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Abstract

Eliminating malaria from highly endemic settings will requirgorecedented levels of vector
control. To suppress mosquito populations, vector control products targeimigidlod host
must attain high biological coverage of all available sourcdkerahan merely hig
demographic coverage of a targeted resource subset, such as humareskbp indoors.
Beyond defining biological coverage in a measurable way, the proparti blood meal
obtained from humans and the proportion of bites upon unprotected humans og¢curring
indoors also suggest optimal target product profiles for deliveriregticgdes to humans
livestock. For vectors that feed only occasionally upon humans, prefammmal hosts may
be optimal targets for mosquito-toxic insecticides, and vapour-phase irdesogtimized t
maximize repellency, rather than toxicity, may be idealdiogctly protecting people against
indoor and outdoor exposure. However, for vectors that primarily feed upptepespellen
vapour-phase insecticides may be inferior to toxic ones and maymindethe impact gf
contact insecticides applied to human sleeping spaces, houseshigcibtombined in th
same time and place. These concepts are also applicable to rdsguito-born
anthroponoses so that diverse target species could be simultaneoustllecbnwith
integrated vector management programmes. Measurements of tleseutial mosquit
behavioural parameters should now be integrated into programmaticaligd, longitudinal
national-scale entomological monitoring systems to inform selectof availabl
technologies and investment in developing new ones.
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Background

While anti-parasitic drugs and vaccines will be essentialttier final stages of malaria
elimination, their effectiveness as transmission control intewesitwill rely heavily upon
first achieving unprecedented levels of vector control in settintishistorically high levels
of endemicity [1-4]. The most important malaria parasites of ingnaae entirely dependent
on people as their only secondary, mammalian hosts, so the most patentmesquito
species are those with highly specialized behaviour adapted todgagubn humans indoors
at night when people are asleep [5-9]. Thus, the majority of the puisht vectors
distributed across the tropics predominantly feed upon humans inside housestivey can
be effectively controlled and even eliminated with long-lastingctngdal nets (LLINS) or
indoor residual spraying (IRS) [6-9]. While LLINs and IRS can redtam@smission by these
human-specialized, indoor-feeding mosquito species by as much asdeve of magnitude,
there are many parts of Africa and the Pacific wherarnaatransmission can occur at levels
four orders of magnitude greater than that required to sustaipatiasite population [4].
Much of this residual transmission is sustained by mosquitoes dha¢vade contact with
these insecticidal interventions by feeding upon humans and animadomuf4,6-9]. It will
therefore not be possible to eliminate malaria transmission rimost of the tropics without
developing additional scalable vector control strategies which complemens adNIRS by
extending intervention coverage of the blood resources that mosqiépessd upon beyond
humans and their houses [4,6-10].



To achieve this laudable goal in practice, product developers, mamefacand end-users
need a manageably short list of ecologically-defined target prquafiles to work towards
that are based on field-measured behavioural and physiologaitd ©f wild vector
populations [11]. From the resulting arsenal of complementary vectoirol products,
malaria control programmes will need to select the mosttefée subset of these options,
based on national or regional surveys of these same key behavioupyarmlogical traits
[8,12]. While quite a long list of underlying parameters of mosguarasite and human
populations determine the overall level of malaria transmissiaroticars in a locality, many
of these are difficult or impossible to measure routinely acnag®nally representative
scales and relatively few of them are direct targets dbveontrol measures [11]. Here, a
simple conceptual framework based on mathematical models isbeéesthat allows new
and existing tools for controlling adult malaria vectors to beriized and optimized for
specific contexts, by predicting their relative merits basedmy two field-measurable
behavioural parameters of local mosquito populations and two fielddnaéxées indicators of
how those mosquitoes interact with specific vector control products.

Biological coverage of all blood resources availablto mosquitoes

Suppression of mosquito populations with vector control products depends on hogjichkiol
coverage [13], broadly defined as the proportion of all available soofcBkod that is
effectively modified to kill, deter, contaminate, or incapacitatesquitoes at times and
places when they attempt to use it. The crucial differencedestwonventionadlemographic
coverageof humans with a protective measure, &nmlogical coverageof blood resources
that mosquitoes depend upon, is that the latter is inclusiak farms of that resource, while
the former is merely theubsetof that resource that humans represent at the times and places
when they can use the intervention. While this definition can be expandeabplied to any
resource mosquitoes may exploit (Killeen GF, Seyoum A, Gimnj@dHiss G, Kiware SS,
Stevenson JC, Drakeley CJ, Chitnis N, personal communication), hask aihd blood
acquisition are the best understood of all resource utilization behavémarscan be
conveniently, passively surveyed by attracting vectors to haatspled from within
guantifiable populations of humans or animals [10]. These behaviourssarghal most
obvious and common target for vector control interventions, because thegbbkgate
behaviours for alAnophelesand determine the rate of pathogen transmission [10]. Biological
coverage of all available blood resources with a protective me&Supe can therefore be
estimated as the product@émographic coveragelefined and surveyed as the proportion of
humans protected on a given nighd,), and two field-measurable mosquito behavioural
parameters: the human blood ind€})(and the proportion of human exposure that occurs
indoors ) [13]:

CA,p = Ty, QrCh (1)

Beyond defining coverage of vector control interventions in a measuaabldiologically
meaningful way, field measurements of these two behavioural paramcatealso guide the
specification of ideal target product profiles for delivering atisedes to humans or livestock
[9,13-16].

Blood source as a determinant of intervention seldon and impact

Human blood indices are difficult to measure where vector populatianssgarse or
primarily rest outdoors, and are inevitably prone to bias arigiog fheterogeneities of



sampling efficiency by resting site category [17,18]. Nevesd®l such estimates are
remarkably useful as predictors of large-scale variationseséypisting malaria transmission
intensity [19] and are equally important for selecting optimatorezontrol methods (Figure
1). The vast majority of human malaria infections are causé&tldsmodium falciparunand
Plasmodium vivaxwhich are both strict anthroponoses, so the most efficient vectthg in
world are those which predominantly feed upon humans [19]. Fortunatelyegpéndence
upon human blood also renders them vulnerable to population control [7,8] and even
elimination [9] with high coverage of people with insecticidalspeal protection measures
such as LLINs and IRS. The more a vector depends upon human blood, tke \grikde
the impact of human personal protection measures upon their population ,dengjgyity
and transmission potential, and the greater will be the advantagesticides which Kkill
rather than repel mosquitoes (Figure 1A) [13,16,20]. For highly efficenhropophagic and
endophagic vectors that are most readily controlled with indoor usentdat toxins, it is
predicted that outdoor repellent use confers no advantage (Figur@n@Bndoor repellent
use dramatically undermines the otherwise massive impact of LLIN igge€A.C) [15,20].

Figure 1 Simulated predictions of the comparative transmission control advantages
(>one-fold) and disadvantages (<one-fold) of specific target product prédis, and
combinations thereof, as a function of the baseline proportion of human expo® to
vector bites occurring indoors ;) and the baseline proportion of blood meals obtained
from humans by the vector population Q). In all simulated scenarios [14-16], high
demographic coverag€y = 0.8) is assumed for personal protection products Avittoxic
versusrepellent properties for exclusively indoor uBeyepellent properties that can be used
indoors and outdoorgersusindoors alone; and: repellent properties that can be used
indoors and outdoors combined with an exclusively indoor-applicable toxic pneersas
the exclusively indoor toxic product alone. In all scenarios, all toxicitysisrasd to act on
contact with a treated net structure before mosquitoes feed so that productiwif), pre
=0.8,0,,p0st=0) and repellentty; =0.8) profiles confer equivalent personal protectpn (.8)
and differ only in the level of community-level protection achieved [14-16].

However, approximately 40 % of aft. falciparuminfections [21] and 95 % oP. vivax
infections [22] occur outside of sub-Saharan Africa, where diverseapyivectors [23]
predominantly feed on animals rather than humans [19]. Where human blatdchsortant
to vector survival and reproduction, personal protection of people will haligiblegimpact
upon the mean density, longevity or stability of those mosquito populatiomsayuachieve
community-level protection of non-users by simply blocking vector contdh infectious
users [13,16]. It is therefore irrelevant whether that is actigweugh toxicity or repellency
(Figure 1B) so personal protection against highly zoophagic vestiotdd be maximized by
whichever mode of action is most practical [16]. Zoophagic vectsuglly prefer to feed
outdoors where vapour-phase insecticides should have significant advabegasse
enclosing structures to provide physical protection and applicatiéacsarfor solid-phase
residual toxins are typically absent, impractical or even uratdeif15]. By definition, any
repellent action of an insecticide is manifested at lower, shbtdoses of insecticides than
those required to kill mosquitoes [24,25] so the former non-lethal modetioh should be
optimized to maximize the personal protection afforded by a vapogepdive ingredient
against vectors that primarily feed upon animals.

Toxic insecticides may therefore have substantive advantagesepetients for targeting
humans where people represent an important blood source to mosquitoesvitutneathey
primarily rely upon animal blood. This potential advantage of contastsaver repellents,



and its dependence upon the host preferences of the vector, iatd#dstr terms of human
feeds per mosquito lifetime in Figure 2. For a mosquito suétnapheles culicifaciesvhich
rarely feeds on human blood but does so often enough to act asaaypviector [16,26], a
repellent should achieve community-level suppression of malariesntiasion that is
equivalent to that of a toxic product conferring the same levpergonal protection. This is
because feeding upon humans is a relatively rare event, soremsshission is mediated by
mosquitoes taking the bare minimum of two human blood meals requiredniglete the
transmission cycle. Mosquitoes that survive after being repeited & human or human
household have a very low chance of ever feeding on another human. Heylageswof
efficacious repellents can therefore break the transmissioe byainaking the possibility of
a mosquito feeding on humans twice even more remote, so the epmigoabimpact of this
mode of action is equivalent to killing mosquitoes outright with taxis (Figure 2a).
However, for a mosquito with a strong or even moderate preferenberhan blood, such as
Anopheles gambiaandAnopheles arabiensisespectively, diversion away from a protected
human user and extension of host-seeking activity undoubtedly increasested mortality
risks, but many will survive and feed on other humans nearby so ibetoxluct always has
a considerable advantage (Figure 2b and Figure 2c) that is vely meeded when faced
with the massive transmission levels they mediate [2,4,16].

Figure 2 Simulated predictions of the proportion of emerging mosquitoes that take

given number of blood meals from humans over their lifetimes, depending dheir

natural preference for humans and the protection of those humans witmterventions

that either repel or kill them. All simulations were implemented exactly as described
previously [14], assuming that these mosquitoes differ only in their preferend¢esiian

and cattle hosts (parameterized as per [16]), and that high demographic c(@grageB)

and protective efficacy(= 0.8) of the intervention measures are maintained at all times of
the day £, = 1). All toxicity is assumed to act on contact before mosquitoes feed so that
products with toxicd,pre =0.8,6,,p0st=0) and repellent; =0.8) profiles confer equivalent
personal protectiop(= 0.8) and differ only in the level of community-level protection
achieved [14-16]. The proportional frequency of emerging mosquitoes which takea give
number of human blood meals per lifetinkg) (s calculated as product of the mean number
of blood meals per lifetimebf) and the human blood inde®y) to the power of the number
of blood mealsij: F; = (b,Q})!/ Z?’(thh)i . Parameter values for the relative availability
of humans, compared to cattle, were estimated based on published field observations of
variations in human blood index with local host abundance, exactly as previously described

for Anopheles gambiagndAnopheles arabiens|27], and by direct comparison of observed
attack rates upon cattle and humansAieopheles culicifacief28].

Beyond directly protecting their occasional human victims, mosquito-togecticides may
also be applied to livestock, to enable population control of zoophagic vecidrachieve
greater proportional reductions of transmission where theseharereferred hosts for
dominant local vectors [29-31], and transmission is fundamentally ¢asieanage because
zoophagic vectors are less efficient vectors of anthropoRtaemodium16-19]. However,
many important vector species in residual transmission systamsh as\n. arabiensisin
Africa, Anopheles darlingin Latin America andAnopheles farautin the Pacific, can readily
feed upon either humans or animals [6-8], so that they represeat gffitient vectors
requiring a combination of complementary measures to achievetieffeintervention
coverage of all preferred host types (Figure 3). Furthermorg ettigress both zoophagy and
anthropophagy with remarkable phenotypic plasticity, resulting in apder variation in
human blood indices across very fine scales [17,18,27,32], so these vectoraajogehibit



behavioural properties encompassing large tracts of the parameter apa associated
intervention needs represented by Figure 3.

Figure 3 A conceptual illustration of how optimal vector control interventions ard
intervention combination could be mapped across vector behaviour parametepace,
populated by field measurements of diverse target vectors.

Current strategic frameworks for developing new vector conwolst emphasize the
importance of overall human biting rates, expressed using clabtacdonald-Ross models
as the product of mosquito population density per humarefid the square of the human
biting frequency per mosquit@)([11]. While both parameters are of central importance to
baseline levels of transmission, and therefore to the levels abttmit will be required to
eliminate it, the human-feeding frequency has far greafrence on local transmission
intensity, and therefore geographic distribution of malaria risk [I#cause each
transmission event requires two blood meals upon humans so vectoriaitycapa
approximately proportional to its squara®)([33]. The human biting frequency is also
proportional to the human blood index % Q/f wheref is the mean duration of the feeding
cycle length of individual mosquitoes) and is therefore far mmelevant to intervention
prioritization and optimization (Figures 1, 2 and 3). For example,diffisult to envisage a
situation in which LLINs or IRS would be de-prioritized as thestfchoice option for
tackling anthropophagién. gambiaeor Anopheles funestusegardless of their population
density.

While human biting frequencya), human blood index,) or an equivalent term feature in
essentially all process-explicit models of malaria transimms [33,34], and are of central
importance to selecting and optimizing the most appropriate veotorol strategy (Figures
1, 2 and 3), the classical modelling studies that underpinned plannthg &MMEP [35,36]
not only ignored the way in which frequent feeding upon aninaaty Qn — 0) attenuates
the population suppression effects of human-targeted vector control nsefs})dé], these
models also omitted parameters to account for the fact that mues)éeeding upon humans
may not necessarily do so where and when they can be targated.lMNs or IRS
[2,8,10,13,37].

Maximizing protective coverage of humans and houses

Feeding upon alternative hosts is by no means the only form oVibaha resilience or
resistance [4,8] that limits biological coverage of personal proteaneasures such as
LLINs: some mosquitoes attack humans at times and places visese measures are not
realistically applicable. For any product conferring personaleptioin against mosquito
bites, estimating the proportion of human exposure to mosquito bitesdbiats at times
when it is practical to use i) is critically important to measuring the maximum amount of
protection that can be realistically expected [13,38,39]. In the casklN§, this definition
can be approximated as the proportion of normal exposure to mosqagoupitn humans
lacking LLINs which occurs indoorse(;) or during sleeping hours{9 when it would be
practical to use a net [38,39]. These parameters are measuhadfiaeld by weighting the
observed indoor and outdoor biting rates at each period of the night Byrtreyyed mean
proportion of humans that are indoors and outdoors, respectively, at tleaf5tia8,39].
While these parameters can be measured for individual peoplerata stithin human
populations [5,40], it is their community-wide mean values as expedemyg the mosquito
population that determines the magnitude of the mass effect of \eertyol interventions



[2,16,37]. In Africa, consistently high values for this key behaviourahmpater, even in
some settings with long-established high coverage of LLINs, ameaply driven by the
preference oAn. gambiagAn. arabiensisand An. funestugor feeding at times when most
people are indoors asleep, rather than any strong or consisten¢qeeféor feeding indoors
per se[38]. These estimates of the proportion of human exposure occursidg houses can
only be applied to indoor interventions against host-seeking mosquitoesssarchaIN, but
do help illustrate the conceptual basis of this parameter agpfies limit for thede facto
level of direct personal protectiop){ through immediate toxicity or repellency, that can
realistically be expected from using one. Historically, Emindicators of pre-intervention
biting times were strong predictors of vector population vulnetabdisuppression with IRS
[41] and derived estimates of the proportion of exposure occurring indoorsef users
(7n,in) Suggest at least half of residual transmission now occurs outitloAfEcan settings
with high LLIN coverage [4]. Furthermore, the proportion of human exposuresidual
vector populations that occurs indoors has recently dropped in sonmgssettith high
coverage of LLINs or IRS. It has been suggested that thesedalatterns of mosquito
activity can be explained by the persistence of hungry mosquitoek petple are
unprotected at dusk and dawn, a form of behavioural phenotypic plashaitycan be
classified as behaviouratsiliencerather tharresistance[7,8]. However, recent modelling
analysis suggests shifting distributions of the times wheth mdsquito populations actually
feed successfully upon human communities using LLINs should not be nbediifesthe
biting rates experienced by unprotected human volunteers becausar¢htylly exposed
[42]. Changes in biting patterns observed by human landing catch nrajotkerepresent
genuine emergence of behavioural resistance in the form @édiltenate feeding time
preferences [6,42].

Regardless of whether observations of outdoor-feeding behaviour regfteatxisting
resilience or emerging resistance, it is clear that thdly have to be addressed with
insecticide-treated clothing [43,44], vapour-phase insecticides thattphot@ans outside of
their houses [24], or some other intervention that prevents bites drgdoor-feeding
mosquitoes [42,45]. While repellents may be ideal for protectiagnat outdoor exposure to
zoophagic vectors [13,15,16], some outdoor-feeding Asian species sAclo@seles dirus

[46] and An. farauti [47,48] often feed predominantly upon humans [7] so vapour-phase
insecticides that lack repellent properties may be preferretiaximize toxic exposure,
mortality rates and population suppression of these species (RByufaurthermore, the
persistence and even predominance of indoor-feeding behaviours in pegaations
exposed to high coverage of LLINs and/or IRS [4,5,38,48,49] suggests thestdl is
considerable room for improvement upon these technologies for killinguitoss that enter
houses [42,50]. The proportions of human exposure which occur indoors and outdoors are
therefore important and dynamic indicators of vector behaviour mhmaaria control
programmes should survey on a routine basis [6,8,12,13,38] so that they can malzaige
transmission in the same integrated, evidence-based, locatigethdhnd adaptive manner as
agricultural pests [51].

While these indicators are ideal for LLINs, field measuremehthie maximum proportion
of human exposure which is directly preventable by other personatiwaténterventions
(r ) will require more careful consideration, especially for itisetal clothing or repellent
products with usage patterns that are more difficult to survey betae are portable, used
outdoors, or require frequent re-application. The issue of where and wb&ttipe
measures should be applied becomes particularly important for repahesettings where
zoophagic vectors co-exist with anthropophagic counterparts that hawedyalleen



suppressed with LLINs or IRS applied indoors, or with insecticidgdceclothing or non-
repellent, mosquito-toxic, vapour-phase insecticide emanators appiiedors. Suppressed
populations of such potent vectors, that are otherwise behaviourally vuenéoabbntrol,
may well rebound if the toxic action of these products is undermieeh they are
supplemented with repellents [14,15,20]. It is therefore important to thatewhile both
repellent and toxic products may be required in many scenarios wherer more vectors
exhibit intermediate, or wide-ranging values of the human blood irBEexire 3), these
should not be applied in the same time and place but rather combinezbimpéementary
manner, ideally to achieve a “push-pull” strategy similahtisé applied to agricultural pests
[52].

Biological coverage of indoor resting sitegersus human blood indoors

If one considers interventions which target resources other tbad,ldthat mosquitoes may
use several times in a single gonotrophic or feeding cycke clear that existing definitions
for Qn andz, , based on the concept of protecting humans against exploitationdoyitoes
as sources of blood, must be extended and generalized further. Takiofrés8ng sites in
human habitations as the most obvious example, models of malariaissiosnand vector
population dynamics could be parameterized using estimates wofilthation rate of indoor
resting sites, quantified as the mean number of times thatcaltyposquito rests indoors per
gonotrophic cycled;; , wherea represents the mean number of times a mosquito utilizes any
given resource during a single gonotrophic cyclepresents all resting site resources, iand
represents the subset of resting sites that are indoorsefKikd=, Seyoum A, Gimnig JE,
Corliss G, Kiware SS, Stevenson JC, Drakeley CJ, Chitnis N, pérsomemunication)).
However, despite the widespread use and global prioritization of $RSfi@ntline malaria
vector control tool [53], the only available field measurements «f garameter are
undoubtedly underestimated because they rely upon captures of ressiggitoes at a single
point in time in the early morning. Such a temporal snapshot ofgestients will obviously
fail to detect mosquitoes that rested on the surveyed indoor subisicé®n left again before
they were surveyed. Entomological survey methods for drarfigticgproving the detection
efficiency of resting events clearly need to be developed, peddynby exploiting the
diversity of marker systems that are now available for ledgelhsects [54], or the rapidly
improving technologies for observing them visually [55,56].

In the absence of direct measurementsy@f, it is possible to usey; as a reasonable
surrogate in many contexts, based on the assumption that maasswehich preferentially
feed inside houses usually rest there too. Defining vector controragm/en terms of
mosquito dependence upon obtaining blood from humans indoors has therefore proven useful
for rationalizing the differential impact of not only LLINS, bus@ IRS, upon sympatric
primary vectors in a variety of settings [13]. However, usifgas a surrogate far,; does
have major limitations and may be very misleading for mawyove with divergent values of
these two parameters because they feed indoors but rest outdooce eersa Vector
species that combine indoor feeding with natural or insecticidesgtdoutdoor resting are
important contributors to persistent residual malaria transmisgespite high coverage of
LLINs or IRS [7,14,24,25,57] across Africa [58-60], Asia [46,48] and the Amer[8].
Conversely, Figure 3 suggests that IRS should be only modestltiaffagainst some of the
major vectors of southern Asia, such As. fluviatilis An. culicifaciesand An. stephensi
because their most common sibling species and variants obtain amlyoa proportion of
their blood meals from humans [19] and substantive proportions of thgsecoa outdoors
[26]. However, IRS nevertheless delivers impressive impact agasalstia transmission by



these vectors [61] because they usually rest inside houses aaedlattt after they have fed
[26]. Indoor resting spaces are the most obvious and important non-blandcess for
mosquitoes, are closely associated with human blood, and can be targetexisting “off-
the-shelf” vector technology. It is therefore remarkable thaéization of indoor resting
spaces by mosquitoes remains to be quantitatively understood,yoexXplbited with vector
control using rationally-designed products [42,50].

In theory, the concept of biological coverage outlined here can indeegténded to enable
rational assessment of vector control measures targetindisedisets of poorly defined
resources, including indoor or outdoor resting sites, by measuringateeat which
mosquitoes utilize them per gonotrophic cycle (Killeen GF, Seyou@imnig JE, Corliss
G, Kiware SS, Stevenson JC, Drakeley CJ, Chitnis N, personal conationjc It is
therefore feasible to map out predicted and observed impacts ofatR@&egll as other
intervention strategies targeting specific subsets of restiag, across behavioural parameter
space in a similar manner to the way in which Figures 13add so for blood resources,
which are more readily defined and quantified. However, in practieeméasurement of
these parameters is more challenging. Given that sevepattamt vector species either feed
indoors but rest outdoors, or feed outdoors but rest indoors, lack of adeqcaeupes for
measuring the rates at which mosquitoes utilize subgetsf festing sitesr] that can be
targeted with insecticides(y), the most important of which are the indoors surfagesi|
inside houses and other sheltesig)( is clearly a methodological deficit that needs to be
urgently addressed.

Conclusions

For mosquito populations to be successfully suppressed, vector control prizdigetsng
their blood hosts need to attain high biological coverage of alla@isources, rather than
merely high demographic coverage of a targeted subset such asshimdaors [9,13].
Beyond defining biological coverage in a quantifiable manner, the huroad bidex and
the proportion of human exposure that occurs indoors may also be usdthéoogeimal
target profiles for diverse products and product combinations to proteeinisuon livestock
against blood-seeking mosquitoes (Figures 1, 2 and 3). For vector mostugiiofesed only
occasionally upon humans, preferred animal hosts may be optimal fargetssquito-toxic
insecticides, and vapour-phase insecticides optimized to maxinpederecy, rather than
toxicity, may be ideal for directly protecting people against indoad outdoor exposure.
However, for vectors that primarily feed upon people, repellent vapuase insecticides
may be inferior to toxic ones and may undermine the impact of ¢consacticides applied to
human sleeping spaces, houses or clothing if combined in the same time and place.

The theory of biological coverage may also be extended to othéidifey parameters, such
as indoor resting, to assess the impact of vector control intemmensuch as IRS, which
target resting mosquitoes. While measurements of the proportion ohhilowd meals that
occur indoors often correlate well with the rates at which vedciiiise indoor resting sites,
many important vectors do not rest where they feed. In such dasgwoportion of human
blood meals occurring indoors cannot be used a proxy measure of indtiog reite
utilization rate, and aspiration capture of resting mosquitoes ambs ga snapshot of
mosquito distributions at specific points in time, so hew entomologietthods for detecting
all resting events at insecticide-targetable surfaces are urgentboheed



The conceptual framework outlined here relates to anthroponotic aypkaasites as specific
motivating examples. However, these concepts and strategies shsoldbe directly
applicable to other mosquito-borne anthroponoses, such as dengue, urban yafoante
lymphatic filariasis, or adapted to zoonotic pathogens sudhlanodium knowlesiRift
Valley fever and West Nile virus, for which their implicaticsisuld be different but no less
rational, so that diverse target species can be simultagemrglolled with integrated vector
management programmes [62]. However, rather than stereotyped, hy@bteeliematics
such as Figure 3, control programmes, policy makers, research fuaaersproduct
developers need such maps of vector behaviour parameter spacedpubsed with real
field estimates of these mosquito behaviours and impacts of spgatgiventions upon those
vectors. Only then will they be able to inform the selection oilaWe technologies based on
rational expectations of impact, and also prioritize investment uelolging new ones.
Entomological techniques for measuring these two critical behaviparameters are well
established and have changed little since classic textswvéten during, or immediately
after, the failed Global Malaria Eradication Programme decaaigo [5,17,18,63,64].
Unfortunately, they have only been applied at village or dissadles thus far, with
inconsistent methodology, and with haphazard distribution across tintesoaations,
because they have been predominantly funded through sporadic, shargeanrch projects.
Fortunately, recent global policy emphasizes strengthening tapdor routine
entomological surveillance at Ministries of Health in particulather than just research and
academic institutions [65], so perhaps the time has finally ¢onmgegrate such behavioural
parameter measurements into programmatically funded, longitudinaltamiogi systems
operating on national and regional scales [8].
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