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Abstract

West Nile virus (WNV) is the leading mosquito-borne disease causing-pathogen in the

United States. Concerningly, there are no prophylactics or drug treatments for WNV and

public health programs rely heavily on vector control efforts to lessen disease incidence.

Insecticides can be effective in reducing vector numbers if implemented strategically, but

can diminish in efficacy and promote insecticide resistance otherwise. Vector control pro-

grams which employ mass-fogging applications of insecticides, often conduct these meth-

ods during the late-night hours, when diel temperatures are coldest, and without a-priori

knowledge on daily mosquito activity patterns. This study’s aims were to 1) quantify the

effect of temperature on the toxicity of two conventional insecticides used in fogging applica-

tions (malathion and deltamethrin) to Culex tarsalis, an important WNV vector, and 2) quan-

tify the time of host-seeking of Cx. tarsalis and other local mosquito species in Maricopa

County, Arizona. The temperature-toxicity relationship of insecticides was assessed using

the WHO tube bioassay, and adult Cx. tarsalis, collected as larvae, were exposed to three

different insecticide doses at three temperature regimes (15, 25, and 35˚C; 80% RH). Time

of host-seeking was assessed using collection bottle rotators with encephalitis vector survey

traps baited with dry ice, first at 3h intervals during a full day, followed by 1h intervals during

the night-time. Malathion became less toxic at cooler temperatures at all doses, while delta-

methrin was less toxic at cooler temperatures at the low dose. Regarding time of host-seek-

ing, Cx. tarsalis, Aedes vexans, and Culex quinquefasciatus were the most abundant

vectors captured. During the 3-hour interval surveillance over a full day, Cx. tarsalis were

most-active during post-midnight biting (00:00–6:00), accounting for 69.0% of all Cx. tarsa-

lis, while pre-midnight biting (18:00–24:00) accounted for 30.0% of Cx. tarsalis. During the

1-hour interval surveillance overnight, Cx. tarsalis were most-active during pre-midnight

hours (18:00–24:00), accounting for 50.2% of Cx. tarsalis captures, while post-midnight bit-

ing (00:00–6:00) accounted for 49.8% of Cx. tarsalis. Our results suggest that programs
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employing large-scale applications of insecticidal fogging should consider temperature-tox-

icity relationships coupled with time of host-seeking data to maximize the efficacy of vector

control interventions in reducing mosquito-borne disease burden.

Author summary

Mosquito-borne pathogens such as West Nile virus (WNV) are expected to increase due

to climate change, and public health programs rely on insecticides to reduce mosquito

vector populations. Insecticidal fogging is often conducted during post-midnight hours

when temperatures are coldest. Temperature has been shown to impact the toxicity of

insecticides, but this effect is understudied, particularly for WNV vectors. The researchers

aimed to test the effect of temperature on the toxicity of two common insecticides to

Culex tarsalis, a primary mosquito vector of WNV, and to identify when local vectors

were actively seeking a host to bite. The research location was a productive riparian (wet-

land) area adjacent to many urban centers in Arizona. The researchers found that both

insecticides became less toxic at colder temperatures and that early evening accounted for

a significant portion of captures, yet is outside of normal fogging hours. Human outdoor

activities also increase during these hours, which may result in elevated risk of disease

transmission. This research serves to improve our understanding and usage of insecticides

to reduce disease burden. As insecticides are used globally, the findings of this research

may relate to all mosquito-borne diseases, including malaria, and are relevant for agricul-

tural pest management.

Introduction

Vector-borne diseases remain substantially burdensome globally, accounting for over 17% of

all infectious diseases and resulting in more than 700,000 deaths annually [1]. The most preva-

lent mosquito-borne pathogen in the United States is West Nile virus (WNV), principally vec-

tored by Culex tarsalis [2,3], in addition to Culex quinquefasciatus and Culex pipiens [1,4,5].

The Pacific Southwest has a particularly high incidence of WNV, Arizona being among the

states with the highest burden [6], accounting for over half of the cases reported in the United

States in 2021, with 1,476 cases (~86% of all Arizona cases) originating in Maricopa County

alone [7]. Arizona also contains large populations of Aedes vexans, a competent vector of Zika

virus [8], dengue [9], and WNV [10,11], but is principally a common flood-water nuisance

mosquito with sparse (current) evidence to indicate a non-negligible contribution to the trans-

mission of these arboviruses in nature. Alarmingly, much of the Southwestern United States

also has well-established populations of Aedes aegypti, the primary vector of many (re)emerg-

ing arboviruses such as dengue, Zika, and chikungunya [12]. Arizona lies at the forefront of

the establishment of these diseases in the United States [13]. For instance, transmission of den-

gue regularly occurs just miles from the Arizona-Mexico border [14], and local transmission

was observed in 2022 [15]. No prophylactics or drug treatments exist for these arboviruses,

and disease control programs often rely on the use of insecticides. Chemically treating and

reducing the availability of oviposition sites (and thus, larval habitats) relies heavily on com-

munity engagement due to the nature of the aquatic habitats of these mosquito species (i.e.

many larval habitats are found on private property). For example, water-holding containers

such as plastic tanks, water storage jars, flower and plant vases, rubber tires, etc. are typical
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larval habitats for Aedes species [16]. Whereas agricultural sites, wetlands, riparian zones (par-

ticularly relevant for Culex tarsalis, which are most abundant in rural habitats [2,17–21]),

storm drains, and unmaintained or abandoned pools, known as ‘green pools’, are typical larval

habitats for Culex species [16]. While alternative approaches are becoming more prominent

(such as genetically modified mosquitoes, irradiated mosquitoes, and mosquitoes infected

with Wolbachia [22]), insecticides are and will likely remain the primary method of disease

prevention for some time–in part due to their existing availability and establishment in agri-

cultural pest control as well as vector control globally. Barring significant insecticide-resis-

tance, insecticides can be highly effective in reducing mosquito numbers and subsequently

lower the incidence of disease due to the nonlinear effect of mosquito reductions on disease

transmission [23].

In Maricopa County, AZ, insecticides are deployed through truck-mounted mosquito fog-

ging (calibrated to control for windspeed and drift) when (i) an exceedance of mosquito abun-

dance occurs, or (ii) a WNV positive female mosquito is detected through routine laboratory

screening. Maricopa County Environmental Services Department (MCESD) utilizes over 800

surveillance traps weekly, distributed across the county [24], and deploys traps in other areas

based on mosquito complaints received. This proactive approach allows MCESD to dynami-

cally monitor mosquitoes and mosquito activity county-wide. Their surveillance system is

designed such that a vector control response, typically in the form of insecticide fogging, can

be implemented in the area if a trap has met a particular trigger (such as an exceedance over

an abundance threshold, or an arboviral-positive sample is identified). Fogging events are con-

ducted exclusively between the hours of 00:00 and 5:00. As a result, mosquitoes are exposed to

the insecticide during the coldest portion of the diel temperature cycle. This is important as

the efficacy of public health insecticides depends, to a large extent, on local temperature condi-

tions [25–29] in addition to i) other local environmental conditions [30], such as wind [31],

precipitation [32,33], and UV exposure [34,35], ii) mosquito physiological factors, such as

behavioral [36], metabolic [37], altered target site [38,39], and penetration resistance [40], and

iii) the application of insecticide (quality, timing, dissemination, etc.) [41,42]. Given that fog-

ging is the core vector control approach of the MCESD, below we focus on the impact of tem-

perature—which can vary widely during a single day in the Phoenix metropolitan area [43]—

and mosquito activity patterns as to better understand the mosquito-insecticide interactions

pertinent to fogging.

Regarding temperature’s influence on the efficacy of vector control, ectothermic metabo-

lism is inferred to be an important factor in this relationship given its relevance in the modes

of action for many of the major insecticide classes. Temperature’s specific effect on metabolic

rate, however, is obscured. Intuitively, it is generally argued that ectothermic metabolism

increases with temperature [44] under the postulation that, within thermal margins, rising

temperature increases cellular activity and therefore yields increased cellular metabolism. Con-

sequently, as metabolic rates increase, insecticide degradation may hasten and reduce exposure

times which may be particularly effective in vector populations with metabolic resistance.

Warmer temperatures may also induce cross-tolerance to insecticides [45]. However, this

increase in metabolic rate may increase the uptake of insecticides, resulting in a higher or has-

tened dose. The relationship between temperature and ectothermic metabolism isn’t always

clear (or linear) [46], and it has been shown that some insect populations from high-altitude

and cooler sites have significantly higher metabolic rates compared to populations from

warmer sites, suggesting this difference is due to the need for organisms to thermally compen-

sate in cold climates [47–49].

In addition to climatic factors, host-seeking mosquito flight behavior, the period with the

highest likelihood of substantial exposure to insecticidal fogging remains unknown for key
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vector species in the Phoenix area. Observed flight (i.e., host-seeking) patterns of Ae. aegypti in

other parts of the US indicate that this species is mostly active during the late afternoon-early

evening [50,51]. Diel activity patterns of Ae. aegypti populations in Miami, FL, and Browns-

ville, TX, showed continuous activity throughout the day, but with significantly elevated peaks

during the mornings and evenings [52,53]. Mutebi et al. [53] also found that Ae. aegypti diel

activity significantly differed within seasons and trap locations, but not in the overall patterns

within cities. Observed flight patterns of Culex spp. in South Carolina indicate that this genus

is most-active during the first two hours following sunset and from midnight to 04:00 [51]. Cx.

quinquefasciatus captured in Brownsville, TX, displayed steady activity throughout dusk to

dawn [52]. However, these host-seeking patterns are contextual to geographical location (and

their associated environmental conditions and factors), seasonality, and species [50,54–59],

stressing the necessity for vector control programs and research partners to investigate their

local conditions to tailor control methods, including educative public health communication

[60], accordingly.

The aim of this study was to illustrate the potential impact of temperature—insecticide tox-

icity interactions as well as mosquito activity patterns on vector control efficacy in the Phoenix

metropolitan area. Utilizing a temperature range that is ecologically relevant for vector mos-

quito species in Phoenix, and the WHO tube bioassay for insecticide resistance monitoring,

we compared malathion and deltamethrin toxicities to Cx. tarsalis at three temperatures (15,

25, 35˚C). Temperature can influence the efficacy of chemical control. Known as the tempera-

ture coefficient (TempCo) of insecticide toxicity, this value can be negative (i.e., increases in

toxicity as temperature decreases), positive (i.e., increases in toxicity as temperature increases),

but may not consistently be either value. Little progress has been made in quantifying this rela-

tionship for widely used insecticides and many disease vectors. The current research on this

topic has observed different patterns, even within pyrethroids and on the same species com-

plex [25,27], and to our knowledge, has not been done for malathion and deltamethrin and

Cx. tarsalis. The direction and magnitude of the TempCo unsurprisingly differs between spe-

cies and insecticide [25–29]. Naturally, as environments and climate also vary in areas of dis-

ease transmission risk, quantifying the TempCo for insecticides on local vectors should be

considered essential information for vector control programs.

To our knowledge, this is the first examination of temperature’s impact on the insecticide

susceptibility of Cx. tarsalis vectors in the United States, and the first collation of the timing of

mass-insecticide application and mosquito flight behavior in the area.

Methods

Mosquito collections for the insecticide susceptibility tests

Mosquito immatures were collected at several locations within the Salt River Pima Maricopa

Indian Community (SRPMIC) from May-June 2021, just prior to the start of the monsoon sea-

son. Specifically, these sites were MCESD adult surveillance trap locations which receive high

capture rates annually. The SRPMIC, being adjacent to flood-irrigated farmland, riparian

zones, and storm drainage systems, is simultaneously a suitable habitat for many bird species

and mosquito populations. WNV-positive mosquitoes are routinely sampled from this area

[61]. Additionally, it is near several urban centers, making it a high-risk area for potential arbo-

viral disease spillover.

Twice weekly, mosquito larvae and pupae were collected from natural water bodies taken

from the SRPMIC using a standard dipper (Bioquip Products Inc., CA), where its entire con-

tents (i.e., water and debris of the dipper) were then transferred into 18 oz Whirl-Pak polyeth-

ylene bags (4 ½ x 9” White Block Whirl-Pak Bags). Upon returning to the laboratory, the
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contents of the Whirl-Pak bags were emptied into emergence cups (Bioquip Products Inc.,

CA) and naturally reared to adulthood under ambient indoor conditions. Newly emerged

adults were released into experimental cages daily to guarantee the age range of the adults per

experimental replicate of 2–5 days old. Mosquitoes in each cage were provided ad libitum
access to water and 10% sucrose solution, refreshed daily. Immature collections occurred

simultaneously with adult collections (see ‘Mosquito time of host-seeking’ below).

Insecticide susceptibility tests

Preparation of insecticide-treated papers. The insecticide susceptibility tube bioassay of

the World Health Organization (WHO) was chosen, which is an open system (i.e. mosquitoes

can more readily experience the environmental temperature and humidity) in contrast with

the CDC bottle bioassay method, which is fully closed.

The organophosphate malathion and the pyrethroid deltamethrin (Sigma-Aldrich, Pesta-

nal, analytical standard, 36143-100MG and 45423-250MG, respectively) were selected to be

used in this study as they are typically the active ingredient among the majority of prequalified

mosquito fogging products approved for public health use [62]. The WHO presents insecticide

concentrations used in their bioassay as the percentage of active ingredient per unit of volume

of carrier (0.7mL) on filter paper, cut to 15x12cm (Whatman WHA1001929). For both insecti-

cides, three concentrations (of low, intermediate, and high doses (0.03, 0.095, 0.3% for delta-

methrin; 0.8, 1.78, 8% for malathion) in addition to a control (oil only), were selected based on

official WHO discriminating dose recommendations [63]. According to the WHO, the dis-

criminating dose of deltamethrin is 0.05% for Anopheles spp., and 0.03% for Aedes spp. The

discriminating dose of malathion is 5% for Anopheles spp., and 0.8% for Aedes spp. At the time

of this study, official discriminating concentration information was not available for Culex
spp., and as such, concentrations of both insecticides were selected to span (and extend) the

range of concentrations for the Anopheles and Aedes genera. The WHO has since released dis-

criminating concentrations for malathion and deltamethrin on susceptible Cx. quinquefascia-
tus, which are 5% and 0.025%, respectively [64]. The use of high, intermediate, and low

concentrations (to WHO tube bioassay standards) was intended to investigate temperature’s

effect across a gradient of concentrations. Mosquito time of host-seeking activity is expected to

impact concentration exposures, and varying concentrations of insecticides from truck

mounted fogging are likely to occur, given the decrease in atmospheric droplet density over

relatively short distances during outdoor space spray operations [65].

Mosquito exposures. Using the WHO tube bioassay, about 25 2–5 day old adult female

mosquitoes were acclimatized in holding tubes to one of the three temperatures (see section

below) for 1hr, preceding the insecticide exposure for an additional 1hr at the same tempera-

ture. One replicate of each concentration was tested at each temperature during an experimen-

tal run, and this process was repeated 4 to 5 times (depending on the insecticide). This resulted

in 12 tubes tested per run (4 concentrations of insecticides including a control, across 3 tem-

peratures). Tubes were randomized during each run, regarding the start of the acclimatization

and thus exposure period. After the 1hr exposure, the number of moribund or dead mosqui-

toes was scored and all mosquitoes were transferred back to the holding tube that was trans-

ferred into the post-exposure environmental chamber (malathion: 26.7˚C ± 0.6 (SD), 72.7%

RH ± 2.9 (SD); deltamethrin: 26.8±0.5˚C, 74.1±1.8% RH. Mosquitoes had ad libitum access to

10% glucose solution to assess mortality 24 hours after exposure. Survivors were killed and all

mosquitoes identified to species through light microscopy by MCESD experts.

Temperature treatments. Insecticide susceptibility tests were conducted at three different

temperatures (malathion: 16.7±0.2˚C, 70.8±2.4% RH; 24.9±0.7˚C, 66.0±2.3% RH; 34.4±0.8˚C,
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71.1±3.3% RH; deltamethrin: 16.6±0.2˚C, 72.8±2.1% RH; 25.1±0.6˚C, 66.3±2.7% RH; 34.6

±0.7˚C, 70.2±3.5% RH. Climate chambers were constructed using polystyrene housing (Mate-

riPolar Tech 266C Thermo Chill Insulated Carton, 19” x 12” x 16”), lined with heat cable (Zoo

Med Reptile Heat Cable 15 Watts, 11.5 feet) and connected to humidifiers (Coospider; Model,

15hf98-4h287). An LED light with an automatic on/off timer (MingDak Submersible LED

Aquarium Light, 6W,11 Inch) maintained a 12:12 hr light:dark cycle into each chamber. Tem-

perature and humidity were regulated by a temperature and humidity controller (Digiten

DHTC-1011). Sensor cables and the humidifier hose were positioned in identical locations for

each environmental chamber. As the ambient temperature of the laboratory was higher than

15˚C, the low temperature treatment chamber was kept in a Caron Insect Growth Chamber

(Model: 6025–1), programmed to 14˚C. Temperature and humidity for all environmental

chambers were monitored in one-minute intervals using Omega OM-92 temperature (NIST

certified, accuracy +/- 0.3˚C) and humidity (accuracy +/- 3% RH) loggers. Data were down-

loaded weekly.

Mosquito time of host-seeking

3h intervals during a full day. Concurrently with the immature mosquito collections for

insecticide susceptibility tests, two Collection Bottle Rotators (John W. Hock Company,

Gainesville, FL) were placed in different areas isolated from one another in the SRPMIC (see

Fig 1) using established trap locations by the MCESD (RT242 [33.44079675, -111.8730362]

and RT502 [33.44007868, -111.8889179]). The SRPMIC is known to have West Nile virus-pos-

itive vector presence [61] and substantial mosquito host-seeking activity (averaging around

1,600 captures per night between traps during the study period). Each rotator, equipped with 8

collection nets, was set to rotate every 3 hours, to evaluate mosquito activity across a full day

(i.e. 24hrs). An Encephalitis Vector Survey (EVS) (John W. Hock Company, Gainesville, FL)

trap was placed on top of the rotator and was baited by 3 kg of dry ice (CO2 sublimating via an

insulated bucket with several holes in the bottom, suspended ~30 cm above the EVS trap). The

dry ice was refilled (up to a maximum of 3 kg) twice daily, 10 (+/- 2) hours apart, beginning at

06:00 and again between 16:00–18:00. Each rotator was run for 3 days/week during the study

period (April-May 2021), starting each day at 06:00. Total collection numbers along with spe-

cies diversity and diel host-seeking activity per 3-hour period were recorded throughout the

study period. Identification of captured mosquitoes was done through light microscopy by

MCESD experts.

1h intervals overnight. Sequentially following the 3h surveillance during the same season,

four Collection Bottle Rotators were placed in different areas isolated from one another within

the SRPMIC, using established trap locations by MCESD (now also including RT243

[33.44002361, -111.8861459] and RT244 [33.43954298, -111.8869971]) to assess mosquito

host-seeking activity in more detail between sunset and sunrise. Rotators were designated a(n)

‘morning’ or ‘evening’ rotational schedule pseudo-randomly (i.e., an exact total of two ‘morn-

ing’ and two ‘evening’ programs were selected each night) for the duration of the study. The

evening collections occurred hourly from 18:00 to 00:00; the morning collections hourly from

00:00 to 06:00. During each collection the first (i.e. net 1) and last (net 8) collection nets were

not included in the analysis, as they captured mosquitoes from the time the trap was set to the

start of collection, and the time between the end of the collection and the time the nets were

collected, respectively. This was to remove mosquitoes which sought a blood meal at different

times from the population. Each area was designated as being a(n) ‘morning’ or ‘evening’ site

and subsequently alternated this designation each day for 4 days/week. Total collection num-

bers along with species diversity and host-seeking activity per 1-hour period were recorded
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throughout the study period (May-June, 2021). Identification of captured mosquitoes was

done through light microscopy by MCESD experts.

Data analysis

Temperature—insecticide toxicity interactions. Mortality data were analyzed using

Analysis of variance (ANOVA) with a Tukey’s HSD test to assess the effect of temperature on

the toxicity of insecticides to mosquitoes. Temperature was an independent variable (low,

intermediate, high) and was coded as a categorical variable, with the intermediate group as the

reference level. Insecticide dose was a secondary independent variable (low, intermediate,

high). Experimental replicate was included as a random effect. Abbott’s formula was used to

correct for natural mortality in the deltamethrin (17 and 35˚C) control groups [66]. Thus, con-

trol mosquitoes were excluded from analysis, due to homogenous survival across all groups.

Mosquito activity patterns. Per species, trap-specific mean number of mosquitoes cap-

tured per 3-hour period were analyzed using (ANOVA) with Tukey’s post hoc. For morning

and evening hourly captures (i.e. 1-hour captures), the mean site-specific counts and propor-

tion of mean totals for species in each time-period were analyzed using ANOVA with Tukey’s

post hoc.

All statistical analyses were performed in R v. 4.2.1 [67].

Fig 1. Field collection area for immature Cx. tarsalis (aim 1) and Collection Bottle Rotator traps (aim2) in the SRPMIC. Encircled area broadly denotes

the coverage of the collection area used in this study. Trap locations within this area were selected based on geographical significance to Tempe, AZ, and

surveillance locations already established by MCESD. Created via U.S. Geological Survey (USGS) National Map Viewer: https://apps.nationalmap.gov/viewer,

accessed on 3/20/2024.

https://doi.org/10.1371/journal.pntd.0012460.g001
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Results

The impact of temperature on the insecticide susceptibility of Cx. tarsalis
to malathion and deltamethrin

A total of 679 mosquitoes were tested for malathion. Temperature significantly impacted the

toxicity of malathion (ANOVA: alpha = 0.05, F = 20.46, df = 2, p = 7.59e-07). ANOVA results

per dose are as follows: (Fig 2; low dose ANOVA: alpha = 0.05, F = 10.05, df = 2, p = 0.00272;

intermediate dose ANOVA: F = 23.14, df = 2, p = 7.62e-5; high dose ANOVA: F = 2.163,

df = 2, p = 0.158). Specifically, significance was detected in the low dose between low and high

temperatures (Fig 2; ANOVA: F = 9.711, df = 2, p = 0.0031, Tukey: p = 0.0045), as well as

between intermediate and high temperatures (p = 0.0096). Significance was detected in the

intermediate dose between low and high temperatures (p = 0.0001) and intermediate and high

temperatures (p = 0.0004). At the highest dose of malathion, temperature significantly

impacted the toxicity between the low and high temperatures (p = 0.0058). Mean mortality at

the lowest malathion dose increased by 17% from 25 to 34˚C. Mortality at intermediate mala-

thion dose (1.78%) increased by 45% between 25 and 34˚C. At the highest malathion dose

(8%), mortality increased by about 15% from 17 to 34˚C.

A total of 361 mosquitoes were tested for deltamethrin. Temperature significantly impacted

the toxicity of deltamethrin in the low dose (Fig 2; low dose ANOVA: alpha = 0.05, F = 5.617,

df = 2, p = 0.0261), but not in the intermediate (p = 0.342) or high (p = 0.996) doses.

Fig 2. Insecticide toxicity at different temperatures to Cx. tarsalis, collected between May-June 2021. Insecticide

doses are represented as the percentage of active ingredient per unit of volume of carrier (0.7mL) on the filter paper.

Malathion displayed a trend of positive TempCo across doses. Similarly, deltamethrin displayed a trend of a positive

TempCo at the low and intermediate dose. Abbott’s formula was used to correct for control mortality. Asterisks

indicate outliers.

https://doi.org/10.1371/journal.pntd.0012460.g002
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Specifically, significance was detected between the low and high temperatures at the low dose

(Tukey: p = 0.0231). Mean mortality at the lowest deltamethrin dose increased by more than

double at each temperature interval, showing a 45% increase in mortality at 35˚C compared to

17˚C. Mean mortality at the intermediate dose showed a steady increase of about 10% with

increasing temperature.

Time of host-seeking

A total of 18 days of 24-hour surveillance at 3-hour intervals were recorded. Cx. tarsalis and

Ae. vexans were the most abundant species (Fig 3). During this period, 30,137 female mosqui-

toes were captured, consisting of: 22,892 Cx. tarsalis, 6,225 Ae. vexans, and 1,020 Cx. quinque-
fasciatus. Regarding the 3-hour surveillance data, time of day (3-hour blocks) (ANOVA:

alpha = 0.05, F = 24.1855, df = 7, p = < 2.2e-16) and trap location (ANOVA: alpha = 0.05,

F = 8.5363, df = 1, p = 0.003766) were significant for Cx. tarsalis captures. Time of day was sig-

nificant for Cx. quinquefasciatus captures (ANOVA: alpha = 0.05, F = 8.5559, df = 7,

p = 1.683e-09), and time of day was significant for Ae. vexans captures (ANOVA: alpha = 0.05,

F = 11.0596, df = 7, p = 2.439e-12).

Fig 3. The average number of female mosquitoes caught at each site (referred to as RT242 and RT502 by MCESD,

in the SRPMIC) per 3-hour period from April to May 2021. Cx. tarsalis was the most abundant species captured.

Both sites reflect that the most abundant mean captures occurred between the hours of 00:00–06:00.

https://doi.org/10.1371/journal.pntd.0012460.g003
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During the 3-hour interval surveillance over a full day, daytime biting (06:00–18:00)

accounted for 259 captures (0.86%) consisting of: 232 Cx. tarsalis (1.01% of all Cx. tarsalis cap-

tures); 18 Ae. vexans (0.29% of Ae. vexans captures); and 9 Cx. quinquefasciatus (0.88% of all

Cx. quinquefasciatus captures). Pre-midnight nighttime biting (18:00–24:00) accounted for

8,696 captures (28.85%) consisting of: 6,864 Cx. tarsalis (29.98% of Cx. tarsalis); 1,547 Ae. vex-
ans (24.85% of Ae. vexans); and 285 Cx. quinquefasciatus (27.94% of Cx. quinquefasciatus).
Post-midnight nighttime biting (00:00–06:00) accounted for 21,182 captures (70.29%) consist-

ing of: 15,797 Cx. tarsalis (69.01% of Cx. tarsalis); 4,659 Ae. vexans (74.84% of Ae. vexans); and

726 Cx. quinquefasciatus (71.18% of Cx. quinquefasciatus). Peak post-midnight nighttime bit-

ing occurred between 03:00 and 06:00, accounting for 11,247 captures (37.32%) consisting of:

8,407 Cx. tarsalis (36.72% of Cx. tarsalis); 2,485 Ae. vexans (39.92% of Ae. vexans); 355 Cx.

quinquefasciatus (34.80% of Cx. quinquefasciatus).
A total of 9 nights of hourly surveillance were recorded. Ae. vexans was the most abundant

species (Fig 4). During this period, 13,857 female mosquitoes were captured, consisting of:

11,569 Ae. vexans, 1,542 Cx. tarsalis, and 746 Cx. quinquefasciatus. Hourly (morning and

Fig 4. The average number of female mosquitoes caught at each site (referred to as RT242, RT243, RT244, and

RT502 by MCESD, in the SRPMIC), per 1-hour period during morning (00:00–6:00) or evening (18:00–24:00)

hours in the SRPMIC (May–June 2021). Ae. vexans was the most abundant species captured. Average peak times

were dependent on species and trap site, indicating that evening hours are not inconsequential for host-seeking

behavior.

https://doi.org/10.1371/journal.pntd.0012460.g004

PLOS NEGLECTED TROPICAL DISEASES Effect of temperature and time of host-seeking on controlling West Nile virus mosquitoes

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0012460 August 30, 2024 10 / 22

https://doi.org/10.1371/journal.pntd.0012460.g004
https://doi.org/10.1371/journal.pntd.0012460


evening) time of day was significant for Ae. vexans captures (ANOVA: alpha = 0.05,

F = 2.3942, df = 11, p = 0.007147), Cx. tarsalis captures (ANOVA: alpha = 0.05, F = 2.5418,

df = 11, p = 0.004221), and Cx. quinquefasciatus captures (ANOVA: alpha = 0.05, F = 2.4344,

df = 11, p = 0.006198).

During this period, morning biting (00:00–06:00) accounted for 5,058 captures (63.88%)

consisting of: 4,268 Ae. vexans (65.72% of Ae. vexans); 467 Cx. tarsalis (49.79% of Cx. tarsalis);
and 323 Cx. quinquefasciatus (66.46% of Cx. quinquefasciatus). During the morning hours, the

least amount of females across all species were captured between 05:00 and 06:00 (338), while

most were captured between 02:00 and 03:00 (1,052). Evening biting (18:00–24:00) accounted

for 2,860 captures (36.12%) consisting of: 2,226 Ae. vexans (28.11% of Ae. vexans); 471 Cx. tar-
salis (50.21% of Cx. tarsalis); and 163 Cx. quinquefasciatus (33.54% of Cx. quinquefasciatus).
During the evening hours, the least amount of females across all species were captured between

18:00 and 19:00 (35), while the most were captured between 20:00 and 21:00 (912).

Discussion

The aim of this study was to assess the potential impact of temperature—insecticide toxicity

interactions as well as mosquito activity patterns on the efficacy of insecticidal fogging activi-

ties in the Phoenix Metropolitan Area. Malathion displayed a positive TempCo (i.e. higher

mortality rates at higher temperatures) on Cx. tarsalis at all doses. Temperature did not impact

deltamethrin toxicity at the highest dose but did significantly impact deltamethrin toxicity at

the lowest dose and displayed indicators of a positive TempCo at the intermediate dose (Fig 2).

Early morning biting (00:00–06:00) accounted for 70.28% of mosquito captures during the

3-hour interval surveillance and 63.88% of captures during the hourly (morning/evening) sur-

veillance. During the 3-hour surveillance, Cx. tarsalis were mostly active during (00:00–06:00)

(69.0%), followed by (18:00–24:00) (30.0%), with the rest biting during daytime hours (1.0%).

During the hourly (morning/evening) surveillance, Cx. tarsalis were mostly active during the

hours of (18:00–24:00) (50.2%), followed by (00:00–06:00) (49.8%).

Temperature-toxicity

Temperature is known to impact the toxicity of insecticides on mosquito populations [25–29].

As the concentrations used in this study exceed diagnostic concentrations for susceptible Cx.

quinquefasciatus (by up to ten-fold), with mortality never reaching 100%, our data suggest that

according to WHO methods for insecticide resistance monitoring, it is likely these field-col-

lected Cx. tarsalis are resistant to these insecticides. Malathion generally displays a positive

TempCo [68], as was observed in this study. As an acetylcholinesterase inhibitor, it prevents

muscular neurotransmission from ceasing activation [69]. Temperature affects acetylcholines-

terase activity as well as muscular neurotransmission dynamics [69,70]. The process of chemi-

cal modification (i.e., chemical changes in the insecticide compound) within the organism,

called biotransformation, is reduced at colder temperatures. The compounds resulting from

biotransformation of organophosphates are suggested to be more toxic than the original com-

pound [71]. Thus, at colder temperatures, the reduction in the rate of biotransformation

would subsequently yield elevated levels of the less-toxic original compound.

Deltamethrin, a type-2 pyrethroid, disrupts nerve signal activity by delaying the closure of

the sodium ion channel, a process also well-documented to be influenced by temperature

[72,73]. Reduced temperatures prolong the duration of steady-state resting potential and

increase the stability of open-modified sodium channels, further prolonging the duration of

sodium influx and susceptibility of the nervous system to the toxicity of pyrethroids. Addition-

ally, Hardwood et al., have also proposed that at low temperatures, the reduction in
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biotransformation leads to an accumulation of the original compound, which is more toxic

than the compound(s) created in the process of biotransformation [71]. Our results at low-

intermediate doses add to the body of evidence that do not follow this trend [25,27], implicat-

ing that the temperature-toxicity relationship of pyrethroids on mosquito vectors is complex.

The TempCo of pyrethroids on Anopheles spp. has been observed to be positive, negative, and

bi-modal in cases [25,27]. It is also possible that neural sensitivity and mosquito behavior influ-

enced by higher insecticide dosages may supersede the impact of temperature. The number of

mosquitoes tested for deltamethrin in this study was limited due to the nature of field collec-

tions, thus further studies are warranted. Additionally, the overall mortality of the deltame-

thrin doses were low, despite the highest dose selected in this study being more than 10 times

greater than the WHO’s discriminating concentration for susceptible Cx. quinquefasciatus
[64]. Further, the samples collected in our study represent just a fraction of the metapopulation

and are consequently limited in their translation to the field, warranting the need for addi-

tional sampling and surveillance.

Time of host-seeking

Diel mosquito host-seeking in the SRPMIC indicate that during the pre-monsoon season,

peak activity times across all three species observed occurred during the hours of 00:00–6:00.

Interestingly, the majority of Cx. tarsalis captured during the 3-hour interval surveillance were

captured between the hours of 00:00–06:00 (69.0%), while during the 1-hour surveillance, the

slight majority of Cx. tarsalis were captured during the evening hours of 18:00–24:00 (50.2%).

This deviation from the 3-hour interval observations highlights the importance to monitor

diel activity year-round to better capture and quantify these patterns, as seasonality (i.e. the 1h

surveillance followed the 3h surveillance in time) can impact species behaviors [51,54,55].

While 64–70% of captures are accounted for during the early morning hours, our data show

that 30–36% of captures are outside of these hours–primarily occurring in the late evening

hours. Of the early morning hours, the period between 05:00 and 06:00 accounted for the least

number of captures, whereas most captures occurred during the period between 02:00 and

03:00, suggesting that morning-fogging would have been most optimal during this hour. Of

the evening hours, the period between 18:00 and 19:00 accounted for the least number of cap-

tures, whereas most captures occurred during the period of 20:00 and 21:00 across all species,

suggesting that evening-fogging would have been most optimal during this hour. Moreover,

temperatures between 20:00 and 21:00 are warmer compared to 02:00 and 03:00, relevant for

fogging with TempCo in mind.

Despite the potential impact of TempCo on the efficacy of employed insecticides on these

vectors, the fogging window may appear to capture the period of peak host-seeking, but if

residual efficacy is shortened due to any number of factors (such as increased vegetation cover-

age, which is often correlated with mosquito abundance [74]), the precise timing of fogging is

likely critical to achieve optimal results.

Fogging treatments are effective as long as droplets remain airborne. However, droplets will

fall and disperse onto objects or dissipate into the atmosphere [75]. Droplet mass dictates the

rate at which they fall, and according to the WHO, this rate can vary considerably–ranging

from hours to mere seconds with larger droplets falling more quickly. However, dry climates

(such as Arizona) also impact the evaporative rate of the diluent used to carry the insecticide,

subsequently shrinking the droplet size, and risking dissipation (for example, droplets smaller

than 5 μm in diameter will be affected by the air turbulence created by a mosquito’s flight, thus

limiting contact [75]). Since insecticide droplets do not remain airborne (or active) indefi-

nitely, the timing of fogging is crucial to reduce the impact of the decay of efficacy (for
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example, fogging at 01:00 does not guarantee that mosquitoes active at 05:00 would be exposed

to the same potency and subsequently be killed, despite being within the fogging window

(00:00–05:00) of MCESD’s protocol). To illustrate, for ultra-low volume (ULV) fogging studies

conducted in Puerto Rico [76] and in Surinam [77], Ae. aegypti suppression may have been

limited by asynchrony between the spray time and flight activity [78].

ULV fogging residual efficacy is dependent on numerous factors such as: wind speed,

obstructions, vegetation, road network coverage, spray concentration, flow rate, droplet size,

temperature, and timing (especially relevant for flight activity behaviors: when mosquitoes are

primarily resting at the time of application, their exposure to the insecticide can be dramati-

cally reduced) [75,79–81]. Vector control programs should consider droplet size and the envi-

ronmental conditions which affect fogging dynamics (including droplets) to maximize

efficacy.

In 2006, Reddy et al., studied the effects of ground applications (i.e., truck-mounted fog-

ging) to suppress Culex vectors and subsequently reduce WNV transmission [79]. They found

that while the vector populations were susceptible to the insecticide and that the road network

was generally adequate with coverage, poor results from the application method failed to

reduce WNV transmission [79]. Malathion control had decreased by up to 56% when applied

in areas of vegetation (compared to open fields) [82]. Similarly, Barber et al, found that Perma-

none 30:30, a type-1 pyrethroid, achieved 95% mortality in the open but no better than 34%

mortality in vegetated sites [83]. Accompanying the factor of timing, fogging applications can

wildly vary in their success. Effectiveness of ULV spraying in vegetated habitats may be

reduced by vegetation acting as a filtration of the spray, reducing the amount of insecticide

available for mosquito uptake, and by reducing wind speed, similarly reducing uptake [78].

In addition, mosquito factors, such as blood feeding status, mosquito age, and metabolic

rate will influence insecticide efficacy. Blood feeding and blood meal digestion reduce insecti-

cide susceptibility [84–87], conferring varying degrees of resistance depending on species, age,

insecticide, and stage of blood meal digestion [84]. Blood-fed mosquitoes may be more resis-

tant to insecticides due to an increase in metabolic activity, leading to the increased systemic

expression of detoxification enzymes [85]. Additionally, blood-fed mosquitoes may also be less

sensitive to temperatures, via a protective heat shock protein response [88], which may also

contribute to insecticide resistance depending on the TempCo of an insecticide. However, this

interaction is not well known and should be investigated in future studies.

While one of the central aims of this study was to quantify the time of host-seeking activity

in the study area, a limitation of it was the absence of simultaneous quantification of oviposi-

tion-seeking behavior, which would yield additional information of the overall flight activity of

local vectors. However, our results reflect existing literature, particularly regarding general

times of host-seeking behaviors of these vectors. Importantly, this also means that many vector

control programs that fog only once per day/night may be missing a significant opportunity of

efficacious spraying if tailoring methods toward local peak host-seeking data [52]. With

approximately 30% of mosquito vectors active during the evening hours in our study, it is pru-

dent to recognize that this is an interval of concern with regard to disease transmission risk.

This is particularly troubling when considering that human outdoor activity generally

increases during evening hours, and there is little human activity between midnight and 06:00

[89]. WNV (and other arboviral) spillover risk will likely be disproportionately elevated during

these hours. Having said that, this study was limited spatially (albeit laboratory-confirmed

WNV infected mosquitoes frequently inhabit the area [61]) and to the pre-monsoon season,

just before the intense Arizona summer, where mosquito abundance (particularly Cx. tarsalis)
is reduced [90]. Year-round surveillance, thus including the post-monsoon season when mos-

quito abundance increases again, is warranted.
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Whilst fogging may reduce mosquito populations, it may very well not reduce disease risk if

biting/activity time is genetically determined and may worsen if fogging practices have an

effect of selection on biting times. Heritable biting behaviors can be subjected to selection

from intervention methods, as seen in Anopheles arabiensis [91]. Circadian rhythms (clocks)

of insects provide synchronization of key life history traits, controlling physiology and behav-

iors, such as host-seeking and resting patterns. The circadian clock may also influence the

chronotoxicity of insecticides. For example, a link between pyrethroid-resistance and the cir-

cadian clock in Ae. aegypti has been observed by Yang et al. [92], suggesting that circadian

expressions of genes are likely to be involved in insecticide detoxification processes. Disrup-

tions of circadian clocks in Ae. aegypti were also linked to altered host-seeking behavior [93].

Variability in circadian rhythms was observed in the Culex pipiens complex, suggesting that

genetic differences may yield differing activity patterns, independently of seasonality [94]. The

complete role of circadian rhythms and their relation to vector control efforts is not fully

understood and requires future investigation. Behavioral resistance (evolution of behavioral

traits in response to intervention selection) or resilience (biting behavior plasticity) are also

dynamic factors of interventions that may affect fogging efficacy. Again, year-round sampling

(or at minimum, the full mosquito season), will provide more robust vector-associated details.

Expanding surveillance to include considerations based on epidemiological indicators (such as

relevant socio-economic, land-use (urbanization), local genetics and urban pollutants (e.g.,

artificial light) which are likely to influence biting patterns [95]), and vegetation gradients (as

vegetation cover impacts fogging efficacy [78]), in addition to refining reservoir surveillance

(e.g., bird reservoirs for WNV), will improve intervention response.

Influence of temperature on vector control

Aridification is expanding, including in the Pacific Southwest [96]. Even under moderate cli-

mate change scenarios, vector borne disease dynamics are expected to be impacted dramati-

cally [96]. Climate change will affect the shifting of vector and disease distribution—posing

logistical challenges in adequate public health response, particularly where none may have

been needed before [97]. Whether climate change will impact mosquito abundance and spe-

cies diversity positive or negatively is beyond the scope of this work, but warming is likely to

impact the toxicity of any insecticide due to their TempCo. Temperature stress may aggravate

the negative effect of insecticide on mosquitoes either by increasing their sensitivity to insecti-

cide or enhancing insecticide toxicity. Alternatively, warmer temperature conditions may

induce cross- tolerance to insecticides [98] or lead to more rapid insecticide degradation that

may be beneficial to mosquitoes given shorter exposure periods [99]. It is largely unknown

which effect(s) are more significant. Additional toxicokinetic processes are also impacted by

temperature, and warmer temperatures can accelerate the physiological mechanisms underly-

ing these processes. Higher temperatures can also aggravate and augment mosquito activity,

increasing metabolic activity yielding elevated oxygen demand and respiration rate [100]. This

may result in a greater uptake of the insecticide. As such, more research is needed to identify

the intricacies driving the effect of temperature on insecticide toxicity.

Mosquitoes reared at warmer temperatures tend to progress through immature stages more

quickly, resulting in smaller adults due to a reduced opportunity to accumulate mass during

larval development. This can impact behavior [101] as well as insecticide susceptibility since

weight is an indicator for susceptibility [102]. Broadly, regardless of size, warmer temperatures

affect flight behavior (i.e., reduction in total travelable distance as well as shorter flights [101]),

and mosquitoes may adapt to be active later during the night to avoid (the most) unfavorable

temperatures. In the context of this study, mosquitoes are exposed to insecticide sprays during
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the coldest part of the day/night cycle by MCESD. This may translate into reduced toxicity in

field conditions if the TempCo of the insecticide is positive. However, field studies conducted

locally will ultimately show the practicality and feasibility of using chemical control with

TempCo taken into consideration. As such, also understanding how climate influences the

physiology and behaviors of relevant mosquito vectors could produce more optimal use of

chemical control.

Modeling and future directions

Wilke et al. have generated a model evaluating insecticidal fogging efficacy based on vector

abundance capture data in Texas and Florida populations [52]. The model’s results unsurpris-

ingly showed that fogging during peak activity time windows for relevant vector species

yielded increased efficacy, which was further improved when fogging two times per day for

species with bi-modal peaks or a steady abundance. This model illustrates a promising prece-

dent toward a more efficacious use of insecticidal fogging, as with the rise of mosquito-borne

disease burden and insecticide resistance globally, it is paramount to maximize the few public

health insecticidal classes allowed for fogging [62,103]. Moreover, actualized repeated applica-

tions of fogging appears to be effective in increasing control [104–106]. Repeated applications

could be especially useful during arboviral outbreaks or seasons known to have higher inci-

dence of disease transmission. A further application of this model could be to couple with con-

text-specific (i.e., local insecticides and species) TempCo data to improve model predictions in

efficacy. Repeated applications should also be tailored with the incubation period of an arbovi-

rus in mind, to avoid repeated sprays too early or too late [105].

Conclusion

Temperature had a significant effect on the toxicity of malathion at all doses to local Cx. tar-
salis, with higher mortality rates at higher temperatures. Deltamethrin was more toxic at the

highest temperature in the lowest dose and displayed indicators of a positive TempCo at the

intermediate dose. Concerningly, local populations of Cx. tarsalis appear to be resistant to

malathion and deltamethrin, two different insecticide classes with differing target sites [64].

This sets an alarming precedent for areas which utilize insecticidal fogging as the primary

method of vector control. A significant portion of mean of mosquito captures occurred dur-

ing the evening hours, which may indicate higher risk of disease transmission, as human

outdoor activity is also increased during these hours compared to activity between midnight

and 06:00. Vector control programs could bolster current fogging operations by considering

TempCo and peak time(s) of biting. If daytime fogging is an option (which may not be pos-

sible due to public sentiment [78]), insecticides that have a positive TempCo on local vec-

tors during the warmer hours of the diel temperature cycle could be more effective, while

fogging with insecticides that have a negative TempCo may be more effective during the

early morning hours. Vector control programs could also consider additional strategies to

address the peak overlap of human-mosquito activity, such as fogging during the daytime

and before midnight to reduce disease transmission risk. Field trials of these strategies

across different seasons should be conducted however, as these assumptions are based on

laboratory testing of insecticide applications and other field studies that may differ from

local field conditions. Lastly, utilizing locally-relevant TempCo data, as well as data on

human and mosquito activity patterns [107–109], into existing models [52,110] can help

improve the impact of local vector control efforts.
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