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Abstract 

Malaria, a re-emergent vector-borne disease,. has always had a deep impact on the health and 
economy of a large percentage of the world population. In areas where malaria vectors also feed 
on animals, the presence of livestock impacts the risk of disease transmission to humans. 
Treatment of livestock, with insecticides that are fatal to the vector, has been proposed as a 
novel approach in malaria control. Promising results have been observed from trials in Pakistan. 
However, several factors underlying the effectiveness of insecticide treated livestock remain 
poorly understood. This study looks at the relevance of some of these factors including coverage 
treatment levels and vector preference. We expand on the Ross-Macdonald framework through 
the incorporation of vector feeding behaviours. The main focus of this research is to understand 
the circumstances under which a policy that involves the systematic use of insecticides on 
livestock will decrease the prevalence of human malaria. 

1. INTRODUCTION 

According to the World Health Organization (WHO), at least 300 million new cases of clinical 
malaria are reported every year, causing more than 1 million deaths (one death every 30 
seconds). Over 40% of the world's population lives in areas where malaria is transmitted (e.g. 
parts of Africa, Asia, Middle East, Central and South America, Hispaniola, and Oceania). 
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Human malaria is caused by infection with one or more of four species of the Plasmodium 
parasite: P. Jalciparum (tropics), P. vivax (tropical and temperate zones), P. ovale, and P. 
malariae). The first two are the main causes of disease, with most deaths being due to infection 
with P. Jalciparum. Animals can also contract malaria, but animal malaria cannot spread to 
humans, nor can human malaria spread to animals. The rare exceptions occur with P. malariae, 
which may also infect the higher primates (chimpanzes) and with simian malaria, which can be 
transmitted to humans. The life cycle of the malaria parasite involves both a vertebrate host and 
an insect vector. The parasite is transmitted to humans by the bite of a blood feeding female 
mosquito of the genus Anopheles, infected with sporozoites. Only female mosquitoes are 
involved in transmission, as the males do not feed on blood. Following infection of the human 
host, the parasite undergoes two multiplication phases. After multiplying in the liver, 
Plasmodium spp. invades the red blood cells, where it develops into gametocytes (gametogony) 
which are the infective form for the mosquito. Within the mosquito, the parasite must also go 
through a developmental phase (sporogony), taking around 10 - 14 days before sporozoites are 
formed and the mosquito becomes infectious to other human. 

The traditional malaria control and prevention measures include case management, with 
antimalarial drugs, and vector control. Different strategies have been used to control the 
anopheline population, such as: use of insecticide treated personal protection materials (e.g. 
bednets), spraying houses with residual insecticides, larviciding and environmental management 
(to reduce the mosquito breeding sites). At the present, the majority of malaria cases occur in 
developing countries: i.e. regions where people can less afford to pay for prevention, and 
treatment of disease (at least 90% of deaths from malaria occur in sub-Saharan Africa). 
Consequently, one of the major challenges faced is the demand for alternative and sustainable 
prevention strategies. This is one of the priorities for health research recently established by the 
WHO. 

There are 60 species of Anopheline mosquito involved in malaria transmission (amongst these, 
30 species are of major importance) [1]. More importantly, distinct behaviours can be exhibited 
both between and within anopheline species. Namely, in terms of host feeding preference: some 
mosquitoes prefer to blood-feed on humans, (the so called antropophily), while others feed 
preferentially on non-human hosts, such as livestock (zoophily). Mosquitoes can also show 
preference for the place where the blood meal is taken: the vector can be classified as 
endophagic - i.e. feed inside the house -, vs. exophagic - feed outdoors. Regarding the resting 
habits after having taken a blood meal: some prefer to rest indoors (endophilic), while others 
rest mostly outdoors (exophilic). For example: the main vector of malaria in sub-Saharan Africa 
(Anopheles gambiae ss) feeds exclusively on humans. (~100% antropophily) and rests mostly 
indoors (endophilic); another important vector in semi-arid areas of Sub-Saharan Africa (An. 
arabiensis in Ethiopia, Zimbabwe and Tanzania), presents a substantial degree of zoophily and 
exophily; and finally, one of the main vectors of malaria in South Asia (An. stephensis) feeds 
preferentially on domestic animals (99% zoophilic), but commonly bites humans as well, and 
rests mostly indoors (endophilic). Such diversity on vector behaviour has major implications on 
malaria transmission dynamics and design of vector control programs. On one hand, it 
contributes to the high complexity of the disease transmission dynamics. On the other hand, it 
opens up the possibility of applying diverse control strategies; namely, it enables the 
implementation of strategies targeted at the nonhuman host of the mosquito. 

In areas where the vector for human malaria also feed on animals, the presence of livestock 
impacts the risk of disease transmission to people. Although livestock is not susceptible to 
malaria infection, it may act as a readily accessible source of blood meal to the host-seeking 
mosquitoes, thereby increasing vector population densities. Treatment of livestock with 
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insecticides (a widely used and effective strategy to control ectoparasites, flies and the diseases 
they transmit to livestock), has recently started to be evaluated as a novel method to control 
human malaria. Promising results have been observed from recent field trials in Pakistan. The 
treatment of livestock with pyrethroid insecticides that are fatal to the vector, decreased the 
incidence of malaria with a similar efficacy to the traditional indoor insecticide spraying but 
with much lower costs. Moreover, significant improvements in livestock productivity were 
obtained, enhancing communities uptake of the programme [2]. Additional studies are being 
conducted in sub-Saharan Africa (Ethiopia, Zimbabwe and Tanzania). However, several factors 
underlying the effectiveness of insecticide treated livestock remain poorly understood. In this 
study, we develop an epidemiological framework to quantitatively address the relevance of 
some of these factors: namely, vector host-feeding preference and livestock coverage treatment 
levels. These questions are investigated by building and analysing a deterministic model of 
malaria transmission. 

Figure 1. Sponging cattle with insecticide in a Pakistan field trial [2]. 

2. MALARIA MODEL WITH INSECTICIDE TREATED CATTLE 

In this section, we develop a mathematical model for the transmission dynamics of malaria 
based on the seminal theoretical work of Ross and Macdonald (reviewed in [3]), which have 
remained a cornerstone for existing epidemiological studies. The Ross-Macdonald framework is 
a deterministic SEIS type model with human hosts and mosquito vectors divided into 
epidemiological compartments according to whether they are Susceptible (uninfected and not 
immune), Exposed/latent (have been infected but are not yet infectious) or Infectious. In this 
paper, we present an extension of the Ross-Macdonald model, which discriminates the feeding 
behaviour of the vector on its alternative hosts: livestock and human populations, and 
incorporates the treatment of livestock with insecticide as a novel method to control human 
malaria. 
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A number of assumptions are made, to simplify the structure of the model and the subsequent 
analysis (a diagrammatic flow chart of the model is presented in Figure 2, and the parameters 
are specified in Table 1). 

HUMANS 
r--...L.---, infection, aqb~ 

N, 

VECTORS 

LIVESTOCK 

recovery. r 

p 

Infectious 
I. 

~~~~~--~---L~ __ ~ 
I 

d 

recruitment 

Figure 2. A schematic representation of the malaria model. Horizontal solid lines denote transitions between 
epidemiological states, and dashed lines represent transmission of infection between human hosts and mosquito 
vectors. Diagonal solid lines denote vectors feeding on livestock, and dotted lines represent the effect of insecticide 
treated livestock on vectors mortality. 

Table 1. Parameters used in the malaria model with insecticide treated livestock. 

Parameter Description 

. Nv / Nh Number offemale mosquitoes per human host 

a Vector daily biting rate on any host 
(average interval between blood meals = duration of gonotrophic cycle = I1a) 

q Proportion of vector bites on humans. The remaining, l-q, are bites on livestock. 

b Proportion of humans which become infected following the bite of an infectious vector. 

C Proportion of vectors which become infected after biting an infectious human 
a Daily rate at which latent humans become infectious 

(duration oflatent period in humans = II a) 
co Daily rate at which latent mosquitoes become infectious 

(duration of latent period in surviving vectors = 11 CO ) 

r Human daily recovery rate from infectiousness (duration of infectious period = I1r) 

P Vector (adult female mosquito) recruitment rate 

f.L Vector daily natural mortality rate (life expectancy = 1/ J1 ) 

m Increased vector mortality rate due to biting/trying to bite on insecticide treated livestock 

P Proportion of livestock population treated with insecticide, in each intervention. 

d Duration of insecticide residual effect 
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/-it Livestock recruitment rate = Livestock removal rate 

Throughout the paper, the human, vector and livestock populations will be referred to with the 
subscripts h, v and I, respectively. 

First, let us consider the dynamics of infection in the human population, which is modelled by 
the following set of ordinary differential equations (ODE): 

(1) 

where Nh = Sh+Lh+lh (total human population size). 

Transmission of infection from vectors to humans depends on the number of infected vectors 
per human, I/Nh, the vector blood feeding rate a, the proportion q of feeds taken on humans 
(antropophily); the probability b that a human will become infected following the bite of an 
infected vector; and the number of susceptible hosts (Sh). Infected latent (Lh) become infectious 
after a period for development of infective gametocytes (latent period = lIa). Infectious 
individuals (Ih) recover from infection at a rate r, becoming fully susceptible to re-infection (the 
average duration of infectiousness is lIr). It is therefore assumed no boosting immunity due to 
frequent infections. In our model, the natural human demography (mortality and reproduction) 
are ignored, since humans have a long life expectancy relative to all other time periods in the 
model (such as infectious period and vector life span). Moreover, we assume no disease-induced 
death and therefore, the human population size remains constant. 

The disease dynamics in the vector population may be similarly described by the following 
system of ODEs: 

(2) 

where Nv = Sv+Lv+lv (total vector population size). 

We assume that transovarial transmission does not occur in the malaria vector, thus all the 
emergent adult mosquitoes are considered susceptible to infection. Transmission of infection 
from humans to vectors depends on the proportion of infectious humans, I;/Nh, the vector 
feeding rate on humans, aq, and the probability c that a vector will become infected after biting 
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an infectious human. Infected latent mosquitoes (Lv) become infectious following a period for 
sporozoites maturation (latent period = 1/0)). For mathematical simplicity, we assume that latent 
hosts and vectors become infectious at a constant rate, as opposed to the fixed time-delay used 
in the Ross-Macdonald model. Anophelines usually remain infectious throughout their life, not 
recovering from infection. Infection is assumed to have no impact on vector reproduction or 
mortality. 
The vector life expectancy is short relatively to other time periods in the model. Consequently, 
vector demography must be incorporated. In the absence of any control intervention, the 
abundance of vectors is limited only by their natural mortality rate, 11 (assumed to be age 

independent, such that average life-span = 1/ f1 ). We assume perfect and intrinsic density 
dependence compensation of the vector population, by setting the average vector mortality rate 
equal to the recruitment rate, p , of newly emerged female adults entering the susceptible class. 

Therefore, the total population size, Nv, remains constant. 

The vector population comprises only adult female Anopheline mosquitoes, since males do not 
feed on blood. As in previous malaria models, we assume that vectors take one blood meal per 
gonotrophic cycle, and therefore, the interval between blood meals corresponds to the length of 
the gonotrophic cycle. Female mosquitoes are assumed to have a homogenous feeding 
behaviour, and feed with a fix preference on humans and animals. Data on the proportion of 
vector bites on humans, the so-called human blood index (RBI), is easier to obtain than the 
proportion of bites on a given animal species. Therefore, we assume that the proportion of bites 
on livestock can be approximated by the value (l-q) although, in reality, this figure corresponds 
to the proportion of vector bites on non-human hosts (livestock and other animals). This means 
that in a scenario where the RBI is 0.10 (e.g. in regions of South Asia), at any given point in 
time 90% of the mosquitoes will be feeding on livestock and 10% will be feeding on humans. 
Additionally, we assume that vectors have no preference for a particular animal species (e.g. 
cows vs. goats). 

When mosquitoes feed or try to feed on insecticide treated livestock, their mortality rate will be 
increased by the factor 

~ 
a(1-q)mli' 

I 

which is a function of the vector biting rate on livestock, a(1-q), the proportion of insecticide 
treated livestock, T, / N" and the vector additional mortality due to insecticide, m. The increased 
mortality can be either due to direct insecticidal effect or due to indirect behavioural effect: 
either mosquito repellence or masking the host odour - since odour is one of the clues that help 
mosquitoes to find their host, the process of searching for a host may take longer, reducing the 
probability of vector survival. 

The final section of the model is the livestock popUlation, modelled by U, and T" the number of 
untreated and treated livestock, respectively. The equations are given by: 

dU I 1 
--=I1INI-pUI +-~ -I1IUI' 

dt d 
(3A) 

dTI 1 
dt = pUI - d T, -111~ , 

where N, = U, + T, (total livestock population size). 
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Notice that since the malaria parasite is not infective to livestock, this system is linear, as 
opposed to the human and vector systems. We consider the case where the livestock recruitment 
rate (11,) equals the rate at which animals are removed from the livestock population (11,), 

giving a constant population size. In the absence of any control intervention, all recruited 
animals remain in the untreated class (U,), until their removal by death or sold. At each pulse 
intervention, a proportion p of the livestock population is treated with insecticide, thus moving 
into the treated class (T,). The insecticide effect is assumed to be maximum on the day of the 
intervention and is subject to exponential decay, with average duration d. The value of d will 
depend mainly on the type of insecticide formulation used, as well as on the method of 
application (e.g. 'spot-on' vs. sponging) and area of the animal covered by the insecticide. 
Keeping animals under shelter during the raining periods might also impact on d (in the case of 
formulations where insecticide washes off, the insecticide effect will last longer on sheltered 
than on grazing animals [4]. Performing simulations with various d values may provide insights 
into the election of the most cost-effective insecticide. 

3. THRESHOLD DYNAMICS 

The average number of secondary cases generated by a typical infectious individual introduced 
in a population of fully susceptible individuals, is known as the basic reproduction number, 
denoted by Ro [3]. This threshold quantity expresses the maximum transmission potential of an 
infectious disease and must exceed unity for the infection to be maintained in the population. 
Here, we determine the threshold conditions required for persistence of malaria, by analyzing 
the equilibriums of the model represented by Systems (1) - (3). 

Ro is easily derived by linearization around the disease free equilibrium (DFE), using the next 
generation approach [5, 6]. The DFE for the malaria model with insecticide treated livestock is 

where the entire population consists of susceptible humans and vectors, and 

Nv (aq/bc OJ 

Nh r (11 + a(1- q)m ~,)( (OJ + 11) + a(1- q)m ~J . R = o 

The mathematical details for deriving Ro are in Appendix AI. It is also possible to derive the Ro 
for malaria heuristically [3]. To illustrate this simpler derivation, consider one infectious human 
coming into a population where everyone is susceptible (e.g. an individual with malaria 
infection, immigrating to an isolated area in the USA). The human host will remain infectious 
for the period lIr, during which time he will suffer an average of {N./NFJaq bites by susceptible 
mosquitoes. Of these bites, a fraction c will lead to infection in the vector, producing a total of 
(N./Nh )aqclr infected mosquitoes. A proportion OJ/(OJ+j1+a(1-q)mT/NJ of these will survive the 
latent period and become infectious. These mosquitoes will survive, on average, 1/(;.t+a(1-
q)mT/NJ days and bite on humans at a rate aq during this period. A fraction b of these bites will 
lead to infection of susceptible humans. When no animal is treated with insecticide (T/N,=O) or 
when the vector is strictly antropophilic (i.e. feeding exclusively on humans, q=I), Ro reduces to 
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It is easily seen from Ro that, in this scenario, the insecticide treatment of livestock has no 
impact on the disease transmission dynamics. This expression for Ro is similar to the classical 
Ross-Macdonald Ro for a model with no control intervention 

R 
_ ma 2bc -J't 

o ----exp , 
rf-l 

(where m=N/Nh and a=aq), with the exception that the term OJI(OJ+j.l), where latency is 
modelled with a constant rate OJ, replaces the Ross-Macdonald's term exp·J't, where latency is 
modelled with a fixed time delay r. 

If Ro is greater than I, the DFE is unstable and we are in the presence of an endemic 
equilibrium, where the disease can invade and persist (Figure 3A). However, if Ro is smaller 
than I, then the DFE is stable, and the disease dies out (Figure 3B). 

Small changes in vector life expectancy, 1Ij.l, and interval between blood meals, lIa, may 
originate a drastic shift in disease dynamics. For instance, decreasing 1Ij.l by one day, while 
increasing lIa by the same amount, can produce a reduction in Ro to <I, thereby shifting the 
disease dynamics from persistence to extinction (see Figure 3). 
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Figure 3. The general behaviour of the malaria model prior to a control intervention. (A) Scenario where Ro> 1, 
(Ro=2.3I), and therefore the disease persists (NvlNh=IO, =112, q=0.05, b=I, c=0.6, 0.= 117, r=1/240, ,u=p=1/6, 
cv=1/S). (B) Scenario where Ro<I (Ro=O.77), and thus the disease dies out (all parameters are kept fixed as in (A) 
except for =113 and,u=p=1I5). 

For illustration, the initial conditions in the number of individuals in each class were set to 
simulate the situation where one infected human is introduced into a fully susceptible population 
of humans and vectors (Sh=99, h=l, Sy=IOOO, Lh=Ly=Iy=O). The model was run for different 
sets of initial data and the final results were qualitatively the same. 
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4. SENSITIVITY OF MALARIA Ro TO PARAMETER VALVES 

The Ro for malaria is determined by several parameters, and here, we investigate the sensitivity 
of (Roi to each parameter. The sensitivity S of (Rei to a parameter P is defined conventionally 
as: 

The definition shows that the sensitivity measures the proportional change in Ro. for a small 
proportional change in the parameter P. When Re changes linearly as the parameter alters, the 
sensitivity S is equal to (+ or -) unity [7]. 

Table 2. Sensitivity analysis of (Ro/ in malaria model with and without insecticide treatment of livestock. 

Without Treatment 

Parameter p' a(R)2 
S=-- 0 

(Ro)2 ap 

aq 2 

JL -2 <- 2JL+OJ <0 
JL+OJ 

N 
_v =b=c 1 
Nh 

r -1 

OJ 0< _JL_< 1 
JL+OJ 

T 
-'=m 
N, 

lSI 

=2 

<2 

= 1 

=1 

<1 

21'(1' + Cd) + am .!L(2 - q)(2p + Cd) + 2(am .2!..)'(I- q) 
N, N, >2 

(p+Cd+am.2!..{l-q))(p +am.2!..{l-q)) 
N, N, 

lSI 

>=2 
IfTJlN1=O, 

then =2 

p(2p+m+2am.2!..{l-q)) 

-2<- N, <0 <2 
(I' + m+am.2!..(I - q»(f.i + am.2!..(I - q)) 

N, N, 

1 = 1 

-1 = 1 

T 
JL+ am-' (l-q) 

N, 
0< <1 < 1 

T 
JL + am -' (1- q) + OJ 

N, 

>1 or <1, 
depending 

on parameter 
values 

The sensitivity analysis (Table 2) shows that the parameters that have a greater impact on Re are 
the mosquito biting rate on humans, aq, and the mosquito natural mortality rate, fl. These 

findings are in accordance with the insights provided by the classical Ross-Macdonald model, 
which have been the rational behind control strategies to increase the vector mortality rate (e.g. 
insecticides), or decrease the human biting rate (e.g. use of bed nets, screens or repellents). Not 
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surprisingly, the treatment of livestock with insecticide further increases the sensitivity of ~ to 
the human biting rate. 

4. CONTROLLING HUMAN MALARIA 

In this section we investigate the impact of treating livestock with insecticide on malaria 
transmission potential (Ro), for different scenarios of vector host feeding preference and 
livestock treatment coverage. 
As illustrated in Figure 4, for a given level of effectively treated livestock (T/IN/ ), increases in 
vector antropophily (q) lead to increase in Ro. The smaller the coverage, the steeper the increase 
in Ro, and vice-versa. Conversely, for a given antropophily, increases in coverage generate a 
decrease in Ro. These results are in accordance with the sensitivity analysis. 

Figure 4. The basic reproductive number with respect to vector feeding preference for humans (antropophily, q) 
and proportion of livestock with residual insecticide (T, IN,). (NJNh=15, =112, b=1, c=1, r=1/45, w=1I8, p=1I6, 
m=O.73); a, w, p and m were estimated from Pakistan data [8, 9]; NJNh, b, c, are difficult to measure, and therefore, 
conservative values were chosen. 

We proceed to analyse the critical proportion (TIIN!) * of livestock population that must be 
effectively treated with insecticide in order to decrease Ro below 1. The critical proportion is 
easily derived by setting Ro=l and solving for T!IN!, through algebraic manipulation: 

1 (NV a2 
q2 be) 

*_ 1 rw 4 Nh +rw -r(w+2f..l.) 
(TtlN!) - -2 ( 1 ) ra -q m 

The results presented in Figure 5. suggest that in areas where malaria vectors feed 
predominantly on non-human hosts (low antropophily & strong zoophily, as in South East 
Asia), a constant coverage of livestock with effective insecticide can potentially reduce Ro <1 
and therefore, promote the control of this most important tropical disease. 
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Figure 5. Critical proportion of livestock effectively treated with insecticide (T,IN,)" as a function of vector 
antropohily (q). The red line depicts the proportion oflivestock effectively treated with insecticide, above which Ro 
will be decreased below l, for a given vector antropophily. (Parameter values were kept fix as in Figure 4). 

Finally, we explore the impact of the intervention on Ro ratio, which is defined as the ratio 
between the Ro under a constant coverage level of insecticide treated livestock (TI/NI) and the Ro 
pre-intervention (see Figure 6). The proportionate reduction on the pre-intervention Ro is given 
by 1- (Ro ratio). In scenarios where the malaria vector has strong zoophily, high levels of 
livestock treatment coverage could produce a reduction of up to 60% on the pre-intervention Ro. 
Interestingly, even in settings where the vector has a stronger preference for human blood-meals 
(stronger antropophily, as in Africa) the intervention has the potential to achieve a considerable 
decrease on Ro, and thereby decrease malaria transmission and infection. 

Figure 6. Effect of insecticide treated livestock on the Ro ratio, with respect to vector antropophily (q) and 
proportion of livestock with residual insecticide (T,IN,). (Parameter values were kept fix as in Figure 4). 

5. DISCUSSION 

The main focus of this research is to understand the circumstances under which a policy that 
involves the systematic use of insecticides on livestock will decrease the burden of human 
malaria. We addressed this question by expanding the classical Ross Macdonald model to 
incorporate vector feeding behaviour on livestock and human popUlations, and treatment of 
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livestock with insecticide. One of the strengths in a modelling approach is that it enables the 
evaluation of the control strategy under a different set of conditions and scenarios, requiring 
much less time and financial effort than experimental field trials. Moreover, it can provide 
valuable insights towards the identification of critical parameters for the intervention success, 
thereby informing data collection in experimental trials. By their nature, epidemiological models 
do not consider all the biological complexities, but can still be useful in understanding the 
disease dynamics and the impact of control interventions. Accordingly, our model framework 
does not reflect the whole of the complexity of malaria transmission and infection, to allow us to 
focus on malaria control via insecticide treated livestock. Namely, we have explored the 
relevance of vector host-feeding preferences and livestock treatment coverage. 

The results presented in this paper are still preliminary, and further work is being conducted 
such as numerical simulations to assess the impact of the intervention on malaria cumulative 
prevalence and incidence. The treatment frequency and duration of insecticide residual activity 
are also being considered. Vector feeding preference is likely to depend on the number of 
animals nearby the household, as well on the distance from the animal shelters to the place 
where humans sleep. Therefore, future goals aim at investigating the effect of heterogeneities on 
vector host-feeding behaviour. Climatic factors are also known to influence key parameter of 
malaria transmission. Namely, warm temperatures, heavy rainfall and high humidity may 
decrease both the duration of the parasite sporogonic cycle and the time for development of the 
larval instars of the vector, while increase vector longevity. Moreover, temperature also reduces 
the anopheline blood-feeding intervals [1]. Therefore, the incorporation of seasonality into the 
malaria model is likely to provide useful insights into the best timing for a single annual 
insecticide application. 

Such comprehensive understanding will be a major contribution to the optimization of this 
control strategy in a given setting. Most importantly, it will enable the impact of the strategy in 
different settings to be estimated. The quantitative framework developed in our study is an 
important step towards this direction. 
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7. APPENDIX: 

APPENDIX AI. 
To implement the Next Generation Operator (NGO) approach [5, 6] we only consider the 
equations for the infectious human host and mosquito vector. The Jacobian for this reduced 
system at the DFE is 

J(DF E) = l:b.. waqc 
[ 

-1' 

N" «w+J.L)+a(l-q)mf7) 

abq 1 
-(J.l + a(1 - q)m JJ!) 

Let J(DFE) = M-D, where M is the non-negative matrix 

[ 

0 
AI = iVy ",aqc 

N T 
'II ((w+p)+a(l-q}mif) 

and D is the positive diagonal matrix 

D_[r 0 ] 
- 0 ;.t + a(1 - q)m Ji

1 

The basic reproduction number is given by the dominant eigenvalue A of the matrix MD-!, i.e., 
the eigenvalue that is larger in absolute value than all other eigenvalues of MU! 

ab 9 1 J.L+a(l-q)mif-
. ! o . 

The eigenvalues of MD-! are given by the solutions of I MD-! - AI I = 0, and we therefore obtain 

R = N v (aq)2bc . w 

o N r (. 1',)( 1',) 
h lL+a(1-q)m ;, (w+IL)+a(l-q)m ;, 

where the square-root reflects the biological requisite in the vector-human host system for the 
parasite to pass through two types of individuals to complete its life cycle [10]. Note that all the 
terms that characterize Ro are >=0, and consequently, Ro >=0. 

Note: 
The majority of previous malaria models present a formula for Ro that does not include a square 
route. However, using the NGO approach, we obtain a squared expression. The NGO approach 
is known to generate a more accurate expression for Ro than other methods, such as linearization 
around the disease free equilibrium, which would give the same expression but without the 
square rout. At first sight, it might seem more difficult to interpret Ro with a square root. An 
interesting paper by Lord et ai. [10], presents the biological explanation stated above. 
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In practice, the relevance of the square route in the Ro expression depends on the question being 
addressed. When investigating the threshold conditions for Ro to be smaller or higher than 1, the 
square route could be ignored, since for any number A> 1 if and only iO}> 1. Therefore, we can 
define Ro= ".1 = (the dominant eigenvalue ofM) squared [10] 

R = N v (aq)2 bc OJ 

" N, r (,u+a(l-q)m ;,}",+,u)+a(l-q)m ;J 
However, when estimating the level of disease control efforts, the insights can be significantly 
different if the square route is omitted. For instance, a higher effort is required to control disease 

transmission in a scenario whereRo = 16, than in a scenario where Ro =.J16 = 4. 

Therefore, for mathematical accuracy, the analysis and simulations throughout the paper refer to 

R = N v (aq)2 bc OJ 

o Nh r (Jl+a(l- q)m ~J((OJ+Jl)+a(1-q)m ~J 
except in the sensitivity analysis, wherein (Ro/ is referred . 
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