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MATHEMATICAL MODEL FOR THE AQUATIC STAGE OF
AEDES AEGYPTI CONSIDERING VARIABLE EGG-HATCHING
RATE AND INTER-SPECIFIC COMPETITION BETWEEN
LARVAL STAGES
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JORGE VELAZQUEZ-CASTRO, AND CARLOS ANTONIO ABELLA-MEDRANO

ABSTRACT. Mosquito-borne diseases like dengue, Zika, and chikungunya, car-
ried by Aedes aegypti mosquitoes, pose significant health threats. Controlling
these diseases primarily involves reducing mosquito populations. Current ap-
proaches rely on simplistic measures to decide on actions like mosquito fogging
or larval control. Adult mosquito numbers are often estimated from aquatic
populations due to easier counting. While these methods have provided some
assistance, there’s a need for improvement. Existing risk and population mod-
els overlook the various developmental stages of Aedes aegypti and their com-
plex interactions. In this work, several mathematical models for the life cycle
of the Aedes aegypti in its aquatic phase are proposed. They consider the dif-
ferent aquatic developmental stages and differ in how the competition between
the stages occurs. Then, all the models are discriminated against experimen-
tal data to select the one with the best predictive power. The chosen model
will help estimate the adult mosquito population with a greater degree of pre-
cision as well as when they will emerge. It will also help design better control
strategies and better risk indices.

1. INTRODUCTION

The different dengue serotypes and the chikungunya and the Zika viruses are
transmitted by the bite of an infected Aedes aegypti mosquito. The treatment of
these diseases is not always effective, and there is currently no developed vacci-
nation [0l [10]. The main strategies to prevent these diseases are the control of
the transmitting vector and avoiding the human-vector contact [9, 5], 2I]. During
entomological surveillance programs, different indices have been defined to know
if the number of mosquitoes remains below a threshold to avoid reinfections [23].
Historically, these programs have focused on measuring immature mosquito popu-
lations, due to the complexity of counting and capturing adult mosquitoes. On the
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other hand, immature mosquitoes are in an aquatic phase; thus, their count reduces
to the study of containers with water [I5]. The most widely used indices are the
Stegomyia indices (house index, container index, and Breteau index), which deter-
mine the percentage of houses and containers in which eggs, larvae, or pupae are
detected [2I]. These indices have been used to verify the effect of climate changes
on mosquito populations [26], and also they are indicators of vector prevalence [24].
However, in 1999 the World Health Organization recognized that despite having
some operational value to measuring the entomological impact in control inter-
ventions, they do not replace an actual estimation of the abundance of vectors at
evaluating the risk in the transmission of dengue [I8]. Thus, an increasing interest
in developing measurement techniques and estimating the density of vectors has
arisen. In particular, several studies have empirically evaluated the vector produc-
tivity of certain types of containers [4] [6, 2]. However, these experimental studies
have not been integrated into a description of the dynamics of the mosquito’s life
cycle. On the other hand, epidemiological models of vector-borne diseases usually
make simplifying assumptions about the life cycle of the mosquito [27, [11],22]. The
aquatic stages of the mosquito are reduced to a single parameter that represents
the maximal production of mosquitoes in the region [20, 3] or, in some other cases,
the carrying capacity [22].

In this article, we propose different mathematical models for the life cycle of the
immature Aedes aegypti mosquito and compare their predictive power against ex-
perimental data. In this way, we can select the model that best fits the experimental
data. The proposed models are based on reported entomological assumptions, and
they are tested in the following order. In the first model, we test the common
assumption of constant transition rates between stages of the life cycle [7], [29] [14].
In the second model, we evaluate the importance of the egg-hatching rate medi-
ated by the hatchery density [13, [I6]. Then, we study the effects of age-dependent
hatching of eggs [28] T3] in the mosquito’s life cycle. Next, we analyze the impor-
tance of competition of the larvae over the hatching. Finally, we explore a more
complex schema of competition. There have been observations that not only the
egg development but also the larval development may depend on the density of the
system [19, [3], [16] [I7]; therefore, in the last model, this competition is taken into
account.

The model with more predictive power can be used in conjunction with epidemi-
ological models of diseases transmitted by the Aedes aegypti and thus improve the
prediction and evaluation of control strategies. In particular, it will be possible
to compare different types of control at the aquatic stage; for example, the effi-
ciency of a larvicide against biological control and elimination of breeding sites.
Furthermore, the consideration of all developmental stages of the mosquito leads
to a better prediction of the delay between the change in environmental factors
like temperature and the risk of an outbreak. The improved descriptive power of
the chosen model will bring about better strategies and a faster response in case
of outbreak risk due to its dynamical description of the mosquito’s life cycle.
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Natural extensions can be made to this analysis, like considering broad geo-
graphical regions employing socio-economic factors. For example, the need for wa-
ter storage and human population in different areas are relevant factors of regional
hatchery productivity [9].

2. THE MODELS

The proposed models consider all the immature stages (eggs, larvae with four
instars, and pupae) and the competition between these stages.
The following observation describes the notation that will be used.

Observation 2.1. The number of eggs introduced into the system per day is
denoted by H. The pupae population is denoted by p(t), and the eggs population
by h(t); 701 denotes the transition rate from egg to the first larvae instar, 7,41
represents the transition rate from the r-th to the (r + 1)-th larvae instar, and 754
is the transition rate from pupae to adult mosquito. The mortality rate of eggs is
denoted by g, i, represents the mortality rate of the r-th larvae instar, and us
the mortality rate of pupae. Thus 791 is the hatching rate, 745 is the pupation
rate, and 754 is the rate of conversion from pupae to mosquitoes in adult stage.
The following conventions will let us simplify the notation: o;; = p; + 75,

T = T12723734T45, Bij = (Ciiy1)(Qig1it2) - - (j-15)-

2.1. Constant rates model. A common assumption about the transition rates
between stages of the mosquito’s life cycle is to take them as constant [7], [29] [14].
We will analyze this basic model without competition between larvae instars, which
is described by the following system of ordinary differential equations:

dh

— = H — uoh — h

di Ho To1/,

dl

ditl :T(nh—,ulh — Ti2ly,
dl

22—l — poly — T23l2,
C‘;lt (2.1)
=2 = Ty3ly — psls — T34ls,
dt

dl

dif = T34l3 — paly — 745l4,
d

lt? = Ty5l4 — psp — T56D-

The dependent variables of this model represent populations; thus, to have a bi-
ological sense, each variable must be non-negative at every instant of time. The
biological sense set is then defined as

Ql = {(h7l15l27l3al47p) ERE- : ll +l2 +l3 +l4 +p> 0 for ¢t > 0},

where Rg denotes the set of vectors from RS with non-negative values.
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The following lemma will be needed to guarantee that the solution of (2.1))
remains within the region of biological interest if initial conditions are taken in this
region.

Lemma 2.2. If A(t) and B(t) are continuous real functions defined on [0, 00), with
A(t) > 0, then every solution x(t) of the first-order linear differential equation
dx(t)
dt
with non-negative initial condition (x(0) > 0) stays non-negative for all t > 0
(z(t) > 0).
Moreover, if (to,t1) is an open interval with to > 0 where A(t) vanishes just in
a finite number of points, then the solution x(t) stays strictly positive on (tg,t1].

= A(t) + B(t)z(t)

Proof. For every to > 0, if B(t) is a primitive of B such that B(0) = 0 and ¢ > tg,
then .
z(t) = 2(tg)eP® + B [ A(u)e B du.
to
The first statement is deduced from the previous expression when ¢y = 0 and
taking into account that both addends on the right-hand side expression are non-
negative. The second statement is obtained directly from that expression where
the integral term is strictly positive for ¢ € (¢, t1]. O

Theorem 2.3. For the model given in , if the initial conditions are such that
h(0) >0, 11(0) > 0, I2(0) > 0, I3(0) > 0, 14(0) > 0, and p(0) > 0, then the solution
will be strictly positive for t > 0.

Proof. Note that the first equation of (2.1]) decouples from the rest of the equations,
and its solution is expressed by

h(t) = h(o)e*(HOﬂLTo Ot H (1 — e~ (Bo+7o 1)t> ,
Ho +To1

so h(t) is strictly positive for ¢ > 0, as long as h(0) > 0.

If we substitute the previous expression of h(t) on the 3 (t) equation and apply
the second part of Lemma [2.2]setting A(t) = 791h(t) and B(t) = —(u1 + 712), it is
concluded that I1(¢) > 0 for all ¢ > 0. Repeating the same reasoning consecutively

for I5(t), I3(t), la(t) and p(t), the theorem is proved. O
On the other hand, the Jacobian matrix of the system ({2.1]) is given by

—0p1 0 0 0 0 0
0 —Q12 0 0 0 0
0 T12 —Q23 0 0 0
0 0 T23 —Q34 0 0
0 0 0 T34 —Q45 0
0 0 0 0 T45  —O56

and its eigenvalues are

Ar = —0prp1 = —(fp + Trrg1) <0, withr=1,234,5,6,
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thus we can confirm that the only stationary value of the system (2.2) is stable and
has a biological sense.

2.2. Logistic saturation model. Some observations have suggested that the
hatching rate of eggs may be mediated by the density of the hatchery [13, [16].
In the next model we will take into account this competition for resources by

means of a logistic term (1 — %tl) , where a(t) corresponds to all individuals at

the system, that is, a(t) = I1(t) + l2(t) + l3(t) + l4(t) + p(t), and C; represents the

carrying capacity. We will call {1 — % the saturation term. Thus, the per capita

rate of hatching will be 791 (1 — %’i)) and the total number of larvae generated by

eggs per day is 79 1h(t) (1 - %’i) .
This model is represented by the following system of differential equations:

dh a

— = H — puoh — h{l——

dt Ho To1 ( Cl)’
dl a

dftl =T01h (1 - C1> — ply — 712l
dly

E =Ti2l) — ,u212 - 7'23127 (2'2)
dl

=2 = To3ly — #313 —7'34137

dt

dl

7? = T34l3 — paly — T4 5l4,

d

dltj = T45l4 — pusp — T56p-

Due to its biological meaning, the hatching rate 751 (1 — %ﬁ)) should be non-

negative. Thus, in addition to the positivity of the variables, the total number of
specimens of all stages a must not exceed the carrying capacity. That means that
a(t) < Cy for all t. Therefore, we define the set of biological interest as

Q2 = {(h’7llvl27137l47p) S Ri : Cl 2 a > 0}

Theorem 2.4. If the initial conditions att = 0 of model [2.2)) are in Qo C RS,
then its solution is in the topological interior of Qo for all t > 0.

We show the proof of this theorem in the Appendix.

Rev. Un. Mat. Argentina, Vol. 64, No. 2 (2023)



492 T. HERRERA-RAMIREZ ET AL.

The system ([2.2]) has two stationary points given by

H
h*zi_ﬁw .
Ho  THo
P26
l*_i *’
1 T
-
I = B36T12 . (2.3)
T
« _ DBaeTi2723
ly=—"""—"7",
T
o B56T12T23T34
s=—

and

o (¢Ch + WH) +1/(9Cy + vH)? — 4vHC,

B 2
where v = m, p = % and ¢ = ﬁ It also will be useful to notice that

a* = K,p*, with a* =1 + 13 + 15 + 1 + p* and

(2.4)

B26 + B36T12 + BaeTi2Tos + B56T12T23T34
T

. )

2
If in ([2.4) we write the discriminant (¢Cy+¢ H)?—4vHC} as (( — T’:}—f’l) % + z/JH) —

4H % and expand this expression as a quadratic polynomial of the variable 1%’
we have that it is equal to

c * mw C po ) C
Co_pm) 4 ((ap o) & oy
(Ka : ) +7—01Ka(<+7—01>Ka+w >7

which is a strictly positive quantity. From the above it follows that the two values
p*T and p*~, given by , are real, strictly positive and different.

On the other hand, for the equilibrium point p*, given by expressions and
, to make biological sense it is necessary that H — @p* >0and 1— g—l > 0,
which is equivalent to

pt <yYH

and o
f < L
p K,
In what follows, we will denote by p** and p*~ the values of p* corresponding to

the + and — signs, respectively, in the expression (2.4]).

Theorem 2.5. For all positive H and C1, the following estimates are fulfilled:

p*T < min {wH’IC(i} < max {¢H,§:} < p*ty

more precisely, if oC1 — 1y H < 0, we have

C
p*_<?1<¢H<p*+.
a
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We show the proof of this theorem in the Appendix.

The previous theorem shows that only the equilibrium state corresponding to
p*~ makes biological sense.
In the following theorem we will see that this equilibrium state is also stable and
the equilibrium state corresponding to p** is always unstable.
Let us consider the Jacobian matrix of the system evaluated at the sta-

tionary point, given by

[—po — 701 + Bla* Bh R O A C Y AT
GH(Cr—a")  —(Eh +ong) GRTOEFERT GRT O EER

A= 0 T12 —Q23 0 0 0
0 0 To3  —azs 0 0 |’

0 0 T34 —Qy4s5 0
L 0 0 0 0 T45 —O¢5G_

where h* and a* correspond to the stationary states. In order to analyze the
stability of the stationary points we study the roots of its characteristic polynomial

det(A — ) = P(\) + Q(\),

where
P()\) = ()\+Oé23)()\+ 0634)<>\ +Ol45)()\+0456)P1()\)
and "
To1h* a*
= 2 1-——
Q(\) =712 c <M0+ 7'01( Cl>+/\> Q1(N),
with
P1(>\) = |:</L0+7'01 <1 — a) +)\> (7—2’11 + Q19 +)\> _731 <1 — a) <a>:|
and

Qi(N) = A+ as6)[(A+aus)( AN+ aza + To3) + To3T34] + T23T34Tu5.

Theorem 2.6. For any strictly positive value of the parameter H, a value C) > 0
can be found, depending on H and the rest of the parameters of model , such
that, for any C1 > CY, the equilibrium point corresponding to p*~ is stable, while
the one corresponding to p** is always unstable.

We show the proof of this theorem in the Appendix.

Note that the previous theorem tells us that, although the equilibrium state
corresponding to p*~ always makes biological sense for any value of the parameter
(1, it is not always stable, except for large values of C';. The numerical criterion
for the choice of C'; must take into account the compromise between the best
possible fit to the experimental data and the stability of the equilibrium state with
a biological sense. That is, C; must be chosen in such a way that it is the smallest
possible positive value that allows the data to be fitted and, at the same time,

Rev. Un. Mat. Argentina, Vol. 64, No. 2 (2023)



494 T. HERRERA-RAMIREZ ET AL.

large enough so that the stationary solution corresponding to p*~ is stable, which
is equivalent to the polynomial P(\) + @Q(\) having all its roots with a negative
real part.

Ensuring the biological validity of the equilibrium state guarantees the conver-
gence to equilibrium for each larval stage and pupae. This alignment with numerical
experiments corresponds to the model’s predictions of observable outcomes.

Theorem shows us that, if model describes the dynamics of the Aedes
aegypti mosquito in the aquatic state, we should observe that after a certain time
the populations of larvae and pupae oscillate regularly around the stationary values
given in when in we consider p*~. However, this behavior is not observed,
as we will see later when comparing with the experimental data.

The foregoing indicates that it is necessary to incorporate more biological in-
formation into the models so that their solutions fit more closely the experimental
data. As we have already mentioned, the two models studied above correspond to
the assumption that all the transitions are constants. However, in works such as
[28,[13] it is mentioned that the hatching rate could have an erratic or non-constant
behavior. This is the next assumption that we will take into consideration to im-
prove the model.

2.3. A model with variable hatching rate. In [28| [I3] it is mentioned that the
hatching rate is not always constant. The non-regularity of the hatching rate can
be a consequence of the age-dependent hatching of eggs. In the following model, we
will consider that the hatching depends on each egg’s time in the system. This age
dependence may lead to a variable fraction of eggs hatching per day. To introduce
this idea, we use an age model for the eggs population, and we couple it with the
dynamics of the rest of the populations.
The population of eggs is now described by a two-variable function iL(.’E, t), where
t represents the time and x the age of the eggs. It is worth noticing that we refer to
the age as the time elapsed since a particular egg was introduced into the system.
The age-dependent hatching rate is denoted by 7(x).
The following system describes the proposed model:
oh  Oh “
a + % = _(MO + T(l’))h

~

h(0,t) = B(t) = H

dly o N

- = T(x)h(z,t) dr — paly — 1120
dl

7; =Tyl — #212 — To3ly

dl

7; = Togly — #313 — T34l3

dl

7; = T34l3 — paly — 74514

dp

i Ta5la — psp — T56p-
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Even if B(t) can, in general, depend on time, we will set B(t) = H, a constant.
This corresponds to assuming that the rate at which the eggs are introduced to the
system is constant.

We notice that the first equation is not coupled with the rest of the system; thus,
it is possible to solve it first. Using the method of characteristics, the solution of
that equation is

R . —pox fz 7(z) dz
Bz, t) = B(t — x)e HoTelo for z < t,
0 otherwise.

Experimental results [28] have shown that all eggs hatch within the first 10 days,
thus the relation 2(1)0 7(r) = 1 is fulfilled, where 7(r) represents the fraction of eggs
that hatch at age r. Furthermore, if B(r) represents the eggs that were introduced
r time ago, the hatching rate is given by

()= @B(r) _gy 0

r=0 r=0

In addition to this, since 7(z) = 0 for z > 10, we have ) @ =3 @ Thus,

we notice that after day 10, the population hatching rate 7(x) keeps constant.
This particular behavior allows us to propose an effective model that will de-

scribe the populations from day 10 onward by defining 7. = 7() for « > 10:

dl

?;:HTe_Mlll_Tl2l1

dl

djf:ﬁzll—,uzlz—ﬁ?,b

(2.5)

%—T I3 — pgly — 145l

dr 3403 — H4lyg 4504

@—T ly — — T

at 4504 — U5D 56D,

where 7, is the effective hatching rate. The model (2.5)) represents a system where
a constant number of eggs are deposited each day. It is possible to prove that this
linear system is stable.

2.4. Models with effective hatching rate and competition. Now four differ-
ent models are proposed to identify the importance of competition of the different
instars on the hatching. The models are based on , and a general logistic com-
petition term (1 - é) is introduced multiplying the hatching term. The proposed
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models are described by the following system of differential equations:

dl L

dftl =Hr, (1 — C) — pily — T2k

dl

deQ = T2l —/LQZQ — Ta3lo

dl

dfj = 7'2312 — /Lglg — 7’3413 (26)
dl

diz? = T34l3 — paly — T45l4

d

dlt) = T45l4 — pusp — T56p-

In each model, L and C represent a different competition. So in order to evaluate
the importance of the competition exerted from the different instars, we first assume

l
L=1,, thus (1 - 012) ; (2.7)
then we set
L=1; +lz, thus (1— 11”2); (2.8)
Cs
then Lol
L=1, +1ly+ls, thus (1 - 1+2+3> , (2.9)
Cy
and finally
Lh+l+13+1
L =11+ 1+ 13+, thus (1—14_2&"_3—1_4) . (2.10)
5

The unique stationary state of model (2.7)) is given by

(U005, 05, 1 ") = ( Cy Hr, Tiz g 23,0 T34 T45l*>
199299354 - ) 1 29 3 4 )
Hr,+Cy 12" a3 ™ azs © aus ° ase

while the unique stationary state of model (2.8 is
(17, 15,15,13,p")

B ( C3 Htez3 Ti2 g 72354 T34 TAS )
- 1) 1> 29 3 4
Hre(ogz +712) + C3 a12003” a3 azg = ous ° ase

Model (2.9) has a unique stationary state given by
(U5 05051 )_< Cy Hroo30034
b S Hre(agsazs + azamio + T12723) + Corar2aa3ass’
T T T: T,
12 I 2312’ 34l3, 4514> 7
Q93 34 Q45 Qas56

and finally the unique stationary state of model ([2.10) is

U T T %) = Cs HTep3003 40045 7’12[* T23[ T34l 7’45l
( 39 %4> )* Hr.T' C ’ 1> 2 3 4
Tel” + U5 a120230340045 Q23 Q34 Q45 as56
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where

/
I'" = (ao30340u5 + u5034T12 + QasTi2T23 + T12T23T34).

2.5. A model with more general competition. The previous models intro-
duced the reduction of egg-hatching due to the competition for resources. In the
following model, we explore a more complex schema of competition. There have
been observations that not only egg development but also larval development may
depend on the density of the system [19] [3, [I6]. We take into account this depen-
dency by introducing logistic transition rates between different instars. In partic-
ular, we assume that instars 3 and 4 exert the most relevant competition in the
system. We can summarize our entomological assumptions as follows:

e Every day, a constant number of eggs enter the system.

e The mortality rates are constants.

e The hatching rate is variable, although in our case it corresponds to an
effective rate from day 10 onward.

e Egg hatching is affected by the number of first instar larvae.

e The third and fourth instar affect logistically the larval transition.

The last assumption considers that the fourth instar can delay its development
for several weeks due to lack of food [I7] and identifies the third and fourth instar
as the most significant competitors against other larvae.

The proposed model is described by

dll ll 13 l4

— =Hr (1l——=—)—mh—-(1-=)(1-= I,

dt T( Cﬁ) f ( C?)( 08>7121

dl I l l l

CT; = (1037> (1048> 12l — pola — (1&) <1C48) 232,

&3 I—CZ> T23ly — psls — <1_C?7> <1—C?8) T3al3, (2.11)

l3
= 1—7
dt ( C7><
1—l—471—l—7' 1—1—4[
Cs 3403 — H4lg 45 Cs 4,

dls _ (1 _ l?»)
dt Cr
dp l4

a = T45 (1 - C’8> lg — psp — T56p-

Due to the complexity of the model, it was not analyzed analytically, but the
numerical solutions were compared directly with the experimental data.

3. MODEL PARAMETERS

Table 1 shows the values of the parameters that were used to obtain the nu-
merical solutions of the models. The values were taken from specialized literature
in entomology. The information taken into account is the duration of each stage
and the percentage of mortality. All parameters correspond to similar environ-
mental conditions (25-30 °C, 70-80% RH). When necessary, the mortality rates
were calculated as the inverse of the mean duration at the stage multiplied by the
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percentage of mortality in that stage. In a similar way, the transition rates can be
calculated from the survival percentages that are observed in experiments.

parameter value  reference

o1 0136 [§
T19 0.508  [25]
T3 0529 2]
Tsa 0.095 [
s 0.045  [12
Tse 0410 [1]
o 0.064 [T
[ 0.339 [17]
12 0.062 [I7,12
ps 0075 [I7,02)
14 0.053  [I7, 12|
us 0062 [T 12
T 0.5046 [28]

TABLE 1. Values of parameters.

The values of C in the logistic terms of the model are not typically reported in
the literature. Thus we performed a Markov chain Monte Carlo numerical analysis
to find the C, with the greatest likelihood when comparing the model with the
Rinconada experiment. The value obtained for C; was 73.0806. We proceeded
in a similar way to estimate the best value for C' in models represented by .
For model ([2.7) the best approximation to the data was given by Cs = 15.6894.
For model we obtained the best fit with C3 = 28.707, and for model
with Cy = 58.5359. Finally, we set Cs = 80.6151 in model and Cg = 15.29,
C7 = 300.35, Cs = 500.27 in model .

4. DATA ACQUISITION

The data were taken in Rinconada, Veracruz, in Mexico. The experiment was
carried out under the following environmental conditions: daily mean temperature
of 25-30 °C, relative humidity of 70-80% with a photoperiod of 12:12. Three
different types of polycarbonate containers were used. Each container was filled
with 2 liters of water and 0.8 grams of food. In each container, 100 eggs were
deposited each day for 25 days.

The dimensions of the containers were as follows:

e Type 1 containers: 30 cm x 25 cm with a depth of 5 cm.
e Type 2 containers: 28 cm x 20 cm with a depth of 15 cm.
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e Type 3 containers: Circular containers with a diameter of 28 cm with a
depth of 15 cm.

The populations in the containers were measured on the eleventh day of the
experiment and every two days after that. In order not to disturb the dynamics
during the measurements, there were eight containers of each type. One container
was used for the measurements each day, but the others were not disturbed so
that the dynamics could follow their natural path. Once a container was used
for the measurements, it was eliminated from the experiment. The collected data
corresponds to the number of larvae and pupae counted on that day. For each type
of container, the measurement was performed twice. The six experiment instances
(two for each container type) were conducted simultaneously to mitigate potential
variations stemming from diverse environmental conditions. The mathematical
models will be compared with the population mean of the six samples for each day.

5. MODEL SIMULATIONS AND RESULTS

We made numerical simulations of the proposed models and calculated the mean
squared error (MSE) between the data points and each model’s prediction.

The solution of model (2.1)) is shown in Figure[ll Figure[2|shows the solution of
model (2.2)). The models given by (2.7)), (2.8)), (2.9) and (2.10) are compared in Fig-

ure 3] Finally, the numerical solution to the model with more general competition
@ can be seen in Figure

Table [2] shows the MSE between the proposed models and the experimental
data.

The MSE of the model that considers the logistic saturation on the hatching
is smaller than that of the simpler model (2.1), where competition is not
taken into account. The smaller MSE for model indicates that the hatching
rate is reduced by lack of food and thus by the high density of larvae. It is worth
noticing that eggs may accumulate in large quantities and hatch when most larvae
become adult mosquitoes. The previously described phenomenon is a consequence
of the low mortality rate of eggs and makes the population of Aedes aegypti very
resilient in its aquatic stage.

Moreover, models , , and have better performance than
the previous ones. The better performance of model gives us further insight
into the mosquito’s life cycle, indicating that the first larvae instar is the primary
factor of the hatching rate inhibition. On the other hand, model has the
best performance of all the studied models, showing that the competition between
different instars also plays an important role.

6. DI1scussiON

By comparing different models with experimental data, we found that a model
that takes into account the competition between Aedes aegypti developmental
stages better describes the experimental observations than a model that neglects
these interactions. For example, model can be used in the design and evalu-
ation of vector control strategies as it gives a good description of the dynamics of
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FIGURE 1. Dynamics by instar of the constant coefficient model ({2.1]).

Model
MSE 44974

MSE, C;= 73.08 122

MSE, C5=15.6894 68.60

MSE, C3=28.707 68.88

MSE, C4=58.535 77.99

MSE, C5=80.615

81.14

MSE, Cs=15.29, C7=300.3, Cs=500.27

65.23

TABLE 2. Comparison of models by mean squared error.

the mosquito’s life cycle. This model can also be coupled with an epidemiological
model to estimate the impact of the control measures of dengue, Zika, chikungunya,
or any other disease transmitted by the Aedes aegypti mosquito. In contrast with
other models of the mosquito’s life cycle that have been used in epidemiology,
the proposed model takes into account the different developmental stages of the
vector, allowing a better timing between hatchery control and its effects on the
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FIGURE 2. Dynamics by instar of model (2.2]).

propagation of diseases. On the other hand, estimation of hatchery productivity
is a fundamental task but not a trivial one. Usually, in order to quantify epidemic
risk, the productivity of the hatcheries is substituted by simple empirical indices
like the house index or the Breteau index. These indices give a poor description of
the situation, being only descriptive but not predictive.

This study shows that the competition between different developmental stages
of the Aedes aegypti is an important factor in estimating hatchery productivity.
This better description of hatchery productivity will facilitate the development of
more accurate risk indexes. These models can also be extended to include social
factors like water supply to estimate the regional mosquito productivity in future
works. The prediction of mosquito productivity in broad areas is important to
predict outbreaks in extended geographical regions and in the description of the
spatial propagation of the disease. Due to the aquatic nature of the hatcheries, it is
expected that the population’s need to store water will be one of the most relevant
factors for mosquito production in a particular region. If there is a significant need
to keep water in vessels due to the lack of tap water, then these vessels can become
hatcheries.
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FIGURE 3. Dynamics by instar to the effective rate and logistics

saturation about different models (2.7), (2.8)),(2.9), (2.10).

7. APPENDIX

In this appendix we present the proofs of Theorems [2:4] 2.5 and [2.6]

Theorem[f the initial conditions at t = 0 of model [2.2)) are in Qs C RS, then
its solution is in the topological interior of Qo for all t > 0.

Proof. We divide the proof in four parts.

First part. If we apply Lemmato the first equation of (2.2)), taking A(t) =
H and B(t) = —701 (1 — Cil) regardless of the values of a(t), we have that h(t) > 0

in ¢t > 0. If [1(¢) is non-negative and vanishes in just a finite number of points on
(to,t1), we conclude from Lemma [2.2]and the last four equations of (2.2)) that I»(t),
I3(t), l4(t) and p(t) are strictly positive for all ¢ € (g, t1] for every open interval on
[0, 00).

Second part. Now we consider the /;(t) equation in a neighborhood of t = 0

and show that there exists a neighborhood to the left of ¢ = 0 where {1 (¢) is strictly
positive. This is trivial if {;(0) > 0. Suppose then that 1(0) = 0.
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FIGURE 4. Dynamics by instar of model (2.11]).

From the equation for 1 (t) we get

From we have that if A(0) > 0 and a(0) < Cy, then dljiio) > 0, so on a left
neighborhood of ¢ = 0 it would be true that I;(¢) > 0.

On the other hand, if we had h(0) = 0 or a(0) = C, then dlé—fto) = 0. In this
case we can have three possible combinations: h(0) = 0 with a(0) < Cy, h(0) > 0
with a(0) = C1, or h(0) = 0 with a(0) = C;.

Let us assume the first case, that is, when h(0) = 0 with a(0) < Cy. If we
differentiate the I1(¢) equation and evaluate the result at ¢t = 0, we have

2 a To1 a 1
%(0) _ 7_01%(0) <1 _ (O)) — CLlh(O)CCZTt(O) — (i + 7'12)%(0)- (7.2)

But from the equation for h(t) evaluated at t = 0 we have %’Z(O) = H and then
(7.2)) is given by
d?ly

i) it (140
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From the fact that {;(0) = 0, 42(0) = 0 and Cilztl; (0) > 0, and using the second-
order Taylor formula applied to {1 (¢) on the interval [0, t] with ¢ close enough to 0,
we have [;(t) > 0 for all ¢ in a neighborhood to the right of ¢t = 0.

In the second case, when h(0) > 0 and a(0) = C1, from ([7.2)) we obtain

TH0) =~ h(0) % 0), 73)
Adding the equations of I1(t), Io(t), I3(t), l+(t) and p(t), from (2.2)), we get
% = Touh (1 a gl) — (1ly + pols + psls + praly + psp + T56p). (7.4)
If we now evaluate this equation at ¢ = 0, then since a(0) = C; we have
dczl(t()) = —(u111(0) + p2l2(0) + p3l3(0) + pala(0) + psp(0) + 756p(0)).  (7.5)

Nevertheless, we have assumed that the initial conditions belong to 25 so all the
numbers 11(0), 12(0), I3(0), 14(0) and p(0) are non-negative and their sum is strictly
positive, from which we can conclude that at least one of them is strictly positive.
And since p1, p2, i3, 4, ps, T56 are strictly positive, the right-hand side of
is strictly negative and so d%(to) < 0.

Then from it is concluded that in this case we also have ‘f;tl; (0) > 0, and
applying the same reasoning with Taylor’s formula that we applied in the previous
case, again we obtain 1 (t) > 0 in a neighborhood to the right of ¢ = 0.

Finally, consider the third case, where h(0) = 0 and a(0) = C;. In this case,
from we get [f;tl; (0) = 0, but then if we differentiate twice the equation for
l1(t) and evaluate the result at ¢t = 0, we have

P (d?h(O) (1_ a(O)) 2 dh(0) da(0)  h(0) d2a(0)>

i3 dt? C,) C dt dt C, dt?
d?11(0)
= (p1 +712) a2
from which, using (7.4]) and d};(to) = H, we get that
d3l 0) = 2 dh(0) da(0)

B O="c " @

= (;%H(th(o) + 2l2(0) + p1315(0) + 114l (0) + p15p(0) + 756p(0))

and therefore ‘Zl; (0) > 0.

Subsequently, applying the third-order Taylor formula to /;(¢) in a small neigh-
borhood to the right of ¢ = 0, we get I1(¢) > 0 for all ¢ in that neighborhood.

As a conclusion of this second part, we get that if the initial conditions are in

Qq, then {4 (t) > 0 for all ¢ in a neighborhood to the right of ¢ = 0.

Third part. If now we consider the preimage of the unitary set {0}, which is
closed, we get that I;'{0} is a closed subset in ¢ > 0 that at least contains 0 as
an isolated point, which occurs if [1(0) = 0 due to the final conclusion from the
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second part of this proof. Then the closed set 17 {0} \ {0} could be the empty set,
and [ (t) will be strictly positive for ¢ > 0. Even so, the set ; 1{0} \ {0} could be
closed and non-empty, with a minimum at ¢y > 0. In this case, the point ¢y will be
the lowest strictly positive real number such that 1(to) = 0 and [;(¢) > 0 for all
t e (0, to).

Next we will show that this situation is not possible and therefore if [;(0) > 0
then [;(0) > 0 for all £ > 0.

Fourth part. Indeed, we start by showing that in the second case the functions
12(0), 15(0), 14(0) and p(0) will get strictly positive in the semi-open interval (0, to].

These results are obtained as consequences of Lemma 2.2} First for l5(t), taking
A(t) = 11201(t) and B = —(pa + 723); then for I3(t), taking A(t) = 723l2(t) and
B = —(us + 134); then for I4(t), taking A(t) = 734l3(t) and B = —(u4 + 745); and
finally for p(t), taking A(t) = T45l4(t) and B = —(us + 756)-

On the other hand, it is easy to see that equation is equivalent to

d a(0 1 a a(0
P (1C(’1)) _Cl(ﬂlll+u212+M313+M4l4+l~t5p+756p)Co,llh< é1)>
(76)

We will apply Lemma to this equation, considering A = C%(ulll + polo +
wsls + pals + psp+156p) and B = Tco—llh. But, from the results of the third part and
the beginning of this fourth part, it is concluded that Iy (t), l2(¢), I5(t), l4(t) and
p(t) are strictly positive on the interval (0, o], and since w1, ua, 13, fa, i5, T56 are
strictly positive too, A > 0 for t € (0, tg], and from Lemma it is concluded that
1— 452 > 0 on (0,t], thus a(t) < Cy on (0, to).

If now we consider the equation for [; from the system and evaluate it
at to, from the fact that I (tg) = 0 we get

dllT(fo) = 191h(to) (1 - ac(’(j)) > 0,

which contradicts our assumption, /;(¢) > 0 on (0,%p). Indeed, based on this last
idea, we conclude that dllT(tt") <0.

Thus, the assumption that there exists a lowest value to > 0 where 1 (t9) = 0 is
wrong, and therefore [1 (t) > 0 for all ¢ > 0. But then, repeating the same reasoning
from the beginning of this fourth part, we get that l(t), I5(t), l4(t) and p(t) are
strictly positive for all ¢ > 0, and by the reasoning just used with equation
we conclude that a(t) < C; for all t > 0.

Finally, from this conclusion, we can affirm that if the initial conditions of the
system are in g, the solution (h(t),l2(t), l2(t),l3(t), l4(t), p(t)) remains inside

O, for all ¢ > 0, that is, all its components are strictly positive and a(t) < Cy. O

Theorem For all positive H and C1, the following estimates are fulfilled:

p*~ < min {d)H, ?} < max {wH, I(?} <p*t; (7.7)

a a
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more precisely, if oCy — Y H < 0, we have
C
P < =L < H < p*t. (7.8)
K,
Proof. Tt is obvious that from (7.8) we get (7.7), in the case ¢C; — Y H < 0. Let
us start by proving ([7.8). Notice that, in this case, the inequality % < ¢YH is a
consequence of % < pCy < ¥ H, and, therefore, it suffices to show that p*~ < %

and p* " > . lo see that p™~ < =, we consider the equall
d p*+ > ¢ H. To see that p*~ < <2 ider th lity

- G e C© (&) _
2<p Ka)_T()lKaJ”/’H K, V(C1 +H)?2 — 4yHC,. (7.9)

The right-hand side of ((7.9) will be negative if and only if

o C - S T (¢C1 +¢H)? — 4yHC,
T01 Kq K,

N\ 2
= ((@01 +yH) — 2Kl> — (pCy +H)* — 4vHC,
__4&2?
T01 Kg

which is evident, and this proves the inequality p*~ < KQ To prove that p*+ >
¢ H, we start from the equality

2p*" —H) = /(pC1 + Y H)2 — 4yHC; + ¢Cy — b H. (7.10)

From the fact that ¢C7; — ¥ H < 0, it follows that (7.10) is positive if and only if
(9C1 + Y H)? —4yHCy — (pCy + Y H)? = 4L - HCy, which is obvious.

Let us now go on to prove inequalities (7.7)) in the case pCy; — ¥ H > 0. We will
first show that, in this case, we have p*~ < ¢ H. Indeed, from the equality

2p*” — YH) = (C1 — Y H) — /(pC1 — YH)? — 4yHC,
we have that the inequality is fulfilled if the following expression is negative:

(pCr — YH)? — (pCy — Y H)* + 4yHCy = —47‘2—01%1{01,

which is evident.
To show that p*~ < % when oC7 — ¢ H < 0, we will divide the proof into two

subcases: o c
pCL2gH > 2= and  @Cy > = 2 ¢H. (7.11)

a

In the first subcase, the proof made with ([7.9)) is repeated; in the second subcase,
from (7.9) we have the inequality

Ch to Ci
ofpt - L) <202 H)2 — 4vH
(p Ka)—mKa V(eC1 + ¢ H) vHCY,

where the left-hand side is less than the right-hand side of equality ([7.9)), which is
less than zero, and this allows us to conclude the result. In the case pC7 —9¥H <0,
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the right-hand side of (7.10)) is greater than zero and then p** > ¢ H. Let us finally
prove that p** > —1 when pC7 — ¥ H > 0, and for this we will divide the proof

into the two subcases (7.11]).

In the first subcase, the proof is obtained directly from the equality

Cl Mo 01 Cl
2(pt— =) = 2 == H— — H)2 —4vH(CY. 12
(p Ka) — + <¢ Ka) +V(pC1 + ¥ H) yHC,. (7.12)

In the second subcase, notice that from ([7.12)) we obtain the inequality

) <p*+ - f{l) > (w{ - [C;) VGG T UHE —HC,  (7.13)

a

and since (Y H — 1%) < 0, the right-hand side of (7.13)) will be positive if

C1\? C? o2
(@C1+¢H)2—47HC—<1#H—K1) =T“0 ( +> Loy oL
a 01

which is evident, and thus the proof of the theorem is concluded. O

Theorem For any strictly positive value of the parameter H, a value C9Y > 0
can be found, depending on H and the rest of the parameters of model , such
that, for any C1 > CY, the equilibrium point corresponding to p*~ is stable, while
the one corresponding to p** is always unstable.

Proof. We will begin by proving the stability of the equilibrium state that makes
biological sense. For this we will first see that P(X) has all its roots real and strictly
negative, for which it is sufficient to show the result for P;(A). In fact if we use the
notation

b (1- 2
o= T - ,
Ho 01 C;

*—

o
*— h*—

— 72 17a7
it 7—01( Cl Cl ’

then P;()\) can be expressed in the form A2 + (o + 8)A + a8 — 1, whose roots are

B=al2+ 71,

—(a+B) £/ (a+B)? +4n
5 .

But from the fact that the equilibrium point makes biological sense, it follows that
a, B and 7, are strictly positive, and so the roots of P () are strictly negative and
different.

Note that these two roots depend on the value of Cy, and when C; — 400 we
have that & — pg + 791, 8 — +712 and 3 — 0, and therefore A_ — —ap; and

As =
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Ay — —aq9. From this, it is concluded that, when C; — 400, the polynomial
P(X) converges uniformly to the polynomial

5
P()()\) = H()\ + Oérr+1)

r=0

on any compact subset of the complex plane. On the other hand, from the fact
that

P H 1 H\* Ho po \ 1 H
- i Y (R 9 MO} oyt
C1 <@+wcl> \/<Ka wCl) +7’01Ka +7'01 Ka+ ¢Cl

T01712 H 1 H>2 Lo (( ,u0> 1 H)
=y oty —v= ) + 24+ K0 — oy
2p09 ¢C1 4 \/(Ka wCﬁ 701K, 101/ Ka wcﬁ

converge to zero when C; — oo, we have that the polynomial Q(\) converges
uniformly to the identically null polynomial over any compact set of the complex
plane when C7 — +o0o. Using this result, it is easily proved that, for any simple
closed curve I, strictly contained in the left half-plane of the complex plane and
containing the roots of Py(\) in its interior, we have that, for any sufficiently large
value of the parameters C1, the inequality

QNI < [P

is true for all A € I
Then, from an application of Rouche’s theorem (see [T, Ch. 5]), it follows that
P(A)+Q(A) also has all its roots in the interior of " and, therefore, the equilibrium
state corresponding to p*~ will be stable for large values of the parameter C;.
Let us now see that the equilibrium state corresponding to p** is unstable.

Indeed, let us consider the equation for h in system (2.2, and substitute the term
poh by poh*T and (1 — Cil) by (1 — %) It is easy to see that this equation has
h** as equilibrium state and, for any initial condition hq different from h*¥, its

solution

] (Rl
To1 (1 - acr)

tends to infinity when ¢ — +o00, because h*T > 0 and a** > Cj. O
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