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ABSTRACT Perimeter trap cropping (PTC) is a method of integrated pest management (IPM) in
which the main crop is surrounded with a perimeter trap crop that is more attractive to pests. Blue
Hubbard (Cucurbita maxima Duch.) is a highly effective trap crop for butternut squash (C. moschata
Duch. ex Poir) attacked by striped cucumber beetles (Acalymma vittatum Fabricius), but its limited
marketability may reduce adoption of PTC by growers. Research comparing border crop varieties is
necessary to provide options for growers. Furthermore, pollinators are critical for cucurbit yield, and
the effect of PTC on pollination to main crops is unknown. We examined the effect of Þve border
treatments on herbivory, pollination, and yield in butternut squash and manipulated herbivory and
pollination to compare their importance for main crop yield. Blue Hubbard, buttercup squash (C.
maxima Duch.), and zucchini (C. pepo L.) were equally attractive to cucumber beetles. Border
treatments did not affect butternut leaf damage, but butternut ßowers had the fewest beetles when
surrounded by Blue Hubbard or buttercup squash. Yield was highest in the Blue Hubbard and
buttercup treatments, but this effect was not statistically signiÞcant. Native bees accounted for 87%
of pollinator visits, and pollination did not limit yield. There was no evidence that border crops
competed with the main crop for pollinators. Our results suggest that both buttercup squash and
zucchini may be viable alternatives to Blue Hubbard as borders for the main crop of butternut squash.
Thus, growers may have multiple border options that reduce pesticide use, effectively manage pests,
and do not disturb mutualist interactions with pollinators.
KEY WORDS Apis mellifera, Bombus spp., multispecies interactions, Peponapis pruinosa, winter
squash

Conventional agricultural practices often rely on pesticides that are costly to growers and can have detrimental effects on human health, the environment, and
nontarget organisms such as pollinators. Perimeter
trap cropping (PTC) is a method of integrated pest
management (IPM) that can reduce reliance on pesticides through crop layout design. A trap crop that is
attractive to colonizing pests is planted to encircle the
main crop, often limiting pesticide use to the border
where insects are concentrated as they enter the Þeld.
In a wide range of systems, PTC reduced damage or
disease to main crops, greatly reduced insecticide use,
and increased main crop yield (Aluja et al. 1997;
Mitchell et al. 2000; Boucher et al. 2003a, b). However,
little research has compared different border crops to
provide options for growers and maximize effectiveness. Furthermore, pollinators and pests often have
critical impacts on yield. Although the effectiveness of
PTC for controlling pests has been shown in many
systems, to date there are no studies that examine the
impacts of PTC on beneÞcial insects such as pollina1
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tors to provide a more comprehensive view of how
PTC affects yield by multiple interactions.
Cucumber beetles (Chrysomelidae: Acalymma vittatum Fabricius) are ranked as the most important
insect pest in cucurbit crops in the northeastern
United States and are the primary target of insecticide
applications used by growers (Hoffmann et al. 1996,
Hollingsworth et al. 1998, Stivers 1999). Conventional
pest management for many cucurbit crops requires
multiple applications of foliar pesticides such as carbaryl, carbamates, or synthetic pyrethroids (Brust and
Foster 1995, 1999; Howell et al. 2004). Because beetle
colonization of Þelds can occur within a day, proper
timing of foliar sprays can be difÞcult. Systemic insecticides have recently been adopted in the northeast
to target early feeding damage (Hazzard 2003) but are
used by ⬍10% of growers because of higher costs
(Clifton and Duphily 2006).
Northeastern states have a high proportion of their
vegetable crop industry invested in cucurbit crops
including squash, melons, cucumbers, and pumpkins;
in Massachusetts alone, 40% of the vegetable crop
acreage is devoted to cucurbits (USDA 2002). Butternut squash is a key crop for fall and winter sales,
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comprising the majority of winter squash grown in
New England (Clifton and Duphily 2006). Previous
on-farm research found that Blue Hubbard (Cucurbita
maxima Duch.) is an effective border for butternut (C.
moschata Duch. ex Poir) and summer squash (C. pepo
L.), controlling pest populations while reducing pesticide use by ⬎90% (Boucher and Durgy 2004; Cavanagh et al. 2009). However, Blue Hubbard has limited market demand, accounting for only 5% of winter
squash grown in New England (Clifton and Duphily
2006). Other cucurbit crops could provide more marketable border options. Alternatively, wild cucurbits
would be less proÞtable than agricultural varieties but
could be very effective because of their high levels of
cucurbitacins, chemical defenses that attract cucumber beetles (Metcalf et al. 1982).
Pollinators and herbivores play a key role in the
production of many crops. The value of pollination
services in agriculture and rangelands has been estimated as $117 billion per year in the United States
(Costanza et al. 1997). With recent, dramatic losses of
honey bees (Apis mellifera L.) because of colony collapse disorder (Cox-Foster et al. 2007), it is imperative
to determine whether native bees can provide sufÞcient pollination for yield. Nearly all cucurbit crops
require pollination to produce fruit (Kemp and Bosch
2001). Cucurbita species, including butternut squash
and Blue Hubbard, are visited by the native specialist
squash bee pollinator Peponapis pruinosa Say (Apidae), as well as generalist bumble bees (Bombus spp.,
Apidae) (Shuler et al. 2005, Walters and Taylor 2006).
However, honey bees are often used ensure adequate
pollination. For example, processing pumpkin (C.
moschata), a conspeciÞc of butternut squash, had 70%
heavier fruits with the addition of honey bee colonies
(Walters and Taylor 2006), indicating that native bees
did not provide adequate pollination for maximum
yield. Yield in other cucurbits, such as cucumber,
cantaloupe, and watermelon, was also limited by pollinator visitation, and in many cases, honey bees were
relied on to maximize yield (Stanghellini et al. 1997,
1998; Kremen et al. 2002; Strauss and Murch 2004; but
see Winfree et al. 2007).
Pollinators and insect pests may respond to different border varieties, but predicting such effects will
depend on the scale at which pollinators are attracted
to cucurbit Þelds. For example, if border varieties are
more attractive than the main crop, this could reduce
main crop yield because of competition for the same
pollinators. Alternatively, if attractive borders bring
more pollinators overall to the Þeld, there may be
higher pollination in the main crop because of facilitation. Although the role of competition or facilitation
mediating pollination has been examined in wild systems (Brown et al. 2002, Moeller 2004), much less is
known about how these interactions inßuence pollination in agricultural settings (Kremen et al. 2007).
Examining the effects of different border crops on
yield by pollination and herbivory will provide a more
comprehensive assessment of the mechanisms by
which PTC could inßuence yield.
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In this study, we examined the effect of border
treatments, herbivory, and pollination on yield in butternut squash as a main crop. SpeciÞcally, we (1)
compared attractiveness of border varieties to herbivores and pollinators, (2) assessed the impacts of different border varieties on herbivory, pollination, and
yield in the main crop, and (3) manipulated herbivory
and pollination in the main crop in a 2 by 2 factorial
design to determine the effects of these interactions
on yield.
Materials and Methods
Border Treatments
We compared the effectiveness of Þve border treatments on herbivory, pollination and yield in butternut
squash (C. moschata cultivar Waltham): Blue Hubbard
(C. maxima), buttercup squash (C. maxima cultivar
Burgess), zucchini (C. pepo cultivar Embassy), wild
gourd (C. pepo ssp. texana) mixed with zucchini (C.
pepo cultivar Elite), and butternut (cultivar Waltham)
as a control. The wild gourd treatment was mixed with
zucchini in a 2:3 ratio to determine whether a wild
gourd could provide additional protection without
entirely sacriÞcing the border row for crop production. Butternut and Blue Hubbard were provided by
JohnnyÕs Selected Seeds (Winslow, ME), buttercup
and zucchini were provided by Rupp Seeds
(Wauseon, OH), and wild gourd was provided by A. G.
Stephenson (Penn State University). Border taxa (varieties hereafter) were selected by the following criteria: (1) attractiveness to cucumber beetles in Þeld
studies (Andersen and Metcalf 1987, Pair 1997,
McGrath 2000, Petzoldt 2001; A. Cavanagh, L.S.A., and
R.V.H., unpublished data), (2) potential marketability
(buttercup and zucchini), and (3) variation in the
level of ßoral volatile emissions and cucurbitacins
(Andersen and Metcalf 1987), both of which are attractive to beetles but whose effects on pollinators are
unknown.
Experimental Design
Seed were sown in greenhouse ßats on 16 May 2005
and transplanted to the South DeerÞeld experimental
farm, UMass-Amherst, at the one-leaf stage from 6 to
10 June. This site has Occum Þne sandy loam soil; Þelds
were previously used for vegetable crop experiments
including sweet corn, peppers, Þeld corn, Brassica, and
vine crops, with a winter cover crop of rye. We planted
Þve replicate plots of each border treatment surrounding a main crop of butternut squash, for a total of 25
plots arranged in Þve blocks, with one replicate per
border treatment per block. Each plot was 15.24 by
15.24 m, with 0.61-m in-row and 1.52-m between-row
spacing, surrounded by one row of border plants.
On-farm studies with much larger Þelds have found
one to two border rows to be effective at controlling
beetle damage with greatly reduced pesticide use (Cavanagh et al. 2009). Border treatments were randomly
assigned to plots within blocks. Border plants were
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Fig. 1. Example layout for one plot, where x represents a border plant and o represents a main crop plant (butternut
squash). The four central quadrats (18 plants each) were randomly assigned to one of four factorial combinations of herbivory
(natural herbivory versus pesticide) and pollination (natural pollination versus hand pollination) treatments. Each experimental block consisted of Þve such plots, each with a different perimeter trap crop treatment.

treated with imidacloprid, a systemic pesticide (Admire 2 F @0.01 ml, or 0.0021 [AI], dissolved in 3.5 ml
water per plant) on 7 June (24 h before planting), as
a drench followed by an application of 1 ml water per
plant to rinse off the leaves and soak the chemical into
the soil. Previous work found that treating border
plants with systemic rather than foliar pesticides made
PTC more effective by protecting borders against
rapid decimation by beetles (Cavanagh et al. 2009).
Border plants that died were replaced as needed
through 15 June. Plots were separated by a fallow area
15.24 m wide to reduce the inßuence of borders on
adjacent plots. Butternut squash was planted in four
quadrats in each plot with 18 plants per quadrat, separated by an empty row of 2.44 m. At the six-leaf stage,
butternut plants were removed from one row inside
the border to prevent competition with the border
crop, and vines were trained to stay within their quadrat. At this point, beetles are past their initial colonization period, and the crops are less subject to mortality from direct beetle damage. Based on soil tests
and recommendations from the New England Vegetable Management Guide (Howell 2008 Ð2009), 560.4
kg/ha (500 lb/acre) of 19 Ð19-19 (Crop Production
Services, South DeerÞeld, MA) was used on two of the
blocks, and on the other three, we used 896.6 kg/ha
(800 lb/acre) of 5Ð10-10 (Crop Production Services).
Fertilizers were granular, broadcast, and incorporated
into the soil 3 d before planting. Weeds were managed
with mechanical cultivation before vining and by hand
hoeing after vining. Overhead irrigation was provided
as needed.
To determine whether border varieties alter the
relative importance of damage and pollination for
main crop yield, we used a 2 by 2 factorial combination
of pollination (natural pollination versus hand pollination) and pesticides (natural herbivory versus conventional pesticide) treatments within plots (Fig. 1).
Each plot was divided into four quadrats that were
randomly assigned to pollinationÐpesticide treatment
combinations. Because ßowers are open for only 1 d,
all female ßowers in the hand pollination treatments
were pollinated 5 d/wk from the onset of female ßow-

ering in mid-July through the second week of August.
Fruits that set after that date are unlikely to mature.
For the hand pollination treatment, pollen was collected from randomly selected male ßowers across
plots, mixed in petri dishes, and added with a camelhair paintbrush to cover the entire stigmatic surface of
all ßowers. All plants were also open to natural pollinator visits. For the conventional pesticide treatment, seedlings were treated with imidacloprid before
planting as described above; natural herbivory plants
were treated with water only. Although imidacloprid
may be toxic to bees at certain concentrations (Suchail
et al. 2000), studies that have examined the effect of
imidacloprid on honey bee or bumble bee pollination
in agricultural systems found no effect (Gels et al.
2002, Elzen et al. 2004).
Responses Measured
Herbivory. The striped cucumber beetle (A. vittatum) is the most common cucurbit insect pest in the
northeastern United States generally (Hoffmann et al.
1996, Hollingsworth et al. 1998, Stivers 1999, Boucher
and Durgy 2003, Clifton and Duphily 2006) and was
the primary aboveground herbivore in our study. We
found very occasional spotted cucumber beetles (Diabrotica undecimpunctata; ⬍1% of beetles) and did not
observe squash bugs (Anasa tristis) or lepidopteran
pests. We counted striped cucumber beetles and recorded damage to crop and border plants weekly from
13 June through 12 July. We counted live and dead
beetles within a 10-cm radius of each plant and scored
damage on the four youngest leaves of a randomly
chosen vine from each plant using the following scale:
0 ⫽ no damage, 1 ⫽ 1Ð25% damage, 2 ⫽ 26 Ð50%
damage, 3 ⫽ 51Ð75% damage, and 4 ⫽ 76 Ð100% damage. At the Þrst census we also recorded cotyledon
damage (presence/absence), and after the second
census, we introduced an additional measure of 0.5 for
leaves with 1Ð12% damage to increase the precision of
our measurements. Each quadrat in the main crop
consisted of 18 plants (three rows of six); we censused
the six plants in the middle third of the quadrat. In the
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borders, we censused four plants per side starting from
a randomly selected plant (16 total). We censused the
same number of border plants in the mixed treatment,
but noted whether each plant was zucchini or wild
gourd. During pollinator observations, we counted
beetles in open ßowers (see Pollinator Attraction).
Floral Traits. We measured ßoral traits because
reduced herbivory, caused by either border or pesticide treatments, could inßuence pollinator attraction
by affecting the number, size, or shape of ßowers. We
counted male and female ßowers in each quadrat 5
d/wk from 13 July through 14 August, the main ßowering period. We measured morphological traits on up
to two male and two female ßowers per quadrat. For
each ßower, we measured ßower diameter, petal
length, petal width, and nectary diameter. For female
ßowers, we also measured ovary length and width and
estimated the area of one stigma lobe as (length) ⫻
[(width at top ⫹ width at bottom)/2]. For male ßowers, we estimated the size of one anther as anther
length ⫻ anther width. All measurements were to the
nearest 0.01 mm. Measurements were conducted
twice: 3Ð5 and 16 August.
Pollinator Attraction. We observed insect visits to
ßowers in the border and main crop on 14 separate
dates between 14 July and 18 August. We conducted
5-min observations on individual male and female
ßowers, for a total of 98.7 h in the main crop and 56.3 h
in the border crops. Whenever possible, we controlled
for temporal variation by using Þve simultaneous observers, one on each plot of the same block. All observations took place between 0530 and 1130 hours,
when ßowers are open and pollinators are active. We
recorded the number of visits, time per visit, and insect
species for all visits, and we counted beetles in each
observed ßower. Because squash plants are vines that
readily intertwine, we did not distinguish between
individual plants.
Crop Yield. Butternut squash were harvested from
2 to 7 September. All squash were counted and
weighed from each quadrat in each plot. We also
estimated fruit set as the number of squash per total
female ßowers for each quadrat. For four randomly
selected squash per quadrat, we recorded viable seeds,
nonviable seeds, and total seed weight as additional
measures of pollinator effectiveness.
Statistical Analyses
General Points. In several cases, multiple responses
were analyzed with MANOVA as indicators of an
underlying response of interest (e.g., herbivory, pollination, yield). SigniÞcant MANOVAs were followed
by univariate ANOVAs to examine which individual
responses were most affected by treatments (Scheiner
1993). TukeyÕs tests were used to distinguish signiÞcantly different treatments at P ⬍ 0.05. All analyses
were conducted with SAS v. 9.1 (SAS Institute 2004),
and we examined all responses for normality using the
Shapiro-Wilk test in the UNIVARIATE procedure.
Data were normal without transformation except as
indicated.
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Comparisons in Border Varieties. We used
MANOVA to ask how border variety and block affected the number of beetles and amount of herbivory
in the borders. Herbivory measures were averaged
across censuses. To compare the attractiveness of border varieties to pollinators, we analyzed the number of
pollinator visits by bumble bees, honey bees, and
squash bees with MANOVA. Time spent per ßower by
squash bees was analyzed with separate analysis of
variance (ANOVA) because not all borders were visited; honey and bumble bees did not visit enough
replicate plots to analyze time per ßower. Squash bee
time per ßower was log(x) transformed. Because this
analysis compares border plants, pesticide and pollination treatments (which were conducted on main
crop plants) were not relevant here. Because one
border treatment (mixed) included two species that
could have different effects on insects, we consider
zucchini-mixed and wild gourd-mixed as separate categories for these analyses only. Although this slightly
inßates our error degrees of freedom, treating the two
species separately is the most biologically relevant
approach to compare herbivory and pollination on
different taxa.
Comparisons in the Main Crop. We compared the
effect of border variety, pesticide, and pollination
treatments on herbivory, pollination, and yield in the
main crop. The experiment was a split-plot design with
border treatment as the main plot treatment and pesticide and pollination treatments as the subplot treatments. We considered block a random factor so that
treatment effects were tested over the treatment by
block interaction terms (Potvin 2001). Plot or subplot
was the unit of replication for all analyses of main plot
and subplot effects, respectively, and data were averaged within subplot unless otherwise stated. Two plots
in one block (buttercup and Blue Hubbard borders)
were removed from the yield analysis only because of
high levels of bacterial wilt, leaving 23 plots in this
analysis. It is possible that removing these two plots
could mask biologically important effects of our treatments because wilt is transmitted by cucumber beetle
damage. However, we feel that including these plots
is not appropriate for several reasons. We noted the
occurrence of wilt during our Þnal herbivory census
on 12 July. We found high incidences of wilt in the
main crop plants of those two plots (33 and 50% of
plants affected), but no wilt in any of the other 23
plots. These data suggest that wilt was not common at
our site and had a very patchy incidence that could not
be attributed to particular treatments. Furthermore,
wilt was lower and yield was higher in pesticidetreated treated subplots for one of the wilted plots, but
the reverse pattern was found in the other plot. This
suggests that reduced herbivory caused by pesticides
did not protect these plants from wilt. Finally, yield in
those two plots was one half that of most other plots
and was 2 SD below the mean (total squash weights of
52.0 and 51.3 kg compared with overall mean ⫾ SD of
98.4 ⫾ 21.3 kg). Including these two plots changes our
results, but we would not feel it appropriate to report
results that are dependent on the inclusion of two
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Table 1. ANOVAs reporting effect of border variety and block
on measures of herbivory in border plants
Response
Dead beetles
Live beetles
Cotyledon damage
Leaf damage

Source

df

Sums of
Squares

Border variety
Block
Error
Border variety
Block
Error
Border variety
Block
Error
Border variety
Block
Error

5
4
19
5
4
19
5
4
19
5
4
19

0.0017
0.0056
0.0068
6.77
0.45
1.43
1.25
0.37
0.53
0.48
0.095
0.093

b

2

ab

1.6

F

1.4

0.95 NS
3.88a
18.03
1.51 NS
8.89c
3.27a

Blue Hubbard

a

a

Buttercup

1.2

a abab
ab
bc

1
0.8

b

c

0.6

c

P ⬍ 0.05.
P ⬍ 0.0001.
P ⬍ 0.001.
d
P ⬍ 0.01.
NS, not signiÞcant.
a

b
c

outlier data points. For all of these reasons, we do not
feel it is appropriate to include these two plots in our
yield analysis.
Each analysis included border treatment (main plot
effect), pesticide treatment (subplot effect), pollination treatment (subplot effect), block, and all two- and
three-way interaction terms. This model was used in
separate MANOVAs to determine how these factors
affected the following responses in the main crop: (1)
leaf herbivory, estimated as number of live beetles,
number of dead beetles, cotyledon damage, and leaf
damage with data averaged across censuses; (2) ßoral
herbivory, estimated as the number of beetles in ßowers; (3) pollination, measured as mean bumble bee,
squash bee, and honey bee visits over a 5-min period;
(4) ßoral morphology for male and female ßowers in
separate MANOVAs for each sex; (5) agricultural
yield, measured as total weight of squash, number of
squash, and fruit set per female ßower; and (6) ecological reproduction, measured as viable seeds, nonviable seeds, and seed weight. Number of beetles in
ßowers was log(x ⫹ 1) transformed and honey bee
visits were square root(x) transformed to best satisfy
assumptions of normality.
Results
Attractiveness of Border Varieties to Herbivores
and Pollinators
We compared herbivory and pollination in borders
to determine attractiveness of border varieties. Both
border variety and block signiÞcantly affected herbivory (MANOVA, border: Wilks lambda ⫽ 0.03,
F20,54.02 ⫽ 4.98, P ⬍ 0.0001; block: Wilks lambda ⫽ 0.18,
F16,49.52 ⫽ 2.35, P ⫽ 0.012). Examination of univariate
analyses showed that border varieties had different
numbers of live but not dead beetles and different
amounts of cotyledon and leaf damage (Table 1), with
beetles and damage typically highest in Blue Hubbard,
buttercup, and zucchini, and lowest in butternut

aa

Zucchini (mixed)

aa

Zucchini
Wild gourd (mixed)

bb

c

Butternut

0.4
0.2
0
Live Beetles

19.45b
4.83d

211

1.8

Cot Damage Leaf Damage

Fig. 2. Comparison of herbivory in border varieties. The
y-axis indicates mean beetles/plant for live beetles and a
damage scale (described in methods) for cotyledon and leaf
damage. Error bars represent SE, and letters denote significantly different means by TukeyÕs test within response.

squash and wild gourd (Fig. 2). There was no significant difference in pollinator visits to border varieties
or blocks (Wilks lambda ⬎ 0.38, F ⬍ 1.4, P ⬎ 0.2 for
both). However, squash bees spent signiÞcantly
longer in Blue Hubbard compared with butternut
ßowers, with other varieties intermediate (F5,18 ⫽
3.80, P ⬍ 0.02; Fig. 3). The number of beetles per
ßower did not differ in the border varieties (P ⬎ 0.1),
but did vary with block (F4,20 ⫽ 4.18, P ⬍ 0.015).
Herbivory in Main Crop
As expected, the pesticide treatment reduced herbivory in the main crop (MANOVA: Wilks lambda ⫽
0.02, F4, 4 ⫽ 42.13, P ⫽ 0.0016). Subplots with pesticides
had more dead (F1,7.53 ⫽ 87.41, P ⫽ 0.0001) but not live
beetles (P ⬎ 0.15), marginally less cotyledon damage (F1,5.23 ⫽ 6.19, P ⫽ 0.053), and less leaf damage
(F1,4.26 ⫽ 11.21, P ⫽ 0.026; Fig. 4). No other treatment or interaction affected herbivory (MANOVA:
Wilks lambda ⬎ 0.08, F ⬍ 1.0, P ⬎ 0.5 for all). The
number of beetles per open ßower was marginally
affected by border variety (F4,16 ⫽ 2.65, P ⫽ 0.073),
block (F4,6.15 ⫽ 4.18, P ⫽ 0.057), and the border by
pollination interaction (F4,16 ⫽ 3.57, P ⫽ 0.03) in
male ßowers but not in female ßowers (F ⬍ 2.5, P ⬎
0.08 for all). There were over eight times as many
beetles in main crop male ßowers with a control (butternut) border compared with buttercup borders,

Time per flower (sec)

February 2009

90
80
70
60
50
40
30
20
10
0

a

ab
ab

Blue
Zucchini
Hubbard (mixed)

Wild
gourd
(mixed)

ab

ab

b

Zucchini Buttercup Butternut

Fig. 3. Comparison of border varieties for squash bee
mean time per ßower. Error bars represent SE, and letters
denote signiÞcantly different means by TukeyÕs test.
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Discussion

*
NS

0.8

P = 0.053

*

0.6

No pesticide

0.4

Pesticide

0.2
0
Dead
Beetles
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Live
Beetles

Cot
Leaf
Damage Damage

Fig. 4. Effect of pesticides on herbivory, measured as the
number of dead beetles per plant, live beetles per plant,
cotyledon damage (0 or 1 for absence/presence), and leaf
damage (scale described in Materials and Methods). Error
bars represent SE. *SigniÞcant effects at P ⬍ 0.05 from univariate ANOVAs for each response after signiÞcant
MANOVA.

with other border treatments intermediate (mean ⫾
SE beetles/ßower: butternut, 0.26 ⫾ 0.06; mixed,
0.22 ⫾ 0.06; Blue Hubbard, 0.20 ⫾ 0.06; zucchini,
0.17 ⫾ 0.06; buttercup, 0.03 ⫾ 0.02). There were no
other treatment effects on beetle abundance in male
or female ßowers.
Pollination in Main Crop
Squash bees were the most common visitors to butternut ßowers (54% of 861 total ßower visits), followed
by bumble bees (33%) and honey bees (13%). There
was no effect of border variety, pesticides, hand pollination, block, or their interactions on any measure of
pollinator visitation to the main crop (MANOVA:
Wilks lambda ⬎ 0.55, F ⬍ 3.3, P ⬎ 0.05 for all).
Main Crop Floral Traits
There was no effect of border variety, herbivory,
pollination, or their interactions on any measure of
main crop female or male ßoral traits (MANOVA:
Wilks lambda ⬍ 0.7, F ⬍ 1.1, P ⬎ 0.4 for all). Male but
not female traits varied signiÞcantly with block (Wilks
lambda ⫽ 0.06, F20,40.75 ⫽ 2.7, P ⫽ 0.004).
Main Crop Yield and Reproduction
We found no effect of border variety, pesticides,
pollination, or their interactions on any measure of
yield (MANOVA: Wilks lambda ⬍ 0.25, F ⬍ 2.0, P ⬎
0.1 for all). Although the effect of border variety was
not statistically signiÞcant (P ⫽ 0.11), we note that
plots with Blue Hubbard and buttercup borders produced ⬇12.5% more squash by weight and 8% by
number than plots with mixed and butternut borders,
with zucchini borders intermediate (means ⫾ SE total
weight: Blue Hubbard, 108.8 ⫾ 2.1 kg; buttercup,
108.8 ⫾ 2.6 kg; zucchini, 102.7 ⫾ 3.2; mixed, 98.3 ⫾ 4.8;
control, 96.1 ⫾ 2.7; number of squash: Blue Hubbard,
81.7 ⫾ 1.4; buttercup, 80.0 ⫾ 2.0; zucchini, 80.6 ⫾ 2.2;
mixed, 76.5 ⫾ 2.7; control, 75.5 ⫾ 2.1).

One of the main goals of this study was to test the
effectiveness of several cucurbits as borders around
butternut squash. Previous research has shown that
Blue Hubbard is an effective border for butternut
squash, reducing pesticide use by ⬎90% while controlling herbivore damage and maintaining yield (Cavanagh et al. 2009). However, the limited marketability of Blue Hubbard may prevent widespread adoption
by growers. Field trials suggested that more marketable crops such as buttercup squash might be as attractive to beetles as Blue Hubbard (A. Cavanagh,
L.S.A., and R.V.H., unpublished data). In this study, we
found that buttercup and zucchini were as attractive
to beetles as Blue Hubbard (Fig. 2), suggesting that
they may be effective borders. Wild gourd was surprisingly unattractive to beetles despite relatively high
cucurbitacin levels compared with cultivated taxa
(Metcalf et al. 1982). Because wild gourd also does not
provide any marketable crop, our data suggest it has
little potential for use as a border.
Although pollination is critical for yield in ⬎90 major U.S. crops including many cucurbits (Delaplane
and Mayer 2000, Kemp and Bosch 2001), variation in
pollinator attraction between crop cultivars is rarely
studied. We compared pollinator attraction to border
varieties and found no difference in the number of bee
visits. However, specialist squash bees spent over Þve
times as long in Blue Hubbard ßowers compared with
butternut ßowers. Squash bee preference for borders
rather than the main crop has the potential to result in
competition for pollination. However, we found no
effect of hand pollination on yield, suggesting that
butternut squash yield is not limited by lack of pollination. Furthermore, pollinator visitation to the main
crop was unaffected by border treatment. Both these
results suggest that competition for pollination between the main crop and borders should not reduce
yield even when the border variety is highly attractive.
In larger commercial Þelds, the ratio of border to main
crop plants would be lower than in our experimental
plots, further reducing the potential for competition
between border and main crop plants. Yield could
potentially be reduced if heterospeciÞc pollen is transferred from borders to the main crop and prevents
fruit set by clogging stigmas. Previous research indicates that Blue Hubbard pollen does not inhibit fruit
set in butternut squash as long as butternut pollen is
also deposited (Hladun and Adler 2008), suggesting
that Blue Hubbard borders should not reduce butternut yield by pollen transfer. Similar studies have not
been conducted for buttercup or zucchini squash, but
these varieties were not more attractive to squash bees
than butternut squash (Fig. 3).
Recent declines in both managed and native bees
(Allen-Wardell et al. 1998, Kearns et al. 1998, CoxFoster et al. 2007, Winfree et al. 2007) have prompted
concerns about agricultural losses caused by lack of
pollination services. We found that butternut squash
yield was not limited by lack of pollination at our site;
plots that were hand-pollinated had nearly identical
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yield compared with plots with natural pollination
only. Furthermore, native bees made up the vast majority (87%) of visits to main crop ßowers. Few other
studies have tested whether crop cucurbits receive
sufÞcient pollination for full yield. Hand pollination
and the addition of honey bee colonies increased canteloupe yield (Cucumis melo) in California (Strauss
and Murch 2004), indicating that naturally occurring
bees were not providing sufÞcient pollination for maximum yield. Agricultural intensiÞcation may reduce
native bee pollination services in California; only organic farms near natural habitat had sufÞcient pollination from native bees for full yield in watermelon
(Citrullus lanatus), whereas all other farms relied on
managed honey bees (Kremen et al. 2002). However,
native bees provided sufÞcient pollen to most watermelon farms in New Jersey (Winfree et al. 2007). The
authors suggest that increased heterogeneity of natural and managed patches in the eastern United States
may contribute to higher native bee diversity and
abundance in agricultural lands. Our results are consistent with the Þnding of Winfree et al. (2007) that
native bee populations provide sufÞcient pollination
for cucurbit crops in the eastern United States.
Trap cropping systems can be beneÞcial for growers
by reducing damage and pesticide use, increasing
yield, or both (Hokkanen 1991). Although we found
no signiÞcant effects of border treatments on butternut yield, it is interesting to note that yield was 12.5%
higher in plots surrounded by Blue Hubbard or buttercup squash compared with control plots and that
control plots had the lowest yield of any treatment.
The mechanism behind potential differences in yield
is unclear. Although we surprisingly found no effect of
border variety on butternut leaf herbivory, beetles in
male butternut ßowers were highest in control plots
and lowest in plots surrounded by buttercup squash.
Although ßorivory is not generally studied as a source
of concern in cucurbits, Diabotrica adults can be abundant in cucurbit ßowers (Andersen and Metcalf 1987),
and ßoral herbivores can reduce reproduction in other
systems by damaging reproductive structures or deterring pollinators (McCall and Irwin 2006). In addition, greater ßoral volatiles and greater numbers of
beetles in ßowers of the congener C. pepo subsp.
texana are associated with higher incidence of bacterial wilt (Ferrari et al. 2006, 2007). Although the relationship between ßoral beetles and yield is speculative, ßoral herbivory merits examination as a
potential mechanism for border effects on main crop
yield.
Pesticides reduced herbivory in this study, but replicates with and without pesticides had nearly identical yield (pesticide: 103.5 ⫾ 2.1 kg/subplot; natural
herbivory: 101.5 ⫾ 2.3 kg/subplot). This result was
initially surprising, because cucumber beetles are
ranked as the most important insect pest in cucurbit
crops in the northeast and are the primary target of
insecticide applications by growers (Hoffmann et al.
1996, Hollingsworth et al. 1998, Stivers 1999). A. vittatum may have particular potential for reducing yield
because larvae are specialists on cucurbit roots. In
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contrast, Diabrotica larvae are generalists that often
prefer grass species, so that these species incur damage
aboveground only (Eben et al. 1997). However, damage levels were relatively low at our site, averaging
⬃15% in the natural herbivory treatments (Fig. 4).
Other work has shown butternut squash yield is unaffected when ⬍20% of the leaf area is removed (Hoffmann et al. 2000); our results are consistent with this
Þnding. The exception is that even small amounts of
cucumber beetle damage can allow the introduction
of bacterial wilt (Brust and Foster 1995, Brust 1997),
but wilt was relatively rare in our Þeld. Because both
herbivory and wilt were low, our study provided a
conservative test of the beneÞts of both pesticide use
and border treatments for yield. However, other studies have found that yield in cucumber was substantially increased with the use of Blue Hubbard as a
border crop (Boucher et al. 2003b).
In conclusion, our results suggest that both buttercup squash and zucchini may be viable alternatives to
Blue Hubbard as borders, because all these varieties
were equally attractive to cucumber beetles. The inclusion of multiple options may increase growersÕ
adoption of the PTC system by addressing the need to
maximize marketability. Pollination did not limit yield
at our site, and border varieties did not seem to attract
pollinators away from the main crop. Thus, growers
may have multiple border options that reduce pesticide use, effectively manage pests, and do not disturb
mutualist interactions with pollinators.

Acknowledgments
We thank M. Blanco, K. Bouley, S. Brindle, A. Cavanagh,
M. Messer, N. Freeman, and S. Subramony for hard work in
the Þeld; A. Brown and N. Woodard for Þeld cultivation; S.
Herbert for use of his Þeld balance; Z. Barzegar, A. Iqbal, G.
Kwong, P. Namgyal, and M. Tran for processing squash fruit
and seeds; and H. Baltzer, A. Cavanagh, S. Gillespie, A. Paradis, N. Soper Gorden, N. Theis, and two anonymous reviewers for helpful comments on the manuscript. This research
was funded by a USDA-CSREES Northeastern Integrated
Pest Management Grant awarded April 2005.

References Cited
Allen-Wardell, G., P. Bernhardt, R. Bitner, A. Burquez, S.
Buchmann, J. Cane, P. A. Cox, V. Dalton, P. Feinsinger,
M. Ingram, D. Inouye, C. E. Jones, K. Kennedy, P. Kevan,
H. Koopowitz, R. Medellin, S. Medellin-Morales, G. P.
Nabhan, B. Pavlik, V. Tepedino, P. Torchio, and S.
Walker. 1998. The potential consequences of pollinator
declines on the conservation of biodiversity and stability
of food crop yields. Conserv. Biol. 12: 8 Ð17.
Aluja, M., A. Jimenez, M. Camino, J. Pinero, L. Aldana, V.
Castrejon, and M. E. Valdes. 1997. Habitat manipulation
to reduce papaya fruit ßy (Diptera:Tephritidae) damage:
orchard design, use of trap crops and border trapping. J.
Econ. Entomol. 90: 1567Ð1576.
Andersen, J. F., and R. L. Metcalf. 1987. Factors inßuencing
distribution of Diabrotica Spp (Coleoptera, Chyrsomelidae) in blossoms of cultivated Cucurbita spp. J. Chem.
Ecol. 13: 681Ð 699.

214

ENVIRONMENTAL ENTOMOLOGY

Boucher, T. J., and R. Durgy. 2003. Perimeter trap cropping
for summer squash and cucumbers. 2003 16 Ð18 January
Proceedings: New England vegetable and berry conference and trade show, Manchester, NH.
Boucher, T. J., and R. Durgy. 2004. Demonstrating a perimeter trap crop approach to pest management on summer
squash in New England. J. Extension 42: 1Ð 8.
Boucher, T. J., R. Ashley, R. Durgy, M. Sciabarrasi, and W.
Calderwood. 2003a. Managing the pepper maggot
(Diptera : Tephritidae) using perimeter trap cropping.
J. Econ. Entomol. 96: 420 Ð 432.
Boucher, T. J., R. Durgy, R. Hazzard, and A. Cavanagh.
2003b. Perimeter trap cropping. U. Mass. Vegetable
Notes 13: 2Ð 6.
Brown, B. J., R. J. Mitchell, and S. A. Graham. 2002. Competition for pollination between an invasive species (purple loosestrife) and a native congener. Ecology 83: 2328 Ð
2336.
Brust, G. E. 1997. Differential susceptibility of pumpkins to
bacterial wilt related to plant growth stage and cultivar.
Crop Protect. 16: 411Ð 414.
Brust, G. E., and R. E. Foster. 1995. Semiochemical based
toxic baits for control of striped cucumber beetle (Coleoptera: Chrysomelidae) in cantaloupe. J. Econ. Entomol.
88: 112Ð116.
Brust, G. E., and R. E. Foster. 1999. New economic threshold for striped cucumber beetle (Coleoptera : Chrysomelidae) in cantaloupe in the midwest. J. Econ. Entomol. 92:
936Ð940.
Cavanagh, A., R. Hazzard, L. S. Adler, and T. J. Boucher.
2009. Using trap crops for control of Acalymma vittatum
(Coleoptera: Chrysomelidae) reduces insecticide use in
butternut squash. J. Econ. Entomol. (in press).
Clifton, N. P., and A. Duphily. 2006. New England winter
squash proÞle. (http://www.pronewengland.org/INFO/
PROpubs/ProÞle/WinterSquashProÞle2006 Ð 04-14.pdf).
Costanza, R., R. dArge, R. deGroot, S. Farber, M. Grasso, B.
Hannon, K. Limburg, S. Naeem, R. V. Oneill, J. Paruelo,
R. G. Raskin, P. Sutton, and M. vandenBelt. 1997. The
value of the worldÕs ecosystem services and natural capital. Nature 387: 253Ð260.
Cox-Foster, D. L., S. Conlan, E. C. Holmes, G. Palacios, J. D.
Evans, N. A. Moran, P. L. Quan, T. Briese, M. Hornig,
D. M. Geiser, V. Martinson, D. vanEngelsdorp, A. L.
Kalkstein, A. Drysdale, J. Hui, J. H. Zhai, L. W. Cui, S. K.
Hutchison, J. F. Simons, M. Egholm, J. S. Pettis, and W. I.
Lipkin. 2007. A metagenomic survey of microbes in
honey bee colony collapse disorder. Science 318: 283Ð287.
Delaplane, K. S., and D. F. Mayer. 2000. Crop pollination by
bees. CABI Publishing, Cambridge, MA.
Eben, A., M. E. Barbercheck, and M. Aluja. 1997. Mexican
diabroticite beetles. 1. Laboratory test on host breadth of
Acalymma and Diabrotica spp. Entomol. Exp. Applic. 82:
53Ð 62.
Elzen, P. J., G. W. Elzen, and G. E. Lester. 2004. Compatibility of an organically based insect control program with
honey bee (Hymenoptera : Apidae) pollination in cantaloupes. J. Econ. Entomol. 97: 1513Ð1516.
Ferrari, M. J., A. G. Stephenson, M. C. Mescher, and C. M. De
Moraes. 2006. Inbreeding effects on blossom volatiles in
Cucurbita pepo subsp texana (Cucurbitaceae). Am. J. Botany 93: 1768 Ð1774.
Ferrari, M. J., D. L. Du, J. A. Winsor, and A. G. Stephenson.
2007. Inbreeding depression of plant quality reduces incidence of an insect-borne pathogen in a wild gourd. Int.
J. Plant Sci. 168: 603Ð 610.
Gels, J. A., D. W. Held, and D. A. Potter. 2002. Hazards of
insecticides to the bumble bees Bombus impatiens (Hy-

Vol. 38, no. 1

menoptera : Apidae) foraging on ßowering white clover
in turf. J. Econ. Entomol. 95: 722Ð728.
Hazzard, R. V. 2003. Admire for striped cucumber beetle
control. Proceedings of the New York State Vegetable
Conference. 10 Ð13 February, Liverpool, NY.
Hladun, K. R., and L. S. Adler. 2008. Effects of perimeter
trap crop pollen on reproduction in butternut squash
(Cucurbita moschata). HortScience 43: 276 Ð278.
Hoffmann, M. P., R. Ayyappath, and J. J. Kirkwyland. 2000.
Yield response of pumpkin and winter squash to simulated cucumber beetle (Coleoptera : Chrysomelidae)
feeding injury. J. Econ. Entomol. 93: 136 Ð140.
Hoffmann, M. P., J. J. Kirkwyland, R. F. Smith, and R. F.
Long. 1996. Field tests with kairomone-baited traps for
cucumber beetles and corn rootworms in cucurbits. Environ. Entomol. 25: 1173Ð1181.
Hokkanen, H.M.T. 1991. Trap cropping in pest management. Annu. Rev. Entomol. 36: 119 Ð138.
Hollingsworth, C., C. A. Mordhurst, R. Hazzard, and J. Howell. 1998. Pumpkin and winter squash project: 1998
grower survey and ICM project goals. UMass Extension
Vegetable Notes. J. Howell. ed. Dec 1998, Amherst, MA.
Howell, J. (ed.). 2008 –2009. New England vegetable management guide. New England Extension Systems, University of Massachusetts, Amherst, MA.
Howell, J. C., A. R. Bonanno, T. J. Boucher, and R. L. Wick
(eds.). 2004. 2004 Ð2005 New England vegetable management guide. University of Massachusetts Extension
OfÞce of Communications and Marketing, Amherst, MA.
Kearns, C. A., D. W. Inouye, and N. M. Waser. 1998. Endangered mutualisms: the conservation of plant-pollinator interactions. Annu. Rev. Ecol. Syst. 29: 83Ð112.
Kemp, W. P., and J. Bosch. 2001. Bees in your backyard. Am.
Bee J. 141: 183Ð185.
Kremen, C., N. M. Williams, and R. W. Thorp. 2002. Crop
pollination from native bees at risk from agricultural intensiÞcation. Proc. Natl. Acad. Sci. U.S.A. 99: 16812Ð16816.
Kremen, C., N. M. Williams, M. A. Aizen, B. Gemmill-Herren, G. LeBuhn, R. Minckley, L. Packer, S. G. Potts, T.
Roulston, I. Steffan-Dewenter, D. P. Vazquez, R. Winfree, L. Adams, E. E. Crone, S. S. Greenleaf, T. H. Keitt,
A. M. Klein, J. Regetz, and T. H. Ricketts. 2007. Pollination and other ecosystem services produced by mobile
organisms: a conceptual framework for the effects of
land-use change. Ecol. Lett. 10: 299 Ð314.
McCall, A. C., and R. E. Irwin. 2006. Florivory: the intersection of pollination and herbivory. Ecol. Lett. 9: 1351Ð
1355.
McGrath, M. T. 2000. Comparison of Cucurbit crop types
and cultivars for their attractiveness to cucumber beetles
and susceptibility to bacterial wilt. Biological and cultural
tests for control of plant diseases (online.) The American
Phytopathogical Society, St. Paul, MN.
Metcalf, R. L., A. M. Rhodes, R. A. Metcalf, J. Ferguson, E. R.
Metcalf, and P.-Y. Lu. 1982. Cucurbitacin contents and
Diabroticite (Coleoptera: Chrysomelidae) feeding upon
Cucurbita spp. Environ. Entomol. 11: 931Ð37.
Mitchell, E. R., G. G. Ho, and D. Johanowicz. 2000. Management of diamondback moth (Lepidoptera : Plutellidae) in cabbage using collard as a trap crop. HortScience
35: 875Ð 879.
Moeller, D. A. 2004. Facilitative interactions among plants
via shared pollinators. Ecology 85: 3289 Ð3301.
Pair, S. D. 1997. Evaluation of systemically treated squash
trap plants and attracticidal baits for early-season control
of striped and spotted cucumber beetles (Coleoptera:
Chrysomelidae) and squash bug (Hemiptera: Coreidae)
in cucurbit crops. J. Econ. Entomol. 90: 1307Ð1314.

February 2009

ADLER AND HAZZARD: PERIMETER TRAP CROPS IN BUTTERNUT SQUASH

Petzoldt, C. 2001. Cucurbits. (http://www.nysaes.cornell.
edu/recommends/18cucurbits.html#insect).
Potvin, C. 2001. ANOVA: experimental layout and analysis,
pp. 63Ð76. In J. Gurevitch (ed.), Design and analysis of
ecological experiments, 2nd ed. Oxford University Press,
Oxford, United Kingdom.
SAS Institute. 2004. Base SAS 9.1 procedures guide, vol. 1Ð 4.
SAS Institute, Cary, NC.
Scheiner, S. M. 1993. MANOVA: multiple response variables and multispecies interactions, pp. 94 Ð112. In J.
Gurevitch (ed.), Design and analysis of ecological experiments. Chapman & Hall, New York.
Shuler, R. E., T. H. Roulston, and G. E. Farris. 2005. Farming practices inßuence wild pollinator populations on
squash and pumpkin. J. Econ. Entomol. 98: 790 Ð795.
Stanghellini, M. S., J. T. Ambrose, and J. R. Schultheis. 1997.
The effects of honey bee and bumble bee pollination on
fruit set and abortion of cucumber and watermelon. Am.
Bee J. 137: 386 Ð391.
Stanghellini, M. S., J. T. Ambrose, and J. R. Schultheis. 1998.
Using commerical bumble bee colonies as backup pollinators for honey bees to produce cucumbers and watermelons. HortTechnology 8: 590 Ð594.

215

Stivers, L. (ed.). 1999. Crop proÞle for squash in New York.
Cornell Cooperative Extension, Cornell University,
Ithaca, NY.
Strauss, S. Y., and P. Murch. 2004. Towards an understanding of the mechanisms of tolerance: compensating for
herbivore damage by enhancing a mutualism. Ecol. Entomol. 29: 234 Ð239.
Suchail, S., D. Guez, and L. P. Belzunces. 2000. Characteristics of imidacloprid toxicity in two Apis mellifera subspecies. Environ. Toxicol. Chem. 19: 1901Ð1905.
[USDA] U.S. Department of Agriculture. 2002. Census of
agriculture, vol. 1: U.S. state level data, table 29. Vegetables
and melons harvested for sale: 2002 and 1997. www.nass.
usda.gov/census/census02/volume1/us/index2.htm.
Walters, S. A., and B. H. Taylor. 2006. Effect of honey bee
pollination on pumpkin fruit and seed yield. HortScience
41: 370 Ð373.
Winfree, R., N. M. Williams, J. Dushoff, and C. Kremen.
2007. Native bees provide insurance against ongoing
honey bee losses. Ecol. Lett. 10: 1105Ð1113.
Received 25 June 2008; accepted 23 October 2008.

