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ABSTRACT Emergence phenology and Þtness attributes of several Colorado potato beetle, Lepti-
notarsa decemlineata (Say), populations were measured under Þeld and greenhouse conditions.
Anecdotal observations by producers and pest managers in many locations of the upper Midwest
increasingly suggested that select populations of Colorado potato beetle were emerging over a longer
period in the spring and were less sensitive to systemic neonicotinoids in cultivated potato. These
changes inemergencephenologymaybe related tochanges in systemic insecticideconcentrationover
time. SpeciÞcally, a prolonged period of adult emergence in the spring increases the potential of
low-dose chronic exposure to systemic neonicotinoid insecticides in potato. In 2010 and 2011, our
objectives were twofold: 1) establish a common garden experiment to compare the emergence
phenology of Colorado potato beetle populations uniquely managed with variable insecticide inputs,
and2)measurepostdormancyÞtness of emergedadult beetles fromamong these selectedpopulations.
Cumulative adult emergence was modeled with logistic regression. Results from this study found no
clear evidence for direct relationships between phenology and management history or resistance.
Differences in reproductive capacity, sex ratio, and body size were apparent in some instances.
However, these results did not uniformly correspond to one speciÞc form of potato pest management
tested here. In this study, long-term reliance on systemic insecticides for Colorado potato beetle
controldidnot serveasa strongpredictor forvariable lifehistory for selectedpopulations inWisconsin.

KEY WORDS Colorado potato beetle, integrated pest management, diapause, phenology, insecti-
cide resistance

Insect dormancy, more speciÞcally diapause, is a
physiologically driven interruption of development
evolved to overcome long-term extreme conditions,
often induced by environmental cues such as photo-
period, host-plant quality, and temperature (Lees
1955, Danks 1987, Koštál 2006, Yocum et al. 2011). In
temperate potato production regions of the world,
winterdormancy is acritical life-history strategyof the
Colorado potato beetle, Leptinotarsa decemlineata
(Say), to avoid unfavorable winter conditions (Ush-
atinskaya 1978, Tauber et al. 1986, Tauber and Tauber
1993, Yocum et al. 2011). Colorado potato beetle re-
mains dormant for �3 mo, although several studies
have documented long-term dormancy patterns, with
some individual insects remaining in an arrested state
for one or more years (Isley 1935, Tauber et al. 1986,
Senanayake et al. 2000, Tauber and Tauber 2002).
Often, variability in diapause duration can be closely
associated with the presence of suitable host plants in
the agroecosystem, especially for specialist herbivores
like Colorado potato beetle (Xu and Long 1997, Skin-
ner et al. 2004). Insects inhabiting more dynamic or

unstable environments with unpredictable resources
may extend diapause for longer periods to better syn-
chronize with hosts, resulting in a delayed dormancy
or protracted emergence phenology (Corley et al.
2004). Colonization of potato byColorado potato bee-
tle often occurs in a short window of time after crop
emergence (Gibson et al. 1925), and this period cor-
responds to the postdormancy period of the pest (Boi-
teau 2001). For potato growers, synchronous Colo-
rado potato beetle colonization is more advantageous,
as it often results in a larger proportion of susceptible
life stages present within Þelds at the same time. In
contrast, asynchronous emergence and subsequent
colonization result in extended egg deposition over a
longer interval, leading to the presence of multiple
larval stadia present simultaneously in the crop. Sev-
eral of the new reduced-risk insecticides do not pos-
sess the same broad spectrum of activity against all
Colorado potato beetle stadia. As a result, growers
have continued to use foliar applications of the neo-
nicotinoids, organophosphates, and carbamates for
control of these asynchronous populations.

Understanding the environmental factors that in-
ßuence insect dormancy and emergence phenology1 Corresponding author, e-mail: groves@entomology.wisc.edu.
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has long been a goal for prediction of annual pest
colonization of agricultural crops, and a critical com-
ponent of effective integrated pest management pro-
grams (Tauber and Tauber 1993, Wissinger 1995,
Noronha et al. 2002, Williams and Ferguson 2010).
Descriptions of emergence phenology among agricul-
tural pests have typically related accumulating tem-
perature to insect abundance (Andrewartha 1952,
Koštál 2006, Emerson et al. 2009). More recent re-
search provides evidence to suggest other factors,
such as insecticide resistance, may affect insect emer-
gencephenologyandcropcolonizationpatterns (Car-
rière et al. 1995; Boivin et al. 2003, 2004).

Over the past two decades, the use of the systemic
neonicotinoid insecticides has increased considerably
in major and minor agricultural crops (Jeschke and
Nauen 2008, Jeschke et al. 2011). Widespread adop-
tion of these insecticides in commercial agriculture
has resulted in reports of neonicotinoid-resistant in-
sect populations in numerous taxa (Nauen and Den-
holm 2005; Whalon et al. 2008, 2012). Although resis-
tancehas beendocumented, little is knownabout how
this widespread adoption may have had unanticipated
effects on the biology and ecology of pests over time.
To date, numerous studies have previously reported
declining neonicotinoid concentrations over time in
both annual and perennial cropping systems, often
focusing on season-long population dynamics of pest
species with high reproductive capacity and multiple
generations per growing season (Byrne et al. 2005a,b,
2007, 2010; Castle et al. 2005). In cultivated potato,
variable concentrations of systemic neonicotinoids in
plant tissue after at-plant applications may be one
additional factor contributing to the development of
Colorado potato beetle resistance (Olson et al. 2004).
To our knowledge, few studies have related emer-
gence phenology of a specialist herbivore, such as
Colorado potato beetle, to the method in which con-
ventional insecticides are delivered. Moreover, lim-
ited information exists describing how insecticide
deliverymayaffect insect life history in an insecticide-
dependent agroecosystem.

Insecticides have been, and remain, a cornerstone
for management of four key insect pests of cultivated
potato in Wisconsin (WI): Colorado potato beetle;
Potato leafhopper, Empoasca fabae (Harris); Green
peach aphid, Myzus persicae (Sulzer); and Potato
aphid, Macrosiphium euphorbiae (Thomas). For the
past 15 yr, the majority of all commercial potato acres
in WI used an at-plant systemic neonicotinoid appli-
cation to manage early season Colorado potato beetle.
Although measured resistance to the neonicotinoids
has been well documented (Szendrei et al. 2012), WI
growers continue to rely on in-furrow systemic neo-
nicotinoids to manage potato insect pests. Advantages
of this use-pattern include maximized plant coverage,
longer residual within the potato foliage, and limited
nontarget impacts to beneÞcial arthropods (Baker et
al. 2007, Elbert et al. 2008). However, this uniformity
and duration of insecticide use has strongly increased
selection pressure over the 18 yr since the registration

of the neonicotinoid class (Olson et al. 2000, Zhao et
al. 2000).

As a result of the long-term reliance on several
insecticide classes, many Colorado potato beetle pop-
ulations are now resistant to nearly all insecticide
classes (Radcliffe et al. 1991, Alyokhin et al. 2008,
Whalon et al. 2012). Furthermore, resistance devel-
opment in Colorado potato beetle may be accelerated
by multiple physiological mechanisms, interpopula-
tion gene ßow, and localized dispersal (GraÞus 1995).
Historically, management of resistant populations has
resulted in more frequent applications and tank mix-
ing of different insecticides, with considerable eco-
nomic impact to growers (GraÞus 1997). Effects of
insecticide resistance are commonly expressed as
costs of resistancewithin populations of insects. Baker
et al. (2008) found fecundity to be one-third less in
neonicotinoid (imidacloprid)-resistant Colorado po-
tato beetle populations from Long Island, NY. In a
review of Bacillus thuringiensis-resistant insects,
Tabashnik (1994) concluded that insecticide toler-
ance in Colorado potato beetle may often result in
reduced fecundity, increased overwintering mortal-
ity, andprolongeddevelopment times; resistancecosts
that when combined may have a considerable nega-
tive effect on population growth potential. In recent
years, neonicotinoid resistance of Colorado potato
beetle in WI has become apparent in two ways: Þrst,
resistance bioassay data reßect increasing 50% lethal
dose ratio (LD50) estimates over time, and second, the
duration of Þeld-level control has decreased signiÞ-
cantly in recent years (Huseth andGroves 2011, Szen-
drei et al. 2012).

Furthermore, anecdotal observations by producers
and pest managers further suggest a relationship be-
tweenprotractedemergence and resistant insects. Re-
sistant populations of Colorado potato beetle popula-
tionsmay be better able towithstand the highest titers
of in-plant insecticide by emerging early in the year
where more susceptible populations may be emerging
later to temporally avoid these high concentrations.
Populations that seem to demonstrate variable emer-
gence occur in highly intensiÞed portions of the WI
potato production agroecosystem, where systemic
neonicotinoidadoptionhasbeenwidespread since the
registration of imidacloprid in 1995. Acceleration of
resistance will occur as late-emerging portions of pop-
ulations are exposed to sublethal systemic insecticide
doses (Olson et al. 2004). Over time, the continual
exposure of late-emerging insects to sublethal doses
will generate greater resistance levels and compromise
the efÞcacy of current and future systemic registrations.
An improved understanding of how resistance may in-
ßuence pest ecology, speciÞcally emergence phenol-
ogy, will provide new information to supplement our
current understanding of resistance management
strategies for systemic use-patterns. In this study, we
examined the effects of long-term reliance on three
common insecticide delivery methods (e.g., systemic,
foliar, or mixed foliarÐsystemic application) on adult
Coloradopotato beetle emergence phenology, Þtness,
and insecticide tolerance. We hypothesized that 1)
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Colorado potato beetle populations exposed to sys-
temicneonicotinoids over several yearswouldemerge
from dormancy later and over a longer period; 2)
overwintering mortality would be greater in popula-
tions experiencing systemic insecticide applications as
a cost of neonicotinoid tolerance; 3) later-emerging
insects would be, on average, smaller and weigh less,
and as a direct result of Þtness costs related to smaller
body size; and 4) insects emerging later would be less
fecund.

Materials and Methods

NeonicotinoidBioassay.From2007 to2011, baseline
imidacloprid susceptibility was measured at 41 loca-
tions throughout the seed and commercial potato pro-
duction regions, near Antigo and Hancock, WI, re-
spectively. Consecutive samples from individual Þelds
were often difÞcult to obtain because of multiple-year
crop rotation sequences (e.g., 2-, 3-, or 4-yr potato
rotation intervals). As a result, potato Þelds �0.8 km
in distance from each other were considered repre-
sentative of a local Colorado potato beetle population
for annual bioassays. Adult beetleswere collected into
plastic cups (0.94 liters), placed into coolers contain-
ing frozen ice packs, and transported to theUniversity
of Wisconsin (UW)ÐMadison campus, Madison, WI.
On arrival, insects were fed greenhouse-grown potato
foliage in screen cages maintained in an environmen-
tal chamber at 24�C and a photoperiod of 16:8 (L:D)
h for 3 d.

Insensitivity to neonicotinoids was assessed by us-
ing topical imidacloprid bioassays. Technical-grade
imidacloprid (97.5%, Bayer Corporation, Kansas City,
MO) was dissolved into pesticide-grade acetone
(Fisher Chemicals, Fair Lawn, NJ), and then serially
diluted to a range of doses between 0.001 and 10 ppm.
Between Þve and nine doses were chosen based on
preliminary bioassays resulting in 0Ð100% mortality
(Zhao et al. 2000, MotaÐSanchez et al. 2006). Adult
beetles were divided into equal numbers per dose,
each containingno fewer than 15 insects per replicate.
Collected individuals were randomly selected and
treated with 1 �l of insecticide solution applied to the
Þrst abdominal sternite with a 50-�l syringe equipped
with a Hamilton PB-600 repeating dispenser (Hamil-
ton Company, Reno, NV). Control insects received a
1-�l dose of pesticide-grade acetone alone. Treated
insects were placed into 100 by 15-mm polystyrene
petri dishes with Þlter paper (Fisher, Pittsburgh, PA).
Insects were maintained on fresh greenhouse-grown
potato foliage in an environmental chamber at 24�C
and a photoperiod of 16:8 (L:D) h. Bioassay response
was measured at day 3, 5, and 7 posttreatment. Insects
were classiÞed as alive, intoxicated, or dead. Intoxi-
cated beetles were unable to grasp the tip of a pencil
with all six legs andwalkonebody lengthup thepencil
(Zhao et al. 2000). Insects that were incapable of
coordinated movement (e.g., intoxicated) after day 7
were considered incapable of recovery (Zhao et al.
2000). Intoxicated and dead insects were pooled for
subsequent statistical analyses.

Experimental Site. The site used for overwintering
studies was situated in an unmanaged grassy area bor-
dering a mixed deciduous Þeld boundary with an east-
erly aspect at the UWs Hancock Agricultural Exper-
iment Station, Hancock, WI. In 2010, the UWÐSoil
Testing laboratory analyzed 12 aggregate soil core
samples (15 30-cm soil cores homogenized per sam-
ple) taken in an unaligned grid pattern from the study
site. Soil texture was loamy sand that was, on average,
composedof 83.3 � 1.5% sand, 10.7 � 2.4% silt, and 6 �
1.1% clay. In 2011, the study site was shifted 50 m
northward along the sameÞeld boundary to ensure no
overlap of study areas between years.

Cage Study Populations. Sequential bioassay data
from 2007 to 2010 was used to choose candidate Þeld
locations (and associatedColorado potato beetle pop-
ulations) with known levels of neonicotinoid sensi-
tivity. From this data set, sample locations were se-
lected within 10 km of the Hancock Agricultural
Research Station, Hancock, WI. Growers managing
chosen Þeld locations were asked to qualify their Col-
orado potato beetle management among three cate-
gories since Þrst neonicotinoid registration in potato
(1995Ð2010): 1) years of neonicotinoid use for beetle
control, 2) annual method of pesticide application
(e.g., systemic or foliar), and 3) calendar date of plant-
ing and Þrst date of foliar application for Colorado
potato beetle. Complete management records were
available for some but not all locations for all 15 yr.
Grower reports were compiled to classify three cat-
egories of early-season potato beetle management:
systemic, foliar, or mixed application (i.e., systemic
and foliar) strategies. Sample locationswere chosen to
include two systemic, one mixed, and one foliar pop-
ulation for each season.

In the autumn of 2009 and 2010, insects were col-
lected from four potato Þelds separated by 4Ð10 km in
theWICentral Sands potato production region. Three
of four populations were represented in both study
years. Adult beetles representing the second or sum-
mer generation from each sample location were col-
lected at random in late August (2009: n �1,946 indi-
viduals per population; 2010: n �2,416 individuals per
population).Onepopulation, Systemic-1, didnot have
potato within a 0.8-km radius of the Þeld location in
the fall of 2010. A Þfth population, Systemic-2, was
selected as a replacement for the 2010Ð2011 season
with similar levels of measured neonicotinoid resis-
tance. Insects were released into greenhouse screen
cages and fed greenhouse-grown potato foliage (cul-
tivar ÔRusset BurbankÕ) for 1 full week before release
at the common garden location. In addition, a random
sample (n � 30 insects) from each population was
collected annually for autumn sex ratio and body size
measurements.

Outdoor screen cageswith openbottoms (1.8 by 1.8
by 1.8 m) were Þxed in a randomized complete block
design consisting of four populations in three repli-
cated blocks (model #1406A, BioQuip Products, Ran-
cho Dominguez, CA). Cage edges were buried 15 cm
deep to limit insect entry or exit. Populations were
evenly divided into groups of 750Ð900 beetles per
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cage. Beetles were provided greenhouse-grown po-
tato foliage (cultivar Russet Burbank) and were al-
lowed to diapause naturally in undisturbed soil. To
allow natural snow accumulation, Þeld cages were
removed after 1 full week of temperatures below 0�C.

Postdormancy Emergence. After snowmelt, cages
were reinstalled and checked weekly for emerging
adults. After the Þrst recorded adult, insects were
collected directly into plastic cups (0.94 liters) every
other day from 1 May to 22 June 2010 (52 d) and from
17 May to 30 June 2011 (44 d). Sample cups were
placed in coolers with freezer packs and driven to the
UWÐMadison campus. Individual insects were each
weighed, sexed, and measured (total length and
width). Daily collections were placed into an envi-
ronmental chamber maintained at 10�C and photope-
riod of 0:24 (L:D) h for 14 or fewer days after collec-
tion. At the end of the 14-d cohort sampling interval,
pooled insects were moved to a greenhouse main-
tained at 21.3 � 1.1�C (minimum 18.3, maximum 26.1)
under natural light. Insects were placed into collaps-
ible screen cages and blocked in an identical manner
as the Þeld study. Cages each received six potted
potato plants, which were replaced as needed. Each
2-wk cohort of adults was assortively mated for a 14-d
period. Although this period represents only a portion
of reproductive capacity for postdormancy Colorado
potato beetle, it did allow for a uniform oviposition
period comparison among cohort groups and popula-
tions. Egg masses were removed from potato foliage
daily. Total number of egg masses and eggs per mass
were recorded for each cage.

After Þve consecutive observations with zero bee-
tles collected in cages, the sampling frequency was
changed to once every 7 days. Sampling concluded
after four consecutiveweeks of zero beetles collected.
Each cage footprint then had a random 0.5 by 0.5 by
0.3m(lengthbywidthbydepth) soil sampleextracted
and sifted through 5.6-mm sieve-size market-grade
screen (four meshes per linear inch), and all intact
insects and insect parts were collected and counted.

Environmental Data. We used an accumulation of
soil degree-days (SDDs) to account for between-year
seasonal variation in sampling dates. Several studies
have previously described overwintering phenology
aligned over multiple years of postdiapause Colorado
potato beetle emergence data by using accumulated
simple SDDs(Lashombet al. 1984, Tauber et al. 1994).

Simple SDDs were calculated as:

soil degree-days � � �Tmax � Tmin	

2 � � Tbase

where Tmax is the daily maximum soil temperature,
Tmin is the daily minimum soil temperature, and Tbase

is the soil temperature threshold (10�C) for Colorado
potato beetles (Mailloux et al. 1988, de Kort 1990,
McMaster and Wilhelm 1997, Boiteau et al. 2008). In
the spring of each sample year, SDDs were calculated
from soil temperatures logged at a depth of 10 cm by
theUW-ExtensionÕsAutomatedWeatherObservation
Network stationat theHancockAgriculturalResearch

Station (UW-EX 2011). For each study year, down-
loaded data were used to calculate daily SDDs, be-
ginning 1 January. In addition, by using the same basic
formula, simple growing degree-days (GDDs) were
calculated from 1 January for 1995Ð2010 by using
downloaded minimum and maximum air tempera-
tures. Cumulative SDDs and cumulative GDDs were
calculated by using the cumsum function in R version
2.14.1 (R Development Core Team 2012). The dura-
tion of Colorado potato beetle control (e.g., Þrst foliar
application GDD minus planting GDD), at each
grower location from which Colorado potato popula-
tions were collected, was estimated and used as a
measure of the time until an economic threshold was
reached over 15 yr at each Þeld location. These esti-
mates documented the erosion of neonicotinoid con-
trol producers have experienced over the interval of
time since registration (e.g., 1995).

Statistical Analysis. Bioassay doseÐresponse results
were analyzed against imidacloprid concentration
with a Log10 probit regression analysis (Finney 1971,
Robertson et al. 2007; PROC PROBIT, SAS Institute).
LD50 estimates and 95% CIs were calculated to deter-
mine relative neonicotinoid susceptibility of Þeld-col-
lected populations when compared with a neonicoti-
noid-susceptible Þeld population collected at the UW
Arlington Agricultural Experiment Station, Arlington,
WI (Robertson et al. 2007). Imidacloprid tolerance
was considered signiÞcantly different if 95% CIs of
lethal dose ratios did not overlap (Robertson et al.
2007).

Cumulative GDDs from planting until the Þrst non-
systemic insecticide application across 15 yr were
compared with analysis of variance (ANOVA). Ap-
plication records by year were considered a discrete
categorical scale response and analyzed as factor-level
responses, unless otherwise noted. Saturated GDD
models considered all possible population by year
interactions; nonsigniÞcant parameter terms were
eliminated by using sequential F-tests with the drop1
function inR.AccumulatedGDDsat vinekillwasused
as an end point in analyses for Þelds that received no
further insecticide applications for control of Colo-
radopotato beetle.Durationof control estimateswere
regressed directly with year as a continuous variable
byusingANOVA.Thepredictor yearwas scaled to the
Þrst year of use of a neonicotinoid within our popu-
lations (e.g., year 1995 equals zero) to improve inter-
pretation of regression coefÞcients. Parameters were
selected backward from a saturated model containing
all possible population by year interactions with se-
quential F-tests by using the drop1 function in R. An
ordinary least squares linear regression approach was
used to compare the timingofÞrst emergence for each
population, gender, and year (Murtaugh et al. 2012).
Emergence differences between genders within years
were compared by using Welch two-sample t-tests
(Murtaugh et al. 2012). Equality of proportional sur-
vivorship among populations was compared with �2

tests by using prop.test (Mead et al. 2002, Dalgaard
2008). Survivorship of insects between years was an-
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alyzed with PearsonÕs �2 tests and YatesÕ continuity
correction by using chisq.test in R.

To compare emergence patterns for each popula-
tion and gender within each year, a nonlinear regres-
sion analysis was used to Þt three-parameter logistic
regression growth curves to cumulative Colorado po-
tato beetle counts over time. The cumulative sum of
male and female Colorado potato beetles captured in
each cage was calculated for each sample date for all
cages by using the function cumsum in R. The non-
linear model for the estimated cumulative Colorado
potato beetle emergence (Yij) on the ith observation
at SDDij after 1 January is:

Yij �
Asymi

1 � exp��Xmidi � SDDij)/Scali)
� �ij

where Asym is the asymptotic height of the growth
curve (e.g., total beetle abundance), Xmid represents
the inßection point of the curve (SDDs when cumu-
lative Colorado potato beetle captures � Asym/2),
and Scal is the SDDs surrounding peak emergence of
a population (�25Ð75%). Preliminary visual examina-
tion of the data indicated differences among popula-
tions, genders, and years. Model Þtting exercises re-
vealed an overall nonlinear mixed model that failed to
converge, thus individual nonlinear models were Þt to
each level of population, gender, and year for phe-
nology comparisons.

Initial model Þtting assumed within-group errors
(�ij) were independently distributed as N(0,�2). Ex-
amination of residual plots for these models indicated
a serial accumulation of errors associated with cumu-
lative Colorado potato beetle captures as SDD in-
creased.

Within-group errors were allowed to be heteroske-
dastic with the variance model:

Var��ij) � �2xij
2	

which corresponds to the variance function g(vij, 	) �
�vij�

	. Here, 	 was stratiÞed by population and year,
resulting in the variance function of g(vij, 	) � �vij�

	sij

with sij allowing for year and population variation.
Nonlinear mixed effects models were Þt in R by using
the gnls function (Package nlme, Pinheiro and Bates
2000), and parameter estimates and conÞdence inter-
vals were extracted by using summary, conf.int, and
anova functions.Parameterestimateswereconsidered
signiÞcantly different if 95% CIs did not overlap.

Male and femaleColoradopotatobeetleswere sum-
mated across all sample dates for each year and pop-
ulation by using the tapply function. Total counts for
each population by year tested an equal sex-ratio hy-
pothesis (e.g., one male:one female) for autumn and
spring Colorado potato beetle samples. Likelihood
ratio G-tests for categorical data tested the departure
from the 1:1 sex-ratio hypothesis approximated on a �2

distribution (Sokal and Rohlf 1995, Wilson and Hardy
2002).Tobetterunderstandhowvariability in size and
weight may have inßuenced emergence patterns of
each population, a simple linear regression modeling
approach was used to associate differences in gender,

size, and SDD. Before response parameter selection,
PearsonÕs product-moment correlation was used to
determine similarities among measured individual
traits: gender, weight, length, and width. Paired mea-
sures were all highly correlated, thus we chose to
regress only insect weight as a response to individual
size data by SDD.Emergenceweight differences among
populations and gender by SDD were determined by
analysis of covariance. Finally, total number of females
captured, total egg masses deposited over the 14-d ovi-
position period, and average eggs laid per female from
each cohortwere assessed by using simple linear regres-
sion for each population and year. Differences among
populations by cohort group were determined by
ANOVA. When appropriate, response variables were
transformed (Logx
1) to satisfy assumptions of normal-
ity. Means were separated post hoc by using TukeyÕs
honestly signiÞcant difference tests. All linear model
estimates and test statistics were extracted by using the
lm, aov, cor.test (method “pearson”), anova, TukeyHSD,
and summary functions inR(VenablesandRipley2002).

Results

Neonicotinoid Bioassays and Grower Records. In
recent years, potato producers statewide have noted
that the number of days over which the at-plant sys-
temic insecticides provide adequate control has
steadily declined. Sequential imidacloprid bioassays
for the Þve populations selected in this study showed
a range of insensitivity from 2007 to 2011 (Table 1).
Corresponding Þeld-level control data showed a de-
cline in duration of neonicotinoid control for the past
15 yr since initial registrations in potato (Fig. 1). From
these data we were able to quantify, in a relative
manner, reductions inefÞcacyofneonicotinoids inWI
potato Þelds over time. On average, GDDs at planting
for all locations was 43.9 � 62.1 GDD (minimum 0;
maximum 301.85). When locations were pooled,
planting dates over 15 yr did not occur on signiÞcantly
differentGDDs in the spring (F � 0.55; df � 15,44; P �
0.8949). Independently, selected Þeld locations were
plantedat signiÞcantlydifferentGDDsover 15yr (F�
78.29; df � 4,55; P � 0.0001). More important for
growers, timing of Þrst nonsystemic Colorado potato
beetle application averaged 543.3 � 207.7 GDD (min-
imum 201; maximum 1202.4), and timing of the Þrst
postplanting applications, over 15 yr, was signiÞcantly
different when all locations were pooled, indicating
changes in Colorado potato beetle phenology may
result in annually variable colonization events (F �
4.028; df � 15,44; P � 0.000153). Over the same time
interval, the length of residual control of the Colorado
potato beetle was highly variable, occurring, on aver-
age, at 499.4 � 200.9 GDD (minimum 194.7; maximum
1181.5) and differing signiÞcantly among years (F �
5.894; df � 15,44; P � 0.0001). When considered a
continuous variable scaled to years of control since
neonicotinoid registration (1995Ð2010), a signiÞcant
main effect of population and year existed (F � 8.211;
df � 5,54; P � 0.0001; Fig. 1), but a year by population
interaction was not signiÞcant (F � 1.154; df � 9,50;
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P � 0.342). On average, populations lost 34.88 GDDs
of neonicotinoid control per year since 1995. When
Julian days (e.g., calendar days after 1 January) were
regressed against duration of control, populations lost

an average of 3.32 d per year since 1995 or �50 d of
control since neonicotinoid registration (F � 15.28;
df � 5,54; P � 0.0001).

Emergence and Survival. First detections of post-
dormancy adult Colorado potato beetles emerging
from within replicate cages differed signiÞcantly be-
tween years, occurring, on average, at 74.5 and 37.9
SDDs on 1 May 2010 and 17 May 2011, respectively
(t � 9.706; df � 32.01; P � 0.0001). Timing of Þrst
emergence of individual populations did not differ
signiÞcantly in 2010 (F � 0.46; df � 3,20; P � 0.7114),
whereas signiÞcant differences among populations
were observed in 2011 (F � 5.441; df � 3,20; P �
0.006692). When Julian date was used as a time scale,
emergencepatternsdifferedgreatly.A16-ddifference
was observed in the average Þrst emergence date
between years, with Þrst emergence date in 2011 ob-
served to be 37.63 SDDs less than 2010. Overall, dif-
ferences existed among years at all major points in
cumulative emergence: a 14-d difference (24.55 SDDs
cooler) at 25% emergence, an 11-d difference (28.25
SDDs) at 50%, a 10-d difference (40.45 SDDs) at 75%,
and a 10-ddifference (73.3 SDDs) at 100%emergence.
Although annual differences in emergence were ap-
parent, little variation in rate of emergence was ob-
served among populations within the same year (Fig.
2). Furthermore, no signiÞcant gender differences in
timing of Þrst emergence occurred in either 2010 or
2011.

Table 1. Topical bioassay estimates for selected Colorado potato beetle populations

Population Year n Slope � SEM LD50 95% CI �2 df R-ratioa 95% CI

Systemic-1 2007 74 2.57 (0.81) 0.068 (0.021Ð0.099) 15.97 3 1.8 (1.05Ð3.21)
2008 74 1.43 (1.1) 0.083 Ñ 10.99 3 2.2 (0.52Ð9.43)
2009 48 1.27 (0.65) 0.094 (0Ð0.19) 6.24 3 2.5 (0.96Ð6.69)
2010 135 0.77 (0.38) 0.15 (0.076Ð1.06) 3.04 3 3.9 (1.48Ð10.41)
2011 425 1.63 (0.14) 0.72 (0.59Ð0.87) 5.63 4 26 (24.55Ð26.5)

Systemic-2 2007 75 1.64 (0.54) 0.21 (0.046Ð0.34) 10.7 3 5.7 (2.84Ð11.46)
2008 75 2.46 (0.8) 0.24 (0.049Ð0.37) 4.076 3 6.4 (3.26Ð12.73)
2009 75 4.21 (1.5) 0.8 Ñ 9.68 3 21.6 (14.66Ð31.92)
2010 150 0.58 (0.17) 2.94 (1.21Ð28.8) 3.22 8 79.2 (23.87Ð262.57)
2011 524 1.9 (0.27) 0.62 (0.41Ð0.94) 17.47 5 22.2 (21.01Ð23.43)

Systemic-3 2007 75 1.69 (0.51) 0.12 (0.05Ð0.18) 14.09 3 3.2 (1.92Ð5.37)
2008 76 4.35 (1.1) 0.33 (0.21Ð0.41) 5.09 3 8.8 (2.15Ð35.78)
2009 75 1.01 (0.53) 0.15 Ñ 2.37 3 3.9 (1.93Ð8.29)
2010 135 0.51 (0.17) 0.24 (0.058Ð0.76) 6.8 7 6.5 (2.32Ð18.06)
2011 500 2.03 (0.26) 0.73 (0.51Ð1.04) 14.15 4 25.5 (24.55Ð27.98)

Mixed 2007 75 1.43 (0.58) 0.013 (0.0000204Ð0.03) 8.8 3 0.3 (0.08Ð1.52)
2008 75 1.25 (0.43) 0.26 (0.15Ð0.7) 5.19 3 7.1 (3.85Ð12.95)
2009 75 0.72 (0.93) 0.024 Ñ 8.8 3 0.7 (0.02Ð17.73)
2010 145 3.85 (0.65) 0.43 (0.34Ð0.51) 2.12 3 11.6 (8.92Ð15.2)
2011 525 1.47 (0.11) 0.48 (0.4Ð0.6) 6.2 5 17.2 (16.8Ð17.66)

Foliar 2007 74 1.38 (1.46) 0.024 Ñ 9.86 5 0.7 (0Ð479)
2008 Ñ Ñ Ñ Ñ Ñ Ñ Ñ Ñ
2009 75 1.83 (0.15) 0.15 (0.1Ð0.48) 0.85 3 3.9 (2.22Ð6.96)
2010 135 1.25 (0.22) 0.081 (0.05Ð0.12) 11.77 7 2.2 (1.32Ð3.56)
2011 524 1.81 (0.25) 0.39 (0.27Ð0.58) 15.78 5 14 (13.5Ð14.62)

WI-susceptibleb 2007 75 6.93 (1.69) 0.03 (0.025Ð0.036) 8.26 3 Ñ Ñ
2008 75 1.43 (0.39) 0.05 (0.025Ð0.31 3.85 5 Ñ Ñ
2009 75 3.29 (1.36) 0.014 (0.0006Ð0.021) 3.68 3 Ñ Ñ
2010 135 4.38 (0.75) 0.037 (0.03Ð0.045) 3.34 7 Ñ Ñ
2011 600 3.13 (0.33) 0.027 (0.028Ð0.034) 14.11 6 Ñ Ñ

a R-ratio: resistance ratio comparing LD50 of populations with response of WI-susceptible pop annually.
b Reference pop collected at the University of WisconsinÐArlington Agricultural Research Station, Arlington, WI.

Fig. 1. Duration of Colorado potato beetle control with
neonicotinoid insecticides over 15 yr of use (1995Ð2010) at
Þve selected Þeld locations in the Central Sands potato pro-
duction region of Wisconsin. Duration of control is a relative
measure calculated as: GDD of Þrst Colorado potato beetle
management minus GDD at planting.
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Overwintering survivorship of adult Colorado po-
tato beetle within the soil under cages was estimated
to be 13.8 � 6.7% (minimum 5.4%; maximum 23.5%)
and 17.8 � 11.2% (minimum 5.7%; maximum 34.7%) in
2010 and 2011, respectively, and these estimates dif-
fered signiÞcantly between years (�2 � 62.31; df � 1;
P � 0.0001).Whencomparedonlywithin sample year,
survivorship was signiÞcantly different among popu-
lations in both 2010 (�2 � 173.69; df � 3; P � 0.0001)
and 2011 (�2 � 727.94; df � 3; P � 0.0001) (Fig. 3).
When comparing within population across the two
years of the study, survivorship was signiÞcantly dif-
ferent in all populations: Systemic-3 (�2 � 98.62; df �
1; P � 0.0001) and Mixed (�2 � 86.48; df � 1; P �
0.0001) and Foliar (�2 � 107.78; df � 1; P � 0.0001).
Between-year differenceswerenot calculated for Sys-
temic-1 or Systemic-2 because of singular annual ob-
servations.

Logistic growthmodelswere developed to describe
emergence phenology of Colorado potato beetle pop-
ulations with differing insecticide management histo-
ries in 2010 and 2011 (Fig. 4). Emergence of male and
female insects was modeled individually for each pop-
ulation, and theaveragepseudo-R2 value forallmodels
was 0.76 (minimum 0.35; maximum 0.96). Model com-
parisons among populations and genders suggest peak
emergence (Xmid) occurred at similar accumulated
SDD in both years (Fig. 5B). In 2010, peak emergence
for all populations occurred between 87.35Ð186.96 ac-
cumulated SDDs (6 MayÐ23 May) and 85.16Ð139.11
SDDs (25 MayÐ2 June) in 2011. Estimated SDDs for
peak emergence were not different among subsets of
male and female Colorado potato beetles in any pop-
ulation (Table 2; Fig. 4). Cumulative beetle abun-
dance (Asym) estimates did, however, differ greatly
among genders and populations (Table 2; Fig. 5A).
Overall, survivorship was similar among populations
and genders in 2010, whereas differences in survivor-
shipwere apparent in 2011 (Fig. 3). Sifted soil samples
taken at the conclusion of each season from under
cages produced no live or dead intact beetles.

Insect Size and Weight. The relationship among
measured body size metrics demonstrated consistent
patterns for each population and gender group. Cor-
relation ofwidth to length for allmeasured insectswas
highly signiÞcant(r�0.8523; t�86.118;df�2793;P�
0.0001). Furthermore, insect weight was positively
correlated to both length (r � 0.8009; t � 70.698; df �
2793;P� 0.0001) andwidth (r� 0.8012; t� 70.78; df�
2793; P � 0.0001). As a result of strong correlations
among body characteristics, we chose to model only
insect weight with predictors for gender, population,
year, and SDD. The Þnal analysis of covariance model
examining these variables together described 33.13%

Fig. 2. Proportion emergence of adult Colorado potato
beetle populations plotted against cumulative soil degree-
days (base 10�C after 1 January).

Fig. 3. Percent survivorship for adult Colorado potato
beetle populations released into the common garden exper-
iment at the Hancock Agricultural Research Station, Han-
cock, WI, during 2010 and 2011.
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of the total variation in Colorado potato beetle weight
(Table 3).

GenderRatios andFecundity.Coloradopotatobee-
tle gender ratios from autumn-collected populations
did not differ signiÞcantly among populations (e.g., all
onemale:one female) in either 2009 (�2 � 2.5007; df �
3; P � 0.4752) or 2010 (�2 � 0.6421; df � 3; P � 0.8867)
before release into cages. In the spring, populations
again did not differ signiÞcantly in their observed
gender ratios in either 2010 (�2 � 5.8801; df � 3; P �
0.1176) or 2011 (�2 � 6.2654; df � 3; P � 0.09939).
When testing the distribution of genders within each
population, only the population collected from the
foliar-based insecticide program signiÞcantly de-
parted from a 1:1 gender ratio in 2010 and was female-
biased 1:1.57 (Table 4). In 2011, populations from the
Þelds designated as Systemic-2 (1:1.25 male:female)

and Mixed (1:1.31 male:female) were again signiÞ-
cantly female-biased (Table 4).

Total number of females, eggs, and egg masses all
differed signiÞcantly among populations and popula-
tions within year (Table 5). In 2010, total eggs per
female averaged38.5�17.3 (minimum14.2;maximum
71.1) and 21.3 � 26.2 (minimum 0.4; maximum 95.1).
Eggs per female were not, however, signiÞcantly dif-
ferent between years (t � 1.9024; df � 19.1; P �
0.07231). Egg counts per female varied signiÞcantly as
a result of a population by year interaction (Table 5).
Average female fecunditydiffered signiÞcantly among
samplecohort groupswithinpopulations forboth2010
and 2011 (Table 6). Only fecundity of the foliar pop-
ulation in 2011 was not signiÞcantly different among
cohort groups (Table 6). Eggs per mass did not vary
between years (t � �0.3272; df � 956.42; P � 0.7436),

Fig. 4. Cumulative emergence of Þve Colorado potato beetle populations plotted against cumulative soil degree-days
(base 10�C after 1 January). Results of simple logistic nonlinear least-squares regression analysis are shown as best-Þt lines
for each population and gender.
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nor did they differ within population or among
populations by year (Table 5). The average number
of egg masses per female was not signiÞcantly dif-
ferent (t � 1.9172; 18.214; P � 0.07103) and averaged
1.9 � 0.8 (minimum 0.9; maximum 3.5) in 2010 and
1.1 � 1.3 (minimum 0.01; maximum 4.7) in 2011.
However, egg masses per female were signiÞcantly
different among populations and populations by
year (Table 6).

Discussion

In this study, our common garden and greenhouse
studies explored the ecology of Colorado potato bee-

tle dormancy, documented this insectÕs seasonal phe-
nology in WI, and related emergence patterns to
long-term insecticide management history. Selected
populations for our common garden study showed
little relationship between management history and
the potential for a multiple-year dormancy. Initially,
low overall Colorado potato beetle survivorship ob-
served among populations seemed to indicate the po-
tential for multiple-season dormancy in WI. Soil ex-
traction sampling, used to determine if any live insects
attempted to remain in dormancy over multiple sea-
sons, produced no live beetles, however. This Þnding
departs from results obtained in the Northeastern and
Western United States, where small proportions of

Fig. 5. Estimates (means � 95%CI) for logistic curvemodels Þtted to cumulativeColorado potato beetle counts formales
(squares) and females (circles) for the spring of 2010 and 2011. Asymptote (A) represents an estimate of overall survivorship
for each gender and populations. Xmid (B) represents estimated cumulative soil degree-days of peak emergence for each
gender and population.

Table 2. Logistic regression parameter estimates (means � 95% CI) fitted to cumulative postdormancy captures of Colorado potato
beetles over the 2010 and 2011 growing seasons

Population Gendera Asymptoteb Xmidc Scald AIC R2e

2010
Systemic-1 Male 17.7a (15.1Ð20.4) 146.3c (132.6Ð159.9) 24.7ab (17.0Ð32.4) 150.8 0.83

Female 21.9ab (16.8Ð26.9) 151.6bc (125.5Ð177.8) 32.2ab (15.1Ð49.3) 189.8 0.68
Systemic-3 Male 55.7e (48.2Ð63.3) 131.0bc (118.2Ð143.8) 21.2ab (11.5Ð31.0) 331.1 0.72

Female 54.3e (48.8Ð59.7) 122.5b (114.1Ð131.0) 17.7a (10.7Ð24.8) 314.9 0.75
Mixed Male 43.2bcde (28.7Ð57.7) 125.5abc (87.4Ð163.6) 36.8ab (�.4Ð79.0) 297.9 0.35

Female 47.0cde (34.4Ð59.6) 126.1abc (105.8Ð146.3) 23.6ab (9.9Ð37.3) 275.9 0.57
Foliar Male 39.2d (36.6Ð43.3) 173.3c (159.6Ð187.0) 35.7b (27.5Ð43.9) 297.6 0.88

Female 56.2e (50.7Ð61.8) 168.3c (156.1Ð180.5) 26.7ab (21.2Ð32.3) 368.3 0.79
2011

Systemic-2 Male 113.1g (106.8Ð119.3) 123.6b (115.0Ð132.3) 29.9ab (23.6Ð36.2) 427.8 0.92
Female 142.4h (135.6Ð149.2) 115.5ab (109.6Ð121.3) 23.3a (19.4Ð27.1) 390.8 0.96

Systemic-3 Male 27.9b (26.2Ð29.5) 127.5bc (116.0Ð139.1) 45.0b (32.6Ð57.3) 181.3 0.89
Female 32.5bcd (25.4Ð39.6) 119.1abc (102.3Ð135.9) 29.4ab (22.7Ð36.1) 155.9 0.82

Mixed Male 85.6f (65.2Ð106.0) 109.5abc (85.2Ð133.9) 28.2ab (11.8Ð44.7) 317.2 0.65
Female 106.5fg (98.6Ð114.3) 99.3a (88.8Ð109.8) 26.6ab (16.0Ð37.3) 359.6 0.83

Foliar Male 29.6bc (24.4Ð34.8) 122.2abc (100.6Ð143.8) 33.9ab (19.3Ð48.5) 220.3 0.73
Female 28.0b (24.1Ð31.9) 125.4abc (106.1Ð144.6) 36.0ab (21.9Ð50.1) 196.3 0.77

Parameter estimates followed by the same letter indicate overlapping 95% CIs.
a Simple logistic curve model: cumulative Colorado potato beetles � Asym/(1 
 exp((Xmid Ð SDD)/Scal))); where SDD is the cumulative

soil degree-days (base 10�C) after 1 January when the cage was sampled.
b Asymptote of the curve (e.g. max Colorado potato beetles caught).
c Inßection point of the curve (Asym/2).
d Soil degree-days surrounding peak emergence of a pop (�25Ð75%).
e Goodness of Þt � model sums of squares/(model sums of squares 
 residual sums of squares), as a pseudo-R2 in nonlinear modeling.
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insects (�7%) were found to diapause over multiple
growing seasons (Biever 1990, Tauber and Tauber
2002). In those studies, screen cages were replaced
annually to determine the proportion of individuals
remaining in diapause for one or more years. Here, we
sifted soil subsamples from beneath cages to deter-
mine presence or absence of Colorado potato beetles
attempting to extend diapause. Although no multiple-
year diapause patterns were observed for these Col-
orado potato beetle populations, we did observe vari-
able emergence and survivorship patterns within
sample years.

The spring of 2011 was, comparatively, a much
cooler and wetter spring than 2010, resulting in a
slower accumulation of SDDs. When sample years
were standardized by Julian date, insects emerged
later in 2011, yet fewer SDDs had accumulated than in

2010 (Fig. 2). Although calendar date of Þrst emer-
gence did not align precisely between sample seasons,
cumulative SDD values did approximately align with
other dormancy studies conducted in similar climatic
regions (Lashomb et al. 1984, Mailloux et al. 1988,
Tauber et al. 1994). When cumulative SDDs were
aligned to account for seasonal variability, the rate of
emergence from dormancy was comparable between
2010 and 2011 (Fig. 2). Selected populations in this
study tended to achieve the Þrst 50% of total emer-
gence over a much shorter SDD interval than the
remaining 50% of observations. Nonlinear modeling
estimates showed that 2010 had greater variability in
peak emergence with CIs ranging over 72.2 SDDs (19
d) when compared with an estimated 59.45 SDDs (8
d) in 2011. In this study, total Julian days over which
peak emergence occurred varied considerably be-
tween years, but SDD estimates based on thermal
accumulation generally aligned with the expected
emergence phenology previously described in the
Great Lakes region (Mailloux et al. 1988, Tauber et al.
1994). Furthermore, differences in peak emergence
time between genders within population were not
signiÞcantly different (Fig. 5B). Analyses of peak
emergence suggest little evidence for within-season
prolonged dormancy patterns.

Although there were no distinct relationships
among the three management strategies and emer-
gencephenology,Coloradopotatobeetle survivorship
was different among populations, years, and genders.
In 2010, survivorship was similar among populations,
with the exception of the Systemic-1,where an overall
survivorship of just 6.25% (Fig. 3) was observed. In
contrast, survivorship in 2011 was more highly vari-
able, demonstrating both population and gender-level
differences (Figs. 4 and 5A). The two systemically
managed populations in 2011 survived at differing
rates, and the single systemic population, Systemic-2,
emerged at amuch faster rate andpossessed the great-
est overall survivorship among all populations tested.
Furthermore,bioassaysof thispopulation revealed the
highest estimated LD50 values of any population
tested in our statewide survey (Table 1). Although
Þtness costs related toneonicotinoid tolerancemaybe
one possible explanation for observed levels of mor-
tality in this study, our highly resistant population
demonstrated little indication of resistance-related
mortality. Although management history did not uni-
formly explain survivorship differences in either year
of the study, average survivorship was similar to a
previous study of Colorado potato beetle dormancy
conducted at the Hancock Agricultural Research Sta-
tion, Hancock, WI (Milner et al. 1992). Survivorship
estimates described by Milner et al. (1992) were con-
siderably lower than those observed in other temper-
ate potato-growing regions of the United States
(Lashomb et al. 1984,Mailloux et al. 1988, Biever 1990,
Tauberet al. 1994,Tauber andTauber 2002).Colorado
potato beetle survivorship in these studies exceeded
50% in many instances, far exceeding that of our WI
commongarden experiments. In somecases, highCol-
orado potato beetle mortality during the dormant pe-

Table 3. Estimates for simple linear regression analysis eval-
uating the effect of cumulative soil degree-days on postdiapause
Colorado potato beetle wt (g)

Parameter Estimatea

(Intercept) Systemic-1 0.147à (0.00206)
Systemic-2 0.0000941 (0.00209)
Systemic-3 �0.00245 (0.00195)
Mixed �0.000623 (0.00198)
Foliar 0.0091à (0.00197)
SDD �0.0000976à (0.00000631)
Gendermale �0.027à (0.00155)
Year2011 �0.00382à (0.000965)
SDD by gendermale 0.0000283  (0.00000895)
ANCOVA evaluation

R2 0.3313
F-statistic 172.5
df 8, 2786
P value �0.0001

Statistical analysis was performed following a Log(x
1) transfor-
mation of the data.

Estimates are presented on the transformed scale.
a Parameter estimate differs signiÞcantly from zero ( P � 0.01;

àP � 0.001).

Table 4. G-tests for goodness of fit based on even proportions
of male and female Colorado potato beetles (1:1) for spring beetle
collections

Year
Population

Systemic-1 Systemic-3 Mixed Foliar

2010
� males 58 171 117 128
� females 64 183 139 196
Total 122 354 256 324
df 1 1 1 1
G 0.295 0.407 1.893 14.378
P value 0.5869 0.5236 0.1689 0.0001

2011
� males 360 83 249 97
� females 451 83 327 89
Total 811 166 576 186
df 1 1 1 1
G 10.232 0 10.595 0.344
P value 0.00138 1 0.001134 0.55742

Goodness of Þt G-tests follow a distribution of G � 2 ln L approx-
imated by the �2 distribution. P values � 0.05 indicate signiÞcant
departure from assumed 1 male:1 female sex ratio.
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riod has been related to soil temperatures below 0�C
for several consecutive days. Kung et al. (1992) doc-
umented that sustained temperatures below �6�C
were required for signiÞcant winter-kill of Colorado
potato beetles in dormancy and further noted the
strong temperature buffering capacity of snow cover,
whichmay considerably dampenextremeßuctuations
in ambient air temperature. In this study, winter con-
ditions at the common garden location did not ap-
proach the estimated killing threshold for Colorado
potatobeetle.At thecommongarden site in thewinter
of 2009Ð2010, there were 80 total days where the
minimum soil temperature (5 cm) was below zero;
however, none of these temperatures fell below the
�6�C threshold (�0.86 � 0.82; minimum �4.18; max-
imum �0.02) reported previously. By comparison, in
the2010Ð2011winterperiod, therewere130 total days
with minimum soil temperatures below zero, none of
which fell below the �6�C threshold (�0.77 � 0.68;
minimum �3.42; maximum 0) (UWÐEX 2011). Simi-
larities between results of this and previous overwin-

tering studies in WI suggest diapause mortality may
potentially be a more signiÞcant factor affecting pop-
ulations than in other potato production regions.

Differences in size andweight of emergedColorado
potato beetles collected from cages in this overwin-
tering study indicated some potential costs of resis-
tance as a function of management history. Results
suggest that the neonicotinoid-susceptible foliar-man-
aged populations were, on average, heavier over time
than populations exposed to longer-term systemic in-
secticide management programs (Table 3). Body size
has been closely related to mating success and fecun-
dity in several Chrysomelid species; such results fur-
ther indicate that smaller insects of either gender
tended to be less Þt (Boetel and Fuller 1997; Baker et
al. 2007; Alyokhin et al. 2008; French and Hammack
2010, 2011). Connecting declining insect body size
andweightwith fecunditywas a critical component of
this study, developing an emerging picture of risk
periods for egg deposition within the growing season.
Average fecundity of populations in our study was

Table 5. Average fecundity (means � SD) per Colorado potato beetle female

Population � females � eggs � egg masses Eggs per mass Masses per female Eggs per female

2010
Systemic-1 64 2957 145 20.3 � 0.2 2.3 � 0.6 47.6 � 12.5
Systemic-3 183 5594 266 21 � 3.7 1.5 � 0.2 30.9 � 9.5
Mixed 139 6933 328 21.1 � 0.8 2.6 � 0.9 54.8 � 17.3
Foliar 198 4302 216 19.2 � 3.5 1.1 � 0.1 20.9 � 6

2011
Systemic-2 451 718 33 23.2 � 9.3 0.1 � 0.1 1.6 � 2.1
Systemic-3 83 3931 188 21.3 � 1.2 2.6 � 1.9 53.5 � 36.8
Mixed 327 2871 136 21.3 � 2.4 0.4 � 0.2 8.5 � 4.2
Foliar 89 1940 95 20.4 � 1.5 1.1 � 0.1 21.7 � 2.9

ANOVA results
Populationa

R2 0.598 0.598 0.595 0.056 0.528 0.698
F-value 7.056 7.078 6.975 0.282 5.318 10.96
P value 0.00117 0.00115 0.00124 0.886 0.00479 0.0000886

Population by
yearb

R2 0.873 0.714 0.731 0.0745 0.83 0.884
F-value 15.75 5.702 6.212 0.184 11.16 17.36
P value 0.00000437 0.00192 0.00123 0.985 0.00000422 0.0000027

Summary results are reported as original means and SDs; statistical analysis was performed following Log(x
1) transformation of the data.
a P values calculated using df � 4, 19.
b P values calculated using df � 7, 16.

Table 6. Average (means � SD) Colorado potato beetle fecundity per female by cohort group

Population
Cohort group Evaluation

1 2 3 4 5 df F P

2010
Systemic-1 310.3a � 128.8 (6)a 39.1ab � 26.8 (25) 16.5b � 15.2 (32) Ñ Ñ 2,6 6.954 0.0274
Systemic-3 67.4a � 33.9 (34) 27ab � 12.6 (86) 8.4b � 6.5 (57) 0b � 0 (4) 198.7a � 95 (3) 4,10 52.21 �0.0001
Mixed 122.5a � 66.4 (39) 47ab � 6.1 (56) 15.3b � 24.6 (41) 0b � 0 (3) Ñ 3,8 13.52 0.00169
Foliar 176.9a � 118.3 (14) 52.8a � 25.1 (39) 1.2b � 1.3 (109) 7b � 6.6 (26) 0b � 0 (10) 4,10 19.18 0.00011

2011
Systemic-2 0b � 0 (187) 1b � 1.3 (234) 13.9a � 10.2 (30) Ñ Ñ 2,6 13.34 0.00619
Systemic-3 16.4b � 7.6 (38) 117.2ab � 161.1 (45) 137.5a � 22.6 (7) Ñ Ñ 2,6 3.77 0.0869
Mixed 0.6b � 0.7 (184) 15.3ab � 9.2 (135) 101.8a � 101.4 (8) Ñ Ñ 2,6 21.83 0.00176
Foliar 7.9 � 6.9 (33) 41.9 � 27.7 (47) 48.8 � 72 (9) Ñ Ñ 2,6 1.57 0.284

Means within a row followed by the same letter are not signiÞcantly different (P � 0.05; TukeyÕs HSD). Data are reported as original means
and SDs; statistical analysis was performed following Log(x
1) transformation of the data.

a Number of females collected per cohort group.
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signiÞcantly greater in earlier cohort groups; this pat-
tern corresponded with greater weight of insects in
2010; however in 2011, cohorts of two populations
(Systemic-3 and Mixed) were more fecund as time
progressed (Tables 3 and 6). When cohorts were
pooled, eggs per female did not present a clear trend
with respect to management or resistance estimates
(Table6). Interestingly, thepopulationwith thegreat-
est survivorship, Systemic-2, produced the fewest eggs
per female and also possessed the greatest estimates of
neonicotinoid insensitivity of all populations (Tables
1 and 5). In Colorado potato beetle, connections be-
tween insecticide insensitivity and estimated fecun-
dity have been well documented for several other
insecticide modes of action classes (Argentine et al.
1989, Trisyono and Whalon 1997, Alyokhin and Ferro
1999). Moreover, Baker et al. (2007) found imidaclo-
prid-resistant Colorado potato beetle populations had
fewer Þtness costs (fecundity, fertility, and larval de-
velopment rate) when populations were resampled
after 5 yr. Such reductions in Þtness costs associated
with resistant populations may partially explain our
inability to infer any direct relationship between in-
secticide tolerance and long-term management strate-
gies.This stabilization,or reduction inmeasurableÞtness
costs within individual populations over time, may be
one possible explanation for observed fecundity differ-
ences among populations over time in this study.

Quantitative thermal accumulation models are use-
ful tools to describe temperature-dependent arthro-
pod life cycles in seasonally variable environments
across different populations, locations, spatial scales,
and times (Pruess 1983, Tauber et al. 1994, Murtaugh
et al. 2012). Several studies of potato agroecosystems
have previously reported on the spring emergence
patterns of Colorado potato beetle in relation to ac-
cumulating spring temperatures as a potential method
of predicting patterns of colonization (Lashomb et al.
1984; Tauber et al. 1986, 1994; Mailloux et al. 1988). In
some Þeld-collected Colorado potato beetle popula-
tions, adults have demonstrated considerable varia-
tion in thedurationof dormancy,with some individual
insects extending diapause over multiple years
(Biever 1990, Tauber and Tauber 2002). Over 10 con-
secutive growing seasons, Tauber and Tauber (2002)
characterized prolonged dormancy of adult Colorado
potato beetles within several populations collected
from cultivated potato in New York. The authors con-
cluded that small portions of most beetle populations
remain in dormancy for one or more years as an evo-
lutionary bet-hedging response that improves persis-
tence of beetles in environments with unpredictable
host-plant resources. Flexible insect herbivore life his-
tories containing traits such as prolonged dormancy
are critical adaptions to variable host-plant resources
or quality (e.g., plant defense compounds or agricul-
tural toxins) in unstable annual agroecosystems (Hare
1983, Wissinger 1995, Xu and Long 1997, Hoy et al.
1998, Kennedy and Storer 2000). Here, we considered
insecticide management to be a contributing factor to
overall host-plant quality of cultivated potato that, in
turn, may have had direct effects on Colorado potato

beetle life history, speciÞcally the duration of dor-
mancy. To our knowledge, no previous study on this
species has attempted to directly relate pest manage-
ment history to selection for modiÞed dormancy or
emergence intervals, either within or between sea-
sons. Although long-term systemic neonicotinoid ex-
posure explained only a limited portion of variation in
emergence phenology, we feel that this body of work
demonstrating a limited effect of long-term manage-
ment furthers our current understanding of implica-
tions for insecticide management decisions on Colo-
rado potato beetle biology and ecology.

In other agricultural pest species, insecticide resis-
tance traits have been closely related to variation in
population-level life histories, speciÞcally trade-offs
between dormancy and Þtness costs (e.g., diapause
behavior, weight, development time) in oblique-
banded leafroller, Choristoneura rosaceana (Harris),
and codling moth, Cydia pomonella (L.) (Carrière
and Roff 1995; Carrière et al. 1994, 1995; Boivin et al.
2003, 2004). In the Upper Midwest, substantial dia-
pause plasticity of variant, western corn rootworm,
Diabroctica virgifera vigifera (LeConte), has been
widely documented and attributed to insect pestman-
agement strategies in simpliÞed agricultural land-
scapes (Levine et al. 1992, 2002; Gray et al. 2009 and
references therein).Variable population-scale life his-
tories in western corn rootworm have been linked to
both behavioral and possibly genetic resistance mech-
anisms to maizeÐsoy crop rotation strategies, present-
ing considerable challenges to growers attempting to
manage this signiÞcant economic pest of maize with
cultural controls (Onstad et al. 2003, Knolhoff et al.
2006). Furthermore, many rotation-resistant root-
wormpopulationsare increasingly insensitive to trans-
genic insecticidal traits in maize, generating consid-
erable concern as to the durability of this valuable
technology (Onstad and Meinke 2010). A growing
body of literature surrounding western corn root-
worm, Colorado potato beetle, and several other sig-
niÞcant arthropod pests emphasize the importance of
placing insecticide resistance into an ecologically
based, management framework supported by a union
of information, not only limited to bioassay data but
also contemporary Þndings about pest life cycles, ag-
ronomic practices, and structure of agroecosystems
(Gould 1983, Onstad et al. 2003, Gray et al. 2009,
Onstad and Meinke 2010, Carrière et al. 2012).

In conclusion, reduction of neonicotinoid control
has been observed in several localized populations
within the potato production agroecosystems for the
past 5 yr in WI (Huseth and Groves 2011). Further-
more, widespread concern about reduced neonicoti-
noid efÞcacy within the grower community suggests
that effective and economical management of Colo-
rado potato beetle, as a result of resistance, may be
more affected than simple bioassay estimates indicate.
In comparison with other regions of the United States,
current levels ofneonicotinoid tolerance inWIarenot
exceptionally high (Szendrei et al. 2012), yet trending
LD50 estimates coupled with grower observations of
reducedÞeld-level control indicate signiÞcant erosion
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in efÞcacy of this widely used, chemical mode of
action class. Several studies have documented the
emergence phenology patterns and Þtness costs
associated with developing resistance in the Colorado
potato beetle. To our knowledge, no studies have
attempted to combine the effect of long-term insec-
ticide management history with resistance. We hy-
pothesized that survivorship and abundance of se-
lected populations would be directly related to
insecticide delivery decisions over the past 15 yr. We
saw no clear evidence for these relationships between
beetle phenology and insecticide delivery or neonic-
otinoid resistance. Differences in body size and fe-
cundity were apparent, but did not uniformly corre-
spond to one speciÞc insect management method.
From a pest management perspective, long-term reli-
ance on systemic insecticide application methods does
not serve as a strong predictor of variable phenology
within insects colonizing cultivated potato in WI.
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