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Abstract 

Background  The Zanzibar Malaria Elimination Programme relies on insecticide-treated nets as the principal vector 
control method, supplemented by reactive focal indoor residual spraying. Despite the success, local malaria transmis‑
sion persists, and the underlying reasons for sustained transmission remain unclear, yet critical to optimizing vector 
control for elimination. Entomological characterization of transmission dynamics was conducted to identify the gaps 
with existing interventions and opportunities for complementary interventions.

Methods  Adult malaria vectors were collected monthly for two consecutive nights at ten sentinel sites (6 Unguja, 4 
Pemba) from October 2022 to September 2023. Hourly indoor and outdoor human landing catch method was used 
for collecting mosquitoes from 18:00 to 06:00 h.

Results  Anopheles arabiensis was the predominant malaria vector species across all the sentinel sites, except in the 
urban district of Unguja, where Anopheles gambiae sensu stricto was predominant. Malaria parasite-infected An. arabi-
ensis bites were distributed disproportionately between indoors (n = 4), 22:00 to 02:00 h, and outdoors (n = 10) earlier 
in the evenings, 1800 to 2100 h.

Conclusion  The outdoor catches of malaria-parasite infected mosquitoes before typical sleeping hours highlight 
the potential risk of human exposure to outdoor transmission.

Keywords  outdoor biting, malaria elimination, entomological characterization, malaria vector, malaria transmission, 
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Background
The Zanzibar Malaria Elimination Programme 
(ZAMEP) has successfully sustained a low human Plas-
modium falciparum malaria prevalence of < 1% over 
the past decade through vector control interventions 
comprised primarily of insecticide-treated nets (ITNs), 
complemented with indoor residual spraying (IRS) [1]. 
Despite this success, local transmission persists, and 
the underlying reasons for the sustained transmis-
sion remain unclear. Understanding the drivers of sus-
tained transmission is critical for optimizing malaria 
vector control responses and tailoring complementary 
interventions for malaria elimination. A growing body 
of evidence indicates the effectiveness of ITNs and/
or IRS is being compromised by biting location, bit-
ing times of vector [2, 3], human behaviours, particu-
larly outdoor activities that increase biting risk [4, 5], 
insecticide resistance [6] and low utilization of inter-
vention [7]. The relationship between human behaviour 
and adapted mosquito behaviours are highly context-
specific. Thus, local entomological investigations are 
important for informing vector control approaches in 
elimination areas.

Epidemiological data from 2022–2023 in Zanzibar, 
based on Malaria Case Notification (MCN) system [8], 
demonstrated a sharp increase in malaria cases: 19,007 
from July 2022 through June 2023, compared to 4,603 
cases reported over the previous 12 months with major-
ity of cases shown to be local (Zanzibar Malaria Elimi-
nation Program, Weekly Malaria Report, Unpublished). 
Evidence from across sub-Saharan Africa shows that, fol-
lowing wide-spread use of ITNs, the species composition 
of malaria vectors has changed since 2005, with progres-
sive declining in dominance of the highly anthropophilic, 
endophagic, and endophilic Anopheles gambiae sensu 
stricto (s.s.) to its sibling species Anopheles arabiensis 
[9–11], which is less vulnerable to indoor-targeted inter-
ventions [12–14].

Unlike An. gambiae s.s., which has a strong prefer-
ence for human blood and typically bites indoors late 
at night, making it highly vulnerable to vector control 
interventions designed to protect indoor and sleeping 
spaces, An. arabiensis, exhibits flexible feeding and rest-
ing behaviours. Some of these behaviours may attenuate 
the impact of indoor-targeted interventions, including 
ITNs and/or IRS [2, 3, 15–18]. Such atypical behaviours 
include early exit from houses, outdoor early evening or 
morning biting habits, and feeding on non-human hosts 
[14, 15]. These behaviours increase their likelihood of 
evading fatal contact with ITNs or IRS, enabling a large 
proportion of them to survive to an age when they are 
capable of transmitting the pathogen [19], thereby sus-
taining residual transmission [3, 16].

While the available epidemiological data provide 
insight into the burden [20, 21] of malaria including case 
distribution, classification [22, 23], and human behav-
ioural/occupational risk factors in Zanzibar, they do not 
fully explain transmission drivers, gaps in existing inter-
ventions, or identify opportunities for complementary 
vector control interventions. Here, entomological inves-
tigations were conducted to identify the malaria vector 
species composition, mosquito biting behaviours, and 
risk of human indoor and outdoor exposure to infectious 
bites throughout nighttime hours to inform selection and 
aid optimization of vector control strategies.

Methods
Study area and sentinel sites
The Zanzibar archipelago measures approximate 2461 sq 
km and is located off the northeast coast of the Tanzania 
mainland. It is made up of two large islands, Unguja and 
Pemba, both aiming for malaria elimination. Zanzibar 
has great variability in the distribution of malaria cases 
across the eleven districts. Anopheles arabiensis, a mem-
ber of An. gambiae complex, is widely distributed across 
Zanzibar. Other members of An. gambiae complex pre-
sent include Anopheles merus and An. gambiae s.s.. The 
latter two species are known to be focalized in relatively 
few places [24, 25]. Zanzibar experiences a bi-modal 
rainfall pattern with the short rainy season typically from 
October to December and the long rainy season from 
March to June, with some variation in recent years.

Ten pre-established sentinel sites, 6 from Unguja and 
4 from Pemba, were used for the routine monitoring of 
malaria vector bionomics including vector abundance, 
species composition, vector biting time and biting loca-
tion (outdoor versus indoor) and sporozoite infection 
status (Fig. 1). Sentinel site selection was based on crite-
ria that included: a diversity of malaria endemicity, risk of 
malaria from environmental determinants (agricultural 
practices such as rice irrigation), topography, and popu-
lation density (urban versus rural). One sentinel site from 
each of the 10 districts was selected as shown in Fig. 1.

Mosquito sampling
Mosquitoes were collected by human landing catch 
method (HLC). With this method, a volunteer sits on a 
chair while exposing their legs and aspirates mosqui-
toes attempting to bite them using a mouth aspirator 
[26–28]. Human landing catch is allowable in Zanzibar; 
however, written informed consent was obtained from 
all volunteers participating in the activity. The volunteers 
conducting HLC were provided with malaria prophy-
laxis and were all administered deworming albendazole 
for lymphatic filariasis as part of the annual mass drug 
administration program conducted in Zanzibar. Research 
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indicates that HLC volunteers on prophylaxis are consid-
erably at relatively low risk of malaria than the surround-
ing population [29]. Whether there is increased risk of 
HLC volunteers to other vector-borne diseases remain 
unknown. Human landing catch was conducted hourly 
from 18:00 to 06:00 h from two randomly selected senti-
nel houses in each of the sentinel sites. Collections were 
made from both indoors and outdoors at each house 
monthly for two consecutive nights from October 2022 
to September 2023. Each collection hour was designed 
to include 45 min for mosquito collection and a 15 min 
rest-break for coffee and stretching due to ethical con-
sideration The mosquitoes collected in each hour were 
placed in separate pre-labelled paper cups corresponding 
to the hour of capture and location (indoor versus out-
door) and stored in a cool box before being transported 
to the laboratory during the morning hours for sorting 
and morphological identification. This method was con-
ducted across all sentinel sites to allow assessment of 
mosquito biting density, species composition, biting time 

and location phenotype, and investigate the potential of 
local transmission.

Processing of sample and molecular analysis
Mosquito samples from all field catches were sorted, 
counted, and morphologically identified as either An. 
gambiae sensu lato (s.l.), Anopheles funestus s.l., Anoph-
eles rufipes, Anopheles maculpalpis or Anopheles cous-
tani using a morphological key [30] and with the aid of a 
dissecting microscope. All specimens of Anopheles were 
individually stored in 1.5-mL tubes containing desiccated 
silica gel under cotton wool for further molecular specia-
tion confirmation by polymerase chain reaction (PCR). 
The thorax and head of the same specimen of individ-
ual mosquitoes that had undergone PCR testing were 
subjected to sporozoite detection using enzyme-linked 
immunosorbent assay (ELISA) [31]. This established 
ELISA approach was complemented by heating all posi-
tive CSP ELISA lysate to 100 °C for 10 min to eliminate 
false positivity [32].

Fig. 1  Distribution of the sentinel sites across Unguja and Pemba (red-represent sentinel site)
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Data analysis
Data analysis was primarily descriptive, except for the 
assessment of indoor versus outdoor biting densities 
and for temporal variation in biting densities between 
October, 2021 to September, 2022 vs October, 2022 to 
September, 2023 to ascertain whether the difference was 
significant. In this case, a generalized linear mixed model 
(GLMM) effect with a Poisson distribution was applied, 
fitting biting location (indoor vs outdoor) as fixed effect, 
and date and site of data collection as random effects, 
with the catches of An. arabiensis, as the response vari-
able. The simple generalized linear model (GLM) with a 
Poisson distribution was also applied for the comparison 
of biting densities between data collected in the years 
2021/2022 and 2022/2023. Data were stratified to include 
three months: April, May and June. These months were 
selected because they coincided with the mid-year 
malaria surge of 2023 and, therefore, aimed to establish 
whether density indicators could be used as a proxy for 
the malaria surge. Year of data collection was treated as 
fixed effect and mosquito catches as response. A p-value 
less than 0.05 was considered significant.

Results
Catches of Anopheles mosquitoes, distribution 
and sporozoite infection
A total of 2731 An. gambiae s.l., from Unguja under-
went PCR analysis, and 2698 (98.8%) specimens suc-
cessfully amplified. Of the successfully amplified 
specimens, 2505 (92.8%), 135 (5.0.%) and 58 (2.1%) 
were An. arabiensis, An. merus and An. gambiae s.s., 
respectively. Anopheles arabiensis predominant malaria 
vector across sites except in Stone Town where An. 
gambiae s.s. were caught in relatively high proportion 
(Table 1, Fig. 2). Similarly, in Pemba, 1080 An. gambiae 
s.l., underwent PCR analysis, and 1068 (98.9%) suc-
cessfully amplified to sibling species, which included 

1054 (98.7%) An. arabiensis, 13 (1.2%) An. merus, 
and 1 (0.1%) An. gambiae s.s. (Table  1, Fig.  2). Other 
anopheline collected a total of 4 An. rufipes and 9 An. 
coustanii.

Mosquitoes belonging to the An. funestus group were 
also analysed by PCR to species level. Of 20 specimens 
that were collected from Unguja, all 20 were An. paren-
sis (Table 1). Of the 21 specimens analysed from Pemba, 
included 3 An. funestus s.s., 17 Anopheles parensis, and 
1 Anopheles vaneedeni (Table 1).

Sporozoite infection analysis was conducted on a total 
of 2,731 numbers of An. arabiensis and An. gambiae s.s. 
from Unguja. 10 specimens tested positive for Plasmo-
dium falciparum, and they were all An. arabiensis, lead-
ing to a total sporozoite rate of 0.37%. These positive An. 
arabiensis (n = 6) were collected outdoors between 19:00 
and 21:00 h and (n = 4) from indoors between 22:00 and 
02:00 h. In Pemba, a total of 1080 An. arabiensis mosqui-
toes were tested for sporozoite infection. Four specimens 
tested positive for P. falciparum sporozoite infection and 
were all An. arabiensis. This represents a total sporozoite 
rate of 0.37%. Three specimens were collected outdoors 
between 18:00 and 21:00 h, and one specimen collected 
outdoors at 23:00 h.

Temporal variation in biting density of An. arabiensis
The density of An. arabiensis fluctuates over months 
with two peaks corresponding to short and long rainy 
seasons (Fig. 3). Between April and June 2023, the den-
sity of An. arabiensis increased by six-fold compared 
to the same months in 2022 in Unguja. Such difference 
was statistically significant [RR = 3.51, 95% CI = 3.11–
3.96, p < 0.001]. In Pemba and during the same months, 
the density also increased in 2023 compared to 2022, 
but the increase did not reach statistical significance 
[RR = 1.11, 95%CI = 0.99–1.24, p = 0.05].

Table 1  Numbers and taxonomic composition of Anopheles species mosquitoes collected across sentinel sites

Location Sites An gambiae 
s.s

An arabiensis An merus An funestus An parensis An vaneedeni Total

Unguja Bumbwini 1 236 41 0 0 0 278

Unguja Mwera 2 364 1 0 0 0 267

Unguja Cheju 6 1807 7 0 20 0 1840

Unguja StoneTown 41 21 4 0 0 0 66

Unguja Donge 1 54 82 0 0 0 138

Unguja Muyuni 7 23 0 0 0 0 30

Pemba Bopwe 0 508 2 2 12 1 525

Pemba Tumbe 1 423 10 0 4 0 438

Pemba Uwandani 0 65 0 1 1 0 67

Pemba Wambaa 0 58 1 0 0 0 59
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Biting behaviours
Overall, An. arabiensis, exhibited more outdoor bit-
ing than indoor, and this was consistent in Unguja 
[outdoor = 70% versus indoor = 30%, RR = 2.12, 95% 
CI = 1.94–2.30, p < 0.001] and Pemba (outdoor = 81% 
versus indoor = 19%, RR = 4.04, 95% CI = 3.43–4.74, 

p < 0.001]. The biting activity started just after sunset and 
progressed throughout the night until 06:00 h (Fig. 4a, b). 
This predominantly outdoor biting pattern was generally 
consistent across sites, except at Muyuni, Bumbwini and 
Stone Town and Uwandani where pattern was unclear 
because of the small number of catches.

Fig. 2  Sibling species composition of An. gambiae s.l. by sentinel sites (deep red = An. arabiensis, blue = An. gambiae sensu stricto, grey = An. merus)

Fig. 3  Monthly biting density of An. arabiensis from Unguja and Pemba (A represent Unguja and B represents Pemba)
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Discussion and conclusion
Anopheles arabiensis is the predominant malaria vec-
tor in Zanzibar, and its density increased substantially 

during the long rainy season between April and June of 
2023, compared to the same period of 2022. This malaria 
vector exhibit more outdoor biting habit with more 

Fig. 4  a Hourly biting rate by sentinel site and location (outdoor vs indoor) for An. arabiensis in Unguja (The dashed line represent the time 
when most local residents are likely to be indoors and asleep under ITNs). b Hourly biting rate by sentinel site and location (outdoor vs indoor) 
for An.arabiensis in Pemba (The dashed line represent the time when most local residents are likely to be indoors and asleep under ITNs)
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malaria parasite-infected mosquitoes found attempting 
to bite outdoors and before the likely typical sleeping 
hours (22:00  h) of the most local residents of this loca-
tion. Despite the dominance of An. arabiensis, one site 
in Urban district (Stone Town), has relatively more An. 
gambiae s.s.., a highly efficient malaria transmitting mos-
quito vector. Within the An. funestus group, the primary 
and most competent An. funestus s.s., was detected only 
in Pemba, however, the secondary malaria vector species 
from this group, An. parensis is spread across the two 
islands..

The predominant outdoor and early biting behaviour 
by An. arabiensis supports previous findings in Zanzibar 
and elsewhere across sub-Sarahan Africa [15, 25]. These 
behaviours coupled with the catches of malaria-parasite 
infected mosquitoes outdoors before the likely typical 
sleeping hours suggest the existence of the risk of human 
exposure to outdoor transmission in Zanzibar. This aligns 
perfectly well with the findings of the recent case–control 
epidemiological study in Zanzibar, designed to determine 
populations at high risk for malaria due to occupational 
or behavioural characteristics. Evidence from this study 
indicates that people engaging in nighttime outdoor 
behaviours or activities including urban individuals in 
night watchmen or police occupations and/or individu-
als in rural and urban areas taking nighttime meals out-
doors, were at higher risk for malaria than controls who 
did not report engaging in these activities (HRP study 
2023, unpublished).

Therefore, while the widespread use of ITNs has proven 
highly effective [33] and must be sustained, interventions 
specifically targeting populations at high risk for malaria 
due to occupational or behavioural factors, which include 
outdoor activities where ITN use is not practical [4, 34], 
are necessary to interrupt malaria transmission [2, 3]. 
Human exposure to outdoor biting infected mosqui-
toes represents a period of risk against which ITNs and/
or IRS are less effective. Modelling studies indicate that 
20% exposure to the outdoors in areas where malaria 
transmission occurs may result into 10.6 million addi-
tional cases of malaria annually across Africa, regard-
less of sustained universal coverage of ITNs and IRS [3]. 
This is because ITNs and IRS prevented transmission 
are mediated primarily by mosquitoes biting when peo-
ple are indoors or under ITNs [13]. Despite the fact that 
indoor-delivered insecticide-based interventions can still 
have an effect against outdoor-biting mosquitoes at com-
munal level, due to repeated exposure of mosquitoes to 
ITNs during the gonotrophic cycle [35], thus reduces the 
proportion of mosquitoes surviving to the age required 
to transmit the pathogen [36, 37], complementary inter-
ventions targeting outdoor biting should be considered 
[12, 15] to contribute towards malaria elimination [38] 

in Zanzibar. To this end, it could be beneficial to evalu-
ate the feasibility, cost, and effectiveness of interventions 
aimed at tackling outdoor biting in Zanzibar.

The dominance of An. arabiensis relative to its sibling 
species An. gambiae s.s. across sentinel sites supports 
existing findings from elsewhere in sub-Saharan Africa 
[9–11]. Following the wide-spread use of standard ITNs, 
the proportion of An. arabiensis has been progressively 
increasing relative to its sister species An. gambiae s.s. 
[10, 11, 39], which was previously the predominant 
malaria vector across SSA [40]. In some settings, the 
population of An. gambiae s.s. has been reduced to unde-
tectable levels [41, 42]. This is because the use of stand-
ard ITNs has been highly effective against An. gambiae 
s.s., due to its behaviour of feeding predominantly indoor 
and later at night, thus increasing its vulnerability to 
fatal contact with ITNs [13, 15]. The persistence of An. 
gambiae s.s. in relatively higher proportion to the An. 
arabiensis at one sentinel site, Stone Town, merits con-
sideration. Two possible reasons could explain this: (1) 
unlike other sites, this urban site had no history of IRS 
implementation until reactive focal IRS was imple-
mented as a response to the malaria upsurge in Decem-
ber, 2023, and (2) there is consistently low utilization of 
ITNs, which is similar to other urban settings like Dar es 
Salaam [43, 44].

While An. funestus s.s. was very rare, An. parensis 
appears to be widespread. In the context of malaria elimi-
nation, this suggests the need for close monitoring, as 
these species are known to carry and potentially transmit 
human P. falciparum parasite, albeit to a lesser extent. 
For example, there are three independent reports from 
Mainland Tanzania confirming An. parensis as a carrier 
for malaria-causing parasites [45].

The substantial increase of malaria vector densities 
associated with the long rainy season in 2023 was unusual 
and coincided with the malaria surge in Unguja. While 
the specific contributors to this increase are not fully 
characterized, the 2023 weather patterns were associated 
with the El Nino Southern Oscillation events, which are 
considered to be associated with broader climate change 
[46–48]. Monitoring climatic events—particularly rain-
fall—and how they affect disease-vector transmission 
dynamics and vector control intervention efficacy should 
be considered to allow timely adjustment of interventions 
strategies.

This routine malaria vector surveillance is typically led 
by national malaria programmes and is not without limi-
tations. First, the conventional measurement of mosquito 
behaviours ignores the importance of human move-
ments indoors and outdoors. This is therefore, prone to 
misleading where and when human exposure to bites are 
mostly occurring and underestimation of the personal 
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protective efficacy provided by the indoor-delivered 
interventions such as ITNs [3, 35, 49, 50]. This survey 
design prevented quantification of human exposure and 
estimate of protective efficacy of intervention delivered 
to human because of the lack of human behaviour sur-
vey in Zanzibar. Human behaviours, including time spent 
outdoor in the evening, time spent sleeping indoors and 
under ITNs and time waking up in the morning, inte-
grated with human biting rate over time and space, are 
critical for determining human exposure and impact of 
interventions [3, 35, 49, 50]. This, is therefore, recom-
mended to ZAMEP to integrate human behaviour sur-
vey in the routine entomological monitoring. Second, the 
entomological data collection remains paper-based and 
stored in staff computers, lacking essential key links to 
other ZAMEP’s data platforms. This raises data security 
issues, limits timely data processing, and is difficult to 
effectively manage quality and triangulate with other data 
due to lack of integration with other systems. An elec-
tronic data system that allows any entomological data to 
be stored in entomology-specific data tables with prede-
fined relational linkages, enabling rapid, even automated 
synthesis and analysis of data [51] is recommended.

Despite these limitations, this study strengthens the 
evidence for outdoor malaria transmission risk and calls 
for complementary interventions to accelerate malaria 
elimination efforts in Zanzibar.
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