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Abstract 

Background Wolbachia incompatible insect technique (IIT) programs have been shown in field trials to be highly 
effective in suppressing populations of mosquitoes that carry diseases such as dengue, chikungunya, and Zika. 
However, the frequent and repeated release of Wolbachia-infected male mosquitoes makes such programs resource-
intensive. While the need for optimization is recognized, potential strategies to optimize releases and reduce resource 
utilization have not been fully explored.

Results We developed a process-based model to study the spatio-temporal metapopulation dynamics of mosqui-
toes in a Wolbachia IIT program, which explicitly incorporates climatic influence in mosquito life-history traits. We 
then used the model to simulate various scale-down and redistribution strategies to optimize the existing program 
in Singapore. Specifically, the model was used to study the trade-offs between the intervention efficacy outcomes 
and resource requirements of various release program strategies, such as the total number of release events 
and the number of mosquitoes released. We found that scaling down releases in existing sites from twice a week 
to only once a week yielded small changes in suppression efficacy (from 87 to 80%), while requiring 44% fewer mos-
quitoes and release events. Additionally, redistributing mosquitoes from already suppressed areas and releasing them 
in new areas once a week led to a greater total suppressive efficacy (83% compared to 61%) while also yielding a 16% 
and 14% reduction in the number of mosquitoes and release events required, respectively.

Conclusions Both scale-down and redistribution strategies can be implemented to significantly reduce program 
resource requirements without compromising the suppressive efficacy of IIT. These findings will inform planners 
on ways to optimize existing and future IIT programs, potentially allowing for the wider adoption of this method 
for mosquito-borne disease control.
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Background
Mosquitoes are vectors for several tropical diseases, 
including malaria, dengue, chikungunya, Zika, and lym-
phatic filariasis. It is estimated that up to 700 million 
people worldwide are infected and more than a million 
people die from mosquito-borne diseases every year [1]. 
At present, vector control methods such as breeding site 
reduction and insecticide spraying are the most effective 
tools for combating these mosquito-borne diseases, as 
pharmaceutical interventions are not widely available [2]. 
Given growing concerns of emerging insecticide resist-
ance [2], public health organizations and governments 
worldwide have been exploring novel vector control 
methods to supplement existing toolkits.

One promising approach for some diseases is the use 
of mosquitoes infected with Wolbachia, a naturally 
occurring intracellular alpha-proteobacterium that is 
commonly found in insect species [3]. Wolbachia has 
been found to confer the mosquito host with inhibitory 
effects against certain viral pathogens, thereby reduc-
ing the transmission potential for dengue, chikungunya, 
and Zika [4–7]. Population replacement trials, in which 
both male and female Wolbachia-infected mosquitoes 
are released, have also been conducted in Australia, Viet-
nam, Malaysia, and Indonesia, resulting in significant 
decreases in dengue incidence [8].

Wolbachia also affects arthropod reproduction by 
inducing cytoplasmic incompatibility. When male insects 
infected with Wolbachia mate with females that either 
lack Wolbachia or have different Wolbachia strains, cyto-
plasmic incompatibility can cause the offspring to die 
during the early stages of embryonic development [9]. 
Wolbachia-mediated cytoplasmic incompatibility has 
been tested in field trials in Australia, China, Italy, the 
USA, and Singapore through the incompatible insect 
technique (IIT), where only male mosquitoes with the 
Wolbachia infection are released, and has been found 
to effectively suppress the mosquito population [10–15] 
and consequently reduce dengue incidence [16, 17]. A 
cluster-randomized controlled trial is also underway in 
Singapore to provide gold-standard evidence of the tech-
nology’s epidemiological efficacy [18]. IIT is also some-
times supplemented with the sterile insect technique, 
in which a low-dose of sterilizing radiation is applied to 
counteract the accidental release of fertile Wolbachia-
infected female mosquitoes due to imperfect sex-sorting 
methods [18].

Although cost-effective in specific settings [19], Wol-
bachia-based IIT programs are resource-intensive since 
they require the repeated and frequent release of large 
quantities of male Wolbachia-infected mosquitoes over 
the treatment period [20]. This is especially in cases 
where high-fidelity sex-sorting techniques are employed 

to ensure a low risk of accidentally releasing female mos-
quitoes [12]. In Singapore, for example, a total of 11 mil-
lion male IIT mosquitoes are released every week [21], 
with each treatment site receiving mosquitoes twice a 
week and some sites requiring releases at different floors 
in high-rise apartment blocks [18]. As such, it is crucial to 
identify optimization strategies to safely scale down the 
IIT release program once the wild-type mosquito popu-
lation is effectively suppressed. Scale-down strategies can 
also reduce the risk of releasing female Wolbachia mos-
quitoes by accident, especially in IIT programs that do 
not adopt a sterile insect technique approach, since fewer 
mosquitoes need to be released [22]. An alternative way 
to increase the cost-effectiveness of Wolbachia IIT pro-
grams is by expanding program coverage while keeping 
the quantity of mosquitoes constant through redistribut-
ing IIT mosquitoes from already-suppressed areas to new 
ones. While prior work has explored scale-down strate-
gies in which reduced quantities of IIT mosquitoes were 
released, to our knowledge, no work has been done on 
either frequency-based scale-down strategies or redis-
tribution strategies to expand program coverage, despite 
their practical importance.

Mathematical models have been used for studying 
mosquito population dynamics [23] and the interven-
tion efficacy of traditional vector control measures such 
as insecticide-based measures [24] and the sterile insect 
technique [25]. While mathematical models exist for 
studying Wolbachia IIT release optimization [20, 22, 26, 
27], these models cannot model large spatial scales and 
more importantly, do not consider exogenous factors 
affecting the intervention efficacies of Wolbachia-based 
programs such as precipitation, temperature, and mos-
quito migration. In addition to playing a significant role 
in the mosquito life cycle [28, 29], climatic factors such as 
temperature have been found to impact the intervention 
efficacy of Wolbachia replacement programs [30], and the 
same could hold for IIT programs. Prior evidence from 
randomized controlled trials and field trials also suggests 
that the migration of Wolbachia mosquitoes in treatment 
boundary areas has non-negligible effects on both IIT as 
well as replacement programs [15, 31], which makes the 
characterization of mosquito population dynamics over 
both spatial and temporal scales important.

To address these issues, we propose a process-based 
model that explicitly accounts for precipitation, tempera-
ture, and spatio-temporal mosquito population dynam-
ics. We employed the model to study the intervention 
efficacy of various release optimization strategies for 
an existing Wolbachia IIT program that targets Aedes 
aegypti mosquitoes. We used Singapore as the study site 
because it has an established network of mosquito sur-
veillance traps which systematically collects national data 
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on mosquito abundance [32], and extensive Wolbachia 
IIT field trial information for model validation purposes 
[14, 15]. Using the model, we sought to understand the 
consequences of:

 (i) Quantity- and frequency-reduction scale-down 
strategies in existing release areas to reduce the 
number of mosquitoes released, and

 (ii) Redistribution strategies that cover more release 
areas while keeping the overall mosquito release 
quantity constant,

with the goal of comparing the trade-offs between 
intervention efficacy and the program resources required 
to adopt each Wolbachia IIT release strategy, using Sin-
gapore as a case study.

Results
To assess various Wolbachia IIT release strategies for 
mosquito population control, a 34-compartment pro-
cess-based model was developed to simulate the life 
cycle dynamics of both Wolbachia-infected and unin-
fected Aedes aegypti mosquitoes. This model incor-
porated climatic factors such as temperature and 
precipitation and was spatially structured to account for 
mosquito movement. The model was validated against 
empirical data from a previous Wolbachia release pro-
gram described in Bansal et al. [15]. Two main classes 
of release strategies were evaluated: scale-down strat-
egies aimed at optimizing the existing program by 
reducing the number of released mosquitoes or release 
frequency, and redistribution strategies designed to 
expand program coverage without increasing resource 

consumption. The primary outcome measures were the 
percentage reduction in wild-type adult female mos-
quito abundance and the resource consumption foot-
print of each strategy.

We ran a total of 270 strategy simulations in a high-
performance computing cluster (1 set of 10 strategies 
for the main experiment, and 26 sets of 10 strategies for 
sensitivity analyses). Each strategy took approximately 
11 h to run on a 12-core compute node and used 9.6 GB 
of memory.

Model validation
The intervention efficacy estimated by the model out-
puts was compared against the empirically derived esti-
mates in Bansal et al. [15], as shown in Fig. 1. The model 
captured the dynamics observed in the early stages of 
the field trial: a larger suppression effect was observed 
in core hexagons than in buffer hexagons, and non-neg-
ligible suppression effects were observed in adjacent 
non-release hexagons. Additionally, the model outputs 
and field trial estimates both reached > 90% mean inter-
vention efficacy at the end of the 2-year intervention 
period. However, the model outputs differed from the 
trial estimates as time went on. Specifically, the field 
trial intervention efficacy in the core release areas fell 
below that of the buffer release areas in the latter half, 
and intervention efficacies across all release and adja-
cent non-release areas converged towards the end of 
the 2-year period. We discuss the possible reasons for 
these deviations in detail later in the discussion section.

Fig. 1 Model-based simulation (a) and the empirically estimated (b) intervention efficacies of the early release program in Singapore. The x-axis 
represents time since the intervention began. The model-based intervention efficacy was defined as the difference in the adult ovipositing female 
abundance between the intervention and baseline (no intervention) simulations. Each thin line represents the intervention efficacy for a single 
hexagon, whereas each thick line represents the mean intervention efficacy for an entire hexagon class. Core, buffer, and adjacent non-release 
hexagons are colored in blue, orange, and gray, respectively. The mean intervention efficacy line for all release hexagons (core and buffer) is shown 
in red
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Scale‑down strategies to optimize the current release 
program
As expected, the constant release strategy (Strategy 1) 
had the best suppression with IEfinal values of 87% across 
all release hexagons. The half-quantity (Strategy 2) and 
quarter-quantity (Strategy 3) release strategies had IEfi-

nal values of 80% and 75% in all release hexagons but 
required approximately 44% and 63% fewer IIT mosqui-
toes respectively. The weekly (Strategy 4) and alternate 
weeks (Strategy 5) strategies both had IEfinal values of 
80% in all release hexagons and required 44% fewer IIT 

mosquitoes and release events. The fortnightly strategy 
(Strategy 6), on the other hand, produced a markedly 
lower IEfinal value of 70% across all release hexagons, but 
required approximately 66% fewer IIT mosquitoes and 
release events. These results are shown visually in Fig. 2 
as well as in table form in Table 1.

Redistribution strategies to increase program coverage
We analyzed the IEfinal values and resource consump-
tion of each redistribution strategy in the same man-
ner as in the scale-down strategies, described in the 

Fig. 2 Intervention efficacy outcomes of various scale-down strategies. Plots a, b, and c show the mean intervention efficacy in all release, 
core-only, and buffer-only hexagons respectively for all scale-down strategies. The remaining plots d to i show the detailed intervention efficacies 
in all hexagons for Strategies 1 to 6, respectively
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previous section. Both the redistribution by quantity 
(Strategy 7) and redistribution by frequency (Strategy 
8) strategies had better overall mean intervention effica-
cies across current and new hexagons than the constant 
release strategy (Strategy 1) because they led to a mini-
mal decrease in suppression for current release hexagons 
while creating a strong suppression effect in the new 
hexagons. Strategies 7 and 8 had overall IEfinal values of 
84% and 83% respectively, compared to 61% in Strategy 
1. In current hexagons, Strategy 1 produced an IEfinal of 
87%, which was only slightly higher than 81% in both 
Strategies 7 and 8. However, in new hexagons, Strategy 
1 produced an IEfinal of only 1%, whereas Strategies 7 and 
8 resulted in much higher overall IEfinal values of 92%, 
and 88% respectively. In terms of resource consumption, 
although Strategy 7 required 7% fewer mosquitoes than 
Strategy 1, it required 22% more release events; Strategy 
8 on the other hand, required approximately 16% fewer 
mosquitoes and 14% fewer release events. These results 
are shown visually in Fig.  3 as well as in table form in 
Table 2.

Discussion
As the Wolbachia incompatible insect technique 
becomes a more commonly used tool to combat mos-
quito-borne diseases across various regions in the world, 
there is a growing need to optimize release programs to 
maximize cost-effectiveness. However, there are ethi-
cal challenges with trialing novel release strategies in the 
field, because they could result in a rebound in wild-type 
mosquito abundance and hence an increase in mosquito-
borne disease transmission. Given the potential risks of 
releasing too few IIT mosquitoes, it is pertinent to use 
mathematical models to explore optimal release strate-
gies beforehand to filter out strategies that are unlikely to 
work in the field. Additionally, in silico simulations can 
eliminate the inherent variability due to fluctuations in 

environmental conditions and also provide the advan-
tage of exploring a wider range of release strategies than 
would be feasible in field trials. While there exist mathe-
matical models to study release strategies, they are unable 
to explore IIT programs over large spatial scales. Models 
by Pagendam et al. [22], Soh et al. [27], and Matsufuji and 
Seirin-Lee [20] do not take into account important cli-
matic factors affecting the life cycle of mosquitoes such 
as precipitation and temperature. Additionally, the mod-
els by Soh et  al. [27] and Matsufuji and Seirin-Lee [20] 
assume a well-mixed ecological environment, which does 
not account for heterogeneous geographical release cov-
erage in real Wolbachia IIT programs. While an agent-
based model proposed by Magori et  al. [26] accounts 
for climatic factors, it requires extremely fine-grained 
descriptions of individual houses and breeding contain-
ers as well as tracks individual mosquitoes, making it 
extremely challenging for studying IIT programs over a 
large city. Therefore, it was important for us to develop 
a general model that could explore program resource 
requirements over large spatial scales while accounting 
for precipitation, temperature and mosquito migration.

Resource consumption, as measured by the number 
of IIT males released, as well as the number of discrete 
release events, is correlated with overall IIT program 
cost [19]. Therefore, we explored scale-down strate-
gies which involved reducing resource consumption, as 
well as redistribution strategies which involved expand-
ing program coverage without requiring the produc-
tion of more IIT males using a process-based model 
to optimize an existing Wolbachia-Aedes aegypti IIT 
program in Singapore. While previous studies, such 
as Pagendam et  al. [22], have explored quantity-based 
scale-down strategies, our study is unique in its explo-
ration of redistribution strategies and frequency-based 
scale-down strategies. One of the quantity-based scale-
down strategies that Pagendam et al. [22] explored was 

Table 1 Comparison of intervention efficacy and resource consumption for various scale-down strategies

CI Confidence interval

Strategy Name Average mean intervention efficacy over the final 
24 weeks (%), (95% CI)

Relative resource consumption change 
(%)

Core Buffer All release Number of Wolbachia 
mosquitoes released

Number 
of release 
events

1 Constant 96 (81–100) 81 (44–99) 87 (50–100) Reference Reference

2 Half quantity 93 (69–100) 71 (34–100) 80 (37–100)  -44 0

3 Quarter quantity 90 (64–100) 66 (31–97) 75 (34–100)  -63 0

4 Weekly 93 (68–100) 71 (34–98) 80 (37–100)  -44  -44

5 Alternate weeks 93 (68–100) 71 (34–98) 80 (37–100)  -44  -44

6 Fortnightly 86 (50–100) 58 (20–96) 70 (23–100)  -66  -66
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the crude adaptive strategy. The strategy begins with a 
constant release of IIT mosquitoes;once the wild-type 
population is reduced to 50%, the number of IIT mos-
quitoes released is halved. Finally, when the wild-type 
population falls to 10% of its initial size, the number of 
IIT mosquitoes is reduced to 10% of the initial release 
quantity. Pagendam et  al. [22] found that the crude 
adaptive strategy was able to completely eliminate wild-
type mosquitoes at a very high probability, almost iden-
tical to that of the constant release strategy.

We replicated a quantity-based scale-down strat-
egy similar to the crude adaptive strategy in our model 
simulations which we term the quarter quantity release 
strategy (Strategy 3). We observed that while the quarter 
quantity release strategy achieved effective suppression 
in release areas, in contrast to findings from Pagen-
dam et  al. [22], the mean intervention efficacy across 
all release hexagons fell noticeably by 12% (from 87 to 
75%) compared to the constant release strategy (Strat-
egy 1), as shown in Table 1. We posit that the appreciable 

Fig. 3 Intervention efficacy outcomes of various redistribution strategies. The first row of plots shows the mean intervention efficacy 
in both current and new hexagons (a), current hexagons (b), and new hexagons only (c). The remaining plots d, e, and f show the intervention 
efficacies in all hexagons for Strategies 1, 7, and 8, respectively

Table 2 Comparison of intervention efficacy and resource consumption for various redistribution strategies

CI Confidence interval

Strategy Name Average mean intervention efficacy over the final 
24 weeks (%), (95% CI)

Relative resource consumption (% 
change)

Current New All release Number of Wolbachia 
mosquitoes released

Number 
of release 
events

1 Constant 87 (50–100) 1 (0–28) 61 (0–100) Reference Reference

7 Redistribution by quantity 81 (35–100) 92 (56–100) 84 (37–100) -7 22

8 Redistribution by frequency 81 (35–100) 88 (41–100) 83 (35–100) -16 -14
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decrease observed in the simulation outputs was because 
our model factored in the migratory effects of mosqui-
toes at the buffer hexagons. As shown in Table  1, the 
IEfinal for core hexagons only fell by 6% (from 96 to 90%), 
whereas the decrease was 15% (from 81 to 66%) for buffer 
hexagons. These results highlight the dilutive effects of 
mosquito migration on intervention efficacy at release 
boundary areas, which is corroborated by field trial 
results in both Wolbachia IIT and replacement programs 
[15, 31].

In general, our simulations showed that implementing 
certain quantity- or frequency-based scale-down strate-
gies could lead to significantly less resource consumption 
while having minimal impact on the overall mean inter-
vention efficacy of Wolbachia IIT programs. For example, 
as shown in Table  1, the half-quantity (Strategy 2) and 
weekly (Strategy 4) release strategies resulted in a small 
decrease in overall intervention efficacy of 7% (from 87 
to 80%) compared to the constant release strategy (Strat-
egy 1). This is despite them requiring significantly fewer 
resources compared to Strategy 1; Strategies 2 and 4 both 
required 44% fewer mosquitoes, and Strategy 4 addition-
ally reduced the number of release events by 44%. Given 
that they have similar overall intervention outcomes, 
reducing the release frequency from twice to only once a 
week would lead to the most cost-effective program out-
comes especially if release events contribute significantly 
to program costs.

Simulations of redistribution strategies also showed 
that both strategies led to significantly higher overall 
intervention efficacy compared to the constant release 
strategy (Strategy 1), because they caused strong suppres-
sion in new release areas while having minimal reduc-
tion in intervention efficacy in existing release areas. The 
redistribute-by-quantity (Strategy 7) strategy, however, 
required 22% more release events compared to the con-
stant release strategy (Strategy 1), whilst the redistribute-
by-frequency (Strategy 8) strategy required 16% fewer 
mosquitoes and 14% fewer release events, as shown in 
Table 2. Since both redistribution strategies have similar 
intervention outcomes, the redistribute-by-frequency 
strategy is more cost-effective, since it would require 
fewer mosquitoes and release events whilst having 
greater intervention efficacy than the existing program.

While the simulation results suggest that strategies 
to reduce the release frequency in both scale-down and 
redistribution strategies will significantly reduce pro-
gram resources while maintaining strong suppression, it 
is also important to consider them in the context of other 
existing mosquito control measures that could affect the 
released Wolbachia mosquitoes. For example, the actual 
intervention efficacy of the strategy could be affected by 

the frequency and timing of existing insecticide-spraying 
activities in release areas.

Therefore, the recommended strategies should be 
implemented in a phased approach. First, a few release 
areas with strong suppression should be selected to 
adopt a scale-down strategy and monitored over a period 
of time. Based on field observations [15], we propose a 
minimum monitoring period of 6  months to allow for 
the stabilization of intervention efficacy. Our simulation 
results in Figs. 2 and 3 concur with these findings, show-
ing that a new release regime generally requires between 
3 and 6 months to stabilize. If suppression remains effec-
tive after 6  months, the excess mosquitoes that were 
produced for these areas can then be released in new 
areas using one of the redistribution strategies. Then, 
both existing and new release areas that have adopted 
the new release strategy should be observed for another 
6 months. If there remains effective suppression in both 
existing and new areas, these steps can subsequently be 
repeated for the other existing release areas.

Limitations
There were deviations between the model outputs and 
the empirical intervention efficacy estimates, possibly 
due to complexities that arise in the conduct of an actual 
Wolbachia release program. The model simulations were 
run with the assumption that the number of mosquitoes 
released remained constant throughout the 2-year period 
and the core and buffer hexagons remained the same 
due to the lack of data availability. However, in reality, 
the release program began with a smaller group of sites 
and expanded over time [15]. This meant that release 
sites switched identities from adjacent non-release to 
buffer, and buffer to core sites over time in the empirical 
study. Therefore, the aggregation of intervention efficacy 
by event time was also confounded by anthropogenic 
and environmental characteristics across different loca-
tions and time points due to the staggered introduction 
of Wolbachia releases in real sites. Consequently, we 
observed some suppression in the empirical interven-
tion efficacy estimates even at the start of the field trial 
period across release and adjacent non-release areas. It 
should be noted that the suppression effect observed at 
the start of the trial period could also be due to the fact 
that although the field trial analyzed data from 2020 to 
2022, Wolbachia releases had already begun in Singapore 
in 2016 [15]. Moreover, the empirical results were com-
pared against those from counterfactual locations in the 
same time period using the synthetic control method, 
whereas our study used outputs from the simulation 
where no releases had occurred as the baseline for com-
parison. Furthermore, while our model incorporates the 
fitness cost associated with Wolbachia infection in IIT 
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male mosquitoes, it does not account for other poten-
tial fitness costs associated with an IIT program, for 
example, the use of irradiation [14] or in-breeding [33]. 
Additionally, the carrying capacity functions assumed a 
direct proportionality between the human-dependent 
component of carrying capacity and the hexagon-spe-
cific human population size. However, this might have 
been too simple to accurately represent the availability of 
oviposition sites, which could be influenced by other cli-
matic factors such as temperature and humidity, as well 
as complex urban environmental and human behavioral 
factors. For example, Fernandez et al. [34] found that the 
presence of certain architectural features (gully traps), 
housing age, housing price, and corridor cleanliness were 
highly predictive of Aedes aegypti abundance in high-rise 
apartments in Singapore. These factors could have also 
contributed to the discrepancies between the model out-
puts and empirical estimates.

Further applications of the spatio‑temporal mosquito 
metapopulation model
As the model was designed to be flexible and config-
urable with various climate and geospatial inputs, we 
foresee its application in further Wolbachia IIT-based 
studies. For example, the model can be used in the plan-
ning and optimization of new and existing Wolbachia 
IIT release programs in a variety of regions around the 
world, including those with subtropical and temperate 
climates with seasonal Aedes aegypti population fluctua-
tions [35, 36]. Additionally, the existing model can also be 
configured to study and optimize Wolbachia replacement 
programs where both adult male and female Wolbachia 
mosquitoes are released [37, 38], or modified to model 
replacement programs where mosquitoes are released at 
different lifecycle points such as the egg stage [39].

Modeling studies have been conducted on the effects 
of climate change on Wolbachia replacement pro-
grams [30]. Similarly, our model can be used to predict 
the effects of climate change on existing Wolbachia IIT 
release programs and study various strategies to make 
such programs more resilient to future climatic varia-
tions. The model can also easily be configured to model 
the population dynamics and Wolbachia IIT-based con-
trol of other mosquito species such as Aedes albopictus, 
which is becoming an increasingly important vector in 
Europe because of their potentially expanding range due 
to climate change [40].

Finally, given that the keen interest in mosquito pop-
ulation dynamics stems from its implications for mos-
quito-borne disease burden, we expect that our model 
can also be used to study the intervention efficacy and 
cost-effectiveness of various Wolbachia IIT program 
strategies on disease dynamics and burden. Studies have 

been done in the past where outputs from the mosquito 
dynamics model were used as inputs to mosquito-borne 
disease transmission models [20]. Our model therefore 
provides the ability to tie Wolbachia IIT program inputs 
to mosquito population dynamics and eventually human 
disease burden.

Conclusions
We developed a new modeling tool to study Wolbachia 
IIT programs over large spatial scales that explicitly 
account for climatic factors such as precipitation and 
rainfall as well as the movement of mosquitoes. Several 
scale-down and redistribution strategies were simulated 
to understand the trade-offs between intervention effi-
cacy and program resource consumption. Results from 
our study suggest that both scale-down and redistribu-
tion strategies can be adopted to significantly reduce the 
resources required by Wolbachia IIT programs without 
compromising on intervention efficacy.

Methods
Modeling mosquito metapopulation dynamics 
with a process‑based framework
We developed a process-based framework, described as 
a system of ordinary differential equations that repre-
sents various life cycle stages of both Wolbachia-positive 
and Wolbachia-negative Aedes aegypti mosquitoes. This 
model was adapted from Cailly et  al. (2012)  [41] and 
modified by adding new compartments to explicitly rep-
resent male mosquitoes, Wolbachia-positive mosquitoes, 
and mating-cross outcomes in adult female mosquitoes. 
Fluxes were also added to account for the migration of 
adult mosquitoes and the introduction of Wolbachia-
positive mosquitoes through the IIT program.

The compartment models shown in Figs. 4 and 5 repre-
sent Wolbachia-positive (w) and Wolbachia-negative (u) 
mosquitoes respectively in the aquatic and adult life cycle 
compartments. The aquatic stages comprise the egg (E), 
larvae (L), pupae (P) compartments; for example, Pu rep-
resents the compartment for Wolbachia-negative pupae.
The adult stages are divided into emergent (Aem), nullipa-
rous (A1), and parous (A2) female adults, and male adults 
(Amale). Nulliparous and parous female adults are further 
divided into host-seeking (h), gravid (g), and ovipositing 
(o). Additionally, adult nulliparous and parous females 
are divided into their mating crosses (for example, A2,huw 
represents nulliparous host-seeking Wolbachia-negative 
females that mated with a Wolbachia-positive male). The 
full set of equations describing the process-based model 
is in Additional File 1: Fig. S1.

The parameter values and functions used in this model 
were either directly obtained from Bonnin et al. [42] and 
Tran et  al. [43] or derived from data in the literature. 
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Details on the parameter values and functions, as well as 
their derivations are available in Additional File 1: Tables 
S1 and S2, and Additional File 2 [26, 42–46] respectively. 
For a given compartment X, βX is the egg-laying rate, 
μX is the mortality rate, μr is the additional mortality 
rate associated with host-seeking behavior, and υ is the 

mosquito migration rate. γX is the transition rate to the 
subsequent compartment. For example, γh is the rate at 
which host-seeking mosquitoes become gravid, which is 
the next mosquito life cycle stage. The functions repre-
sent the time-varying temperature- and precipitation-
dependent transition rates (fX), mortality rates (mX), and 

Fig. 4 Model diagram for Wolbachia-positive mosquitoes across various life cycle stages
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Fig. 5 Model diagram for Wolbachia-negative mosquitoes across various life cycle stages
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total carrying capacity indices (kX). As described by Tran 
et al. [43], the total carrying capacity is a sum of two com-
ponents: a human-dependent (kXfix) and a precipitation-
dependent one (kXvar). The human-dependent component 
represents the availability of man-made oviposition sites 
inside of homes such as stagnant water in flower pots and 
vases, whereas the precipitation-dependent component 
represents the availability of oviposition sites that occur 
due to rain. We decided to derive parameters individu-
ally from the existing literature, rather than the empiri-
cal results from Bansal et al. [15] because we were unable 

to obtain abundance data for most life-cycle compart-
ments (except for ovipositing adult females), thus making 
it challenging to make good inferences due to the large 
number of hidden observations.

Given the effects of adult mosquito migration on 
mosquito abundance and treatment program efficacy, 
the framework was designed to factor in migration by 
explicitly defining the study area as a grid of vertically 
aligned hexagons, as illustrated in Fig. 6. A single hexa-
gon approximates a planning sector, which is the primary 
spatial resolution used for planning the surveillance and 

Fig. 6 The spatial distribution of mosquitoes was represented by a grid of vertically aligned hexagons. Mosquitoes mix freely within each hexagon 
(left). Some mosquitoes move between neighboring hexagons at each timestep (right)

Fig. 7 Release hexagons modeled after the early release program in Singapore. Core, buffer, and adjacent non-release hexagons are colored 
in blue, orange, and gray, respectively
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control of environment-related infectious diseases in 
Singapore [15]. Mosquitoes are modeled to mix homo-
geneously within a hexagon, and some adult mosquitoes 
migrate out of a hexagon into its six neighbors at a total 
daily rate of υ; conversely adult mosquitoes migrate into 
a hexagon from each of its six neighbors at a daily rate 
of υ/6. The number of mosquitoes in each of the neigh-
boring hexagons is denoted by An. Details on the deriva-
tion of the daily mosquito migration rate can be found in 
Additional File 2.

Climate, geospatial, and human population data
In this study, we ran all simulations over a 2-year 
period using the historical climate data from the Mete-
orological Service Singapore website [47]. Specifically, 
daily mean temperature and precipitation data were 
obtained from 15 and 45 weather stations respectively 
for the 2-year period starting 1 January 2020 and end-
ing 31 December 2021. Each hexagon was assigned the 
set of climate data belonging to its nearest weather sta-
tion. The list of weather stations can be found in Addi-
tional File 3. Additionally, a 300-day burn-in period was 
added prior to the start of each simulation using the 
mean values of the 2-year climate dataset to allow mos-
quito abundances to reach equilibrium before interven-
tions began.

The grid of vertically aligned hexagons was designed 
to span the main island of Singapore, Pulau Ujong. Each 
hexagon was designed to have a side length of 184  m 
to match the average planning sector area of 0.088  km2 
[15]. A hexagon was classified as a land or water one 
based on the geospatial subzone in which its center lies. 
The subzone boundary latitude and longitude coordi-
nates were obtained from the Singapore government data 

portal [48]. Land hexagons were assigned the maximum 
human- and precipitation-dependent carrying capacity 
indices of 100 and 50, respectively. Water hexagons were 
given 0 for both indices since mosquito breeding is taken 
not to occur there.

We assumed that the effective human-dependent mos-
quito-carrying capacity was proportional to the number 
of residents in each hexagon. Subzone-level resident data 
from 2023 was obtained from the Singapore Department 
of Statistics [49] and each hexagon was then assigned a 
normalized human-density value (Hnorm) by taking the 
number of residents in the subzone in which its center 
lies, and normalizing that against the number of residents 
in the most populous subzone.

Model validation
Validation was performed by comparing model-based 
estimates of intervention efficacy against empirically 
derived estimates in Bansal et  al. [15]. Specifically, we 
ran a 2-year simulation modeled after the early Wol-
bachia IIT release program conducted in four townships 
across Singapore from 2020 to 2022. We identified the 
approximate subzones belonging to the release townships 
based on publicly available release maps [50] and used 
them to select release hexagons whose centers fell in the 
abovementioned subzones. The list of subzones used for 
the model validation can be found in Additional File 4: 
Table S3.

We studied the intervention efficacy in release hexa-
gons as well as adjacent non-release hexagons, as shown 
in Fig.  7. Release hexagons were classified into core or 
buffer, where buffer hexagons have at least one non-
release neighboring hexagon, while core hexagons do not 
have any non-release neighboring hexagons. Adjacent 

Fig. 8 Release hexagons for the current release program in Singapore, core and buffer release hexagons colored in blue and orange, respectively 
(a). Release hexagons for the proposed expanded release program in Singapore, current and new release hexagons colored in blue and purple, 
respectively (b)
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non-release hexagons were defined to have at least one 
release neighboring hexagon. The intervention efficacy 
was defined as the percentage reduction of adult ovipos-
iting female mosquito abundance between the interven-
tion and the baseline where no intervention occurred. 
Wild-type adult ovipositing female mosquito abundance 
was used as the empirical study used data from Gravit-
raps, which trap gravid females in search of oviposition 
sites [32].

Two simulations were run: a baseline simulation where 
no releases occurred, while the intervention simulation 
had releases twice a week at an initial overflooding ratio 
of 10:1. The initial overflooding ratio is defined as the 
ratio of Wolbachia IIT male mosquitoes released at each 
release event relative to the adult wild-type males at the 
start of the intervention. An initial overflooding ratio of 
10:1 was chosen to mirror the mean of the two overflood-
ing ratios (5:1 and 15:1) studied by Pagendam et al. [22].

Scale‑down and redistribution strategies
We studied two classes of release strategies: scale-down 
strategies that optimize the current release program, and 
redistribution strategies that expand geographical program 
coverage without requiring more Wolbachia IIT mosqui-
toes. The release hexagons for scale-down and redistribu-
tion strategies are highlighted in Fig. 8, while each strategy 
is detailed in Table 3. The list of subzones used in the scale-
down and redistribution strategies can be found in Addi-
tional File 4: Tables S4 and S5, respectively.

The Wolbachia IIT release program in Singapore was 
expanded to cover fifteen townships in 2024. We simulated 
five scale-down release strategies to optimize the current 
release program, which all start with an initial overflooding 
ratio of 10:1. To compare intervention efficacies for each 
release optimization strategy, release maps were used to 
identify release hexagons of these townships using the same 
method as per model validation. Strategy 1 is a constant 
release strategy modeled after the current program where 
IIT male mosquitoes are released twice a week. Strategies 
2 and 3 are quantity reduction strategies where the num-
ber of released IIT male mosquitoes is reduced when the 
wild-type male abundance falls below specific thresholds. 
Strategies 4 to 6 are frequency reduction strategies where 
the number of release events is reduced when the wild-type 
male abundance falls below specific thresholds.

Given the possibility of reducing the number of mosqui-
toes released in already-suppressed hexagons without sig-
nificantly affecting intervention efficacy, we also explored 
two redistribution strategies to increase program coverage 
without changing the overall number of mosquitoes pro-
duced. This was done by taking some mosquitoes from 
current release hexagons and releasing them in new hexa-
gons belonging to four large townships. New hexagons 

were selected based on subzones with substantial popula-
tion sizes, ensuring that the combined population of the 
newly released subzones was approximately half of that 
already covered by the current release program. Both 
Strategies 7 and 8 adopted the same constant release strat-
egy for the first year in current release hexagons, and new 
hexagons did not receive any mosquitoes in the first year.

Strategy 7 is a redistribution-by-quantity strategy 
where in the second year, the quantity of mosquitoes 
released in the current release hexagons is reduced by 
half, but the release frequency is kept constant at twice 
a week; new hexagons receive redistributed mosquitoes 
twice a week at the initial overflooding ratio of 10:1. 
Strategy 8 is a redistribution-by-frequency strategy where 
in the second year, the frequency of mosquito releases in 
the current release hexagons is reduced to once a week, 
while the release quantity is kept constant at the initial 
value; new hexagons receive redistributed mosquitoes 
once a week at the initial overflooding ratio of 10:1.

The intervention efficacy was computed as the percent-
age reduction in wild-type adult female mosquito abundance 
for each strategy compared to the baseline simulation where 
no releases were conducted. We analyzed the average mean 
intervention efficacies over the final 24 weeks of the simu-
lation for all release hexagons (IEfinal) and the resource con-
sumption footprint for each strategy, specifically the total 
number of mosquitoes released and the total number of 
release events required for the entire two-year program.

Sensitivity analyses
To assess the robustness of our findings, we conducted 
sensitivity analyses by varying key model parameters. The 
results can be found in the sensitivity analysis results sec-
tions in Additional File 5.

Abbreviations
IIT  Incompatible insect technique
IEfinal  Final intervention efficacy
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