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Impacts of Lysinibacillus sphaericus 
on mosquito larval community 
composition and larval competition 
between Culex pipiens and Aedes 
albopictus
Joseph R. McMillan 1,2*, Michael M. Olson2, Tanya Petruff2, John J. Shepard2 & 
Philip M. Armstrong2

Effectiveness of mosquito larvicide active ingredients (AI), such as Lysinibacillus sphaericus, varies 
between species, yet little is known regarding how differential effectiveness manifests in larval 
communities in applied settings. To examine how differential effectiveness of L. sphaericus influences 
larval community dynamics, we performed two experiments. We performed a field experiment in 
which containers were seeded with a standardized nutrient treatment, mosquitoes colonized the 
containers, and then containers received one of three L. sphaericus applications. We then performed 
competition assays between Culex pipiens and Aedes albopictus in low nutrient environments using 
multiple interspecific ratios and the presence/absence of a low dose of L. sphaericus. Field results 
demonstrated elimination of Culex spp. from treated containers while container breeding Aedes spp. 
proliferated across all treatments. Lysinibacillus sphaericus did not influence competition between 
Cx. pipiens and Ae. albopictus, and the L. sphaericus application eliminated Cx. pipiens in all treatment 
replicates while survival of Ae. albopictus was similar between treated and untreated containers 
across interspecific ratios. Lysinibacillus sphaericus is an effective AI for control of Culex spp. However, 
different AIs should be utilized in habitats containing non-Culex genera while a mix of AIs should be 
utilized where coexistence of multiple genera is expected or confirmed.

Biopesticide larvicide products are applied widely throughout the US to control nuisance and disease-transmit-
ting mosquito  vectors1,2. These larvicides, which vary in composition and concentration of their active ingredi-
ent (AI), are mostly derived from bacteria, are highly effective at controlling mosquito larval populations, and 
display minimal non-target effects on other aquatic insects and  vertebrates2. The effectiveness of these products 
in the field depends on multiple factors including the conditions of the target environment and the bionomics 
of the target species. Recent interest in larvicide resistance as part of a broader pesticide resistance monitoring 
emphasis in the US has generated reports documenting variable mortality rates of different AIs among different 
 species3 and between different populations of the same species. In particular, larval mortality stemming from 
exposure to the AI Lysinibacillus sphaericus, varies considerably among mosquito  species2. Notably, Culex pipiens 
Linnaeus mosquito larvae are very susceptible to L. sphaericus while container breeding Aedes spp. such as Aedes 
albopictus [Skuse] are less  susceptible2,3. Variable efficacy of L. sphaericus among different species may interfere 
with visual assessments of a treatment’s effectiveness—if the detection of larval or pupal individuals is the primary 
means of assessing effectiveness, then operational “failures” of detecting larvae in a treated environment could 
be attributable to detecting species tolerant of the AI.

Research with adulticides shows that certain products can alter or reverse asymmetric competitive outcomes 
in larval  communities4; in some cases, single-species population reductions using pesticides can result in non-
target species population expansions (most likely through the mechanism of competitive release)5. There are 
fewer investigations of the effect of larvicides on community composition and interspecific interactions. In terms 
of Cx. pipiens and Ae. albopictus, many studies document a general dichotomy between these two species’ larval 
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habitats: Cx. pipiens larvae are typically found in eutrophic bodies of water such as those in catch  basins6–8 while 
Ae. albopictus larvae are typically found in smaller, often cryptic, water  sources9,10. Nevertheless, spatiotemporal 
co-occurrence of each species in the same habitats does  occur11, which has generated interest in the dynamics 
of interspecific competition between the two species. Prior experiments have examined competitive outcomes 
as functions of nutrient  availability12–14 and temperature  gradients15, with asymmetric competitive advantages 
more commonly reported for Ae. albopictus.

Considering L. sphaericus products are widely used throughout the US for larval control in a variety of dif-
ferent habitats and sensitivity to this AI varies widely among species, these treatments may alter the structure 
and dynamics of mosquito communities, especially in environments that receive sub-lethal concentrations or 
when product effectiveness wanes post-application. The objectives of our study were twofold: (1) determine 
how varying concentrations of L. sphaericus alter mosquito larval community structure and assembly in treated 
semi-natural mesocosms, and (2) determine how sublethal concentrations of L. sphaericus alter interspecific 
interactions between Cx. pipiens and Ae. albopictus in laboratory competition assays. Our overall hypothesis 
was that L. sphaericus treatments alter the structure of larval communities in treated environments towards 
a greater proportional dominance of L. sphaericus tolerant container-breeding species such as Ae. albopictus, 
thereby providing a competitive advantage to these medically important vector species in the treated habitat.

Results
Project 1: mesocosm field experiments. Eight mosquito species colonized the mesocosms, includ-
ing Ae. albopictus (n = 99), Aedes japonicus [Theobald] (n = 388), Aedes triseriatus [Say] (n = 196), Anopheles 
punctipennis [Say] (n = 13), Cx. pipiens (n = 1,896), Culex restuans Theobald (n = 151), Orthopodomyia signifera 
[Coquillett] (n = 71), and Toxorhynchites rutilus septentrionalis [Dyar and Knab] (n = 7). Six species were found 
in each cluster across all treatment mesocosms, while Or. signifera pupae were not found in any of the Label 
Rate mesocosms and Toxorhynchites pupae were not found in any mesocosm in Cluster D. Visual presence of 
Toxorhynchites larvae was qualitatively documented in each cluster throughout the experiment, however, not 
counted. Toxorhynchites larval presence was first noted in a single mesocosm in Cluster A in Week 31 (~ August 
5th); Toxorhynchites larval colonization of all mesocosms in Clusters A and B was noted in Week 38 (~ Septem-
ber 20th); and, the absence of pupae of any mosquito species was noted in association with the presence of Toxo-
rhynchites larvae in all Clusters in Week 39 (~ September 27th). Figure 1 visually confirms the general absence of 
collected pupae of any species after Week 39.

There were more total mosquitoes collected in the untreated mesocosms across all clusters compared to the 
three other treatment levels. This result was due to the high abundance of Cx. pipiens pupae collected in the 
pre-treatment period of the experiment (Fig. 1, Table 1). Accounting for the presence of Culex spp. mosquitoes, 
post-hoc comparisons determined that more mosquitoes were collected in cluster B compared to all other 
clusters while mosquito collections were similar between the LC50, LC95, and Label rate mesocosms (Table 1, 

Figure 1.  Total weekly produced adult mosquitoes in experimental mesocosms. All clusters contained 
treatment mesocosms which were initially treated with Lysinibacillus sphaericus (applied as VectoLex WDG) 
between weeks 29 and 30 (thin dashed line); a second application of L. sphaericus took place in Clusters C and D 
between weeks 33 and 34. Columns identify the cluster; rows identify the L. sphaericus treatment. Note that the 
y-axis is on a log10-scale. Figure was created using a combination of the R packages ggpot2 and tidyverse.
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S. Fig. 1). When excluding Culex spp. mosquitoes from any analysis, more mosquitoes were found in the LC50 
treated mesocosms compared to the untreated reference (Table 1, S. Fig. 1). Overall, there was a clear coloniza-
tion pattern among species, with Cx. pipiens and Cx. restuans initially colonizing all mesocosms followed by the 
container Aedes spp. (Fig. 1). For all mesocosm clusters, Culex egg rafts were observed during sample collections 
throughout the course of the experiment.

Weekly mortality assays using mesocosm water and larvae from the Connecticut Agricultural Experiment 
Station’s (CAES) Cx. pipiens and Ae. albopictus colonies confirmed three observations from the field experiment: 
(1) The LC95 and Label Rate applications of L. sphaericus remained effective at killing Cx. pipiens larvae through-
out the duration of the experiment (Fig. 2), (2) the LC50 treatment showed less residual activity compared to 
the LC95 and Label Rate treatments (Table 2, Fig. 3), and (3) L. sphaericus exposure had little to no mortality 

Table 1.  Summary results of a Poisson-error distributed generalized linear mixed effects model comparing 
total pupal collections in replicate mesocosms by applied treatment and cluster ID as fixed effects and week of 
collection and species identification as random effects.

Variable

With Culex spp. Without Culex spp.

Est. Std. error z-value Pr( >|z|) Est. Std. error z-value Pr( >|z|)

Intercept − 2.25 0.80 − 2.83 0.005 − 4.74 0.93 − 5.1 3.5e−7

Cluster (reference A)

B 0.84 0.06 14.4  < 2e−16 1.93 0.14 13.7  < 2e−16

C 0.50 0.06 8.16 3.5e−16 0.90 0.16 5.76 8.5e−9

D 0.57 0.06 9.41  < 2e−16 1.19 0.15 7.89 3.0e−15

Treatment (reference untreated)

LC50 − 0.99 0.05 − 18.6  < 2e−16 0.56 0.08 6.73 1.7e−11

LC95 − 1.13 0.06 − 20.2  < 2e−16 − 0.98 0.13 − 7.78 7.5e−15

Label Rate − 0.74 0.05 − 15.2  < 2e−16 − 1.24 0.14 − 8.90  < 2e−16

Random: week Var = 4.51, Std. Dev = 2.13 Var = 7.7, Std. Dev = 2.77

Random: species Var = 2.93, Std. Dev = 1.71 Var = 2.17, Std. Dev = 1.48

Figure 2.  Weekly larval mortality estimates in bioassays of experimental mesocosm waters. All clusters 
contained treatment mesocosms which were initially treated with Lysinibacillus sphaericus (applied as VectoLex 
WDG) between weeks 29 and 30 (thin dashed line); a second application of L. sphaericus took place in Clusters 
C and D between weeks 33 and 34. Columns identify the cluster; rows identify the L. sphaericus treatment. 
Colors represent species: black—Culex pipiens; red—Aedes albopictus. Figure was created using a combination of 
the R packages ggpot2 and tidyverse.
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Table 2.  Summary results of a binomial-error distributed generalized linear model comparing Culex pipiens 
mortality during a single or double treatment regimen of multiple L. sphaericus concentrations from bioassays 
of mesocosm water samples.

Variable

Single L. sphaericus treatment Double L. sphaericus treatment

Est. Std. error z-value Pr( >|z|) Est. Std. error z-value Pr( >|z|)

Intercept − 9.02 1.95 − 4.62 3.8e−6 − 8.02 1.75 − 4.58 4.7e−6

Treatment (reference untreated)

LC50 2.95 1.32 2.24 0.03 2.44 1.14 2.14 0.032

LC95 6.57 1.52 4.33 1.5e−5 5.68 1.35 4.20 2.7e−5

Label 5.41 1.48 3.65 0.00026 6.26 1.64 3.82 0.00014

Treatment period (reference before)
DURING 6.69 1.64 4.08 4.6e−5

5.92 1.54 3.85 0.00012

4.36 1.42 3.08 0.0021

AFTER 4.56 1.44 3.17 0.0015 3.96 1.54 2.56 0.01

Figure 3.  Predicted larval mortality of Culex spp. in water samples obtained from the experimental mesocosms. 
Predictions were generated from a binomial-error distributed generalized linear model with Lysinibacillus 
sphaericus concentration and treatment period as fixed effects. All clusters contained treatment mesocosms 
which were initially treated with L. sphaericus (applied as VectoLex WDG) between weeks 29 and 30; a second 
application of L. sphaericus took place in Clusters C and D between weeks 33 and 34. Points identify the average 
prediction holding all other variables constant, lines represent the 95% CI of the prediction, and colors identify 
the L. sphaericus treatment. Figure was created using a combination of the R packages ggeffects, ggpot2 and 
tidyverse.
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effect on the development and survival of Ae. albopictus larvae (Fig. 2). Generated susceptibility curves for each 
species confirmed Ae. albopictus was tolerant of L. sphaericus (S. Fig. 2).

Project 2: laboratory competition assays. In experiment 1, we evaluated whether L. sphaericus appli-
cations could increase the survival of a non-target species (Ae. albopictus) by releasing them from competition 
from Cx. pipiens larvae. The LC25 application of L. sphaericus resulted in 100% mortality of all Cx. pipiens larvae, 
and there was no effect of L. sphaericus on Ae. albopictus survival compared to the untreated containers. Addi-
tionally, the increased availability of nutrients to Ae. albopictus in the LC25 treated cups did not significantly 
increase survival to pupation compared to the untreated controls (Fig. 4). When only examining the untreated 
cups, Ae. albopictus survival was greater than Cx. pipiens across all replicate interspecific ratios (Fig. 4). Addi-
tionally in the untreated cups, there were no significant differences in species-specific survival among the respec-
tive replicate interspecific ratios (Table 3).

In experiment 2, we assessed the combined impacts of nutrient depletion by Cx. pipiens larvae and L. spha-
ericus toxicity on Ae. albopictus colonization. When Culex pipiens larvae were allowed to develop and pupate 
and then the containers were treated with the L. sphaericus LC25 and Ae. albopictus were added, there was no 
effect of reduced nutrient availability and larvicide presence on Ae. albopictus survival to pupation (Condition: 
F = 2.9, p = 0.09; L. sphaericus treatment: F = 0.01, p = 0.92) (S. Fig. 3). There were also no differences in survival 
to pupation between Cx. pipiens and Ae. albopictus nor among Cx. pipiens replicate ratios (S. Fig. 3).

Figure 4.  Average (+/− SE) survival to emergence of Aedes albopictus (top rows) and Culex pipiens (bottom 
row) in experimental trials in untreated and treated containers (0.01 ITU/ml Lysinibacillus sphaericus). All 
containers were initiated with 120 mg of a 3:2 liver powder and baker’s yeast mixture. Experiment 1 was initiated 
with the addition of 1 ITU L. sphaericus and 40 1st instar larvae and columns indicate the number of those 
individuals as Ae. albopictus and Cx. pipiens. Figure was created using a combination of the R packages ggpot2 
and tidyverse.

Table 3.  Summary results of a binomial-error distributed generalized linear model comparing species-specific 
survival in untreated replicate containers from experiment 1. All containers were initiated with 120 mg of a 3:2 
liver powder and baker’s yeast mixture. Experiment 1 consisted of the addition of 1 ITU L. sphaericus and 40 
1st instar larvae.

Variable

Culex pipiens Aedes albopictus

Est. Std. error z-value Pr( >|z|) Est. Std. error z-value Pr( >|z|)

Intercept 0.08 0.52 0.16 0.88 0.94 0.58 1.64 0.1

Interspecific ratio (reference 10/30)

20/20 − 0.24 0.73 − 0.33 0.74 − 0.32 0.79 − 0.4 0.69

30/10 0.37 0.74 0.50 0.62 0.08 0.83 0.10 0.92

40/0 − 0.76 0.87 − 0.87 0.38 0.38 1.00 0.38 0.70
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Discussion
Our combined results from semi-natural mesocosms, susceptibility curves, mortality assays, and competition 
assays confirm variable mortality rates in L. sphaericus exposed Cx. pipiens and Ae. albopictus larvae. Overall, 
LC95 and Label Rate treatments of L. sphaericus immediately removed Cx. pipiens and Cx. restuans from our 
treatment mesocosms; sustained removal of Cx. pipiens from developing in these environments is supported 
by our mortality assays showing long periods of the AI’s residual activity. Additionally, our field experiments 
demonstrate that Aedes spp. mosquitoes readily colonize habitats treated for Cx. pipiens larvae; mortality assays 
with Ae. albopictus larvae further support the ability of container Aedes spp. to successfully develop into adults 
despite the presence of L. sphaericus. We were unable to demonstrate evidence of larvicide-mediated competition 
between Cx. pipiens and Ae. albopictus. While Ae. albopictus development rates were greater than Cx. pipiens in 
the untreated replicates, there was no difference in Ae. albopictus development between treated and untreated 
containers; this was despite the total elimination of Cx. pipiens larvae in the treated replicates. In all, our results 
clearly demonstrate the utility of L. sphaericus for effective control of Cx. pipiens larvae. However, other product 
formulations and AIs should be used for control of container breeding Aedes spp.

Though our results provide a proof-of-principle analysis of differential mortality rates in L. sphaericus exposed 
Cx. pipiens and Ae. albopictus larvae, our field results were unable to control for all factors that influence com-
munity composition. For instance, changes in nutrient concentrations and availability, as well as predation, are 
factors that deserve attention. All replicates were initially seeded with the same amount of nutrients, and quali-
tatively, these containers initially resembled solutions used to bait CDC gravid traps: containers were visually 
murky and smelled eutrophic. However, we did not prevent rainfall or leaf litter from entering (nor did we remove 
from) containers, and no additional nutrients were added throughout the experiment. The combination of these 
factors likely influenced the microbial and nutritional composition in our containers, leading to a qualitative 
change in each mesocosm’s aquatic environment, i.e., water became clearer and there was a general absence of a 
smell. Changes in microbial and/or nutritional composition could have been an important explanatory variable 
in the transition from Culex spp. to Aedes spp. dominance in the untreated and LC50 containers after around 
8 weeks. However, the detection of Culex egg rafts in all mesocosms throughout the length of the experiment 
suggests mesocosms were suitable oviposition sites regardless of the absence of collected pupae in later weeks 
that could have been associated with water quality differences between pre- and post-treatment periods. Prior 
research has also shown an inhibitory effect of Aedes spp. presence on Culex larval abundance in semi-natural 
 experiments16, indicating that colonization of our mesocosms by Aedes spp. further limited the development of 
Culex individuals in the untreated and LC50 treatment containers. Based on comparisons to the LC95 and Label 
Rate mesocosms, our treatments at most accelerated this community succession due to the toxicity of the treated 
environment to Culex spp. It is important to note that these observed changes in water quality were only noted 
during the experiment and follow up experiments should track changes in chemicals such as ammonia, nitrate, 
and phosphate, which are all indicators of nutrient  richness17, or define changes in microbial composition using 
genomics approaches. Future experiments should also consider the addition of nutrients at different intervals to 
better isolate the hypothesis that L. sphaericus drives changes in larval community structure.

An additional complication of our field experiment was the unexpected colonization of each container by lar-
vae of the genus Toxorhynchites. Toxorhynchites is an important predator of container developing mosquito larvae, 
and previous experiments show that predation by Toxorhynchites can result in significant alterations of mosquito 
community  composition18,19. The strength of Toxorhynchites predation effects on mosquito larval survival and 
development is the driving reason behind mass rearing and release programs of Toxorhynchites mosquitoes as 
a biological control  tactic20,21. Because Toxorhynchites pupae were not detected in a single mesocosm until the 
8th week of our experiment, our results confidently demonstrate that the application and continued residual 
activity of L. sphaericus was dominantly responsible for the absence of Cx. pipiens larval development in the 
post-treatment periods. Beyond this initial application phase, we cannot fully conclude that sublethal effects of 
L. sphaericus resulted in community composition changes. Like the consideration of nutrients, follow up experi-
ments should include a Toxorhynchites removal treatment to better isolate the hypothesis that L. sphaericus drives 
changes in larval community structure.

Prior studies of interspecific competition between Cx. pipiens and Ae. albopictus on average report asymmetric 
outcomes in which Ae. albopictus is the dominant  competitor12–15. Our results from Experiment 1 support these 
findings and show that Ae. albopictus development rates were greater than Cx. pipiens rates in the untreated 
replicates. The rebound in Cx. pipiens survival in the absence of Ae. albopictus in Experiment 2 provides further 
evidence of asymmetric competition between the two species. Nutrient availability, which in Experiment 2 was 
not based on the number of larvae initially seeded into the replicate as in Experiment 1, could explain differential 
survival of Cx. pipiens between Experiment 1 and 2; however, there was no difference in Cx. pipiens survival 
across the three nutrient levels in Experiment 2 suggesting the presence of Ae. albopictus was the dominant 
factor explaining reduced survival of Cx. pipiens in the untreated replicates in Experiment 1. Given the demon-
strated specificity of L. sphaericus for control of Cx. pipiens, other AIs should be considered in future studies of 
insecticide-mediated competition between these two important vector species.

Conclusion
Larvicides are an important part of any Integrated Vector Management tool kit. Our research shows that certain 
active ingredients, such as Lysinibacillus sphaericus (the AI of VectoLex), are effective in a limited number of 
species. We were able to demonstrate residual mortality of L. sphaericus in field and lab exposed Cx. pipiens 
mosquitoes while other mosquito species, mostly container breeding Aedes spp., were able to colonize and suc-
cessfully develop in treated habitats. Target mosquito species and method of larvicide effectiveness evaluations 
should be strongly considered when planning an anti-vector intervention campaign.
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Methods
Project 1: mesocosm field experiments. Mesocosm experiments took place at Lockwood Farm located 
in Hamden, Connecticut. Individual mesocosms were composed of black 20 L cylindrical plastic containers 
filled with 12 L tap water and seeded with 10 mg of a 3:2 ratio liver powder/brewer’s yeast mixture and 1 g of 
grass hay. Drain-holes were drilled into the sides of each container 5 mm from the 12 L surface to allow flooding 
for Aedes spp. egg emergence and to allow overflow beyond this level due to precipitation. Four experimental 
mesocosm clusters were dispersed throughout the Lockwood Farm in microhabitats previously sampled in East-
wood et al.22. Clusters contained 4 mesocosms spaced 3 m apart in a 2 × 2 grid. We utilized four L. sphaericus 
treatment levels in each cluster: no L. sphaericus, the LC50 (0.053 ITU/ml) and LC95 (1.0 ITU/ml) for Culex 
pipiens derived from Burtis et al.3, and the label rate of L. sphaericus (~ 1.2 ITU/ml). All treatments were derived 
from VectoLex WDG. Prior to insecticide application, we prepared 1 L of a 1000 ITU/ml stock solution. To 
inoculate each mesocosm, we measured the depth of the container’s water column, calculated water volume, and 
applied the appropriate amount of stock to achieve the target LC value. Replicate insecticide treatments were 
randomized within each cluster, and insecticides were applied 30-days post mesocosm seeding with nutrients. 
All mesocosms in each cluster were rotated within the 2 × 2 grid each week. Two clusters were then randomly 
chosen for a second application of L. sphaericus 30-days post initial insecticide application.

To sample the larval habitat of each mesocosm, we performed a figure-8 sweep with an aquarium fish net 
(4 × 3-in. opening, Penn-Plax) each Monday and Thursday of the week for each week of the experiment. Sweep 
contents were washed from the net into a white photo development pan, and pupae were removed for in-lab 
identification after eclosion following a dichotomous  key23. All larvae were then returned to the mesocosm. 
This sampling protocol minimized destruction of larval habitats and influence of interspecific interactions due 
to removal sampling.

In addition to sampling containers for pupae, we collected water samples from each container for an in-lab 
bioassay to determine the realized mortality of the larval environment. Due to time constraints of the field crew, 
a 50% randomized sample of containers were sampled on Monday with the remaining 50% sampled on Thursday 
of each sampling week. Bioassay procedures followed McMillan et al.24 for Cx. pipiens with the addition of screen-
ing mortality in CAES’ Ae. albopictus colonies. We finally performed in-lab susceptibility trials to L. sphaericus 
with larvae from CAES’ Cx. pipiens and Ae. albopictus colonies to confirm each species’ colony varied in their 
sensitivity to the product. Briefly, 15 3rd to 4th instar larvae of each species per replicate dose were exposed to 
a wide range of L. sphaericus concentrations and mortality was recorded 24-h post-exposure. Lethal concentra-
tions were then estimated from a generalized linear model with mortality (corrected for mortality in untreated 
control replicates) as the response term and the  log10-dose as the predictor term.

Primary endpoints from the field experiment included the number and species identity of pupae collected 
from each mesocosm. We compared total weekly pupal collections per mesocosm using a generalized linear 
mixed model (GLMM) framework with treatment level and cluster ID as fixed effects, species ID and week of 
collection as a random effect, and a Poisson-error distribution. We repeated this analysis excluding all collected 
Culex spp. to examine how the L. sphaericus treatments impacted the more tolerant Aedes spp. The primary 
endpoint for the mortality assays was the corrected larval mortality. We initially compared mortality using a 
species-specific GLMM with L. sphaericus treatment concentration and treatment period as fixed effects, week 
of collection as a random effect, and a binomial-error distribution. Preliminary analyses revealed negligible 
variance attributed to week of collection, so all subsequent models were a GLM. All analyses were performed in 
R V4.1.325 using the following packages:  tidyverse26,  gridExtra27,  ggplot228,  ggeffects29, and  glmmTMB30.

Project 2: laboratory competition assays. Competition assays took place at CAES’ main facility in 
New Haven, CT. This facility contains an Ae. albopictus colony (founded circa 2014 from Stratford, CT) and a 
Cx. pipiens colony (founded circa 2018 from New Haven, CT;). Colony maintenance for each species was similar: 
larval rearing pans consisted of approx. 200 eggs (on papers, Ae. albopictus, or as egg rafts, Cx. pipiens) in ~ 2 L 
RO water and initiated with ~ 20 ml of a 1% 3:2 liver powder/brewer’s yeast slurry. Pans were held at 25.5 °C and 
80% humidity and fed ~ 20 ml of the 1% slurry every other day. Pupae were removed to an eclosion chamber 
and adults were allowed access to 10% sucrose solution ad libitum. Aedes albopictus females were given access 
to defibrinated sheep’s blood (HemoStat©) through a Hemotek membrane feeder for 1 h every 2–3 weeks and 
moistened, fluted filter paper was provided to collect eggs. Culex pipiens females were given access to a live, 
restrained buttonquail overnight once per week and a small cup seeded with 5 ml 1% slurry and 15 RO ml water 
was provided to collect egg rafts. The use of buttonquail was reviewed and approved in accordance with CAES 
Institutional Animal Care and Use Committee.

We performed two experiments. All experiments consisted of the following treatments: variable ratios of 
Ae:Cx larvae and two L. sphaericus treatments (no treatment and 0.01 ITU/ml). Larval density (40 per container) 
remained constant across all replicate treatments, but Ae:Cx ratios varied from 40/0, 30/10, 20/20, 10/30, and 
0/40. Nutrients supplied were a low concentration (3 mg  larva−1) of a 3:2 liver powder/brewer’s yeast mix applied 
at the beginning of the experiment. Temperature was held constant at the colony maintenance level. Assays 
took place in 300 ml disposable plastic cups filled with 100 ml of RO water. The first experiments consisted of 
the addition of the 40 larvae as newly hatched individuals (+/− 1 day between species’ hatch) at the appropriate 
ratios, the larval diet, and the 0.01 ITU/ml concentration (diluted from a lab stock of 1000 ITU/ml). Assays were 
monitored daily until all larvae were dead and/or all larvae pupated. Experiment 2 consisted of the addition of 
only the Cx. pipiens larvae and the larval diet. After all Cx. pipiens had pupated, containers were treated with L. 
sphaericus and then the Ae. Albopictus larvae were added.

Primary endpoints included species-specific pupation success. Preliminary analyses in a GLMM framework 
revealed negligible variance attributed to a replicate ID random effect; replicate as a random term also interfered 
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with model convergence. Preliminary analyses further revealed there was neither a significant interaction nor an 
improvement in the Akaike Information Criterion between the L. sphaericus treatment and initial starting condi-
tion terms. Thus, we adopted a GLM rather than a GLMM framework in all further analyses, and species-specific 
mortality was analyzed as a binomial response term with treatment and initial starting conditions included as 
fixed effects All analyses were performed in R V4.1.325 using the following packages:  tidyverse26,  gridExtra27, 
and  ggplot228.

Data availability
All raw data is included as supporting information attached to the manuscript.
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