States. Australian nurseries had higher
labor costs (38.3% of sales) but lower
direct material costs than in the United
States. The lower material costs could
have been due to Australian nurseries
tending to propagate in-house plant
material, whereas U.S. nurseries tend
to outsource propagation material. The
U.S. nurseries had ahigherinvestment
in capital. One of the reasons is the
greater tendency by U.S. producers
toward greenhouse production. The
U.S. and Australian nurseries showed
similar variability in employee and space
productivity.

Future analysis of individual Aus-
tralian nurseries and overall industry
performance for Australian nurseries
would benefit from consistent record-
ing of nursery data. The industry would
benefit from having standard expense
classifications and a stated definition
of nursery growing area.

Managers should consider reduc-
ing the number of different products,
but still provide enough diversifica-
tion to reduce risk while allowing for
more automation to reduce costs.

The largest expense category for
Australian nurseries was the cost of
labor. Although the main concerns
relating to labor were about recruit-
ment and training, given the high cost
of labor, the industry needs to con-
tinually address the issues of automa-
tion and other practical ideas for
reducing labor input. The Australian
Horticultural Research and Develop-
ment Corporation report (Rakajewski
and Gaydon, 1995) addresses this
topic.
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Crop Rotation
Reduces the Cost
of Colorado
Potato Beetle
Control in
Potatoes

John Speese, IIT', and
S.B. Sterrett?

ApDITIONAL INDEX WORDS. integrated
pest management, IPM, economics,
Leptinotarsa decemlineatn, Solanum
tuberosum

Summany. The effect of crop rotation
was investigated on the efficacy and the
economics of various insecticide
strategies for Colorado potato beetle
(CPB) control in potatoes (Solanum
tuberosum 1..) in 1995-96. These
included broad-spectrum insecticides
and biorational (environmentally
friendly, naturally occurring) combina-
tions that targeted specific CPB life
stages. CPB pressure was greater in the
nonrotated than the rotated plots.
Although all materials gave better CPB
control than the check, significantly
more spray applications were required
to reduce CPB numbers below
treatment thresholds in the nonrotated
plots than the rotated plots in both
years. Overall yields and economic
returns were significantly greater in the
rotated plots in 1995, Efficacy of
insecticide strategies varied, with little
defoliation and few CPB larvae found
in the imidacloprid treatment in 1995
and 1996. All insecticide strategies
except endosulfan resulted in signifi-
cantly higher estimated returns to
management than the untreated check;
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the greatest returns occurred with
permethrin and cryolite. No yields or
returns could be obtained in 1996 due
to excessive rainfall before harvest.
These results indicate that yield and the
cost of the insecticide strategy should
be considered as well as insecticide
efficacy in developing an effective
integrated pest management program.

he Colorado potato beetle

(CPB) [ Leptinotarsa decemlin-

eatn (Say)] (Coleoptera: Chry-
somelidae) has become an increasingly
difficult pest to control in commercial
potato fields in Virginia. Due to the
enormous reproductive potential of this
insect, resistance to various classes of
commercial insecticides has been docu-
mented to varying degrees in most po-
tato producing regions in the United
States (Boiteau and Ferro, 1993; Clark,
1986), including the Eastern Shore of
Virginia (Hofmaster and Waterfield,
1965; Tisler and Zehnder, 1990). The
use of multiple foliar insecticide applica-
tions of the same material or materials
with similar modes of action to control
CPB is costly and enhances resistance
dcvelopment. Crop rotation to a
nonsolanaceous crop haslong been rec-
ognized as a valuable cultural practice in
managing CPB. Weisz et al. (1994)
reported 50% reductions in insecticide
requirementsinrotated fields compared
to a nonrotated field. Insecticide resis-
tance and CPB populationsarcincreased
further when crop rotation is limited by
availability of land suitable for potato
production or by lack of access to irriga-
tion. Weisz et al. (1994) demonstrated
the efficacy of distances as short as 0.3
km between rotated and nonrotated
fields in reducing, CPB pressure.

The CPB overwinters in the soil as
an adult beetle. These adults (known as
the overwintering generation) emerge
in the spring (as early as mid-April in
castern Virginia) and seck out solana-
ceous plants. Potatoes and eggplant are
the preferred hosts. The CPB is prolific;
an adult female will lay multiple egg
masses over several weeks, each contain-
ing =30 eggs (Boiteau and LeBlanc,
1992). The larvae complete four instars
in their development; the third and
fourth instars consume the most foli-
age. The rate of development varies
with different temperatures and the
quality of the food source. Mature CPB
larvae enter the ground to pupate, and
the new (first generation) adultsemerge
1to 2 weeks later (Boiteau and LeBlanc,
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1992), which is in late June in eastern
Virginia. In northern potato produc-
tionregions with full-season potato pro-
duction and fall harvest, two complete
generations develop on potatoes. In
Virginia and other southern potato re-
gions, the growing season for potatoes
is shorter and warm temperatures after
harvest result in the development of
only one CPB generation on potatoes,
although second generations may de-
velop on other, less-preferred solana-
ceous hosts. Regardless of the number
of generations produced, the CPB adults
enter the soil when there is no longer
sufficient food available and diapause
until the following spring. In southern
regions the CPB adults overwinter in
the potato fields; in northern regions,
where the soil freezes more deeply, the
CPB adults migrate to protected over-
wintering sites such as nearby hedg-
erows or woods.

Zehnder and Speese (1987) dem-
onstrated that CPB flight activity ceases
below 22 °C. Since potatoes can grow at
lower temperatures than those opti-
mum for CPB activity, rotation away
from the previous season’s overwinter-
ing CPB populations allows the pota-
toes to make substantial early growth
before they are colonized by either watk-
ing or flying CPB adults. Potatoes
planted in nonrotated land, however,
are colonized by emerging, overwinter-
ing adult beetles as soon as they sprout.
Attemperaturestoo cool for CPB flight,
the beetles colonize the plants by walk-
ing. Evenlimited feeding onnewlysprouted
potato shoots results in severe defoliation,
Zehnder and Evanylo (1989) demon-
strated that severe early season defoliation
significantly lowers the yields of‘Superior’,
an early maturing potato cultivar widely
grown in Virginia. Foliar sprays are not
effective earlyin the growing season duein
parttothe continuing emergence ofadults
daily and the lack of foliage surface area to
spray. Growers can spend large sums of
money in mostly futile attempts to protect
their crop under such conditions.

The objectives of thisstudy were to
evaluate and compare the efficacy of vari-
ous insecticide strategies to control CPB
under eastern Virginia conditions and to
cxamine theimpact of crop rotation as part
of the integrated pest management strat-
egy for CP’B. Economic analyses of insect
managementstrategieswere completed to
determine the estimated return to man-
agementbyincorporatingcropyield, num-
ber of sprays required to reduce CPB
populations below economic thresholds,

and insecticide costs into the production
budget for eastern Virginia (Sterrett etal.,
1996).

Materials and methods

Plots of ‘Superior’ potatoes were
established on 17 Mar. 1995 and 6 Apr.
1996 on a Bojac sandy loam soil. Three
row plots 7.6 m in length were used in
1995 and four row plots 6.1 min length
were used in 1996. Plots were contdgu-
ous in 1995 but separated by two
unplanted rows in 1996 to facilitate
foliar application of insecticides. A split-
plot statistical design was used with
rotation as the main plot and insecticide
applications as the subplot treatments,
including four replications. Standard
cultural practices were used. In each
year, potatoes preceded potatoes in the
nonrotated plots for 1 year. Rotational
crops before potatoes in the rotated
treatments included cotton or fallow in
1995 (two replications in each) and
wheat or wheat-soybean double cropin
1994 (two replications in each). None
of these rotational crops scrves as a host
for CPB. Separation between rotated
and nonrotated plots varied by replica-
tionbutexceeded 150 min allinstances.
Selected insecticides reflect the classes
of chemistry currently used commer-
cially (Tables 1-3). These include pyre-
throid + synergist, organophosphate +
synergist, organochloride (1995 only),
chloronicotinyl, biological [ Bacitlus thu-
ringriensis tenebrionds, (Btt)], and min-
eral (cryolite). Imidacloprid was applied
in furrow at planting; all other materials
were applied as foliar sprays. Foliar sprays
were applied using a propane com-
pressed-gas backpack sprayer at 40 ib/
inch? using 8003 “T Jet’ flat fan nozzles.

Decisions about foliar insecticide
applications were based on recom-
mended economic thresholds. The
thresholds were reached with either 20%
to 25% or greater defoliation before
bloom (Zehnder and Evanylo, 1989),
or40 small (firstand second instar) CPB
larvae, 15 large (third and fourth instar)
CPB larvae, or 5 CPB adults /10 main
potato stems (Alexander et al., 1997).
In the plots treated with biorational
materials (Btt and cryolite) that are only
effective on larvae, permethrin + pipero-
nyl butoxide was used early season to
maintain the adults below threshold.
Treatments to control emerging over-
wintering adults began on 26 Apr. in
nonrotated plots and 4 May in rotated
plots in 1995; treatments began on 14
May in all plots in 1996. The 30% egg

Horfechnology - April-June 1998 8(2)



Table 1. Insecticide treatment strategies and mean small larvae (SL), large larvae (LL), and adult (A) CPB per 10 random main stems
per plot in 1995 averaged over rotated and nonrotated treatments.”

Date (no. of days after planting)

Class of chemistry/ Rate (a.i.) 16 May (60) 30 May (74) 5 June (79)
common hame (Ib/acre) SL AY SL LL A SL LL A
Pyrethroid + sunergist

Permethrin + PBO* 0.20 + 1.00 9.132a% 11.00a 67.75 a~¢  10.00 bc 2.63b 2450a—c 21.62b-d 0.38Db
Organophospate + synergist

Phosmet + PBO 1.00 + 0.50 11.12a 9.25a 88.13a 34.75 ab 1.75b 33.25a—«c 54.75bc 2.13ab
Organochloride

Endosulfan 1.00 7.13a 14.25 a 84.75ab 37.37 ab 450ab 61.12a 59.50 b 0.75b
Chloronicotinyl

Imidacloprid 0.20 2.75a 21.75a 425d 0.38¢ 7.87 a 3.00c 1.00d 4.38 a
Biological

Bet” 48.9-65.2" 9.50 a 8.00a 38.62 cd 3.37¢ 4.87ab 24.38a—c 13.62d 2.12 ab
Mineral

Cryolite 9.60 12.63 a 7.37 a 40.25b-d 5.00c¢ 3.13ab 10.63¢ 2.37d 1.50 ab
Untreated check 10.75 a 8.50 a 79.87 a—c 44.12a 3.00ab 49.63ab 110.00a 2.13ab

*No significant rotation X insecticide treatment strategy at P = 0.05.

YLeptinotarsa units/ha.
*Piperonyl butoxide.

“Means in a column with a letter in common are not significantly different (P < 0.05, Ryan’s Q test).

Y Bacillus thuvingiensis tenebrionis.
“Large larvae not present on this date.

hatch threshold for application of biora-
tional materials established by Zehnder
etal. (1992 ) wasused for timing the first
applications of the biorational materials
(Tables 1 and 2). Biorational materials
are most cffective against neonate (newly
hatched) CPB larvae. Dimethoate [ac-
tive ingredient (a.i.)] at 0.25 Ib/acre
{0.03 kg-ha™') or methamidophos (a.i.)
at 1.001b/acre (1.12 kg-ha™*) was used
when needed in the biorational and
imidacloprid plots to control potato

leathopper (PLH) [Empoasca fabae
(Harris), Homoptera: Cicadellidae  and
European corn borer (ECB) [ Ostrinin
nubilalis (Huebner), Lepidoptera:
Pyralidae]. A threshold of 1 PLH
nymph /10 compound leaves and the
occurrence of peak ECB moth flights
(determined by catches in the black
light trap operated at Painter ) were used
to time sprays for PLH and ECB, re-
spectively. Imidacloprid does not con-
trol ECB; Bttand cryolite control neither

ECB nor PLH. These materials were
selected for their control of secondary
pests without masking the treatment
effect on the CPB. Weekly counts of
CPB small larvae, large larvae, and adults
were taken on 10 randomly selected
main potato stems from the center row(s)
of each plot to determine efficacy and
treatment thresholds. Treatment thresh-
olds were determined and spray deci-
sions were made separately for each
plot. The total cost of cach CPB man-

Table 2. Insecticide treatment strategies and mean small larvae (SL), large larvae (LL), and adult (A) CPB per 10 random main stems
per plot in 1996 averaged over rotated and nonrotated treatments.”

Date (no. of days after planting)

Class of chemistry/ Rate (a.i.) 28 May (52) 4 June (59) 11 June (66) 18 June (73)
common name (kg-ha™) SL LL SL LL A SL LL A SL LL A
Pyrethroid +
sunergist
Permethrin +
PBOY 0.20+1.00 59.88b° 1.63b 38.63bc 988bc 038b 4.50a 2375a 013a 525a 1038b 1.50b
Organophospate +
synergist
Phosmet +
PBO 1.00+0.50 52.13b 550ab 41.00b 21.88b 0.38b 1.75a 24.38b 000a 350a 588bc 188D
Chloronicotinyl
Imidacloprid 0.20 0.13¢ 0.00b 025¢ 000c¢ 313a 0.00a 0.00b 013a 000a 038c¢ 013b
Biological
Bu* 48.9-652" 4063c 000b 1338bc 075¢ 0.75b 7.63a2 1613b 0.38a 6.25a 20.63a 0.00b
Mineral
Cryolite 9.60 3688c 0.13b 975bc 0.13c¢ 075b 888a 813b 0.00a 488a 750bc 025b
Untreated check 9588a 1025a 108.63a 6250a 050b 3.13a 59.00a 0.25a 1.25a 11.38b 11.88a

ZNo significant rotation X insecticide treatment strategy at P = 0.05, except for SL at 52 d after planting and LL at 59 d after planting.

¥Piperonyl butoxide.

*Means in a column with a letter in common are not significantly different (P < 0.05, Ryan’s Q test).

¥ Bacillus thuringiensis tenebrionis.
*Million leptinotarsa units /ha.
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Table 3. Yield of potato and estimated return to management as influenced by
rotation or cost associated with insecticide treatment strategies in 1995,

Rate (a.i.) Yield Return
(kg-ha™) (t-ha™) $/ha
Factor
Nonrotated 15.34 b* 552.50 b
Rotated 22.52a 2,342.50 a
Significance ** **
Class of chemistry/common name

Pyrethroid + synergist

Permethrin + PBOY 0.20 +1.00 24.30a 2,537.50 a
Organophospate + synergist

Phosmet + PBO 1.00 + 0.50 19.34 ab 1,605.00 ab
Organochloride

Endosulfan 1.00 15.29 be 325.00 be
Chloronicotinyl

Imidacloprid 0.20 20.27 ab 1,870.00 ab
Biological

Btt 48.9-65.2* 22.10ab 2,007.50 ab
Mineral

Cryolite 9.60 23.12ab 2,312.50a
Untreated check 854 ¢ —532.50¢
Significance *x *x

“Means within a column with a letter in common are not significantly different at P < 0.05 using Ryan’s Q test.

YPiperoyl butoxide.
*Leptinotarsa units /ha.
Y Bacillus thuvingiensis tenebrionis.

**Significant at P= 0.01. Rotation X insecticide treatment stratcgy was not significant at P= 0.05.

agement strategy reflected the prices of
all chemicals used in the strategy, the
rates of application, and the number of
applications needed to reduce the CPB
below threshold and those needed to
control sccondary pests (ECBand PLH).
Insecticide prices reflect the average of
those quoted by three local distributors.
On 6 July 1995 and 26 July 1996, the
record rows of each plot were harvested
and graded using commercial equip-
ment to determine vields. Yields were
adverscly affected by excessive rainfall in
1996. The estimated return to manage-
ment was determined in 1995 using
yield estimates for each treatment, the
projected fixed (labor, land, etc.) and
variable (insecticide program, cost of
hauling to market, etc.) costs, and the
average 1995 market prices per hun-
dred weight of grade A marketable vield.
These calculationsaccounted for all pro-
duction costs except those associated
with management (salary of manager,
taxes, etc.), and risk (weather-related
losses or other uncertainties), hence the
term estimated return to management.
No meaningful return figures could be
calculated for 1996 duc to crop loss
from excessive rainfall before harvest.

Results and discussion

In both years of this study, a signifi-
cant rotation X treatment interaction
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was observed in the numbers of emerg-
ing, overwintering CPB adults (P =
0.01,1995; P=0.02,1996)at 52 d after
planting (Fig. 1). In 1995, all nonrotated
plots had more emerging adults than in
rotated plots. The nonrotated check
plots were 100% defoliated (stemmed)
at 52 d after planting; therefore, the
adults tended to migrate to plots that
had foliage. The adults that contacted
the foliage in the imidacloprid plots
soon became moribund, but did little, if
any, feeding. It was observed that the
adults in the plots with less-effective or
slower-acting treatments tended to dis-
perse, cxplaining the high number of
adults in the imidacloprid plots (Fig. 1).
In 1996, at 52 d after planting, overall
overwintering adult pressure was low
(<3 adults/10 plants). Although the
emerging, overwintering adult pressure
was evident in the nonrotated
permethrin, cryolite, and check treat-
ments, differences in number of emerg-
ing adults in the other treatments were
opposite of what was expected (Fig. 1,
bottom).

The 1995 season was more typical
for eastern Virginia; a relatively mild
winter and a hot, dry summer. The
1996 season was characterized by an
unusually cool, wet winter and spring,
with heavy rainfall in the summer. In
contrast to 1995, when overwintering

adults were the only CPB life stage
presentat 52 d after planting, there were
substantial numbers of small and large
larvae in the plots in 1996 at 52 d after
planting (Table 2). Differences in small
larva numbers and relative time of ap-
pearance for both years can be attrib-
uted, in part, to the weather. Due to the
delayed planting date in 1996 as a result
of adverse weather conditions, 52 d
after planting occurred on 8 May 1995
and on 28 May 1996. From 180 to 200
degree-days (base 50 °F) are required
from oviposition to CPB egg hatch,
which usually occurs in middle May in
this growing region (Zehnder et al.,
1992).1In 1995, there was one period of
concentrated emergence of overwintering
adults. Oviposition, egg hatch, and peak
populations of small and large larvae oc-
curred in distinct periods and were some-
what synchronized. In 1996, the cool
weather resulted in a prolonged emer-
genceperiod ofoverwinteringadults. Adult
counts remained below threshold untl 14
May (the first spray date). The prolonged
oviposition period resulted ina wide range
of ages in the egg masses and subsequent
overlapping life stages. High counts of
smalllarvac canalsoreflectrecenthatchlings
that have not migrated from the egg
masses and, therefore, have not come into
contactwiththeappliedinsecticides. Heavy
defoliation, particularly in the nonrotated
plots in 1995, with observed cannibaliza-
tion of egg masses, may also account for
the differences in CPB larvae population
dynamics in 1995 compared to 1996.

Feeding pressure resulted in 30%
to 100% (average of 60%) defoliation in
the 1995 nonrotated plots, even with
more frequent spray applications (data
not shown). Defoliation in all of the
1995 rotated plotsat 52 d after planting
was <5%. At 52 d after planting in 1996,
however, defoliation levels were <5%
regardless of treatment or rotation.
Zehnder and Evanylo (1989) demon-
strated that ‘Superior’ cannot compen-
sate for early season defoliation and will
suffer significant yield losses at defolia-
tion levels of 225% before bloom, espe-
cially under dry conditions. However,
‘Superior’ can withstand 50% defolia-
tion postbloom withoutsignificant yield
losses. In most years in this growing
region, ‘Superior’ begins blooming at
=50 d after planting.

Differences in emerging adult
populations in 1995 and 1996 also in-
fluenced the relative efficacy of the
chemical managementstrategies. While
the interaction between rotation and
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70 i in 1996, reflecting the difficulty in main-
60 T BROTATED taining adequate coverage of foliage
g O NONROTATED during the wet, cold 1996 growing
2 50 scason. First-generation adultsappeared
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2 planting in 1996 (Tables 1 and 2, respec-
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Fig. 3. Cost of the sprays for the
1995 (top) and 1996 (bottom)
seasons for insect control in rotated
and nonrotated plots. The mean of
four replications and standard error
of the mean are shown. Treatment x
rotation interaction was significant in
both years (P = 0.01).

treatment to maintain CPB control (Figs.
2 and 3). The number of spray applica-
tionsneeded for CP’B control was greater
in the nonrotated plots in both years for
all treatments except for the furrow-
applied imidacloprid treatment. This
treatment provided season-long CPB
control regardless of rotation. Qur data
were consistent with that of Wright
(1984 ) and Weisz et al (1994), in which
about twice the number of applications
were required in nonrotated compared
to rotated potato fields to reduce CPB
populations below threshold.
Marketable yield and the economic
estimated return to management were
significantly greater in the rotated than
in the nonrotated plots (Table 3). Lack
ofachemical management strategy (un-
treated check) resulted in significantly
lower yield and return than any of the
chemical strategics tested except the
expensive but ineffective endosulfan.
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Superior control of CPB was obtained
with imidacloprid but yield was not
significantly improved over other chemi-
cal management strategics, suggesting
that growers in this region have several
viable options for integrated pest man-
agement.

The continuous use every year of
the same material would not be in the
growers’ best interests in terms of resis-
tance management. Zehnder (1986)
demonstrated the efficacy of using dif-
ferent classes of chemistry on different
life stages for CPB control, and this
approach was used in the biorational
treatments (pyrethroid for adults;
biorational material for larvae). This
approach is also in accordance with
current resistance management recom-
mendations (Alexander et al., 1997).

The results of this study suggest
that growers have several options for
cffectively managing CPB damage with-
out sacrificing marketable yield or eco-
nomic returns. Practicing crop rotation
as part of the CPB control program
significantly increased yield and esti-
mated return to management. Over the
long term, any cultural practice, such as
rotation, that enables growers to reduce
the number of insecticide applications

and still maintain acceptable CPB con-
trol should be of value in managing
resistance development.
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