
PEST MANAGEMENT AND SAMPLING

Spatial and Temporal Dynamics of Colorado Potato Beetle
(Coleoptera: Chrysomelidae) in Fields with Perimeter and

Spatially Targeted Insecticides

PAUL E. BLOM,1 SHELBY J. FLEISCHER, AND ZANE SMILOWITZ

Department of Entomology, Pennsylvania State University, University Park, PA 16802Ð3508

Environ. Entomol. 31(1): 149Ð159 (2002)

ABSTRACT Concern over insecticide resistance has led to the suggestion of spatially variable
within-Þeld management of Colorado potato beetle, Leptinotarsa decemlineata (Say). Here we com-
pare L. decemlineata spatial and temporal dynamics, and potato yield, in Þelds treated with a narrow
perimeter (5.5 m) of systemic imidacloprid supplemented with spatially targeted sprays to untreated
Þelds and toÞeldswhere all rows received the systemic. The systemic targeted immigrating individuals
which, having acquired the Þeld through either ßight or walking, Þrst established themselves in the
outer 5.5 m of the Þeld. The perimeter treatment (�25% of Þeld area) reduced mean densities with
no effect on timing of peak densities. Immigrating adults established similar spatial trends in both
perimeter and untreated Þelds. Although trends in F1 larval densities have been shown to follow the
patterns establishedby immigrating adults, trends in theF1 larval densities of theperimeter treatments
diverged from adult patterns and developed highest densities in Þeld centers. Immigrating adults had
little to no spatial dependence in the covariance structure in any treatments. Spatial dependence in
the covariance structure of F1 larval and F1 adult populations developed as density increased in both
perimeter and untreated Þelds, with a tendency for increasing spatial dependence in perimeter Þelds,
though this was not statistically signiÞcant. Comparing the perimeter to untreated Þelds, yields
increased at a proportion that was higher than the proportion of land area treated, but remained
signiÞcantly lower than the whole-Þeld treatment. These results suggest that the perimeter tactic has
promise as a site-speciÞc resistance management program, but that reÞnement of border width is
needed to optimize trade-offs among yield, quality, and long-term maintenance of susceptibility.

KEY WORDS Colorado potato beetle, global positioning systems, insect spatial dynamics, popula-
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COLORADO POTATO BEETLE, Leptinotarsa decemlineata
(Say), is a signiÞcant defoliator of potatoes (Hare
1980), and insecticidal control has been and remains
amajor part ofmanagement for this insect in potatoes.
Themagnitude of the resources required for thisman-
agement approach in the United States alone was
estimated at 2 million kilograms of raw product, 1
million barrels of oil, and 1.7million kilograms of inert
ingredients to make 2 million kilograms of formulated
product in 180,000 containers (Magretta 1997).
Foliar insecticides have been the major tactic di-

rected against L. decemlineata in potatoes (Ferro
2000b), but there have been dramatic changes in both
insecticideclasses and theirmethodofdelivery.By the
mid-1990s, the nitroguanidine class had gained wide-
scale adoption. In Massachusetts, for example, 77% of
growers had switched to the nitroguanidine imidaclo-
prid in the Þrst year after introduction (Ferro 2000b).
Imidacloprid can be applied as a systemic at planting
or as a foliar spray, but is most commonly applied at

planting with rates designed to give residual control
for multiple weeks. In addition to the nitroguanidine
class, two types of microbial metabolites, abamectins
(AgriMek), and spinosyns (SpinTor), have recently
become available as a foliar spray. Use of a third mi-
crobial metabolite, a protein toxin produced by Ba-
cillus thuringiensis subsp. morrisoni (Federici 2000),
can be effective when timed properly, but its use as a
foliar spray tended to be supplanted with the intro-
duction of the systemic nitroguanidines (Ferro
2000b). However, this toxin is now presented to L.
decemlineata as the Cry3A protein in NewLeaf trans-
genic potatoes.
TheL. decemlineata has demonstrated a remarkable

ability to rapidly develop resistance against most
classes of toxins (Forgash 1985, Ferro 2000b) dating
back to the 1940s (Gauthier et al. 1981). Resistance to
some toxins was observed even before Þeld registra-
tion (Ferro 2000b) and the L. decemlineata is capable
of developing resistance to the newer, more selective
toxins (Whalon et al. 1993, Zhao et al. 2000). Clearly,
it is important that these toxins be deployed in a1 E-mail: pxb32@psu.edu.
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manner that helps delay the development of resis-
tance. However, both the nitroguanidine (when ap-
plied as a systemic at planting) and the transgenic
option result in presence of the toxin over long time
frames, which increases selective pressure for resis-
tance (Taylor et al. 1983) and requires resistanceman-
agement actions to be deployed at planting. Although
resistance management for foliar materials includes
minimizinguse to timeswhendensities exceed thresh-
olds, resistance management for transgenics that con-
fer pest protectionhas involved inßuencing the spatial
deployment of the transgenic genotype within the
landscape.
Precision integrated pest management (IPM) uses

knowledge about the spatial variation of the pest pop-
ulation to inßuence the spatial deployment of man-
agement inputs. ForL. decemlineata, colonizing adults
aggregate along Þeld edges (French et al. 1993,
Weisz et al. 1996), and plastic lined trenches at Þeld
edges (Boiteau and Osborn 1999) are examples of
spatial variation of L. decemlineata management that
have been deployed at or before planting. Blom and
Fleischer (2001) explored spatial structuring of L.
decemlineata populations in untreated Þelds and their
results suggest a systemic perimeter treatment could
be an important management tactic. Ferro (2000b)
reported an average of 142, 10, and 4 dead beetles per
imidacloprid-treated plant on the Þrst, third, and Þfth
row in from the Þeld edge, and suggested that insec-
ticides could be limited to a 6-m perimeter of a Þeld
(Ferro 2000a). Dively et al. (1998) intermingled imi-
dacloporid-treated and untreated rows and showed
protection to untreated plants. Using foliar insecti-
cides, a mapped-and-targeted management approach
reduced sprays 30Ð40% comparable to sprays applied
to whole Þelds when Þeldmeans exceeded thresholds
(Weisz et al. 1996), which resulted in temporally dy-
namic refugia for susceptible phenotypes, reduced
rates of resistance, and conservation of biocontrols
(Midgarden et al. 1997).
A resistancemanagement approach could integrate

systemics or transgenics applied at plantingwith foliar
sprays of microbial metabolites. An example would be
to limit at-planting treatments to Þeld perimeters and

tomap-and-target the foliar sprays. Our objective was
to describe the temporal and spatial dynamics of L.
decemlineata populations, along with potato yield and
quality, subjected to this management approach
which we called the “perimeter treatment.” We com-
pared the insect population dynamics and crop re-
sponse in this perimeter treatment to both untreated
Þelds and Þelds where all plants were treated at-
planting.

Materials and Methods

Field Plots. Six potato (ÔKatahdinÕ) Þelds were es-
tablished during each of two Þeld seasons on a com-
mercial farm adjacent to the Russell E. Larson Agri-
cultural Research Center (40.715� N latitude and
77.938� W longitude), which was surrounded on all
sides by Þeld corn. All Þelds were rotated from Þeld
corn. Fields for 1996 were �0.5 ha in size, conÞgured
as roughly 60 by 90-m rectangles. The per Þeld area
was increased to 80 by 80 m (0.64 ha) in 1997, with a
square conÞguration. Seed pieces were planted on
22Ð24 May 1996 and 5Ð7 May 1997 with 0.3-m plant
spacing and 0.91-m furrow separation. Between and
withinyearÞeld locationswere separatedbydistances
�150mbut�1 km (Fig. 1). Each Þeldwas grided into
10 by 10-m blocks. The blocks encompassed 11 rows
of potatoes, termed the block-row.
In each year the six Þeldswere divided into east and

west replicates (Fig. 1) and assigned to whole-Þeld,
perimeter, oruntreated treatments formanagementof
L. decemlineata. Whole-Þeld consisted of 0.913 liter/
hectare Admire 2 F/acre (Bayer, Kansas City, MO)
incorporated throughout the Þeld applied at planting.
The perimeter treatment used imidacloprid at the
same rate, though applied only in the six perimeter
rows and�5.5mon rowends (�25%of theÞeld area),
and foliar application of abamectin 0.593 liter/hectare
AgriMek 0.15 EC (Novartis, Greensboro, NC) tar-
geted to within-Þeld areas that had developed high L.
decemlineata densities. Untreated Þelds received no
insecticide at planting nor AgriMek over the course of
the season. Over the 2-yr experiment, targeted foliar
sprays occurred only once (on 7 July 1997, calendar

Fig. 1. Landscape position of 1996 and 1997 experimental potato Þelds and their Þeld treatment assignments.
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day 188) over 12.3 and 17.6% of the Þeld areas of the
east and west replicates, respectively. Management of
potato leafhopper was with 0.280 liter/hectare Mala-
thion 5 EC (MicroFlo, Lakeland, FL) applied to all
treatments uniformly only on 10 July in 1997.

Sampling andDataManagement Protocols.Weekly
counts ofL. decemlineata adults and instarsweremade
with an above-canopy visual inspection and clipped
into 1-row meter sampling units as described in Blom
and Fleischer (2001). Geographic location of the
countswas determinedusing abackpackGPS receiver
(TrimbleProXL), andboth location andbeetle counts
were recorded in the Trimble TDC-1 datapod. Early
in the season the Þelds were exhaustively sampled by
surveying theentire lengthof everyother furrow.Due
to labor constraints, the number of furrows was pro-
gressively reduced as the population increased, until
Þnally a systematic pattern was used. In 1996 a strat-
iÞed random design was used by sampling one of the
11 furrows fromeachof the six block-rowsduringeach
week. This stratiÞed random design was used occa-
sionally in 1997, but an hexagonal pattern of paired,
�10-m furrow lengths was adopted most frequently.
The exhaustive design resulted in�3,000 and the least
intensive pattern �300 1-m samples per Þeld.

In 1997, yield was determined using sampling units
based on the 10 by 10-m blocks encompassing 11
potato rows. For each of the 36 central blocks, one of
the rows was harvested. The outer blocks had to be
subdivided in accordance with the pattern of imida-
cloprid application in the perimeter treatment (Fig.
2), with corner blocks giving rise to three yield blocks
of 4.5 by 4.5 m, 4.5 by 5.5 m, and 5.5 by 10 m, and all
others comprising two yield blocks of 4.5 � 10 and
5.5 � 10-m conÞguration. All treated blocks are
termed “edge” and the remainder “internal” (un-
treated). This sampling design, based on the perime-
ter-treated Þelds,was applied to harvesting in all Þelds
regardless of their Þeld treatment. The potatoes were
sorted into Þve size classes (1 � 3.8 cm, 2 � 3.8Ð4.8
cm, 3� 4.8Ð6.4 cm, 4� 6.4Ð10.2 cm, and 5� 10.2 cm)
using a Haines mechanical roller, and the yield
(kg/m2) determined for each size class.

Analyses. For L. decemlineata density values, loge
was the optimal transformation to best approximate
normality. Spatial and temporal dynamics ofL. decem-
lineata density were analyzed by Þeld and week after
transformation. Comparisons of mean density be-
tween Þeld treatments were made for the adult and
large larval stages within each sampling week using
analysis of variance (ANOVA) (PROC GLM, SAS
Institute 1999). Mean Þeld density was plotted over
calendar day, which provided the best coincidence of
major phenological events across both years. Regres-
sionwasused tomodel density as a functionofpercent
of 1-m sample units that were infested with L. decem-
lineata, and a test for heterogeneity of slope (Littell et
al. 1991) was used to compare this relationship among
life stages.
Analysis of spatial patterns followed techniques de-

veloped for L. decemlineata in untreated Þelds (Blom
and Fleischer 2001). Field-wide spatial trends of the

mean were modeled using zi � �0 � �1xi � �2yi �
�3xi2 � �4yi2 � �5xiyi � �i (Cressie 1993) and back-
ward elimination (PROC REG, SAS Institute 1999),
where zi is the density and xi and yi are the Þeld spatial
coordinates of the sample in meters. Regression co-
efÞcients were retained and trend models were con-
sidered signiÞcant using the SAS default of P � 0.10.
When a signiÞcant trend was found, geostatistical
analyses were performed on trend residuals, other-
wise the loge transformed data were used (Isaaks and
Srivastava 1989, Sharov et al. 1996).
Spatial dependence was examined using estimates

of the correlogram function, �(h), at speciÞed lag in-
tervals. These estimates were made with the S-PLUS
S�SPATIALSTATS module (MathSoft 1997),

��h	 �

1

N�h	
�

(i,j)�hij�h

Vi � Vj 
 Mih � Mjh

Sih � Sjh

,

where vi and vj are observation values at the head and
tail, respectively, of a vectorwith a separatingdistance
h. In the same way, m and s are the respective mean
and standard deviations of the heads and tails of the
h separation distance. Standardized correlograms,
1-�(h), were constructed from these estimates (Isaaks
and Srivastava 1989, Rossi et al. 1992). Lag separation
was 1 m with a 0.5-m tolerance. Lag vectors were
omnidirectional with a 22.5-degree tolerance. Spher-
ical, exponential and Gaussian models were Þt to the

Fig. 2. Potato yield sampling design showing the perim-
eter (hatched) area and internal untreated area. Dots mark
the center coordinate of each yield block. Major blocks are
10 by 10 m and correspond directly to internal yield blocks.
Thesemajor blockswere subdivided along theÞeld edge (4.5
by 10 and 5.5 by 10m) and corners (4.5 by 4.5, 4.5 by 5.5, and
5.5 by 10 m) to create yield blocks distinguishing between
imidacloprid-treated and untreated zones. Potato rows ran
left to right.
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correlograms using nonlinear regression (PROC
NLIN, SAS Institute 1999) to obtain nugget and range
estimates. Model selection for a given Þeld and sam-
pling timewas chosen using the following criteria: (1)
Estimating a nugget that best Þts the estimates of 1-�
near the origin; (2) estimating a range closest to the
correlogramÕs departure from the population vari-
ance; and (3) minimizing the squared residual error
within the range of spatial dependence. Models were
Þt including lag distances out to 50 m, although lags
with �30 pairs were excluded. Nugget estimates from
the correlogram models were treated as estimates of
degree of spatial dependence (cf.Williams et al. 1992)
and related to dynamics (density and life stage) of the
L. decemlineata population. Those data sets showing
no spatial structure were assigned a nugget of 1, range
of 0, and sill of 1 in these relationships.
Mean yields were compared between treatments

and locationswithin aÞeld (edgeversus interior)with
ANOVA (PROC GLM, SAS Institute 1999). Propor-
tions of total yield per size class were transformed
using arcsine-square root, and a likelihood ratio chi-
square test was used to examine differences in yield
distribution among the Þve potato size classes (PROC
FREQ, SAS Institute 1999). The chi-square was then
partitioned for comparisons among the various size
classes within treatments.
Voucher specimens have been deposited with the

Frost Entomological Museum of the Pennsylvania
State University.

Results

Field-Wide Seasonal Dynamics. The seasonal pro-
gression of mean density was similar between all Þeld
treatments. In 1996, sampling began after immigration
had initiated, but it appeared to have peaked by cal-
endar day 176 in all Þelds (Fig. 3A), and the timing in
rise and decline of F1 large larvae (calendar days
around 183Ð211, Fig. 3B), was nearly identical in all
Þelds.With the F1 adults there was a slight lag of peak
density in the perimeter Þeld treatment. Whole-Þeld
and untreated Þelds densities peaked around calendar
day 218, whereas the greatest densities of F1 adults in
the perimeter treatment were observed around cal-
endar day 225 (Fig. 3A). As with the F1 large larvae,
the F2 immatures followed nearly identical patterns of
rise and decline in density among the treatments. In
1996 we monitored the initiation of the F2 adult pop-
ulation though we could not follow it to fruition. Dur-
ing our period of observation (calendar days around
239Ð255) the increase in density was similar across
treatments.
Densities were higher in 1997 populations. Immi-

grationbeganaroundcalendarday 160 (Fig. 3C). Peak
densities were observed Þrst in the whole-Þeld and
untreated Þelds at about the same time (around cal-
endar days 171 and 175, respectively), andweremain-
tained in the untreated Þelds through calendar day
182.Therewasa steady increase inmeandensityof the
perimeter treatment, but it did not achieve its peak
until 1wk after the other treatments (around calendar

Fig. 3. Mean Leptinotarsa decemlineata density (�SEM) for adult and large larval life stages in three Þeld treatments:
untreated, perimeter, and whole-Þeld, during two Þeld seasons. Each panel is scaled to its maximum mean density � SEM.
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day 183). F1 large larvae densities showed a similar
pattern of increase and decline in the untreated and
perimeter Þelds (Fig. 3D), with peak densities at the
same time (calendar days 188 and 191), although this
observation is confounded by the spatially targeted
intervention with abamectin immediately following
observations on calendar day 188 in the perimeter
treatment Þelds (12.3 and 17.6% of Þeld areas, Fig. 4).
Without this foliar application, peak densities in these
perimeter Þelds may not have been reached until the
followingweek.Rise anddeclineof theF1 larvae in the
whole-Þeld treatment lagged behind the other treat-
ments by �2 wk. Patterns of increase for the F1 adult
population appeared identical between untreated and
perimeter Þelds (Fig. 3C), both achieving peak den-
sities around calendar day 218. Having experienced
high densities of large larvae and now F1 adults, the

untreated Þelds were nearly defoliated and observa-
tions terminated after this date. Density patterns of
the F1 adults in the whole-Þeld treatment were spo-
radic and difÞcult to contrast with those of the other
treatments.
Overall, means for adult and large larval densities

were reduced in the perimeter and whole-Þeld treat-
ments relative to the untreated reference (Fig. 3).
Though appreciable populations developed in the pe-
rimeter treatment, adult mean density was signiÞ-
cantly (P � 0.05) lower than in the untreated Þelds for
70% of the sample weeks, and in 83% of the sample
weeks for large larvae. Comparing the perimeter
against thewhole-Þeld treatment, adult densitieswere
signiÞcantly lower in the latter for 72% of the sample
weeks, and the corresponding large larval densities
signiÞcantly lower in 81% of the sample weeks.

Spatial Structure. Incidence. The percent of 1-m
row sampling units that harbored at least one beetle
(percent incidence) was a function of mean density
for all life stages (Fig. 5). Field treatment did not
inßuence this relationship. The relationship was
linear for the immigrating adults, but only occurred
over a low density range. The subsequent life stages
displayed an asymptotic relationship of incidence
with respect to mean density over a wider range. For
the F1 large larvae an exponential saturation was Þt
to the relationship: percent infested � 85.994 �
(1-e
0.315 � mean density) (Fig. 5B). For the F1 adults
and F2 large larvae, hyperbolic saturation was used:
percent infested � (108.179 � mean density)/
(1.040 � mean density) and percent infested �
(88.915 � mean density)/(0.951 � mean density),
respectively (Fig. 5 C and D).
Because the density range was very different be-

tween the immigrating adults and subsequent stages,
we also compared the incidence-to-mean relationship
among treatments restricted to a density of one per
meter of rowor less.Within this range the relationship
was linear for all stages (Fig. 5E), and the regression
for immigrating adults (percent infested � 0.013 �
[89.520 � mean density], R2 � 0.987) had a signiÞ-
cantly greater slope than those for the other life stages
(F1 large larvae, F � 13.67; df � 1, 57; P � 0.0005; F1
adults, F � 29.85; df� 1, 48; P � 0.0001; F2 large larvae,
F � 28.84; df � 1, 37; P � 0.0001). The slopes for both
the F1 and F2 large larvae (percent infested� 0.625�
[41.051 � mean density], R2 � 0.743; percent in-
fested � 2.654 � [49.846 � mean density], R2 � 0.912,
respectively) were the lowest (F1 large larvae versus
F1 adults, F � 16.75; df � 1, 53; P � 0.0001; F2 large
larvae versus F1 adults, F � 8.37; df� 1, 33; P � 0.0067)
andnot signiÞcantly different (F � 1.57; df� 1, 42;P �
0.2167). The slope for F1 adults (percent infested �
2.329 � [61.657 � mean density], R2 � 0.980) was
intermediate and differed signiÞcantly from immi-
grants and large larvae.

Trends in Mean Density. Within-Þeld changes in
local means (trends) were signiÞcant in 88 and 83% of
the 34Ð42 sampling dates for adults, and 97 and 84% of
the 29Ð37 sampling dates for large larvae, in the un-
treated and perimeter Þelds, respectively. The pattern

Fig. 4. Maps of Leptinotarsa decemlineata adult and large
larval densities in the two perimeter treatment potato Þelds
on 7 July 1997. Rectangular overlays on these surfaces show
theareas treatedwith0.593 liter/hectareAgriMek0.15ECon
calendar day 188.
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of these trends in both untreated and perimeter Þelds
was established with the immigrating adult popula-
tions that were highest along the Þeld edge(s) ori-
ented toward the most probable overwintering sites,
and declined from there across the Þeld. However,
trend patterns in the perimeter Þelds departed from
those in the untreated reference Þelds with the F1
large larvae. Whereas trends established by the im-

migrating adults persisted through the season in the
untreated reference Þelds (e.g., Fig. 6 A and B), there
tended to be a disjuncture between patterns of these
two stages in the perimeter Þeld treatment (e.g., Fig.
6 C and D). Trends in the F1 large larvae in the
perimeter Þelds tended to be more centralized even
when the pattern for the immigrating adults had a
strong relationship to a single Þeld edge. Trend pat-
terns in the F1 adults continued with the structures
established by the F1 large larvae, long after the efÞ-
cacy of imidaclopridwould have abated. Although the
trends showed patterns over time, the models only
explained a small proportion of the total variance, and
theR2 values of the trendmodels in the untreated and
perimeterÞelds ranged from0.002 to0.37.The lowand
uncharacteristic populations that established in the
whole-Þeld treatments failed to produce any consis-
tent pattern of within-Þeld trends.

Point-to-Point Dependency. Short-ranged spatial de-
pendency developed only rarelywith the immigrating
adults (6 of 51, 11.8%, Fig. 7; see Blom and Fleischer
2001). However, this spatial dependency was found
in the F1 life stages that followed immigration, with
asymptotically increasing structure as the density of
these life stages increased. Including all the Þeld treat-
ments within a life stage, the nugget declined (spatial
dependency increased) with increasing density for
both the F1 large larvae and F1 adults (Fig. 7 B and C;
nugget � 0.768 � mean
0.045 and nugget � 0.784 �
mean
0.056, respectively). These models, which in-
clude data from all three Þeld treatments, are very
close to those used to describe the relationship in the
untreated reference Þelds alone (Blom and Fleischer
2001).
For all three life stages there appeared to be no

difference in the relationship of the nugget and mean
density between the untreated reference and the pe-
rimeter treatment. To examine this in the F1 large
larvae and F1 adults the data were linearized and the
two Þeld treatments compared using a test for heter-
ogeneity of slope. Because the perimeter Þeld treat-
ment did not attain the densities experienced in the
untreated reference Þelds the comparison was made
only over the rangeofmeanvalues up to themaximum
obtained in the perimeter Þeld treatment (F1 large
larvae:�3mof row;F1 adults:�1.5mof row).The test
showed no difference in either slope (F � 0.60; df �
1, 37; P � 0.44) or intercept (F � 1.01; df � 1, 37; P �
0.32) for the F1 large larvae, nor for the F1 adults (F �
1.28; df � 1, 26; P � 0.27 and F � 0.00; df � 1, 26; P �
0.95; respectively).

Potato Yield. There were signiÞcant differences
(F � 318.38; df � 2, 559; P � 0.0001) in Þeld-wide
yields between all Þeld treatments (Fig. 8). The
whole-Þeld treatment had the greatest yield, which
was followed by the perimeter Þeld treatment. Yield
in the untreated reference was the lowest.

Mean yields were not signiÞcantly different be-
tween internal and edge blocks in the untreated Þelds
(F � 0.50; df � 1, 177; P � 0.48; Fig. 9A). In contrast,
mean yields in the edge blocks of the perimeter Þeld
treatmentwere signiÞcantly greater than those in cor-

Fig. 5. Relationship between mean Leptinotarsa decem-
lineata density and incidence (percent of 1-m sample units
infested) for four life stages over the three Þeld treatments:
untreated, perimeter, and whole-Þeld. Insert (E) shows the
linear regression model Þt to each life stage within a density
range of 0Ð1 beetle per meter.
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responding internal blocks (F � 10.62; df� 1, 188; P �
0.001). The comparison of internal versus edge blocks
was also signiÞcant in the whole-Þeld Þeld treatment,
though inversely as the mean yield in the edge blocks
was lower than internal blocks (F � 15.49; df � 1, 189;
P � 0.0001).
Comparison of internal plot areas revealed signiÞ-

cant differences between all Þeld treatments (F �
308.14; df � 2, 369; P � 0.0001; Fig. 9B). Whole-Þeld
treatment had the greatest yield, followed by the pe-
rimeter Þeld treatment and Þnally the untreated ref-
erence. When considering comparisons in only the
edge area, no signiÞcant differences were found in
mean yield between whole-Þeld and perimeter treat-
ments, but the mean yield in the internal area of the
untreated Þelds was signiÞcantly lower than the other
two Þeld treatments (F � 72.74; df � 2, 186; P �
0.0001).
Field treatment signiÞcantly altered the distribu-

tion of the yield among size classes (�2 � 77.55, df �
8,P� 0.001,n� 600; Fig. 10).Additionally, all pairwise

comparisons between treatments were signiÞcant
(untreated to perimeter, �2 � 15.39, df � 4, P � 0.004,
n � 400; untreated to whole-Þeld, �2 � 46.16, df � 4,
P � 0.001, n � 400; perimeter to whole-Þeld, �2 �
51.79, df�4,P�0.001,n�400). Sizeclass 3 composed
the largest yield proportion in all three Þeld treat-
ments, signiÞcantly higher than all other size classes in
the untreated reference (63.6%) and perimeter
(47.5%)Þeld treatments. In thewhole-Þeld treatment,
size classes 3 and 4were not signiÞcantly different and
collectively account for 91.0% of the yield.

Discussion

In some situations, overwintered L. decemlineata
adults locate and invade rotated Þelds by walking
(Lashomb and Ng 1984, French et al. 1993), thus
entering through Þeld edge. The beetles may also
locate a Þeld through ßight (Weber and Ferro 1994,
Ferro et al. 1999) but still have Þrst contact within the
perimeter. Given the position of our Þelds and their

Fig. 6. Exemplary comparison of presence of trend Þdelity between Leptinotarsa decemlineata adults and large larvae for
the untreated (top), and lack of this Þdelity in perimeter (bottom) Þeld treatments. Trendmodels for the large larvae (right)
are from sampling that occurred �2 wk after that of their corresponding (antecedent) adults (left). The Z-axis (local mean
density/m of row, 1/d2 interpolation of the trend model estimates) is scaled to each contour panel.
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separation distances, we presume that the majority of
the immigrating adults Þt into the latter category.
Under either of these scenarios, use of a border sys-
temic or transgenic may serve as an efÞcient control

measure and a tactic consonant with resistance man-
agement. Our data suggest that even a narrow (�5Ð6
m) perimeter application of imidacloprid can signiÞ-
cantly curtail growth of the within-Þeld L. decemlin-
eatapopulation. As expected, the perimeter treatment
was intermediate between untreated and whole-Þeld
treated Þelds, both in L. decemlineata population den-
sity (Fig. 3) and yield (Fig. 8). However, with only
25%of thearea treated, theseeffectswerecloser to the
efÞcacy of the whole-Þeld treatment than might be
expected given a simple 1:1 relationship between area

Fig. 7. Relationship between mean Leptinotarsa decem-
lineata density and spatial dependency (estimated by the
modeled nugget of standardized correlograms) for three life
stages and three treatments: untreated, perimeter, and
whole-Þeld.

Fig. 8. Mean potato yield (kg/m2 � SEM) for three Þeld
treatments, untreated, perimeter, andwhole-Þeld. All means
are signiÞcantly different (LSMeans t-tests, P � 0.0001).

Fig. 9. Mean potato yield (kg/m2 � SEM) in the internal
and edge areas of three Þeld treatments: untreated, perim-
eter, and whole-Þeld. (A) Mean comparison of internal and
edgeareaswithineachÞeld treatment. (B)Meancomparison
of Þeld treatments for each area of the Þeld. Shared letters
indicate no signiÞcant difference (LSMeans t-test, P � 0.05).

Fig. 10. Proportion of total potato yield sorted into Þve
size classes. Distribution of size classes differed signiÞcantly
among Þeld treatments (P � 0.05, likelihood ratio chi-
squared). Shared letters within a Þeld treatment are not
signiÞcantly different (LSMeans t-test, P � 0.05).
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treated and pest or yield response. Dively et al. (1998)
found similar results using systemic imidacloporid in
an alternating row conÞguration. The amount of ben-
eÞtwasdisproportionatelyhigher than thepercentage
of land treated. When using a narrow perimeter it is
reasonable to hypothesize that the relative beneÞt
could increase in larger Þelds because a smaller pro-
portion of the Þeld would be treated.
It is important to note that our perimeter treatment

allowed for in-Þeld targeted sprays of microbials. The
foliar spray occurred on only one date over the 2-yr
study, andonly on 12.3 and 17.6%of the land area (Fig.
4). We therefore attributed most of the effect of the
perimeter treatment to the systemic applied within
the 5- to 6-m Þeld perimeter. Further experiments
would need to fully separate the inßuence of the
perimeter systemic from the targetedmicrobial spray.
Our experiments also assume little to no effect to the
L. decemlineata populations from the Malathion di-
rectedagainst potato leafhopper,whichwouldbecon-
sistentwith the lack ofL. decemlineata response to the
same compound in this geographic area during 1994
(Midgarden et al. 1997).
The perimeter treatment, while reducing the with-

in-Þeld density, did not affect the timing of population
events (Fig. 3). Only in a few instances did population
development lag behind the timing inuntreatedÞelds.
Thus, theperimeter treatmentwill not likely affect the
predictability of the dynamics in population phenol-
ogy.
The effect of treatment on spatial structure was

variable. We consider incidence (or percent infesta-
tion) a crude indicator of the percent of the Þeld
occupied. Within a life stage, treatment had little ef-
fect on the relationship between mean density and
incidence (Fig. 5), and we presume that potential
biological processes driving this relationship (Blom
and Fleischer 2001) are unaffected by the treatment.
Immigrating adults, when analyzing data across all
treatment Þelds, still appear to have the role of pri-
mary dispersers, establishing spatial extents of the
populationÕs within-Þeld occupation (Fig. 5E). This is
useful for management, because it suggests that the
perimeter tactic will have little impact on predictabil-
ity of the densityÐincidence relationship.
We could Þnd no signiÞcant inßuence of treatment

on the spatial covariance structure (Fig. 7). As had
been discussed for the untreated Þelds alone (Blom
and Fleischer 2001), the immigrating adults failed to
develop point-to-point dependency (Fig. 7A). Spatial
structure did emerge with the F1 large larvae and F1
adults and no statistical difference between the treat-
ments could be detected. However, there was an in-
clination for spatial dependence to increase in the
perimeter treatment over the untreated (Fig. 7B). If
this tendency reßects reality it would be an added
beneÞt of a perimeter tactic, informing decisions
about the number and placement of samples and op-
timizing the efÞcacy of targeted sprays (principally by
improving the quality of map interpolation).
Themost pronounced effect of treatment on spatial

structure occurredwith trends in the localmeanwith-

in-Þeld. Although trend models had low R2, the pat-
terns deÞned by the trend models over time were
consistent with biological processes discussed for the
untreated Þelds in Blom and Fleischer (2001). Al-
though trends in the mean structure appeared to be
established by the immigrating adults in both un-
treated and perimeter Þelds (Blom and Fleischer
2001), with the perimeter treatment there was a ten-
dency to disrupt continuity between immigrants and
the subsequent within-Þeld, established population
(e.g., Fig. 6). As might be expected in a border treat-
ment, the populationmean density becamemore cen-
tralized, sometimes leaving little indication of orien-
tation of the original immigration. In a management
context, this disruption of the trend pattern would
inßuence optimum deployment of sampling locations
within the Þeld andmethods accounting for the trend
in map generation.

There are effects of the perimeter treatment on
yields. Consistent with the impact on L. decemlineata
densities, ungraded yields from the perimeter treat-
ment were much higher than in the untreated Þelds,
but signiÞcantly lower than thewhole-Þeld treatments
(Fig. 8). Although this increase in total yield from the
perimeter treatmentwas proportionately greater than
the percentage of land area treated, failing to achieve
the yields obtained in the whole-Þeld treatment sug-
gests there is a cost associatedwith letting amoderate-
sized population develop internally. This disparity be-
tween the whole-Þeld and perimeter treatment
appears to be a consequence of yield reductions in the
internal blocks. SigniÞcantly lower yields in the edge
blocks of whole-Þeld treatment are probably due to
within-Þeld edge effects (Fig. 9A), because there is no
difference in edge area yields between whole-Þeld
and perimeter treatments (Fig. 9B). The presence of
an established L. decemlineata population internally,
however, reversed the pattern of yield rank between
internal and edge areas in the perimeter treatment
(Fig. 9A).

When yield quality (sizing) is considered, the pe-
rimeter treatment provides little beneÞt over the un-
treated Þeld in size-class distribution (Fig. 10). Al-
though the size-classdistributionofproportionof total
yield was signiÞcantly different among all treatments,
the proportions in both the untreated and perimeter-
treated Þelds were centered on the middle size class
and only the whole-Þeld treatment had a distribution
skewed toward a larger potato.
Despite its beneÞt over the untreated condition,

perimeter total yield and quality (size-class distribu-
tion)were still signiÞcantly lower than thewhole-Þeld
scenario and may be unacceptable to growers. How-
ever, it may be possible to manipulate several factors
and push yields under a perimeter treatment toward
those obtained with whole-Þeld application. For ex-
ample, one might adjust the width of a border appli-
cation. Records of high perimeter mortality (e.g.,
Ferro 2000a) suggested that a narrow border (e.g.,
�6 m) would cause extensive mortality among immi-
grating adults. We have data documenting immigra-
tion locations (unpublished data) that suggest a wider
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border treatment (roughly 20Ð30 m) may be neces-
sary. Of course, the absolute size and geometry of the
Þeld may also affect the breadth of a perimeter treat-
ment necessary to maintain the L. decemlineata pop-
ulation at adesireddensity.Manipulationof perimeter
size becomes more complex when we consider the
goal of resistance management. A better understand-
ing of the optimal population characteristics for the
maintenance of susceptibility is needed and could
recommendpopulation levels greater than optimal for
yield and quality. Some immediate cost through yield
reduction may be required to gain the beneÞts of a
long-term resistance management program.
Our data help quantify the inßuence of narrow

perimeter treatments of a systemic on L. decemlineata
spatio-temporal dynamics, suggestinghow these treat-
ments could be further developed for both population
and resistance management.
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