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Abstract 

Background: While insecticide-based vector control can effectively target vector species in areas of high malaria 
endemicity, such as Anopheles gambiae in Africa, residual disease transmission can occur. Understanding the potential 
role of competitive displacement between vector species could inform both current insecticide-based vector control 
programmes and the development of future complementary interventions.

Methods: A systematic review was conducted to identify published studies of insecticide-based vector control 
of Anopheles species in Africa that reported indices for absolute densities of vector species. After screening against 
inclusion, exclusion and risk of bias criteria, studies were assigned to three categories based on whether they showed 
population density changes involving decreases in two or more vector species (D), increases in two or more vector 
species (I), or increases in one vector species concomitant with decreases in another vector species (ID). Category ID 
studies could thus provide evidence consistent with the release of vector species from competition following the 
insecticide-based population suppression of Anopheles species.

Results: Of 5569 papers identified in searches, 30 were selected for quantitative and qualitative analysis. Nineteen 
studies were assigned to category D and one to category I. Ten studies categorised as ID provided evidence ranging 
from weak to persuasive that release from competition could have contributed to changes in species composition. 
Category ID showed no statistical differences from category D for reductions in malaria transmission and levels of 
insecticide resistance, but did so for insecticide type, pyrethroids being associated with category ID. A qualitative 
assessment identified five studies that provided the most convincing evidence that release from competition could 
have contributed to changes in species composition.

Conclusions: This review identified evidence that insecticide-based reductions in the density of Anopheles species 
in Africa could facilitate the release of other vector species from competition. While it remains uncertain whether this 
evidence is representative of most entomological sequelae of insecticide-based vector control in the field, five stud-
ies provided persuasive evidence that insecticide use could lead, at least under some circumstances, to competitive 
release of non-targeted vector species. These results should inform current and future integrated vector management 
approaches to malaria control.
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Background
An ecological niche can be considered as the habitat sup-
plying the resources that are required for the survival and 
reproduction of a species, or the roles and interactions 
that one species has within a community of other spe-
cies [1]. Competitive reduction reflects situations where 
the density of the population of one species decreases 
because of competitive interactions, directly or indirectly, 
with another. Competitive displacement is that more 
extreme situation where competitive interactions of one 
species with another causes its local elimination. Com-
petitive interactions between sympatric vector species 
could thus potentially play a role in continued disease 
transmission [1]. Aquatic habitats for mosquito larval 
development are regarded as having the most impact on 
adult population densities [2, 3]. Here, competition can 
occur via (i) exploitation, where individuals compete for 
limited resources, (ii) interference, where individuals 
obstruct the development of others, (iii) apparent com-
petition, where there are differential effects of a predator 
or parasite on co-occurring species, or (iv) oviposition 
deterrence, where egg-laying by one species is avoided 
where a competitor species is present [1]. Therefore, dif-
ferential effects of vector control measures on sympatric 
vector species could facilitate the release of co-located 
vector species from competitive displacement or reduc-
tion by the targeted species, sometimes termed ‘release 
from competition’ or ‘competitive release’, leading to 
‘niche replacement’ or ‘niche expansion’ of other vec-
tor species, potentially facilitating residual or increased 
transmission of vector-borne infections.

Insecticide-based vector control interventions, such 
as long-lasting insecticide-treated bednets (LLINs) and 
indoor residual spraying (IRS), are known to more effec-
tively target vector species that are endophilic, anthropo-
philic and nocturnal. In Africa, the dominant malaria 
vectors are Anopheles gambiae sensu stricto (s.s.), Anoph-
eles coluzzii, Anopheles arabiensis and Anopheles funes-
tus [4]. Although An. funestus is a complex consisting of 
13 species within Africa, of these, only the species An. 
funestus is thought to play a role in malaria transmission 
[5]. While the above four named species typically engage 
in nocturnal blood-feeding, An. funestus and An. arabi-
ensis can also exhibit crepuscular and in some instances 
diurnal behaviour [6, 7]. Anopheles gambiae s.s. and An. 
coluzzii are endophilic and anthropophilic, in contrast 
to their sibling species An. arabiensis, which displays 
exophilic, zoophilic behaviour. Thus, sufficient numbers 
of less efficiently targeted vector species could possibly 
remain in the area of vector control and contribute to 
residual, or even resurgent, transmission of malaria.

Differences in characteristics of individual Anopheles 
species could further lead to a range of sensitivities of 

sympatric vectors to insecticides, impacting on behav-
ioural responses seen post-intervention. Some species 
are known to be behaviourally resilient, exhibiting plas-
ticity, rather than showing evidence of altered innate 
preferences and subsequent ‘resistance’ to intervention 
[8]. These differences could potentially aid and further 
the strength of any competitive interaction.

Moreover, An. gambiae s.s. and An. arabiensis are sib-
ling species known to co-occur within aquatic habitats 
[9, 10]. Mesocosm experiments show that competition 
affects the development rate of each species in the oppo-
site way. Development time for An. arabiensis increases 
in the presence of An. gambiae s.s. and decreases for 
An. gambiae s.s. in the presence of An. arabiensis [11]. 
In the laboratory, An. arabiensis shows reduced survival 
when reared with An. gambiae s.s. compared to when 
reared alone [12]. When employing targeted vector con-
trol measures, it is thus possible to envisage that reduced 
densities of An. gambiae s.s. could facilitate competi-
tive release of An. arabiensis. However, some caution 
should be exercised in interpreting whether mesocosm 
and laboratory-based data are representative of field set-
tings. Indeed, sampling of Anopheles larvae from aquatic 
habitats can yield highly heterogeneous densities [13], 
making field studies exploring competitive mechanisms 
potentially challenging.

Nonetheless, understanding the dynamics of changes 
in vector species composition and any competitive 
reduction or displacement could be important for the 
effective use of current insecticide-based vector control 
programmes and could inform the development of novel 
interventions [14]. While evidence for protective effects 
of insecticide-based methods of vector control is convinc-
ing [15], between 2014 and 2019 previous global gains in 
malaria control decelerated, particularly in Africa, where 
the burden of malaria is highest [16]. Although there is 
extensive literature on studies of competitive interac-
tions between mosquito vector species outside of Africa 
[1, 17–19], the synthesis of studies within Africa inves-
tigating the impacts of insecticide-based vector control 
on competitive interactions between species of Anoph-
eles and other vector species remains more limited [14, 
20]. Moreover, while numerous studies from Africa have 
demonstrated that use of insecticides can result in sub-
stantial population suppression of dominant malaria vec-
tors, such as An. gambiae s.s. or An. funestus, many have 
typically reported changes in the relative proportions, 
rather than absolute densities, of targeted species to non-
target ones [21–24], making it impossible to differentiate 
reliably between established preferential effects of insec-
ticides on target versus non-target species and any genu-
ine increases in the densities of non-target species that 
might indicate true competitive release.
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Thus, the extent of evidence showing decreases in 
the densities of targeted vector species and concur-
rent increases in the density or densities of other spe-
cies remains unclear. Restriction of a synthesis of the 
impacts of insecticide-based vector control on competi-
tive interactions to African studies would involve analysis 
of a more discrete set of vector species than would be the 
case for a global investigation. This could, therefore, elicit 
a more precise evaluation of the entomological impacts 
of insecticide-based malaria vector control programmes 
in Africa. The aim of this systematic review was there-
fore to critically assess published research to determine 
whether insecticide-based vector control interventions in 
Africa targeting Anopheles mosquitoes could potentially 
facilitate the competitive release of other vector species.

Methods
Search strategy
A review protocol was developed in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses [25] guidelines and registered with the 
PROSPERO international prospective register of system-
atic reviews (record ID CRD42020194304) [26, 27]. The 
systematic literature review was undertaken from June 
to September 2020, using PubMed, Web of Science and 
Science Direct. Each was searched the from inception of 
each search engine until September 2020. Search terms 
used included ‘intervention’, ‘insecticide’, ‘insecticide 
residual spraying’, ‘long lasting insecticidal nets’, ‘anoph-
eles’, ‘vector’, ‘changes’ and ‘resurgence’, the use of which 
was based on search strings created from three catego-
ries: exposure/treatment, subject and outcome. Boolean 
operators ‘OR’, ‘AND’, and ‘NOT’ were used to narrow or 
broaden results. Reference lists of selected articles were 
also searched. EndNote and Microsoft Excel were used as 
reference manager software.

Eligibility criteria
Studies identified were screened against eligibility criteria 
in specific stages to provide clarity on the causes of exclu-
sion. The first stage was undertaken by AQ and involved 
screening of title and abstract for the following inclusion 
criteria for studies: within Africa; species of Anopheles 
mosquitoes included as a mosquito of interest; insec-
ticide-based intervention tested; data contained either 
before and after, or with and without, intervention arms 
(Table  1). In the second stage, AQ and JBC conducted 
full-text reviews of all studies based on the previous 
inclusion criteria plus the following: inclusion of at least 
two species of mosquito species, with at least one being 
from the Anopheles genus; inclusion of Anopheles and 
other species density outcome data for both before and 
after or with and without intervention implementation, 

with accepted density outcome data and trial design 
criteria, as well as inclusion and exclusion criteria as 
described in Table 1.

Risk of bias
The final stage of eligibility assessment required stud-
ies to undergo bias assessment through the robvis ROB1 
tool, and subsequent exclusion of studies that were found 
to be at high risk of bias. Bias and validity assessments 
were undertaken through a set of outlined bias risks, for 
each individual study satisfying all inclusion criteria (see 
Additional file 1: Table S1).

Data extraction
From studies eligible for quantitative and qualitative 
assessments, AQ extracted data relating to author, year, 
country, intervention type, insecticide used, vectors 
involved, replicates for each treatment, absolute densi-
ties of mosquito populations and corresponding units of 
measurement, proportional densities of mosquito popu-
lations and corresponding units of measurement, rates of 
malaria transmission and corresponding units of meas-
urement, bias risk, confounding factors, and any other 
relevant details or comments.

The following formula was used to calculate the per-
centage relative reduction in absolute densities of mos-
quito populations, where ‘first value’ represents data 
before or without intervention, and ‘second value’ repre-
sents data after or with intervention:

Use of percentage relative reduction meant that any 
increases in density or transmission were noted as nega-
tive numbers, and any decreases were noted as positive 
numbers (see Additional file 2).

Categorisation of studies
Following risk of bias assessments, all remaining studies 
were subsequently assigned to density categories based 
on reported density changes in vector species:

• Category D—two or more vector species decreased 
in absolute densities.

• Category I—two or more vector species increased in 
absolute densities.

• Category ID—one or more vector species decreased 
in absolute densities, concomitant with increased 
density in one or more other vector species.

Individual studies were further stratified by data on 
location, species, date, trap type, and trap placement 

Percentage relative reduction =

100 ∗ (100− first value/second value)
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(indoors or outdoors), intervention and density. Some 
studies consisted of multiple density or malaria trans-
mission observations for the stratifications. To dif-
ferentiate between data arising from these multiple 
individual observations within studies and overall data 
arising from studies, data involving the number of such 
observations within studies is denoted by the terms 
‘observations within studies’ or ‘individual observations’. 
Multiple observations within a study either fell into the 
same density category or were heterogeneous for density 
categories.

Synthesis and statistical tests
After scrutiny of the quality and quantity of extracted 
data, a mixed narrative and quantitative approach was 
adopted for results synthesis. Statistical test application 
to the dataset was limited due to the heterogeneity of 
data observations within and between individual studies, 
such as varieties of vector species identified and multiple 
sources of mosquito collection (indoors and outdoors, 
trap collection or human landing catches [HLCs]). Con-
sidering that some studies reported multiple data obser-
vations (e.g. data from two different sampling methods 
or intervention types), any statistical comparisons were 
made between individual data observations from each 
study as opposed to whole studies, in order to avoid 
exclusion of any data.

Only studies showing statistically significant density 
data were included in the review. Statistical tests form-
ing the basis of the meta-analysis consisted of Chi-
square tests of independence that considered categorical 
variables such as intervention type, insecticide use and 
insecticide resistance status, and rates of transmission. 
A Bonferroni adjustment was applied to the result, to 
minimise the potential for type I error [29]. Mean trans-
mission intensity change differences between study char-
acteristics such as insecticide resistance were assessed 
using a one-way analysis of variance (ANOVA).

When extracting and assessing vector density data, to 
avoid bias, all fluctuations in density that were recorded 
in each study were considered. For example, if a study 
took either a ‘before-and-after intervention’ data collec-
tion approach, or a longitudinal data collection approach, 
or a combination of both, all data satisfying inclusion 
criteria were extracted and assessed statistically and/or 
qualitatively.

Where only a proportion of longitudinal data or 
‘before-and-after intervention’ data from within the 
same study involved category ID, the entire study was 
assigned to category ID. Transmission data that were 
tested statistically could be sourced from either sporozo-
ite rates or clinical incidence and prevalence data, with 
pooled results termed ‘transmission changes’. These data 

were assessed as individual observations rather than 
as whole studies, as some studies measured multiple 
sporozoite rates and therefore had multiple transmission 
observations.

All statistical testing was carried out using IBM SPSS 
version 27 software. Narrative analysis was carried out 
in accordance with the ‘Synthesis without meta-analysis 
(SWiM) in systematic reviews: reporting guideline’ [30].

Results
From 5569 publications screened for this review, 30 stud-
ies were eligible for quantitative and qualitative assess-
ment (see Additional file 1: Tables S2 and S3). The review 
and selection process are detailed in Fig. 1.

Quantitative analysis
Summary of density changes in response to interventions
Of the 30 studies selected for analysis, in total there were 
50 and 23 data observations on changes to density data 
or malaria transmission intensity data (‘transmission 
data’), respectively. Of these, 66% (n = 33), 2% (n = 1) 
and 32% (n = 16) of individual density data observations 
were assigned to category D I and ID, respectively. A sig-
nificant relationship was found between insecticide type 
used and category, where use of a pyrethroid was more 
likely to result in a category ID density change (Table 2).

Insecticide resistance data compared with transmission data
A Chi-square test of independence revealed no sig-
nificant relationship between insecticide resistance 
status and category of change in malaria transmission 
(increased, decreased or no change), Χ2 = 0.049, df = 1, 
P = 0.825. Similarly, there were no statistically signifi-
cant differences in mean transmission between the two 
insecticide resistance categories (insecticide resist-
ance reported, or not reported) (one-way ANOVA, 
F(1,21) = 17.401, P = 0.945).

Transmission data compared with density data
Only a subset of studies that were selected for final analy-
sis recorded transmission data, as this was not a primary 
observation required for review as per study eligibil-
ity criteria. Where category D individual observations 
within studies had monitored transmission (n = 12), aver-
age percentage transmission reduction was 48.6% (95% 
CI 1–96.2). In category ID (n = 11), average percentage 
transmission reduction was 54.8% (95% CI 30.2–79.4). 
There were no statistically significant differences between 
category mean transmission data as determined by one-
way ANOVA (F(1,21) = 222.709, P = 0.805).
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Qualitative assessment
Qualitative assessment of category ID studies led to 
the dismissal of five studies from further consideration, 
as these were judged to provide only weak evidence 
for competitive release, such as marginal effects on 

population densities, or possible alternative explanations 
that could account for changes in vector species compo-
sition such as insecticide resistance or changes in rainfall 
(see Additional file  1). The remaining five category ID 
studies were judged to provide more compelling evidence 

Fig. 1 Flowchart summary of numbers of publications identified from search engines and excluded or included at each subsequent stage of the 
analysis
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that release from competition could have contributed to 
changes in species composition due to release from com-
petition and are described below.

Sougoufara et al. [31] examined the impact of the intro-
duction in 2008 of LLINs on densities of the three sym-
patric species of the An. gambiae complex in Dielmo, 
Senegal. In 2006, prior to LLIN introduction, An. coluzzii, 
An. gambiae, and An. arabiensis represented 57%, 19% 
and 21% of Anopheles captured in human landing catches 
(HLCs), and accounted for 4.33, 1.45 and 1.62 bites per 
person per night (bpn), respectively. By 2008, with the 
introduction of LLINs in July, the three species repre-
sented 14%, 3% and 83% of proportions of HLCs and had 
densities of 2.00, 0.44 and 12.12 bpn. Changes in rainfall 
alone could not account for this change in species densi-
ties, as precipitation in 2008 was 834.4 mm and in 2006, 
583.4  mm [32]. Indeed, the heavier rainfall observed 
in 2008 should have favoured higher densities of An. 
coluzzii and An. gambiae s.s., as both species are typically 
most abundant in the wet season in Dielmo [31].

Over this same time frame, the prevalence of malaria 
in children under 14  years of age declined from 36.8 
to 12.3%, and from 27.6 to 9.0% for those aged over 
15 years, presumably reflecting the shift in composition 
of the complex to the less endophilic, anthropophilic An. 
arabiensis. By 2010, there was a rebound in the numbers 

of An. gambiae, but not of An. coluzzii, which continued 
to show a decline in density. Although the absolute den-
sity of An. arabiensis was lower in 2010 than in 2008, it 
remained the most abundant species, with An. coluzzii, 
An. gambiae and An. arabiensis accounting for 8, 31 and 
60%, respectively, of HLC samples. This rebound of An. 
gambiae s.s. may have been as a result of the emergence 
of insecticide resistance, as increases in pyrethroid resist-
ance had been reported in the area in An. gambiae sensu 
lato (s.l.), although individual species of the complex 
were not specifically investigated. Adherence to bednet 
usage may have also contributed to this rebound, as self-
reported LLIN usage in Dielmo reduced from 75.6% in 
2008 [32] to 58.3% in 2010 [31].

Russell et al. [33] also reported a shift in the composi-
tion of the An. gambiae complex from An. gambiae s.s. 
to An. arabiensis. In that study, the impact of the 2006 
introduction of insecticide-treated nets (ITNs) in rural 
Tanzania [24] was examined for the period between 2004 
and 2009 [33]. Using the absolute density data of the An. 
gambiae s.l. reported in Russell et  al. [33] for 2004 and 
2009, and relative density data for An. gambiae s.s. and 
An. arabiensis reported in the intervention area for 2004 
[34, 35] and 2009 [33], the changes in absolute densities 
of An. gambiae s.s. and An. arabiensis over this period 
were calculated here. These data confirmed an almost 

Table 2 A summary of Chi-square comparisons of study characteristics and density change categories

a Push–pull systems, hessian strips, long-lasting insecticide-treated blanket, insecticide-treated bednet plus sisal curtains, ITN plus LLIN combinations
b Bonferroni-adjusted P < 0.0125, n = 50
c Bonferroni-adjusted P < 0.016, n = 23

*Represents a significant difference

Study characteristics Number of observations within category studies (%) Chi-square tests of independence

Category D Category I Category ID

Intervention type

 ITNs or LLINs 10 (30.4) 1 (100) 12 (75) Χ2 = 11.564, df = 4, P = 0.021b

 IRS 16 (48.4) – 1 (6.25)

  Othera 7 (21.2) – 3 (18.75)

Insecticide type

 Pyrethroids 16 (48.5) 1 (100) 15 (93.7) Χ2 = 10.157, df = 2, P = 0.006b*

 Non-pyrethroids 17 (51.5) – 1 (6.3)

Insecticide resistance

 Resistance 18 (55) 1 (100) 7 (43.8) Χ2 = 1.445, df = 2, P = 0.486b

 No resistance 15 (45) – 9 (56.2)

Malaria transmission

 Increased transmission 2 (16) – 1 (9) Χ2 = 0.290, df = 1, P = 0.590c

 Decreased transmission 10 (84) – 10 (91)

Collection methods

 Indoor 24 (72) – 10 (55.7) Χ2 = 5.705, df = 4, P = 0.222b

 Outdoor 3 (10) – 3 (16.6)

 Indoor + Outdoor 6 (18) 1 (100) 5 (27.7)
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complete reversal in the absolute densities of An. gam-
biae s.s. and An. arabiensis between 2004 and 2009 for 
this Tanzanian study (Table  3). Moreover, the authors 
showed that this shift in species composition was not 
related to rainfall patterns in the area.

Zhou et  al. [36] reported similar, although less dra-
matic, observations concerning an increase in density of 
An. arabiensis following decreased density of An. gam-
biae s.s. They examined the entomological impacts of 
the introduction of ITNs in 2006 in villages in Western 
Kenya between 2002 and 2010. In Kombewa, where the 
main vectors were An. gambiae s.l. and An. funestus s.l., 
mosquito density decreased by 90% from 2002 to 2007. 
The 2003 density of An. gambiae s.l. was 1.3 females per 
house per night (fhn), with 1.7% of those samples being 
An. arabiensis. In 2009, An. gambiae s.l. accounted for 
0.23 fhn, 61.7% being An. arabiensis.

These data allowed the calculation here of the abso-
lute density of An. gambiae s.s., which decreased more 
than 14-fold from 1.278 fhn in 2003 to 0.088 fhn in 2009. 
Over the same time frame, there was more than a sixfold 
increase in the absolute density of An. arabiensis, from 
0.022 to 0.142 fhn. In Iguhu, An. gambiae s.s. decreased 
more than 11-fold from 2.178 fhn in 2003 to 0.195 fhn 
in 2006, whereas An. arabiensis doubled in density from 
0.022 to 0.045 fhn over the same period.

Bayoh et  al. [37] also examined the species composi-
tion of An. gambiae s.l. in two regions in western Kenya: 
Asembo, where ITN ownership was circa 90% from 1999 
onwards, and neighbouring Seme, where ITN coverage 
was below 5% in 1999, but gradually increased to circa 
30% in 2003 and was greater than 70% by 2007. In these 
communities, An. gambiae s.s. and An. arabiensis were 
the two dominant malaria vectors, with An. gambiae 
s.s. predominating until 1999. After 1999, the propor-
tion of An. gambiae s.s. relative to An. arabiensis stead-
ily declined, so that by 2009 the latter accounted for circa 
99% of indoor pyrethrum spray catches (PSCs) and the 
former 1%. These changes could not be accounted for by 
rainfall.

Consistent with this proportional data from adult 
collections, in 2003, the absolute larval density of An. 

gambiae s.s. in Seme, with low ITN coverage, was higher 
than that of An. arabiensis and of that found in Asembo, 
where ITN coverage was high. As ITN coverage increased 
in Seme between 2003 and 2009, the relative proportion 
of An. gambiae s.s. to An. arabiensis obtained in larval 
collections declined. Thus, the evidence regarding com-
petitive releases of species from this study was consistent 
with that of Sougoufara et al. [31], Russell et al. [33] and 
Zhou et al. [36].

Gillies and Smith [38] reported on the impacts on the 
An. funestus group from the application of IRS using diel-
drin in the Kihurio village in the South Pare region of 
Tanganyika (now Tanzania) in East Africa. Before spray-
ing in November 1955, endophilic, anthropophilic An. 
funestus predominated seasonally in box shelter catches, 
while numbers of exophilic, zoophilic An. rivulorum were 
considerably lower (Fig. 2).

After spraying, from January 1956, no sample from 
box catches was identified as An. funestus, while there 
were substantial increases in the seasonal density of the 
population of An. rivulorum. Although increases in vec-
tor densities showed marked seasonal variation (Fig.  2), 
the shift in species composition persisted for more than 
2 years, indicating that such changes in species compo-
sition were unlikely to be from environmental or rain-
fall conditions associated with a particular season. Nor 
were there any reported changes in irrigation in Kihurio 
over this time. Anopheles rivulorum was identified by the 
presence of ‘two spots’ on its fifth wing vein, which were 
never found in An. funestus [38]. The proportion of An. 
rivulorum displaying this phenotype was reported to vary 
from region to region, so it was possible that the propor-
tion displaying ‘two spots’ changed over the course of 
the study. However, while this could have exaggerated 
the magnitude of the effect from the shift in population 
densities, it would not alone account for the substantial 
increase in density of An. rivulorum.

The authors also reported overlap, albeit incom-
plete, in the aquatic habitats of An. rivulorum and 
An. funestus, found in flooded rice paddies and irriga-
tion channels. Anopheles funestus, but not An. rivu-
lorum, was also reported to occupy stagnant aquatic 

Table. 3 Evidence from Russell et al. [33] for increases in the absolute population densities of An. arabiensis concomitant with 
decreases in absolute densities of An. gambiae following roll-out of LLINs in 2006 [24]

a Data from Scholte [34] and Scholte et al. [35]

Measurement Species 2004 2009

Absolute density ± standard error (bpn) An. gambiae s.l. 0.660 ± 0.006 0.575 ± 0.008

Relative proportions ± standard error (%) An. gambiae s.s. 94.7 ± 0.05a 0.5

An. arabiensis 5.3 ± 0.05a 99.5

Absolute density, calculated using relative proportion (bpn) An. gambiae s.s. 0.625 0.003

An. arabiensis 0.035 0.572
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habitats. After spraying, the authors did not observe 
the colonisation of any stagnant water sites by An. 
rivulorum. Rather, they speculated that interspecific 
competition in overlapping aquatic habitat sites may 
have accounted for the relative rarity of An. rivulo-
rum before spraying. With the near elimination of An. 
funestus following IRS, An. rivulorum could have been 
released from competition, causing such a dramatic 
expansion in its numbers.

Gillies and Smith [38] also noted that there was a 
second possibility for release from competition. Other 
studies in the area had previously reported on the 
reduction in population density of An. gambiae, in 
addition to An. funestus [39]. Anopheles gambiae was 
also found to overlap with An. rivulorum in aquatic 
habitats, so some competitive interactions could be 
envisaged. However, the annual peak numbers of An. 
gambiae were from January to March, whereas both 
An. funestus and An. rivulorum peaked seasonally 
between April and June. This supports the argument 
that the increases in density of An. rivulorum were 
caused by the elimination of An. funestus leading to the 
release of An. rivulorum from competition in aquatic 
habitats. Despite its increased population density, An. 
rivulorum did not contribute to malaria transmission 
in the area, because it was principally zoophilic.

Discussion
The aim of this systematic review was to search for evi-
dence indicating the potential for vector species to be 
released from competition following insecticide-based 
vector control of Anopheles species in malaria-endemic 
sub-Saharan Africa. Of necessity, studies that were 
included in this review reported population density 
data for at least two species of mosquito, with at least 
one belonging to the Anopheles genus, both before and 
after, or with and without, intervention implementation 
(Table 1).

The stringency of inclusion and exclusion criteria 
meant that some studies that have previously been cited 
[1, 20] as providing evidence for release of vector spe-
cies from competition following insecticide use in Africa, 
such as Gillies and Furlong [40], were identified but 
excluded from this analysis because they provided insuf-
ficient data on densities of both insecticide-targeted spe-
cies and other vector species.

Although all category ID studies provided some degree 
of evidence that opposing changes in species densities 
were consistent with the release of other vector species 
from competition (Fig.  3a), it is also important to con-
sider alternative explanations. Competitive interactions 
between targeted Anopheles species and other vector 
species could also occur through indirect effects where 

Fig. 2 Replacement of An. funestus by An. rivulorum in Kihurio, South Pare Area, Tanganyika Territory (modern day Tanzania), East Africa, following 
IRS with dieldrin in November 1955. Data were extracted from Tables I and II to reproduce with permission Fig. 1 in Gillies and Smith [38]. Green 
dashed line shows when IRS occurred. No samples of An. funestus were recorded after January 1956. *Proxies for absolute density were recorded 
as average monthly catch of mosquitoes from the resting boxes that were used as traps throughout the study area, the number of which varied 
from day to day. The number of catches per month also varied. Density was therefore calculated using the unit ‘20 box/days’, which represented the 
average catch of mosquitoes from outdoor traps in the study area on any one day in a month, which allowed comparison between data at different 
time points
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two species could be in apparent asymmetric competi-
tion with each other via predator–prey relationships 
[41], with a differential impact of the insecticide on one 

species leading to an increase in density of the other spe-
cies (Fig. 3b). In theory, in such a scenario the two spe-
cies would not need to share habitats, but would need 

Fig. 3 Possible scenarios for changes in densities of Anopheles species observed in studies from category ID. Intervention involves an 
insecticide-based vector control measure targeting vector species V resulting in its decreased population density, concomitant with increased 
population density of other vector species D. White circles represent population densities. a Differential effects on species from insecticide with 
release from competition. b Release from apparent asymmetric competition via impacts on predator–prey interactions. Black lines represent 
competitive pressure on a species at the tip of arrowheads, with ‘+’ indicating a positive effect and ‘++’ indicating an even stronger positive effect, 
while ‘−’ indicates a negative effect and ‘−−’ a stronger negative effect. ‘0’ indicates negligible competitive effects. Effects shown in parentheses 
indicate apparent competitive effects [41]. c Species-specific insecticide resistance with release from competition. d Species-specific insecticide 
resistance with increase in habitat resources. The IR superscript after D indicates insecticide resistance in that species. e Differential impacts on 
species from insecticide with increase in habitat resources. Blue arrows indicate potentially positive effects on population densities from increases in 
habitat resources, such as increased rainfall. a and b adapted from [54]



Page 11 of 14Qureshi and Connolly  Parasites Vectors          (2021) 14:462  

to share predators that could, for example, visit separate 
larval habitats. Both species would of course still need 
to co-locate in the same vicinity to be preyed upon by a 
shared predator.

Insecticide resistance could also influence changes 
in species composition. Indeed, Helinski et  al. [42] and 
Zhou et  al. [43] reported that reduced susceptibility to 
the insecticide was the most likely cause of divergent 
changes in species densities resulting from insecticide 
use. As a result, these category ID studies were excluded 
from the present qualitative assessment. However, even if 
a species was fully resistant to an insecticide, its density 
should only be maintained, and not increase, in the pres-
ence of the insecticide, unless additional factors are also 
influencing species composition, such as release from 
competition (Fig.  3c) or increases in habitat resources 
(Fig.  3d). In support of this, we found that instances of 
insecticide resistance were reported for similar propor-
tions of observations across all density categories (55 and 
44% in categories D and ID, respectively), and there was 
no statistically significant relationship between insecti-
cide resistance status and category of density change.

Another possible explanation to account for changes 
in species composition could involve differential effects 
of the insecticide on one species over another, combined 
with an increase in habitat resources, such as increased 
rainfall or changes in irrigation practices that might aug-
ment aquatic habitats. The less affected species could 
then increase in number while the other species reduced 
in density, without the need to invoke any explanation 
involving interspecific competition (Fig. 3e). Some stud-
ies did attempt to address this scenario by searching for 
evidence for altered patterns of rainfall or irrigation that 
could support species composition changes, finding none 
[31, 38], while one was excluded from the narrative anal-
ysis because the reported evidence was judged to be con-
sistent with changes in species composition being driven 
by changes in rainfall [44].

The most common interventions in category ID studies 
involved LLINs or ITNs. Species that are endophilic and 
anthropophagic are behaviourally vulnerable to indoor 
insecticide-based vector control measures such as IRS 
and LLINs, which can thus lead to their effective suppres-
sion. In the 10 category ID studies identified, there was 
heterogeneity in species that increased or decreased in 
density. Anopheles arabiensis, a species known to exhibit 
behavioural plasticity in response to vector control, was 
found to increase in density in four of these studies but 
decrease in none. By contrast, An. funestus, which shows 
less behavioural plasticity and has more fixed habitat 
requirements [45], decreased in density in four of these 
studies and increased in one. A greater ability to display 
behavioural evasion of endophilic and anthropophagic 

needs could thus lead to residual disease transmission. 
Indeed, mosquito taxa exhibiting such evasive traits may 
be more accurately described as behaviourally resilient 
rather than insecticide-resistant [8]. Thus, for each spe-
cies there is likely to be an interplay between physiologi-
cal status towards insecticides and behavioural plasticity 
that together determine the impact of the intervention.

Limitations also surround the diversity in methods of 
mosquito collection between each study. Whilst many 
studies collected both indoor and outdoor samples of 
mosquitoes, some only performed indoor collections. 
This may be problematic to interpret, due to the behav-
iourally selective nature of indoor collections, likely to 
influence the balance of species densities indoors. For 
example, An. gambiae s.s. tends to bite at night indoors 
and then rest on the walls of the dwelling and so is likely 
to be overrepresented in indoor resting catches com-
pared with less endophilic species. However, results 
indicated that density change type was not influenced by 
mosquito collection location. Nonetheless, where indoor 
and outdoor data were reported separately rather than 
averaged, one study showed that density changes seen 
from indoor collections (category ID) differed from those 
seen in outdoor collections (category D) [46], and two 
studies showed data consistent with density change type 
between indoor and outdoor collections [47, 48].

Two additional factors may have contributed to the 
substantial variation in the strength of evidence sup-
porting release of other vector species from competi-
tion found in category ID studies. Firstly, it is known that 
there can be heterogeneity in observed larval densities in 
aquatic habitats in the field [13]. This could lead to vari-
ability in the propensity for competition between vector 
species to occur, which could be observed as variability in 
the frequency and effect size of any releases of other vec-
tor species from competition following population sup-
pression of Anopheles species. Secondly, release of other 
vector species from competition could vary temporally. 
Some releases might only be temporary and occur over 
relatively short time frames. For example, should LLIN 
use decline in human behavioural responses to reduc-
tions in populations of targeted species, the density of 
that targeted species could again increase to reduce or 
reverse any effects of release from competition on the 
densities of other vector species [31, 32]. Thus, densi-
ties reported in any one study may not have reflected 
maximal levels of differences in density changes between 
Anopheles species and other disease vectors.

Despite the considerable heterogeneity between cat-
egory ID studies, potentially involving complex inter-
actions between habitat, climate, environment and 
land use changes that may have further contributed 
to changes in species composition, qualitative analysis 
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identified five studies reporting significant opposing 
increases and decreases in vector species that were 
considered to provide compelling evidence that it was 
possible for competitive release to occur following 
insecticide-based population suppression of Anopheles 
vector species [31, 33, 36–38]. In all five cases, highly 
effective malaria vectors appeared to be replaced with 
less efficient vectors of malaria transmission. Moreo-
ver, in the two of these studies that had also reported 
on data relevant to disease incidence, indicators of 
malaria transmission also decreased [31, 36], suggest-
ing that release of vector species from competition 
did not increase disease transmission under those 
conditions.

Aquatic habitats for mosquito larval development 
are believed to have the most impact on adult popula-
tion numbers [2, 3]. Prerequisites, therefore, for direct 
interspecies competitive interactions between mos-
quito species are that they are both sympatric and share 
the same aquatic habitats. Indeed, it is noteworthy that 
for the five most compelling studies identified in this 
review, putative competitor species of insecticide-tar-
geted Anopheles species were invariably sibling species. 
Sibling species An. gambiae s.s. and An. arabiensis are 
known to share larval habitats, and competitive inter-
actions between these species have been observed [11], 
supporting an association between changes in spe-
cies composition and competitive release [33, 36, 37]. 
Anopheles coluzzii and An. arabiensis have also been 
reported to share aquatic habitats, adding weight to 
the conclusions of Sougoufara et  al. [31] that reduc-
tions in the density of An. coluzzii could have released 
An. arabiensis from competition. Similarly, Gillies and 
Smith [38] found that An. rivulorum replaced it sibling 
species An. funestus following IRS, and it was reported 
that the two species shared larval habitats.

Consistent with such observations, this review 
found no convincing evidence that insecticide-based 
population suppression of An. gambiae s.l. could lead 
to increases in the densities of species outside of the 
Anopheles genus, such as Aedes aegypti, a major vector 
species responsible for the transmission of dengue and 
yellow fever. Indeed, Ae. aegypti and An. gambiae s.l. 
do not share aquatic habitats, with the former favour-
ing water tanks, discarded containers, tyres, shells or 
tree holes [49] and the latter preferring natural aquatic 
habitats ranging from small, clean, sunlit, ephemeral 
ones that lack vegetation to larger, riparian, more per-
manent bodies of water, typically with overhanging veg-
etation, such as riverbanks with slow-moving water or 
irrigation channels of rice paddies [50]. Moreover, Ae. 
aegypti is considered an urban dweller whereas An. 
gambiae occupies rural locations.

Conclusions
While it cannot be asserted that the evidence obtained 
by this review is representative of entomological seque-
lae from the use of insecticide-based vector control in the 
field, at least five studies provided persuasive evidence 
that insecticide use could, at least under some circum-
stances, lead to competitive release of non-targeted vec-
tor species. These observations should therefore form 
part of the considerations relating to integrated vector 
management approaches for malaria control in Africa 
[51]. More broadly, novel forms of vector control that 
could in the future effectively target malaria vector spe-
cies [52, 53] might also result in increases in the densi-
ties of non-targeted, sympatric vector species that share 
larval habitats or predators, at least under certain cir-
cumstances. Hence, such interventions could effectively 
reduce the incidence of malaria and thus overall disease 
burden even against the background of competitive 
releases of other non-targeted, sympatric vector species.
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