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Influence of larval growth 
and habitat shading 
on retreatment frequencies 
of biolarvicides against malaria 
vectors
Betwel J. Msugupakulya 1,2*, Swedi K. Ngajuma 1, Athuman N. Ngayambwa 1, 
Baraka E. Kidwanga 1, Ibrahim R. Mpasuka 1, Prashanth Selvaraj 3,4, Anne L. Wilson 2,7 & 
Fredros O. Okumu 1,4,5,6,7

Effective larviciding for malaria control requires detailed studies of larvicide efficacies, aquatic habitat 
characteristics, and life history traits of target vectors. Mosquitoes with brief larval phases present 
narrower timeframes for biolarvicidal effects than mosquitoes with extended periods. We evaluated 
two biolarvicides, VectoBac (Bacillus thuringiensis israelensis (Bti)) and VectoMax (Bti and Bacillus 
sphaericus) against Anopheles funestus and Anopheles arabiensis in shaded and unshaded habitats; 
and explored how larval development might influence retreatment intervals. These tests were done in 
semi-natural habitats using field-collected larvae, with untreated habitats as controls. Additionally, 
larval development was assessed in semi-natural and natural habitats in rural Tanzania, by sampling 
daily and recording larval developmental stages. Both biolarvicides reduced larval densities of both 
species by >98% within 72 h. Efficacy lasted one week in sun-exposed habitats but remained >50% 
for two weeks in shaded habitats. An. funestus spent up to two weeks before pupating (13.2(10.4–
16.0) days in semi-natural; 10.0(6.6–13.5) in natural habitats), while An. arabiensis required slightly 
over one week (8.2 (5.8–10.6) days in semi-natural; 8.3 (5.0–11.6) in natural habitats). The findings 
suggest that weekly larviciding, which is essential for An. arabiensis might be more effective for An. 
funestus whose prolonged aquatic growth allows for repeated exposures. Additionally, the longer 
residual effect of biolarvicides in shaded habitats indicates they may require less frequent treatments 
compared to sun-exposed areas.

Abbreviations
Bti  Bacillus thuringiensis Subsp. israeliensis
ID  Identifier
IRS  Indoor residual spraying
ITNs  Insecticide-treated nets
LSM  Larval source management
MS Excel  Microsoft Excel
WHO  World Health Organization

Vector control tools, particularly insecticide-treated nets (ITNs) and indoor residual spraying (IRS) have con-
tributed significantly to the fight against malaria, together with other factors such as effective case management, 
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and improved socioeconomic  status1,2. However, recent data indicates that these gains are stalling in several 
 countries1. ITNs and IRS, in particular, are undermined by multiple challenges including logistical difficulties, 
human behaviors that increase biting  risk3–6, insecticide  resistance7,8, and shifts in mosquito behaviors that enable 
vectors to evade indoor  interventions9–12. It is thus necessary to adopt complementary interventions to sustain 
the gains against malaria.

Larval source management (LSM) is an attractive additional strategy for malaria control and refers to the tar-
geted management of mosquito aquatic habitats, to reduce the densities of larvae, pupae, and emergent  adults13,14. 
LSM is an umbrella term encompassing habitat modification (a permanent change to the environment), habitat 
manipulation (a recurrent activity), larviciding, and biological  control13,14. The intervention has multiple benefits 
over the current indoor insecticide-based interventions, namely ITNs and IRS. By targeting mosquitoes in their 
aquatic stages, LSM has the potential to control vectors capable of evading indoor vector control interventions, 
including outdoor-biting and outdoor-resting, opportunistic biters, early-morning and early-evening biting 
mosquitoes, and insecticide-resistant  mosquitoes15. The strategy has historically been effective in controlling, 
and even eliminating malaria vectors in several countries, including Brazil, Egypt (Upper Egypt), and Zambia 
(Copper Belt)16–18. However, despite its potential in reducing malaria transmission, LSM strategies have seen 
limited application in sub-Saharan Africa. The World Health Organization (WHO) recommends larviciding 
only as a supplementary control tool to ITNs and IRS, and only in places where habitats are fixed, few and find-
able, while habitat modification, habitat manipulation and biological control are not recommended by  WHO14.

Chemicals such as dichlorodiphenyltrichloroethane, copper (II) acetate triarsenite (Paris green), and oil have 
historically been used to control mosquito  larvae16,17,19,20. However, the majority of chemical larvicides are harm-
ful to non-target organisms, including humans, and thus have been discontinued. Currently, only a few chemical 
larvicides are recommended for use in vector control, including insect growth regulators such as Pyriproxyfen, 
and organophosphates such as Temephos, and  Spinosad21. However, these may compound insecticide resistance 
or impact non-target  organisms13,22. Another option is biolarvicides derived from the microbial toxins, Bacil-
lus thuringiensis var israeliensis (Bti) and Bacillus sphaericus, which are specific to mosquitoes and black  flies23. 
These biolarvicides also have complex modes of action different from chemical insecticides, which may delay 
resistance  development23. Nevertheless, mosquito larvae may react variably to bacterial  larvicides24, as they do 
to many other insecticides, which may influence the outcome of larviciding programs.

Successful larviciding requires careful planning and management of different aspects of the  programs13,25. 
Key considerations may include the choice of larvicide product itself, its efficacy and the residuality of the effect, 
and how this is impacted by different habitat types and environmental conditions. Although less considered in 
most larviciding programs, it is also important to understand the rate of egg-laying and larval growth dynam-
ics of the vector species being targeted. Egg-laying and larval growth dynamics are particularly important for 
biolarvicides with short residual effect of less than one week and which target immature mosquitoes when in 
the feeding stages through ingestion of toxins. A retreatment interval of one week is often used for short-acting 
biolarvicides because the larval phase of Anopheles mosquitoes is assumed to be seven  days13,25,26. However, 
laboratory studies indicate different larval periods for different Anopheles species, for example between 10–15 
days for An. funestus and between 9–11 days for An. gambiae27,28,39,40. Given these differences, understanding 
the larval development period is therefore especially important for planning and optimizing the retreatment 
frequencies of biolarvicides. Moreover, the efficacy of biolarvicides can be influenced by various factors, such 
as exposure to sunlight, which can reduce the persistence of biolarvicides in aquatic habitats and potentially 
have an adverse effect on larviciding  programs29. As Anopheles mosquito habitats can vary between shaded and 
sun-exposed30,31, the understanding of how this exposure may impact the efficacy of biolarvicides will help to 
choose appropriate application strategies for different vector species.

In preparation for a field trial in south-eastern Tanzania, this study, therefore, assessed the larvicidal effective-
ness and residual activity of two biolarvicides, VectoBac GR and VectoMax FG (both manufactured by Valent 
Biosciences, Libertyville, IL 60048 USA) against two dominant malaria vector species, An. funestus and An. 
arabiensis, in shaded and un-shaded semi-natural aquatic habitats. We also evaluated the larval period of An. 
funestus and An. arabiensis under semi-natural and natural conditions.

Results
Effects of the biolarvicides on mosquito larvae in sun-exposed and shaded habitats
Effects on late instar larvae in sun-exposed habitats at different biolarvicide doses: Both VectoBac and VectoMax 
at different treatment rates of these two biolarvicides (5.6 kg/ha, 11.2 kg/ha, 22.4 kg/ha), resulted in 98.5–100% 
cumulative reduction of late instars of both An. funestus and An. arabiensis by the third day in all treated habitats. 
There was no significant difference in the cumulative mortality between habitats treated with different biolarvi-
cides nor doses in the first three days after treatment for both species (p > 0.05). One week later, the effect of the 
biolarvicides diminished. The cumulative reduction in late instar An. funestus was 6.5% for VectoBac at 5.6 kg/ha 
on day 10, with cumulative larval mortality not significantly different from control (p > 0.05) (Table 1). Anopheles 
funestus habitats treated with VectoBac at 11.2 kg/ha and 22.4 kg/ha showed a cumulative reduction of late instars 
of 24.3% and 22.1%, respectively on day 10. While cumulative larval mortality of Anopheles funestus habitats 
treated with VectoBac at 11.2 kg/ha and 22.4 kg/ha was significantly higher than control on day 10 (p < 0.05), 
there was no significant difference between the two doses (p > 0.05). An. funestus habitats treated with Vecto-
Max at 5.6 kg/ha, 11.2 kg/ha and 22.4 kg/ha showed 5.4%, 9.7% and 0% cumulative reduction on day 10, there 
was no significant difference between the two doses (p > 0.05). There was no residual efficacy of either larvicide 
at any dose against An. arabiensis by day 10, and habitats treated with VectoMax at 5.6 kg/ha and VectoBac at 
11.2 kg/ha had less cumulative mortality (p < 0.05) while the cumulative mortalities in rest of treated habitats 
not significantly different from control habitats (p > 0.05).
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Effects on early instar larvae in sun-exposed habitats: In a different experiment using 10 kg/ha of VectoBac and 
VectoMax, the cumulative reduction of early instars (L1-L2) was 100% for both An. funestus and An. arabiensis 
by the third day in sun-exposed habitats, with no significant difference between the two larvicides (p > 0.05) 
(Table 1). No observation was made on the tenth day after habitat treatment.

Effects on late instars in shaded habitats: In the shaded environment, habitats treated with VectoMax at an 
application rate of 11.2 kg/ha had a 100% cumulative reduction of late instars of both An. funestus and An. ara-
biensis within three days. On the tenth day, the larval reduction was still 63.3% for An. funestus and 57.9% for 
An. arabiensis. However, by the seventeenth day, the larval reduction was only 4.5% for An. funestus and 4.4% for 
An. arabiensis in the treated habitats (Table 2). The cumulative larval mortality on the third and tenth day after 
the treatment was significantly higher in the treated habitats of both An. funestus and An. arabiensis compared to 

Table 1.  Efficacy of two biolarvicides (VectoBac GR and VectoMax FG) against An. funestus and An. 
arabiensis larvae in sun-exposed habitats. ND Not done.

Species

Biolarvicides 
(amount added 
per habitats) Dose rate (kg/ha)

Week 1 Week 2

Number of larvae 
added per habitat 
in Day-1

Average No. live 
larvae remaining 
in Day-3

Percent reduction 
(%)

Number of larvae 
added in each 
habitat in Day-7

Average No. live 
larvae remaining 
in Day-10

Percent 
reduction (%)

Larval reduction of late instars (L3-L4) An. funestus and An. arabiensis in sun-exposed habitats at different treatment rate of the biolarvicides

An. funestus

Control 45 40.2 35 30.7

VectoBac (73 mg) 5.6 45 0 100(100–100) 35 28.7 6.5(−1.9–14.9)

VectoBac (146 mg) 11.2 45 0 100(100–100) 35 23.3 24.3(20.4–28.2)

VectoBac (291 mg) 22.4 45 0 100(100–100) 35 23.9 22.1(14.7–29.5)

VectoMax (73 mg) 5.6 45 0.5 98.7(97.8–99.6) 35 29.1 5.4(1.2–9.6)

VectoMax (146 
mg) 11.2 45 0.3 99.2(98.6–99.8) 35 27.7 9.7(2.8–16.6)

VectoMax (291 
mg) 22.4 45 0.6 98.5(97.6–99.4) 35 32.2 0

An. arabiensis

Control 80 68.3 70 63.5

VectoBac (73 mg) 5.6 80 0.8 98.8(98–99.6) 70 67.6 0

VectoBac (146 mg) 11.2 80 0.5 99.2(98.6–99.8) 70 66.4 0

VectoBac (291 mg) 22.4 80 0 100(100–100) 70 65.6 0

VectoMax (73 mg) 5.6 80 0.1 99.9(99.7–100) 70 68.9 0

VectoMax (146 
mg) 11.2 80 0.5 99.3(98.8–99.8) 70 64.3 0

VectoMax (291 
mg) 22.4 80 0.5 99.2(98.6–99.8) 70 64.3 0

Larval reduction of early instars (L1-L2) An. funestus and An. arabiensis in sun-exposed habitats

An. funestus

Control 60 53.8 ND – –

VectoBac (130 mg) 10 60 0 100(100–100) ND – –

VectoMax (130 
mg) 10 60 0 100(100–100) ND – –

An. arabiensis

Control 25 20.5 ND – –

VectoBac (130 mg) 10 25 0 100(100–100) ND – –

VectoMax (130 
mg) 10 25 0 100(100–100) ND – –

Table 2.  Efficacy of VectoMax FG biolarvicide against An. funestus and An. arabiensis larvae in shaded 
habitats.

Time

Biolarvicides 
(amount added per 
habitats)

An. funestus An. arabiensis

Number of larvae 
added per habitat

Average No. live 
larvae remaining 3 
days later

Percent reduction 
(%)

Average No. larvae 
added (Day-1)

Average No. live 
larvae (Day-3)

Percent reduction 
(%)

Week 1
Control 45 41 50 48.7

VectoMax (146 mg) 45 0 100(100–100) 50 0 100(100–100)

Week 2
Control 85 80.9 100 97.2

VectoMax (146 mg) 85 29.7 63.3(49.5–77.1) 100 40.9 57.9(41–74.8)

Week 3
Control 50 47.3 50 47.1

VectoMax (146 mg) 50 45.1 4.5(0.6–8.4) 50 45 4.4(−1.2–10)
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control habitats (p < 0.05). On day 17, there was no significant difference in cumulative larval mortality between 
control and treated habitats (p > 0.05).

The larval development period of An. funestus and An. arabiensis in the natural habitats
In the natural habitats that had only first-instar larvae at the start of the observation, the shortest period of larval 
development between the first and fourth instars was eight days for An. funestus and six days for An. arabiensis 
(assuming that all observed pupae had taken a least one day to transition from the fourth instar larval forms). 
The estimated mean larval development period in natural habitats was 10.0 (CI: 6.6–13.5) days for An. funestus 
and 8.32 (CI: 5.0–11.6) days for An. arabiensis. The range of the larval period was 8–15 days for An. funestus and 
6–12 days for An. arabiensis. Larval stage duration varied among Anopheles species, with the 79% of An. funestus 
spending 8–11 days and 21% spending 12–15 days. The majority (85.8%) of An. arabiensis spent 6–12 days and 
14.2% spent 13–14 days in the larval stage before pupating (Fig. 1).

Our assessment revealed a persistent presence of early instars of both An. funestus and An. arabiensis in their 
respective habitats. However, the population of all immature stages of An. arabiensis exhibited a continuous 
decline over the observation period. In contrast, the An. funestus population experienced a resurgence during 
the second week of observation, followed by a subsequent decline (Fig. 1).

The larval development period of An. funestus and An. arabiensis in the semi-natural habitats
Assuming all observed pupae had taken at least one day to transition from the fourth instar larval forms, the 
shortest period of larval development between the first and fourth instars in the semi-natural habitats was nine 
days for An. funestus and six days for An. arabiensis. In the semi-natural habitats, the estimated mean larval 
development period was 13.2 (CI: 10.4–16.0) days for An. funestus and 8.2 (CI: 5.8–10.6) days for An. arabiensis. 

Figure 1.  Dynamics of larvae and larval period of An. funestus and An. arabiensis in the natural habitats.
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The range of the larval period was 9–18 days for An. funestus and 6–13 days for An. arabiensis. The majority 
(64.6%) of An. funestus spent 13–18 days as larvae, only 28.9% of An. funestus spent 9–12 days in larval stages, 
and the remaining (6.5%) died during the larval stage. The majority (89.8%) of An. arabiensis spent 6–10 days 
as larvae, only 5.8% of An. arabiensis spent 9–12 days in the larval stages, and the remainder (4.4%) died in the 
larval stage (Fig. 2).

Discussion
This study investigated the efficacy and residual activity of two WHO-prequalified biolarvicides, VectoBac GR 
and VectoMax  FG21, against the two major malaria vectors in Tanzania, An. arabiensis and An. funestus in habitats 
that were either shaded or unshaded. The larval development period of each species was also determined. The 
data are considered necessary to inform potential larviciding dosing and retreatment intervals for future studies.

Overall, this study found that VectoBac GR and VectoMax FG had very high efficacies (>98%) against both 
early and late instars of An. funestus and An. arabiensis within 72 h of habitat treatment, with no discernible 
difference between the two products. There was similarly high efficacy across the three different doses tested 
(5.6 kg/ha, 11.2 kg/ha, 22.4 kg/ha) within 72 h of treatment. However, both biolarvicides had short residual 
effects in sun-exposed habitats, lasting just one week. Increasing the treatment dose in sun-exposed habitats did 
not increase the residual efficacy of biolarvicides. However, residual efficacy in the second week was observed 
in shaded habitats treated with VectoMax, with approximately 60% reduction of L3-L4 of An. arabiensis and 
An. funestus. This suggests that sunlight might have likely reduced the residual efficacy of tested biolarvicides. 
These findings are consistent with previous research in Sub-Saharan Africa that reported low residual efficacy 
of biolarvicides in sun-exposed  habitats29,32–34, which is a result of photoinactivation of the biolarvicide  toxins35. 

Figure 2.  Larval period of An. funestus and An. arabiensis in the semi-natural habitats.
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This is a limitation of biolarvicides and may have implications for their use in Tanzania and elsewhere since not 
all habitats are shaded or  vegetated30,31.

The estimated minimum and mean larval development period were similar for An. arabiensis in natural 
[minimum 6 days, mean 8.32 (CI: 5.0–11.6) days] and semi-natural habitats [minimum 6 days, mean 8.2 (CI: 
5.8–10.6) days]. There were slight differences for An. funestus, which had a minimum of 8 days and a mean of 10 
days (CI: 6.6–13.5) in natural habitats and a minimum of 9 days and a mean of 13.2 days (CI: 10.4–16.0) in semi-
natural habitats. Factors such as temperature, food, and predators may affect larval  growth36–38 and could have 
led to the differences in larval development time of An. funestus between the semi-natural and natural habitats. 
The observation that An. funestus has a longer larval development period than members of An. gambiae complex 
is similar to that reported in previous laboratory studies. These previous studies suggested a larval development 
period of 10–15 days for An. funestus and 9–11 days for An. gambiae 27,28,39,40.

The assessment of larval development in natural habitats was initiated with the first instars found in the habi-
tats. Since we did not know their exact time after hatching, several first-instar larvae might likely have already 
spent more than one day in the natural habitats before we started our assessments, which could have led to an 
underestimation of the larval development period. Since early instar larvae were constantly observed in the 
natural habitats, despite the development of larvae, this indicated that new oviposition events were frequent in 
the study area. Thus, effectively targeting such habitats requires that the larviciding frequency does not exceed 
the larval development period of the target vectors.

Taken together, the findings of this study suggest that biweekly application of biolarvicides may be appro-
priate for settings where An. funestus dominates transmission including our study site due to the longer larval 
development time of the vector and preference for shaded habitats, such as those with vegetation or under tree 
 canopies30,31,41,42. We may consider biweekly treatment a minimum interval, however, since it is likely that more 
frequent applications for An. funestus would increase impact. On the other hand, An. gambiae larval habitats may 
require weekly treatment with biolarvicides due to the shorter larval period and the higher likelihood of these 
habitats being sun-exposed41,42. These assertions could be explored using mathematical modeling, which could 
provide a quick way to understand the impact of different retreatment intervals before deployment.

Our study used biolarvicides that are relatively short-acting, however, longer-acting biolarvicides such as LL3 
and FourStar are also available, which require less frequent retreatment and for which larval development time 
will play a lesser  role43. A further consideration is the dynamics of habitat formation. Some authors recommend 
weekly application in areas with dynamic habitats and during the rainy seasons to ensure an effective dose even 
for new temporary habitats that form and cite this as being crucial for the larviciding team to get familiar with 
the target  area25. While this is true, it may not be practical nor effective to implement larviciding during the rainy 
season as habitats are typically numerous and unstable, and larvicides are more likely to be diluted and washed 
away by  rainwater25. The implementation of larviciding may be more feasible and effective when habitats are fixed, 
few, and findable, which in several areas may occur during dry  season13,14, because during this season few new 
habitats form, and dilution or washing away of larvicides is not expected. Besides, the decline in populations of 
immature mosquitoes in natural habitats observed in this study, particularly for the An. arabiensis experiment 
(which was conducted later into the dry season) implies that the densities of immature mosquitoes decline over 
time during the dry season. Therefore, larval control efforts during this period may be more effective than in 
wet seasons and would add further stress to the already declining population.

Although successful, this study was not without limitations. First, there are several factors, including the 
physicochemical parameters of water, which we did not measure, and which may have affected the efficacy of 
 biolarvicides23. Second, this study was conducted in semi-natural habitats made of plastic containers, which 
may not reflect the conditions of aquatic habitats in the field as most Afro-tropical Anopheles are not container 
breeders. Nevertheless, to minimize these potential effects, soil and vegetation were added to the habitats, habi-
tats were sunk into the surrounding soil, and habitats were allowed to condition for several days so that the 
habitats could better mimic the field environment. Third, because dead larvae play a role in the regeneration of 
B. sphaericus spores in aquatic habitats it is likely that our procedure which involved the removal of dead larvae 
from the habitats when that was possible may have contributed to the reduced residual efficacy of  VectoMax45. 
Lastly, the scope of this study is limited to frequencies and retreatment intervals of larviciding, however, an 
effective larviciding program would also require a proper plan to identify, treat and monitor aquatic habitats of 
the  vectors13,46. Different retreatment strategies may have implications for efficacy, as suggested here, but also 
feasibility and cost depending on the available resources and expertise. In addition to being effective, larviciding 
programs must also be sustainable and acceptable. This requires strong collaboration with different stakeholders 
and local communities to incorporate their needs and  recommendations13.

Conclusions
This study investigated the efficacy and residual activity of two commercially available biolarvicides, VectoBac 
GR and VectoMax FG against two dominant malaria vector species, An. funestus and An. arabiensis, in shaded 
and un-shaded semi-natural aquatic habitats. We also evaluated the larval period of An. funestus and An. ara-
biensis under semi-natural and natural conditions. The findings revealed high biolarvicidal efficacy exceeding 
98% within three days of treatment for both vectors. At day 3 there was no significant difference in efficacy 
observed between the two products or different doses in the manufacturer recommended range. However, the 
persistence of this effect was transient in sun-exposed habitats, lasting merely a week. In contrast, larviciding 
in shaded habitats with VectoMax demonstrated prolonged efficacy. The diminished biolarvicide longevity in 
the sun-exposed environment indicates that sun-exposed habitats such as those preferred by species like An. 
arabiensis may require more frequent treatments. Regarding the larval development, An. funestus required up 
to two weeks to reach the pupal stage, whereas An. arabiensis took just over a week. This difference in growth 
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speeds suggests the possibility of differential treatment frequencies: i.e., a minimum of biweekly for An. funestus 
and a weekly minimum for the faster-developing An. arabiensis. However, it is likely that more frequent applica-
tions for An. funestus might maximize impact. Furthermore, the consistent presence of early instars in natural 
habitats points to regular oviposition events, emphasizing the importance of tailoring larviciding schedules to 
the larval development timeframes of the targeted vectors. Collectively, these insights underline the multi-faceted 
considerations crucial for optimizing larviciding interventions.

Methods
Study site and the aquatic habitats
This evaluation was conducted at the Ifakara Health Institute’s Mosquito City facility, which comprises large semi-
field mesocosms, in Kining’ina village (8°06′28.8″ S 36°40′00.5″ E) in Ifakara Town Council, in south-eastern 
Tanzania. The rainy season occurs mainly in months between December and May, with the rest of the year being 
dry. The tests to evaluate the efficacy and residual efficacy of the biolarvicides were conducted in semi-natural 
aquatic habitats created inside and outside the semi-field systems to mimic the natural habitats of malaria vec-
tors, following WHO  procedures49. In the study area, An. gambiae s.l is known to consist almost entirely of An. 
arabiensis, while An. funestus group is composed mostly of An. funestus sensu stricto (s.s), with a very small 
proportion (<10%) of An. leesoni, and An. rivulorum 31,50–53. Therefore, in this manuscript, the mosquitoes are 
referred to simply as An. arabiensis and An. funestus.

To simulate the aquatic habitats of Anopheles mosquitoes, pits measuring 50 cm (diameter) by 15 cm (depth) 
were dug in the open field (exposed to sunlight) or within the semi-field chambers (shaded). Plastic basins (41 
cm diameter) were installed in the pits (Fig. 3). The plastic basins had first been filled with water and left for 3 
days to wash away plastic odors, then the water was discarded before the basins were used for these experiments. 
Semi-natural conditions were created by adding a 1–2 cm layer of soil (collected from the natural aquatic habitats 
in local villages) to the basin and filling it with untreated groundwater (from a borehole at the Mosquito City) 
to a depth of ~13 cm. Vegetation from the same natural habitats in the villages was also added into the habitats 
for larvae anchoring. Untreated netting secured with elastic bands was used to cover each habitat to prevent 
emerging mosquitoes from flying out of these habitats, prevent other mosquitoes and insects from laying eggs 
in the semi-natural habitats, and prevent any outside debris from entering the containers. The habitats were left 
for a minimum of a week to allow any eggs of mosquitoes or predators that may have been present (in either the 
water, vegetation, or soil), to hatch; so that the larvae could be removed from the habitats before the initiation 
of the tests.

Biolarvicide formulations
VectoBac (GR) and VectoMax (FG) granules (both from Valent Biosciences, Libertyville, IL 60048, USA) were 
evaluated. The VectoBac formulation contained 2.8% w/w of Bacillus thuringiensis subsp. israeliensis strain AM65-
52. The VectoMax formulation contained a mixture of 4.5% w/w Bacillus thuringiensis subsp. israeliensis strain 
AM65-52 and 2.7% w/w Bacillus sphaericus 2362 strain ABTS-1743. VectoBac GR consisted of higher density 
granules (~689 kg/m3) with size approximately between 0.8–2.0 mm, while VectoMax consisted of moderate 

Figure 3.  Semi-natural habitats created at Mosquito City (a). The habitats were created either outside the semi-
field screen houses, i.e., open to direct sunlight (b), or inside the semi-field systems, i.e., shaded environment (c). 
(d) An aquatic habitat with the netting cover removed.
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density granules (480 kg/m3) with size approximately between 1.4–2.0 mm. Manufacturer recommended appli-
cation rates are 2.8–22.4 kg/ha for VectoBac and 5.6–22.4 kg/ha for VectoMax depending on factors including 
the density of mosquitoes, pollution or algae levels in the habitat.

Mosquito larvae used for the tests
The larvae used in this assessment were collected from rural Tanzanian villages. An. funestus larvae were collected 
from known aquatic habitats in Itete (8°58′60″ S 36°07′ E), Sofi (8°57′S 36°17′ E), Mtimbira (8°47′S 36°21′ E), 
Mzelezi (8°52′50″ S 36°43′50″ E), Ebuyu (8°58′20″ S 36°45′40″ E), and Mwaya (8°54′43″ S 36°49′53″ E) villages, 
while larvae of An. arabiensis were collected from known habitats in Mbuyuni (8°14′38″ S 36°41′15 E), Minepa 
(8°15′58″ S 36°41′05″ E), Igumbiro (8°21′ S 36°40′22″ E), Lupiro (8°23′ S 36°40′33″ E), and Mwaya villages 
(Fig. 4). An. funestus were collected using 10-liter buckets from large habitats such as ponds, wells, and streams, 
while An. arabiensis were collected using standard dippers (350 milliliters) from puddles and rice fields. Col-
lected larvae were transferred to collection buckets and transported the same day to the insectary in Mosquito 
City, where they were sorted into their respective instars (L1-L4).

Testing the efficacy and residual efficacy of biolarvicides
In this assessment, a total of 15 habitats were created for the treatment arm and another 15 for the control arm. 
The sample size was estimated using R statistical  software54, based on previous  observations24 and was sufficient 
to detect mortality of at least 69% in the treatment arm, with 80% power within a 95% confidence interval. The 
efficacy testing was conducted from July 2022 to February 2023. Each efficacy test was conducted on one occa-
sion with 15 replicates (habitats) per arm.

Cohorts of mosquito larvae (between 20 and 150, depending on total number of larvae collected in the field) 
were added to each of the habitats and supplemented with larval food (Tetramin fish food). Efficacies of the 
biolarvicides against An. funestus and An. arabiensis were evaluated separately in different habitats. Larvae in the 
semi-natural habitats were allowed to acclimatize for at least three hours, after which, in the treatment arms, the 
biolarvicides were applied by hand. Three different experiments were performed, with treatment doses within 
the manufacturer’s recommendations. No larvicides were added into habitats in the control arm. Tests were 

Figure 4.  Study sites for the efficacy of the biolarvicides, collection of larvae and adult mosquitoes, and 
observations of larval periods in natural habitats.
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conducted in the sun-exposed and shaded environment to assess differences in the residual efficacy of biolarvi-
cides under these two conditions (Table 3). However, in the shaded habitats, the residual effect was tested only 
for VectoMax because it contains B. sphaericus, which can persist in the environment.

All habitats were observed for 24 h, 48 h, and 72 h (first, second, and third day) post-treatment, and the num-
ber of larvae and pupae in the habitats was counted by carefully transferring all live larvae into a disposable cup 
using a Pasteur pipette. The dipping was done exhaustively, ensuring that all live larvae were caught. The contents 
of the disposable cup were gently poured back into the appropriate habitat after counting. Clean pipettes and 
cups were used each time for different habitats to avoid contamination. It was difficult to find all the dead larvae, 
as some deteriorated quickly or became covered with soil or vegetation in the habitat, and as such we counted 
live larvae and presumed that any decline in number was the result of larval mortality. Seven days from the first 
exposure, another cohort of larvae (between 20 and 150, depending on the total number of larvae collected in 
the field) was introduced in each aquatic habitat without any addition of biolarvicides, and observations of larvae 
were made at 24, 48, and 72 h. This procedure was repeated seven days from the previous larval exposure until 
the recoverable live larvae in the treatment habitats were comparable to the control.

Assessing the larval development period in natural habitats
Eleven natural habitats of An. funestus and 12 habitats of An. arabiensis with high densities of first instar larvae 
were identified in Kichangani (8°25′ 10″ S 36°40′51″ E) and Chirombola (8°55′35″ S 36°45′14″ E) villages; and 
used to assess the time spent by larvae from the first to fourth instars.

These observations were made between May and August 2023 (dry season). To ensure that the observations in 
natural habitats started with first instars, exhaustive dipping was done in the selected habitats using 10-L buckets 
to identify all instar stages present in the habitats. Any second or higher-instar larvae detected were removed 
and discarded, so that only first-instars remained in the habitats. This process was repeated until the dips taken 
produced only the first instars. No efforts were made to remove any eggs that might have been in the habitats.

Habitats were left uncovered to allow mosquitoes to continue laying eggs in them. To assess their develop-
ment, larvae in the habitat were monitored daily. Depending on the size of the habitats, one to five dips were 
taken from each habitat using a 10-liter bucket. From each habitat, dips were taken from different locations to 
minimize sampling similar larvae on different dipping attempts. The number and instar stages of mosquitoes 
from each dip were recorded for estimation of larval densities (early vs. late instars), after which the larvae were 
carefully placed back in the habitat. This experiment allowed the assessment of the minimum larval period of 
An. funestus and An. arabiensis in the natural habitats, as well as the determination of whether oviposition for 
each species was occurring frequently or in batches.

Assessing the larval development period in semi-natural habitats
Assessment of the larval development period in semi-natural habitats was conducted using eggs laid by field-
collected mosquitoes. These experiments were conducted between April and May 2023. Blood-fed and unfed 
indoor-resting and host-seeking An. funestus and An. arabiensis were collected from Sululu (7°59′ S 36°49′ E) and 
Igumbiro (8°21′ S 36°40′22″ E) villages (Fig. 4), and live mosquitoes were transferred on the same or second day 
to the insectary at Ifakara Health Institute. Mosquitoes were placed in 15×15 cm cages, and unfed mosquitoes 
were fed on chicken blood. All mosquitoes were maintained with a 10% sucrose solution. On the fourth day, 
mosquitoes were individually transferred to paper cups with wet filter paper for egg laying. Eggs were allowed 

Table 3.  Treatment doses used in three different tests of efficacies of VectoBac and VectoMax using artificially 
created, semi-natural habitats.

Treatment arms Amount of biolarvicides added in the habitats (0.13  m2) Manufacturer’s equivalence

Tests in the sun-exposed environment

i) Bioassays of VectoBac and VectoMax against late instars (L3 and L4) of An. funestus and An. arabiensis both at different dose rates in semi-natural habitats exposed to sunlight

Control 0 mg

VectoBac GR (73 mg) arm 72.8 mg 5.6 kg/ha

VectoBac GR (146 mg) arm 145.6 mg 11.2 kg/ha

VectoBac GR (291 mg) arm 291.2 mg 22.4 kg/ha

VectoMax FG (73 mg) arm 72.8 mg 5.6 kg/ha

VectoMax FG (146 mg) arm 145.6 mg 11.2 kg/ha

VectoMax FG (291 mg) arm 291.2 mg 22.4 kg/ha

ii) Bioassays of VectoBac and VectoMax against early instars (L1-L2) of An. funestus and An. arabiensis in semi-natural habitats exposed to sunlight

Control 0 mg

VectoBac GR (130 mg) arm 130 mg 10 kg/ha

VectoMax FG (130 mg) arm 130 mg 10 kg/ha

Tests in the shaded environment

Bioassays of VectoMax against late instars (L3 and L4) of An. funestus and An. arabiensis in semi-natural habitats in the shaded area

Control 0 mg

VectoMax FG (146 mg) arm 145.6 mg 11.2 kg/ha
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to hatch before placing them in the habitats. For this experiment, 20 semi-natural habitats were created in the 
sun-exposed area using submerged plastic basins with habitat soil and plants added as described earlier. 80–110 
first instar larvae were added into each habitat. An. funestus and An. arabiensis were placed in separate habitats 
(10 habitats for each species).

Larval growth was monitored daily by observing and recording the number of larvae per instar stage in each 
habitat. The number of larvae and pupae in each habitat was counted by carefully transferring all live larvae and 
pupae into a disposable cup using a Pasteur pipette. The contents of the disposable cup were gently poured back 
into the habitat after counting. The observations continued until all the mosquitoes pupated or died. Since the 
initial number of larvae was known, and no new larvae were introduced in the habitats, this experiment allowed 
the estimation of the larval development period, as well as the proportion of individual larvae with different 
larval development periods.

Identification of mosquito species
Sub-samples of field-collected Anopheles mosquitoes were taken from each experiment and reared to adults for 
subsequent identification. In both experiments emerging adult mosquitoes were identified morphologically to 
 species55.

Data analysis
Data was collected using  ODK56, and, upon entry, the research team cross-checked it for any errors. Larval mor-
tality was defined as the number of dead larvae/number of larvae added, with cumulative mortality calculated 
as the number of dead larvae on day 3, 10, or 17/number of larvae added. The efficacy of the biolarvicides was 
estimated as the percent reduction of live larvae in the intervention habitats relative to control habitats. The 
cumulative percent larval reduction (Lr) was estimated as, %Lr = ((Cp – Tp)/ Cp) × 100, where Cp and Tp were 
the proportion of live larvae remaining in the control and treatment habitats on the third day after being added 
to the habitats, respectively. The proportion of live larvae was estimated by dividing the total number of larvae 
and pupa that survived by the total number of larvae added to the respective habitats. The mean cumulative 
percent reduction was then estimated with its 95% confidence intervals. Comparison of cumulative mortality of 
larvae between different of habitats treated or untreated with biolarvicides was made using the Kruskal-Wallis test 
followed by a pairwise Wilcoxon rank sum test with Bonferroni correction to determine which groups differed 
significantly from each other. Results with p-value < 0.05 were considered statistically significant.

Larval development time was estimated as the number of days lapsed when pupae were detected minus one 
(assuming that pupae observed were in their fourth instar on the previous day). The minimum larval period was 
estimated as the time taken till the first larva was pupated, while the maximum larval period was the time taken 
till the last pupa was observed. The proportion of total pupae observed in a specific day in habitats was estimated 
by comparing pupae density in that day to the total pupae density in a specific period of pupation (the specific 
period of pupation refers to the peak of pupal appearance, with secondary peaks observed in natural habitats 
presumed to be from another wave of egg laying). The mean larval periods were estimated using the following 
formula: ∑(n*(d−1))/N, where ‘n’ is the density of larvae pupating on a specific day, ‘d−1’ is the larval duration, 
and ‘N’ is the total density of larvae that pupated in a wave and presented with a 95% confidence interval.

Data analysis was conducted in R  software54, and plots were generated using the ggplot2  package57.
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