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A B S T R A C T   

Spatial repellents are volatile or volatilized chemicals that may repel arthropod vectors in free space, preventing 
bites and reducing the potential for pathogen transmission. In a 21-week field study, we investigated the efficacy 
of passive transfluthrin-impregnated diffusers placed in two-person United States (US) military tents located in 
canopy and open field habitats in north Florida to prevent mosquitoes from entering. Mosquito collections with 
US Centers for Disease Control and Prevention traps baited with light and carbon dioxide were conducted weekly 
for weeks 0–4, every two weeks for weeks 5–10, and monthly for weeks 11–21. Our results demonstrated that 
these transfluthrin-impregnated devices did not function as spatial repellents as expected and did not create a 
mosquito-free zone of protection. Instead, we observed consistently higher collections of mosquitoes from tents 
with transfluthrin-impregnated diffusers, and higher rates of mosquito mortality in collections from tents with 
transfluthrin diffusers, compared to untreated control tents. Based on these findings we do not recommend the 
use of passive transfluthrin-impregnated diffusers for mosquito protection in two-person US military tents in 
warm-temperate environments similar to north Florida.   

1. Introduction 

Mosquitoes transmit pathogens that cause infection and disease to 
humans and animals and pose a distinct health threat to United States 
(US) military troops deployed in austere field conditions, where personnel 
may be sleeping in tents vulnerable to entry of vector and nuisance ar-
thropods such as mosquitoes (Withers and Craig, 2003). Traditional US 
military mosquito control measures feature the use of personal protection 
such as application of topical repellents on skin and proper use of 
repellent-treated uniforms, application of residual pesticides to military 
tents and other field materiel such as camouflage nets, and pesticide space 
sprays (AFPMB, 1996). However, additional layers of protection are 
needed to account for pyrethroid-resistant mosquito populations. One 
protective layer with potential for development in the US military inte-
grated vector management (IVM) system is that of spatial repellents. 

Spatial repellents, unlike residual insecticides, do not require phys-
ical contact with target arthropods to be effective (Achee et al., 2012). 
Spatial repellents create a vapor barrier that a host-seeking arthropod 

vector such as a mosquito must travel through to contact the host, and 
rather than causing morbidity or mortality the spatial repellent active 
ingredient targets mosquito sensory organs to disrupt host orientation 
and flight (Ogoma et al., 2014; Martin et al., 2020). Spatial repellents 
can potentially create a zone of protection for one or more humans 
(Achee et al., 2012; Ogoma et al., 2014; Sukkanon et al., 2021; Verhulst 
et al., 2021). Because the intended primary mode of action for spatial 
repellents is to alter the behavior of host-seeking vectors to move away 
from the protected area around the host, as opposed to causing mor-
tality, their use could be a strategy to both circumvent existing insecti-
cide resistance and not contribute to further evolution of resistance in 
target mosquito populations (Achee et al., 2012). 

Transfluthrin is a fluorinated pyrethroid with low vapor pressure 
which allows the active ingredient (AI) to disperse at ambient temper-
atures (Ogoma et al., 2012a; McPhatter et al., 2017; Tambwe et al., 
2020) and can be used as a spatial repellent. Previous studies using 
transfluthrin as a spatial repellent applied to wood furniture, hessian 
fabric, or other materials placed in exterior environments reduced 
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human-mosquito interactions (Ogoma et al., 2012a; Govella et al., 2015; 
Mmbando et al., 2018; Mwanga et al., 2019; Masalu et al., 2020; Britch 
et al., 2020a). However, we have observed variation in the efficacy of 
transfluthrin and other spatial repellents in the field depending on 
whether the active ingredient is presented in a partially enclosed space 
(Britch et al., 2020b, 2021). In this study, we conducted further inves-
tigation of transfluthrin in partially enclosed spaces by using passive 
transfluthrin-impregnated resin diffusers to attempt to reduce the 
number of mosquitoes entering small two-person US military tents in a 

warm-temperate field site in north-central Florida. The objectives of this 
study were (i) to determine the efficacy of transfluthrin diffusers in 
preventing entry of natural populations of mosquitoes into two-person 
US military tents and (ii) to assess the duration of efficacy of trans-
fluthrin diffusers with both 150 and 250 purported effect days. 

2. Materials and methods 

2.1. Field site and US military tents 

In August 2019, we erected eight two-person US military tents 
(COMBAT; Eureka, Binghamton, NY, USA) (Fig. 1), within and outside the 
edge of a long leaf pine tree (Pinus palustris) forest at Camp Blanding Joint 
Training Center in Starke, Florida (Fig. 2). The tents were paired at four 
locations in two habitats: two paired sites within the forest canopy 
(termed canopy habitat) and two paired sites in the field outside of the 
forest (termed field habitat). Paired tents at each site were positioned 
approximately 2–3 m apart with tent doors partially opened to the same 
cardinal direction and with sites separated by 25 m in each habitat. At the 
two canopy sites, tents were pitched with doors oriented north-south, 
while tents at the two field sites had an east-west orientation. Each tent 
was fitted with a US Centers for Disease Control and Prevention (CDC) 
trap (Model 512; John W Hock, Gainesville, FL, USA) baited with light 
and CO2 (approx. 2 kg of pelletized dry ice) which was delivered from an 
insulated container (Igloo; John W. Hock, Gainesville, FL, USA). The trap 
and CO2 container were suspended from the center of each tent (Fig. 1). 

2.2. Experimental design 

For each paired site, we established one treatment and one control 
tent (Fig. 2). The treatment tents received an off-the-shelf commercially 
produced passive resin diffuser impregnated by the manufacturer with 
transfluthrin (Dainihon Jochugiku Co., Ltd., Osaka, Japan) with either a 
150-day effect (TFL-150) (990 mg transfluthrin technical AI) or a 250- 
day effect (TFL-250) (1200 mg transfluthrin technical AI) (McMillan 
et al., 2022). Each diffuser was calibrated by the manufacturer to release 
transfluthrin at a rate of approximately 5 mg per 24 h and was placed 
inside a tent corner furthest from the door. Once placed, diffusers 
remained in the tent for the duration of the experiment. 

The two canopy habitat treatment tents were located within the tree 
canopy on the east side of the experiment site with doors half opened to 
the north, with one tent receiving a TFL-150 diffuser and one tent 
receiving a TFL-250 diffuser (Fig. 2). The two field habitat treatment 
tents were located in an open field on the west side of the experiment site 
with doors half opened to the east, with one receiving a TFL-150 diffuser 
and one receiving a TFL-250 diffuser (Fig. 2). The control tents received 

Fig. 1. A Visualization of a CDC trap placed in a two-person US military tent 
with a diffuser. B Visualization of paired two-person US military tents to create 
a collection “site”; one tent containing a transfluthrin diffuser (with either 150- 
day or 250-day effect) and the other a non-treated control. C Visualization of 
door half open on a two-person US military tent (Note: the white post was not 
part of this experiment but shows an example TFL-250 diffuser). 

Fig. 2. Aerial image of the study area at Camp Blanding Joint Training Center, 
Starke, Florida, showing locations of two pairs of tents in the canopy habitat and 
two pairs of tents in the field habitat. 
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no diffusers and doors were left half open to the north or east, matching 
their paired treatment tents in both habitats. 

To monitor both biotic and abiotic ambient environmental conditions, 
respectively, we set two CDC traps baited with light and dry ice (termed 
ambient traps) and erected three kestrel weather stations (Model 5500; 
Nielsen-Kellerman, Boothwyn, PA, USA) to monitor temperature, relative 
humidity (RH), wind speed, and wind direction at a height of 1.2 m (Fig. 2). 
The two ambient traps were placed approximately 30 m to the north of the 
midpoint of the two field habitat sites and 30 m to the west of the midpoint 
of the two canopy habitat sites (Fig. 2). One weather station was placed 
between each of the two sites in the canopy and the field habitats (Fig. 2). 
The third weather station was placed 30 m north of the canopy habitat site 
at the junction of two access roads north of the study site (Fig. 2). 

2.3. Measuring efficacy (Objective 1) and duration (Objective 2) of 
transfluthrin diffusers preventing entry into tents 

Mosquito collections using CDC traps were initiated on August 20, 
2019 (week 0) and terminated January 17, 2020 (week 21). Collections 
were conducted on the following schedule: weekly collections week 
0 through week 4; collections every two weeks from week 5 through 
week 10; and monthly collections from week 11 through week 21. All 
traps were set in the morning between approximately 10:00 h and 12:00 
h to run overnight for 24 h and collection containers retrieved and stored 
at − 20 ◦C in the USDA Agricultural Research Service Center for Medical, 
Agricultural, and Veterinary Entomology (USDA-ARS-CMAVE) Labora-
tory for later counting and identification. 

2.4. Mortality observations in collected specimens 

After the first two collections (week 0 and 1) we observed high 
mosquito mortality in trap collections from tents with transfluthrin 
diffusers. Starting week 3, we estimated the percentage of dead 
mosquitoes in each trap collection upon retrieval from the experiment 

site. Mosquitoes were considered dead if they were on the bottom of the 
trap container and not moving or unable to fly after agitation. 

2.5. Statistical analysis 

Collection data were analyzed using R (version 4.2.1) (2022-06-23 
ucrt) (R Core Team, 2023) and the RStudio GUI (version 2022.07.0548 
“Spotted Wakerobin”). To adjust for non-normal distributions of counts 
and over-dispersion of the data, a general linear model (GLM) with family 
quasi-Poisson was generated to compare mean collections and assess 
location bias. Means were separated using general linear hypothesis tests 
with multiple comparison Tukeyʼs post-hoc test using the multcomp 
package. Mean collection numbers were evaluated by Ryan-Einot- 
Gabriel-Welsch multiple range test using the agricolae package to assess 
differences between the number of mosquitoes collected from control 
tents and treatment tents. Additionally, a quasi-Poisson GLM followed by 
a General Linear Hypothesis Test with Tukey’s for mean separation were 
conducted to determine whether the presence of diffusers significantly 
influenced the mortality of mosquitoes following trapping. Finally, col-
lections were pooled and ecologically analyzed to assess a difference in 
mosquito community structure associated with treatment using species 
richness, abundance, rarefaction, diversity, and evenness. Collection data 
were visualized using the ggplot2 package in R. 

3. Results 

3.1. Mosquito collections 

Collection and evaluation periods were truncated at Day 149 due to 
the loss of one of the treatment tents and its diffuser. Furthermore, 
additional trapping could not be conducted to schedule due to the 
COVID-19 pandemic limiting activities of federal employees and labo-
ratories. Mosquito collection data are described by location and date in 
Supplementary Table S1. 

Fig. 3. Average number of mosquitoes collected inside tents containing transfluthrin diffusers with either a 250-day effect (TFL-250) or 150-day effect (TFL-150) or 
their paired control tents by days after treatment (DAT), August 20, 2019 to January 17, 2020, with standard error (SE) and simultaneously plotted average minimum 
temperature and relative humidity. 
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In tents containing transfluthrin-impregnated diffusers we collected 
5881 mosquitoes, encompassing 20 species, with 10 (150-day diffuser) 
and 13 (250-day diffuser) species collected from the canopy habitat, and 
14 (150-day diffuser) and 15 (250-day diffuser) species collected from 
the field habitat (Supplementary Table S2). Five species constituted the 
majority (94.1%) of the collection totals across both habitats: Culex 
nigripalpus accounted for 61.6% of total mosquitoes collected (67.7% 
across all canopy collections, 56.2% across all field collections), fol-
lowed by Anopheles crucians (10.6% total; 9.7% canopy, 11.4% field), 
Cx. erraticus (10.2% total; 9.8% canopy, 10.5% field), Coquillettidia 
perturbans (8.5% total; 6.5% canopy, 10.2% field), and Aedes tormentor 
(3.2% total; 1.7% canopy, 4.0% field) (Supplementary Table S3). 
Additional species were collected, and their prevalence based on treat-
ment and habitat type is described in Supplementary Table S2. 

3.2. Location bias 

Location bias was evaluated by comparing the mean number of 
mosquitoes collected at each site; ambient traps were treated as indi-
vidual sites. The average number of mosquitoes collected at each site per 
trap night was 138.1 ± 18.0 (mean ± standard error, SE) (range: 103.8 

± 30.6 SE to 174.6 ± 51.4 SE). There was no significant difference in the 
mean number of mosquitoes collected between any of the sites, indi-
cating that there was no site location bias (GLM-Quasi Poisson: F(5,54) =

0.2451, P = 0.94048). 

3.3. Objective 1: Efficacy of preventing mosquito entry into tents 

We consistently collected more - although not statistically signifi-
cantly more - mosquitoes in tents containing transfluthrin diffusers (89.6 
± 14.9 SE) than in control tents (57.4 ± 8.8 SE) (Fig. 3). While there was 
no significant difference in the number of mosquitoes collected between 
transfluthrin-treated and control tents, (t(78) = 1.902, P = 0.0608), this 
trend persisted until cooler weather reduced collection counts. Given the 
low P-value (0.0608), additional trapping, as was planned, may have 
given better resolution between the treatment and control tent mosquito 
collections. 

There was no significant difference in the mean number of mosqui-
toes collected in tents with either diffuser treatment (TFL-150: t(38) =

1.192, P = 0.241; TFL-250: t(38) = 1.473, P = 0.149) and their paired 
control tents. However, collections from tents containing diffusers, TFL- 

Table 1 
Ryan, Einot, and Gabriel and Welsch multiple range test results comparing mean numbers of mosquitoes collected for 21 trap nights distributed over 0–149 days after 
deployment of transfluthrin spatial repellent diffusers in two-person US military tents deployed in warm temperate Florida canopy and field habitats.  

Comparison between treatment means Difference P-value LCL UCL 

Canopy TFL-250 - Canopy Control TFL-250 20.5 0.992 − 87.500 128.500 
Canopy TFL-250 - Canopy TFL-150 4.8 1 − 112.076 121.676 
Canopy TFL-250 - Canopy Control TFL-150 21.5 1 − 100.228 143.228 
Canopy TFL-250 - Canopy Ambient Control − 56.1 0.879 − 181.114 68.914 
Canopy TFL-250 - Field Control TFL-150 13.8 1 − 113.669 141.269 
Canopy TFL-250 - Field TFL-150 − 27.6 0.999 − 157.014 101.814 
Canopy TFL-250 - Field Control TFL-250 36.1 0.996 − 94.914 167.114 
Canopy TFL-250 - Field TFL-250 − 14 1 − 145.014 117.014 
Canopy TFL-250 - Field Ambient Control − 23.4 1 − 156.932 110.132 
Canopy Control TFL-250 - Canopy TFL-150 − 15.7 0.998 − 123.700 92.300 
Canopy Control TFL-250 - Canopy Control TFL-150 1 1 − 115.876 117.876 
Canopy Control TFL-250 - Canopy Ambient Control − 76.6 0.516 − 198.328 45.128 
Canopy Control TFL-250 - Field Control TFL-150 − 6.7 1 − 131.714 118.314 
Canopy Control TFL-250 - Field TFL-150 − 48.1 0.958 − 175.569 79.369 
Canopy Control TFL-250 - Field Control TFL-250 15.6 1 − 113.814 145.014 
Canopy Control TFL-250 - Field TFL-250 − 34.5 0.997 − 165.514 96.514 
Canopy Control TFL-250 - Field Ambient Control − 43.9 0.978 − 174.914 87.114 
Canopy TFL-150 - Canopy Control TFL-150 16.7 0.997 − 91.300 124.700 
Canopy TFL-150 - Canopy Ambient Control − 60.9 0.703 − 177.776 55.976 
Canopy TFL-150 - Field Control TFL-150 9 1 − 112.728 130.728 
Canopy TFL-150 - Field TFL-150 − 32.4 0.996 − 157.414 92.614 
Canopy TFL-150 - Field Control TFL-250 31.3 0.998 − 96.169 158.769 
Canopy TFL-150 - Field TFL-250 − 18.8 1 − 148.214 110.614 
Canopy TFL-150 - Field Ambient Control − 28.2 0.999 − 159.214 102.814 
Canopy Control TFL-150 - Canopy Ambient Control − 77.6 0.276 − 185.600 30.400 
Canopy Control TFL-150 - Field Control TFL-150 − 7.7 1 − 124.576 109.176 
Canopy Control TFL-150 - Field TFL-150 − 49.1 0.918 − 170.828 72.628 
Canopy Control TFL-150 - Field Control TFL-250 14.6 1 − 110.414 139.614 
Canopy Control TFL-150 - Field TFL-250 − 35.5 0.994 − 162.969 91.969 
Canopy Control TFL-150 - Field Ambient Control − 44.9 0.977 − 174.314 84.514 
Canopy Ambient Control - Field Control TFL-150 69.9 0.386 − 38.100 177.900 
Canopy Ambient Control - Field TFL-150 28.5 0.992 − 88.376 145.376 
Canopy Ambient Control - Field Control TFL-250 92.2 0.274 − 29.528 213.928 
Canopy Ambient Control - Field TFL-250 42.1 0.976 − 82.914 167.114 
Canopy Ambient Control - Field Ambient Control 32.7 0.997 − 94.769 160.169 
Field Control TFL-150 - Field TFL-150 − 41.4 0.852 − 149.400 66.600 
Field Control TFL-150 - Field Control TFL-250 22.3 0.998 − 94.576 139.176 
Field Control TFL-150 - Field TFL-250 − 27.8 0.997 − 149.528 93.928 
Field Control TFL-150 - Field Ambient Control − 37.2 0.989 − 162.214 87.814 
Field TFL-150 - Field Control TFL-250 63.7 0.488 − 44.300 171.700 
Field TFL-150 - Field TFL-250 13.6 1 − 103.276 130.476 
Field TFL-150 - Field Ambient Control 4.2 1 − 117.528 125.928 
Field Control TFL-250 - Field TFL-250 − 50.1 0.723 − 158.100 57.900 
Field Control TFL-250 - Field Ambient Control − 59.5 0.726 − 176.376 57.376 
Field TFL-250 - Field Ambient Control − 9.4 1 − 117.400 98.600 

Abbreviations: LCL, lower control limit = one confidence interval lower than the difference; UCL, upper control limit = one confidence interval higher than the 
difference. 
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150 (91.8 ± 20.8 SE) or TFL-250 (87.4 ± 21.9 SE), contained c.30 more 
mosquitoes per trap/night compared to collections from their paired 
control tent, 62.8 ± 13.5 SE (TFL-150 control) and 52.1 ± 11.6 SE (TFL- 
250 control) (Table 1). 

We assessed the interaction between habitat (field or canopy) and 
tent treatment. Mosquito collection numbers from treatment tents 
placed in either the field (101.2 ± 23.0 SE) or the canopy (78.0 ± 19.2 
SE) habitats were higher than the control tents in either the field (55.5 
± 11.5 SE) or the canopy (59.4 ± 13.6 SE) habitats, but not significantly 
more (t(76) = 0.698, P = 0.487). We also did not find any significant 
difference in mosquito collections between the field tents (78.3 ± 13.2 
SE) or the canopy tents (68.7 ± 11.7 SE) (t(76) = − 0.187, P = 0.852). 

However, although we observed a lack of significance in collection 
numbers among various groupings as described above, we did observe a 
general trend between the field and canopy habitats and temperature 
(Fig. 3). On days when the maximum temperature in the field and 
canopy habitats was similar (< 2 ◦C difference), the average number of 
mosquitoes collected in the canopy habitat (all tents) was higher than 
for the field habitat. Conversely, when the maximum temperature dif-
ference between the field and canopy habitats was greater than 2 ◦C, the 
average number of mosquitoes collected in the field habitat was higher 
than the canopy habitat. The only deviation from this trend was the last 
night of trapping, 149 days after treatment (DAT), in which the tem-
perature difference was 0.5 ◦C, but the field habitat tents averaged 21.6 
mosquitoes, which was higher than collections in the canopy habitat 
tents which averaged 19.0 mosquitoes. 

3.4. Objective 2: Duration and mortality observation 

We observed high mean mortality in tents with either diffuser, TFL- 
250 (100%) and TFL-150 (98.7%), and no significant difference in mean 
mortality rates between diffuser treatments from 22 DAT through 149 
DAT (z = 0.073, P = 1.00) (Fig. 4). The estimated mean percent mor-
tality in the treatment tents was significantly higher (TFL-150 - ambient 
trap, z = 4.509, P < 0.001; TFL-150 - Control TFL-150, z = 4.612, P <
0.001; TFL-150 - Control TFL-250, z = 4.431, P < 0.001; TFL-250 - 
ambient trap, z = 4.530, P < 0.001; TFL-250 - Control TFL-150, z =
4.632, P < 0.001; TFL-250 - Control TFL-250, z = 4.452, P < 0.001) than 
that observed in the control tents, control TFL-250 (30.7%) and control 
TFL-150 (28.0%), or the ambient traps (19.1%) as described in Fig. 4. 
We determined transfluthrin diffuser duration of effect based on the 
estimated percent mortality observed, since we consistently collected 
more mosquitoes in treatment tents than in control tents. A reduction in 
percent mortality was only observed at 149 DAT from the TFL-150 
diffuser placed in the field habitat tent. All other tents with a diffuser 
reported 100% mortality throughout. The decrease in mortality for the 
TFL-150 diffuser in the field habitat would appear to indicate a drop in 
efficacy of the diffuser at the expected 150-day limit of its efficacy 
period. We hypothesize that the canopy habitat may have had a pro-
tective effect on weathering the 150-day diffuser placed there, because 
mortality in collected specimens was still 100% at Day 149 in that tent. 

Ecological analysis of the collection data was conducted to assess if 
there were differences observed between collections regarding species 
abundance and richness. These assessments yielded the following results 
as described in Table 2. Species richness values were highest from 
canopy habitat collections, more specifically from the control (i.e. non- 
treated) tents (2.02 and 2.58). However, overall species richness was 
more consistently high among the field habitat collections. Abundance 
was highest from the ambient trap collections. Furthermore, the abun-
dance values were consistently higher in treatment tent collections than 
in control tent collections regardless of the habitat. Rarefaction was 
calculated using 10 individuals and described in Table 2. Overall, the 
greatest number of individual species that would be collected from a 10- 
unit subsample are from the ambient traps at 4.83 and 4.95. Further-
more, the collections from the field habitat had higher rarefaction 
richness values than the canopy habitat, and in both the field and canopy 
habitats the treatment tents had lower rarefaction richness values 
compared to their respective control tents. Diversity using a Shannon- 
Wiener Index and Simpson’s index was calculated for all collection 
sites and described in Table 2. Similar to rarefaction, the greatest index 
values were from the ambient traps at 1.82, 0.80 and 1.88, 0.80. 
Furthermore, the collections from the field habitat had higher Shannon- 
Wiener Index and Simpson’s index values than the canopy habitat, and 
in both the field and canopy habitats the treatment tents had lower 
Shannon-Wiener Index and Simpson’s index values compared to their 
respective control tents. Finally, evenness was calculated using a Pie-
louʼs evenness index and true diversity using Shannon index. Similar to 

Table 2 
Ecological data analysis to assess differences between species richness, abundance, rarefaction, diversity, and evenness related to treatment type and locale.  

Locale Treatment Richness Abundance Rarefaction Diversity Evenness 

Menhinick Margalef Shannon-Wiener Index Simpsonʼs Index Pielouʼs evenness True diversity - Shannon 

Canopy TFL-250 0.52 2.08 830 3.15 1.09 0.46 0.17 2.97 
Canopy Control 0.77 2.58 490 3.85 1.45 0.65 0.23 4.27 
Canopy TFL-150 0.39 1.50 780 3.21 1.09 0.51 0.21 2.99 
Canopy Control 0.56 2.02 618 3.70 1.34 0.60 0.23 3.82 
Canopy Ambient trap 0.43 2.17 1577 4.83 1.82 0.80 0.28 6.20 
Field Ambient trap 0.48 2.34 1431 4.95 1.88 0.80 0.28 6.53 
Field Control 0.56 2.13 711 4.40 1.66 0.72 0.27 5.28 
Field TFL-150 0.51 2.29 1099 3.93 1.44 0.63 0.22 4.24 
Field Control 0.63 2.10 489 4.55 1.71 0.74 0.28 5.54 
Field TFL-250 0.51 2.18 986 3.84 1.40 0.61 0.22 4.06  

Fig. 4. Average estimated percent mortality, with standard error (SE), of 
mosquitoes collected in the ambient environment or inside tents containing 
transfluthrin diffusers with either a 250-day effect (TFL-250) or 150-day effect 
(TFL-150) or their paired control tents from September 11, 2019 to January 17, 
2020. Note: Histogram bars with the same letter (“A” or “B”) are not signifi-
cantly different; bars with different letters are significantly different, at P 
< 0.001. 
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rarefaction and diversity, the greatest evenness values were from the 
ambient traps at 0.28, 6.20 and 0.28, 6.53. Moreover, the collections 
from the field habitat had higher evenness values than the canopy 
habitat and in both the field and canopy habitats the treatment tents had 
lower evenness values compared to their respective control tents. 

4. Discussion 

Based on results from the total numbers of collected mosquitoes 
among treatment and control tents, the commercially produced 
transfluthrin-impregnated resin diffusers placed in two-person US mili-
tary tents did not prevent mosquitoes from entering the tents. We 
emphasize that these results are not conclusive for all applications of the 
active ingredient transfluthrin and represent only one transfluthrin 
deployment and use scenario. Our findings might be explained by the 
effect described by Ogoma et al. (2012b, 2014) as excito-repellency, 
where transfluthrin-exposed mosquitoes are compelled to perform 
high levels of flight and other movement activity. It is expected that 
when mosquitoes encounter a spatial repellent plume they move away 
from the area (Achee et al., 2012); however, the combination of the 
diffuser location and the half-opened tent door might not allow for a 
sufficient zone of protection (Sukkanon et al., 2021; Yan et al., 2023). 
McMillan et al. (2022) observing differences in temperature-related 
mortality in caged sentinel mosquitoes placed across an 
interior-to-exterior gradient in similar two-person US military tent en-
trances speculated that convection currents might be occurring at the 
tent entrance due to temperature differences inside and outside the tent. 
If these convection currents exist, they may prevent a stable protection 
zone from forming, allowing mosquitoes attracted by a CO2 trail to fly 
through this intermittent barrier. 

McMillan et al. (2022) further speculated that transfluthrin accu-
mulated on surfaces inside the tent from point sources of transfluthrin 
such as diffusers or treated cloth strips placed in or hanging from the 
inside of the tent. In this scenario, once mosquitoes enter a tent that 
currently contained or had in the past contained a transfluthrin source 
and rested on any surface, they would contact transfluthrin and possibly 
receive a lethal dose. Yan et al. (2023) showed that, in non-contact trials 
with An. minimus using filter paper treated with 0.065%, 0.2%, and 1.5% 
transfluthrin, mosquitoes had a strong escape response of 62.50%, 
49.85%, and 63.49%, respectively. However, in scenarios with contact 
at the same transfluthrin rates, the escape response was depressed to 
35.29%, 17.3%, and 0.0%, respectively (Yan et al., 2023). In the current 
investigation, the combination of an unstable spatial repellent plume 
and mosquito contact with surfaces potentially contaminated with 
transfluthrin once inside the tent might explain the higher numbers of 
mosquitoes collected in treated tents compared to the control. 

The placement of the transfluthrin diffuser in tents in the present 
investigation could also be an important consideration (Ogoma et al., 
2014; McPhatter et al., 2017; Martin et al., 2020; Rajagopal et al., 2023). 
Our placement of the transfluthrin diffuser in a back corner, away from 
the tent opening may be a contributing factor in the number of 
mosquitoes entering and later collected in the treated tents. McPhatter 
et al. (2017) placed two types of transfluthrin-impregnated strips at the 
entrance of three-person tents and was able to prevent 66–88% of Ae. 
aegypti entering. Ogoma et al. (2014) suggested that creating a trans-
fluthrin “bubble” with multiple devices rather than using one single 
source would be more effective. Rajagopal et al. (2023) reduced entry of 
Ae. aegypti, Ae. taeniorhynchus, An. quadrimaculatus, and Cx. quinque-
fasciatus by 85–95% by placing transfluthrin-activated controlled 
release passive devices at the entrance as well as the center and rear of 
large 3 × 4 m multi-person US military tents. 

In addition to higher numbers of mosquitoes in treated tents, we 
observed significantly higher average percentages of mortality in 
collected mosquitoes in treated tents than those from the control tents 

(99.14% and 28.33%, respectively). Martin et al. (2020) found that 
airborne transfluthrin induced toxic effects and achieved a maximum 
knockdown/mortality of ~80% or higher at 2 h when cages of 
mosquitoes were placed 2 and 4 m from a transfluthrin source. Masalu 
et al. (2020) and Rajagopal et al. (2023) observed nearly 100% mortality 
at 24 h with caged mosquitoes placed near but not in contact with any of 
the transfluthrin sources. Because of the high mortality in treatment 
tents, we suspect that all interior surfaces of the tent, including the trap, 
battery, collection bag, and CO2 reservoir, were contaminated with 
transfluthrin in addition to the airborne transfluthrin. Once inside the 
tent, mosquitoes could encounter a stable transfluthrin plume at least at 
floor level and contact transfluthrin, thus experiencing excito-repellency 
leading to a reduced escape response and more opportunities for con-
tacting a treated surface, allowing more mosquitoes to be collected in 
traps in transfluthrin-treated tents. We speculate that mosquitoes, once 
inside the tent with a diffuser, were overstimulated and/or disoriented 
due to excito-repellency and not able to be repelled as expected. The 
transfluthrin-induced flight activity may have increased the likelihood 
of becoming captured by the trap, and continued exposure to trans-
fluthrin while confined in the collection container resulted in high rates 
of mortality. 

Additionally, although our investigation was not designed to eval-
uate biting rates, we speculate that mosquitoes collected in tents with a 
transfluthrin diffuser even if not repelled from the area would be less 
likely to bite occupants within as well as nearby the tent (Lucas et al., 
2007; Ogoma et al., 2014; McPhatter et al., 2017). Masalu et al. (2020) 
found that painting transfluthrin on the underside of chairs placed 
outdoors could reduce mosquito biting by 70–85%. When using 
transfluthrin-treated hessian fabric placed around outdoor cooking 
kitchens, outdoor biting by mosquitoes was reduced by up to 81% in the 
immediate area and reduced biting occurred in nearby enclosures by up 
to 43% (Masalu et al., 2020). However, further investigation is needed 
to determine whether mosquitoes exposed to transfluthrin in partially 
enclosed spaces have a diminished biting potential. In the context of the 
current investigation, further experiments could illuminate whether the 
mosquitoes accumulating transfluthrin doses in treated tents would 
have still attempted to bite human occupants before being killed by the 
active ingredient. 

Similar to observations reported in Britch et al. (2020b) that not all 
mosquito species in an area may be equally present in collections from 
traps protected with spatial repellents, we observed a difference in the 
number of species collected between the field (14–15 species, depending 
on diffuser type) and canopy (10–13 species, depending on diffuser 
type) habitats (Supplementary Table S2). We were not able to distin-
guish a difference in collection abundance for single-specimen species 
that may have been singularly impacted by spatial repellent-treated 
tents. 

5. Conclusions 

Based on the collection data presented herein, we conclude that the 
commercially produced passive transfluthrin diffusers we deployed in 
two-person tents in a warm temperate environment do not provide a 
spatial repellent effect sufficient to protect tents from entry by 
mosquitoes. These findings corroborate those of Dame et al. (2014), 
Britch et al. (2021), and McMillan et al. (2022) in that a single spatial 
repellent formulation and/or delivery method will likely not be suffi-
cient to protect personnel from all mosquito species present in an area 
and will likely not be appropriate for all defined spaces that require 
protection. However, we emphasize that these results are not conclusive 
for all applications of transfluthrin and represent only one transfluthrin 
deployment and use scenario. Spatial repellents have shown potential in 
preventing human-vector interactions as observed by Ogoma et al. 
(2012a), Britch et al. (2020a, b), and McMillan et al. (2022) and could 
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help mitigate current shortfalls in IVM. However, our findings in the 
present investigation indicate that over-confidence in spatial repellents 
could bring about unintended harmful effects such as accumulating 
mosquitoes in a space intended for protection. Whether these accumu-
lated mosquitoes would have a reduced biting behavior following 
exposure to transfluthrin should be investigated in future studies. Future 
refinements of spatial repellent formulation, delivery method, and 
placement could provide operational protection from mosquito and 
other arthropod vectors and contribute to solving the significant chal-
lenges in insecticide resistance and disease transmission that impact the 
efficacy of current IVM systems (Revay et al., 2013; Ogoma et al., 2017). 
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