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(ABSTRACT)

The potential control of cucumber beetles, Acalymma vittatum (Fab.) and Diabrotica
undecimpunctata howardi (Barber)(both Coleoptera: Chrysomelidae) two major pests of
cucurbits, was assessed in a cucurbit agroecosystem by using buckwheat (Fagopyrum esculentum
Moench) border habitat to attract the natural enemies, Celatoria diabroticae (Shimer) and
Celatoria setosa (Coquillett) (both Diptera: Tachinidae) and Chauliognathus pennsylvanicus
(Deg.) (Coleoptera: Cantharidae). Five different plants were seeded in the border and buckwheat
dominated.  Four natural enemy groups were also included as indicators of the attractiveness of
the floral border:  The Order Diptera; the Families Tachinidae and Syrphidae of Diptera; and the
Order Hymenoptera. In 1995-1996, rows of squash, Cucurbita pepo (L.) var. melopepo (Alef.)
‘Seneca Prolific’, and cucumbers, Cucumis sativa (L.) ‘Arkansas Littleleaf’, were planted
perpendicular to floral border habitats. Sticky traps and modified Malaise traps on transects at
intervals from the border were used to monitor insect numbers. Insect counts and yields of
cucurbits were analyzed using analysis of variance with contrasts for linear and quadratic effects
and regression model fitting. Borders were strongly attractive to Diptera and moderately
attractive to C. pennsylvanicus, Syrphidae, Tachinidae, and Hymenoptera. C. setosa and C.
diabroticae counts were too low to analyze and borders habitats did not have any meaningful
effect on yields. The border conserved populations of Diptera, leatherwings, Hymenoptera, and
tachinids on some dates and may be useful with economic thresholds for pest management
because of an observed gradient of insect movement.
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Chapter 1
Background

Insect Pest Management in Monoculture
 Currently, most agriculture in the United States is done in monocultural production,

where single plant species are cultivated because specialization and mechanization have resulted in
lower production costs (Norris, 1986; Buttel, 1990).  Monocultures can produce high yields, but
this requires agrochemical inputs.  Agrochemicals classified as pesticides are used to control biotic
elements of production systems that interfere with crop production.  Although the application of
pesticides can be effective in the short-term, pesticide usage creates a tenuous environment where
crop production must be closely monitored and controlled (Gliessman, 1990).  One biotic element
that requires close control is insect pests:  specific insect herbivores that cause economic damage
to crops because of high population densities (Horn, 1988).  In order to control these insect pests,
insecticides (specific pesticides designed to control populations of insect pests) are applied.

Despite effectiveness in many cases, the current dependency on insecticides in
monoculture has several disadvantages.  From an ecological prospective, modification of the
agricultural environment with insecticides can cause pest population outbreaks because of
disruption of natural control elements (Pimentel, 1961).  Insect pests also develop resistance to
insecticides, requiring more frequent but less effective applications (Croft, 1992).  These
additional applications mean higher expenses for growers (van Emdem, 1989).

Besides their effect on ecological balance, the long-term safety of insecticides continues to
be questioned, even when immediate safety is attained through proper precautions and application
methods.  Because of long-term safety concerns and excessive use resulting in adverse
environmental impact, many countries are now adopting more stringent insecticide regulations.
This often includes restricting or terminating their use in agriculture (Hokkanen, 1991).  In the
United States, due to the recent passage of the 1996 Food Quality Protection Act, more
restrictions are now being considered (Waterfield, 1996).  Beyond legislative restraint, social
pressure for reduced usage is also being applied.  For these reasons, finding alternative pest
management strategies that depend less on insecticides is a high priority.

Alternative Concepts for Insect Management
The search for alternatives to insecticide dependency in monoculture is based on two

concepts:  the role of diversity in the agroecosystem, and control of insect pests through
conservation of habitats for their natural enemies.  Central to both concepts is the definition of an
agroecosystem.

The Agroecosystem
The suppression of "background" biology in monoculture shifts the ecological balance

among species towards agricultural pests (Altieri and Letourneau, 1982).  Therefore, a key pest
management question is how to reshift the ecological balance towards a more favorable
equilibrium for improved pest control (Norris, 1986).  To assist in the exploration of this
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question, crop production can be defined in ecological terms (Waltner-Towes, 1996):

“Agroecosystems are conceptual constructs defined in both spatial and functional terms,
that are used to describe parts of the biosphere managed primarily for the purpose of
producing food, fiber, and other agricultural products; they are made up of people,
domesticated plants and animals, biotic and abiotic elements of the underlying soils,
drainage networks, as well as interdigitating areas that support natural vegetation and
wildlife.”

Agroecosystems are made up of components such as communities of plants and animals,
the physical environment, and human input, but also stressed are the interrelationships that occur
among these components (Reijntjes et al., 1992).  Like monoculture, agroecosystems have crop
production as their principal objective.  However, the interrelationships stressed within an
agroecosystem differ from the constructs of a monoculture.  The economic crop is produced as an
integral part of an ecosystem, subject to the same processes and interactions found in other
natural ecosystems, such as trophic levels, predatory/prey interactions, plant species competition,
successional dynamics, and nutrient cycling (Hecht, 1987).  The degree of human input is the
main distinction between agroecosystems and other natural ecosystems (Gliessman, 1990).  This
definition of agroecosystems leads to the hypothesis that better understanding of ecological
interactions could improve crop production.  For pest management, a closer examination of the
communities of insects found within an agroecosystem could improve pest management
strategies.

Three interacting communities of insects that need closer examination in an agroecosystem
are:  insect pests (defined previously), natural enemy insects, and alternative insect prey or hosts.
In general, a natural enemy is any organism that feeds on another organism (DeBach and Rosen,
1991).  Natural enemy insects are referred to as entomaphages:  insects that feed on other insects.
Two categories of natural enemy insects are distinguished by Hoffmann and Frodsham (1993):
parasitoids and predators.  Parasitoids are insects that parasitize other insects.  Parasitoids require
a single host to complete their development, while predators consume multiple prey individuals
during their development (DeBach and Rosen, 1991).  Parasitoids are considered specialists due
to a narrow range of host preferences.  This can be as specific as a single genus or even a single
species.  Predators are considered generalists due to their broader range of feeding behavior
(Hoffmann and Frodsham, 1993).  Alternative insect prey or hosts are defined by Van Emdem
(1965) as insects that serve as prey or hosts for natural enemies when the pests that natural
enemies feed on are unavailable.  Pests may be unavailable due to overwintering, crop rotation,
migration patterns, or other causes of dispersion (van Emdem, 1965).

These three insect communities have complex relationships with the vegetation found in an
agroecosystem (Fig. 1).  Pest insects have been studied intensively throughout this century
because of the immediate problems they pose to agricultural production.  For this reason, their
biology is better understood.  Although natural enemies of pest insects have not been examined as
thoroughly as the pests themselves, some have been examined.  Interactions among resident
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vegetation, natural enemies, alternative insects, and pests are the least understood and hence need
more study to comprehend the complexities of the relationships between insects and vegetation
within an agroecosystem.

“Resident Vegetation”:  Weeds or Diversity?
Weeds are defined as plants growing out of place and for this reason are considered to be

undesirable (Ashton and Monaco, 1991).  This definition addresses weed competition with crop
production (Altieri and Whitcomb, 1979), but in an agroecosystem, Bugg (1992a) describes
weeds as “resident vegetation” because of the potential importance of natural enemy insect
dependency on this vegetation.  Bugg (1992a) states that “resident vegetation” provides
vegetative diversity in the agroecosystem.  This diversity has profound influences on insect
communities.

Two hypotheses formalized by Root (1973) are central to how diversity effects
populations of insects in an agroecosystem.  The first hypothesis, referred to as the “enemies
hypothesis,” states that more natural enemies will be found in diverse plantings than in
monocultures due to greater availability of alternative food from plants and alternative prey or
hosts.  Natural enemies often feed at two trophic levels during their life cycles:  one level where
they consume plant resources, and a second level where they consume other insects (Norris,
1986).  The second hypothesis, the “resource concentration hypothesis,” explains the
susceptibility of monoculture to insect pest damage; pest insects will locate, stay in, and
reproduce in systems where their host plants are more prevalent (Root, 1973).
   

These two hypotheses have stimulated scientific assessments of the importance of diversity
in agroecosystems.  Two examples of such assessments are tests of polycultures verses
monocultures and examination of weed species associated with agricultural habitats.

The “enemies hypothesis” in polyculture was tested by Letourneau and Altieri (1983).  A
polyculture is defined as a production system where two or more crops species are planted
simultaneously (Norris, 1986).  Letourneau and Altieri (1983) showed that a natural enemy can
increase its colonization rate in polycultures more effectively than in monoculture.  The
population density of Frankliniella occidentalis (Pergande) (Thysanoptera:  Thripidae), western
flower thrips, was lower in a polyculture of squash, corn, and cowpeas, and its natural enemy,
Orius tristicolor (White) (Hemiptera:  Anthocoridae), the minute pirate bug, showed a higher
density in this polyculture than in a monoculture of squash.  This increase in populations of
natural enemies in polyculture may be a result of additional nectar and pollen sources which
encourage natural enemy insects to congregate, which can reduce population densities of pests
(Letourneau and Altieri, 1983).

Another test of the diversity hypothesis involves examination of the relationship of weed
species and insect populations.  Weeds can be beneficial for natural enemies by providing pollen
or nectar and through attraction of alternative prey or hosts.  For example, many species of both
predators and parasitoids feed on wildflowers in uncultivated land.  Syrphids (Diptera:
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Syrphidae), an important aphid predator, and Ichneumonidae, Braconidae, and other parasitic
families of Hymenoptera may require plant resources for reproductive maturity and increased
survival (van Emdem, 1965; Altieri and Whitcomb, 1979; van Emdem, 1990).  Parasitic Diptera
(Tachinidae) also feed on wildflowers (van Emdem, 1965).

Weeds favor a greater diversity of alternative prey due to more complex microhabitats.
Some examples of predators found in greater numbers within weed-diversified systems include:
ground beetles (Coleoptera:  Carabidae), syrphids (Diptera:  Syrphidae), and lady beetles
(Coleoptera:  Coccinellidae) (Altieri and Letourneau, 1982).  Alternative insect hosts for
parasitoids are also found in nearby weeds.  One of the best known examples of alternative insect
host reliance via weeds is with Anagrus epso Girault (Hymenoptera:  Mymaridae), which
parasitizes the eggs of the western grape leafhopper, Erythroneura elegantula Osborn
(Homoptera:  Cicadellidae).  Because the western grape leafhopper overwinters as an adult, the
availability of another cicadellid’s eggs (Dikrella cruentata Gillette) on nearby blackberries allows
A. epso to maintain its generations through the winter.  This kind of relationship with weeds and
alternative hosts may help other parasitoids to survive (van Emdem, 1990; Bugg, 1992a)

Natural enemies may increase their survival because weeds provide shelter from
environmental exposure (Norris, 1986) or overwintering habitats (van Emdem, 1990).  Sotherton
(1984) found that some predatory Coleoptera (Carabidae and Staphylinidae) overwinter almost
entirely in weeds of field boundaries.  Another predator, Coccinella septempunctata L.
(Coleoptera:  Coccinellidae), also uses field boundaries for overwintering (Wratten and Thomas,
1990).

Polycultures and weeds both provide diversity in an agroecosystem, which results in
higher population densities of natural enemies as predicted by the “enemies hypothesis”.  This
increase of diversity which conserves populations of natural enemies can be managed within an
agroecosystem.

Biological Control Through Habitat Conservation
The third concept, biological pest control through conservation of natural enemy habitats,

involves management of agroecosystem relationships.  Biological control is the use of natural
enemies to maintain population densities of pest species below an economically injuring level
(DeBach, 1964).  Conservation involves manipulation of the environment to favor habitats for
native natural enemies, either by eliminating adverse factors or by providing improved conditions
for colonization (DeBach and Rosen 1991; Greathead, 1995).  This conservation approach to
biological control integrates well with the concept of a diversified agroecosystem.

Since weeds can serve as reservoirs for natural enemies, conservation strategies for
maintaining or improving weed habitats have been introduced to agroecosystems (Altieri and
Whitcomb, 1979; Altieri and Letourneau, 1982).  In an extensive review of management
strategies, Altieri and Letourneau (1982) discuss species diversification through the introduction
of alternate rows of weeds, maintenance of weed borders outside crops, and the encouragement
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of specific weeds to provide resources for natural enemies.  They stress weed management
practices that minimizing competition with the economic crop (Altieri and Letourneau, 1982).

Another conservation strategy for biological control is through the addition of non-crop
cultivated plants.  Cover crops may be used to increase populations of natural enemies.  This use
of cover crops may complement or supplement the nectar and pollen supplied by the main crop
and increases alternative prey or insect host availability, especially when other food resources are
scarce (Bugg, 1992b; Phatak 1992).  However, there is little information on the effects of cover
crops on natural enemies and pest insects (Phatak 1992).

Borders and strips of cultivated plants within or along crop rows have also been studied as
a means to conserve and increase populations of natural enemies (van Emdem, 1990).  The
creation of ecological “island” habitats to increase predators within cereal fields was studied by
Thomas et al. (1991).  These habitats were raised turf banks that crossed the center of the two
cereal fields.  As a result of these banks, a nucleus of ground beetle predators (Coleoptera:
Carabidae) formed in center of these cereal fields.  It remained unclear as to whether these
populations of predators were a result of redistribution of beetles already within the field or if
these habitats caused long term population increases.  Such habitats may increase immigration and
provide shelter in fields (Thomas et al., 1991).

Combining the importance of plant diversity and the habitat ideas of Thomas et al. (1991),
Altieri and Letourneau (1982), and others, floral border habitats for the conservation of natural
enemies have been suggested by Poncavage (1991) of the Rodale Institute Research Center.
Cultivated flower recommendations include:  tansy (Tanacetum vulgare L.) and anthenmis
(Anthenmis spp.) of the family Asteraceae, caraway (Carum carvi L.) and dill (Anethum
graveolens L.) of the family Apiaceae, and buckwheat (Fagopyrum esculentum Moench) of the
family Polygonaceae (Poncavage, 1991).

Organization of the Thesis
The definition of an agroecosystem and the concepts of  the importance of diversity within

this agroecosystem and biological control through conservation, are all integrated within this
thesis.  Chapter Two examines the effects of border habitats of buckwheat (Fagopyrum
esculentum Moench) on populations of cucumber beetles [Acalymma vittatum Fab. and
Diabrotica undecimpunctata howardi Barber(Coleoptera:  Chrysomelidae)] and their natural
enemies within a cucurbit agroecosystem.  Chapter Three describes our modified Malaise trap
(Malaise, 1937) design, a passive flight intercept trap used to sample natural enemies of cucumber
beetles.  Chapter Four summarizes the major results of this thesis and discusses their implications
with emphasis on future research directions.  After Chapter Four, supporting references, tables,
and figures are provided.
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Chapter 2

Effect of Buckwheat as a Flowering Border on Populations of Cucumber Beetles and Their
Natural Enemies in Cucumber and Squash

Abstract:
Cucumber beetles [Acalymma vittatum Fab. and Diabrotica undecimpunctata howardi

Barber (Coleoptera:  Chrysomelidae)] are major pests of cucurbits, and biological methods are
needed for their control.  A floral border of buckwheat (Fagopyrum esculentum Moench) was
planted perpendicular to Cucumis sativa L. ‘Arkansas Littleleaf’ and Cucurbita pepo L. var.
melopepo Alef. ‘Seneca Prolific’ rows, to assess effects on populations of cucumber beetles and
the presence of natural enemies.  Numbers of Diptera were used as an indicator of potential
border attractiveness to natural enemies Celatoria diabroticae Shimer and Celatoria setosa
Coquillett (Diptera:  Tachinidae).  Sticky traps and modified Malaise traps at transects from the
border were used to monitor insect numbers.  There was a quadratic decline from 19.5 Diptera in
the border to 2.8 Diptera at 20 m from the border in June 1995 and linear declines from 14.8 and
14.2 Diptera in the border to 9.8 and 6.8 Diptera at 36 m in June and August 1996, respectively.
Numbers of striped cucumber beetles were variable, with a non-significant (P = 0.08) linear
increase from 13.0 insects in the border to 17.5 insects at 30 m in June 1995, but quadratic
increases to 27 m in June, July, and September 1996.  Similar declines as distance from the border
increased were found in numbers of tachinid flies  (Diptera:  Tachinidae) and Hymenoptera wasps
in 1996 and Pennsylvania leatherwings, Chauliognathus pennsylvanicus DeGeer (Coleoptera:
Cantharidae), in 1995 and 1996.  No meaningful effects on cucumber (1995) or squash (1995 and
1996) yields were found.  The border conserved populations of Diptera, leatherwings,
Hymenoptera, syrphids and tachinids on some dates.  A gradient of insect movement from the
border suggests the use of borders with economic thresholds for pest management.

Key Words: Acalymma vittatum, Celatoria spp., Chauliognathus pennsylvanicus, Cucurbita
pepo, Cucumis sativa
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INTRODUCTION

In many current agricultural production systems, insecticides are applied to reduce insect
pest populations.  Although effective in the reduction of pest populations, insecticides can also
reduce populations of non-target natural enemies of pests, preventing these insects from providing
natural control of pest insects (Altieri and Letourneau, 1982).  Insecticides can also have negative
impact on other non-target species.  Insecticide safety concerns have shaped public opinion and
government policy calling for reduced insecticide use in agriculture.

One approach to reducing insecticide dependency is to reassess current agricultural
production from an ecological systems approach.  This approach builds on characteristics of an
agroecosystem.  An agroecosystem integrates the ecological principles of a natural ecosystem,
such as predator/prey interactions, competition, and energy flow through trophic levels, with the
human inputs of agriculture production (Hecht, 1987; Gleissman, 1990; Reijntjes et al., 1992).

Species diversity is one of the key characteristics of an agroecosystem (Altieri and
Letourneau, 1982).  The importance of diversity for pest management was first formalized by
Root (1973) in the Enemies Hypothesis, which states that more natural enemies will be found in a
diverse planting than in a monoculture due to greater availability of alternative food sources from
plants other than the crop and from alternative insect prey or hosts.  Subsequent studies have
supported this hypothesis.  Letourneau and Altieri (1983) found colonization rates of natural
enemies to be higher in a polyculture than in monoculture.  Bugg (1992a) redefined weeds as
“resident vegetation” because they can serve as supplementary food sources and overwinter
shelter for natural enemies.

Applying the concept of diversity within an agroecosystem, a key pest management
question is how to shift the ecological balance towards a more favorable equilibrium for improved
pest control (Norris, 1986).  To address this question, several researchers have established
habitats for conserving and increasing populations of resident natural enemies.  Thomas et al.
(1991) used ecological “island” habitats to increase predators within cereal fields.  Poncavage
(1991) proposed planting mixes of flowering plants to attract natural enemies of pest insects.  We
investigated the effects of increased diversity on populations of pest and natural enemies within an
cucurbit agroecosystem during the 1995 and 1996 season, testing floral border habitats as
proposed by Poncavage (1991).  We chose a cucurbit agroecosystem based on the results of a
1993-1994 survey of Virginia Association for Biological Farming members and participants at the
1993 Virginia Sustainability Conference.  In this survey 31% of the respondents cited pest
problems in cucurbits as a major problem (Caldwell et al., 1995).

The striped cucumber beetle, Acalymma vittatum (Fab.)(Coleoptera:  Chrysomelidae)
feeds almost exclusively on cucurbits and is considered the most important pest of cucurbits in the
United States (Gould, 1944; Elsey, 1988; Day, 1991).  The spotted cucumber beetle, Diabrotica
undecimpunctata howardi (Barber)(Coleoptera:  Chrysomelidae), also known as the southern
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corn rootworm, has a wide host range of over 200 plants (Radin and Drummond, 1994).  Both
are particularly damaging to cucurbits in four ways:  feeding on seedlings, feeding on roots,
flower and foliage damage, and transmission of Erwinia tracheiphila E.F.Sm., the pathogen
responsible for bacteria wilt (Isley, 1927; Isley, 1929; Day, 1991).

The principal research objectives of our study were:
1)  To determine if and to what extent floral border habitats influence populations of cucumber
beetles and their natural enemies in a cucurbit agroecosystem.
2)  To determine if floral border habitats have an effect on cucumber and squash yields.
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METHODS AND MATERIALS

Site Characteristics.  A commercial vegetable farm in Newport, Virginia, was the site for
this experiment in 1995 and 1996.  Soil tests results in 1995 indicated no fertilizer was needed.
On July 9, 1996, liquid fertilizer (10N-13.2P-8.3K) was applied directly to the plants.  No other
agrochemicals were used.

Border Habitat Establishment.  A complete block design with four replications was used
in both years.  On May 13 1995, dill, sweet alyssum, gaillardia, buckwheat, and alfalfa (Anethum
graveolens L., Lobularia maritima L., Gaillardia pulchella Foug., Fagopyrum esculentum
Moench, and Medicago sativa L., respectively) were hand seeded in habitat areas of 0.91 m X
9.14 m per replication (Fig. 2).  Five equal proportions of seeds were applied at a rate of 120
viable seeds per 0.30 m-2. Germination and true seed percentages were used to establish this
seeding rate.  Hand weeding was done as needed in the border.  A 0.30 m unplanted strip was left
between the borders and crop rows.  On May 17 1996, habitat areas of 2.44 m X 6.10 m were
seeded with buckwheat only (Fig. 3).  After flowering was finished, the border was mowed on
July 22.  The buckwheat border regrew and flowered again starting in late August.  Mowing is a
crop management practice done by farmers because buckwheat self-seeds.

Crop establishment.  In 1995, each replication had six crop rows perpendicular to the
borders, which were divided into two equal sections (Fig. 2).  Cucumbers or squash were
randomly assigned to a three row section.  Rows were 35.0 m long and 1.5 m wide.  Squash were
seeded in hills 0.9 m apart in the rows, and cucumbers were seeded in hills 0.3 m apart in the
rows.  Seedlings were thinned to two plants per hill and hand weeding was done as needed.
Replications were separated by 3.0 m unplanted buffers.  On June 6, 1996, squash only was
seeded in four 40.0 m long rows per each of four replications (Fig. 3).  Cultivar, in-row spacing,
row width, thinning, and weed control were the same as in 1995.

Natural enemies studied in the cucurbit agroecosystem. Three natural enemies were
selected for evaluation based on their potential for control of cucumber beetles.  The Pennsylvania
leatherwing Chauliognathus pennsylvanicus DeGeer (Coleoptera:  Cantharidae) is a predator that
may feed on the eggs or larvae of the cucumber beetles (Gould, 1944; Hoffmann and Frodsham,
1993).  Larvae of leatherwings are also predaceous on adult cucumber beetles (Houser and
Balduf, 1925).  Two closely related tachinid fly parasitoids, Celatoria diabroticae (Shimer) and
Celatoria setosa (Coquillett) (Tachinidae:  Diptera) are host-specific to striped and spotted
cucumber beetles (Isley, 1927; Sweetman, 1958; Arnaud, 1978; Stone et al., 1983).  Two families
within the Order Diptera, syrphids (Diptera:  Syrphidae) and tachinids (Diptera:  Tachinidae) and
parasitoids from the Order Hymenoptera (restricted to the superfamilies Chalcidoidea and
Ichneumonoidea) were also included as additional indicators of the attraction of the floral border
habitat.

Insect Sampling - Sticky Cards.  Yellow sticky-card traps (Olsen Products, through Great
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Lakes, IPM, Vestaburg, Michigan) are flight intercept traps that cohere insects to their surface on
contact.  In both 1995 and 1996, sticky-card traps were used to generate counts of the following
five types of insects:  striped cucumber beetles, spotted cucumber beetles, western cucumber
beetles [Acalymma trivittatum (Mann.)], the order Diptera (≥ 4 mm in size), and leatherwings.
The length of 4 mm was used as a lower limit for Diptera because C. setosa and C. diabroticae
are reported to be no less than this in size (Houser and Balduf, 1925).  Western cucumber beetles
are moving into Virginia (Roberts and Day, 1987) and they can be confused with striped
cucumber beetles by growers (Foster and Flood, 1995).  The sticky traps were 15.2 cm X 30.5
cm in area and were left out on a given sampling date for five days.  In 1995, traps were set out
twice and collected from the field on June 29 and August 3.  In 1996, traps were set out four
times and were collected from the field on June 28, July 20, August 14 and September 4.  Traps
were placed on poles at heights of 1.4 m in 1995 and 1.1 m in 1996 (measured from the top of the
traps to the ground).

Sampling in 1995 and 1996 was done in transects of distance from the borders following
Landis and Haas (1992). In 1995, transects were placed at 0 m, 10 m, 20 m, and 30 m from the
border within squash and cucumber rows (Fig. 2). One trap was placed in the center row of each
transect.  In 1996, five sampling transects were used at 0 m, 9 m, 18 m, 27 m, and 36 m (Fig. 3).
One trap was randomly placed in one of the two center rows of squash.  After traps were
removed from the field, they were labeled and stored in a freezer until insect counts could be
recorded.

Insect Sampling - Malaise traps.  Malaise traps are passive flight intercept traps that
capture strong flying insects, especially Diptera and Hymenoptera, based on their behavior of
flying upwards to escape when an obstruction is encountered (Malaise, 1937; Southwood, 1978).
The traps that we designed consisted of tripods made of wood surrounded by spunbonded
polyester netting (Reemay®, Reemay, Inc., Old Hickory, TN), opened at one end with a
collection vessel at the apex for insect capture.  These were used to sample four types of insects in
1996:  Diptera (≥ 4 mm in size), Hymenoptera (parasitoid superfamilies only), syrphids, and
tachinids.  Malaise traps were placed on 0 m, 9 m, 18 m, 27 m, and 36 m transects in a center row
of squash (the row next to the sticky traps) during the last week of June and samples were
collected weekly until the end of August, for a total of nine sampling dates. Diptera, Hymenoptera
and syrphid counts were recorded for all nine dates. Tachinid counts were recorded on four dates:
July 1, July 17, July 30, and August 7.

Analysis of Insect Counts.  Insect counts from sticky traps and Malaise traps were
transformed [√(X + 0.5)] before analysis (Gomez and Gomez, 1984).  Analysis of variance in
PROC GLM in SAS with single-degree of freedom contrasts (SAS Institute, 1989) was used to
test for linear and quadratic effects of insect counts across distance from the counts on the
transects.

Regression modeling was done based on the significance of linear and quadratic effects
using predicted values calculated from actual transformed values.  The regression line equations
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depicting optimization of fit are expressed based on transformed values.  For ease of
understanding, counts of insects are presented using back transformed (X2 - 0.5) values (Gomez
and Gomez, 1984). Also, upper and lower 95% confidence bands for the predicted means are
depicted in the graphs.  If both linear and quadratic effects were significant for the same insect
count data set, the model with the higher r2 is presented.

Yield sampling and analysis.  In 1995, squash and cucumber yields were sampled from
three 1.5 m X 5 m areas corresponding to the 10 m, 20 m, and 30 m sampling transects (Fig. 2).
Squash was harvested on July 18, July 21, July 25, July 28, and August 1.  Cucumbers were
harvested on August 4, August 9, August 11, and August 15.  In 1996, squash was harvested
from four 3.0 m X 5 m areas corresponding to the 9 m, 18 m, 27 m, and 36 m sampling transects
(Fig. 3) on July 25, July 30, August 2, August 6, August 9, August 13, and August 16.  Plants
counts were taken in each sample harvest area in both years.

Squash and cucumbers were graded and sorted according to USDA standards (USDA
Agriculture Marketing Service, 1958; USDA Agricultural Marketing Service, 1984) and counted
and weighed according to grade.  Yields from cucumber and squash from each of the grades were
summed across the harvest dates for analysis.  Differences among means of grades at each
transect and single degree of freedom contrasts for linear or quadratic effects were tested using
Proc GLM in SAS (SAS Institute, 1989).
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RESULTS

Sticky traps.  For Diptera in 1995, a quadratic effect (P=0.02) was found on the June 29
sampling date (Table 1).  A quadratic model of June 29 Diptera counts versus distance from the
border accounted for 59% of the variation (Fig. 4). On June 29, counts of Diptera were highest at
the border and decreased as distance from the border increased (from 14.2 at the border to 3.1
Diptera at 30 m).  In 1996, the June 28, the July 20, and the August 14 sampling dates had linear
effects (P=0.04, 0.06 and 0.01, respectively), and the September 4 date had a quadratic effect
(P=0.08)(Table 2).  For 1996, linear and quadratic models of Diptera counts accounted for 21%,
25%, 29%, and 21% of the variation, respectively (Fig. 5).  Counts of Diptera were highest at the
border and decreased as distance from the border increased on June 28, July 20, and August 14
[from 14.8 at the border to 9.7 Diptera at 36 m on June 28, from 13.0 to 7.1 Diptera at 36 m on
July 20, and from 14.2 at the border to 6.8 Diptera at 36 m on August 14; [graph not presented
for June 28 (y = 3.93x - 0.02), because July 20 showed a similar trend and explained more of the
variation].  On September 4, counts of Diptera first increased and later decreased as distance from
the border increased (from 20.4 at the border to 24.2 at 18 m to 16.8 Diptera at 36 m).  On the
August 3, 1995 sampling date, a linear effect was found (P=0.03) and the model explained 7% of
the variation [(graph not presented (y = 1.56x - 0.01)].

Leatherwing counts showed a quadratic effect (P=0.09) on June 29, 1995 (Table 1).  A
quadratic model fit to these data explained 22% of the variation and showed a relationship similar
to that of Diptera on the same date (Fig. 4).  In 1996, leatherwing counts showed linear effects on
June 28 and July 20 (P=0.02 for both dates), and on August 4 a quadratic effect (P=0.009) was
observed (Table 2).  The two linear models and the quadratic model regressed over distance for
these respective dates accounted for 35%, 32%, and 44% of the variation.  All these models
showed that counts of leatherwings decreased as distance to the floral border increased, with the
greatest effects seen on June 28 (from 2.1 at the border to 0.2 leatherwings at 36 m).

Contrasting results were seen between 1995 and 1996 for counts of striped cucumber
beetles.  On the June 29, 1995 sampling date, there was a linear effect (P=0.08)(Table 1).  The
linear regression model explained 17% of the variation.  The counts of striped cucumber beetles
increased as distance from the border increased on June 29, 1995 (from 13.0 in the border to 17.5
beetles at 30 m) (Fig. 4).  Conversely, the July 20, 1996, sampling date showed a quadratic effect
(P=0.003)(Table 2), and when a quadratic model was fitted to the data it explained 61% of the
variation.  The counts of striped cucumber beetles decreased on July 20, 1996, as distance from
the border increased (from 31.5 in the border to 10.0 beetles at 27 m) (Fig. 7).  June 28 and
September 4 also had quadratic effects (P=0.02 and P=0.03)(Table 2).  Model fitting produced
quadratic curves that explained 34% and 27% of the variation but showed little real influence over
distance from the border.  For both 1995 and 1996, counts of spotted and western cucumber
beetles showed no meaningful linear or quadratic effects (data not shown).

Malaise traps.  The main reason for using Malaise Traps in 1996 was for direct sampling
of Celatoria setosa and C. diabroticae.  Diptera on sticky traps could not be classified beyond
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Order.  Over the entire 1996 sampling, a total of thirteen C. diabroticae and C. setosa were
collected from the Malaise Traps.  This count was not high enough to do statistical analysis.
Diptera and tachinids were sampled as indicators of potential attractiveness of the border to
populations of Celatoria spp. because we hypothesized that Celatoria spp. should be following
the same pattern of spatial distribution in relationship to the floral border.

For Diptera, the July 1 and July 9 sampling dates had  quadratic effects (P=0.06 and
P=0.04), and the July 17 and August 20 sampling date had linear effects (P=0.04 and
P=0.009)(Table 3).  Quadratic and linear regression models fitted to these data accounted for
24%, 26%, 17%, and 36% of the variation respectively (Fig. 8).  Counts of Diptera were highest
at the border and decreased as distance from the border increased on July 1, July 9, and July 17
[from 7.2 at the border to 1.9 Diptera at 27 m on July 1, from 9.1 to 3.6 Diptera at 27 m on July
9, and from 7.8 to 3.4 Diptera at 36 m on July 17 (graph not presented for July 17 because it
resembled July 1 and July 9)].  On August 20, an opposite relationship of higher counts of Diptera
further for the border and lower counts closer to the border was seen (from 5.4 at the border to
12.8 Diptera at 36 m).

For Hymenoptera, the July 9 sampling date had a linear effect (P=0.02); the July 17 date
had a quadratic effect (P=0.02); and the July 30 had a linear effect (P=0.03)(Table 3).  Linear and
quadratic regression models fitted to these data accounted for 35%, 25% and 20% of the
variation, respectively, (Fig. 9).  Counts of Hymenoptera on July 9 and July 30 were highest at the
border and lowest further from the border (from 1.6 at the border to 0.8 Hymenoptera at 36 m on
July 9 from and from 2.1 at the border to 1.5 Hymenoptera at 36 m on July 30).  On July 17,
counts of Hymenoptera decreased and then increased as distance from the border increased (from
1.6 at the border to 0.5 at 18 m to 1.7 Hymenoptera at 36 m).

Syrphid counts on the July 1 sample date had both linear (P=0.03) and quadratic effects
(P=0.009); the July 9 date had a linear effect (P=0.04); the August 7 date had a  quadratic effect
(P=0.02); and the August 29 date had linear (P=0.03) and quadratic effects (P=0.005)(Table 3).
Data from July 1, August 7, and August 29 were fitted to quadratic models explaining 37%, 23%,
and 44% of the variation, respectively (Fig. 10).  The data from July 9 were fitted to a linear
model explaining 23% of the variation [graph not presented because it showed a similar pattern as
the July 1 sampling date and the model explained less variation (y = 1.81x - 0.03)].  The quadratic
curve representing the July 1 counts had a sharp decrease as distance from the border increased
(from 5.7 at the border to 0.3 syrphids at 18 m) and then increased gradually as the distance from
the border increased (to 1.8 syrphids at 36 m).  The curve representing the July 9 counts showed
increasing counts closest to the border and decreasing counts as distance from the border
increased (from 2.6 at 0 m to 0.6 syrphids at 36 m).  The curve representing the August 7 counts
was basically unaffected as distance from the border changed.  The curve representing August 29
counts decreased from the border (from 1.1 to 0.3 syrphids at 18 m) and then increased as
distance from the border increased (to 3.0 syrphids at 36 m).
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Tachinid counts on July 17 and the August 7 had linear effects (P=0.01 for both
dates)(Table 3).  Linear models that were fitted to these data accounted for 26% of the variation
in each case (Fig. 11).  Counts decreased as the distance from the border increased (from 1.3 at
border to 0.1 tachinids at 36 m on July 17 and from 2.4 at the border to 0.4 tachinids at 36m on
August 7).

Yields. In 1995, cucumber yields were very low (3.2 kg.ha-1 mean marketable yield over
four harvests).  For this reason statistical analysis was not done.  Squash were much more
vigorous than cucumbers and competed well against weeds.  Squash also appears to be more
attractive to striped cucumber beetles (Radin and Drummond, 1994).  For these reasons, only
squash was planted in the rows perpendicular to the border in 1996.  Samples of the different
grades of squash in 1995 and 1996 showed no meaningful relationships between yields and
distance from the border (data not shown).  Mean marketable yield over five harvests was 6.5
kg.ha-1 in 1995, and yield over seven harvests was 7.5 kg.ha-1 in 1996.

Border modification.  Buckwheat was vigorous and did not suffer from weed competition,
unlike gaillardia, alfalfa, sweet alyssum, and dill, which did not establish well.  Because of the
vigor of buckwheat, the other floral border plants in the mixture were suppressed in 1995, and the
border consisted essentially of buckwheat alone.  For this reason, only buckwheat was planted in
the border in 1996.

In 1995, the buckwheat border was established and flowered only once. In 1996, the
border went through stages of transition:  buckwheat was established on May 17; growth,
flowering, and dieback followed until mowing on July 22; after mowing, an period of remission
followed with gradual regrowth; finally, a second period of flowering starting August 20.
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DISCUSSION

On June 29, 1995, and on all sampling dates during the first border establishment period in
1996 (June 25 to July 22), Diptera consistently showed attraction to the buckwheat border (Fig.
4, sticky traps 1995; Fig. 5, sticky traps 1996; Fig. 8, Malaise traps 1996).  Patterns of
Hymenoptera, syrphid, and tachinid counts were also suggestive of attraction to the border,
although patterns of counts for these natural enemy indicator groups in relation to the border
were not as consistent as those of Diptera.  On July 9 for Hymenoptera, July 1 for Syrphids, and
July 17 for Tachinids, the same pattern of attraction to the border was observed for these natural
enemy indicator groups (Fig. 9, Fig. 10, and Fig. 11, respectively).

Although overall counts of leatherwings were low, on June 29, 1995, and on June 28, July
20, and September 4, 1996, leatherwings consistently showed highest counts closest to the border
and decreasing counts further away for the border [Fig. 4 (1995) and Fig. 6 (1996)].  These
differences of leatherwing counts contrast with the findings of Bach (1980).  She found
leatherwings to be extremely rare, and stated that no differences in leatherwing counts in
polyculture versus monoculture could be observed.  Although our counts of leatherwings were
low, differences among them were significant.

The attraction to the border habitat that we found supports the “enemy hypothesis”
proposed by Root (1973).  This could be because the plant resources provided by floral borders
were attractive to these natural enemies.  Another possible reason, not mutually exclusive with the
first, is that the border attracted other insects that served as alternative prey or hosts for natural
enemies (van Emdem, 1965; Root 1973).  The building of these prey and host populations may be
more important than the benefits of plant resources alone (Sheehan, 1986).

Sheehan (1986) stated that the “enemies hypothesis” inadequately addresses the impact of
parasitoids on pests.  Parasitoids have greater insect host specificity than predators and may be
more effective in less diversified systems because of host-locating behaviors.  Although the
examples he cites are most closely associated with polyculture versus monoculture
experimentation, he does state that additional plant material may confuse the visual, olfactory, or
tactile senses of parasitoids, making insect host location more difficult in diversified systems.  In
regards to this “confusion” effect described by Sheehan (1986), we did not find meaningful
differences in patterns of counts of insects groups that we used as indicators of parasitoid
attractiveness (tachinids or Hymenoptera), as compared to our predator counts.  A “confusion”
effect of the parasitoids that we studied would have to be greater than the food resources effect
suggested in our data.

During the 1996 season, the buckwheat border had a period of remission (July 22 to
August 14) before the border regrew.  Comparison of spatial patterns of insect movement before,
during, and after the period of remission, suggests that the borders created early season refuges
for some of the natural enemy indicator populations as discussed by Thomas et al. (1991).
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Corbett and Plant (1993) stress the importance of early season establishment of natural enemy
populations because of the need to provide resources before the crop is introduced.

Before remission, the border may have served as a “sink” for natural enemy populations as
suggested by Corbett and Plant (1993).  This “sink” effect could have been the initial reason for
observing lower counts of tachinids and Hymenoptera during the first border establishment  [July
17  for tachinids (Fig. 11), and July 9 for Hymenoptera (Fig. 9)].  The hypothesis of an early
season refuge for natural enemies (Thomas et al., 1991) is supported by this possible “sink effect.”
The disturbance of the border during remission may have then forced these natural enemies to
disperse into the crop rows, which resulted in increased counts during remission [August 7 for
tachinids (Fig. 11) and July 30 for Hymenoptera (Fig. 9)].

At the time of remission, the concentration of tachinids and Hymenoptera was highest
where the border had been and decreased over distance from it.  These insects seem to have been
flushed from the habitat and sought alternative food sources, which were closest within the crop
rows. Natural enemies when disturbed leave their refuge to seek out new resources (Altieri and
Letourneau, 1982; Bugg, 1992b).  This is also consistent with the hypothesis of an early season
refuge acting as a “sink.”  Overall, stable populations of natural enemies are best maintained in
habitats with minimal disturbance (Risch et al., 1983).  However, if the habitat is acting as a
“sink,” where natural enemies remain in high concentrations, then periodic disturbances of these
habitats to flush out natural enemies could be an important strategy for pest management.  Our
1996 results support this “flushing of natural enemies” hypothesis.

After the remission period, the border regrew and flowered a second time.  This second
period of flowering was not important to squash production because harvest was finished and the
plants were senescing by this time.  Also from a pest management perspective, early seasonal
establishment of natural enemy refuges may be more helpful in preserving crop yield due to the
sensitivity of seedlings to cucumber beetle feeding (Carter and Sorensen, 1983; Foster and Flood,
1995).  This second period showed attraction to the border for leatherwings (September 4) but no
attraction was observed for Hymenoptera or Tachinids.  Diptera [August 20, (Fig. 8)] and
syrphids [August 29, (Fig. 10)] from Malaise traps showed a relationship of counts lowest at the
border and highest at 36 m.  This opposite relationship might be due to inability of Diptera
populations (which includes syrphids) to re-colonize the border after disturbance.  Also, Diptera
counts from sticky traps (September 4) showed a quadratic relationship with highest counts at 18
m, suggesting that the Diptera population was fluctuating due to border disturbance (Fig. 5).

Between 1995 and 1996, the major pest of cucurbits, the striped cucumber beetle,
displayed contrasting effects in relationship to the border.  In June 29, 1995, counts from sticky
traps showed lower counts closer to the border and increased counts further away (Fig. 4).  This
is consistent with the increased natural enemy attraction observed in 1995.  However, in 1996,
counts of striped cucumber showed an opposite effect in relationship to the border:  counts were
higher closer to the border and decreased further away on the July 20 sampling date (Fig. 7).
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Although attraction of pests by greater plant diversity has been noted in some cases
(Norris, 1986; Bugg, 1992b), the striped cucumber beetle is described as feeding almost
exclusively on cucurbits (Day, 1991), and we could not find references stating that buckwheat
was an alternative host plant for this pest.  The timing of squash flowering may be the reason for
the difference in the spatial distribution of striped cucumber beetles counts between 1995 and
1996.  Squash was in flower on July 20, 1996, drawing in higher concentrations of striped
cucumber beetles to the whole agroecosystem at this sampling date.  The lower total counts of
striped cucumber beetles on the June 29, 1995, sampling date were recorded before squash was in
flower.  Both Diptera and leatherwing total counts from sticky traps were at their lowest on July
20, 1996 (Fig. 5 and Fig. 6, respectively), another possible reason for increased pest counts.  Not
only was the agroecosystem inundated with striped cucumber beetles due to squash flowering, but
natural enemy population may have also been too low at this time to effectively reduce the pest
population.

One reason for natural enemy and pest fluctuations are multiple and overlapping
generations (broods) throughout the season.  Striped cucumber beetles are documented as having
two broods per season, an overwintering brood and a summer brood (Gould, 1944; Houser and
Balduf, 1925; Carter and Sorensen, 1983).  High populations of beetles would most likely be
found during late July when the summer brood is at its peak (Gould, 1944; Foster and Flood,
1995).  Foster and Flood (1995) also note a drop in total beetle population in June.  These
seasonal increases and decreases in beetle population coincide with our findings.  On June 29,
1995, we saw a decreased beetle population closest to the border, which likely reflects the drop in
overall population at this time.  On July 20, 1996, we observed the highest counts of beetles in the
border, and this observation is also consistent with the life cycle of the beetle.

Not as much information is available on the life cycles of natural enemies.  Leatherwings
are described as having two broods per season, while Celatoria setosa is reported as having five
broods (Houser and Balduf, 1925).  Periods of highest and lowest populations based on life cycle
were not indicated for leatherwings.  According to Houser and Balduf (1925), for C. setosa, the
climax populations of each brood occurred at four to five week intervals starting in early June.
By using nine sampling dates, at least some population climaxes should have been recorded.
Hence, our low counts probably indicate low natural populations of C. setosa at our sampling site
in Virginia during 1996.

The design we used did not have a control treatment without borders, but the alternative
design of placing treatments with borders next to control treatments without borders in the same
field would have other limitations.  Insect movement could not be contained within the close
distance between plots with and without borders in the same field, thus risking bias in the
assessment of plots without borders.  If greater distance between plots with and without borders
were used, then the likelihood that these plots might not be homogeneous must be considered.  A
plot in one location may have differences in insect populations and microhabitats that would
confound effects of the treatments and fields.  These interactions between natural enemy mobility
and experimental design suggest that results of small-scale experiments in agroecosystem
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diversification must be interpreted with caution regardless of the design used (Corbett and Plant,
1993).



19

CONCLUSION

A gradient of Diptera, leatherwing, Hymenoptera, syrphid, and tachinid populations that
decreased with distance from the border habitat was found on June 29, 1995 and on the majority
of sampling dates during the first flowering period in 1996.  However, this gradient had no effect
on yields in either 1995 or 1996.  The attraction and subsequent conservation of resident natural
enemies within the border appears ineffective in reducing the pest population to levels at which
meaningful yield differences result, as Risch et al. (1983) have also suggested.  More
fundamentally, insufficient reduction in pests population is most likely due to low resident
populations of C. setosa, C. diabroticae, and leatherwings.  Since these resident natural enemy
populations appear low, augmentation of these populations is a future option.  Augmentation
involves mass culturing and release in an attempt to improved colonization of natural enemies
(DeBach, 1964).  Augmentation coupled with conservation by border habitats as suggested by
our data might then provide adequate numbers of natural enemies.  Together these biological
control methods may lead to economically meaningful pest reduction.

The gradient of natural enemy movement in spatial relationship to the border may be
useful if combined with the Integrated Pest Management principle of economic thresholds for pest
control (Horn, 1988).  On June 29, 1995, our counts showed a reduction in beetles from 17.5 at
the 30 m transect to 13.0 beetles at the border (0 m) (Fig. 4).  A preliminary threshold for striped
cucumber beetle counts of 15 per sticky trap was established in 1996 (Caldwell and Johnson,
unpublished data). Beetles were below this threshold between the border (0 m) and the 10 m
transect in 1995.  This is an example of how an acceptable tolerance level of beetle populations
could be maintained. Such reduction of striped cucumber beetle populations by border habitats
could have benefits for growers who rely on insecticides for control.  Less insecticide use saves
growers money, slows development of beetle resistance to insecticides, and reduces negative
environment impact.  Continued assessment of economic thresholds and natural enemy
conservation is needed.
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Chapter 3

An Easily Replicated, Inexpensive Malaise Trap Design

A Malaise trap is a passive flight intercept trap first designed by Rene Malaise in 1937
(Malaise, 1937; Gressitt and Gressitt, 1962).  The principle of the trap relies on captured insect
behavior; strong-flying insects like those in the Orders Diptera and Hymenoptera attempt to
escape by flying upwards towards light and are collected at the apex of the trap (Townes, 1962;
Butler, 1965).  Many modifications of the original design have been done for various sampling
areas (Matthews and Matthews, 1971; Southwood, 1978), although most of these models have
been used as stand-alone sampling units for insect diversity assessments.  The use of Malaise traps
is increasing in popularity among taxonomic collectors but still remains uncommon among other
insect monitoring researchers (Matthews and Matthews, 1971).  The major obstacles that prevent
widespread use in other types of insect monitoring are the cost of the traps and the complexity of
construction (Butler, 1965).  The Townes (1962, 1972) designs best approximate the structure
desired for our field work, but due to their complexity (Southwood, 1978), further modifications
were made for the design reported here.  Our objective was to design an inexpensive, compact
Malaise trap that could be replicated and used effectively for monitoring the effects of buckwheat
(Fagopyrum esculentum Moench) border habitats on natural enemy insects of cucumber beetles
[Acalymma vittatum Fab. and Diabrotica undecimpunctata howardi Barber (Coleoptera:
Chrysomelidae)] within a squash (Cucurbita pepo L. ‘Seneca Prolific’) agroecosystem.

Our design was a wood frame of three legs attached together with a bolt and wing nut
(Fig. 12).  The wood pieces used to construct the trap were called “furring strips” and had the
dimensions of 1.91 cm X 3.81 cm X 2.44 m (0.75 inches X 1.5 inches X 8 ft).  An equilateral
triangle at the front of the trap was formed by placing the legs as a tripod.  Two of the tripod legs
were cut 1.22 m (4 ft) long with a third leg cut 1.83 m (6 ft) long.  For additional support, a 0.52
m (20.5 inches) crossbeam was attached between the two shorter front legs with #6, 4.10 cm
(1.63 inch) drywall screws, 0.45 m (18 inches) down from the top.  Spunbonded polyester
(Reemay®, Reemay, Inc., Old Hickory, TN) netting was attached by staples and covered all areas
except an insect opening below the cross beam.  The front above the cross beam was covered
with netting, so that escape by insects as they moved upwards would be blocked.  The opening
for insect entry was 0.52 m2 (5.71 ft2) in area.

Insects were collected in 3.78 L (1 gallon) plastic milk jugs, with holes cut out where
pieces of PVC pipe [6.35 cm diameter X 12.70 cm length (2.5 inches X 5 inches)], acting as
funnels, connected the tripod and the collection jug.  PVC pipes were secured into the apex of
traps with duct tape.  As suggested by Townes (1972), Vapona (Hercon Vaportape II,
Hercon Environmental through Gemplers, Mt. Horeb, Wisconsin) strips were used as killing
agents.  Strips were hung from hooks inside the collection jugs.  To empty the jugs, the milk cap
was removed and insects that had settled on the cap and around the base were removed and put
into a 70% Ethanol + 1.4% Glycerin mixture.  A small slit (2 mm long) was cut in the caps to
allow for water drainage.  The slit was too small to allow insects to wash through.  Later in the
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season, we found that collecting on wet days or mornings with heavy dew was difficult because
the insects adhered to the plastic jug.  Collection was easiest when done on dry days.

On June 26, 1996, 20 Malaise traps were placed in four replications within a 25.6 m X
42.7 m squash agroecosystem.  In each replication, five traps were spaced on transects at 0 m, 9
m, 18 m, 27 m, and 36 m from the floral border of buckwheat.  Samples were collected from the
jugs weekly starting on July 1 and ending August 29, for a total of nine sampling dates. No traps
had to be replaced during sampling and holes in the netting were patched with duct tape as
needed.

For the first sampling date on July 1, all insects captured were sorted and counted to
Order.  The total counts from all 20 traps on this date were 242 Diptera, 302 Homoptera, 71
Hymenoptera, 17 Coleoptera, 7 Lepidoptera, and 5 Hemiptera.  Abundant catches of Homoptera
were also noted by Gressitt and Gressitt (1962) but they state that Homoptera counts vary.  Insect
groups with natural enemies included the families Syrphidae and Tachinidae of Diptera and the
superfamilies Chalcidoidea and Ichneumonoidea of Hymenoptera.  Bees (Superfamily Apoidea of
Hymenoptera) showed high counts in some traps on certain dates, and on July 9, one trap
captured 28 ants (Hymenoptera:  Formicidae).  Cucumber beetles were found in extremely low
numbers (eight over the entire season).  This was expected as the literature notes that Coleoptera
tend to drop when encountering objects in flight, hence avoiding capture by Malaise traps
(Matthews and Matthews, 1970; Southwood, 1978).  Other Orders that were represented in low
numbers (below 10 insects for the season) included Dermaptera, Neuroptera, and Orthoptera.

This modified Malaise trap design might be useful for insect monitoring in other field
experiments due to its simple construction which offers several advantages:

1. Low cost for construction (below $10 US).

2. Ease of transportation, installation, and removal from
the field provided by compact, light-weight, folding wood tripods.

3. Readily available, sturdy materials for construction
including wood, PVC pipe, plastic milk jugs, staples, duct tape, and spunbonded polyester
netting that all last for a season with minimal repair.

4. Durable installation in the field because tripod legs
can be set firmly in the ground and excess netting covered with soil.

5. Simple insect collection provided by a plastic milk jug
placed at the apex of the trap and an easy-to-handle killing agent using a wide-spectrum
insecticide that lasts for three months.



22

Chapter Four

Future Outlook

The spatial patterns of natural enemy movement that we observed in response to
buckwheat border habitats provide several opportunities for future research.  Two possibilities are
augmentation to increase populations of natural enemies and the establishment of the optimum
distance between borders to maintain pest populations below economic thresholds.  As discussed
at the conclusion of Chapter Two, resident natural enemy populations of Celatoria spp. and
leatherwings appeared to have been too low to reduce populations of cucumber beetles below
economically meaningful levels.  However, augmentation of these natural enemies might increase
their populations to a level where they could provide meaningful biological control of these pests.
The maintenance of a pest population below an economic threshold (the maximum level tolerable
for a pest population above which the cost of damage exceeds the cost of control measures) is
another possible topic for research; a pest population close to a border habitat may be below an
economic threshold.  A combination of both approaches may be the most effective means for
overall reduction of pest populations.

Since the success of these pest management strategies depends on interactions among
pests, natural enemies, and the border habitat, further monitoring of a border habitat would be the
best way to determine how to implement these strategies.  The cucurbit agroecosystem that we
studied is just one possibility for future monitoring.  Agroecosystems of other economic crops
with border habitats could be designed and monitored.

The Malaise trap that we developed has excellent potential for insect monitoring in
agroecosystems. Two other more common methods for natural enemies sampling, sweep netting
and visual sampling, have drawbacks:  In the case of sweep netting, the destruction of the
specimens (Matthews and Matthews, 1971), and in the case of visual sampling, time constraints.
Since Malaise traps are passive flight intercept traps, they preserve specimens well and can
provide continual monitoring over the course of a growing season (Gressitt and Gressitt, 1962).
A simple and low-cost construction coupled with effective capture of natural enemies, especially
those in the Orders Diptera and Hymenoptera, are this design’s most important features.

We attempted to establish a mixed floral border in 1995.  We experienced difficulty in
establishing this mixture and used only buckwheat in 1996.  Our main difficulties in establishing
the other plant species were with initial plant establishment and competition within the border
from buckwheat and weeds.  Future research on floral plant establishment within border habitats
should include:  seeding rates to reduce competition among border plants, conditions that favor
better plant establishment during seeding, and management techniques for border plants to
improve plant vigor.  Other plant species should also be tested for their attractiveness to natural
enemies.  This may help determine which plants are best for attracting specific natural enemies.
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Another approach that may be helpful in assessing the value of border habitats is the
testing of the importance of border stability to maintain populations of natural enemies.  We
disturbed the buckwheat border in 1996 to allow for reseeding and this resulted in the formulation
of the two hypotheses that are discussed in detail in Chapter Two:  an early season “refuge” of
natural enemies and the “flushing of natural enemies” from that refuge following disturbance.
Considering that the disturbance was introduced in 1996 only, the effects on populations of
natural enemies before, during, and after the disturbance should be examined more thoroughly in
follow-up studies.

By examining pest and natural enemies interactions within a diversified cucurbit
agroecosystem, this project provides preliminary findings for biological control of cucurbit pests
via conservation of their natural enemies.  Risch et al. (1983) summed up the possibilities of
diversified agroecosystems as follows:

“Diversified agroecosystems may provide many long term benefits over monoculture:
conserving land, reducing pesticide pollution, and slowing the rate of evolution of
insecticide resistance.  These long-term benefits may outweigh many of the short-term
economic costs, so that agricultural diversification may become a beneficial social option
for U.S. agriculture.”

Diversification of agroecosystems may give growers new biological control options which could
lead to reductions in insecticide use.  With continued efforts and additional inputs, this long-term
goal of biological pest management through agroecosystem diversification may be obtainable.
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Table 1: Analysis of variance for effectsz of insects counts from 1995 sticky traps across distancey

from the border habitat

Insect Sampling Dates
June 29 Aug 3

Insects Sampled L Q L Q

Striped Cucumber Beetle 4.27+ 2.12NS 4.45+ 0.49NS

Diptera 5.93+ 8.25* 6.65* 1.13NS

Leatherwings 0.05NS 4.20+ 0.20NS 1.00NS

Spotted Cucumber Beetle 0.11NS 0.01NS 0.41NS 0.99NS

Western Cucumber Beetle --x -- 0.06NS 2.15NS

zLinear (L) and quadratic (Q) effects tested using single degree of freedom contrasts, F-value
reported with significance

yAt 0 m, 10 m, 20 m, and 30 m transects

xNo western cucumber beetles found

NS,+,*Nonsignificant, 0.05≤P<0.10, or significant at P<0.05, respectively
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Table 2: Analysis of variance for effectsz of insects counts from 1996 sticky traps across distancey from the border habitat

Sampling Dates
June 28 July 20 Aug 14 Sept 4

Insects Sampled L Q L Q L Q L Q

Striped Cucumber Beetle 3.06NS 7.47* 19.00** 13.91** 2.57NS 0.24NS 0.36NS 6.02*

Diptera 5.02* 1.09NS 4.55+ 3.56+ 9.59* 3.03NS 1.42NS 3.79+

Leatherwings 7.47* 0.41NS 7.59* 0.08NS 0.00NS 1.43NS 6.51* 9.74**

Spotted Cucumber Beetle 2.73NS 0.05NS 1.02NS 0.00NS 1.33NS 0.05NS 0.36NS 2.00NS

Western Cucumber Beetle --x -- 0.81NS 0.07NS 1.87NS 3.71+ 0.73NS 0.00NS

zLinear (L) and quadratic (Q) effects tested using single degree of freedom contrasts, F-value reported with significance

yAt 0 m, 9 m, 18 m, 27 m and 36 m transects

xNo western cucumber beetles found

NS,+,*,**Nonsignificant, 0.05≤P<0.10, or significant at P<0.05, or 0.01, respectively
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Table 3:  Analysis of variance for effectsz of insects counts from 1996 Malaisey traps across
distancex from the border habitat

Dipteraw Hymenopterav Syphridae Tachinidae

Sampling Date L Q L Q L Q L Q

July 1 2.85NS 4.36+ 1.82NS 0.85NS 5.82* 9.74** 0.61NS 0.15NS

July 9 3.31+ 5.11* 7.22* 0.54NS 5.53* 0.99NS
--u --

July 17 5.44* 1.22NS 0.11NS 7.51* 0.41NS 0.99NS 8.72* 1.43NS

July 24 2.94NS 1.60NS 0.22NS 0.13NS 0.02NS 0.89NS -- --

July 30 2.35NS 2.31NS 6.54* 2.06NS 0.95NS 1.08NS 0.65NS 0.03NS

Aug 7 0.54NS 3.26+ 0.08NS 2.35NS 0.01NS 7.81* 9.63** 1.62NS

Aug 14 0.20NS 2.68NS 0.08NS 1.05NS 0.36NS 0.02NS -- --

Aug 20 9.85** 1.38NS 2.12NS 2.60NS 0.16NS 1.91NS -- --

Aug 29 0.00NS 0.39NS 0.40NS 0.63NS 6.27* 11.47** -- --

zLinear (L) and quadratic (Q) effects tested using single degree of freedom contrasts, F-value
reported with significance

y(Malaise, 1937)

xAt 0 m, 9 m, 18 m, 27 m and 36 m transects

w≥ 4 mm in size

vRestricted to the superfamilies Chalcidoidea and Ichneumonoidea

uCounts of tachinids not recorded

NS,+,*,**Nonsignificant, 0.05≤P<0.10, or significant at P<0.05, or 0.01, respectively
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ALTERNATIVE  PREY OR HOSTSy

CROPS

NATURAL ENEMIES PESTS

RESIDENT VEGETATIONx

è interactions that are better understood
. . . interactions that less well understood

Figure 1: Overview of insect and vegetation interactions in an agroecosystemz

z, y (van Emdem, 1965)
x (Bugg, 1992a)
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Figure 4:
Effects of insect counts versus distance from the border/ actual and predicted values of insect
counts from June 29, 1995 sticky traps. Potential threshold may be a maximum number of striped
cucumber beetles above which the cost of damage exceeds the cost of control measures (Caldwell
and Johnson, unpublished data)

Diptera: y = 4.75 - 0.29x + 0.007x2, R2 = 0.59
Leatherwing: y = 1.59 - 0.06x + 0.002x2, R2 = 0.22
Striped Cucumber Beetle: y= 3.65 + 0.02x, R2 = 0.17
(equations expressed in transformed values)
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Figure 5:  Effects of Diptera counts versus distance from the border/ actual and predicted values
from 1996 sticky card traps

July 20:  y = 3.70 - 0.026x, R2 = 0.25
August 14:  y = 3.86 - 0.032x, R2 = 0.29
September 4:  y = 4.50 + 0.061x - 0.0020x2, R2 = 0.21
(equations expressed in transformed values)
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Figure 6:
Effects of leatherwing counts versus distance from the border/ actual and predicted values from
1996 sticky card traps

June 28:     y = 1.63 - 0.022x, R2 = 0.35
July 20:     y = 1.03 - 0.011x, R2 = 0.32
September 4: y = 1.63 - 0.081x + 0.0018x2, R2 = 0.44
(equations expressed in transformed values)
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Figure 7:
Effects of striped cucumber beetle counts versus distance from the border/ actual and predicted
values from 1996 sticky card traps

June 28: y = 4.10 - 0.11x + 0.0026x2, R2 = 0.34
July 20: y = 6.05 - 0.23x + 0.0045x2, R2 = 0.61
September 4: y = 4.86 - 0.12x + 0.0031x2, R2 = 0.27
(equations expressed in transformed values)
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Figure 8:
Effects of Diptera counts versus distance from the border/ actual and predicted values from 1996
Malaise traps

July 1:     y = 2.90 - 0.12x + 0.0027x2, R2 = 0.24
July 9:     y = 3.20 - 0.11x + 0.0023x2, R2 = 0.26
August 20:  y = 2.40 + 0.034x, R2 = 0.36
(equations expressed in transformed values)
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Figure 9:
Effects of Hymenoptera counts versus distance from the border/ actual and predicted values from
1996 Malaise traps

July 9 : y = 1.67 - 0.025x, R2 = 0.35
July 17: y = 1.70 - 0.078x + 0.0021x2, R2 = 0.25
July 30:  y = 2.09 - 0.023x, R2 = 0.20
(equations expressed in transformed values)
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Figure 10:
Effects of syrphid counts versus distance from the border/ actual and predicted values from 1996
Malaise traps

July 1:     y = 2.65 - 0.16x  + 0.0036x2, R2 = 0.37
August 7 :  y = 1.41 - 0.058x + 0.0016x2, R2 = 0.23
August 29:  y = 1.31 - 0.065x + 0.0022x2, R2 = 0.44
(equations expressed in transformed values)
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Figure 11:
Effects of tachinid counts versus distance from the border/ actual and predicted values from 1996
Malaise traps.

July 17: y = 1.36 - 0.015x, R2 = 0.26
August 7: y = 1.72 - 0.021x, R2 = 0.26
(equations expressed in transformed values)
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Figure 12:  A modified Malaise Trap that was used in a cucurbit agroecosystem for monitoring
natural enemies of cucumber beetles.
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