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Abstract

Malaria remains a significant global health challenge, with sub-Saharan Africa bearing the majority of the burden.
While vector control measures such as pyrethroid-based insecticidal nets and indoor residual spraying have sig-
nificantly reduced malaria incidence, the emergence of insecticide resistance in Anopheles mosquito populations
threatens these gains. Resistance develops through genetic mutations under prolonged selection pressure, compli-
cating control efforts and necessitating a deeper understanding of its evolutionary dynamics. This study introduces
a novel mathematical framework to investigate the emergence and spread of insecticide resistance in mosquito
populations. By modelling insecticide resistance as a continuous (quantitative) trait influenced by multiple genes,
we capture its variability and evolutionary transient dynamics. We propose an age-structured mosquito popula-
tion model using integro-differential equations, where the resistance trait influences life-history parameters such as
mortality and reproduction. Our approach provides new insights into how resistance emerges and spreads within
mosquito populations over time. We analyse the model’s properties, including the existence of a unique maximal
bounded semiflow, and derive conditions for the existence and stability of steady states. Through parameterization
and simulations, we explore the transient and long-term dynamics of resistance evolution under different scenarios.
The results offer valuable insights into the evolutionary mechanisms driving insecticide resistance and inform the
design of sustainable vector control strategies.

1. Introduction

Malaria, a vector-borne disease transmitted to humans through the bite of an infected female Anopheles
mosquito, remains a significant public health challenge, affecting nearly half of the global population.
In 2022, malaria caused 249 million infections and 608,000 deaths worldwide, with 95% of the bur-
den concentrated in sub-Saharan Africa [37]. To mitigate the impact of malaria, global initiatives have
focused on vector control measures, which significantly reduced the disease burden in Africa between
2005 and 2015 [7, 44]. This success was largely driven by widespread use of pyrethroid-based insecti-
cides and indoor residual spraying (IRS), with pyrethroid-treated nets (ITNs) playing a pivotal role due
to their low toxicity to mammals and strong irritant effects on mosquitoes [2, 44].

However, these gains are now under threat due to the rapid emergence of insecticide resistance
in mosquito populations. Prolonged insecticide use exerts selection pressure, allowing mosquitoes to
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survive and reproduce despite exposure to chemical agents such as pyrethroids [2, 21, 36]. Since long-
lasting insecticidal nets (LLINs) form the cornerstone of malaria eradication strategies, resistance in
Anopheles mosquitoes presents a critical challenge to public health efforts in sub-Saharan Africa [35].
Resistance arises as exposure to insecticides selects genetic mutations that confer survival advantages,
enabling the spread of resistance genes in mosquito populations (e.g. [1, 19, 26]). Understanding the evo-
lutionary dynamics underlying the emergence and spread of mosquito insecticide resistance is therefore
essential for developing sustainable management strategies.

Mathematical modelling has long been a valuable tool for understanding the complex dynamics of
biological systems with nonlocal terms and structured populations, particularly in epidemiology (e.g.
[5, 6, 13, 38]). In the context of vector-borne diseases, mathematical models have played a key role in
elucidating how mosquito population dynamics influence disease transmission. More recently, models
incorporating population genetics have been developed to investigate the community-level consequences
of insecticide resistance in mosquito populations [3, 4, 8, 22, 24, 25, 27, 33, 34, 40]. These mod-
els typically address qualitative resistance by examining the dynamics of specific resistance alleles —
homozygous sensitive (SS), heterozygous (RS) and homozygous resistant (RR) — and their interac-
tions within the population. While these approaches provide valuable insights into the genetic basis
and spread of resistance, they often overlook the transient evolutionary dynamics that contribute to its
emergence.

In cases where resistance is driven by point mutations, mosquito insecticide resistance can be viewed
as a continuous trait, referred to as quantitative insecticide resistance. This form of resistance arises
from the combined effects of multiple genes, each contributing incrementally to the overall resis-
tance phenotype [20, 39]. Unlike qualitative resistance, which is typically governed by one or a few
major genes, quantitative resistance varies continuously within a population. This variability high-
lights the need for a deeper understanding of the evolutionary mechanisms that drive the emergence of
resistance.

In this study, we introduce a continuous phenotypic trait, x taking values in the open set €2 and repre-
senting the level of mosquito insecticide resistance. This framework enables the simultaneous study of
mosquito population dynamics and the evolutionary dynamics of resistance. This trait influences various
aspects of the mosquito life cycle, including egg laying and mortality rates. We propose an age-structured
mosquito model that treats insecticide resistance as a continuous trait. Insecticide resistance selection
is influenced not only by vector control activities; mosquitoes may also be exposed to agricultural or
household insecticides during their aquatic or adult stages [16]. Therefore, our model considers both
eggs and adult female mosquitoes (AFMs), regardless of their exposure to insecticides. By capturing
the transient evolutionary dynamics underlying resistance emergence, our model offers a novel approach
to studying this phenomenon. To our knowledge, this is the first framework to address the continuous
nature of insecticide resistance in mosquito populations using an age-structured approach. Employing
this quantitative framework, we develop a system of integro-differential and age-structured equations to
investigate the emergence and spread of insecticide resistance.

The remainder of the paper is organized as follows: Section 2 presents the model description. In
Section 3, we establish some main properties of the model, including the existence of the unique maximal
bounded semiflow. We also give necessary and sufficient conditions for the existence of steady states
of the model proposed. The asymptotic behaviour and uniform persistence of the semiflow are detailed
in Section 4. Section 5 presents the model’s parameterization and the simulated dynamics. Finally, the
overall findings of the manuscript are discussed in Section 6.

2. The model formulation

The proposed model tracks the evolutionary dynamics of a mosquito population, distinguishing between
individuals unexposed to insecticides (subscript 0) and those exposed to insecticides (subscript 1). At
any time ¢, let Ey(¢, x) and E, (¢, x) denote the total number of eggs with insecticide resistance level x laid
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by the unexposed and exposed AFMs, respectively. The variable x € 2 represents the level of insecticide
resistance (IR) in AFMs where 2 is an open subset of R. Similarly, we denote Ay(z, a, x) and A, (, a, x)
the population sizes of AFMs of age a, unexposed and exposed to insecticides, respectively. The larvae
and pupae stages of the mosquito development are not explicitly taken into account.

Let us introduce the quantity:

E(t)= / (Eo(t, x) + E (1, x)) dx, (2.1)

which represents the total number of eggs at time 7. We assume that both insecticide-exposed and unex-
posed AFMs oviposit within the same restricted environment, therefore intraspecific competition arises
due to limited resource availability. We model this competitive interaction using the function H, depend-
ing on the quantity E(f), which captures the decline in egg survival or development as density increases
and is defined as follows:

HE®M)=1+E®) ™", (2.2)

where « is a scaling positive constant modulating the intensity of density dependence. Larger positive
values of k indicate stronger competition among eggs.

Eggs laid by AFMs A; with an insecticide resistance (IR) level x die at a rate u;(x) and hatch at a
rate y;(x). Among the hatched eggs, only a proportion 7(x) successfully emerge and reach adulthood as
females. At time #, a proportion c(¢) of mosquitoes emerging from the hatched eggs E, that have not yet
encountered insecticides is exposed to the insecticide and subsequently transitions to the exposed AFM
compartment (A;). Conversely, a proportion (1 — c(#)) of these mosquitoes escape exposure and progress
to the unexposed AFM compartment (A,). Furthermore, mosquitoes emerging from the hatched eggs
E, transition to the exposed AFM compartment at a rate t(x). Therefore, the numbers of newly emerged
AFMs at time ¢ are given by:

{Ao(h a=0,x)= (1 = c())T(X)p(X)Eo(t, X),

2.3
A(t,a=0,x) = c(OT) Y (D)Eo(t, X) + TN (DE (2, X). 2

With the above notations, we can derive the following age-structured and integro-differential
equations, which describe the spread of insecticide resistance within a mosquito population:

d,Eo(t, x) = H(E(1)) / / mo(x, y)ro(a, y)Ao(t, a, y)dady — (po(x) 4 yo(x))Eo(t, X),
QJO

d,E:(t, x) = H(E(1)) / / mi(x, y)ri(a, y)A(t, a, y)dady — (p1(x) + 1 (0))E (2, X), (2.4)
e Jo

(81 + 8(1) AO(L a, -x) = _do(as .)C)A()(t, a, )C),
(81 + aa) Al(t7 a, -x) = _dl (aa -x)Al(t7 a, -x)a

with E(f) and H(E(?)), respectively, defined in (2.1) and (2.2). AFMs A, of age a, with insecticide resis-
tance level x, die at rate d;(a,x), j =0, 1. The number of new eggs with insecticide resistance level x
produced at time ¢t by AFMs (4;) is quantified by H(E(r)) fQ j:o my(x, y)rj(a, y)A;(t, a, y)dady, where
m;(x,y) is the probability for AFMs with insecticide resistance level y to produce eggs with resis-
tance level x and r,(a, y) is the egg-laying rate. The above system is coupled with the following initial
conditions:

Ey(0,x) = Epo(x) Ap(0,a,x)= Agpla, x),
E0,x)= El,O(x) ; A1(0,a,x) =A;(a, x).

Finally, Model (2.3)—(2.4) is summarized in Figure 1, and all model variables and parameters are listed
in Table 1.
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Figure 1. Flow diagram of the mosquito model. E; denotes the number of eggs laid by adult female
mosquitoes A;, j =0, 1. Unexposed to insecticide: the number of new eggs with insecticide resistance
level x produced at time t by unexposed AFMs (A,) is H(E()) fQ fooo my(x, y)ro(a, y)Ao(t, a, y)dady, where
mo(x, y) is the probability for unexposed AFMs with insecticide resistance level y to produce eggs with
resistance level x, ro(a,y) is the egg-laying rate depending on the age a and H(E(t) is the function
that regulates the growth of eggs. Eggs laid by unexposed AFMs (E,) die at rate py(x) and hatch at
rate yy(x). Hatched eggs laid by AFMs emerge at rate t(x). A proportion c(t) of mosquitoes emerging
from the hatched eggs E, that have not yet encountered insecticides is exposed to the insecticide and
subsequently transitions to the exposed AFM compartment (A,). Conversely, a proportion (1 — c(t)) of
these mosquitoes escape exposure and progress to the unexposed AFM compartment (A,). Unexposed
AFMs die at rate dy(a, x). Exposed to insecticide: Similarly to the unexposed group, the number of
new eggs with insecticide resistance level x produced at time t by exposed female mosquitoes (A,)
is given by H(E(t)) fQ fooo my(x, y)ri(a, Y)A,(t, a, y)dady, where m,(x,y) is the probability for exposed
Jfemale mosquitoes with insecticide resistance level y to produce eggs with resistance level x and r(a, y)
is the egg-laying rate. Eggs laid by exposed female mosquitoes (E,) die at rate j1,(x) and hatch at rate
y1(x). Mosquitoes emerging from the hatched eggs E, transition to the exposed AFM compartment (A,)
at a rate t(x).

Model (2.3)—(2.4) will be considered under the following assumptions:

Assumption 2.1. Forie {0, 1}:

1. t, u; and y; are positive, continuous and bounded functions on 2.
2. The functions r; and d; are positive, continuous and bounded on (0, 00) x .

3. The mutation kernel m; is strictly positive almost everywhere, Lipschitz continuous, integrable,
bounded on Q and has a unit mass, i.e. [, [, mi(x, y)dxdy = 1.

Assumption 2.2. Furthermore, the mutation kernel m;, i€ {0, 1}.
1. is symmetric on L, ie. m;(x, y) = m;(y, X).

2. decays rather rapidly towards infinity in the sense that ‘l‘im |x|"m(x, ) =0, for alln € N.
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Table 1. Notations, state variables and parameters used in the model

Notations Meaning

t Chronological time

a Age of adult female mosquito

by Level of mosquito insecticide resistance

State variables Description

Ey(t,x) Number of eggs laid by AFM* unexposed to insecticide at time ¢ with resistance level x
E(t,x) Number of eggs laid by AFM* exposed to insecticide at time ¢ with resistance level x
Ao(t, a, x) Number of AFM unexposed to insecticide aged a at time ¢ with resistance level x
A(t,a,x) Number of AFM exposed to insecticide aged a at time 7 with resistance level x
Functional parameters Biological meaning (unit)

c(t) Exposure rate to insecticide at time ¢ (dimensionless)

mo(x,y) Probability of mutation from IR level y to IR level x for unexposed AFM (dimensionless)
m(x,y) Probability of mutation from IR level y to IR level x for exposed AFM (dimensionless)
ro(a, x) Egg-laying rate for an AFM unexposed to insecticide (number/day)

ri(a, x) Egg-laying rate for an AFM exposed to insecticide (number/day)

dy(a, x) Natural mortality rate of AFM unexposed to insecticide (percentage/day)

di(a,x) Natural death rate of AFM exposed to insecticide (percentage/day)

Yo(x) Proportion of eggs laid by AFM unexposed to insecticide that hatch (percentage/day)
yi(x) Proportion of eggs laid by AFM exposed to insecticide that hatch (percentage/day)
7(x) Proportion of hatched eggs laid by AFM that reach adulthood (percentage/day)

Ho(x) Natural death rate of eggs laid by AFM unexposed to insecticide (percentage/day)
wi(x) Natural death rate of eggs laid by AFM exposed to insecticide (percentage/day)

soypwaywy panddy Jo jpuinof uvadoinyy
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Table 1. Continued

Notations

Meaning

Fixed parameters

Biological meaning

Value, [Ref.]

A AFM age limit (in days) 30, [10]

ap Average age at which AFMs start laying eggs (in days) 3, [10]

ais Average lifespan of AFMs (in days) 21, [10]

T Maximum number of eggs laid by the reference sensitive strain 200, [11]

o Average number of eggs laid by the reference sensitive strain 0.875 x r,,, [Assumed]
r Average number of eggs laid by the reference resistant strain 0.750 x r,,, [Assumed]
Variable parameters Biological meaning Range

Ds Probability of surviving insecticide exposure during one day O,1)

d, Death rate of reference sensitive strain due to insecticide — log (ps)

d, Death rate of reference resistant strain due to insecticide —log (1 — py)

K Scaling positive constant ©,1)

*AFM = adult female mosquitoes.
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It can be useful to rewrite Model (2.3)—(2.4) into a compact form. For this purpose, let us set u(z, x) =
T
(EO(ts -x)’ El(ts x))T’ v(l, a, x) = (Ao(t, a, .x), Al(ts a, -x))T9 12 = (17 1)T and T = (%, %) Where ()T iS the

transpose vector. Then, Model (2.3)—-(2.4) becomes:

ou(t,x) = h(u)(t) /00 Blv(t, -, )l(a, x)da — N (x)u(t, x),
0

v(t,0,x) = C(xu(t, x),
0, + 9,)v(t,a,x) = —D(a, x)v(t, a, x),

(2.5)

with, h(u)(t) = H(E(1)) = (1 + h(u)(1)) ", where h(u)(t) = E(#), and
m(x, y) = diag(mo(x, y), mi(x,y)), r(a,x) = diag(ro(a, x), ri(a, x)),
D(a, x) = diag(do(a, x), d(a, x)), N (x) = diag(o(x) + yo(x), p1(x) + y1(x)),

Bv(t, -, )(a,x) = f mix, yra, it andy, Coy= [ O 0 )
Q ct(@y(x)  T)yi(x)

Moreover, we set
7]
(7, 7, x) = exp (— f D(o',x)da>, with0 <71, <71,,
7

the diagonal matrix whose diagonal components, denoted
(71, Ty X) = € TN 0, 1), 2.6)

are finite constants under Assumption 2.1.

3. Main results

In this section, we establish the main results of the model (2.5). Such results include the existence of the
unique maximal bounded semiflow. We also give necessary and sufficient conditions for the existence
of steady states of the aforementioned model when parameter c is a constant function.

To establish the global well-posedness, positivity and dissipativity of the solutions of system (2.5),
we formulate it as an abstract Cauchy problem. Let us introduce the Banach space X = L'(2, R?) x
L'(22, R?) x L'((0, 00) x €2, R?), endowed with the usual product norm || - ||x, as well as its positive cone
X, =L (2,R?*) x L1 (22, R*) x L, ((0, 00) x Q,R?). Consider the linear operator A : D(A) C X — X be
defined by D(A) = W'(2, R?) X {0p1 ez} x WH((0, 00) x 2, R?) and

u —Nu
Al0y | = —v(0, )
4 —a,y — Dy

Note that A is not densely defined in X as D(A) = X, C X. We note X, = X, N X, the positive cone
of X,. Let F: X, — X be the non-linear map defined by:

u h(u) /OO Blvl(a, -)da
Flo,]|= 0 c
u

14
OLI((O,oc)xQ,]RZ)

3.1)

By setting w(r) = (u(t, -), 0.1, v(t, -, -))” and wy = (uy, 0,1, v,)” the associated initial condition, System
(2.5) rewrites as the following abstract Cauchy problem:

dw(t)
— = Aw(t) + Fw(t)), t>0, (3.2)
w(0) =w,.
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We have the following result.

Theorem 3.1. Let Assumption 2.1 be satisfied. There exists a unique strongly continuous semiflow
{D(t, ) : Xo = Xo}i=0 Such that, for each w, € Xy, the map w € C ((0, oo) Xy ) defined by w = ®(-, wy)

is a mild solution of (3.2), i.e. / w(s)ds € X, and w(t) =wy+ A | w(o)do + / F(w(o))do for all
t > 0. Moreover, the semiflow {®(t, -)};= satisfies the following propertles ’

1. Let ®(t,wy) = (u(t,-),0u1,v(t, -, -)), then the following Volterra formulation holds true
(a—t,a,x)ve(a—t,x) if t<a,

v(t,a,x) = {H(o,a,x)C(x)u(t_a’x) if t>a,

coupled with the u-equation of (2.5).

E@t)<H™' <%) V>0

Vv

2. Forall wy € X,, we have

and
// T(x )(Ao(f a,x) +A(t, a, x))dadx < ze™” + ﬁH < IB) (1—e"), Vi>0,

where  zo= [, i 75 (Aoo(a, X) + Ajg(a, x))dadx, v =||rll max { [, sup, mo(x, y)dx, [, sup,
m (x, y)dx} and o =max {[[ Vol I}, B =min {inf(nx)e(() soy+x@ @o> INf(g e0.001x2 di } The
constant ¢ satisfies: 0 < ¢ < min (w ) Here, f := 1n£ f.

o

3. The semi-flow {®(t, ) : Xo — Xo},=0 is bounded dissipative, that is, there exists a bounded set IC C X,
such that for any bounded set Q C X, there exists T = t(Q, K) > 0 such that ®(t, Q) C K fort > t.

4. The semi-flow {®(¢, -)}, is asymptotically smooth in X, i.e. for any nonempty, closed, bounded and
positively invariant set B C X, there exists a compact set K C X, such that lim,_, ., dy(®,(B), K) =0,
where dy is the Hausdorff semi-distance [18] defined as dy (B, K) = sup,,, inf,cxc |[w — v||x.

Remark that item 1 of Assumption 2.2 is not required for the results stated in Theorem 3.1 (item 4).

3.1. Proof of Theorem 3.1
3.1.1. Proof of Theorem 3.1: Items 1, 2 and 3

We can easily check that the operator A is a Hille—Yosida operator and the nonlinear map F defined in
(3.1) is positive, continuous and locally Lipschitz on X,. Then, standard results can be applied to provide
the existence and uniqueness of a mild solution to (3.2) (see [29, 41, 43]). The Volterra formulation is
also well known (see [23, 45] for more details).

For the boundedness, let us set

E(t)_/ (Ey(t, x) + E\(t, x))dx, A(t)—/ / —(Ao(t a,x)+A(t, a, x))dadx.
Then, by (2.3)—(2.4), it comes

E(t) =H(E(1)) / / / (mo(x, Y)ro(a, Y)Ao(t, a, y) + my(x, y)ri(a, y)Ai(t, a, y))dadydx
QJIQJO
- f (o () + Yo(x) Eo(t, x)dx — f (1(x) + i ())EL (2, x)dx,

A= / (Yo)Eo(t, x) + y1(0)E (1, x))dx — f / —(do(a Ao, a,x) + di(a, )A,(t, a, x))dadx.
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By Assumption 2.1, we find that
E(t) <vH(E@®)A(t) — CE®),
A(t) <aE(t) — BA®), (3.3)

where v = |7l max {75l [ sup, mo(x, Y)AX, 1]l [ sup, mi(x, y)dx}, ¢ = min (w +y 1 +y ),
o =max {[[Yolle, 111 ]loc} and B = min {inf(zz,x)E(O,oo)erQ do, inf(g e 00004502 d1}~ Here,]_c = }ng
Let ¢ > 0, and set W = E + cA. Estimates (3.3) give

W(t) < (€ — ) E() + (vH (E(1)) — ¢B) A(). (3.4)

Since the function H, introduced in (2.2), is decreasing and takes values in (0, 1), we have

v

vH (E(t)) —cp <0 iff E@)>H' <@)

where, of course, the above estimate holds on the necessary condition % € (0, 1). Thus, by choosing c,
such that

_ (s“ V)
O<c<min| =, — ), 3.5)
a B

estimate (3.4) leads to W(r) <0 as soon as E(f) > H™' (%) From where we find that E is ultimately
bounded and for all ¢,
E()y<H (%>
v

with ¢ satisfying (3.5).
Finally, by (3.3), we find for all # > 0:

A1) <AO)e™ + %H* (?) (1—e).

This ends the proof of items 1, 2 and 3 of Theorem 3.1.

3.1.2. Proof of Theorem 3.1: Item 4
We first introduce the following proposition:

Proposition 3.1. Let Assumptions 2.1 and 2.2 hold. Then, the semiflow {®(t)},5¢ induced by the Cauchy
problem (3.2) satisfies, ® = &, + ©,, such that

1. Foreacht>0, ®,(t): X, — X, maps bounded sets of X, into relatively compact sets of X;
2. There exists ¢ : [0, 4+00) x [0, +00) — [0, +00) such that for each € >0, lim ¢(t,€) — 0 and, if
t——+00
wo € Xoy with |[wollx <€, then || ®,(O)wyllx < ¢(t,€) forall t > 0.

Before providing the proof of Proposition 3.1, note that, by [18, Lemma 3.2.3], this proposition
concludes the proof of Theorem 3.1, item 4.

Proof of Proposition 3.1. The nonlinear map F, given by (3.1), is such that F = F, 4+ F,, with

u h(u)/ Blvl(a, -)da u 0,
Fl0.]= 0 0 ,and F, |0 | = Cu . (3.6)
1
y 14 0p1 ((0,00)x 2.R?)

OLI((O,oc)xQ,RZ)
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By Assumptions 2.1 and 2.2, F; maps bounded sets of X,, into a relatively compact set of X (e.g.
see [13]). Let B C X,,, be a bounded subset of X, . Note that for any w, € B, the integrated solution
t € [0, +00) > P ()w, of the Cauchy problem (3.2) writes, for all # > 0:

D(Owo =T 4,(HWo + AEIP / T a,(t — SHA(A — A)‘lF(CIJ(s)wo)ds, 3.7
Jo

where A, : D(A,) C X, — X is the part of A on X, defined by
Aw = Aw, Vw € D(Ay)) = {w € DA) : Aw € X,},

and {T 4,(1)}, is the C,-semigroup generated by A,.
By [42, Theorem 3.14] and [28, Lemma 2.1], note that S(A,) = S(A) < 0, where s(G) is the spectral
bound of G defined by:

S(G) := sup{M(X): A is in the spectral set of G}.
Consequently, if w4 € (—S(Ay), 0), there exists a constant M 4 > 1 such that:

1T 4ol cxpy < Mae™™*, ¥ > 0. (3.3)
Define, for each w, € B, the maps ¢ — Ci>(t)w0, t— &D(t)wo and 1 +— CTD(t)wo by:
t
d(Hw, = Xlim / T 4, (1 — )A(A — A) 7 F (D (s5)wo)ds, 3.9
—+00 0
t
O(Hw, = Alim / T 4, (1 — )AL — A) ' Fo(D(s)wo)ds, (3.10)
—+00 0
D(OWy = T 4, D(1)W,. (3.11)

The uniqueness of the integrated solution (3.7) and (3.9)—(3.11) gives: for each w, € B,
D(H)w, = D)Wy + (W, + D(t)w,, Vi > 0.
By items 1, 2 and 3 of Theorem 3.1, we can find a positive constant £, := £,(B) > 0 such that

sup || P()wollx < Lo. (3.12)

t>0,wpeB
Furthermore, by estimate (3.8), the equality (3.11) and the boundedness of B, we can find a positive
constant £, := £,(B) > 0 such that

sup [|D(wollx < €re™A", Vi > 0. (3.13)

woEB

O
Proposition 3.1 is direct consequence of the following lemma:

Lemma 3.1. Let Assumptions 2.1 and 2.2 be satisfied. Then,
1. Foreach T > 0, the set Sy = {dA>(~)w0 € C([0, T, X,) : wy € B} is relatively compact in C([0, T], Xp).
2. The nonlinear maps {é(t)},zo defined in (3.10) has the form & =D, + D, such that

(i) Foreacht> 0, ®,(t): Xy, — X, maps B into relatively compact sets of X;
(ii) There exists a constant £ = €(B) > 0 such that | ®,(H)wy||x < Le A, for all t > 0 and w, € B; with
w4 € (—=S(Ay), 0).

Therefore, to conclude the proof of Proposition 3.1, and consequently, the proof of Theorem 3.1
(item 4), we will provide additional details on the proof of Lemma 3.1.

Proof of Lemma 3.1: item 1. Our aim is to prove that for all 7 > 0, the set Sz(¢r) defined by Sz(¢) =
{D(H)w, : wy € B} is compact in X, and S; is an equicontinuous family. Because F (P (s)w,) € X, for all
s >0, wy € B, (3.9) rewrites

d(Hwy = f T, (t — $)F,(D(s)wo)ds,
0
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and by (3.12), we introduce the bounded set By = {®(f)w, : t > 0, w, € B}. Thus, the compactness of F
gives that F';(B,) is relatively compact. Since (s, y) = T .4,(s)y is continuous, it comes that

(T4, — $)F (P(s)wy) : s € [0, 2], wy € B} C{T 4,(t —)F1(y) : s € [0, 1],y € By}

is relatively compact. Consequently, Mazur’s theorem (see, e.g. [9, Corollary 3.8] or the original paper
by Mazur [31]) implies that for all ¢ > 0O, the set Sp(¢) is relatively compact.
It remains to prove that Sy is equicontinuous. Let 0 <#, <t < T, then

d(Ow, — d(tg)wy = [ L Tt = $)F1(D(s)wo)ds + [ [Tt — ) = Tay(tg — $)IF 1 (D(s)wo)ds
= [ Ta,(t = )F{(@(sWo)ds + [;* [T.a,(t = to + ) = T, ()IF1(D(tg — $)wo)ds.
The above equality leads to
1D(wy — D(towollx < sup [IF,()x /IMAe’”’““(”‘)dS +ito sup [T (t =1t +8)y = T, (5)yllx.
yeBy to s€[0,¢0],yeF1(By)
The equicontinuity of S holds from the above estimate and the relative compactness of F;(By). O

Proqf of Lemma 3.1: item 2. qu t>0 and wy € B, set d(Hw,= v(u(t, ), 0, v(t, -, ), as well
as (D(t)wo = (ﬁ(tv ')’ OL] s i\)(t’ y ))’ (D(t)wo = (ﬁ(t’ ')a OL] s ;(t, y )) and (D(t)WQ = (iz(ts ')’ OLI s i{/'(t, i) ))
Therefore,

f=F+F+f for feuv). (3.14)
By estimates (3.12) and (3.13), we, respectively, have, V¢t > 0:

Sup,,en ||lf(t, Mo < Lo, , (3.15)
SupwoeB ||u(t, ')”L‘ =< gleiw’A .
By (3.6) and (3.10), we have
alﬁ(t’ ) == _Nﬁ(t’ ')’
;(L O’ ) = Cu(h ')9
(at + aa)i(t, sy ) = _Dl‘;,
with the initial condition #(0, -) = 0,:, and ¥(0, -, -) = 0,:. It then comes, for all 7 > 0:
i(t,)=0y, and ¥t a,-) =l @T0,a,-) CC ut —a, -). (3.16)

Thus, by (3.14) and (3.16), we find

Therefore, (3.16) gives
ﬁ(t’ a, ) = I[O,t](a)n(os a, ) C() (ﬁ(t —a, ) + I\'i(t —a, )) = ‘71 [wO](ta a, ) + ﬁz[Wo](f, a, ')9

with ¥, [wo(1, a, -) = 1;04(@)T1(0, a, -) C(a(t — a, -), and ¥, [w,](¢, a, -) = 104(a)T1(0, a, -) C(Hu(t — a, -).

We now show that the set {¥,[wol(, -, -)},,,< is relatively compactin L'((0, 00) x ). Let {¥, ,(f,a, ) =
14 (@TI(0, @, -) C()it,(t — a, -)},en a bounded sequence in {¥,[wol(z, -, -)}woeB. By Lemma 3.1 (item 1.),
the set {i,(,)},en is compact in C ([0,],L'(R)). As a result, we can find ieC ([0, 1], L'(R)),
such that &, — @ in C ([0, 7], L'(R)), as n — oo. Thus, ¥,,,(t, a, -) = lio(@)TI(0, a, -) C(-)i(t — a, ), in
L'((0, 00) x ), as n — 00.

Finally, by (3.15), we can find a positive constant £ = £(B), such that ||[V,[w,](z, -, )||1 < Le 4!, for
all # > 0. This ends the proof of Lemma 3.1. O
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3.2. The steady states

The next results are concerned with the existence of the steady states of the system (3.2), which always
exhibits a mosquito-free steady state given by £° = (0, 0, 0, 0)".

The existence of fully-exposed and co-existence steady states of System (3.2) is strongly related to
the linear operator £ defined by:

L:(L'(Q) 2 e()— / m(-, y)0(y)e(y)dy € (L' ()Y, (3.17)
Q

where 6 : Q — R2:

0(x)= (/"O r(a, x)I1(0, a,x)da> CON(x). (3.18)
0

_(A=0oL, 0
£_< Cﬁo ;C])’

with £;,s the linear operators defined by:

Note that

L;:L(2)3 () —> / m;(-, VO, (Me()dy € L'(R), for je{0,1}, (3.19)

with
[o¢]

6,0 = ) ri(a, 070, a,x)da, je{0,1}. (3.20)

B wi(x) +y,(x) Jo

The quantity 6;(x) can be interpreted as the reproductive number (or fitness) of an AFM with the
insecticide resistance level x in insecticide state j. Note that 0;(x) — hereafter referred to as the fitness
function — represents the fitness of an AFM with insecticide resistance level x within the j — insecticide
state. In the above expression, the survival probability 7;(0, a, x) = ¢~ o 4947 of an AFM with IR level
x up to age a, multiplied by r;(a, x), represents the contribution of the AFM to egg production at age a.
Integrating this product over all ages a gives the total number of eggs effectively produced by the AFM
during its lifetime. Note that under Assumption 2.1, the positive functions 6, : Q — R, are continuous.
The vector-valued fitness function 6(x) then represents the overall fitness of AFMs with insecticide
resistance level x. Finally, note that here, 6; is not derived directly from the next-generation operator
approach, but it can be shown that this corresponds to the basic reproduction number when applying the
next-generation operator approach [13, 38].

We then have the following result.

Theorem 3.2. Let Assumption 2.1 be satisfied. Let r(L;) for j € {0, 1} and r(L) denote the spectral
radii of the operators L; and L, respectively. Additionally, let ¢ and Y™ be their associated positive
eigenfunctions, which are normalized such that ||¢; || =1 and ||§ || = 1.

1. When r(L)) < 1 for all j € {0, 1}, the mosquito-free steady state E° = (0, 0, 0, 0)" is the unique steady
state of system (3.2).

2. When r(£,) > 1 and c =1, in addition to E°, system (3.2) has a fully-exposed steady state EX =
(0,0, EX(x), A¥(a, x))" such that:

¢ (x)
m1(x) + y1(x)

e (s $1(0) B
e = (et —1) (/ ul(x>+yl(x)dx> |
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3. When r(£)=max (1 — c)r(Ly), r(L))) > 1, system (3.2) has a positive steady state E* = (u*(x),
v¥(a, x)) with u*(x) = (Ej(x), E;(x)) and v*(a, x) = (Aj(a, x), A}(a, x)) such that

W@ =pEINT' )Y () and Vvi(a,x)=p[E 1T, a,x)CEON ' ()P (x),
where
pIET= (ML) — DR(N' (P ()

Furthermore, at the positive steady state £, the total number of AFM unexposed to insecticide A;
and exposed to insecticide A} is such that

T(X)Yo(X)7To(x)
EN — *(x)dx, 3.21
piEld =0 / o)+ 7000 1o G.2D

=p[€*]c/ r(x)yo(X)ﬁl(x)%(x)derp[5*]/ T(x)J/l(x)ﬁl(x)I//]*(x)dx’ (3.22)

o M1(x) +yi(x) o M1(x) +yi(x)

where ¥* = (Y, ¥}), and 7(x) =f0°° 7;(0, a,x)da is the average lifespan of AFM with the IR
level x.

Before going through the proof of Theorem 3.2, observe that the positive steady state £* is closely
related to the principal eigenfunction of the linear operators £ for any given probability kernel m satis-
fying Assumptions 2.1 and 2.2. The profile of the steady state £* with respect to x € Q can be explicitly
characterized when mutation kernels m; depends on a small positive parameter ¢ (with ¢ < 1) using the
scaling form:

m (x) = e”'m(e7'x),

where ¢ > 0 represents the mutation variance in the phenotypic space. Specifically, for small ¢, the
eigenfunction v; concentrates on the set M; defined by:

M;={xeQ:6,x0) =0}

This set, M, is known as the set of evolutionary attractors (or dominant strains) in the classical adaptive
dynamics framework (e.g. [17, 32]). Moreover, when 6; is at least C' with a finite number of maxima, it
has been shown in [13] that these dominant strains coincide with the set M;.

Denoting by £; the operator £; modified by replacing the kernel m; with m;, it follows from
Theorem 2.2 in [13] that the spectral radius r (Ej ) satisfies, for sufficiently small &:

r (Lj) = (Qj(x*))2 +O(¢e), forallx* e M,

From this estimate, we deduce that sign [r(£) — 1] = sign [max ((1 — ¢)63(x"), 6(x")) — 1], for all
x* € M; and sufficiently small e. Furthermore, if ¢ < 1, M; = {xj’.‘} and max ((1 — c)@é(x_;‘), Gf(xj’.‘)) >1,
then the eigenfunction ¥ is concentrated around the evolutionary attractor x; in the IR space €2 and
lim,_, fQ w) Y (x)dx =w ( ) for any continuous function w € C (2). For a detalled analysis of this
concentration phenomenon see Theorem 2.3 in [13].

Consequently, for sufficiently small ¢, by (3.21)—-(3.22), the total number of FM exposed and
unexposed at the positive steady state £* rewrite

T () Yo (X5 )70 (xy)
A = E1(1 — M’
0o =pIE7I( ) o) + 7000)
1) + 71 (xp) i (x]) + i (xp)
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3.2.1. Proof of Theorem 3.2

Recall that in this section, we assume that c is a constant function. The steady states of system (2.5) are
obtained by solving the following system:

H (E") / / mo(x, Y)ro(a, y)Ag(a, y)dady — (io(x) + yo(x)) Eq(x) =0,
QJO

A0, x) = (1 — )T () () EG(x),
9,A5(a, x) = —dy(a, x)A}(a, x),

H (E") / [ " e 3@, A @, dady — (1 () + 71 (0) EL () = 0, o
A3(0,%) Z ci(x)yo(x)Eé(X) + 1) (E; (),
3.A%(a, x) = —d,(a, x)A’(a, X),
where
B = [ (B + Eio) o
and
HE)=1+E)" ,k>0. (3.24)

1. Itis obvious that £2 = (0, 0, 0, 0) is a trivial solution of (3.23) without any condition.

2. In an environment where all mosquitoes are exposed to the insecticide (i.e. ¢ = 1), system (3.23)
becomes

H (EY) / / mo(x, Y)ro(a, y)Ag(a, y)dady — (1o(x) + yo(x)) E5(x) =0,
QJO

A0, %) =0,

aaAg(CL -x) = _dO(a7 x)A(’;(a, -x)’

H (E*)/ f mi(x, y)ri(a, y)Ai(a, y)dady — (ui(x) + y1(0) Ej(x) =0,
QJO

AT(0,x) = T()p(N)EG(x) + (0N (0DET(0),
9,45 (a, x) = —d,(a, x)A}(a, x).

(3.25)

Solving (3.25) for Aj yields A; =0, which in turn implies that Ej =0. Thus, system (3.25)
rewrites as:

H(E") / f (e, y)ry(as AT @, y)dady — (1 () + 11 () E3x) =0,
Q JOo

A0, %) = T () (DE; (), (3.26)
9,A(a, x) = —d,(a, x)A](a, x),

where
Er = / E}(x)dx. (3.27)
Q
Solving (3.26) for A} gives

Aj(a, x) =t(xX)y1(x0)m(0, a, x)E} (x). (3.28)
Replacing (3.28) in the first equation of (3.26) yields

H(E) / / (e )@ )TN (0, 4 E dady = (1 (1) + 1) E®).  (3.29)
QJO
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By setting E*(x) = (w1 (x) + y1(x)) Ef(x), (3.29) becomes

()’)Vl(y) T _ 1 ok
/ f m52) D a0, Ef )y = 2o Ei),

which leads to

/Q OBy = 7o F ), (3.30)
where 6, is given by
i) = — O[T (0,0, )
O +rm Jo
Equality (3.30) rewrites as
[-:1 [E| ](X) = H(E*)El (x)’

where £, is the linear operator given by (3.19). Thus, the existence of E > 0 is strongly related to the
spectral property of operator £,. Since operator £;, forj € {0, 1}, is positive, bounded, irreducible and
compact, then Frobenius theorem applies (e.g. see [13]), and there exists an eigenfunction ¢; € L (€2)
normalized by ||¢||;1 = 1 such that

Ll =r (L) ;.
From (3.30), we find that

r(L;)= ! JE((x) = p[é’R]d)l—(x), andAT(a,x)=p[5R]Mm(0, a, x),

H(E ) m1(x) + y1(x) m1(x) + y1(x)
3.31)

for some constant p[£F] that we compute as follows:

from (3.31) and (3.24), one has =HE)=+E")".
r(Ly)

On the other hand, (3.27) leads to E* = p[£¥] f _9®
o M1(x) +y1(x)

-1
PIENT = (r(L)F — 1) (/ __ dx) .

o H1(X) +1(x)

from which we obtain:

It follows that p[£7] > 0 if and only if r(£,) > 1.
Finally, system (2.5) has a fully-exposed steady state when r(L£,)>1 such that &%=
(0,0, EX(x), AX(a, x))" with

$1(x) and  AR(a, x) = plE7] ()Y (X)¢1(X)m(0’ .5,

1 (x) + Y1 (x) 1 (x) + 1 (x)
3. Here, we assume that E and A} are nonzero functions, for i € {0, 1}.
By setting u*(x) = (E;(x), E;(v))" and v*(a, x) = (Aj(a, x), A%(a, ), system (3.23) rewrites as:

Ef(x) = pl&E¥]

h(uw) [;° Blv*l(a, x)da — N (x)u*(x) = 0,
v¥(0,x) = C(x)u*(x), (3.32)
0,V (a,x) = —D(a, x)v*(a, x).

Solving (3.32) for v* yields
v¥(a, x) = (0, a, x)C(x)u*(x). (3.33)
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Replacing (3.33) in (3.32) gives

h(u") / / m(x, IO, a, y)Cy)u* (y)dady = N (" (x).
QJO

Define i*(x) = N (x)u*(x). Then, (3.34) becomes

u*(x).

/ m(x, YTIO, a, YYCEIN ()i (y)dady = —
e Jo h(u*)

Consequently, we obtain

u(x),

, V)0V u*(y)dy =
Amuw@mwy o

where 0(x) is given by

0(x) = (/oo r(a, x)I1(0, a,x)da) CON'(x).
0

Equality (3.35) rewrites as:

1
h(u)

Llu*](x) =

u(x),

(3.34)

(3.35)

(3.36)

with L the linear operator given by (3.17). Therefore, the existence of u* > 0 is strongly related to the
spectral property of operator L. Since operator £ is positive, compact and irreducible, then Krein-
Rutman theorem applies (see [15]) and ensures the existence of an eigenfunction ¥* € L'(R2, R?),

¥* > 0 and normalized (ie. ||[¥*||,1 1 = 1) such that:

L[]0 =rL)y ().
We deduce from (3.36) that

1 - €
HL) = —— = (14 hw")';

) (3.37)
u'(x)=p [EINT )P (x); (3.38)

and
v (a, x) =p [ T(0, a, \)CON " ()P *(x), (3.39)

for some constant p [£*]. Equality (3.37) leads to h(u*) = r(E)% — 1. Furthermore, from (3.38), one

has:
hu) =p[ETh (N7 OP()).
Finally, we obtain:
pIET=(rL) = R (NP ()
with p [£*] > 0 if and only if #(L) > 1.

Notice that £ = <(1 ;ﬁc)ﬁo EO ) . Thus, it follows that r(£) = max ((1 — c)r(Ly), r(Ly)).
0 1

4. Asymptotic behaviour and uniform persistence

In this section, we first present some technical details regarding the linearized system around a given
steady state £ of System (2.3)—(2.4). This includes results concerning the spectral bound of the linearized
system. Additionally, we provide the asymptotic behaviour and the uniform persistence result for System

(2.3)-(2.4), considering an appropriate non-negative and continuous mapping.
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More precisely, let £ = (i, v) be a steady state of System (2.3)—(2.4) or equivalently System of (3.2).
Then, linearizing (3.2) around £ leads to

o,u(x) = —k X Dh(u)(u) fo [VI(a, x)da + h(u) fo [vI(a, x)da — N (x)u(x),
v(a =0, x) = C(x)u(x), 4.1)
av(a, x) = —d,v(a, x) — D(a, x)v(a, x),

where Dh(it)(u) = h'** (w)h(u).
By setting w(t) = (u(t, -), Op1@r2), V(Z, -, -))T, System (4.1) rewrites as

d
Vdvf’) (VIE] + GIE]) w(r),
where
[ ulx) —N(x)u(x) — k Dh(i)(1) fo [Vl(o, x)do
VIET| O | = —(0, x) ,
v(a, x) —0d,v(a, x) — D(a, x)v(a, x)
and

h@) [ Blvl(a, x)da
) 4.2)

GIEIw(t) = ( C(x)u(x)

OL‘ ((0,00)x 2,R2)

4.1. Technical materials
The first technical result reads as:

Lemma 4.1. Let Assumption 2.1 be satisfied. Let € = (i1, V) be a steady state of System (3.2) such that
v=0. Then, the spectral bound S(V[z]) of VIE] is such that S(V[g]) < 0. Furthermore, the linear oper-
ator VI[E] is resolvent positive, i.e. for each A > s(V[E)), the operator Ay — VIE] is invertible and
(Aly = VIED X0y C Xos.

Proof of Lemma 4.1. To prove that S(V[E]) < 0, it is sufficient to prove that VI[€] is resolvent positive.

u @
Let L € C, (u,0.1,v)" € X, and (g, ¢, )" € X such that (Md — V[c‘f]) 0 | =1 ¢ |.One has:

v 14

(Mg + N(x0) ux) + k Dh(i)(w) [, Blvl(a, x)da = ¢(x),

v(0, x) = ¢p(x), 4.3)

d.v(a, x) + (Mg + D(a, x)) v(a, x) = ¥ (a, x).

Solving (4.3) for v yields
wa, x) = e *I1(0, a, x)¢(x) + /“ e M I(s, a, )Y (s, x)ds, 4.4)
0

for R(A) > —min{ inf dy(-,-), inf d](~,~)}.
(0,00)x 2 (0,00)xQ
Replacing (4.4) in (4.3) leads to

u(x) + kh" (i) ( / 12u(y)dy> b(h, 9)(x) + kB F (@)f (A, it, 7, ¢, Y)D(X, P)(x)

= (g + N @)™ ¢(x), for R(x) > — min { Sug{uo(X) + (0}, Sug{m(X) +7 (X)}}, (4.5)
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wherein we have set

b(h, V)(x) = (Alg + N(x)™' ( / - B[D](a,x)da>,
0
fOLu,v,¢,9) = / / T (e‘“l'l(O, a,y)p(y) + / eI (s, a, Y)Y (s, y)dS) dyda.
0o Je 0
Therefore, by (4.5), we find that

f Lu(y)dy = (1 + Kh”%(ﬁ)/ b(A, \'})(x)dx)_ f 1,1 (A, u, v)(x)dx,
Q Q Q
with
FO i, @) = Qg+ N )™ @) — k™ @F A, ity 9, ¢, ¥b(A, P)(X).
We then find that
u(x) = Oy + N )™ @) — kh™ 5 @fF A, it, 9, ¢, P¥)b(k, P)(X)

— /ch”%(ﬁ) <1 +/ch”%(12)/ b(A,f/)(y)dy>_ / 1,/ (A, u, \'))(y)dy:| b(A, v)(x).
Q Q

Finally, we have

(e Mg+ N@) ™ o) — h(x, a, i, v, ¢, %)
(Ma=VIE]) |0 ]|= URIEEES , for &> =2, (4.6)
¥ e T1(0, a, x)¢(x) + foa e M I(s, a, x)Pi(s, x)ds

where

h(h,a,u,v, ¢, )= Kh”%(ﬁ)f(k, u, v, o, ¥v)b(h, v)(x)
-1
+ ich" % (i) [(1 +/<h1+%(ﬁ)/ b()»,\_/)(y)dy> / Lf (%, u, \_/)(y)dy} b(x, v)(x),

and Ao =min { inf_doC..2), inf_di( ), supluo() + v}, sup(p () + n(}}.

xeQ xeQ
For v =0, it is straight forward to show that (Al — VIED (¢, ¢, ¥)' € X, for any (¢, ¢, V)" € X,.
It follows that V[£] is resolvent positive for v =0 and A > —A,. O
We now set
S, =HGIEI I = VIED™), Vi >s(VIED. “.7)

Thanks to [42, Theorem 3.4], we have
sgn(S, — 1) =sgn(r + S(GIE1 + VIED), YA > S(V[ED).

Since (G[E]+ VIE]) and (G[E] + VI[E])o, the part of (G [E1+ VIE]) in X, has the same spectral set
[28, Lemma 2.1], we have

sgn(S, — 1) =sgn(x + s(GIE] + VIED) = sgn(r + S((GIE] + VIED,)), YA > s(VIED).

Let us go through more explicit characterization of S,. For that ends, let us introduce the Banach
space

X, =L"(2,R?) x L'(2, R?) X 01 (0.00)x2.52)-

Notice that G[E](AL; — V[E])™! has the same spectral radius as its restriction on X; [14, Lemma 2.2].
We then introduce the linear operator M, : X; — X, by

M;(p, $,0)=GIE] (My — VIED) ' (9, ,0).
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For A > s(V[E]) and (¢, ¢, 0) € X, we have, from (4.2) and (4.6):

) (¥ (Fle]
M@, $,0)=GIE] (01, = VIE) " | ¢ | = | Hilo1 |, (4.8)
0 0

with
Flg1(x) = h(ir) / B e “T(0, a, x)p(x)] da,
0
Hll(x) =Cx) (Mg + N(x) ™ p(x).

B - \2 @ Fi o H.lo]
(9181 01— VIEN ) (@] = | o Filo1 ). (4.9)
0 0

By (4.8), it comes

Because 1(H, o F;) = 1(F; o H,) and r((GIE] (M — VIE]) ' )?) =r(GIE] (M — VIED) ), it fol-
lows from (4.7) and (4.9) that

S, = \/r(g[é’] (M= VIEY) )’ = VKH, 0 F).

From the above discussion, we have the following results.

Proposition 4.1. Let Assumption 2.1 be satisfied. Let & = (i1, ) be a steady state of System (3.2) such
that v=0. Then, S(V[E]) < 0, and we have:

1. sgn(S, — 1) =sgn( + S(GIE] + VIED) = sgn(h + S(GIET + VIEDW), VA > S(VIED.
2. Forall » > s(V[E)), the linear operator (g[é] (Md — ]/[5'_])7l )2 : X, — X, is compact and positive.

3. For all »>s(VI[E)), the spectral radius S, of GIEIAL, — VIED ™" is such that S, =t(M,) =
NI(H; 0 Fo).

Note that, since
Fo o Holpl(x) = Fo [CONT' (D] (x) = h() L[e](x),

it comes

So = /T(Ho 0 Fo) = Vh(@)r(L) = v/h(ir) max{(1 — c)r(Ly), (L)}
Lemma 4.2. We have
1. S((GIE]1+ VIEDo) = o((GIE] + VIENo), where w(GIE]+ VIE])) is the growth bound of the semi-
group generated by (G[E] + VI[E)o, the part of (GIE] + VIE]) on X,.
2. sgn(Sy — 1) =sgn(s((GIE] + VIED))) = sgn(w((GIE] + VIED))).
3. If o> 1, then S(GIE] + VIE]) = w(GIE] + VIED),) > 0 is an eigenvalue of (GIE] + VIE]) with
eigenvector w € X, N D(V[E]).

Proof of Lemma 4.2. The first item of Lemma 4.2 is a direct consequence of the fact that X is an
abstract L space (see [42, Theorem 3.14]). The second item is a consequence of Proposition 4.1, item 1.

We still need to prove item 3 of the lemma. Assume S, > 1. Since V[E] is a Hille-Yosida operator,
the map A € (S(V[E]), 00) = M, € L(X,) is continuous. Recalling that M? is a compact operator for
all A > s(V[E]), we find that A € (S(V[E]), 00) — r(./\/l,z\) is continuous (e.g. see [12, Theorem 2.1]).

Furthermore, since V[€] is a Hille~Yosida linear operator, one has Mi — Ozx,) when A — oco. This

implies that S, = ,/r (./\/li) — 0 when A — oo. Since S, > 1, we infer from the intermediate values
theorem that there exists A > 0 such that

Si=ler(M)=1
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By Proposition 4.1, item 1, it comes
A= 8((GIE] + VIED,) = S(GIE] + VIED) > 0.
lVith simil_ar arguments as in the proof of Theorem 3.1 (item 4), we can find that the part (G [E1+

VIE])o of (GIE]+ VIE]) in X, generated a Cy-semigroup {Tgz vz, (1)}=0 Such that

Tgirvien, (D = Wi(@) + W1 (o),
where W,(¢) is a compact linear operator for all > 0, and W, () verified

WOl £y < e, Nt>0,
with £ and 5, two positive constants. Consequently, by the same arguments as in [46, Proposition 2.4],

it comes

_ — 1
00, (GIE] + VIED) < lim sup 12D z0k) Wf””‘““” <
1—>+00
with ..., (GIE] + V[E])) the essential growth bound of (G[E] + V[E]). 3 3
Finally, since 2 = w((G[€] + VIE])o) > 0, Proposition 4.1 (item 1) gives that wy,.(GIE] + VIED) <
o((GIE]1+ VIEDy) = A =S((GIE] + VIE])y)- The result follows directly from [46, Proposition 2.5] or
[29, Proposition 4.6.5]. O

k)

4.2. Asymptotic behaviour

In this section, we present results concerning the asymptotic behaviour of System (2.3)—(2.4). These
results include the non-persistence of both exposed and unexposed mosquito populations when

max{(1 — c)r(Ly), r(L,)} < 1, as well as the non-persistence of the unexposed mosquito population when
(1 —o)r(Ly) < 1.

Theorem 4.1. Let Assumptions 2.1 and 2.2 be satisfied.

1. If max{(1 — o)r(Ly), 1(L))} < 1, then the steady state E° of System (2.3)—(2.4) is globally exponen-
tially stable in X, i.e. for each initial condition w, € X, the semiflow ®(t,w,) = (Ey, E|, Ao, A}) is
such that

(o)

li£n </ (Eo(t,x) + E (t,x)) dx + / (Ap(t,a,x)+ A1, a, x)) dadx) =0.
=400 Q e Jo

2. If (1 — o)r(Ly) < 1, then unexposed mosquitoes population goes to extinction, i.e. for each initial
condition w, € X, the semiflow ®(t,w,) = (Ey, E|, Ay, A,) is such that

lim </ Ey(t, x)dx+f/ Aolt, a,x)dadx) =0.
=+ \ Jo e Jo

Proof of Theorem 4.1. By Lemma 4.2, we have
sgn(Sy — 1) =sgn(s(G[E°])) = sgn(w(G[E"])).
with Sy = «/max{(T — c)r(Ly), r(L,)}, £° the mosquito-free steady state and G[E°] = G[E°] + V[E°]
the linear operator associated to the linearization of System (3.2) around £°. From where item 1 of
Theorem 4.1 directly follows.
For item 2, let w, € X, be an initial condition, and ®(z, wy) = (E,, E;, Ay, A,) the associated semiflow.

Since H(E(t)) < 1, for all ¢ > 0, it comes

Et,x) < [, J5 mo(x, y)ro(a, y)Ao(t, a, y)dady — (10(x) + yo(x)Eo(t, X),

QE(t,x) < [, J5 mi(x, y)ri(a, y)A(t, a, y)dady — (141(x) + v ())Ey (1, x),

(0: + 0,) Ao(t, a, x) = —do(a, x)A(1, a, x),

(at + a(l) Al(t’ a, -x) = _dl(a9 x)Al(t’ a, x)'
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Therefore, by the comparison theorem in [30], it follows that for all 7 > 0:

OL1 = EO(ts ') = Z(t7 ')9

(4.10)
OL1 EAU(t’ s ') = J(t’ s '),

where ¢ +— (Z(t, -), J(t, -, -)) is the mild solution of the following system:

0Z(t.x)= [, [y mox, y)ro(a, I (t, a, y)dady — (1o(x) + vo(x)Z(t, x),
J(t,a=0,x)=(1 — ) t(x)y(x)Z(t, x), “4.11)
0, 4+ 9,) J(t, a, x) = —dy(a, x)J(t, a, x),
with the initial condition Zy(-) = E(0, -), and Jy(-, -) = Ap(0, -, -) at time t = 0.
Note that O=(0,0) is always a stationary state of System (4.11). By setting w(r)=
(Z(t, ), Opiqr). J(2, -, ), System (4.11) rewrites as

dw(r)
o V+G) w(),
where
Z(x) —(to(x) + Yo (X)) Z(x)
V OL‘ = —J(O, X) N
J(a, x) —0,J(a, x) — dy(a, x)J(a, x)
and
Z(x) o S mo(x, yyroa, y)J(t, a, y)dady
Gl Op |= (1 = )T (0)N()Z(x)
J(a, x) OL1(0.00)x2.R)

Therefore, by similar arguments as for the proof of Lemma 4.2, we find that

lim (/ Z(t,x)dx+// J(t, a,x)dadx) =0.
=+ \ Jo e Jo

Item 3 then holds from (4.10). O]

4.3. Uniform persistence

Assume that r(£) = max{(1 — c)r(L,), r(L,)} > 1. Let the non-negative and continuous map p : X, —
R,, such that, for all (ug, 01, v,) € X,:

o0

ptto, Oy, vo) = / (Es(0) + E (1)) dx + / (Aola, x) + Ay (a, 1)) dadx,

0

where u,(x) = (Ey(x), E;(x))" and vo(a, x) = (Ao(a, x), A (a, x))".
Next, we set

My := {wy = (uy, 011, v) € X, : p(wg) > 0},
and

IMy := {wo = (1o, 01, v0) € X, : p(wy) =0}
Note that X, = M, U 0M,.

Lemma 4.3. Let Assumptions 2.1 and 2.2 be satisfied. Further assume that max{(1 — c)r(L,),
r(L,)} > 1. We have

Vi>0, & oMy C oM, and O(t,M,)C M,.

where {O(t, wy) = (u(t, -), 0.1, v(t, -, -))}, is the associated semiflow.
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Proof of Lemma 4.3. Let wy, = (ug, 0.1, vy) € X, and {D(z, wy) = (u(t, -), 0.1, v(¢, -, -))}, the associated
semiflow. The Volterra formulation of System (2.5) leads to

Oa—t,a,x)voa—tx) if t<a,
v(t,a,x) = 4.12)
00,a,x)C(x)ut —a,x) if t>a,

and

Q. x) = h(a)(0) / / m(x, yyr(a, IO, a, y) C(y) u(t — a, y)dyda
0 Q
+ h(u)(t) /'00 / m(x, y)r(a, )I(a —t,a,y) vo(a — t, y)dyda — N (x)u(z, x). 4.13)
t Q

Let Wy = (uo, OLI , VO) € 3MO, Le. /

Q

uy(x)dx =0 and / / vo(a, x)dadx = 0. Note that
Q JO

/ / m(x, y)r(a, I — 1, a, ¥) Vol — 1, y)dyda < [1m]lo IF]l / / vo(a, ¥)dadx = 0.
t Q QJO

From where (4.13) becomes

du(t, x) = h(u)(r) / / m(x,y)r(a, IO, a,y) Cy) u(t — a, y)dyda — N(xu(t, x),
0 Q

ie. / u(t,x)dx =0, for all +> 0, as soon as / uy(x)dx = 0. Moreover, estimate (4.12) then gives
Q

Q

f / v(t, a, x)dadx = 0, for all r > 0. Consequently, ®(t, dM,) C IM,, for all £ > 0.
QJO
For the second part of the lemma, assume that wy = (ug, 0.1,vy) € My, i.e. / uy(x)dx +
Q

/ / vo(a, x)dadx > 0. If/ uy(x)dx > 0, then (4.13) gives / u(t, x)dx > 0, for all t > 0. From where,
QJO

O(t,M,) C M,, for all t > 0. Iff / vo(a, x)dadx > 0, then (4.12) gives / / v(t, a, x)dadx > 0, for
all t > 0. From where, ®(¢, My) C M,, for all £ > 0.

Lemma 4.4. Let Assumptions 2.1 and 2.2 be satisfied. Further assume that max{(1 — c)r(L,),
r(L,)} > 1. Let wy € M. Then, there exists a constant n > 0 such that

lim sup p(®(z, wy)) > 7.

Proof of Lemma 4.4. Set ®(¢, w,) = (u(t, -), 0.1, v(¢, -, -)). We argue by contradiction, i.e. let { > 0 and
small enough such that,

lim sup p(d(t, wy)) = lim sup (/ u(t, x)dx + / /00 v(t,a, x)dadx) <c. (4.14)
Q Q JO

=00 1—>00

Therefore, we can find ¢, > 0 such that, p(®(z, wy)) < ¢, for all > t,. Consequently, for all # > ¢,

/ (1,, u(t, x))dx + / /m('T, v(t, a, x))dadx < max (1, sup ") p(®(t, wy)) = ¢ max (1,sup t~).
Q QJO X x

It then comes,

h@)(®) > (1 4+ ¢ max (I, supt~ )™, Vi>1.
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By this latter inequality, System (2.5) becomes

du(t, x) > h(¢) /00 Blv(t, -, )(a, x)da — N (x)u(t, x),
v(t,0,x) = C(x)uzt, x),
(0, + 0, )v(t, a,x) = —=D(a, x)v(t, a, x),
where h(¢) = (1 + ¢ max (1, sup, r’l))_K. By the comparison principles (e.g. [30]), it comes
O0<u.t,)<u(+t,-), and O0=<v.(t--)=<v(+1,- "),

for all t > 0, and where (u;(t, ), v (2, -, .))[ is the mild solution of the following system

du (t,%) = h(¢) / ) Blv(t, -, )l(a,x)da — N (x)u, (1, x),
v.(2,0,x)= C(x)uf(t, X),
(0, + 0V, (t, a,x) = —=D(a, x)v.(t, a, x),
u(0,x)=u(ty,x), v:(0,a,x)=v(,a,x).
By setting, w,(¢) = (u(t,-), 0,1, v, (2, -, ), System (4.15) writes
dw,(?)

a - (G +V)w (1),
with
u(x) h(¢) fooo Blv(t, -, )](a, x)da
G| Ou |= C(x)u(t, x) ,
v(a, x) Or1(0.00)x2.R2)
and
u(x) =N (x)u(x)
V] ou = —v(0, x)
w(a, x) —a,v(a, x) — D(a, x)v(a, x)

23

4.15)

(4.16)

Similarly, as in Lemma 4.1, we find that the spectral bound s(V) of V satisfies S()) < 0, and the

linear operator V is resolvent positive. Let us set

S =rG.(Ay,—WV)™"), Vi>s).
We claim that
Claim 4.1. Let Assumptions 2.1 and 2.2 be satisfied. Let S, > 1.

1. IfS) > 1, then s(G,; + V)) = o((G, + V)o) > 0 is an eigenvalue of (G, + V) with eigenvector w, €

Xo+ N DV); with w((G, + V),) the growth bound of (G, + V), the part of (G, + V) in X.

2. We can define a rank one projector P, : Xo — X, such that

P{T(g{+y)o(t) = T(g{_'_y)o(t)?){ = e)\th{, \43 Z O, Where )\,{ = S((g{ + V)()) > 0

and for each w, € Xo, \ {Ox,}, we have |P.wollx > 0. Furthermore, e ™*'Tig iy (t) = P;, as

t — 400, for the operator norm topology.

Before dealing with the proof of Claim 4.1, we first end with the proof of Lemma 4.4. Let
w = (u(to, ), 01, v (to, -, ) € Xy, then by (4.16), we have w,(t) = T(g, v, ()w} for all £>0. Since

Sy > 1, item 2 of Claim 4.1 leads to

e | Tigemn@we ]| = [ Pewt|

, ast— o0.
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Moreover, since ||w? || = [ u (to, x)dx + [, fom v (t, a, x)dadx > 0, by item 2 of Claim 4.1, we also have
||77;W(§ ” > (. Therefore, by (4.17), it comes

HT(g(W)O(t)wg I =/u(t,x)dx+f/ v(t, a, x)dadx — oo, as,t— 00.
Q Q JO

A contradiction holds with (4.14). This ends the proof of Lemma 4.4. O

Proof of Claim 4.1. The item 1 is similar to the proof of Lemma 4.2.
For the proof of item 2, we refer to [38, Proposition 5.4]. O

5. Model parameters and simulated dynamics

This section outlines how our general analysis can be applied for a sustainable reduction of mosquito
populations through insecticide pressure.

5.1. Model parameters

The probability of mutation of unexposed AFM from IR level y to level x is assumed to follow a Gaussian
distribution with mean 0 and variance varJO = 1072, Specifically,

1

e TmOY, (5.1)

1
my(x, y) =
olx.3) J0.027

Similarly, the probability of mutation of exposed AFM from IR level y to level x follows a Gaussian
distribution with 0 and variance varJ1 =2xvarJO (due to high selection pressure from insecticide
exposure). Thus,

my(x,y) = om0, (5.2)

1
+/0.047

The egg-laying rate for an AFM depends on the age a of the mosquito and its resistance level x. As
in the framework introduced by [14], we assume that

x—1
rO(avx) = rl(a9-x) =TIn [l + (u> <E : u) ] X la>aL9 (53)
Iy r r,—n

where r,, := r(—00, -) < 00 is a constant due to physiological constraints and q; is the average age at
which AFMs start laying eggs. The constants r, and r; are egg-laying rates of the reference ‘sensitive’
and ‘resistant’ mosquitoes x, =0 and x; = 1, with 0 < r; < ry < r,, given in Table 1.

The death rate dy(a, x) of unexposed AFMs aged a with resistant level x is such that

d()(a’ -x) = K01a>a1‘s s (54)

where a;5 is the average lifespan of mosquitoes, and k, is a positive constant. With this formu-
lation, the average lifespan of mosquitoes is approximately a;s days. Indeed, setting Dy(a, x) =
exp (— foa dy(s, x)ds) as the probability that a mosquito remains alive after a days, the average lifespan
is given by [~ Do(a, x)da = ars + é Here, we fix, e.g. ko = 10, such that [, Dy(a, x)da ~ as. Thus,
the exact value of «j is not critical as long as this approximation holds.

For AFMs exposed to the insecticide, their death rate d,(a, x) accounts for the insecticide pressure
such that

_ /d\"
dy(a, %) = Kolyeuys +do <d—) : (5.5)
0

where d, and d, represent the insecticide activity experienced by the reference sensitive mosquito x, and
resistant mosquito x;, respectively, and are given in Table 1. The survival probabilities of unexposed and
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Figure 2. The survival probability of mosquitoes population as a function of their age a and resistance
level x. (A) For mosquitoes unexposed to insecticide. (B) For mosquitoes exposed to insecticide. Here,
the probability of surviving insecticide exposure during one day is ps = 1071°.

exposed mosquitoes are illustrated in Figure 2, and all other model parameters are assumed to be constant
and are provided in Table 1.

5.2. Typical simulated dynamics

For all simulated dynamics, we assume that the mosquito population unexposed to insecticide has
reached the equilibrium before the insecticide is introduced at time = 0. The insecticide pressure
is then maintained on the mosquito population for a period denoted as n, years. Furthermore, we
also assume that unexposed and exposed mosquitoes population have a sufficient growing capability
captures by r (L) and r (L) such that r (Ly) > r (L£;) > 1. The inequality r (Ly) > r (£,) assumes
a global fitness cost within the population of exposed mosquitoes that are evading the insecticide
activity.

The proposed model captures evolutionary outcomes, such as the time of resistance emergence
(Teme), and epidemiological outcomes, such as the relative gain from introducing the insecticide (rgn).
More specifically, T.., represents the time at which the initially rare population exposed to insecti-
cide reaches 10% of the total AFMs. Note that T, = Teme(c) depends on the insecticide exposure
strategy ¢. Additionally, Iy, =T 4 (c) is calculated as the number of AFMs alive during the insecticide
usage period T relative to the number of AFMs alive in the absence of insecticide pressure, i.e.

" 7 (Aot @, + Ay (1, a,0)) dadxdi],
ony fR fooo (Ao(t,a,x) +A(t, a,x)) dadxdl‘|(_50

We defined the difference in performance D(c,, ¢,) between two insecticide exposure strategies, ¢; and
€2, as D(cy, €3) =Tgin(€1) — I'main(c2), Which corresponds to the percentage difference in effectiveness
between the two strategies. For instance, a positive value of 5% indicates that strategy ¢, is 5% more
beneficial than strategy c,, while negative values indicate that ¢, outperforms c;.

Consider the scenario where the fitness functions ®, and ®, for unexposed and exposed mosquito
populations are illustrated in Figure 3A. In such a scenario, while the optimal phenotype for unex-
posed mosquitoes corresponds to the one with minimal resistance, insecticide pressure shifts the optimal
phenotype of exposed mosquitoes to a higher resistance level (Figure 3A).

‘When a constant insecticide exposure is maintained within the mosquito population for n, = 10 years,
this corresponds to approximately 150 mosquito generations, assuming mosquitoes complete 15 gener-
ations per year. When insecticide exposure is maintained at a relatively low rate with ¢ = 0.2 (Figure 3),
the durability of insecticide efficacy is about Ty, = 3.1 years. This insecticide durability is associated
with a moderate gain from introducing the insecticide, with a relative gain r,,, ~23% (Figure 3B).
Therefore, compared to taking no action, a constant and relatively low rate of insecticide exposure results

rgain(c) =1-
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Figure 3. Evolutionary dynamics with a constant and low insecticide exposure rate c =0.2. (A) The
fitness functions. (B) The dynamics of AFMs. (C=E) The dynamics of AFMs for exposed and unexposed
populations. (F-H) The dynamics of eggs laid by AFMs for exposed and unexposed populations. Here,
the probability of surviving insecticide exposure during one day ps = 107" and other parameters are
given by Table 1.
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Figure 4. Effect of the insecticide exposure rate c on the relative gain from introducing the insecticide
Tgin, and the time of resistance emergence Teng. Here, ps=107"" and other parameters are given by
Table 1.

in a moderate gain from introducing the insecticide. This is explained by the relatively short durability
period of such a strategy. However, increasing the insecticide exposure rate does not provide significant
advantages in either the long term, quantified by T, or the short term, quantified by r,,, (Figure 4).
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6. Discussion

Vector control interventions, particularly the use of pyrethroid-based insecticides in ITNs and IRS, have
played a pivotal role in reducing malaria prevalence. Notably, the extensive deployment of pyrethroid-
only ITNs between 2005 and 2015 significantly contributed to a substantial decline in the malaria burden
across Africa. This study presents a novel mathematical framework to examine the emergence and spread
of insecticide resistance in mosquito populations. By modelling insecticide resistance as a continuous (or
quantitative) trait influenced by multiple genes, the framework captures variability and evolutionary tran-
sient dynamics. We propose an age-structured mosquito population model based on integro-differential
equations, where the resistance trait affects life-history parameters such as mortality and reproduction.
This approach offers fresh insights into the processes driving the emergence and spread of resistance
within mosquito populations over time.

We investigate the model’s properties, including the existence of a unique maximal bounded semi-
flow, and establish conditions for the existence and stability of steady states. Through parameterization
and simulations, we examine both transient dynamics (captured by the relative gain from introducing the
insecticide) and long-term dynamics (measured by the time of resistance emergence). The findings shed
light on the evolutionary mechanisms behind insecticide resistance and provide guidance for designing
sustainable vector control strategies.

In this context, the type of insecticide in use is characterized by the probability of surviving insecticide
exposure in a single day, denoted as ps. The parameter pg plays a fundamental role on both the time of
resistance emergence (T.,,) and the relative gain from introducing the insecticide (r,,). Indeed, a strong
insecticidal effect, corresponding to a very low daily survival probability (ps), is associated with the
rapid emergence of resistance in the mosquito population, even under scenarios of moderate exposure
rates (Figure 5A). The corresponding relative gain is limited, showing rapid saturation as the intensity of
insecticide application increases (Figure 5B). In contrast, a moderate insecticidal effect — corresponding
to a low but not extremely low daily survival probability (ps) — is associated with more sustainable
insecticide efficacy (Figure 5A) and a higher relative gain (Figure 5B). Importantly, the optimal constant
exposure rate that maximizes T.n, and r,,, decreases significantly as the daily survival probability (ps)
decreases (Figure 5).

For example, consider a scenario where the daily survival probability is ps =0.1. According to
Figure 5, the optimal insecticide exposure rate is achieved at approximately ¢ & 0.6. In this configura-
tion, the insecticide remains effective for a relatively long duration, with T, ~ 10 years. Additionally,
the relative gain from using the insecticide during the deployment period is substantial, with 1y, 2 84%
(Figure 6).

Although the theoretical results presented in Section 3 are based on the assumption of a constant
insecticide exposure rate, this strategy is not only demonstrating a moderate gain in reducing the AFM
population but also a quite short durability of the insecticide efficiency, as illustrated by the results
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above. However, we can derive optimal step functions leading to sustainable usage of the insecticide.
We assume that the optimal strategy is updated every period of one year by keeping a constant exposure
during each year. The insecticide deployment strategy over a period of n, years consists of defining the
exposure rate as a steps function c(f) = ZZL Bl Cp1pnns1)(2), where the constants ¢,,s are determined such

that

rgain(EO’ R Enyfl) = Olzlai(l rgain(CO, R Cny—l)'
=Ch=
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With a strong insecticidal effect, i.e. when the probability of surviving insecticide exposure in a
single day is very low ps = 107'°, while the relative gain remains approximately the same between the
maximal constant exposure strategy (Figure 3B) and the optimal exposure strategy (Figure 7), the time
to resistance emergence significantly increases, from 3.1 years under the maximal constant exposure
strategy (Figure 3B) to 5.6 years under an optimal exposure strategy (Figure 7).
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