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Abstract 
Forage alfalfa (Medicago sativa L. [Fabales: Fabaceae]) is a key agricultural commodity of the western region of 
the United States. The key insect pest of alfalfa, Hypera postica Gyllenhal (Coleoptera: Curculionidae), has de-
veloped resistance to the most common class of insecticide used to manage its damage. Alfalfa weevil samples 
from 71 commercial alfalfa fields located in Arizona, California, Montana, Oregon, Washington, and Wyoming 
were assayed for susceptibility to lambda-cyhalothrin during 2020–2022 using a laboratory concentration-
response assay. Seventeen field sites representing all six states were highly resistant to lambda-cyhalothrin 
(resistance ratios > 79.6) and bioassay mortality often did not exceed 50% even at the highest concentration 
tested (3.30 µg/cm2 in 2020 and 10.00 µg/cm2 in 2021–2022). Field sites assayed with more than one pyrethroid 
active ingredient indicated likely cross-resistance between lambda-cyhalothrin and zeta-cypermethrin (type II 
pyrethroids) and variable and/or limited potential cross-resistance to permethrin (type I pyrethroid). Thirty-two 
field sites representing five states were susceptible to lambda-cyhalothrin (resistance ratios ranging from 1 to 
20). While resistance is widespread, integrated resistance management strategies including rotating mode of 
action groups, applying chemical control tactics only when economic thresholds have been met, and utilizing 
cultural control tactics can be employed to slow the further development of resistance.
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Alfalfa, Medicago sativa L. (Fabales: Fabaceae), is the third most val-
uable row crop in the United States (US), and in 2019, the western 
region of the US produced 15.4 million tons (Nelson 2019, Rankin 
2020). Hypera postica Gyllenhal (Coleoptera: Curculionidae), the 
alfalfa weevil, is the primary defoliating insect pest of alfalfa causing 
economic damage throughout the continental US (Peterson et al. 
1992, Pellissier et al. 2017). The larval stage of all alfalfa weevil 
strains can cause yield and quality loss by feeding on alfalfa leaves 
(Onstad and Shoemaker 1984, Hutchins et al. 1990). Alfalfa weevil 
is an invasive species native to Eurasia and North Africa and was 
introduced to the US on three known occasions. Each introduction is 
recognized as a distinct strain: the western (Salt Lake City UT, 1904), 
Egyptian (Yuma AZ, 1939), and eastern (Maryland, 1952) strains 
(Titus 1910, Wehrle 1940, Poos and Bissell 1953, Wood et al. 1978, 
Hsiao 1993, Bundy et al. 2005).

Due to the economic injury caused by alfalfa weevils, the ap-
plication of effective and inexpensive pyrethroid insecticides (mode 

of action [MoA] group 3A) has been the primary method of man-
agement (Wright et al. 2015, IRAC 2022). The use of some older 
organophosphate (MoA 1B) insecticides has been restricted, limiting 
producer access to active ingredients with alternative MoA groups 
(Wright et al. 2015, Pellissier et al. 2017, IRAC 2022). During the 
1950s, organochlorine (MoA 2A) insecticides were used routinely 
for the control of alfalfa weevil, and by the early 1960s resistance 
to heptachlor had developed (Alder and Blickenstaff 1964, Bishop 
1964). After several decades of pyrethroid use, alfalfa weevil resist-
ance to lambda-cyhalothrin has been reported in Alberta Canada, 
California, and Montana (Glen 2015, Orloff et al. 2016, Rodbell 
and Wanner 2021, Wanner et al. 2022). These repeated reports of 
pyrethroid insecticide failure highlight a growing concern for alfalfa 
producers.

One major challenge facing alfalfa weevil management is the 
lack of alternative MoA insecticides. Six pyrethroid (MoA 3A) ac-
tive ingredients (five type II pyrethroids and one type I pyrethroid) 
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are registered for the control of alfalfa weevil in forage alfalfa. 
Other than indoxacarb (MoA 22A), few effective alternative MoA 
insecticides are available. Spinosad (MoA 5) is recommended only 
for suppression, while the use of chlorpyrifos (MoA 1B) has recently 
been restricted (UC-ANR 2020, EPA 2021). With the potential for 
cross-resistance within MoA group 3A, alfalfa producers could lose 
the ability to rely upon all currently available pyrethroid-based 
insecticides, significantly limiting their options.

Integrated resistance management (IRM) strategies are ur-
gently needed to slow the development of alfalfa weevil resistance 
to pyrethroids. Integrated resistance management strategies would 
not only prolong the efficacy of pyrethroid active ingredients. They 
would also slow the development of resistance to indoxacarb be-
cause of repeated use of this MoA in areas where pyrethroids are no 
longer effective. The first step of IRM is the detection and monitoring 
of resistance, ideally early in resistance development (Croft 1990a). 
The goals of this research were to 1) determine the extent of lambda-
cyhalothrin resistance in the western US and 2) assess the risk of 
cross-resistance between pyrethroid active ingredients. We used 
concentration-response bioassays to estimate lambda-cyhalothrin 
resistance ratios using larvae collected from Arizona, California, 
Montana, Oregon, Washington, and Wyoming. Commercial fields 
with highly resistant alfalfa weevils were identified from all six states 
surveyed in this study and preliminary evidence supports cross-
resistance among type II pyrethroids.

Materials and Methods

Insect Collections
Field sampling in six western region states was partly targeted 
towards sites with suspected pyrethroid resistance, based on crop 
advisor, extension agent, and/or alfalfa producer reports, and in-
cluded fields with no known history of insecticide resistance. Alfalfa 
weevil larvae from 71 commercial alfalfa fields were evaluated during 
a three-year period to assess the degree of lambda-cyhalothrin resist-
ance in the western region.

Alfalfa weevil larvae were collected, and hand carried, or 
shipped overnight, to Montana State University or the University of 
California Davis where the bioassays were conducted. We made 34 
weevil collections in 2020, including six counties in California, nine 
counties in Montana, one county in Washington, and one county 
in Wyoming (Table 2). Field collections extended from 21 February 
until 25 June 2020. In 2021, we made 32 collections from three 
counties in Arizona, five counties in California, three counties in 
Montana, one county in Oregon, one county in Washington, and two 
counties in Wyoming. Field collections extended from 9 February 
until 24 June 2021. In February 2022, alfalfa weevils were collected 
in two Arizona counties and Riverside County California.

Arizona field sites were generally located along the western 
border of the state with Pinal County the exception (9 sites total, an 
average of 4 per county). California field sites were generally located 
in the center of the state (24 sites total, an average of 3.7 per county). 
Distance between sites within the same county ranged from 0.40 to 
88.5 kilometers (km). The commercial alfalfa fields were all irrigated 
and the majority conventionally managed.

Montana field sites were located across the southern region of 
the state with Richland County the exception (18 sites, an average of 
2.3 per county). Wyoming field sites were generally located along the 
northern border with Montana and the south-eastern portion of the 
state (5 sites total, an average of 1.3 per county). Distance between 
sites within the same county ranged from 0.80 to 40 km. All field 

sites were conventionally managed, with a mixture of dryland and 
irrigated production systems.

Oregon and Washington sites were located along the border 
between the two states. Oregon field sites in 2021 were isolated 
to Umatilla County along the northern border (4 sites total). 
Washington field sites were located in two counties along the south-
central portion of the state (3 sites total). Distance between sites 
within the same county ranged from 0.8 to 34 km. All field sites 
were conventionally managed and were irrigated.

Larvae were collected with a sweep net while walking in a zig-zag 
pattern through each field. Once collected, samples were placed in 
plastic buckets or paper bags filled with cut alfalfa from the sampled 
field and transported in coolers to the laboratory for bioassay. In the 
laboratory, 19-liter plastic buckets filled with untreated fresh alfalfa 
and covered with No-see-um number 20 mesh (Quest Outfitters, 
Sarasota, FL) were used to maintain larvae for 24–48 hours at room 
temperature (20–25°C). In 2020, visually estimated third to fourth 
instar larvae were sorted and used in the bioassay; 2021–2022 visu-
ally estimated second to third instar larvae were used.

Active Ingredients
Lambda-cyhalothrin, zeta-cypermethrin (type II pyrethroids), and per-
methrin (type I pyrethroid) were assayed using technical grade mate-
rial. Lambda-cyhalothrin ([(R)-cyano-(3-phenoxyphenyl)methyl] (1S, 
3S)-3-[(Z)-2-chloro-3,3,3,-trifluoroprop-1-enyl]-2,2-dimethylcyclo 
propane-1-carboxylate) was provided by Syngenta (Basel, Switzerland), 
89% purity. Zeta-cypermethrin ([cyano-(3-phenoxyphenyl) methyl] 
3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane-1-carboxylate) 
was provided by FMC Corporation (Newark, NJ), 92% purity. 
Permethrin ((3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2, 
2-dimethylcyclopropane-1-carboxylate)) was purchased from Sigma-
Aldrich (St. Louis, MO).

Concentration Response Bioassays
Detailed bioassay methods are reported in Rodbell and Wanner 
(2021). In brief, stock solutions of each active ingredient were pre-
pared in 95% acetone. Using serial dilutions with 95% acetone, we 
generated solutions of seven concentrations. One milliliter (mL) of 
each concentration was added to the glass vials (Brindley 1975; 
Discount Vials, Madison, WI) and the acetone evaporated without 
heat on a commercial food roller at room temperature (21°C), 
yielding 0.0033–10.0 micrograms per centimeter squared (µg/cm2) 
of vial surface area for lambda-cyhalothrin and zeta-cypermethrin, 
and 0.033–100.0 µg/cm2 for permethrin. Treated vials were stored 
at room temperature in a dark cabinet and used during a two-week 
period for bioassay experiments. Each bioassay typically consisted 
of seven concentrations and a 95% acetone control (n = 5 replicated 
vials, 10 larvae per vial). After 24 hr in the dark at room temper-
ature, the larvae were scored as dead or alive after exposure to a 
heated hot plate (43–50°C).

Probit analysis was used to quantify the lethal concentration of 
an active ingredient that generates 50% mortality (LC50) using Probit 
Or LOgit analysis (POLO) software (LeOra Software, Parma, MO) 
(Robertson et al. 2017). Bioassays with control mortality >20% 
were omitted from analysis (Robertson et al. 2017). If mortality 
was observed in the control group, correction for natural response 
was estimated by the POLO Probit analysis (Robertson et al. 1980). 
Analyses with a t-ratio of the slope less than 1.96 were excluded from 
this study (Yu 2015, Robertson et al. 2017). Data sets that did not 
fit the probit model were omitted based on the chi-square (χ2) good-
ness of fit test (P < 0.05) unless a single outlier was identified as the 



cause for the lack of fit. Outliers were identified through the graphical 
method of the residual values (Sarkar et al. 2011, Robertson et al. 
2017). In this study, single outliers were removed from 22 lambda-
cyhalothrin, 4 zeta-cypermethrin, and 7 permethrin bioassays (Supp 
Table 1 [online only]). Larval mortality from some highly resistant 
sites failed to reach 50% and did not fit the requirements of probit 
analysis. In these cases, the LC50 value was conservatively listed as 
greater than (>) the highest concentration tested (Brindley 1975, 
Haddi et al. 2018, Rodbell and Wanner 2021).

Assessing Cross-Resistance Between Active 
Ingredients
To assess cross-resistance between active ingredient types, alfalfa 
weevil larvae from individual fields in all sampled states were assayed 
with multiple active ingredients. We assayed weevils from 14 fields 
with lambda-cyhalothrin, zeta-cypermethrin, and permethrin and 11 
additional fields with lambda-cyhalothrin and permethrin. The LC50 
resistance ratios for lambda-cyhalothrin were calculated using the 
average of the nine most susceptible location samples as the common 
denominator (0.013 µg/cm2) (Forrester and Cahill 1987, ffrench-
Constant and Roush 1990, Burton Jr. et al. 1996). Due to limited 
bioassays, all resistance ratios for permethrin and zeta-cypermethrin 
were calculated using the most susceptible LC50 value for each ac-
tive ingredient generated to descriptively illustrate patterns of cross-
resistance (Tabashnik et al. 2011).

Evidence for cross-resistance was further tested by dividing 
the fields into two conservative categories based on their lambda-
cyhalothrin resistance ratios (RR), fields with a RR ≤ 79.6 
(considered susceptible or moderately resistant) and fields with a 
RR ≥ 79.6 (considered highly resistant, Table 1). If cross-resistance 
exists between lambda-cyhalothrin and zeta-cypermethrin and/
or permethrin, responses to these active ingredients (mortality at a 
diagnostic-concentration) should correspond to the resistance cate-
gory defined by the lambda-cyhalothrin RR (Menger et al. 2020). 
For example, high resistance to lambda-cyhalothrin predicts low 
mortality to zeta-cypermethrin if cross-resistance exists. A concen-
tration of 1.0 µg/cm2 was analyzed as a diagnostic-concentration for 
zeta-cypermethrin and 3.3 µg/cm2 for permethrin that is generally 
less potent. Percent mortality was log-transformed to meet the nor-
mality assumption of the one-way analysis of variance (ANOVA) 
that was performed on RStudio statistical software version 1.3.1093 
(RStudio Team, Boston MA). The Tukey HSD test (P = 0.05) was 
used to identify significant differences between treatments.

Results

Resistance Levels to Lambda-cyhalothrin in the 
Western United States
The 71 field sites were categorized into three general levels of 
resistance to lambda-cyhalothrin, to assess trends across the 

western US. Susceptible, moderately resistant, and highly re-
sistant categories were defined relative to the higher label rate 
of lambda-cyhalothrin: <0.9x, 0.9–2.9x, and >2.9x, respectively 
(Kostromytska et al. 2017, Table 1). The slope of the probit rela-
tionship was approximately 1.0 for susceptible and moderately re-
sistant field sites and approximately 0.6 for highly resistant fields 
(Table 2).

Of the 71 fields tested with lambda-cyhalothrin, 34 were 
categorized as susceptible, 18 as moderately resistant, and 17 as 
highly resistant, to lambda-cyhalothrin (Table 2; resistance levels 
as defined in Table 1; Fig. 1). With this sampling intensity alfalfa 
fields with highly resistant larvae as well as susceptible larvae were 
identified in every surveyed state but Wyoming (limited sites tested in 
WY yielded moderate and high resistance ratings, Fig. 1).

Concentration-dependent mortality caused by lambda-
cyhalothrin varied greatly among the 71 fields tested, resulting in 
LC50 values ranging from 0.002 to 8.4 µg/cm2 (Table 2). Eight field 
sites in five of the sampled states, did not exceed 8–50% mortality 
even at the highest concentration of lambda-cyhalothrin tested (3.3 
or 10 µg/cm2) (>3.3 µg/cm2: Riverside County CA, field site 9; Big 
Horn County MT, field sites 1 & 2; Klickitat County WA, field 
site 1; and >10.0 µg/cm2: La Paz County AZ, field site 7; Umatilla 
County OR, field site 4; Yakima County WA, field site 1; Table 2). 
For context, the label rate for lambda-cyhalothrin is 22.7–33.6 g of 
active ingredient per hectare (0.02–0.03 pounds of active ingredient 
per acre; Warrior II with Zeon Technology, Syngenta 2021), corre-
sponding to 0.22–0.34 µg/cm2 in the treated vials.

Seventeen of the 71 location samples tested were categorized as 
highly resistant and local agriculturalists suspected insecticide resist-
ance based on control failures in the field. The 17 highly resistant 
fields represent two counties each in Arizona, Washington, and 
Wyoming, and one county each in California, Montana, and Oregon 
(Fig. 1). The majority of the remaining 48 field sites were selected 
arbitrarily, and not based on reports of suspected resistance. Thirty-
four of these fields were categorized as susceptible (Tables 1 and 
2), representing six counties in California, six counties in Montana, 
two counties in Arizona, and one county in Oregon and Washington. 
It is important to note that sampling was not intended to estimate 
the frequency of resistance in each state, but rather to initially char-
acterize its extent in the western region of the US, and sampling 
was more extensive in California and Montana. Based on lambda-
cyhalothrin LC50 values, 18 fields were categorized as moderately 
resistant, representing four counties in California and Montana, and 
one county in Arizona and Wyoming.

The LC50 estimates from field-sampled larvae were considered 
consistent based on regional patterns (as opposed to resampling 
the same field repeatedly). For example, there were four field sites 
(Riverside County CA, field site 1; Big Horn County MT, field site 1; 
Big Horn County, field site 2; and Madison County MT, field site 2) 
that were sampled in 2020 and 2021. All sampled sites but Riverside 
County, field site 1, were of the same resistance level across both 
years. The Riverside County CA, field site 1, LC50 value increased 

Table 1. To inform integrated resistance management (IRM) recommendations three categories of lambda-cyhalothrin resistance were 
defined based on lethal concentrations causing 50% mortality (LC50) and the equivalent pesticide label rate for commercial products regis-
tered for alfalfa weevil control: 1) Susceptible, 2) Moderate resistance, and 3) High resistance. For each category, the equivalent resistance 
ratio (RR) range is listed using the average LC50 value of the nine most susceptible location samples assayed in this study (Table 2)

Resistance Category LC50 (µg/cm2) Resistance Ratio (LC50/0.013) Times (x) Higher Label Rate 0f 0.34 µg/cm2 

Susceptible <0.30 <23.08 <0.9x
Moderate 0.30–1.0 23.08–76.9 0.9–2.9x
High >1.0 >76.9 >2.9x

http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
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in 2021, indicating that the estimated resistance level changed from 
susceptible to moderately resistant (Table 2). This field site was 
managed organically in an area with alfalfa predominantly man-
aged conventionally and may have been impacted by migrating 

resistant adults. Some field sites in Montana were evaluated multiple 
times within the same year, generating similar LC50 values between 
bioassays, including Big Horn County field sites 12020, 22020, and 32021 
(Table 2).

Fig. 1. Lambda-cyhalothrin resistance level categories for 71 commercial alfalfa field sites located in six western states: Arizona, California, Montana, Oregon, 
Washington and Wyoming. Pie charts represent location samples within a county (listed in Table 2). Each section of a pie chart represents a single alfalfa field 
site that has been categorized as highly resistant (LC50 >1.0 μg/cm2), moderately resistant (LC50 0.30–1.0 μg/cm2) or susceptible (LC50 value <0.30 μg/cm2). For 
context, the label rate for lambda-cyhalothrin is 0.22–0.34 µg/cm2.



Cross-Resistance Between Type I and II Pyrethroid 
Active Ingredients
Our findings indicate cross-resistance between lambda-cyhalothrin 
and zeta-cypermethrin, however, there was limited cross-resistance 
between lambda-cyhalothrin and permethrin. Sixteen of the 72 
field sites collected from 2020 to 2022 were assayed with zeta-
cypermethrin (Table 3). LC50 values ranged from a low of 0.09 µg/
cm2 (Broadwater County MT, field site 4) to a high of 7.75 µg/cm2 
(Big Horn County Montana, field site 1). For context, the label rate 
for zeta-cypermethrin is 15.7–28.0  g of active ingredient per hec-
tare (0.014–0.025 pounds of active ingredient per acre, Mustang 
Maxx Insecticide, FMC 2021), equivalent to about 0.16–0.28 µg/
cm2. LC50 values were not calculated for field sites where max-
imum larval morality failed to reach 50% and are conservatively 
reported as greater than the highest concentration tested (>3.3 µg/
cm2: Big Horn County MT, field sites 1, & 2; and, >10 µg/cm2 La 
Paz County AZ, field site 1, Umatilla County OR, field site 4, and 
Yakima County WA, field site 1). Four of five field sites that failed 
to reach 50% larval mortality after exposure to the highest concen-
tration of zeta-cypermethrin also failed to reach 50% mortality after 
exposure to the highest concentration of lambda-cyhalothrin (Table 
2). Mortality at Umatilla County OR field site 4 never exceeded 8% 
for any concentration tested. Larvae from alfalfa fields highly re-
sistant to lambda-cyhalothrin also tended to be highly resistant to 
zeta-cypermethrin, supporting cross-resistance between these two 
type II active ingredients.

Lambda-cyhalothrin and zeta-cypermethrin cross-resistance is 
supported by diagnostic-concentration mortality between field sites 
that were grouped based on their lambda-cyhalothrin resistance 
ratio. Sixteen field sites were assayed with both lambda-cyhalothrin 
and zeta-cypermethrin; larvae from 6 fields had lambda-cyhalothrin 
RR < 76.9 (susceptible–moderate resistance) and 10 had RR > 
76.9 (highly resistant to lambda-cyhalothrin). Generally, suscep-
tibility to zeta-cypermethrin corresponded to susceptibility to 
lambda-cyhalothrin. Consistent with cross-resistance, diagnostic-
concentration mortality resulting from zeta-cypermethrin was 
lower in the field sites highly resistant to lambda-cyhalothrin (RR > 
76.9) and conversely, higher in the field sites susceptible to lambda-
cyhalothrin (susceptible–moderate resistance, RR < 76.9) (97.9 vs. 
48.2 %mortality, Fig. 2, F = 49.67; df = 5, 24; P < 0.001).

Evidence for cross-resistance between lambda-cyhalothrin and 
permethrin is variable. Thirty-one of the 72 field sites were also 
assayed with permethrin. The permethrin LC50 values ranged from 
a low of 0.1 µg/cm2 (Powder River County MT, field site 2) to a 
high of 19.4 µg/cm2 (Gallatin County MT, field site 2). The label 
rate for permethrin, 112.0–224.1  g per hectare (0.1–0.2 pounds 
of active ingredient per acre, Loveland Products Inc. 2013), is 
equivalent to 1.12–2.24 µg/cm2 in the bioassay vials. Unlike zeta-
cypermethrin, alfalfa fields highly resistant to lambda-cyhalothrin 
were not always associated with higher permethrin LC50 values 
(for example, Big Horn County MT). Additionally, some field sites 
susceptible to lambda-cyhalothrin appeared to be resistant to per-
methrin (for example, Umatilla OR, Yuma AZ, and Gallatin MT 
counties). These results suggest variable patterns of resistance to 
lambda-cyhalothrin and permethrin at these field sites, including 
partial (but not complete) cross-resistance (Supp Table 2 and Supp 
Fig. 1 [online only]).

Results from diagnostic-concentration assays with per-
methrin also support the lack of complete cross-resistance since 
it was high both in lambda-cyhalothrin susceptible and highly re-
sistant field sites (Fig. 2; F = 49.67; df = 5, 24; P < 0.001). Unlike 

lambda-cyhalothrin and zeta-cypermethrin, permethrin maximum 
mortalities were always higher than 50%, enabling LC50 values to 
be calculated. Collectively, the evidence for cross-resistance between 
lambda-cyhalothrin and permethrin is mixed (Fig. 2, Supp Fig. 1 [on-
line only]).

Discussion

Alfalfa weevil lambda-cyhalothrin resistance is established across the 
western United States and highly resistant locations were identified 
in all six surveyed states. Larval mortality from some surveyed al-
falfa fields never reached 50% mortality at the highest concentration 
tested. Susceptible field sites were identified in every state surveyed, 
except Wyoming, where only four sites were sampled. Field sites that 
were tested with multiple pyrethroid active ingredients provided 
some evidence for cross-resistance between lambda-cyhalothrin and 
zeta-cypermethrin (type II pyrethroid), and variable and/or limited 
cross-resistance between lambda-cyhalothrin and permethrin (type 
I pyrethroid). Based on historical distributions, the field sites in 
southern Arizona and southern California correspond to the range 
occupied by Egyptian strain alfalfa weevils, suggesting resistance to 
lambda-cyhalothrin has developed in both the Egyptian and western 
strains (Titus 1910, Wehrle 1940, Clancy 1969).

Our findings of alfalfa weevil field sites highly resistant to 
lambda-cyhalothrin suggest that the mechanism(s) of resistance is 
widespread in the western region of the United States. However, 
further studies are required to identify the mechanism(s) of alfalfa 
weevil resistance to lambda-cyhalothrin and their geographic varia-
tion. In other insect species, mutations to the voltage gated sodium 
ion channel gene target site that reduce sensitivity to pyrethroid ac-
tive ingredients (i.e., knockdown resistance (kdr) and super-kdr) as 
well as the utilization of detoxification enzymes and/or behavioral 
resistance have been identified (Feyereisen 1999, Soderlund 2005, 
Davies et al. 2007, Després et al. 2007, Scott et al. 2008, Rinkevich
et al. 2013, Pereira et al. 2017, Haddi et al. 2018, Fujii et al. 2020, 
Keïta et al. 2021).

Susceptibility to an insecticide can depend on the size, life stage, 
and sex of an insect (e.g., instar stage). Thus, insecticide applications 
should coincide with the most susceptible life stage to maximize effi-
cacy, one recommendation to slow the development of resistance (Yu 
1983, Koehler et al. 1993, Glunt et al. 2011, Zhu et al. 2020). Future 
research is needed to characterize the susceptibility of adult alfalfa 
weevils and the four instar stages to determine optimal timing of 
pyrethroid and indoxacarb insecticide sprays in the western region 
of the United States.

Within insecticide naïve populations, susceptibility to an insecti-
cide is variable, producing a range of LC50 values, prompting some 
studies to use an average LC50 value derived from several ‘susceptible’ 
location samples (Brown and Brogdon 1987, Forrester and Cahill 
1987, Sawicki 1987, ffrench-Constant and Roush 1990, Burton Jr. et 
al. 1996). An average of the lowest lambda-cyhalothrin LC50 values 
(0.013 µg/cm2, n = 9 independent field sites, three states) was used to 
represent susceptible alfalfa weevils in the western region (Forrester 
and Cahill 1987, ffrench-Constant and Roush 1990, Burton Jr. et 
al. 1996). Lambda-cyhalothrin LC50 resistance ratios in this study 
ranged from 1 to 770 (Table 3). When characterizing susceptibility 
in field populations, other studies have found similar broad ranges 
of RRs (Luttrell et al. 1999, Shelton et al. 2003, Snodgrass and Scott 
2003, Wang et al. 2010, Kostromyska et al. 2017). Intense resistance, 
a natural range of toxicity and the method of calculating RRs can 
contribute to the observed broad range of values.

http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data


Interpreting the significance of RRs produced by laboratory 
bioassays to insecticide efficacy in the field can be challenging. 
Ideally, LC50 values from bioassays are correlated with insect mor-
tality after field application, but this approach is laborious and not 
commonly employed (Ball 1981, Denholm et al. 1984, ffrench-
Constant and Roush 1990). Rather, the RRs are commonly divided 
into discrete categories with inferred levels of field resistance, such 
as susceptible, moderate resistance, and high resistance (Table 1, 
Kostromytska et al. 2017). Such categories provide a framework 
for IRM recommendations with supporting field trials to verify 
bioassay-based categories. In this study, the moderate resistance cat-
egory represents field sites transitioning from susceptible (effective 
larval control) to resistant (control failure) after field applications 
of lambda-cyhalothrin. Alfalfa weevil highly resistant to lambda-
cyhalothrin, are associated with control failure in the alfalfa fields 
where these larvae were sampled (Table 2, Big Horn County MT, 
field site 1). Lambda-cyhalothrin applied at its highest label rate 
failed to reduce larval counts compared to untreated check plots in a 
field trial where bioassays recorded an LC50 > 3.3 µg/cm2 (RR > 330; 
Rodbell and Wanner 2021, Wanner et al. 2022; Table 2, Big Horn 
County MT field site 1).

Cross-resistance between different active ingredients within the 
same MoA group is common among insect pests, and our preliminary 
data suggest alfalfa weevils are cross-resistant to lambda-cyhalothrin 
and zeta-cypermethrin, both type II pyrethroid active ingredients (Yu 
2015; Fig. 2). A descriptive comparison of the RRs of several active 
ingredients that results in a parallel trend of increasing RRs suggests 
cross-resistance exists (DeVries and Georghiou 1981, Scott 1990, 
Kostromytska et al. 2017). To supplement this descriptive approach 
and gain preliminary insights into cross-resistance we simplified the 
analysis by dividing field sites into two categories based on their sus-
ceptibility to lambda-cyhalothrin (RR < 76.9 vs. RR >76.9). Alfalfa 
weevils resistant to lambda-cyhalothrin averaged less than 50% 
mortality in response to a discriminating dose of zeta-cypermethrin, 
supporting cross-resistance of these two active ingredients. Average 
mortality of resistant larvae after exposure to a discriminating dose 
of permethrin resulted in high mortality, supporting a lack of com-
plete cross-resistance between lambda-cyhalothrin and permethrin 
(Fig. 2, Supp Fig. 1 [online only]).

In several cases, susceptible and highly resistant field sites were 
identified in the same county, suggesting lambda-cyhalothrin re-
sistance may be localized. The relatively limited dispersal of adult 
weevils and the density and isolation of some alfalfa production 
areas, likely contribute to the size and severity of resistance pockets 
(Prokopy et al. 1967). For example, alfalfa is a primary economic 
crop grown in the Palo Verde Valley of southern California, receiving 
irrigation from the lower Colorado River, and surrounded by the 
Sonoran Desert. In this contiguous production area with intensively 
managed forage alfalfa, resistance to lambda-cyhalothrin is rela-
tively uniform (Table 2). A pattern not seen in other counties in-
cluded in this study (e.g., Yuma County, AZ; Umatilla County, OR; 
Yakima County, WA).

Soon after the advent of the ‘insecticide era’ in the 1950s, in-
secticide resistance became a serious and persistent problem asso-
ciated with routine pesticide use (e.g., calendar spraying; Pedigo 
et al. 2021). In addition to the monetary impact of yield loss, eco-
nomic impacts can include higher costs associated with alternative 
MoAs required for adequate pest control (Grafius 1997). In the 
case of alfalfa weevil, reports of cross-resistance to both heptachlor 
and dieldrin insecticides (MoA 2A) began to emerge in 1962 and 
were subsequently replaced by pyrethroids (MoA 3A) (Adler and 
Blickenstaff 1964). Alternative MoA groups currently available for 

the control of alfalfa weevil are limited, and several are considered 
ineffective and/or have increased restrictions. In some areas, 
indoxacarb (MoA 22A) appears to be the only effective active in-
gredient where alfalfa weevils are highly resistant to pyrethroids. 
Indoxacarb (i.e., Steward) provided 92–96% control of alfalfa 
weevil larvae in fields resistant to lambda-cyhalothrin (Rodbell and 
Wanner 2021, Wanner et al. 2022; Table 2, Big Horn County MT 
field site 1). Thus, the loss of efficacy of all MoA 3A pyrethroid 
active ingredients would significantly limit available insecticide 
options for alfalfa weevil control and impede IRM strategies based 
on rotating insecticide MoA groups.

Insecticide resistance management is an approach to proactively 
manage resistance. In the case of alfalfa weevil, insecticide resist-
ance management aimed at pyrethroid resistance has variable po-
tential for success and can achieve different goals. For example, 
alfalfa weevil populations highly resistant to lambda-cyhalothrin 
have been identified from every state included in this study. For these 
populations, the first two goals of IRM, 1) preventing resistance 
from developing and 2) slowing the rate of resistance development, 
have already been bypassed (Croft 1990a). IRM strategies in these 
locations should be designed to revert lambda-cyhalothrin resistance 
to more susceptible levels (Croft 1990a). However, once resistance 
genes have been established, their frequencies can increase quickly 
with the resumption of insecticide use (Yu 2015). After more than 
five decades of pyrethroid use in agriculture, pyrethroid-naïve alfalfa 
weevil populations are likely quite rare. However, the identification 
of numerous locations with lambda-cyhalothrin susceptible alfalfa 
weevils was a promising outcome of this study. In these areas, IRM 
strategies could prevent the development of pyrethroid resistance, at 
least locally, for some time.

Integrated pest management (IPM) strategies function as im-
portant components of IRM (Croft 1990b, Dara 2021, Gallagher 
2021). Therefore, the first recommendation is to use IPM strategies 
that are currently available to reduce insecticide use. Monitoring 
alfalfa weevil populations and employing economic thresholds 
to guide insecticide applications is a founding principle of IPM 
(Peterson et al. 2018, Pedigo et al. 2021). When economic thresholds 
are exceeded, cultural control practices should be considered be-
fore opting for chemical control. Recommended cultural control 
tactics include maintaining healthy alfalfa stands and harvesting 
early (seven to ten days before normal harvest time) to salvage 
yield and increase larval mortality (Summers 1998, Pellissier et al. 
2017, Pedigo et al. 2021).

Successful IRM strategies include reducing the constant pressure 
to select resistance to specific active ingredients by rotating to dif-
ferent MoA groups (Tabashnik 1990, IRAC 2022). Currently, only 
two MoA groups are considered effective for alfalfa weevils for sea-
sonal rotation, MoA 3A (pyrethroids) and MoA 22A (indoxacarb). 
Until new MoA groups become available, a current recommendation 
is to apply MoA groups 3A and 22A no more than once every three 
years, as well as including cultural control tactics to limit insecticide 
use (IRAC 2022). If multiple insecticide applications are required 
during the same season or generation, the same MoA should be used 
within a year (Roush and Daly 1990). Other goals include preserving 
the efficacy of indoxacarb (MoA 22A) and maximizing the effective-
ness of insecticide applications by optimizing operational variables 
(e.g., application timing, spray coverage, and equipment calibration) 
(Roush and Daly 1990). Furthermore, insects heterozygous for re-
sistance can be relatively more susceptible compared to homozygous 
individuals (Rawlings et al. 1981, Roush and Daly 1990). Higher 
efficacy, including the use of the higher rates listed on the pesticide 
label, result in greater mortality of susceptible and heterozygous 

http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toac156#supplementary-data
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individuals, thus delaying the gene(s) frequency from increasing 
(Rawlings et al. 1981, Roush and Daly 1990).

Further research efforts are needed to establish patterns of cross-
resistance between the different pyrethroid active ingredients reg-
istered for alfalfa weevil management, including field efficacy, to 
provide IRM recommendations to alfalfa stakeholders. A better un-
derstanding of the physiological mechanisms of pyrethroid resist-
ance may lead to the development of molecular markers to better 
monitor the spread of pyrethroid resistance and the effectiveness 
of IRM strategies. Emphasis should be placed on early efforts to 
monitor alfalfa weevil resistance to MoA 22A (i.e., indoxacarb), and 
to any new MoA group registered for the control of alfalfa weevil. 
Here, population genomics and next generation sequencing tech-
nology to detect early changes in genotype(s), coupled with labora-
tory bioassays that detect insecticidal activity patterns with greater 
sensitivity, may represent promising approaches.

Acknowledgments

We would like to thank M. Rethwisch, S. Rondon, I. Thompson, L. 
Meagher, L. Brain, R. Wellman, N. Naranjo, S. Schell, J. Vardima, 
M. Jones, R. O’Neil, K. Goding, T. Pearce, M. Koning, O. Livneh,
C. Leno, H. Richardson, J. Lammens, C. Caron, J. Pol, P. Kiju, I.
Pritchard, H. Redmond, as well as collaborating producers and
UC Davis, University of Wyoming, and Montana State University
Extension agents, for their support. Funding was provided by the
United States Department of Agriculture Alfalfa Seed and Alfalfa
Forage Systems program, grant number 2019-70005-30286.

Supplementary Data

Supplementary data are available at Journal of Economic 
Entomology online.

References Cited
Alder, V. E., and C. C. Blickenstaff. 1964. Resistance of the alfalfa weevil to 

heptachlor. J. Econ. Entomol. 57: 299–300.
Ball, H. J. 1981. Insecticide resistance: a practical assessment. Bull. Entomol. 

Soc. Am. 27: 261–262.
Bishop, J. L. 1964. Development of heptachlor resistance in the alfalfa weevil 

in Virginia. J. Econ. Entomol. 57: 486–488.
Brindley, W. A. 1975. Insecticide bioassays with field location samples of al-

falfa weevils, a simplified approach. J. Econ. Entomol. 68: 227–230.
Brown, T. M., and W. G. Brodgon. 1987. Improved detection of insecticide 

resistance through conventional and molecular techniques. Annu. Rev. 
Entomol. 32: 145–162.

Bundy, C. S., P. F. Smith, L. M. English, D. Sutton, and S. Hanson. 2005. Strain 
distribution of alfalfa weevil (Coleoptera: Curculionidae) in an intergrade 
zone. J. Econ. Entomol. 98: 2028–2032.

Burton, G. A. Jr., T. J. Norberg-King, D. A. Benoit, G. T. Ankley, P. V. Winger, 
J. Kubitz, J. M. Lazorchak, M. E. Smith, D. J. Call, C. G. Ingersoll, et al. 
1996. Interlaboratory study of precision: Hyalella azteca and Chironomus 
tentans freshwater sediment toxicity assays. Environ. Toxicol. Chem. 15:
1335–1343.

Clancy, D. W. 1969. Biological control of the Egyptian alfalfa weevil in 
California and Arizona. J. Econ. Entomol. 62: 209–214.

Croft, B. A. 1990a. Arthropod biological control agents and pesticides, pp. 
4–38. In R. T. Roush and B. E. Tabashnik (eds.), Pesticide resistance in 
arthropods. Chapman and Hall, New York, NY.

Croft, B. A. 1990b. Developing a philosophy and program of pesticide re-
sistance management, pp. 277–296. In R. T. Roush and B. E. Tabashnik 
(eds.), Pesticide resistance in arthropods. Chapman and Hall, New 
York, NY.

Dara, S. K. 2021. Biopesticides: categories and use strategies for IPM and IRM. 
https://californiaagnet.com/2021/03/19/biopesticides-categories-and- 
use-strategies-for-ipm-and-irm/

Davies, T. G. E., L. M. Field, P. N. R. Usherwood, and M. S. Williamson. 
2007. DDT, pyrethrins, pyrethroids and insect sodium channels. Life. 59: 
151–162.

Denholm, I., R. M. Sawicki, and A. W. Farnham. 1984. The relationship 
between insecticide resistance and control failure. pp. 527–534, In 
Proceedings, 1984 British Crop Protection Conference, Pests and Diseases, 
19–22 November 1984, Brighton, SXE. British Crop Protection Council, 
Croyden, England.

Després, L., J. P. David, and C. Gallet. 2007. The evolutionary ecology of insect 
resistance to plant chemicals. Ecol. Evol. 22: 298–307.

DeVries, D. H., and G. P. Georghiou. 1981. Decreased nerve sensitivity and 
decreased cuticular penetration as mechanisms of resistance to pyrethroids 
in a (1 R)-trans-permethrin- selected train of housefly. Pestc. Biochem. 
Physiol. 15: 234–241.

(EPA) Environmental Protection Agency. 2021. Chlorpyrifos. https://www.
epa.gov/ingredients-used-pesticide-products/chlorpyrifos

Feyereisen, R. 1999. Insect P450 enzymes. Annu. Rev. Entomol. 44: 507–533.
ffrench-Constant, R. H., and R. T. Roush. 1990. Resistance detection and doc-

umentation: the relative roles of pesticidal and biochemical assays, pp. 
4–38. In R. T. Roush and B. E. Tabashnik (eds.), Pesticide resistance in 
arthropods. Chapman and Hall, New York, NY.

FMC. 2021. Mustang Maxx insecticide. https://ag.fmc.com/us/en/
insecticides-miticides/mustang-maxx-insecticide

Forrester, N. W., and M. Cahill. 1987. Management of insecticide resistance 
in Heliothis armigera (Hubner) in Australia, pp. 127–137. In M. G. Ford, 
D. W. Holloman, B. P. S. Khambay, and R. M. Sawicki (eds.), Combating 
resistance to xenobiotics; biological and chemical approaches. Ellis
Horwood, Chichester, England.

Fujii, T., S. Sanada-Morimura, K. Matsukura, H. V. Chien, L. Q. Cuong, 
P. M. Loc, G. F. Estoy, Jr., and M. Matsumura. 2020. Energy reserve
compensating for trade-off between metabolic resistance and life his-
tory traits in the brown planthopper (Hemiptera: Delphacidae). J. Econ.
Entomol. 113: 1963–1971.

Gallagher, N. 2021. Building a common-sense solution with IPM and IRM. 
https://www.syngentapmp.com/articles/newsarticle.aspx?type=tech& 
paid=221190

Fig. 2. Mean percent larval mortality exposed to diagnostic concentrations of 
zeta-cypermethrin (1.0 μg/cm2) and permethrin (3.3 μg/cm2), between location 
samples grouped based on lambda-cyhalothrin resistance ratios (RR) <76.9 
and >76.9. Triangles represent the diagnostic concentration and circles 
represent the acetone control groups. Different letters signify significant 
differences (P < 0.05) between treatments (F = 49.67; df = 5, 24; P < 0.001).

https://californiaagnet.com/2021/03/19/biopesticides-categories-and-use-strategies-for-ipm-and-irm/
https://californiaagnet.com/2021/03/19/biopesticides-categories-and-use-strategies-for-ipm-and-irm/
https://www.epa.gov/ingredients-used-pesticide-products/chlorpyrifos
https://www.epa.gov/ingredients-used-pesticide-products/chlorpyrifos
https://ag.fmc.com/us/en/insecticides-miticides/mustang-maxx-insecticide
https://ag.fmc.com/us/en/insecticides-miticides/mustang-maxx-insecticide
https://www.syngentapmp.com/articles/newsarticle.aspx?type=tech&paid=221190
https://www.syngentapmp.com/articles/newsarticle.aspx?type=tech&paid=221190


11

Glen, B. 2015. Video: alfalfa weevils can be tough to control. https://www.
producer.com/video/alfalfa-weevils-can-be-tough-to-control/

Glunt, K. D., M. B. Thomas, and A. F. Read. 2011. The effects of age, ex-
posure history and malaria infection on the susceptibility of Anopheles 
mosquitoes to low concentrations of pyrethroid. PLoS One. 6: e24968. 
doi:10.1371/journal.pone.0024968

Grafius, E. 1997. Economic impact of insecticide resistance in the Colorado 
potato beetle (Coleoptera: Chrysomelidae) on the Michigan potato in-
dustry. J. Econ. Entomol. 90: 1144–1151.

Haddi, K., W. R. Valbon, L. O. V. Jumbo, L. O. de Oliveira, R. N. C. Guedes, 
and E. E. Oliveira. 2018. Diversity and convergence of mechanisms in-
volved in pyrethroid resistance in the stored grain weevils, Sitophilus spp. 
Sci. Rep. 8: 1–15.

Hsiao, T. H. 1993. Geographic and genetic variation among alfalfa weevil 
strains, pp. 311–327. In K. C. Kim and B. A. McPheron (eds.), Evolution 
of insect pests: patterns of variation. Wiley, New York City, NY.

Hutchins, S. H., G. D. Buntin, and L. P. Pedigo. 1990. Impact of insect feeding 
on alfalfa regrowth: a review of physiological responses and economic 
consequences. Agron. J. 82: 1035–1044.

(IRAC) Insecticide Resistance Action Committee. 2022. The IRAC mode of 
action classification online. https://irac-online.org/modes-of-action/

Keïta, M., N. Sogoba, F. Kané, B. Traoré, F. Zeukeng, B. Coulibaly, A. B.
Sodio, S. F. Traoré, R. Djouaka, and S. Doumbia. 2021. Multiple resist-
ance mechanisms to pyrethroids insecticides in Anopheles gambiae senu 
lato population from Malawi, West Africa. J. Infect. Dis. 223: S81–S90.

Koehler, P. G., C. A. Strong, R. S. Patterson, and S. M. Valles. 1993. Differential 
susceptibility of German cockroach (Dictyoptera: Blattellidae) sexes and 
nymphal age classes to insecticides. J. Econ. Entomol. 86: 785–792.

Kostromytska, A. S., S. Wu, and A. M. Koppenhöfer. 2017. Cross-resistance 
patterns to insecticides of several chemical classes among Listronotus 
maculicollis (Coleoptera: Curculionidae) populations with different levels 
of resistance to pyrethroids. J. Econ. Entomol. 111: 391–398.

Loveland Products Inc. 2013. Permethrin. https://www3.epa.gov/pesticides/
chem_search/ppls/034704-00873-20131031.pdf

Luttrell, R. G., L. Wan, and K. Knighten. 1999. Variation in susceptibility of 
Noctuid (Lepidoptera) larvae attacking cotton and soybean to purified 
endotoxin proteins and commercial formulations of Bacillus thuriniensis. 
J. Econ. Entomol. 92: 21–32.

Menger, J., P. Beauzay, A. Chirumamilla, C. Dierks, J. Gavloski, P. Glogoza, 
K. Hamilton, E. W. Hodgson, J. J. Knodel, I. V. MacRae, et al. 2020. 
Implementation of a diagnostic-concentration bioassay for detection of
susceptibility to pyrethroids in soybean aphid (Hemiptera: Aphididae). J. 
Econ. Entomol. 113: 932–939.

Nelson, B. 2019. Alfalfa remains country’s 3rd most valuable field crop. 
https://www.alfalfa.org/pdfMedia/Alfalfa3rdMostValuable.pdf

Onstad, D. W., and C. A. Shoemaker. 1984. Management of alfalfa and the 
alfalfa weevil (Hypera postica): an example of systems analysis in forage 
production. Agric. Syst. 14: 1–30.

Orloff, S., L. Godfrey, K. Goding, L. Askew, and D. H. Putnum. 2016. Alfalfa 
weevil resistance to pyrethroid insecticides found in Intermountain alfalfa 
fields. https://ucanr.edu/blogs/blogcore/postdetail.cfm?postnum=2102

Pedigo, L. P., M. E. Rice, and R. K. Krell. 2021. Entomology and pest manage-
ment, 7th ed. Waveland Press Inc., Long Grove, IL.

Pellissier, M. E., Z. Nelson, and R. Jabbour. 2017. Ecology and management 
of the alfalfa weevil (Coleoptera: Curculionidae) in western United States 
alfalfa. J. Integr. Pest. Manag. 8: 1–7.

Pereira, A. E., D. Souza, S. N. Zukoff, L. J. Meinke, and B. D. Siegfried. 2017. 
Cross-resistance and synergism bioassays suggest multiple mechanisms of 
pyrethroid resistance in western corn rootworm populations. PLoS One. 
12: 1–17.

Peterson, R. K. D., S. D. Danielson, and L. G. Higley. 1992. Photosynthetic 
response of alfalfa to actual and simulated alfalfa weevil (Coleoptera: 
Curculionidae) injury. Environ. Entomol. 21: 501–507.

Peterson, R. K. D., L. G. Hingly, and L. P. Pedigo. 2018. Whatever happened to 
IPM?. Am. Entomol. 3: 146–150.

Poos, F. W., and T. L. Bissell. 1953. The alfalfa weevil in Maryland. J. Econ. 
Entomol. 46: 178–179.

Prokopy, R. J., E. J. Armbrust, W. R. Cothran, and G. G. Gyrisco. 1967. Migration 
of the alfalfa weevil, Hypera postica (Coleoptera: Curculionidae), to and 
from estivation sites. Ann. Entomol. Soc. Am. 60: 26–31.

Rankin, M. 2020. USDA: nearly everything is up. https://hayandforage.com/
article-2826-usda-nearly-everything-is-up.html

Rawlings, P., G. Davidson, R. K. Sahai, H. R. Rather, K. M. Aslamkham, and 
C. F. Curtis. 1981. Field measurements of the effective dominance of an in-
secticide resistance in anopheline mosquitoes. Bull. World Health Organ. 
59: 631–640.

Rinkevich, F. D., Y. Du, and K. Dong. 2013. Diversity and convergence of 
sodium channel mutations involved in resistance to pyrethroids. Pestic. 
Biochem. Physiol. 106: 93–100.

Robertson, J. L., M. M. Jones, E. Olguin, and B. Alberts. 2017. Bioassays with 
arthropods, 3rd ed. CRC Press, Boca Raton, FL.

Robertson, J., R. Russell, and N. E. Savin. 1980. POLO: a user’s guide to Probit 
Or Logit analysis. https://www.fs.usda.gov/psw/publications/documents/
psw_gtr038/psw_gtr038.pdf

Rodbell, E. A., and K. W. Wanner. 2021. First report of alfalfa weevil 
(Coleoptera: Curculionidae) resistance to lambda-cyhalothrin in Montana. 
J. Econ. Entomol. 114: 2088–2095.

Roush, R. T., and J. C. Daly. 1990. The role of location sample genetics in re-
sistance research and management, pp. 97–152. In R. T. Roush and B. E. 
Tabashnik (eds.), Pesticide resistance in arthropods. Chapman and Hall, 
New York, NY.

Sarkar, S. K., H. Midi, and S. Rana. 2011. Detection of outliers and influential 
observations in binary logistic regression: an empirical study. J. Appl. Sci. 
11: 26–35.

Sawicki, R. M., 1987. Definition, detection and documentation of insec-
ticide resistance, pp. 105–117. In M. G. Ford, D. W. Holloman, B. P. 
S. Khambay, and R. M. Sawicki (eds.), Combating resistance to xeno-
biotics; biological and chemical approaches. Ellis Horwood, Chichester, 
England.

Scott, J. G. 1990. Investigating mechanisms of resistance: methods, strategies, 
and pitfalls. In R. T. Roush and B. E. Tabashnik (eds.), Pesticide resistance 
in arthropods. Chapman and Hall, New York, NY.

Scott, I. M., H. R. Jensen, B. J. R. Philogéne, and J. T. Arnason. 2008. A review 
of Piper spp. (Piperaceae) phytochemistry, insecticidal activity and mode 
of action. Phytochem. Rev. 7: 65–75.

Shelton, A. M., B. A. Nault, J. Plate, and J. Z. Zhao. 2003. Regional and tem-
poral variation in susceptibility to λ-Cyhalothrin in onion thrips, Thrips 
tabaci (Thysanoptera: Thripidae), in onion fields in New York. J. Econ. 
Entomol. 96: 1843–1848.

Snodgrass, G. L., and W. P. Scott. 2003. Effect of ULV Malathion use in 
boll weevil (Coleoptera: Curculionidae) eradication on resistance in 
the tarnished plant bug (Heteroptera: Miridae). J. Econ. Entomol. 96: 
902–908.

Soderlund, D. M. 2005. Sodium channels, pp. 1–24. In L. I. Gilbert, K. Latrou, 
and S.S. Gill (eds.), Comprehensive molecular insect science, vol. 5. 
Elsevier, Oxford.

Summers, C. G. 1998. Integrated pest management in forage alfalfa. Integr. 
Pest. Manag. Rev. 3: 127–154.

Syngenta. 2021. Warrior II with Zeon technology insecticide. https://www.
syngenta-us.com/insecticides/warrior-ii-with-zeon-technology

Tabashnik, B. E. 1990. Modeling and evaluation of resistance management 
tactics, pp. 153–182. In R. T. Roush and B. E. Tabashnik (eds.), Pesticide 
resistance in arthropods. Chapman and Hall, New York, NY.

Tabashnik, B. E., F. Huang, M. N. Ghimire, B. R. Leonard, B. D. Siegfried, M. 
Rangasamy, Y. Yang, Y. Wu, L. J. Gahan, D. G. Heckel, et al. 2011. Efficacy 
of genetically modified Bt toxins against insects with different genetic 
mechanisms of resistance. Nat. Biotechnol. 29: 1128–1131.

Titus, E. G. 1910. The alfalfa leaf-weevil. Utah Agric. Exp. Stn. Bull. 110.
(UC-ANR) University of California, Agriculture and Natural Resources. 2020. 

UC pest management guidelines: alfalfa weevil. http://ipm.ucanr.edu/
PMG/r1300511.html

Wang, X., X. Li, A. Shen, and Y. Wu. 2010. Baseline susceptibility of the 
diamondback moth (Lepidoptera: Plutellidae) to chlorantraniliprole in 
China. J. Econ. Entomol. 103: 843–848.

https://www.producer.com/video/alfalfa-weevils-can-be-tough-to-control/
https://www.producer.com/video/alfalfa-weevils-can-be-tough-to-control/
https://doi.org/10.1371/journal.pone.0024968
https://irac-online.org/modes-of-action/
https://www3.epa.gov/pesticides/chem_search/ppls/034704-00873-20131031.pdf
https://www3.epa.gov/pesticides/chem_search/ppls/034704-00873-20131031.pdf
https://www.alfalfa.org/pdfMedia/Alfalfa3rdMostValuable.pdf
https://ucanr.edu/blogs/blogcore/postdetail.cfm?postnum=2102
https://hayandforage.com/article-2826-usda-nearly-everything-is-up.html
https://hayandforage.com/article-2826-usda-nearly-everything-is-up.html
https://www.fs.usda.gov/psw/publications/documents/psw_gtr038/psw_gtr038.pdf
https://www.fs.usda.gov/psw/publications/documents/psw_gtr038/psw_gtr038.pdf
https://www.syngenta-us.com/insecticides/warrior-ii-with-zeon-technology
https://www.syngenta-us.com/insecticides/warrior-ii-with-zeon-technology
http://ipm.ucanr.edu/PMG/r1300511.html
http://ipm.ucanr.edu/PMG/r1300511.html


Wanner, K. W., C. Caron, H. B. Goosey, and E. A. Rodbell. 2022. Efficacy 
of select insecticides to control pyrethroid resistant alfalfa weevils, 2021. 
Arthropod Manag. Tests. 47: 1–2.

Wehrle, L. P. 1940. The discovery of an alfalfa weevil (Hypera brunnei-pennis 
Boheman) in Arizona. J. Econ. Entomol. 65: 85–89.

Wright, R. J., J. D. Bradshaw, K. J. Jarvi, and M. Rethwisch. 2015. 2016 Guide 
for weed, disease, and insect management in Nebraska. EC 130. University 
of Nebraska Lincoln, Lincoln, NE.

Wood, K. A., E. J. Armbrust, D. P. Bartell, and B. J. Irwin. 1978. The litera-
ture of arthropods associated with alfalfa. V. A bibliography of the al-
falfa weevil, Hypera postica (Gyllenhal), and the Egyptian alfalfa weevil, 

Hypera brunneipennis (Boheman) (Coleoptera: Curculionidae). Special 
Publication of the Illinois Agricultural Experiment Station. Simpson, IL.

Yu, S. J. 1983. Age variation in insecticide susceptibility and detoxification 
capacity of fall armyworm (Lepidoptera: Noctuidae) larva. J. Econ. 
Entomol. 76: 219–222.

Yu, S. J. 2015. The toxicology and biochemistry of insecticides. 2nd ed. CRC 
Press, Boca Raton, FL.

Zhu, Y. C., J. Caren, G. V. P. Reddy, W. Li, and J. Yao. 2020. Effect of age 
on insecticide susceptibility and enzymatic activities of three detoxifica-
tion enzymes and one invertase in honey bee workers (Apis mellifera). doi: 
10.1016/j.cbpc.2020.108844

https://doi.org/10.1016/j.cbpc.2020.108844

	Copy Cover Page.pdf
	Blank Page
	Blank Page




