynamics goes as follows:

dM

dt
� −

1
τs

M + m(1 + ε cos(ωt + φ)), (21)

where ε, ω, and φ are independent constants with |ε|≤ 1.
Ignoring the exponentially decaying transitory solution we
get the following:

M(t) � τsm 1 +
ε

1 + τ2sω2 cos(ωt + φ) +
ετsω

1 + τ2sω2 sin(ωt + φ) .

(22)

,e extinction dynamics depend on the relative time
scales described by ωτs and ωτe. Notice that in practice, the
period of mass-releases is usually chosen to be close to the
average life-time of sterile males, and the relative time scale
ωτs is so of the order of some units. Furthermore, the nature
of this strategy implies that the extinction time τe is well
above the average life-time τs.

Next, for this strategy, we shall use the result (7) with
p � 2 (when Hölder’s inequality reduces to Cauchy–Sch-
wartz inequality). ,is yields the following extinction
condition:

mTASM � 1 +
ε2

2 1 + τ2sω2( 
 

− 1/2 1
τsδ〈 H〉

r〈F〉 +
2
τe

β − αsup 

β + αsup 
⎡⎢⎣ ⎤⎥⎦,

(23)

where we have neglected terms in 1/ωτe in the calculation of
〈Mp〉1/p. We can see that for ωτs≫ 1 we recover the
continuous release strategy result. Cases where ωτs≪ 1 yield
the following:

mTASM �
1

τsδ
��������
1 + ε2/2( )


〈 H〉

r〈F〉 +
2
τe

β − αsup 

β + αsup 
⎡⎢⎣ ⎤⎥⎦,

(24)

with respect to the first two cases, for this release strategy,
several parameters should be taken into account, namely ε,
ω, and φ. ,is result is of utmost interest as it clearly shows
the relevant factors that should be considered for SIT.
Numerical results summarized in Figure 5 show that all
submodels closely agree with the theory.

5. Limitations of the Model

In this section, we summarise the main weaknesses of this
study. First, we are aware that the assumptions introduced in
our model suffer from possible violations. Some of the more
obvious are as follows:

(i) ,e hypothesis that the carrying capacity of a given
environment is constant does not describe the real
situation when the latter and thus the density-de-
pendent death rate may vary between good and
poor patches. Hence, the effect of time-varying
carrying capacity should be investigated.

(ii) We have assumed a simple constant dispersal
weevils rates, but unlikely, sterile males do not
disperse uniformly, although releases in SIT pro-
grammes must be very heterogeneous over the
treatment area. Weevils require food, mates, ovi-
position sites, and refugia as essential resources [32],
foraging for these resources is a dynamic process.
For instance, it has been observed that the RPW
adjusts its activity in response to the change of
weather factors and climatic conditions [33, 34].
Furthermore, human managements, like the ap-
plication of pesticides or the presence of pheromone
traps, also have an effect on the distribution of
weevils.

(iii) Pests dispersal has been ignored; however, a more
realistic model should take it into account. Host
availability, susceptibility and its location in space
are one of the major determinants of spatial
distribution.

In addition, we have some objections to raise against
the model, of which we will mention the two most im-
portant ones. First, the model does not account for time
lags in the working of density on growth rate. In the RPW,
for example, it may take several weeks or months before
larvae develop into mature individuals [35, 36]. ,e lo-
gistic model may be adequate in this respect for organisms
with a simple life cycle but has to be modified for or-
ganisms with more complex life cycles. ,is has led to so-
called time lag models (see, among others, [37, 38]). ,ese
models show that such lags may lead to considerable
fluctuations in the density of populations instead of stable
equilibrium densities.

Second, remating in wild RPW females is common in
nature; the probability that a wild female will remake after
mating with a sterile male is highly relevant to the effec-
tiveness of the SIT. ,e model considers the competition as
related to mating but does not take into account the
remating behavior. Sterile males are less able than wild males
to suppress remating in wild females. ,is effect is increased
in males that have been colonized for a longer time. Many
factors are involved in the interaction between wild and
sterile, sexual maturity synchronization, compatibility, etc.,
but further field data and investigations are needed to
consider all these parameters and to incorporate them in the
model.
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Figure 4: ,eoretical and simulated mTASM, in the case of continuous mass release strategy, as a function of β and as a function of τe.
Parameters values are r � 1, δ � 1, τs � 1, α � 0.8, and c � 0.5. (a) Parameters values are τe � 500, (b) parameters values are τe � 500, (c)
parameters values are τe � 100, (d) parameters values are β� 15 (e) parameters values are β� 15, and (f) parameters values are β� 15.
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Figure 5: ,eoretical and simulated mTASM, in the case of periodic mass release strategy, as a function of β, as a function of τe, and as a
function of ω. Parameters values are r � 1, ε � 0.5, φ � 0, α � 0.8, c � 0.5, and (η � 0.18). (a) Parameters values are c � 1, τs � 0.5, τe � 30,
and ω� 1, (b) parameters values are c � 1, τs � 0.5, τe � 30, and ω� 1, (c) parameters values are c � 2, τs � 4, ω� 5, and β� 15, (d) parameters
values are c � 2, τs � 4, ω� 5, and β� 15, (e) parameters values are c � 1, τs � 5, τe � 25, and β� 15, and (f) parameters values are c � 1, τs � 5,
τe � 25, and β� 15.
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6. Discussion and Conclusion

Let us begin our discussion with a comparison between the
three release strategies. To do so, two criteria have to be
retained, namely: the total number of released sterile males,
MSM, and the time required to obtain effective extinction, τe.
,ese criteria are the most relevant when dealing with the
cost of a SIT program. It is worth noting that MSM and τe

are closely correlated. However, the way of this correlation
depends particularly on the release strategy. Indeed, the
total numbers M

(S)
SM, M

(C)
SM and M

(P)
SM released within the

three strategies, single, continuous, and periodic, respec-
tively, are given by the following equation:

M
(S)
SM � M

(S)
TASM,

M
(C)
SM � τe,cm

(C)
TASM,

M
(P)
SM � τe,p 1 +

ε
ωτe,p

sin ωτe,p + φ  − sinφ  m
(P)
TASM ≈ τe,pm

(P)
TASM,

(25)

where subscripts s, c and p in τe are used to distinguish
between effective extinction times relative to the three re-
lease strategies. Using theoretical results obtained above for
extinction conditions, we can firstly deduce that, for a given
couple of intraspecific and interspecific submodels, total
numbers of sterile males consumed in continuous and pe-
riodic release strategies are almost-equal, for the same ex-
tinction time: τe,c � τe,p. Figure 6 illustrates the behaviors of
the three total numbers, M

(S)
SM, M

(C)
SM , and M

(P)
SM with the

extinction time, for the same initial number of the wild
population. Particularly, we remark that the total number of
sterile males consumed in a single release strategy roughly
decays exponentially with the extinction time. However,
within a continuous or a periodic release strategy, the total
numbers of sterile males used increases linearly with the
duration of the extinction process. We should note that
results for M

(C)
SM and M

(P)
SM are valid only for τe,c/p well above

τs since in deriving equations (18) and (23), we have ignored
the exponentially decaying parts in the expressions of the
wild population numbers M(t), and obviously, such an
approximation is valid only for long times in comparison
with τs.

In summary, the paper develops an approach that ex-
tends the SIT continuous model for various density-de-
pendent growth rates and interspecific competition
functionals. ,is yields a flexible general model that allows
for a substantial simplification of the SIT dynamics and can
bias the results in comparison with reality. ,e model is
mathematically interesting because it can produce such a
wide range of dynamical behaviors including logistic, strong,
and weak Allee effects as well as various response functions
for interspecific competition.

Within this general model, analytical and numerical
results indicate that eradication of the insect pest is
conditional upon the size of the sterile mass release ex-
ceeding a critical value. ,is critical quantity has been
determined for various submodels and for three release
strategies; single, continuous, and periodic. In all cases,

numerical computations closely agree with the analytical
analysis. ,e study allowed us to identify the most im-
portant parameters which control the choice of release
strategies. It also shows that for various release strategies,
the sterile weevils life-time is a key parameter in the
determination of the TASM. However, the presented
model should be seen as a first approximation allowing
comparing between idealized sterile male releases in order
to get an insight of how these strategies will perform in the
field. Indeed, real field mass release programs suffer from
many complications that arise from the interaction of
several biotic and abiotic factors: weather conditions, host
availability, migration of insects, poor timing of release,
lack of competitiveness of released weevils, and a mul-
titude of other factors that are crucial to lead a successful
release. While it is not possible to include all of these
factors in modelling SIT, a great improvement of our
model can be gained by introducing controls into the
population’s dynamics. ,is can be done a priori in the
same manner as with the well-known Lotka–Volterra
model, using already existing techniques, such as the
speed gradient method and Emel’yanov method. ,is
extension of the model would be the subject of a forth-
coming study.

Finally, let us note that the sterile insect technique has a
pest density-dependent suppressive action. It has the at-
tribute of increasing efficiency with decreasing target pop-
ulation density. A given chemical or biological insecticide
achieves about the same degree of control, whether the pests
are abundant or scarce [31]. ,erefore, these genetic control
methods can be effectively integrated with other density
independent and density dependant methods especially
when the objective is to manage total populations on an
areawide basis.
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Figure 6: ,e total number of sterile males, relative to single,
continuous, and periodic release strategies, is plotted as functions
of the extinction time τe for the intraspecific and interspecific
submodels F3 and HII
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