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Order of Topics and Themes
• Background: Effectiveness, Susceptibility, Tolerance, and Resistance
• Starting from a rational attitude of skepticism
• Does long term, multi-year application of Bti result in resistance in 

Michigan Spring Aedes mosquito populations?
• Culex pipiens and Culex restuans in the upper Midwest, in association 

with suppression of West Nile virus transmission
• Tolerance in Culex pipiens and Culex restuans
• Susceptibility and resistance to permethrin in the region
• Variation in susceptibility to synthetic pyrethroids within mosquito 

control districts of the Midwest region
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A formula for effectiveness
Effectiveness =   susceptibility

+ target insect accessibility
+ potency of active ingredient
+ formulation
+ method of application
+ frequency of applications
+ calibration of equipment
+ training of applicators
+ community cooperation

What is the relative “weight” of these different contributory factors to effectiveness?
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Statements of a healthy attitude of 
skepticism

• Analyzing program effectiveness should include some assessment of field mortality, that 
might indicate changes in susceptibility, due to emergence of resistance alone.

• Resistance is not inevitable although it should be anticipated by monitoring.
• Tolerance is a natural form of resistance unrelated to selection by insecticide application.  

Insects live in a chemical world and are hardened by that experience.
• The intensity of selection by purposeful application to control mosquito populations, 

which results in emergence of resistance, is (a) difficult to measure and (b) is only part of 
the process by which resistance emerges and is maintained (underexposure being one 
factor).

• Resistance is not “all or nothing.”  It is relative, and varies within and among populations.  
Less susceptible is a better term than “resistant.”

• There are no resistant species.  There are insecticide resistance populations of some 
species.
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Does long term application of ”Bti” into spring 
woodland habitats of single generation per year 

”Spring Aedes” lead to resistance?
Saginaw County Mosquito Abatement Commission
Saginaw County, Michigan
Bill Stanuszek
Chuck Pearce
Randy Knepper
Lauren Stiffler
and SCMAC staff
Al’s Aerial Spraying



The Problem
• Spring Aedes mosquitoes from spring, woodland pools
• Important pests and vectors of Jamestown Canyon virus
• Tricky timing and narrow time window:

• Application optimal for third instar larvae or younger, not for 
fourth instars or pupae

• Spring temperatures can be too low (icy = reduced efficacy)
• Spring temperatures can be too high (development to fourth 

instars and pupae reduces efficacy)



About 45,000 acres treated aerially annually over 
4-6 days in April, from 1986 to present



1. Product: Bti granules
2.5-3 lbs/acre of habitat

2. Mapped larval habitats: flooded woodland pools

3. GPS-guided aerial application

Operational concept



Observations on earliest, latest, and average larval hatch, pupation, and first biting
dates for spring Aedes in Saginaw County, Michigan, 1986 to 2018

Average dates



Is the aerial treatment effective?

• Sampling philosophy: sample before and after 
operational treatment in treated and control 
(untreated) woodland pools

• This is the classic “Before-After, Control-
Intervention” or BACI study design

• Establish a grid of 12 dip stations in each pool; 
sample 4 dips per station (48 dips total), count 
larvae and add them up

• Sample many pools to minimize variation: 
typically 100 treated pools and 40 untreated 
pools each April



Woodland Pool Sampling Method
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Treated pools: there were statistically fewer larvae in samples taken after
aerial treatment with 2.5-3 lbs/acre of Bti granules compared to before treatment

(ANOVA P < 0.05)



Control pools: there was no difference in number of larvae in samples taken before
and after aerial treatment with 2.5-3 lbs/acre of Bti granules (ANOVA P > 0.05)
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Summary
• In conclusion, aerial treatment with granular Bti at 2.5-3 

lbs/acre shows consistently high effectiveness over nearly 
three decades, 1995 to 2018: 87.9%

• Statistical analysis shows significant reduction of larval 
density in treated pools

• There is no evidence of emergence of insecticide 
resistance over 23 years as reflected by no decline, but 
rather an increase, in post-treatment mortality during 
this interval

• But there is annual variation in effectiveness … why?



• Water temperature affects feeding
rate and dose-response to Bti
of third instar Aedes stimulans larvae.
• Larvae fed slower at lower than higher
temperatures, but fed at 0 deg C (!).
• Toxicity of Bti declined with declining
temperature:

• 22 deg C: LC50 = 0.1 ppm
• 4 deg C: LC50 = 0.2 ppm
• 0 deg C: LC50 = 0.9 ppm

• More Bti required at lower temperatures
to kill larvae
• Mortality is delayed by temperature
• Therefore, natural variation in mortality
is more likely due to temperature than to
resistance



Another reason for reduced effectiveness, other than resistance: the narrow window of application

Average dates
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• Permethrin is one of the most common active ingredients in adulticides
used against mosquitoes
• Culex pipiens and Culex restuans are primary vectors of West Nile virus
in the Great Lakes region
• However, the relative susceptibility or resistance of populations of these two
vector species to permethrin is poorly known



West Nile virus

Culex pipiens and Culex restuans Bird
s
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West Nile Virus infection in Culex mosquitoes, 2005, Michigan





• CDC funded center, 2017-22
• University, public health, vector control partnership
• One of 5 nationwide
• Renewed for five years, 2022-2027
• Scope and expansion of tick- and mosquito-borne

disease in the region
• Define and enhance the community of practice

for surveillance, prevention, and control
• How well are “best practices” for control working?
• What new practices are needed?

Dr. Susan Paskewitz

Dr. Lyric Bartholomay

Co-Directors



Why have centers of excellence in vector 
borne diseases?
• Zika outbreak, 2016, Puerto Rico
• We need effective vector control, and we need it now
• Which insecticide applications and formulations work against Aedes 

aegypti, the primary virus vector?
• Discovery during the emergency:

• Nearly all populations of Aedes aegypti were resistant to permethrin and other 
synthetic pyrethroids with the exception of deltamethrin.  Why wasn’t this 
anticipated ahead of the emergency?

• Naled proposed as an alternative and Aedes aegypti populations susceptible; but 
human population says no thank you to aerial application.  Why wasn’t this 
sociological element appreciated and anticipated ahead of the emergency?

• Would aerial application be effective in any case?  Why wasn’t effectiveness of aerial 
application evaluated well before the emergency?

Hemme, R. R., L. Vizcaino, A. F. Harris, G. Felix, M. Kavanaugh, J. L. Kenney, N. M. Nazario, M. S. Godsey, R. Barrera, J.
Miranda, et al.  2019. Rapid screening of Aedes aegypti mosquitoes for susceptibility to insecticides as part of Zika
emergency response, Puerto Rico. Emerg. Infect. Dis. 25: 1959–1961.



Objectives of the present study
• Determine an effective diagnostic dose of permethrin for Culex pipiens and Culex 

restuans
• Compare different defined strains for response to the diagnostic dose
• Using bottle bioassays incorporating the validated diagnostic dose, survey for 

relative susceptibility and resistance to permethrin in Culex pipiens and Culex 
restuans populations sampled in the Great Lakes region / MCE VBD network

• Survey regionally for practices regarding susceptibility and resistance 
assessment; and distribute bottle bioassay kits to stakeholders

• Why permethrin? “Permethrin is the most widely used mosquito adulticide in the 
U.S. and is used to treat 9 to 10 million acres annually (out of 32-39 million acres 
treated with a mosquito adulticide). Permethrin’s widespread use can be 
attributed to its low cost, high effectiveness, low incidence of pest resistance, 
and broad labeling.” (Environmental Protection Agency 2021) 



• The diagnostic dose provides a dose of insecticide which gives 100% mortality after a fixed time interval from initial
exposure, and provides as a standard the minimum dose per unit time presenting an acute toxic response in a reference
population.  The time range is typically 30, 60, and 120 minutes.
• Departures from this standard represent a change in susceptibility that might be interpreted as insecticide resistance. 
• That departure in a test population could be either an increase in the amount of time required to achieve 100% mortality
at the same concentration.
of toxin as the diagnostic dose (equivalent to an increase in time of exposure); or observed mortality less than
• 100% at the set time interval and at time intervals thereafter.
• Because the dose is fixed, there is no consideration of dose-response as part of the test.
• The timed responses are rooted in standard toxicological theory, i.e., that toxicity is the combination of dose of a toxin
and time of exposure to it.

Mix/add dose
in acetone

Mix/add dose
in acetone

Evaporat
e

acetone

Add
mosquitoes

Observe
mortality



Do mosquito populations have a
natural tolerance to insecticides?
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Subtle variation in mortality of 3 Culex pipiens laboratory colonies, and one Culex restuans field population,
to 6 dosages of technical grade permethrin in CDC bottle bioassays, suggestive of natural tolerance 

Least tolerant
(most susceptible) Most tolerant

(least susceptible)

But all strains of mosquitoes are susceptible
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Sources of variation analyzed statistically

• Strain of mosquito
• Dose of insecticide
• Strain x dose
• Time interval of observation
• Time interval x strain
• Time interval x dose
• Time interval x strain x dose

• P < 0.0001
• P =0.012
• Not significant: surprising
• P < 0.0001
• P < 0.0001: Tolerance measure?
• Not significant
• Not significant



ISU

Mass of permethrin tested in bottle bioassays with four species/strains

CDC “CALUMET”

CDC recommended diagnostic dose: 43 ug/ml per bottle diagnostic dose



Locations of sampled populations
of Culex pipiens and Culex restuans
egg rafts in 2019

28 sites



Percent mortality

State Location Species 30 min 120 min

Illinois Park Ridge Cx. pipiens 91% 98%
Hillside Cx. pipiens 54% 97%

Berkeley Cx. pipiens 77% 98%
LaGrange Cx. pipiens 84% 100%
Oak Park Cx. pipiens 68% 100%
Decatur Cx. pipiens 91% 100%
Oregon Cx. restuans 99% 100%
Decatur Cx. restuans 96% 100%

Some populations of Culex pipiens with reduced susceptibility at 30 minutes.
Populations of Culex restuans showed high susceptibility.
Mortality is high and nearly 100% for all species and populations at 120 minutes.
No populations showed low mortality at 60 minutes (see next slide).

Illinois sites



Figure 3. Kaplan-Meier survival probability curves with 95%
confidence intervals for mosquitoes collected in Illinois plotted with
the survival probability of either Culex pipiens MSU or Culex restuans
MSU as references . A. Culex pipiens, Hillside, IL. B. Culex pipiens,
Berkeley, IL. C. Culex pipiens, LaGrange, IL. D. Culex pipiens, Oak Park,
IL.  E. Culex pipiens, Decatur, IL. F. Culex restuans, Decatur, IL. G. Culex
pipiens, Park Ridge, IL. H. Culex restuans, Oregon, IL. Grey shaded
areas represent 95% confidence intervals.

Illinois sites



Ohio Cleveland Cx. pipiens 100% 100%
Toledo Cx. pipiens 100% 100%
Toledo Cx. pipiens 80% 100%
Toledo Cx. pipiens 92% 100%

Reynoldsburg
Cx. pipiens-

restuans mix
91%

100%

Mentor
Cx. pipiens-

restuans mix
100%

100%

Ohio sites

One population of Culex pipiens, from Toledo, showed reduced mortality at 30 minutes

30 min      120 min



Figure 4. Kaplan-Meier survival probability curves with 95%
confidence intervals for mosquitoes collected in Ohio plotted
with the survival probability of either Culex pipiens MSU or
Culex restuans MSU as references. A. Culex pipiens, Toledo,
OH, location “O.” B. Culex pipiens, Toledo, OH, location “C.”
C. Culex pipiens, Toledo, OH, location “H.”
D. Culex pipiens-restuans mix, Reynoldsburg, OH.
E. Culex pipiens-restuans mix, Mentor, OH.
F. Culex pipiens, Cleveland, OH. 

Ohio sites



Michigan Sanford Cx. pipiens 100% 100%
Midland Cx. pipiens 98% 100%
Bay City Cx. pipiens 67% 100%
Saginaw Cx. pipiens 93% 100%

East Lansing Cx. restuans 96% 100%
Saginaw Cx. restuans 99% 100%

Midland
Cx. pipiens-

restuans mix
97%

100%

Michigan sites
30 min      120 min



Michigan sites

Figure 5. Kaplan-Meier survival probability curves with 95%
confidence intervals for mosquitoes collected in Michigan
plotted with the survival probability of either Culex pipiens
MSU or Culex restuans MSU as references. A.  Culex pipiens,
Bay City, MI. B. Culex pipiens, Saginaw, MI. C. Culex pipiens,
Midland, MI. D. Culex pipiens, Sanford, MI. E. Culex pipiens-
restuans mix, Midland Township, MI. F. Culex restuans,
Saginaw, MI.

?



Iowa Saylorville Cx. restuans 97% 100%
Jester Park Cx. restuans 100% 100%

Norwoodville
Cx. pipiens-

restuans mix 99% 100%

Lovington
Culex pipiens-
restuans mix

100%
100%

Wisconsin Madison Culex pipiens 98% 100%
Milwaukee Culex restuans 97% 100%

Indiana Noblesville Culex pipiens 73% 98%

Indianapolis
Culex pipiens-
restuans mix

96%
99%

Minnesota St. Paul Culex restuans 94% 100%

Iowa, Wisconsin, Indiana, Minnesota sites
30 min      120 min



Figure 6. Kaplan-Meier survival probability curves with 95% confidence
intervals for mosquitoes collected in Iowa, Wisconsin, and Indiana
plotted with the survival probability of either Culex pipiens MSU or
Culex restuans MSU as references. Survival probability of mosquitoes
collected plotted with the survival probability of susceptible mosquitoes.
A. Culex pipiens, Lovington, IA. B. Culex pipiens, Norwoodville, IA. 
C. Culex restuans, Jester Park, IA. D. Culex restuans, Saylor, IA. 
E. Culex pipiens, Madison, WI. F.  Culex restuans,
Milwaukee, WI. G. Culex pipiens, Noblesville, IN.
H.  Culex pipiens-restuans mix, Indianapolis, IN.

Iowa, Wisconsin, Indiana,
Minnesota sites



Conclusions
1. Two Culex pipiens form Pipiens colony strains and a field population of Culex 

restuans from Michigan were susceptible and a Culex pipiens form Molestus colony 
strain was comparatively less susceptible (more tolerant) to variable doses of 
permethrin in bottle bioassays.

2. Adult female Culex pipiens and Cx. restuans reared from egg rafts from 28 sites in 
Illinois, Ohio, Michigan, Iowa, Indiana, Wisconsin, and Minnesota showed high 
mortality in populations from 12 sites, less mortality (90%- 96%) at 9 sites, and less 
than 90% mortality from 7 sites during 30 min exposures, using a validated 
diagnostic dose of 43 ug/bottle.

3. However, all tested populations showed 97-100% mortality at 60 to 120 min, 
indicating low phenotypic penetrance of resistance factors.

4. These results indicate variation in susceptibility to permethrin in populations of 
West Nile virus vectors in the Great Lakes region of the U.S., with evidence of 
widespread susceptibility, and at best modest resistance at 7 of 28 (25%) of the 
sampled populations.



Amount of permethrin used by mosquito control 
agencies in the region, 2019

• Michigan, three counties
• Toledo Area Sanitary District

• 12,578 gallons of Kontrol 4+4
• 548 gallons of Biomist 3+15
• 1,186 gallons of Pursuit 4-4

The reported amount of permethrin used in ULV formulations for control of adult mosquito populations
is not insignificant, and probably represents typical uses.
However, there is no clear indication that this use results in strong selection for resistance to permethrin
in local populations of Culex pipiens and Culex restuans.
Explanations?
1. The selection pressure is not strong enough
2. Integrated programs involving larval control using active ingredients with other modes of action
(methoprene, Bacillus sphaericus, spinosad) eliminate mosquitoes with genes resistant to permethrin
3. Migration of mosquitoes from outside of the control zones introduces susceptible mosquitoes regularly
4. Resistance reduces fitness and vigor in the mosquito populations
5. Formulations with PBO suppress resistance
6. Older mosquitoes lose their resistance



How much variation to other synthetic 
pyrethroids occurs within mosquito control 
districts?
• Analysis of complexity of susceptibility in West Nile 

vector populations within NSMAD, Illinois, with Justin 
Harbison and Mark Clifton

• Analysis of etofenprox susceptibility in Culex pipiens 
and Culex restuans at NWMAD, Illinois, with Kristina 
Lopez and Patrick Irwin





CDC bottle bioassays for seven populations of Culex
pipiens and 5 populations of  Culex restuans for 
susceptibility to permethrin in the North Shore 
Mosquito Abatement District, Illinois, 2018

Culex pipiens
All populations showed reduced mortality compared
to lab control
No populations had 100% mortality at 30 min
Two populations did not have 100% mortality at 120 min
We have evidence of resistance to permethrin in local
populations.  Will addition of PBO eliminate it?

Culex restuans
4/5 populations showed reduced mortality curves
Compared to lab control, but not strongly so
One population had reduced mortality curve



CDC bottle bioassays for 4 populations of Culex
pipiens and 5 populations of  Culex restuans for 
susceptibility to sumithrin in the North Shore 
Mosquito Abatement District, Illinois, 2018

Culex pipiens
All populations showed reduced mortality compared
to lab control
No populations had 100% mortality at 30 min
One population did not have 100% mortality at 120 min
And showed a severely depressed mortality curve
We have evidence of resistance to sumithrin in local
populations.  Will addition of PBO eliminate it?

Culex restuans
5/5 populations showed reduced mortality curves
compared to lab control, but not strongly so



CDC bottle bioassays for 4 populations of Culex
pipiens and 2 populations of  Culex restuans for 
susceptibility to Duet in the North Shore Mosquito 
Abatement District, Illinois, 2018

Culex pipiens
All 4 populations showed reduced mortality compared
to two lab controls
Two populations had 100% mortality at 30 min
All populations had 100% mortality at 120 min
One population showed a severely depressed mortality
curve
We have evidence of resistance to Duet in local
populations.  This dual formulation of prallethrin and
sumithrin contains PBO synergist.

Culex restuans
2/2 populations showed comparable mortality curves
compared to lab controls



Northwest Mosquito Abatement District
Chicago metropolitan area, Illinois



Time intervals of observation (minutes)
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Northwest Mosquito Abatement District
Response of Culex pipiens and Culex restuans populations

To technical grade etofenprox without PBO synergist



Thank you for this opportunity to be with you!

And … Go Bobcats!
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