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Abstract
Malaria vectors which predominantly feed indoors upon humans have been locally eliminated from several settings
with insecticide treated nets (ITNs), indoor residual spraying or larval source management. Recent dramatic declines
of An. gambiae in east Africa with imperfect ITN coverage suggest mosquito populations can rapidly collapse when
forced below realistically achievable, non-zero thresholds of density and supporting resource availability. Here we
explain why insecticide-based mosquito elimination strategies are feasible, desirable and can be extended to a
wider variety of species by expanding the vector control arsenal to cover a broader spectrum of the resources they
need to survive. The greatest advantage of eliminating mosquitoes, rather than merely controlling them, is that this
precludes local selection for behavioural or physiological resistance traits. The greatest challenges are therefore to
achieve high biological coverage of targeted resources rapidly enough to prevent local emergence of resistance
and to then continually exclude, monitor for and respond to re-invasion from external populations.
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Introduction
Proven implementation models exist for effectively achieving, validating and sustaining the elimination of malaria
from areas with low transmission levels, predominantly
relying upon drug therapy of residual human infections
and careful surveillance with reliable diagnostic tests [1].
However, such conditions only occur at the margins of the
current geographic range of malaria transmission and can
only be attained in the most staunchly endemic parts of
Africa and the Pacific by suppressing vectorial capacity by
four orders of magnitude [2]. The primary obstacle to global malaria eradication remains the parasite’s historical
strongholds in Africa and the southern Pacific, where unusually efficient vectors saturate human populations with
intense transmission that dramatically attenuates, and may
even negate, the impacts of drugs and vaccines [2-9]. In
addition to eliminating blood and liver-stage parasites from
local human populations and limiting reintroduction from
external endemic areas, malaria elimination programmes
in such historically endemic countries will also have to
aggressively suppress the transmission potential of such
* Correspondence: gkilleen@ihi.or.tz
1
Environmental Health & Ecological Sciences, Ifakara Health Institute, Dar es
Salaam, United Republic of Tanzania
2
Vector Biology Department, Liverpool School of Tropical Medicine,
Liverpool, UK
Full list of author information is available at the end of the article

potent vectors indefinitely unless global eradication of
anthroponotic Plasmodia can be achieved [1,10]. It remains an open question as to whether it is possible to eliminate malaria transmission from settings with high climatic
suitability for propagation of parasite sporogonic stages so
long as even the sparsest populations of highly efficient
anthropophagic vectors such as Anopheles gambiae persist
[11,12]. While anophelism without malaria [13,14] has
been achieved in several settings with either modestly efficient vectors or marginal climatic suitability for transmission, we are not aware of any example in which malaria
transmission has been eliminated from any setting where
the most anthropophagic and efficient vectors, such as An.
gambiae, An. funestus or An. punctulatus, coincide with
climatic conditions supportive of endemic, stable transmission. Genetic modification or population suppression strategies have been appropriately emphasized as options for
eliminating mosquitoes and malaria [15] and some recent
successes are particularly encouraging [16]. However, here
we review examples of how insecticide-based approaches
have successfully eliminated vector species in several tropical settings and explain how they might be extended to attack a much wider variety of target species if appropriate
new vector control technologies were made available.
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Review
The dependence of primary malaria vectors upon humans
and livestock

Many of the world’s mosquito species, notably the most
competent Anopheles vectors of human malaria, have
highly selective host preferences and correspondingly
adapted feeding behaviours [17,18]. Most of the world’s
malaria burden occurs in sub-Saharan Africa because of
three endemic species of highly specialized mosquitoes
that almost exclusively rely upon humans (An. funestus
and An. gambiae), or upon humans and their cattle (An.
arabiensis), for blood [19]. These exceptional vector species can mediate intense malaria transmission levels,
more than four orders of magnitude in excess of that
required to sustain stable endemic populations of the
Plasmodium falciparum parasite [2,20]. However, this dependence upon humans and their livestock also represents
the Achilles’ heel of this disproportionately important trio
of mosquito species [21], which can be exploited to render
them locally extinct.
Insecticide-treated nets (ITNs) and indoor residual
spraying (IRS) can achieve community-wide malaria
transmission suppression by two orders of magnitude in
African settings [22,23], vastly in excess of that attributable to direct coverage and personal protection [24,25].
The level of positive externality achieved by ITNs and
IRS is exceptional among public health interventions
and arises from (i) the heavy reliance of primary African
vectors upon humans for blood, and (ii) the lengthy
sporogonic incubation period of the malaria parasite inside the mosquito, during which time it may repeatedly
risk fatal insecticide exposure while feeding or gestating
every few days [24,25]. However, even high demographic coverage of humans (Ch) with these measures
rarely achieves elimination of malaria because vectors
evade insecticide contact by feeding outdoors or upon
cattle, thus creating gaps in biological protective coverage of the available blood resources (CA,p) that they rely
upon [26]. Careful examination of where these gaps
exist, how they might be closed, and what might be possible if they were closed, strongly suggests that all three
of the species could well be eliminated and then excluded from large tracts of Africa.
Primary vectors can be eliminated with imperfect
interventions: evidence for Allee effects in mosquito
populations?

In the most extreme examples, IRS and ITNs have selectively eliminated the most efficient local primary vectors
because the strict dependence upon humans that make
them such potent agents of transmission also renders
them vulnerable to these two means for delivering insecticides to houses and sleeping spaces [21,26]. For example,
the notoriously efficient, anthropophagic, endophagic and
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endophilic species An. funestus disappeared entirely from
the Pare-Taveta study area in Tanzania after three years of
IRS with dieldrin [27,28] and took five years to detectably
re-establish itself in the area following the cessation of
spraying [29]. It is fundamentally difficult to prove the absolute absence of malaria parasites [10] and the same is
true of their vectors. However, it is notable that when An.
funestus did re-appear, the spectacular speed at which it
rebounded to exceed its pre-intervention population size
[29] does suggest that it had indeed been truly absent for
several years after spraying had ceased. Similarly, An.
funestus essentially disappeared from Malindi on the coast
of Kenya following the introduction of IRS with DDT [30].
In Malindi and in south Pare, but curiously not in Taveta,
An. funestus appears to have been replaced by increasing numbers of zoophagic, exophagic and exophilic An.
rivulorum and An parensis from the same species group,
presumably as a result of a shift in the balance of competition for limiting aquatic habitat resources [27,28,30,31].
An. funestus was also eliminated from almost the entire
country of South Africa using IRS with DDT in the 1950s
[32]. With the exception of one observation, both the vector and the malaria transmission it mediated remained absent for four decades, only to return when DDT was
replaced with pyrethroids, against which resistance rapidly
emerged [33]. Following careful susceptibility surveys of
this invasive population, DDT was re-introduced and IRS
was extended to a regional programme that achieved or
closely approached local extinction of this species [34].
Similarly, An gambiae has proven vulnerable to IRS in
Nigeria during the Global Malaria Eradication Programme
(GMEP) [35], and to ITNs in contemporary Kenya and
Tanzania where it has become very scarce in several settings [36-38]. In the Pacific, An. koliensis has been eliminated from the Solomon Islands by a series of IRS and
ITN campaigns over the last 4 decades [39] and was last
seen on Malaita in 1987 [40]. An. punctulatus is now only
patchily distributed across a fraction of its former range
within the archipelago [39]. In Latin America, historical
accounts from Guyana of An. darlingi elimination with
IRS [41] are now complemented by contemporary evidence of local extinction of this same species, as well as
An. nuneztovari, following ITN scale up in neighbouring
Suriname [42].
A common feature to all these historical examples of
eliminating human-dependent mosquitoes with domestic
applications of insecticides is that existing models of
malaria transmission and mosquito population dynamics
cannot explain them (Figure 1). Even recent models assuming the kind of linear dependence of emergence
rates upon mean longevity [43] that would only be
expected far below the carrying capacity of available larval habitat [44,45], predict the dominance of Anopheles
arabiensis as a vector of residual transmission at high
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Figure 1 Contrasting field observations of the collapse of An. gambiae with the predictions of population dynamics models assuming
no density-dependence of vector reproduction so that emergence rates are directly proportional to mean longevity. A: Simulated
declining biting exposure to Anopheles gambiae s.s. and An. arabiensis as insecticide treated net usage (ITNs) increases. B: Corresponding impact
of increasing ITN use upon predicted proportion of bites upon humans by An. gambiae. C: Direct comparison of observed near-disappearance of
An. gambiae from Kilombero Valley in southern Tanzania [37] with simulations based upon observed ITN usage rates estimated as described
previously, with only 4.7% of nets treated within the previous 6 months up to 2004 [48], following which long-lasting net retreatment kits were
introduced so all nets reported as treated are considered ITNs [49]. All simulations were executed [43] assuming equal baseline emergence rates
(E0 = 2 × 107 mosquitoes per year) for both vector species and a ratio of cattle to humans consistent with livestock census results in Kilombero
Valley (Nh = 1000, Nc =140). All ITN-induced mortality was assumed to occur before feeding so the excess proportion of mosquitoes killed after
attempting to attack a protected human was assumed to be negligible (θu, post = 0). Simulated An. gambiae s.s. and An. arabiensis populations
differed only in their parameter values for the proportion of human exposure to bites that occurs indoors (πi = 0.9 versus 0.4, respectively [37,50]),
the attack availability rates of cattle (ac = 2.5 × 10-5 versus 1.9 × 10-3 attacks per host per host-seeking mosquito per night [51]) and the excess
proportions of mosquitoes which are diverted (θΔ = 0.2 versus 0.6, respectively) or killed before feeding (θμ,pre = 0.8 versus 0.6, respectively) while
attempting to attack a human while using an ITN [52-54].
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ITN coverage (Figure 1) but fail to capture the dramatic
collapse of An. gambiae populations that is often observed in practice [36-38,46,47]. The predicted reductions of both An. arabiensis and An. gambiae biting
densities that are depicted in Figure 1A make intuitive
sense based on the input parameters for mosquito human feeding preference, indoor-biting propensity, diversion away from attack, and attack-associated mortality
that were assumed based on detailed field study of these
species, but fall far short of what is usually expected
from ITNs or IRS in Africa based on the extensive contemporary empirical evidence base [22,23].
Local elimination of malaria vectors with imperfect interventions has also been achieved with strategies other
than the adulticide-based interventions prioritized today
[55]. There are several historical records of eliminating
African primary vector species from substantial tracts of
Brazil, Egypt and Zambia, primarily through larval source
management of aquatic habitats [56-60]. Beyond malaria
vectors, the Australian vector of Ross River Virus, Aedes
camptorhynchus, has been eliminated from New Zealand
where it was an invasive exotic, primarily through larvicide
treatment of salt marshes [61]. Perhaps one of the greatest
tragedies in public health today is that the elimination of
Aedes aegypti from most of Latin America, primarily
through larval source management, by the early 1960′s
[62] was not extended or even sustained, so this species
remains the most globally important vector of Dengue,
Yellow Fever and Chikungunya viruses today.
These remarkably numerous examples of vector population collapse are surprising because their reproduction
rates are now known to be primarily limited by aquatic
habitat availability. This suggests that reductions in the
number of adult mosquitoes emerging from breeding
sites due to control measures that reduce numbers of
adults should be attenuated by density-dependent regulation at the aquatic stage, leading to increased per
capita survival of the larval stages and even increased
maternal fitness of the resulting adults [44,45].
We therefore hypothesize that mosquito populations are
subject to strong demographic Allee effects, meaning that
fitness of individuals is compromised at low population
sizes or densities [63,64]. Allee effects generally occur when
populations become so sparse that males and females
struggle to find each other or when co-operative behaviours are disrupted [63,64]. Such a small insect commuting
distances of up to 10km between aquatic habitats and human blood sources [65,66] probably experiences considerable stress when mating opportunities are restricted. Also,
aggregation of males into swarms, within which they compete for females, is a co-operative behaviour that directly
precedes the mating event itself. It is, therefore, easy to
envisage how such Allee effects would amplify the effects
of control measures as they are increasingly effective.
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Extinction through demographic stochasticity could, therefore, be achieved with high but imperfect intervention
coverage of the blood, sugar or aquatic habitat resources
mosquitoes need. Figures 2A and B illustrate how this
phenomenon might hypothetically enable 100% elimination of a local mosquito population with only 70% biological coverage [26] of an effective intervention. While
Allee effects are difficult to demonstrate at a demographiclevel, individual-level effects upon fitness components, and
mechanisms to avoid them, are widespread among animal,
plant and even microbe populations [63,64]. Most mosquito populations go through dramatic seasonal fluctuations in resource availability and population size so Allee
effects are most likely to be manifested and enhanced by
vector control during the depths of the dry season. The
seasonal contraction of aquatic habitat to very limited,
focal refugia represents a recurring opportunity to eliminate them entirely using improved or additional vector control strategies [15,67] that need not necessarily be effective
outside of these troughs of population size and habitat
availability [56,68].
The possibility that vector populations exhibit Allee
effects also has important, even more encouraging, implications for resistance management: The range of biological coverage levels at which resistance traits are
rapidly selected for will be much narrower and the
range of high coverage levels at which local elimination
occurs will preclude local selection (Figure 2C). Aggressive, rapidly scaled up intervention packages may well
be able to win the evolutionary arms race by simply
extinguishing mosquito populations faster than they
can adapt to intervention pressure.
Intervention coverage of resources that are essential to
mosquito survival: Closing the gaps

So if malaria vector populations can be eliminated with
incomplete coverage of vector control interventions,
why are such encouraging examples the exceptions rather than the rule? For larval source management strategies, the cryptic nature and unpredictable distribution
of many aquatic habitats is often problematic but the
primary obstacle to success is usually the massive logistical challenge of achieving high habitat coverage in
practice [69,70].
For vector control measures targeted at humans, high
demographic coverage of humans has clearly underpinned
all the most impressive examples of vector elimination
[27,28,30,35-37,39,41,42]. However, all these successes also
relate to the most extremely human-dependent of all mosquito species, with feeding and resting habits which render
them particularly vulnerable to IRS and ITNs. Such high
behavioural vulnerability means that the biological coverage of all available blood and resting site resources (CA)
closely approximates to simple demographic coverage
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Figure 2 A schematic illustration of how the dependence of
individual fitness (A) upon total population size or density [63]
(B) could hypothetically cause mosquito populations to
collapse without the opportunity for resistance to emerge
(C) following rapid deployment of insecticidal vector control
measures at high but imperfect levels of biological coverage.
All outcomes plotted along the Y axis represent relative values for a
given intervention scenario (Ω), with a given level of protective
coverage of all available blood, sugar or aquatic resources (CA,p),
compared to a baseline scenario (Ω = 0). A: Individual fitness is
expressed as the reproductive number (R; the average number of
female adult offspring per healthy female adult mosquito).
B: Population size is expressed as the adult emergence rate (E).
C: The rate at which the frequency physiological insecticide
resistance traits increase to fixation or equilibrium.

[26], surveyed in the field as the proportion of human
individuals or households directly protected (Ch). These
extreme examples of selective control are all nicely
framed in the context of far less dramatic impacts upon
less vulnerable species or molecular forms in the same
settings, such as the M form of An. gambiae [71], An.
arabiensis [35-38,47,52,53,72], An. rivulorum and An.
parensis [27,28,30,31] and even previously undescribed
species [73] in African settings, as well as An. farauti in
the Solomon Islands [39]. As illustrated in Figure 3, all
these species persist in the face of high demographic
coverage with ITNs or IRS, in approximate proportion
to their ability to attenuate biological coverage [26] by
obtaining blood from humans outside of houses and from
common alternative hosts such as cattle [4,21,74-76]. Simply aiming to eliminate, rather than merely control vectors
prompts insightful consideration of differences between
coverage gaps rather than coverage itself [77]. What might
seem a minor difference between two different estimates
of coverage may in fact disguise very large differences between corresponding estimates for the coverage gaps that
allow vector populations to survive and transmit malaria
(Figure 4).
Vectors with low behavioural vulnerability to IRS and
ITNs have historically mediated the bulk of transmission
across most of the modestly endemic regions of tropical
Asia and Latin America [19,78-80]. Furthermore, they can
also dominate residual transmission in previously holoendemic parts of the tropics where ITNs and/or IRS are
maintained at high coverage [38,39,71]. A recent report
suggests that an important, predominantly exophagic, novel
vector species in the highlands of Kenya may have been systematically overlooked due to methodological limitations of
standard morphological taxonomy [73] and further examples may be revealed in other African settings upon closer
inspection with appropriate molecular techniques.
However, understanding where these limitations of
existing intervention measures lie (Figures 3 and 4), and being aware of the apparent instability of vector populations
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Figure 3 Conceptual schematic of the difference between current demographic indicators of coverage of all humans (Nh) and true
biological coverage of all available mosquito blood resources (A) [26]. In all panels, the proportion considered covered by the stated
indicator is represented by the shaded fraction. A: Conventional view of current ITN/IRS target of 80% crude demographic coverage of all
humans while indoor (Ch = 0.8). B: Biological protective coverage (CA,p = 0.2) of all available human and animal blood (A) achieved in the same
demographic coverage scenario (Ch = 0.8), where half of baseline human exposure to vectors occurred outdoors (πi,0 = 0.5) and animals previously
accounted for half of all blood meals (Qh,0 = 0.5).

when high biological coverage is achieved (Figures 1 and 2),
provides grounds for optimism that a far wider range of
malaria vectors in settings all across tropical Africa, Asia
and Latin America can be eliminated if products targeted
towards very different mosquito life stages and behaviours
can be developed. If such behaviourally-mediated gaps in
biological coverage of the ecological resources utilized by
mosquitoes (Figure 3) could be closed by using interventions that target mosquitoes at source, or while resting and
feeding upon humans or livestock outside of houses
[15,26,67,75,76], it may well be possible to eliminate even

these elusive primary vectors. Indeed, setting vector elimination as a deliberate target even enables complementary approaches to be rationally combined in ways that would not
otherwise make sense. For example, if biological coverage
and impact of adult control can be dramatically improved,
it may be possible to apply supplementary larval source
management in a time-limited manner during the dry season when this strategy is far more practical and affordable,
to not only eliminate parasite transmission [2] but also to
extinguish residual foci of vector proliferation when they
are most vulnerable [56-60].

Figure 4 Comparative evaluation of two alternative measures of the upper limit for the level of protection an insecticide treated net
(ITN) can provide from the contrasting perspectives of coverage achieved by a vector control programme versus coverage gaps in a
vector elimination programme. The proportion of exposure to mosquito bites which occurs while humans are indoors (πi) overestimates
protective coverage and underestimates gaps in protective coverage when compared with the proportion of exposure occurring while asleep
(πs), which is considered a more accurate indicator of protective coverage by an ITN because people rarely use one unless they are both indoors
and asleep [77].
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Programmatic and biological sustainability of vector
elimination strategies

The intimidating technological and programmatic obstacles to adopting, developing and implementing vector
elimination strategies are obvious and merit careful consideration. Perhaps the greatest challenge facing vector
elimination initiatives will be to maintain buffer zones
along their periphery with even more aggressive, diverse
and sustained intervention packages which, not only prevent re-invasion through immigration, but also preclude
emergence of insecticide-resistant vector populations at
this transitional interface between stable source and unstable sink populations [81]. The qualitative and quantitative diversity of this challenge is strongly influenced by
local physical and human geography. While geographic
fragmentation of the Pacific region into thousands of
islands might seem ideally suited to the technical requirements of parasite or vector elimination programmes, this
situation exacerbates the operational challenges facing
successful implementation [82]. Furthermore, such fragmentation and isolation also generates spectacular biodiversity [83], including a bewildering array of Anopheles
species [84], many of which exhibit considerable structure
with local populations [85]. Perhaps the greatest challenge
is Africa where operational constraints are extreme [82]
and the sheer size of the continent has always buffered the
continent against mass extinctions [86].
While these challenges should not be dismissed lightly,
neither should the potential benefits of addressing them.
The immediate public health benefits of eliminating the
most potent malaria vectors are obvious, and well documented in several instances [34,87-90], but there are also
several advantages in terms of the financial, logistic and
biological sustainability of such an ambitious strategy.
The fundamental advantage of any elimination strategy
for malaria parasites [91] or vectors [56,57] is that it is
time-limited in any given location, except for barrier
areas on the periphery of a protected zone, country or
region. Far more aggressive, ambitious intervention
packages can therefore be applied over finite times and
places than would be possible to sustain universally and
indefinitely.
Biologically, the major advantage of a vector elimination
strategy is simply that non-existent populations cannot develop physiological or behavioural resistance. Recent theoretical analysis suggests that physiological resistance
traits will most rapidly emerge in malaria vector populations where coverage with ITNs is incomplete or patchy,
corresponding to the peaks in the middle of Figure 2C
[92]. The greatest danger to our most valuable insecticides
may therefore lie in control programmes that achieve only
mediocre coverage for extended periods. Interestingly, this
analysis also considered the outdoor environment as a
refuge [92] for exophagic mosquitoes (Figure 3), so the
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behavioural characteristics of all targeted vectors in a given
area must be actively measured and carefully considered in
any resistance management scheme. Crucially, it is often
the innate flexibility of behaviours that allows many species
of mosquitoes to immediately cope with the changes of resource availability in their environment that intervention
scale up represents [18,93-95]. Beyond mosquitoes, such
phenotypic plasticity is now known to allow a wide variety
of organisms to not only immediately survive otherwise
stressful conditions but also to evolve further heritable
adaptive traits in the longer term [96-98].
Much of the agricultural pest literature suggests that
coverage gaps or refugia will delay the emergence of resistance [99] and this easing of selection pressure is represented by the downward slopes on the right hand side of
the peaks in Figure 2C. However, assuming that the rate at
which selectable resistance traits arise is dependent upon
absolute population size, the risk of such traits emerging
cannot increase monotonically with increasing intervention pressure and decreasing population size. Resistance
emergence risk must reach a peak where the interaction
between selection pressure and population density is maximized, and then decreases to zero as intervention coverage increases and population size shrinks. Reaching the
downward slope on the left hand side of these peaks therefore represents an equally viable way to reduce the risk of
resistance emergence, especially if Allee effects enable
local population extinction within manageable ranges of
high but imperfect coverage (Figure 2C).

Conclusions
Human-dependent mosquito populations can rapidly
collapse when they are forced below realistically achievable, non-zero thresholds of density and supporting resource availability. Local population elimination may be
achievable for a much wider range of malaria vectors if
insecticidal vector control tools can be developed which
cover a wider range of the blood, resting site, sugar and
aquatic habitat resources they need to survive [15,67].
Perhaps the greatest challenge facing vector elimination
initiatives will be to maintain buffer zones with even
more aggressive intervention packages which prevent reinvasion and emergence of insecticide-resistant traits at
this transitional interface. Nevertheless, the potential
long term benefits of embracing such an ambitious strategy merit strategic consideration: In addition to achieving complete local control of such dangerous insects
across large geographic areas, aggressive vector elimination campaigns also offer a temptingly direct resistance
management strategy as an alternative to repeated rotation cycles of constantly changing insecticide combinations or mosaics, commonly referred to in agriculture as
the “insecticide treadmill”.

Killeen et al. Parasites & Vectors 2013, 6:172
http://www.parasitesandvectors.com/content/6/1/172

Abbreviations
GMEP: Global Malaria Eradication Programme; IRS: Indoor residual spraying;
ITN: Insecticide-treated net.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
GFK reviewed the literature and formulated the hypotheses with MTW. GFK
wrote the paper with assistance from AS, CS, JEG, NG and MTW. All authors
read and approved the final manuscript.
Acknowledgements
We thank Dr Ian Hastings, Dr Phillip Eckhoff, Dr Heather Ferguson, Dr Tanya
Russell, Prof Thomas Smith and Dr Olivier Briët for their comments on the
manuscript. The research leading to this manuscript has received funding
from the European Union Seventh Framework Programme FP7/2007-2013
under grant agreement no 265660 and from the Bill & Melinda Gates
Foundation through the Malaria Transmission Consortium, award number
45114. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.
Author details
1
Environmental Health & Ecological Sciences, Ifakara Health Institute, Dar es
Salaam, United Republic of Tanzania. 2Vector Biology Department, Liverpool
School of Tropical Medicine, Liverpool, UK. 3National Malaria Control Centre,
Lusaka, Zambia. 4Monitoring & Evaluation Thematic Group, Ifakara Health
Institute, Dar es Salaam, United Republic of Tanzania. 5Division of Parasitic
Diseases, Centers for Disease Control and Prevention, Chamblee, Georgia,
USA. 6Department of Infectious Disease Epidemiology, Medical Research
Council Centre for Outbreak Analysis & Modelling, Imperial College London,
London, UK.
Received: 14 February 2013 Accepted: 3 June 2013
Published: 7 June 2013
References
1. Moonen B, Cohen JM, Snow RW, Slutsker L, Drakeley C, Smith DL,
Abeyasinghe RR, Rodriguez MH, Maharaj R, Tanner M, Targett G:
Operational strategies to achieve and maintain malaria elimination.
Lancet 2010, 376:1592–1603.
2. Killeen GF: A second chance to tackle African malaria vector mosquitoes that
avoid houses and don’t take drugs. Am J Trop Med Hyg 2013, 88:809–816.
3. Eckhoff PA: Mathematical models of within-host and transmission
dynamics to determine effects of malaria Interventions in a variety of
transmission settings. Am J Trop Med Hyg 2013, 88:817–827.
4. Griffin JT, Hollingsworth TD, Okell LC, Churcher TS, White M, Hinsley W,
Bousema T, Drakeley CJ, Ferguson NM, Basáñez MG, Ghani AC: Strategies
towards Plasmodium falciparum malaria elimination in Africa using
currently available tools. PLoS Med 2010, 7:e1000324.
5. Okell LC, Griffin JT, Kleinschmidt I, Hollingsworth TD, Churcher TS, White MT,
Bousema T, Drakeley CJ, Ghani AC: The potential contribution of mass
treatment to the control of Plasmodium falciparum malaria. PLoS One
2011, 6:e20179.
6. Huho BJ, Killeen GF, Ferguson HM, Tami A, Lengeler C, Charlwood JD,
Kihonda A, Kihonda J, Kachur SP, Smith TA, Abdulla SMK: Artemisinin-based
combination therapy does not measurably reduce human infectiousness
to vectors in a setting of intense malaria transmission. Malaria J 2012,
11:118.
7. Molineaux L, Gramiccia G: The Garki Project. Geneva: World Health
Organisation; 1980.
8. Shekalaghe SA, Drakeley CJ, van den Bosch S, ter Braak R, van den Bijllaardt
W, Mwanziva C, Semvua S, Masokoto A, Mosha F, Teelen K, Hermsen R,
Okell LC, Gosling R, Sauerwein R, Bousema T: A cluster-randomized trial of
mass drug administration with a gametocytocidal drug combination to
interrupt malaria transmission in a low endemic area in Tanzania.
Malaria J 2011, 10:247.
9. von Seidlein L, Greenwood BM: Mass administrations of antimalarial
drugs. Trends Parasitol 2003, 19:452–460.

Page 8 of 10

10. Cohen JM, Moonen B, Snow RW, Smith DL: How absolute is zero? An
evaluation of historical and current definitions of malaria elimination.
Malaria J 2010, 9:213.
11. Gu W, Mbogo CM, Githure JI, Regens JL, Killeen GF, Swalm CM, Yan G, Beier
JC: Low recovery rates stabilize malaria endemicity in areas of low
transmission in coastal Kenya. Acta Trop 2003, 86:71–81.
12. Chaki PP, Mlacha Y, Msellemu D, Muhili A, Malishee AD, Mtema ZJ, Kiware S,
Russell TL, Zhou Y, Lobo N, Dongus S, Govella NJ, Killeen GF: An affordable,
quality-assured community-based system for high resolution
entomological surveillance of vector mosquitoes that reflects human
malaria infection risk patterns. Malaria J 2012, 11:172.
13. Jetten TH, Takken W: Anophelism without malaria in Europe. A review of
the ecology and distribution of the genus Anopheles in Europe.
Wageningen Agricultural University papers 1994, 94:5.
14. Fantini B: Anophelism without malaria: an ecological and
epidemiological puzzle. Parassitologia 1994, 36:83–106.
15. The malERA Consultative Group on Vector Control: A research agenda for
malaria eradication: vector control. PLoS Med 2011, 8:e1000401.
16. Harris AF, McKemey AR, Nimmo D, Curtis Z, Black I, Morgan SA, Oviedo MN,
Lacroix R, Naish N, Morrison NI, Collado A, Stevenson J, Scaife S, Dafa’alla T,
Fu G, Phillips C, Miles A, Raduan N, Kelly N, Beech C, Donnelly CA, Petrie
WD, Alphey L: Successful suppression of a field mosquito population by
sustained release of engineered male mosquitoes. Nature Biotechnol 2012,
30(9):828–830.
17. Lyimo IN, Ferguson HM: Ecological and evolutionary determinants of host
species choice in mosquito vectors. Trends Parasitol 2009, 25:189–196.
18. Takken W, Verhulst NO: Host preferences of blood-feeding mosquitoes.
Annu Rev Entomol 2013, 58:433–453.
19. Kiswewski AE, Mellinger A, Spielman A, Malaney P, Sachs SE, Sachs J: A
global index representing the stability of malaria transmission. Am J Trop
Med Hyg 2004, 70:486–498.
20. Smith DL, McKenzie FE, Snow RW, Hay SI: Revisiting the basic reproductive
number for malaria and its implications for malaria control. PLoS Biol
2007, 5:e42.
21. Kiware SS, Chitnis N, Moore SJ, Devine GJ, Majambere S, Killeen GF:
Simplified models of vector control impact upon malaria transmission
by zoophagic mosquitoes. PLoS One 2012, 7:e37661.
22. Lengeler C: Insecticide-treated bed nets and curtains for preventing
malaria. Cochrane Database Syst Rev 2004:CD000363.
23. Pluess B, Tanser FC, Lengeler C, Sharp BL: Indoor residual spraying for
preventing malaria. Cochrane Database Syst Rev 2010, 4, CD006657.
24. Killeen GF, Smith TA, Ferguson HM, Mshinda H, Abdulla S, Lengeler C,
Kachur SP: Preventing childhood malaria in Africa by protecting adults
from mosquitoes with insecticide-treated nets. PLoS Med 2007, 4:e229.
25. Smith DL, Battle KE, Hay SI, Barker CM, Scott TW, McKenzie FE: Ross,
macdonald, and a theory for the dynamics and control of mosquitotransmitted pathogens. PLoS Pathog 2012, 8:e1002588.
26. Kiware SS, Chitnis N, Devine GJ, Moore SJ, Majambere S, Killeen GF:
Biologically meaningful coverage indicators for eliminating malaria
transmission. Biol Lett 2012, 8:874–877.
27. Gillies MT, Smith A: Effect of a residual house-spraying campagn on
species balance in the Anopheles funestus group: The replacement of
Anopheles gambiae Giles with Anopheles rivulorum Leeson. Bull Entomol
Res 1960, 51:248–252.
28. Smith A: Malaria in the Taveta region of Kenya and Tanganyika. III.
Entomological findings three years after the spraying period. East Afr
Med J 1962, 39:553–564.
29. Smith A: Malaria in the Taveta region of Kenya and Tanganyika. IV.
Entomological finding six years after the spraying period. East Afr Med J
1966, 43:7–18.
30. Gillies MT, Furlong M: An investigation into the behaviour of Anopheles
parensis Gillies at Malindi on the coast of Kenya. Bull Entomol Res 1964,
55:1–16.
31. Kawada H, Dida GO, Sonye G, Njenga SM, Mwandawiro C, Minakawa N:
Reconsideration of Anopheles rivulorum as a vector of Plasmodium
falciparum in western Kenya: some evidence from biting time, blood
preference, sporozoite positive rate, and pyrethroid resistance. Parasit
Vectors 2012, 5:230.
32. Sharp B, Le Sueur D: Malaria in South Africa-the past, present and
selected implications for the future. South African Journal of Medical
Research 1996, 86:83–89.

Killeen et al. Parasites & Vectors 2013, 6:172
http://www.parasitesandvectors.com/content/6/1/172

33. Hargreaves K, Koekemoer L, Brooke BD, Hunt RH, Mthembu J, Coetzee M:
Anopheles funestus resistant to pyrethroids in South Africa. Med Vet
Entomol 2000, 14:181–189.
34. Sharp BL, Kleinschmidt I, Streat E, Maharaj R, Barnes KI, Durrheim DN, Ridl FC,
Morris N, Seocharan I, Kunene S, JJ LAG, Mthembu JD, Maartens F, Martin CL,
Barreto A: Seven years of regional malaria control collaboration-Mozambique,
South Africa, and Swaziland. Am J Trop Med Hyg 2007, 76:42–47.
35. Molineaux L, Shidrawi GR, Clarke JL, Boulzagwet R, Ashkar T, Dietz K: Impact
of propoxur on Anopheles gambiae s.l. and some other anopheline
populations, and its relationship with some pre-spraying variables.
Bull World Health Organ 1976, 54:379–389.
36. Bayoh MN, Mathias DK, Odiere MR, Mutuku FM, Kamau L, Gimnig JE, Vulule
JM, Hawley WA, Hamel MJ, Walker ED: Anopheles gambiae: historical
population decline associated with regional distribution of insecticidetreated bed nets in western Nyanza Province. Kenya. Malaria J 2010, 9:62.
37. Russell TL, Govella NJ, Azizi S, Drakeley CJ, Kachur SP, Killeen GF: Increased
proportions of outdoor feeding among residual malaria vector
populations following increased use of insecticide-treated nets in rural
Tanzania. Malaria J 2011, 10:80.
38. Derua YA, Alifrangis M, Hosea KM, Meyrowitsch DW, Magesa SM, Pedersen
EM, Simonsen PE: Change in composition of the Anopheles gambiae
complex and its possible implications for the transmission of malaria
and lymphatic filariasis in north-eastern Tanzania. Malaria J 2012, 11:188.
39. Bugoro H, Iro’ofa C, Mackenzie DO, Apairamo A, Hevalao W, Corcoran S,
Bobogare A, Beebe NW, Russell TL, Chen C-C, Cooper RD: Changes in
vector species composition and current vector biology and behaviour
will favour malaria elimination in Santa Isabel Province Solomon Islands.
Malaria J 2011, 10:287.
40. Samarawickrema WA, Parkinson AD, Kere N, Galo O: Seasonal abundance
and biting behaviour of Anopheles punctulatus and An. koliensis in
Malaita Province, Solomon Islands, and a trial of impregnated bed nets
against malaria transmission. Med Vet Entomol 1992, 6:371–378.
41. Giglioli G: Nation-wide malaria eradication projects in the Americas. III.
Eradication of Anopheles darlingi from the inhabited areas of British
Guiana by DDT residual spraying. J Natl Malar Soc 1951, 10:142–161.
42. Hiwat H, Mitro S, Samjhawan A, Sardjoe P, Soekhoe T, Takken W: Collapse
of Anopheles darlingi populations in Suriname after introduction of
insecticide-treated nets (ITNs); malaria down to near elimination level.
Am J Trop Med Hyg 2012, 86:649–655.
43. Killeen GF, Chitnis N, Moore SJ, Okumu FO: Target product profile choices
for intra-domiciliary malaria vector control pesticide products: repel or
kill? Malaria J 2011, 10:207.
44. White MT, Griffin JT, Churcher TS, Ferguson NM, Basanez MG, Ghani AC:
Modelling the impact of vector control interventions on Anopheles
gambiae population dynamics. Parasit Vectors 2011, 4:153.
45. Russell TL, Lwetiojera D, Knols BGJ, Takken W, Killeen GF, Ferguson HM:
Linking individual phenotype to density-dependent population growth:
the influence of body size on the population dynamics of malaria
vectors. Proc R Soc B 2011, 278:3142–3151.
46. Meyrowitsch DW, Pedersen EM, Alifrangis M, Scheike TH, Malecela MN,
Magesa SM, Derua YA, Rwegoshora RT, Michael E, Simonsen PE: Is the
current decline in malaria burden in sub-Saharan Africa due to a
decrease in vector population? Malaria J 2011, 10:188.
47. Mwangangi JM, Mbogo CM, Orindi BO, Muturi EJ, Midega JT, Nzovu J,
Gatakaa H, Githure J, Borgemeister C, Keating J, Beier JC: Shifts in malaria
vector species composition and transmission dynamics along the
Kenyan coast over the past 20 years. Malar J 2013, 12:13.
48. Killeen GF, Tami A, Kihonda J, Okumu FO, Kotas ME, Grundmann H, Kasigudi
N, Ngonyani H, Mayagaya V, Nathan R, Abdulla S, Charlwood JD, Smith TA,
Lengeler C: Cost-sharing strategies combining targeted public subsidies
with private-sector delivery achieve high bed net coverage and reduced
malaria transmission in Kilombero Valley, southern Tanzania. BMC Infect
Dis 2007, 7:121.
49. Russell TL, Lwetoijera DW, Maliti D, Chipwaza B, Kihonda J, Charlwood JD,
Smith TA, Lengeler C, Mwanyangala MA, Nathan R, Knols BG, Takken W,
Killeen GF: Impact of promoting longer-lasting insecticide treatment of
bed nets upon malaria transmission in a rural Tanzanian setting with
pre-existing high coverage of untreated nets. Malaria J 2010, 9:187.
50. Govella NJ, Okumu FO, Killeen GF: Insecticide-treated nets can reduce
malaria transmission by mosquitoes which feed outdoors. Am J Trop Med
Hyg 2010, 82:415–419.

Page 9 of 10

51. Killeen GF, Seyoum A, Knols BGJ: Rationalizing historical successes of
malaria control in Africa in terms of mosquito resource availability
management. Am J Trop Med Hyg 2004, 71(Supplement 2):87–93.
52. Okumu FO, Kiware SS, Moore SJ, Killeen GF: Mathematical evaluation of
community level impact of combining bed nets and indoor residual
spraying upon malaria transmission in areas where the main vectors are
Anopheles arabiensis mosquitoes. Parasit Vectors 2013, 6:17.
53. Okumu FO, Mbeyela E, Ligamba G, Moore J, Ntamatungiro AJ, Kavishe DR,
Kenward MG, Turner E, Lorenz LM, Moore SJ: Comparative evaluation of
combinations of long lasting insecticidal nets and indoor residual
spraying, relative to either method alone, for malaria vector control in
an area dominated by Anopheles arabiensis. Parasit Vectors 2013, 6:46.
54. Kitau J, Oxborough RM, Tungu PK, Matowo J, Malima RC, Magesa SM, Bruce
J, Mosha F, Rowland MW: Species shifts in the Anopheles gambiae
complex: Do LLINs successfully control Anopheles arabiensis? PLoS One
2012, 7:e31481.
55. WHO: World Malaria Report 2012. Geneva: World Health Organization; 2012.
56. Soper FL, Wilson DB: Anopheles gambiae in Brazil: 1930 to 1940. New York:
The Rockefeller Foundation; 1943.
57. Shousha AT: Species-eradication. the eradication of Anopheles gambiae
from Upper Egypt, 1942–1945. Bull World Health Organ 1948, 1:309–353.
58. Watson M: African highway: The battle for health in central Africa. London:
John Murray; 1953.
59. Killeen GF, Fillinger U, Kiche I, Gouagna LC, Knols BGJ: Eradication of
Anopheles gambiae from Brazil: lessons for malaria control in Africa?
Lancet Infect Dis 2002, 2:618–627.
60. Killeen GF: Following in Soper’s footsteps: northeast Brazil 63 years after
eradication of Anopheles gambiae. Lancet Infect Dis 2003, 3:663–666.
61. Williams CR, Gilbert S: The role of Australians in the eradication of
imported salt marsh mosquitoes in New Zealand and the transient
legacy of endogenous expertise. Br Rev N Z Stud 2009, 18:71–83.
62. Soper FL: The elimination of urban yellow fever from the Americas
through eradication of Aedes aegypti. Am J Public Health 1963, 53:7–16.
63. Stephens PA, Sutherland WJ, Freckleton RP: What is the Allee effect? Oikos
1999, 87:185–190.
64. Gascoigne J, Berec L, Gregory S, Courchamp F: Dangerously few liaisons: a
review of mate-finding Allee effects. Popul Ecol 2009, 51:355–372.
65. Killeen GF, Knols BG, Gu W: Taking malaria transmission out of the bottle:
implications of mosquito dispersal for vector-control interventions.
Lancet Infect Dis 2003, 3:297–303.
66. Service MW: Mosquito (Diptera: Culicidae) dispersal-the long and short of
it. J Med Entomol 1997, 34:579–588.
67. Ferguson HM, Dornhaus A, Beeche A, Borgemeister C, Gottlieb M, Mulla MS,
Gimnig JE, Fish D, Killeen GF: Ecology: a prerequisite for malaria
elimination and eradication. PLoS Med 2010, 7:e1000303.
68. Bousema T, Griffin JT, Sauerwein RW, Smith DL, Churcher TS, Takken W,
Ghani A, Drakeley C, Gosling R: Hitting hotspots: spatial targeting of
malaria for control and elimination. PLoS Med 2012, 9:e1001165.
69. Killeen GF, Mukabana WR, Kalongolela MS, Kannady K, Lindsay SW, Tanner M,
Caldas de Castro M, Fillinger U: Habitat targetting for controlling aquatic
stages of malaria vectors in Africa. AmJTrop Med Hyg 2006, 74:517–518.
70. Fillinger U, Lindsay SW: Larval source management for malaria control in
Africa: myths and reality. Malaria J 2011, 10:353.
71. Reddy M, Overgaard HJ, Abaga S, Reddy VP, Caccone A, Kiszewski AE,
Slotman MA: Outdoor host seeking behaviour of Anopheles gambiae
mosquitoes following initiation of malaria vector control on Bioko Island,
Equatorial Guinea. Malaria J 2011, 10:184.
72. Mutuku FM, King CH, Mungai P, Mbogo C, Mwangangi J, Muchiri EM,
Walker ED, Kitron U: Impact of insecticide-treated bed nets on malaria
transmission indices on the south coast of Kenya. Malaria J 2011, 10:356.
73. Stevenson J, St Laurent B, Lobo NF, Cooke MK, Kahindi SC, Oriango RM,
Harbach RE, Cox J, Drakeley C: Novel vectors of malaria parasites in the
western highlands of Kenya. Emerg Infect Dis 2012, 18:1547–1549.
74. Eckhoff PA: A malaria transmission-directed model of mosquito life cycle
and ecology. Malaria J 2011, 10:303.
75. Govella NJ, Ferguson HM: Why use of interventions targeting outdoor
biting mosquitoes will be necessary to achieve malaria elimination.
Front Physiol 2012, 3:199.
76. Russell TL, Beebe NW, Cooper RD, Lobo NF, Burkot TR: Successful malaria
elimination strategies require interventions that target changing vector
behaviours. Malaria J 2013, 12:56.

Killeen et al. Parasites & Vectors 2013, 6:172
http://www.parasitesandvectors.com/content/6/1/172

77. Huho BJ, Briët O, Seyoum A, Sikaala CH, Bayoh N, Gimnig JE, Okumu FO,
Diallo D, Abdulla S, Smith TA, Killeen GF: Consistently high estimates for
the proportion of human exposure to malaria vector populations
occurring indoors in rural Africa. Int J Epidemiol 2013, 42:235–247.
78. Trung HD, Bortel WV, Sochantha T, Keokenchanh K, Briët OJ, Coosemans M:
Behavioural heterogeneity of Anopheles species in ecologically different
localities in Southeast Asia: a challenge for vector control. Trop Med Int
Health 2005, 10:251–262.
79. Van Bortel W, Trung HD, Hoi LX, Ham NV, Chut NV, Luu ND, Roelants P,
Denis L, Speybroeck N, D’Alessandro U, Coosemans M: Malaria
transmission and vector behaviour in a forested malaria focus in central
Vietnam and the implications for vector control. Malaria J 2010, 9:373.
80. Elliott R: The influence of vector behaviour upon malaria transmission.
AmJTrop Med Hyg 1972, 21:755–763.
81. Rascalou G, Pontier D, Menu F, Gourbiere S: Emergence and prevalence of
human vector-borne diseases in sink sector populations. PLoS One 2012,
7:e36858.
82. Tatem AJ, Smith DL, Gething PW, Kabaria CW, Snow RW, Hay SI: Ranking of
elimination feasibility between malaria-endemic countries. Lancet 2010,
376:1579–1591.
83. Orme CDL, Davies RG, Burgess M, Eigenbrod F, Pickup N, Olson VA, Webster
AJ, Ding T-S, Rasmussen PC, Ridgely RS, Stattersfield AJ, Bennett PM,
Blackburn TM, Gaston KJ, Owens IPF: Global hotspots of species richness
are not congruent with endemism or threat. Nature 2005, 436:1016–1019.
84. Sinka ME, Bangs MJ, Manguin S, Rubio-Palis Y, Chareonviriyaphap T, Coetzee
M, Mbogo CM, Hemingway J, Patil AP, Temperley WH, Gething PW, Kabaria
CW, Burkot TR, Harbach RE, Hay SI: A global map of dominant malaria
vectors. Parasit Vectors 2012, 5:69.
85. Ambrose L, Riginos C, Cooper RD, Leow KS, Ong W, Beebe NW: Population
structure, mitochondrial polyphyly and the repeated loss of human
biting ability in anopheline mosquitoes from the southwest Pacific.
Mol Ecol 2012, 21:4327–4343.
86. Davies TJ, Buckley LB: Phylogenetic diversity as a window into the
evolutionary and bio geographic histories of present-day richness
gradients for mammals. Philos Trans R Soc Lond B Biol Sci 2011,
266:2414–2425.
87. Pringle G: Malaria in the Pare area of Tanzania. Trans R Soc Trop Med Hyg
1967, 61:69–79.
88. The Pacific Malaria Initiative Survey Group on behalf of the Ministries of
Health of Vanuatu and Solomon Islands, Shanks D: Malaria on isolated
Melanesian islands prior to the initiation of malaria elimination activities.
Malaria J 2012, 9:218.
89. Mmbando BP, Vestergaard LS, Kitua AY, Lemnge MM, Theander TG, Lusingu
JPA: A progressive decline in the burden of malaria in north-eastern
Tanzania. Malaria J 2010, 9:216.
90. Moonasar D, Nutulaganti T, Kruger PS, Mabuza A, Raswiswi ES, Benson FG,
Maharaj R: Malaria control in South Africa 2000–2010: beyond MDG6.
Malaria J 2012, 11:294.
91. Feachem RGA, Phillips AA, Hwang J, Cotter C, Wielgosz B, Greenwood BM,
Sabot O, Rodriguez MH, Abeyasinghe RR, Ghebreyesus TA, Snow RW:
Shrinking the malaria map: progress and prospects. Lancet 2010,
376:1566–1578.
92. Barbosa S, Hastings IM: The importance of modelling the spread of
insecticide resistance in a heterogeneous environment: the example of
adding synergists to bed nets. Malar J 2012, 11:258.
93. Muirhead-Thomson RC: Mosquito behaviour in relation to malaria
transmission and control in the tropics. London: Edward Arnold & Co.; 1951.
94. Muirhead-Thomson RC: The significance of irritability, behaviouristic
avoidance and allied phenomena in malaria eradication. Bull World
Health Organ 1960, 22:721–734.
95. Pates H, Curtis C: Mosquito behavior and vector control. Annu Rev Entomol
2005, 50:53–70.
96. Price TD, Qvarnstrom A, Irwin DE: The role of phenotypic plasticity in
driving genetic evolution. Proc R Soc B 2003, 270:1433–1440.
97. Badyaev AV: Stress-induced variation in evolution: from behavioural
plasticity to genetic assimilation. Proc R Soc B 2005, 272:877–886.

Page 10 of 10

98. Agrawal AA: Phenotypic plasticity in the interactions and evolution of
species. Science 2001, 294:321–326.
99. Mohammed-Awel J, Ringland J, Bantle J, Festinger A, Jo HJ, Klafehn R:
Boundaries of sustainability in simple and elaborate models of
agricultural pest control with a pesticide and a non-toxic refuge.
J Biol Dynamics 2012, 6:80–95.
doi:10.1186/1756-3305-6-172
Cite this article as: Killeen et al.: Eliminating malaria vectors. Parasites &
Vectors 2013 6:172.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

