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Abstract approved:

Four key aspects of the relationship between predatory hoverflies and the aphid

pest Brevicoryne brassicae L. on broccoli were investigated in the Willamette Valley,

Oregon USA: 1) the relationship between aphid density and hoverfly oviposition, 2) the

larval voracity of key hoverfly species, 3) the preferences of hoverflies and broccoli pests

for candidate insectary plant species, and 4) the role of insectary plantings in enhancing

hoverfly oviposition in aphid colonies in broccoli fields.

Hoverfly oviposition at two commercial broccoli field sites increased at aphid

densities greater than 50 aphids per plant, but did not peak at the highest aphid densities.

A logistic regression model, selected with Akaike's Information Criterion, of the odds of

oviposition in relation to aphid density included effects for sampling date and aphid
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species (B. brassicae and Myzus persicae (Suizer)). The magnitude of the response was

similar for B. brassicae and M persicae. The oviposition response was greater in the

upper part of the plant canopy, and different on individual leaves from that seen on whole

plants.

The voracity and development rate of Scaeva pyrastri (L.) were greater than those

ofEupeodesfumipennis (Thomson), and both exceeded Syrphus opinator Osten Saken

and Sphaerophoria suiphuripes (Thomson). Both E. fumipennis and S. opinator reduced

aphid populations to low levels on plants over two weeks, but E. fumipennis spent much

of the time foraging away form the caged plants.

Alyssum (Lobularia maritima (L.) Desv.), coriander (Coriandrum sativa L.),

buckwheat (Fagropyrum esculentum Moench), and phacelia (Phacelia tanacetifolia

Benth.) were screened for arthropod visitation frequency. The three pest species Pieris

rapae (L.), Diabrotica undecimpunctata undecimpunctata Mannerheim, and Lygus

hesperus Knight visited phacelia the most frequently, while the hoverfly species visited

mostly coriander, which was possibly influenced by competition from other foragers.

Hoverfly oviposition was increased near within-field blocks of alyssum in

broccoli fields at the end of the season however, hoverflies arriving at the field had pollen

in their guts and were oviparous four to five weeks before their eggs were detected in

aphid colonies. This late oviposition may have occurred because threshold densities for

oviposition were not reached until this stage.
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ENHANCING THE PREDATORY POTENTIAL OF HOVERFLIES ON APHIDS
IN OREGON BROCCOLI FIELDS WITH FLORAL RESOURCES.

GENERAL INTRODUCTION

Conservation biological control entails the management of resources in the

environment to enhance the survival, fecundity, longevity and behavior of natural

enemies to increase their effectiveness (Landis et al. 2000). The amount of enhancement

that is required and the net benefit that can be obtained from these management tactics

remains unexplored in many systems.

Conservation biological control had a simple experimental beginning. Van

Emden (1963) placed buckets of cut flowers in brassica crops and enhanced parasitoid

populations locally. A considerable literature has developed since, which explores the

effects of manipulating the crop environment on predator and parasitoid activity. Recent

reviews include Gurr et al. (1998), Wratten et al. (1998), and Landis et al. (2000), which

describe mechanisms of manipulation that can provide increased shelter for various life

stages, alternative hosts and prey, and plant food sources for the adult stages of certain

natural enemies. The practice of conservation biological control involves no new natural

enemy introductions and focuses upon indigenous species. It needs to be compatible with

farming practices to be a component of an 1PM system.

Landis et al. (2000) also list five key questions important for implementation: (1)

the selection of the most appropriate plant species, (2) the behavioral mechanisms that are

influenced by the manipulation, (3) the spatial scale over which the habitat enhancement

operates, (4) the potential negative aspects of adding these new plants, such as pest
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enhancement, and (5) the degree to which the proposed habitat changes are adopted by

land managers. These questions remained unanswered for most cropping systems in

North America, including broccoli, which is the focus of this study.

With its relatively rich community of pest arthropods, broccoli is a good

candidate for exploring alternative pest management options. Of this pest complex, the

cabbage aphid (Brevicoyne brassicae L.) and the green peach aphid (Myzuspersicae

Suizer) present control challenges, partly because of increasing restrictions on the

organophospate and carbamate insecticides that are used to control these phloem-feeding

insects.

The enhancement of aphid natural enemy activity represents a potentially viable

alternative management strategy for these pests under current broccoli production

conditions. The most commonly encountered groups of natural enemies of aphids in

these systems include parasitoid wasps, hoverflies (Diptera: Syrphidae), ladybird beetles

(Coleoptera: Coccinellidae), lacewings (Neuroptera: Chrysopidae) and

entomopathenogenic fungi. Ground-dwelling polyphagous insects and spiders have also

been shown to play a role in aphid suppression in other temperate cropping systems.

A small number of projects have investigated the role of natural enemies in local

Oregon broccoli systems (McGrath, 2000), as well as in other local brassica crops

(Mclver, 1984), with varying results. Many species and even whole groups of natural

enemies in these systems however, remain uninvestigated. One such group, with potential

for contributing to aphid suppression in this system, is that of the hoverflies. Preliminary

work in 2000, in local broccoli fields, has shown that several species of predatory

hoverflies oviposit within aphid colonies, particularly later in the season. Research in
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other locations has demonstrated an ability of hoverflies to be relatively efficient at

limiting aphid populations (see review below). Basic information is required on the

aphid-limiting potential of indigenous hoverflies, and the degree to which they respond to

management and conservation biological control tactics before recommendations can be

made about the viability of this type of conservation biological control approach to

growers.

Hoverflies as Aphid Predators

Hoverflies have a number of characteristics that make them candidates as

important natural enemies of aphids. These include: prey specificity, high mobility to

exploit resources and distribute eggs over large areas (Schneider 1948, Chambers 1988,

1991), the ability, in some agroecosystems, to locate and respond to aphid colonies

sooner than other aphidophagous predators, including coccinellids (Horn 1981; Dixon

2000), the habit of ovipositing close to aphid colonies (Dixon 1959; Chambers 1988;

Dixon 2000), an ability to oviposit at low aphid densities (Chandler 1968b; Chambers

1991; Sadeghi and Gilbert 2000b), high voracity (Kan 1989; Debaraj and Singh 1998), an

ability to eat many more aphids than the minimal number required for development

(Scott and Barlow 1984, 1990), shorter larval handling times when aphid prey are

abundant (Rotheray 1983; Rotheray and Martinat 1984; Barlow and Whittingham 1984),

less disruption of aphid colonies than that exhibited by other predators, resulting in

slower production of aphid migrants (Michaud and Belliure 2001), and short meal

durations and high reproductive rates, allowing them to efficiently exploit short-lived

aphid colonies (Ankersmit et al. 1986).
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The effectiveness of predatory hoverflies in limiting aphid population increase has

been quantified in different systems with a number of approaches, ranging from field

work supported by modeling (Tamaki et al. 1974; Raworth 1984; Winder et. al. 1994;

Wilson et. al. in press) to field exclusion studies (Pollard 1969; Tamaki 1973; Entwistle

and Dixon 1989; Chambers 1991; Nunnenmacher et. al. 1996), open field studies

(Tamaki 1974; Neuenschwander et. al.1975; Chambers et. al. 1986; Hasken and Poehling

1995; Tenhumberg and Poehling 1995; Hickman and Wratten 1996), field cage

manipulative studies (Tamaki et al. 1974; Tenhumberg 1995), laboratory manipulative

studies (Sundby 1966; Ankersmit et. al. 1986; Chambers 1986), and different

combinations of these (Chambers et. al. 1983; Nawrocka 1988). These studies have

generally shown that the impact of hoverflies on aphid populations can be substantial, but

there are instances of poor control that tend to result from either the late appearance of

gravid females or from low hoverfly population densities (Chambers 1988; Tenhumberg

and Poehling 1995). A number of these studies are reviewed in detail below

('Quantflcation ofthe potential ofhoverflies to reduce aphid populations'), were some

aspects of methodology and design are summarized.

Predatory hoverflies require pollen as a protein source for egg development

(Schneider 1948), and nectar for energy. Many non-crop plants can provide these

resources, but many farming practices, such as cultivation and herbicide use, reduce or

remove these (Landis et al. 2000). Hoverflies demonstrate strong preferences for

different flower species (Cowgill 1993b; Colley and Luna 2000), which is probably

related to their nutritional requirements and the morphology of their mouthparts (Gilbert

1981). This requirement for nectar and pollen makes flower planting a good candidate



5

for enhancing hoverfly predatory efficiency. The selection of flowering plants for this

purpose requires a detailed knowledge of the phenology and nutritional ecology of local

hoverflies.

Habitat Manipulation to Enhance the Predatory Activity of Hoverflies

Hoverfly activity could potentially be enhanced between seasons through

mechanisms of increasing the availability of alternative aphid prey and of overwintering

shelter, but these mechanisms may not act quickly enough for the decision time frame of

a crop manager. The obligate feeding on nectar and pollen of hoverflies confers a strong

behavioral disposition to locate these resources early in hoverfly adult development, and

enhancement of floral resources may increase local activity within the growing season.

This enhancement of activity by manipulated floral resources could act on some or all of

a hierarchical set of behavioral responses from long-range attraction, to short-range

attraction and arrestment, more frequent return rates with greater hoverfly retention,

increased survivorship, increased prey-finding ability (reduced 'commute' time between

floral and aphid resources), increased fecundity and increased impact on aphid

populations. If these processes occur over the same spatial and temporal frame as that of

crop pest management decision-making, the manipulation of these floral resources could

represent an effective conservation biological control tactic.

While it is clear that many species of predacious hoverflies in different

geographic areas are attracted to, and feed on, floral resources of many types (MacLeod

1992; Cowgill 1993; Lovei et al. 1993; Colley and Luna 2000), there is insufficient

information on the extent to which manipulating and conserving floral resources may



enhance the biological control potential of hoverflies. Trials investigating the use of this

strategy have looked at the spatial relationship of certain of the behavioral responses

described above to both natural and manipulated floral resources in cropping systems. A

greater overall attraction of hoverfly adults to whole crop fields containing borders of

floral resources has been demonstrated in experiments comparing fields with and without

these resources. For example, Rupert & Moithan (1991), demonstrated increased

aphidophagous syrphid densities (species not given) in winter wheat fields with herb rich

borders (>60 spp.), compared with fields that had been treated with herbicides. Similarly,

Hickman and Wratten (1996) trapped greater numbers of aphidophagous Syrphidae in

winter wheat fields with borders sown with Phacelia tanectifolia. A similar study in UK

winter wheat, however failed to detect any differences (Holland et al. 1994).

Within the crop field area, increased densities of adult hoverflies have been

detected closer to floral resources. For example, Harwood et al. (1992) trapped greater

numbers of aphidophagous hoverflies (including Eristalis spp.) near to borders sown with

wild flower mixtures, compared with unmanaged borders in winter wheat fields. Lovei et

al. (1992, 1993, 1994, 1997) have demonstrated higher densities of trapped adult

aphidophagous syrphids (including native New Zealand Melanostoma spp.) close to

strips planted with a number of flower species, including P. tanacetifolia and

Coriandrum sativum. White et al. (1995), trapped higher numbers of adult syrphids close

to P. tanacetfolia strips in cabbage fields. Sutherland et al. (2001) however, found in

trapping and census counts of adult syrphids, that some species (e.g. Episyrphus

balteatus) are strongly associated with field boundaries, rather than within field flower



blocks. They postulated that field boundaries provide a number of additional resources,

including non-crop aphid species and lekking sites.

In addition to the correlative studies mentioned above, actual retention of

hoverflies attracted by flowers has only been investigated on a few occasions with

varying results. A study of paint-marked individuals (MacLeod 1999) showed a certain

dominant species of that system (Episyrphus balteatus) to stay mostly around a patch of

mixed flowers and disperse more slowly from borders rich in floral resources. Another

study of a rubidium-labeled patch of mixed flowers (Long et al. 1998) demonstrated an

equal number of hoverflies at different distances in a zone 30 meters from the flowers. In

other labeling studies looking at the pollen content of guts in flies sampled at different

distances from added floral patches, Lovei et al. (1994, 1997) showed that hoverflies

containing the phacelia pollen, started to become less abundant at sampling points over

20 to 30 meters away from the flower patches. While these studies provide important

information on the attraction, retention and dispersal of hoverflies around floral

resources, there is still very little information on hoverfly foraging dynamics after visiting

flowers, and how this has related to their ability to find, oviposit near to and have an

impact upon, aphids.

Another indicator of the spatial effect of flowers on hoverfly activity is that of

oviposition on crop plants at different distances from floral resources. Dixon (1959)

provided an early example of a temporal correlation of oviposition at aphid colonies with

the presence of flowers on the same plants. One of the first demonstrations of a spatial

correlation of increased oviposition on plants with aphids near to flowers was seen in a

cole crop/cabbage aphid system with floral borders (van Emden 1965). Other early



studies (Chandler 1968a; Pollard 1971; Chambers 1987) were not able to detect such a

spatial effect of oviposition with proximity to flowers, but all of the examples above had

low replication and few sampling points.

The clearest demonstration of increased oviposition at sampling points near floral

resources is reported by Hickman et al. (1996), where oviposition was enhanced in fields

in England with P. tanacetifolia -planted borders, compared with flowerless fields at

distances up to 100 m from flowers. Other studies in winter wheat looking at the spatial

effect of flowering strips have initially shown greater densities hoverfly eggs (species not

given) (Sengongca and Frings, 1988) or larvae (species not given) (Hausammann,1996)

in treatments that did not contain flowers. More detailed analysis however revealed that

aphid densities were higher in these treatments, and that when the aphid density effect

was excluded the numbers of hoverfly eggs or larvae per aphid were significantly greater

near to the flower treatments. The concurrent attraction of hoverflies to both flowers and

aphids in crop fields in these studies and others (eg. Chambers 1991; Tenhumberg and

Poehling 1995) points to the need for an experimental design that accounts for the effect

that both of these factors have on hoverfly attraction and distribution (see 'QuantfIcation

of the Field-Scale Effect ofAdded Flowering Plants' below).

A final indicator of the effect of flowers on hoverfly activity is the potential

indirect impact on aphid populations and crop yield. This indirect impact has been

demonstrated in a few instances in replicated trials. Sengongca and Frings (1988) found

lower aphid numbers and higher yields within sugar beet fields containing P.

tanacetfolia strips than in fields without the floral strips. Hoverflies were attributed to

be the main aphid mortality factor responsible for this difference. In a cereal system



study looking at the effect of field border strips of P. tanacetfolia , Hickman and Wratten

(1996) found aphid populations to be significantly lower in the fields with flowers during

the second half of the cropping season. Combined with the results of greater hoverfly

oviposition in the treated fields, it was again suggested that hoverflies were the main

mortality factor responsible for this difference. In a cereal system with sown borders of

four species of flowering weeds, Hausammann (1996) found that aphids were reduced in

fields with flowers.

Quantification of the Potential of Hoverfies to Reduce Aphid Populations

While it is necessary for the assessment of biological control potential to

understand the spatial dynamics of how hoverflies are attracted to and use floral

resources, information on how various hoverfly species could possibly impact aphid

colonies on individual plants is also needed. Many of the field studies of hoverfly

effectiveness in limiting aphid populations mentioned above, have demonstrated the

potential of hoverflies, but the variability of this impact shows that further studies on

hoverfly effectiveness are needed (Poehling 1991; Tenhumberg and Poehling 1995).

Field cage exclusion studies in systems with hoverflies have given some information on

the predatory potential of hoverflies when correlated with their abundance in the field,

but this technique has not allowed the reliable separation of effects resulting from

hoverfly activity from that of other predators present (Hagen et al. 1999), or of effects

that these predators have on each other (Hindayana et al. 2001). Studies quantif'ing the

impact of hoverflies have also looked at the timing of aphid population decline relative to

the presence of hoverfly larvae, but other aphid-limiting factors have often not been
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accounted for in these observational studies. These additional factors include emigration

of alatae, changes in host plant physiology and the impact of weather and photoperiod

conditions (Chambers 1988).

Those studies most clearly quantifying the impact of hoverflies (see Table in

Appendix 1) have also used data on aphid mortality rates from manipulative studies in the

laboratory or on caged field plants, in conjunction with field-collected data on relative

densities of hoverflies and other predators and their prey (Tamaki 1974; Neuenschwander

et al. 1975; Chambers et al. 1983; Chambers and Adams 1986; Tenhumberg 1995;

Nawrocka 1988; Tenhumberg and Poehling 1991; Nunnenmacher et al. 1996). From this

approach (i.e. using manipulative experiments to supplement field-obtained data) it can

then be calculated whether the aphid mortality seen in a given field is within the capacity

demonstrated by measurements of adult density, oviposition and consumption rate, from

the laboratory or cage studies. When using results from manipulative cage or laboratory

studies as an indicator of the predatory capacity of a given hoverfly species, it is

important to make conditions in the manipulative experiment as close as possible to those

in the field situation that is being modeled. Otherwise, the predatory capacity may be

overestimated if conditions of microclimate or prey availability are enhanced greatly

beyond that seen in the field.

Hoverfly Oviposition

Investigations of the spatial aspects of hoverfly resource use should include an

analysis of the concurrent attraction of ovipositing females to aphid patches. The effects

of spatial arrangement, size, and patterns of aggregation of aphids should also ideally, be
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taken into account. Similarly, investigations of the potential capacity of hoverflies to

limit aphid populations should also include an analysis of their ability to find, choose

between and oviposit near aphid patches in order to assess the numerical response

component of the hoverfly response.

There is now a large body of literature on the oviposition behavior of

aphidophagous hoverflies. Sadeghi and Gilbert (2000b) have published the most recent

review. Variations in behavior have been demonstrated among species to different cues

important for oviposition including: aphid number, aphid colony type, aphid species and

honeydew. There is a lack of information on other factors that are of potential

importance, including, host plant characteristics (Chandler 1 968d), the arrangement of

aphid colonies on plants (Chandler 1 968e) or the effect of conspecific hoverfly eggs

already present (Scholz and Poehling 2000; Belliure and Michaud 2001). Many studies

have shown increased oviposition near larger aphid colonies (Dixon 1959; Chandler

1968b; Bargen et al. 1998; Scholz and Poehling 2000; Belliure and Michaud 2001), or

near spots on plants that present cues such as honeydew (Buddenberg and Powell 1992;

Scholz and Poehling 2000). Other studies have however shown an increase of

oviposition on smaller, younger colonies in some instances (Kan 1988a,b), or even on

bare leaves for those species predisposed to eat both arthropod and plant matter

(Chandler 1 968d). The relative importance of these olfactory, tactile and visual cues is

still poorly understood.

Other factors affecting the oviposition response to aphid numbers include those

inherent within hoverfly individuals. They include age (Chandler 1967; Sadeghi and

Gilbert 2000b) and egg load (Sadeghi and Gilbert 2000a). Individual flies of the species
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Episyrphus balteatus (DeGeer) have also demonstrated varying preferences for different

aphid prey species (Sadeghi and Gilbert 1999).

In two local field trials conducted in the 2000 season (unpublished data) looking

at number of hoverfly eggs per aphid on leaves and whole plants in commercial broccoli

fields, hoverfly eggs appeared in the later half of the season, mostly on plants with

greater than 50 aphids. Additionally, the hoverfly egg/aphid ratio was greater for

cabbage aphid than other aphid species present, especially those on the upper portions of

the mature broccoli plants. The pattern of hoverfly oviposition relative to the distribution

of different aphid species over the plant is being analyzed further from this data set.

The Relative Attractiveness of Floral Resources and the Effect of these Resources on

Hoverfly Individuals

It has long been recognized that hoverflies use floral resources selectively,

although the degree of selectivity varies between species (Haslett 1989). For those

available flowers that a community of hoverflies can access, it is not clear whether they

are selecting between these resources based on cues from flower color, flower form,

nectar and pollen amount, or nectar and pollen quality, exogenous factors such as

competition (Morse 1981), or, various combinations of these factors (Sutherland et al.

1999). Even if there are multiple reasons why a hoverfly individual chooses one flower

type over another, differential visitation and feeding patterns observed within the local

hoverfly assemblage at specific flower types can still serve as an indicator of floral

resources most likely to enhance hoverfly predatory activity, if the sample size of

observations is large enough (Jervis and Kidd 1996). While candidate floral resources
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under consideration for the enhancement of biological control in agroecosystems must

ultimately be screened for a wide range of attributes such as potential hazard as pest hosts

or weeds, as well as agronomic and economic compatibility (Gurr et al. 1998), their

relative attractiveness to the key local natural enemy species should be a prime initial

consideration. The relative attractiveness of select species of flowering plants to the

hoverfly community has been demonstrated on other continents (Cowgill 1993; Lovei et

al. 1993), as well as for the local hoverfly community that is being analyzed in the current

project (Colley and Luna 2000; unpublished 2000 report included at end of this proposal).

Those species of flowering plants most attractive to predacious hoverflies and least

attractive to arthropod herbivores will be used as the priority species for future work.

While feeding at the flowers of a given variety or species of flowering plant is a

strong indication of the potential of these plants to enhance biological control, it is not

sufficient evidence. For this reason, authors such as Jervis and Kidd (1996) have

suggested that functional response experiments are needed to determine the exact effects

of nectar and pollen on the health and performance of natural enemy individuals.

Fecundity and longevity should be looked at initially, but the ideal ultimate comparison

of the relative benefit of different flower types would be to include effects on searching

efficiency also (Jervis and Kidd 1996).
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OBJECT IVES

The objectives of this research were to:

1. Evaluate the prey-finding and oviposition behavior of adult hoverflies.

2. Evaluate the developmental rates and abilities of hoverflies to limit populations of B.

brassicae in controlled cage and field experiments.

3. Evaluate the relative attractiveness of selected insectary plants to hoverflies and other

key pest and natural enemy species in the broccoli crop system.

4. Quantify the field-scale effect that added flowering plants have on the attraction and

oviposition activities of hoverflies, as well as on the abundance of other arthropod

natural enemies and herbivores in broccoli.
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HOVERFLY OVIPOSITION RESPONSE TO APHIDS IN BROCCOLI FIELDS

Abstract

The oviposition response of predacious hoverflies (Diptera: Syrphidae) to

Brevicoryne brassicae L. and Myzus persicae (Suizer) in commercial broccoli fields was

investigated at two sites over the course of the growing season. The oviposition

responses to these aphid species on different parts of the broccoli plant canopy were also

examined. There were no hoverfly eggs on broccoli plants without aphids, eggs were

very low on plants with less than 50 aphids, and no peak in oviposition relative to aphid

numbers on plants were observed. The oviposition response at the scale of individual

leaves was different from the plant scale in that there was some oviposition on individual

broccoli leaves without aphids, and no hoverfly eggs were seen on leaves that had more

than 400 aphids. The data from the broccoli plant canopy were divided in three sections

vertically, 'upper', 'middle' and 'lower'. B. brassicae was more abundant in the two

higher canopy sections, while Mpersicae was mostly in the lower section. At this scale

of canopy section, the rate of hoverfly oviposition per aphid was higher in the upper

section than in the two other sections. B. brassicae were more abundant than M persicae

at the plant scale, but the only difference in oviposition response seen was some plants

without M. persicae had hoverfly eggs. Modeling of this response with logistic

regression showed that the numbers of each aphid species, as well as day in the season

influenced the presence of hoverfly eggs.

Keywords.

Hoverflies, Syrphidae, oviposition, numerical response, broccoli, aphids
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Introduction

Many species of predatory hoverflies (Diptera: Syrphidae) are recognized as

important natural enemies that can have a significant impact on aphid populations

(Chambers 1988). Hoverflies have high reproductive rates and voracity, allowing them

to exploit short-lived aphid colonies efficiently (Ankersmit et al. 1986), high mobility,

enabling them to distribute eggs over large areas (Schneider 1948; Chambers 1988,

1991), and an ability to oviposit at aphid colonies earlier in the season than other

aphidophaga (Hagen and van den Bosch 1968; Horn 1981; Dixon 2000). Adults oviposit

close to aphid colonies (Chambers 1988; Dixon 2000), even at relatively low aphid

densities (Chandler 1 968b; Kan 1 988a,b; Chambers 1991; Sadeghi and Gilbert 2000b).

The ability to detect, and oviposit near to, aphid colonies plays a major role in the

predatory effectiveness of hoverflies. Species may vary in their preferences to oviposit

near aphid colonies of different sizes (Dixon 1959; Chandler 1968b; Kan 1988b; Bargen

Ct al. 1998; Scholz and Poehling 2000; Belliure and Michaud 2001), and some may select

leaves with other cues such as honeydew (Buddenberg and Powell 1992; Scholz and

Poehling 2000), bare leaves (Chandler 1 968d), or even aphid free plants next to plants

that aphids have colonized (Chandler l968d). This variation could reflect adaptations

that reduce competition among species (Chandler 1 968b). Other ovipositional cues of

potential importance to hoverflies include aphid colony type (Kan 1 988a,b) aphid species

(Sadeghi and Gilbert 2000b), the arrangement of aphids on the host plant (Chandler

1 968c), host plant characteristics (Chandler 1 968b,d), and the presence of conspecifics or

other hoverfly eggs (Scholz and Poehling 2000; Belluire and Michaud 2001).



E1

The oviposition responses of hoverflies can also vary among individuals of the

same species (Sadeghi and Gilbert 1999). Factors inherent to the hoverfly individual that

affect oviposition response include fly age (Chandler 1967; Sadeghi and Gilbert 2000b),

cumulative experience and 'stimulus satiation' (Chandler 1967), and egg load over time

(Sadeghi and Gilbert 2000a).

A high rate of prey search is considered to be one of the most desirable attributes

of biological control agents (Kidd and Jervis 1996: Murdoch and Briggs 1996; van

Driesche and Bellows 1996). It is especially important for assessing the biocontrol

potential of predacious hoverflies, because the relatively sessile nature of the larvae does

not allow them to exploit aphid hosts on different plants. The adults' ability to find and

oviposit within the future foraging range of its progeny is therefore a critical determinant

of potential biocontrol performance. Due to difficulties observing the foraging and

oviposition behaviors of rapidly moving and highly dispersive organisms such as

hoverflies, much of the information on hoverfly prey search and oviposition response has

been generated from controlled environment studies. However, it is also necessary to

characterize their search efficiency for different sizes, types and arrangements of prey

patches that typically occur in the field.

The cabbage aphid (Brevicoryne brassicae L.) is a major contaminant pest of

broccoli grown for processing in the Willamette Valley of Oregon. Predacious hoverflies

have been shown to be one of the main natural enemy groups, but they are generally not

found on plants in brassica crop fields until B. brassicae have colonized a large

percentage of plants (van Emden 1965; Oatman & Platner 1969; Wnuk and

Wojciechowicz 1993; Ambrosino 2006; Nieto et al. 2006). The green peach aphid
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(Myzus persicae (Suizer)) is also common on brassica crops such as broccoli, but in

lower numbers than B. brassicae and does not usually cause contamination problems.

Little is known about the field-scale hoverfly oviposition response to these aphid species

on individual leaves or plants over the course of the broccoli season. We examined how

hoverflies respond to aphids on commercial broccoli plantings, compared with other

natural enemies over the course of a full cropping season at two sites. We determined the

likelihood that eggs would be laid on plants with different densities of different aphid

species, and investigated the oviposition response to each aphid species on three different

different sections of the broccoli plant canopy.

Materials and Methods

Field Sites.

Data were collected from two broccoli fields in the Willamette Valley in Oregon.

The North Site was planted on 27 April in a 15 ha field near Corvallis, OR bordered by

corn, strawberry, and grass seed crops on each of three sides, and mature hazelnuts on the

fourth side. This field was sprayed with Spinosad, a selective lepidopteran pesticide 34

days after transplanting and imadacloprid, 61 days after transplanting. The South Site

was a 14 ha field near Eugene, OR, about 90 km south of the North Site. This field was

planted on 13 May and bordered by grass seed crops on two sides, young hazelnut trees

on a third side, and a squash field on the fourth side. This field was sprayed with

Spino sad two times, 19 days and 48 days after transplanting. Two 15 x 66 m sections of

broccoli in each field were left unsprayed for arthropod sampling.

Sampling Procedure.
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In each of the four unsprayed sampling areas at the two sites, every leaf on 50

randomly selected broccoli plants was examined for the presence of hoverfly eggs and

larvae, B. brassicae, M persicae, potato aphid (Macrosiphum euphorbiae (Thomas)),

and other aphid natural enemies such as predacious cecidomyiid midge larvae and eggs

(Diptera: Cecidomyiidae), parasitized aphid mummies, spiders, lady beetles (Coleoptera:

Coccinellidae), and lacewings (Neuroptera). Sampling began in each field when plants

were at the 5-leaf stage, and was repeated every four to six days in each field until harvest

(about 10 weeks later).

At the 10-leaf stage of broccoli plant development, data from each leaf of each

plant were allocated to either 'upper' (leaves closest to the broccoli head under 6 cm2

each), 'middle' (leaves next closest to head over 6 cm2 each), or 'lower' (leaves closest to

ground which had started to wither) leaf developmental classes. Aphids within each

colony encountered were identified to species and divided into three classes of

developmental stage: adult alatae, adult apterae and immature. A representative sample

of each type of natural enemy egg and larval type encountered was returned to the

laboratory and reared to the adult stage for indentification. On the last two sampling

dates of the season, the plant sample size in each plot was reduced from 50 plants per

section to 30 plants and then to 15 plants to accommodate the increasing number of

leaves. At harvest, 100 broccoli heads were randomly selected and harvested from each

unsprayed sampling area. Each head was examined for arthropods for five minutes by

destructive sampling into pieces smaller than 1cm3.

Analysis.
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Prior to the analysis, models were constructed to represent hypotheses about the

most likely combinations of factors relating to the presence of hoverfly eggs on plants. A

set of 17 models were chosen to represent the relative effects of sampling date, field site,

B. brassicae and M persicae. The goodness of fit of these models to the data was

determined using logistic regression in PROC GENMOD of SAS (Allison 1999; SAS

Institute 2000). To first see if the global model provided a reasonable first approximation

of the data, a Hosmer and Lemeshow goodness of fit test (SAS Institute 2000) was used

to test for lack of fit of a global model. Correlations between variables were examined

using Pearson correlation coefficients. To determine if different aphid species, field sites,

date and/or certain combinations of these factors best explained of hoverfly oviposition

on plants, a small-sample variant of Akaike's information criterion (AIC) was used to

rank this set of biologically relevant models according to their ability to approximate the

information in the data (Burnham and Anderson 2002). The relative importance of each

model was also assessed by looking at Akaike weights, defined as the relative likelihood

of each model (Bumham and Anderson 2002). A maximum rescaled adjusted r2 value

(Allison 1999) was calculated for the highest ranking model in the set. An unconditional

standard error that incorporated uncertainty associated both with the estimation of a

parameter and with model selection was computed for each parameter estimate (Burnham

and Anderson 2003). Ninety-five percent confidence intervals for the variables included

in the best model(s) were calculated using the Estimate ± 1.96 (unconditional SE).

The differences in aphid presence and hoverfly oviposition among the three

broccoli leaf zone developmental classes were also investigated. Differences in aphid

and egg distribution by zone were not subjected to statistical analysis because these data
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were nested within the analyses that were undertaken on the per-plant data, and because

the zone classification system was subjective, and not based on leaf developmental or

physiological status.

Results

Hoverfly response over time at each site compared to the other natural enemies.

The most common natural enemies were spiders, hoverflies, cecidomyiid flies and

parasitoid wasps. All of these groups except the spiders started to arrive to the broccoli

plants only one to two weeks before harvest at both sites (Fig. 1.1). The eggs, larvae and

adults of lady beetles and green lacewings were also present on some broccoli plants

towards the end of the season, but only sporadically and in much lower numbers than the

other natural enemies (data not shown). Hoverfly larvae were not commonly observed

with the non-destructive plant sampling method used. Over six different hoverfly egg

chorion morphotypes were observed, but most of these eggs that were observed and

collected were not identified to species. For the portion of eggs that were reared to the

adult stage and identified, the species consisted ofEupeodesfumipennis (Thomson),

Sphaerophoria suiphuripes (Thomson), Platycheirus stegnus (Say) and Syrphus opinator

Osten Sacken.

Although the relative percentage of plants with aphids and natural enemy groups

were similar at each site over the course of the broccoli season (Fig 1.1), the mean

number of aphids per leaf was much higher at the North Site just before harvest, and the

mean number of hoverflies, cecidomyiids and aphid mummies at the North Site was

approximately twice as high as the South Site at this time (Fig. 1.2). While the relative
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percentage of plants with B. brassicae and M persicae were also similar at the end of the

season just before harvest, the mean numbers of B. brassicae per plant were five to six

times higher than the mean number of M persicae. Only a few individuals of M

euphorbiae were found on the broccoli plants throughout the course of the study. The

hoverfly oviposition response was investigated further by looking at the response to B.

brassicae and M persicae on different parts of the plant at the two sites over time.

Hoverfly response to each aphid species at each site.

Both the mean number of hoverfly eggs per leaf, and the relative percentage of

leaves with hoverfly eggs gradually increased with increasing aphid numbers (Fig. 1.3 a).

There was some oviposition on leaves without aphids, but no hoverfly eggs were seen on

leaves that were in an aphid class of more than 400 aphids (Fig. l.3a). While similar

relationships between egg number and aphid densities on whole plants were seen (Fig.

1 .3b), plants without aphids did not have any eggs, and there was a bigger jump in both

hoverfly egg numbers as well as the relative percentage of plants with hoverfly eggs for

plants with 51-100 aphids and then again for plants with 201-300 aphids. There was very

little oviposition on plants with fewer than 50 aphids, and no reduction in either the mean

egg numbers or relative percentage of plants with eggs was seen on the plants with

highest numbers of aphids (Fig. 1.3b). Given that egg laying on an individual leaf may

be affected by aphid cues (including odor, honeydew and visual cues) from neighboring

leaves, further analysis of the hoverfly egg/aphid density relationship was conducted on

the whole plant data.

The frequency distribution of egg number per plant in different classes of aphid

number per plant was not the same for each aphid species. The mean number of hoverfly
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eggs and the relative percentage of plants with hoverfly eggs increased with increasing

numbers of B. brassicae (Fig 1.4), in a pattern similar to that seen for all aphids (Fig.

1 .3b). This relationship was not seen with M persicae however, as plants with no M

persicae had some hoverfly eggs (Fig. 1.4).

Prior to the selection of models from the set of hypothetical models chosen to

represent the relative effects of sampling date, field site, B. brassicae and M persicae,

the global model in this set was tested for lack of fit to see if it provided a reasonable first

approximation of the data. There was no evidence of a lack of fit for the global model (P

= 0.44, Hosmer and Lemeshow test), and there were no strong correlations between any

of the explanatory variables. The model containing the effects B. brassicae, Mpersicae

and sampling date without interactions was the best approximating model based on AIC,

comprising over 73% of the confidence set. The next best approximating model, the

model containing each of the four explanatory variables without interactions, was only

slightly competitive since the weight of the best model was over 3 times greater than this

one. The remaining 15 models appeared to poorly approximate the data, as indicated by

their relatively high ? AIC values and relatively low AIC weights (data not shown).

These results suggest that the most likely parsimonious model for describing the factors

relating to the presence of hoverfly eggs on plants was the one containing only these

three variables.

When the data were fit to the best model, the maximum rescaled adjusted r2 value

was 0.40, indicating that this model described the data only moderately well. Parameter

estimates for each of the variables in this highest-ranked model are shown in Table 1.1.

The presence of hoverfly eggs was strongly associated with B. brassicae (p <0.0001), M



25

persicae (p = 0.0008), and sampling date Q < 0.0001). It is estimated that the relative

odds of hoverfly eggs being present on a plant increased 1.3% (i.e. odds ratio = 1.013) for

each additional B. brassicae individual (95% C.!.: 0.8 - 1.9), 1.9% for each additional M

persicae individual (95% C.I.: 0.8 - 3.0), and 10.3% for each additional date in the

broccoli season (95% C.I.: 5.6 - 15.1).

The distribution ofeach aphid species and hoverfly eggs in three different zones within

the plant.

M persicae were generally less abundant than B. brassicae on whole plants, and

tended to be on the leaves in the 'lower' zone at the base of the plants at both sites on all

dates (Table 1.2). The greatest numbers of B. brassicae were found in the 'middle' zone,

with smaller, but similar numbers found in the 'upper' zone (Table 1.2). Although the

mean number of hoverfly eggs in the upper zone was lower than that seen for the other

two zones, the ratio of hoverfly eggs to total aphids in this zone was twice as high as the

ratio in the other two zones (Table 1.2). The inspection of broccoli heads at harvest

yielded very few aphids and no hoverfly eggs (data not shown).

Discussion

Model selection and parameter estimates indicated that the data were consistent

with the hypotheses that hoverfly egg numbers on a plant were associated with B.

brassicae, M persicae, and sampling date. Even though there were more aphids and

hoverfly eggs on the broccoli plants at the North Site, the magnitude of the hoverfly egg

response to aphids was similar at both sites. The fitted logistic regression model does not

specify the aphid density at which hoverfly oviposition was first seen, but there were no
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hoverfly eggs on plants without aphids, and both the mean number of eggs and the

relative percentage of plants with eggs were very low on plants with less than 50 aphids.

The within-plant distribution of greater M persicae on lower leaves and greater B.

brassicae on upper leaves has been seen on broccoli plants in other studies (Trumble,

1981), but these distributions can change with changing nitrogen levels in different leaves

as the plants age (Petherbridge and Mellor 1936) , or possibly with the absence of

competing aphid species (Nieto et al. 2003). Although the mean numbers of aphids and

hoverfly eggs per leaf were higher in the 'middle' and 'lower' zones of the broccoli

plants, the ratio of eggs to aphids was higher in the 'upper' zone. A similar pattern has

been seen with a higher rate of parasitism in B. brassicae in the upper leaves of Brussels

sprouts plants (George 1957). The higher rate of hoverfly oviposition per aphid seen in

the 'upper' zone of the broccoli plants in this study could have either been a result of the

fact that this zone of the plant was more accessible for foraging hoverfly females,

especially after the canopy had closed within rows, or that the densities of aphids were so

high in the other two zones that the oviposition response had already peaked in those

zones. There was no evidence of a peak in hoverfly oviposition for a certain number of

aphids at the level of the plant, but the lack of oviposition on individual leaves with the

highest numbers of aphids suggests that such a peak could also exist at the level of plant

zone.

This lack of hoverfly oviposition on leaves with similarly high numbers of aphids

per leaf found in this study has been seen for other hoverfly and aphid species on the

compound leaves of pea plants in the field (Kan 1988b). This has been attributed to a

'buy futures' tactic of ovipo siting hoverflies whereby the foraging gravid females are
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selecting aphid colony sizes based on the future potential value of short-lived aphid

colonies rather than their immediate value (Kan 1 988b). There was no evidence of a

peak in hoverfly oviposition at higher aphid numbers at the plant level however. The

oviposition response to lower aphid numbers was similar at both the plant and leaf levels,

except for a low percentage of leaves with no aphids on which oviposition occurred.

Other factors besides aphid numbers that have been shown to influence hoverfly

oviposition at the scale of individual leaves, such as honeydew, aphid colony type and

arrangement, or cues from other predators and conspecifics were not analyzed in this

study.

Even though the frequency distributions of egg number per plant for plants in

different classes of aphid number was not the same for each aphid species, the highest

ranked parsimonious model showed that egg numbers on a plant were associated with

both B. brassicae and M. persicae to a similar degree, but this model described the data

only moderately well. Although selectivity in oviposition near certain aphid species over

other species has been observed for hoverflies (Sadeghi and Gilbert 2000b; Sadeghi

2002), these results can be more variable under field conditions (eg. the costs of being a

generalist are not as high when high quality prey patches are less abundant), and selective

oviposition is sometimes not seen for other aphidophaga (Frechette et al, 2006). Potential

differences in the selectivity of oviposition response to these two aphid species may not

have been observable in this study for a few different reasons. First, the complex of

hoverfly species ovipositing on broccoli in these fields included at least 4 different

species, and variable prey search and oviposition behaviors among these species could

have obscured any observable oviposition preferences that any one of them may have
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hoverflies to distribute eggs among plants in a crop field, pools many of the potential

oviposition cues mentioned above that could emanate from each species, also obscuring

any oviposition preferences. Thirdly, although prey aphid species selection is largely

accomplished by the ovipositing female hoverflies that can forage among different aphid

species on different plants, the two main aphids species in this study are both commonly

found together on the same plant or even on the same leaf in many brassica crops, and it

is conceivable that the foraging larvae also have a role in the selection between these two

species as they move around and among the leaves on a given plant.

The timing and levels of hoverflies relative to cecidomyiids, parasitoid mummies

and ladybird beetles at colonies of B. brassicae and M persicae on brassica plants match

those seen in other studies (Petherbridge and Mellor 1936; Banks 1952; George 1957).

The strong associations between hoverfly eggs and the two aphid species are consistent

with the idea that the complex of hoverfly species present in these fields had a high rate

of prey search, but this response was not soon enough to reduce B. brassicae infestations

to economically acceptable levels. M persicae was present on a large percentage of the

plants at harvest, but they were present in relatively low numbers, and mostly on the

lower leaves. With this density and distribution, they do not commonly contaminate the

broccoli heads as do B. brassicae, but their presence may be beneficial in that individuals

of this species contribute oviposition cues to hoverflies and other natural enemies that can

attack both of these aphid species.
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Table 1.1. Parameter estimates, unconditional standard errors, and odds ratios for
variables in the best approximating model to estimate the probability of presence of
hoverfly eggs on broccoli plants.

Variable Estimate SE Odds ratio* (95% CI)

CA* 0.013 0.003 1.013 (1.008 to 1.019)

GPAt 0.019 0.006 1.019(1.008tol.030)

Date 0.103 0.024 1.103(1.056to1.151)

Odds ratio calculated as e'

* 'CA' = cabbage aphid, B. brevicoryne

'GPA' = green peach aphid, M persicae
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Table 1.2. Distribution of the mean number of aphids, and hoverfly eggs per leaf
(with standard errors) among three zones within broccoli plants at both Sites and all
dates pooled.

Plant Zone

Organism Upper Middle Lower

B. brassicae 0.92 (0.29) 2.49 (0.96) 0.99 (0.39)

M persicae 0.00 (0.00) 0.15 (0.03) 0.83 (0.22)

Hoverfly eggs 0.01 (0.01) 0.03 (0.01) 0.02 (0.01)

Ratio eggs/aphids 0.023 0.011 0.011
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Figure 1.1. Relative percentage of plants with aphids and natural enemies over time.
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Figure 1.2. Mean number of aphids and natural enemies per leaf over time.
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Figure 1.3. Mean number of hoverfly eggs, and relative percentage of leaves or plants with hoverfly eggs in response to aphid
intensity per leaf (a), and per plant (b), (with the numeric values included over each category).
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Figure 1.4. Mean number of hoverfly eggs per plant, and relative percentage of plants
with hoverfly eggs, per leaf and per plant on leaves and plants with different amounts of
either M persicae or B. brevicoryne.

12

C

0.

C)

C

E2

100
U)
C)
C)

:0

40
0.

C)

C)

C)
I-

0

0 1-50 51-100 101-200 201-300 301-400 401-500 >500

# aphids/plant

0 1-50 51-100 101-200 201-300 301-400 401-500 >500

# aphids/plant



MANUSCRIPT 2

THE VORACITY AND DEVELOPMENT RATES OF FOUR PREDACIOUS HOVERFLY SPECIES
(DIPTERA: SYRPHIDAE) FEEDING ON THE CABBAGE APHID, BRE VICORYNE BRA SSICAE L.

AUTHORS:

M.D. Ambrosino, P.C. Jepson, J.M. Luna

JOURNAL:

To be submitted to:

Journal ofEconomic Entomology

Entomological Society of America

10001 Derekwood Lane, Suite 100

Lanham MD, 20706-4876



41

THE VORACITY AND DEVELOPMENT RATES OF FOUR PREDACIOUS HOVERFLY SPECIES
(DIPTERA: SYRPHIDAE) FEEDING ON THE CABBAGE APHID, BRE VICORYNE BRASSICAE L.

Abstract

The voracity and larval development rates of Eupeodesfumipennis (Thomson),

Syrphus opinator Osten Sacken, Scaeva pyrastri (L.), and Sphaerophoria suiphuripes

(Thomson) fed on Brevicoryne brassicae L. were compared in glasshouse and laboratory

conditions on plant and artificial substrates. The mean number of B. brassicae killed and

the development rate of S. pyrastri in laboratory arenas were higher than those for E.

fumipennis, which, in turn were higher than S. opinator and S. suiphuripes. With the

exception of a few individuals, the latter two species did not develop successfully into

puparia after 32 days when fed B. brassicae. Both E. fumipennis and S. opinator could

reduce B. brassicae populations on plants in cages in the glasshouse. E. fumipennis,

unlike S. opinator spent much of the time foraging off of the plants away from the aphids.

The four hoverfly species are the most common species found in colonies of B. brassicae

on broccoli plants in the Willamette Valley in Oregon, and the implications of these

findings for B. brassicae management are discussed.

Keywords

Hoverflies, Syrphidae, voracity, broccoli, aphids
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Introduction

Hoverflies have been shown to be important aphid predators in many agricultural

systems (Chambers 1988). Larval feeding rate is one of the major determinants of their

effectiveness (Tamaki 1974; Ankersmit 1986). Characteristics that give hoverfly larvae a

relatively strong ability to exploit and limit short-lived aphid populations include high

reproductive rates, rapid development (Ankersmit et al. 1986; Sood et al. 1994), and the

larval behavior of superfluous killing of more aphid prey than is necessary for

development and future optimal fecundity when aphids are abundant (Scott and Barlow

1984). The ability of hoverfly larvae to capture and kill prey can vary however,

depending on plant structure (Bansch 1966), diel periodicity (Ankersmit 1986),

temperature (Soleyman-Nezhadiyan and Laughlin 1998), relative humidity (Lal and

Haque 1955) and degree of starvation or satiation (Rotheray and Martinat 1984; Scott and

Barlow 1990; Rojo et al. 1996).

Hoverflies are commonly the most important natural enemy group attacking the

cabbage aphid (Brevicoryne brassicae L.) (Petherbridge and Mellor 1936; George 1957;

van Emden 1963; Hughes 1963). B. brassicae is the main contaminant pest of broccoli in

the Willamette Valley of Oregon. This species of aphid is attacked by a rich complex of

natural enemies in broccoli fields in this area, including predacious cecidomyiid midges

(Diptera: Cecidomyiidae), parasitoid wasps, spiders, lady beetles (Coleoptera:

Coccinellidae), and lacewings (Neuroptera), but predacious hoverflies (Diptera:

Syrphidae) are the most consistent and abundant natural enemy group appearing at

colonies of this aphid (Ambrosino 2006). The most common hoverfly species which

oviposit at B. brassicae colonies in commercial broccoli fields are Eupeodesfumipennis
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(Thomson), Syrphus opinator Osten Sacken and Sphaerophoria suiphuripes (refer to

ms2, ms3), while Scaevapyrastri (L.) is one of the most common species appearing at

colonies of B. brassicae on broccoli in garden plots at the beginning and end of the

broccoli growing season in this area (M.D.A. pers. obs.). The relative capacities of these

hoverfly species to limit B. brassicae populations are unknown, and this study aimed to

quantify relative larval development rates and voracities to contribute to ranking of these

species as biological control agents to be exploited in B. brassicae management.

Materials and Methods

Hoverfly colonies. Multi-generation colonies of each of the species commonly

seen attacking B. brassicae in this area were established over the course of 2001 and

2002 to obtain the large numbers of even-aged and naïve hoverfly larvae necessary for

experimentation. Adults were collected from the field and placed within 1m3 cages

containing flowers, hazelnut pollen, honey, sugar water and broccoli seedlings with B.

brassicae for mating and oviposition. Plants with hoverfly eggs were then transferred to

smaller cages with additional aphids.

Experimental design. The consumption rates of B. brassicae by four hoverfly

species was assessed both on plants in cages in the greenhouse and in the absence of a

plant substrate in a controlled laboratory environment. The greenhouse cages consisted

of a four-leaved broccoli seedling (var. 'Munchkin') in a 10 cm pot placed in a 20 liter

plastic container with a mesh cover. Cage temperatures were 20±4°C with an RH range

of 70±10% and a 16h:8h L:D cycle. A total of 50 mid-sized B. brassicae were place in



44

three 1.5 cm diameter clip cages on the three lower leaves and allowed to settle

overnight. A single first instar hoverfly larva was then placed on the fourth leaf and the

number of aphids was counted at 24 hour intervals. Larvae of the hoverfly species E.

fumipennis and S. opinator were included in these investigations, which were replicated

six times, and included a control with no larvae.

For the laboratory trials, two day old first instar hoverfly larvae were placed in 10

cm diameter Petri dish arenas with counted and weighed amounts of B. brassicae.

Arenas containing each hoverfly species were replicated ten times. The arenas were

covered, but not sealed to the outer environment of 22±1°C, 75±5% RH, and a 16h:8d

L:D cycle. A new batch of aphids was added each day to each arena. To determine the

appropriate amount of aphids to add each day, the minimum and maximum amounts of

aphids consumed per day by these hoverfly species were quantified in preliminary

experiments where differing amounts of aphids were offered. The changes in aphid mass

and aphid mortality in the absence of predators was found to be negligible.

The first laboratory experiment compared the daily mean and cumulative numbers

of B. brassicae killed, mean hoverfly larval development time, and the mean change in

hoverfly larva mass among E. fumipennis, S. opinator, and S. pyrastri. The second

laboratory experiment compared E. fumipennis, S. opinator, and S. suiphuripes as above,

and included measurements of aphid mass as well. This experiment also included a

treatment with single individuals of E. fumipennis and S. opinator within in the same

arena with aphids to seek evidence of larval competition that might affect rates of larval

development and aphid consumption rates.
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Results

Larvae of both E. fumipennis and S. opinator appeared to reduce the aphid

populations on the caged plants over two weeks compared to the control, and the

magnitude of aphid reduction was not different between these two species on any given

date (Fig. 2.1). The E.fumipennis larvae moved off the plant and crawled around the

cage in most of the cages, while the S. opinator larvae mostly remained sedentary on the

plants. Given the artificial nature of the cage environment and the substrates present it is

not possible to conclude if this behavior represented between-plant excursions, or if it

was an unanticipated effect of cage micro-climate or conditions. Subsequent experiments

compared the aphid consumption rates and larval development per unit time among

hoverfly species in a more controlled environment in the laboratory to establish

maximum feeding rates for these species.

In addition to controlling for physical substrate, light cycle, temperature and RH

in the laboratory experiment, the objective comparison of the larval voracities and

developmental rates among these species also required a preliminary determination of the

maximum and minimum amounts of B. brassicae that each species could consume. For

each of the hoverfly species, the minimum mass of B. brassicae per day necessary to

keep them alive and allow them to develop to the puparial stage was approximately equal

to the mass of the hoverfly larva, while the maximum amount they could feed on each

day without running out of aphids was approximately three times the mass of the larva.

This later amount was used to ensure that the hoverfly larvae were not limited for aphid

food.



In the first laboratory experiment, the mean larval development time (+1- SE)

from two day old first instar larvae to puparium was 10.5 days (± 1.5) for E. fumipennis,

10.0 days (± 0.0) for S. pyrastri. None of the S. opinator larvae developed into puparia

during the 14 days of the trial. The mean gain in larval mass per day was highest for S.

pyrastri, and lowest for S. opinator for the length of the experiment, especially during the

second week (Fig. 2.2a). The mean number of B. brassicae killed per day (Fig. 2.2b), as

well as for the mean cumulative number of B. brassicae killed over time (Fig. 2.2c) were

highest for S. pyrastri, followed by E. fumipennis and finally S. opinator. The mean total

number of B. brassicae killed by E. fumipennis was similar to that for S. pyrastri, but one

day later, and the mean total number killed by S. opinator was only about 75% of the

total for the other two species after 14 days (Fig. 2.3c). The length of the second

laboratory experiment was extended to one month to observe the relatively slow

developmental rates and voracity for S. opinator.

In the second laboratory experiment, the mean larval development time (+1- SE)

from two day old first instars to puparium for E. fumipennis was 10.4 days (± 0.4). Three

individuals of S. suiphuripes developed into puparia with a mean time of 26.3 days (±

2.4), and no individuals of S. opinator developed into puparia during the 32 days of the

experiment. The mean gain in larval mass per day for E. fumipennis was much greater

than that for both S. opinator and S. suiphuripes, and the rate for S. opinator was slightly

higher than that for S. suiphuripes for most of the experiment (Fig. 2.3a). The

developmental rates for E. fumipennis and S. opinator were similar to those in the first

laboratory experiment (Figs. 2.2a, 2.3a). The mean number of B. brassicae killed per day

was also much greater for E. fumiennis than the other two species, which were similar to
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each other (Fig. 2.3b). The mean cumulative number of B. brassicae killed per unit time

showed a similar trend among the three species (Fig. 2.3c). The mean number of aphids

killed per day and the mean cumulative number of aphids killed per day by E. fumipennis

and S. opinator in the first two weeks were similar to that see in the first laboratory

experiment (Figs. 2.2c, 2.3c), but the mean cumulative number of aphids killed by S.

opinator gradually increased to a level similar to that seen for E. fumipennis when the S.

opinator were allowed to feed on the aphids for the additional two weeks (Fig. 2.3c).

The number of aphids killed per day by a hoverfly larva can vary greatly

depending on the size distribution of aphids used, and the mean change in mass of B.

brassicae per day was quantified to provide a standardized measurement of consumption.

The trends of differences seen among species for the mean number of aphids killed per

day and the mean cumulative number of aphids killed per day were similar to the mean

change in aphid mass per day and the mean cumulative change in aphid mass per day

(Fig. 2.4).

The second laboratory experiment also included a treatment with one individual

each of E.fumipennis and S. opinator in the same arena. The rates of larval development

were similar for each species in the first five days of the experiment when compared to

arenas without competing hoverfly individuals, but all of the S. opinator individuals were

dead by the sixth day when included with E. fumipennis (Fig. 2.5a). The mean larval

development time (+1- SE) of E. fumipennis under competition was 9.8 days (± 0.3). The

mean number of B. brassicae killed per day in these arenas appeared to be greater than

that seen for E. fumipennis in arenas without S. opinator (Fig. 2.5b), but the mean
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cumulative number of B. brassicae eventually killed did not appear to be different from

arenas without S. opinator (Fig. 2.5c).

Discussion

The rates of larval development and aphid consumption were consistently higher

for S. pyrastri than those of E. fumipennis, and these rates for E. fumipennis were

substantially higher than those of both S. opinator and S. suiphuripes. The slow larval

development and low voracity rates of S. opinator and S. suiphuripes could not be

distinguished between. S. pyrastri has been shown to be the most voracious hoverfly

species of B. brassicae in cauliflower fields (Makhmoor and Verma 1987), but this

hoverfly species is usually seen attacking B. brassicae in smaller garden plots of brassica

plants and not in larger crop fields in the Willamette Valley of Oregon. The other three

hoverfly species in this study are the most common species seen on broccoli plants in

larger broccoli crop fields in this area (Ambrosino 2006), as well as being the three most

common predatory hoverfly species foraging on floral resources next to these crop fields

(Ambrosino et al. 2006). The unsuccessful development and lower voracity of S.

opinator and S. suiphuripes on B. brassicae could be an indication that they prefer other

aphid species, such as Myzus persicae (Suizer), which are also present on most broccoli

plants in this region. When starved, hoverfly larvae reapportion some of the available

energy from production to maintenance, and the developmental time becomes extended

(Barlow 1979). Alternatively, the larvae of these two species appear to be more sedentary

and have thinner cuticles than that of E. fumipennis, and may have been limited by

certain artificial conditions in the experimental arenas. A final possibility for the
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prolonged development of these two species could be a facultative diapause, which has

been seen in the larvae of many hoverfly species (Schneider 1948; Dziock 2005), but the

experimental conditions were held constant and not performed at a time of year where

such a response would be expected.

Although only a few individuals of S. suiphuripes and no individuals of S.

opinator successfully developed into puparia, they remained alive and fed on B.

brassicae for up to one month. The larvae of these two species appeared to develop very

slowly, but they continued to kill aphids, and the mean cumulative number of B.

brassicae killed and the mean cumulative change in B. brassicae mass eventually reached

higher levels than that seen for E. fumipennis after a period of three to four weeks. This

indicates that these two species may also be important for limiting B. brassicae colonies

on broccoli plants if they arrive early enough or when there are few E. fumipennis

present. Some hoverfly species have a preference for aphid host prey of certain sizes

(Agarwala et al. 1989), and non-preferred prey can be killed by a larva, but not accepted

for feeding, (Meyling 2003). The aphid mass consumed was considered to be a better

measure of voracity than the number of aphids killed. Conversion equations were not

used to calculate aphid mass because these can be inaccurate (Laska 1984). The trends in

mean change in aphid mass were very similar to the mean change in aphids killed for

each species, probably because similar aphid size distributions were used throughout the

investigation.

When E. fumipennis and S. opinator individuals were placed in the same arena

with unlimited amounts of B. brassicae, the rate of development of E.fumipennis was

slightly faster, but the cumulative amount of B. brassicae killed was slightly less than that



for arenas containing only E. fumipennis. While the rate of development for S. opinator

larvae competing with E. fuminpennis was also slightly more rapid during the first few

days when compared to that seen in arenas containing only S. opinator, the mortality was

much higher. This effect of more rapid development but greater mortality under

controlled conditions of interspecific competition has been seen for other hoverfly

species (Hagvar 1972). Eggs of E. fumipennis and S. opinator are commonly found

together in close proximity on broccoli plants, and it is possible that some competition

occurs among hoverfly species on certain parts of the plant. Where competition for B.

brassicae from other hoverfly species does occur, it could reduce the per capita

consumption rates of E. fumipennis even if B. brassicae resources were unlimited.

Competition for B. brassicae between hoverflies and other aphidophaga has also been

demonstrated, and the degree of competition also depends on the timing of arrival

(Kindlmann and Ruzicka 1992).

It is also possible that these hoverfly species and other aphidophaga could prey

upon each other, with the outcomes of such encounters depending on which species

happens to be largest at the time of the encounter (Hindayana 2001), and relative

densities of hoverfly larvae and aphids (Branquart et al. 1997). The dead S. opinator in

the arenas did not appear different from S. opinator that had died of other causes in other

treatments, and so they may not have been preyed upon by E. fumipennis. In the broccoli

fields in this area, the natural enemies that would most likely have higher order effects on

hoverfly eggs and larvae, and therefore reduce their aphid-limiting potential, would most

likely be spiders and parasitoid wasps that are specialists for hoverflies, although the

parasitoids do not always greatly reduce larval voracity (Tinkeu et al. 1998). Any
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reduction in aphid-limiting potential of hoverflies that might occur from the activity of

predators would likely be greater than reductions that might occur from competition for

aphids among hoverfly species or other aphidophaga.

Even though E. fumipennis larvae displayed a greater aphid-limiting potential

than S. opinator in the laboratory arenas, this effect was not seen on plants in cages in the

glasshouse. Although the first instar of some species of hoverfly larvae exhibit a directed

search toward aphid prey (Bargen et al. 1998), in their initial search, larvae generally

exhibit relatively random foraging patterns guided primarily by photo- and geo-tactic

cues, as opposed to more directed patterns guided by visual or olfactory cues from the

prey (Bansch 1966; Chambers 1988). Once cues for larval arrestment are sufficient

(Rotheray 1983), hoverfly larvae can display either sit and wait or active foraging

strategies (Gries 1986). Certain hoverfly species will migrate off individual plants in

voracity experiments when aphid numbers get low (Chambers 1986), but many of theE.

fumipennis larvae in this study left the plants on the first day when aphids were most

abundant and many of the individuals were found foraging on the insides of the cages.

Although an attempt was made to simulate the likely spatial foraging range of hoverfly

larvae that occur in the field, it is possible that the plants in the cages did not provide the

substrate that E. fumipennis prefers for foraging (eg. wide plant stems or dense canopy)

and they migrated to find such substrates. The larvae were spending less time overall

close to the aphids on the plants and their ability to kill aphids per unit time was

enhanced in the smaller space of laboratory arenas relative to S. opinator, which

displayed a similar sedentary behavior on both the caged plant and laboratory arena

substrates. The effect of increased voracity in smaller enclosures that results from scale-
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dependant attack rates has been seen for other hoverfly species with mobile larvae

(Barlow 1979).

The predatory efficiency of hoverfly larvae can vary based on environmental

factors. An initial attempt was made in this study to mimic the conditions that could

represent those seen at B. brassicae colonies on broccoli plants. The mobile foraging

behavior of the larvae of E. fumipennis made assessment of their voracity on plants in

cages difficult, and so smaller arenas were used to provide more objective voracity

comparisons among species. Care has to be taken in the design of these arenas, since the

type of functional response observed can be a result of experimental design (van Aiphen

and Jervis 1996). Aside from alterations in the rates of attack, development and voracity

of hoverfly larvae, their preferences for aphid prey species can also be altered by the type

of laboratory arena when prey that are difficult to find or catch on a plant become more

suitable in the lab (Sadeghi and Gilbert 2000). As long as prey densities, patch sizes and

encounter rates offered in the experimental settings are carefully chosen to be within the

range of those found in nature, then the information provided by voracity experiments

can be used for valid comparisons (van Aiphen and Jervis 1996).

This study evaluated the most important hoverfly species that appear on broccoli

by comparing the maximum potential voracities among them. The functional response is

useful for calculating the number of aphids killed per day by different stages or sizes of

predator as well as for characterizing the response at low prey densities, but it is only one

of the responses that influence predator efficiency, and it can vary based on the

experimental design or the time interval used (van Aiphen and Jervis 1996). The

functional response of the different sizes and instars of each species to different aphid
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densities was not calculated in this study because only a small number of larvae were

available from the hoverfly colonies of each species at any given time. The use of

maximum potential voracity was sufficient to assess the potential of each of these species

for limiting colonies of B. brassicae on plants. The mean number of B. brassicae killed

per day, the total cumulative voracity, and the larval developmental rates where higher in

this study than that seen for the voracity and development of other species (Debaraj and

Singh 1998), which could be a result of real differences in the capacity of the species, or

the fact that unlimited amounts of B. brassicae were not provided to those species in

other studies. It is important to remember that the values determined for each species

determined in the lab are useful for comparing the species, but are likely the highest

possible values, since other important aspects of killing efficiency, such as search time,

capture efficiency and handling time (Hagvar 1974) are diminished in small enclosures.

The actual aphid limiting potential of these species is probably closer to that seen in the

glasshouse cages. It appears that E. fumipennis is the most active natural enemy

attacking B. brassicae in commercial broccoli fields, but it would also be useful to further

investigate the life history traits of S. pyrastri to find out why it is not exploiting aphid

resources available to it in commercial broccoli fields.
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Figure 2.1. Mean numbers (with SE) of B. brassicae on plants in cages with E.
fumipennis, S. opinator, or no hoverfly larva.
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Figure 2.2. First laboratory experiment. The daily a) mean larval weight gain, b) mean
number of B. brassicae killed and C) cumulative mean number of B. brassicae killed
(with standard errors) in enclosures with S. pyrastri, E. fumipennis, or S. opinator.
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Figure 2.3. Second laboratory experiment. The daily a) mean larval weight gain, b)
mean number of B. brassicae killed and C) cumulative mean number of B. brassicae
killed (with standard errors) in enclosures with E. fumipennis, S. opinator, or S.
suiphuripes.
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Figure 2.4. Second laboratory experiment. The daily a) mean change in aphid mass, and
b) mean cumulative change in aphid mass (with standard errors) in enclosures with E.
fumipennis, S. opinator, or S. suiphuripes.

a)

25
In
Ifl

In
E 20

15

C C)
E

C) 10
C
In

U
C
In
C,

E

b) 140

120C)

0,

100U
C) IC 80

E 60

40

C
In

0

Od

0

Od 2d 4d 6d 8d 10 12 14 16 18 22 26 30

day

2d 4d 6d 8d lOd 12d 14d 16d 18d 22d 26d 30d

day



63

Figure 25. Second laboratory experiment. The daily a) mean larval weight gain, b)
mean number of B. brassicae killed and C) cumulative mean number of B. brassicae
killed (with standard errors) in enclosures with E. fumipennis, S. opinator, or these two
species competing together in the same enclosure. (Points with an asterisk are
significantly greater than the other mean at a = 0.05).
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THE RELATIVE FREQUENCIES OF VISITS TO SELECTED INSECTARY PLANTS BY
PREDATORY HOVERFLIES (DIPTERA: SYRPHIDAE), OTHER BENEFICIAL INSECTS AND

HERBIVORES

Abstract

The use of insectary plants in agroeco systems to provide floral resources for

enhancing natural enemy activity is an increasingly used practice, but candidate flowering

plant species are not always screened for their attractiveness to key arthropods in the system

being studied. In the work presented here, the relative attractiveness of four species of

insectary plants to beneficial and pest insect species was assessed by observing the relative

frequencies of flower visits to replicated blocks of the insectary flowers in two Oregon

broccoli fields. The four plant species tested were alyssum (Lobularia maritima (L.) Desv.),

coriander (Coriandrum sativa L.), buckwheat (Fagopyrum esculentum Moench), and

phacelia (Phacelia tanace4folia Benth.). Predatory hoverflies (Syrphidae) were identified to

species, where possible, due to their previously observed importance as aphid predators in

broccoli fields in the study area. The other beneficial insect groups observed were in the

families Apidae, Coccinellidae, Tachinidae and Vespidae, and the three main pest species

were western tarnished plant bug (Lygus hesperus Knight), western spotted cucumber beetle

(Diabrotica undecimpunctata undecimpunctata Mannerheim), and imported cabbageworm

(Pieris rapae (L.)). The Syrphidae visited mostly coriander, but this 'preference' was

probably influenced by competition from other foragers. Bumblebees and the three pest

species visited mostly phacelia, and other species groups were less consistent in their flower

choices. The different insect preferences for flowers are discussed in terms of the key



influencing factors which should be considered when assessing the relative attractiveness of

insectary plants in the field.

Keywords: Hoverflies, Syrphidae, insectary plants, floral resources, natural enemies
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Introduction

Floral resources such as nectar and pollen are important for the growth,

development, survival and reproduction of many invertebrate predators and parasitoids

(Jervis and Kidd 1996, Landis et al. 2000). Reports of the use of floral pollen and nectar,

and extra floral nectar, by a wide range of insect predator and parasitoid families,

including the Coccinellidae, Chrysopidae, many parasitoid wasp families, Tachinidae and

Syrphidae are widespread (Jervis et al. 1993, Long et al. 1998, al Doghairi and Cranshaw

1999). Plants providing these resources can be added to agroecosystems to conserve and

enhance these natural enemies (reviewed in Landis et al. 2000, Pfiffner and Wyss 2004).

While candidate plant species under consideration for the augmentation of floral

resources should ultimately be screened for a wide range of attributes including their

agronomic and economic compatibility with the cropping regime (Gurr et al. 1998), their

relative attractiveness to key natural enemy and pest herbivore species in or near the crop

field is an important initial consideration.

The relative attractiveness of plant species of available flowers has been

demonstrated in some well-studied groups such as the hymenopteran pollinators, and

complete specificity in this group is rare (Waser et al. 1996, Goulson 2003). The

selective use of floral resources by natural enemies and pests has been reported to a lesser

extent, but significant progress needs to be made in this area in order to advance precision

in the use of insectary plantings to enhance biological control (Jervis and Kidd 1996,

Gun et al. 2004).

Floral resources are especially important for predatory hoverfly adults, many

species of which need to feed on nectar for energy and pollen for gametogenesis
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(Schneider 1948, Sturken 1964). Hoverflies use floral resources selectively (Gilbert

1981), although this can vary among species (Haslett 1989a). The differential

attractiveness of specific species of flowering plants to hoverflies has been identified in

observational studies (Cowgill et al. 1993, Haslett 1989a), as well as in formal

experiments (Colley and Luna 2000, Lövei et al. 1993). For those flowers that a

community of hoverflies can access, it is not always known whether individuals of a

given species or sex are selecting between these resources based on cues and rewards

relating individually or in combination, to multiple possible factors (Table 3.1).

Even if there are multiple mechanisms by which a hoverfly individual chooses

one flower type or patch over another, differential visitation and feeding patterns

observed within the local hoverfly assemblage at specific flower types can still serve as

an indicator of preferred floral resources that are more likely to enhance hoverfly

predatory activity in a given context. The relative attractiveness of eleven species of

insectary plants in garden plots to hoverflies as a group was assessed in previous trials in

the Willamette Valley, OR (Colley and Luna 2000), and four of these plant species,

alyssum (Lobularia maritima (L.) Desv.), coriander (Coriandrum sativa L.), buckwheat

(Fagopyrum esculentum Moench), and phacelia (Phacelia tanacetfolia Benth.), were

ranked highly on the basis of feeding visit frequencies. Of these, alyssum and coriander

are introduced, and all four are cultivated plants. Certain hoverfly species have been

found to be the most prevalent aphid natural enemies foraging before harvest within

Willamette Valley broccoli fields for the cabbage aphid, Brevicoryne brassicae (L.), and

the green peach aphid, Myzuspersicae (Sulzer) (unpublished data). The current work

quantified the relative attractiveness of the four insectary plants to these species of



hoverflies and other key beneficial and pest arthropods present in these broccoli fields to

screen them before use as insectary plantings in large-scale field experiments.

Materials and Methods

Experimental Design. The experiments were set up at two locations in the

Willamette Valley in Oregon in late March 2000. A 2 m x 66 m insectary plant strip was

planted at one edge of a newly planted broccoli field in each site. The strip at each site

was divided into three randomized blocks, each containing four 2 m x 5.5 m plots of the

four plant species. Alyssum and coriander were transplanted in 5 rows in each plot, with

a within-row spacing of 40 cm, and 90 cm between rows. Buckwheat and phacelia were

sown in nine rows, and thinned to 15 cm within rows, with 45 cm between rows.

Field Sites. The North Site was near Corvallis, OR. The plots were planted/sown

23 March, 2000, 25 days after transplanting (DAT) broccoli in a 15 ha field bordered by

corn, strawberry, and grass seed crops on each of three sides, and mature filberts on the

fourth side. The South Site was near Eugene, OR, about 90 km south of the North Site.

The flowers were planted 24 March, eight DAT broccoli in a 15 ha field bordered by

grass seed crops on two sides, young filbert trees on a third side, and a squash field on the

fourth side.

Sampling Procedure. Flowering dates, floral densities and arthropod visits were

recorded on four dates from 12 July to 2 August at the North Site, and on three dates

from 16 - 30 July at the South Site. Relative floral density among treatments on each

sampling date was quantified by estimating the number of open flowers in 1 m2 quadrats.
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The visits made by hoverfly species and other arthropod taxa were quantified by visual

observation. Data were also recorded on western tarnished plant bug (Lygus hesperus

Knight), western spotted cucumber beetle (Diabrotica undecimpunctata undecimpunctata

Mannerheim), imported cabbageworm (Pieris rapae (L.)), as well as the beneficial

groups lady beetles (Coccinellidae), vespid wasps (Vespidae), honey bees (Apis spp.) and

bumble bees (Bombus spp.). Reference specimens of all of these taxa were first collected

from the plots and then used to confirm sight images for the observer. Observations were

made only at times close to mid-day and during sunny conditions to assure accuracy and

validity. Since many flower-visiting arthropods are sensitive to the motion and presence

of the observer, a stationary technique was used whereby the observer remained

motionless and did not cast a shadow on the plots. The number of visits to flowers

observed over minute in a 1 m2 area of each plot were recorded for each taxon.

Statistical Analysis. The numbers of floral visits by each insect species were

pooled across sampling dates and were compared between sites using a two-way analysis

of variance (GLM procedure, SAS, 1990). To evaluate effect of flower species on floral

visitation, data were pooled across dates for each insect species and transformed using

square root (x + 0.5). Analysis of variance and an F-protected Least Significant

Difference (LSD) test were used to compare mean values (SAS, 1990).

Results

Site Efftct on Insect Visitation to Flowers.
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More hoverfly species were observed visiting flowers at the North Site, than at the

South Site, and there were more frequent flower visits by predatory hoverfly species at

the North Site as well (p = 0.001) (Table 3.2). Eupeodesfumipennis (Thomson), an aphid

predator in Oregon broccoli fields, was the most frequent predacious hoverfly visiting

flowers at both sites. Two other hoverfly species known to feed on aphids in broccoli,

Sphaerophoria suiphuripes (Thomson) and Syrphus opinator (Osten Sacken),

(unpublished data) were found on the flowers only at the North Site. Toxomerus spp.

(composed of T. marginatus (Say) and T. occidentalis Curran) were observed visiting

flowers at both sites, however Toxomerus spp. have not been linked to aphid predation in

broccoli. Melanostoma mellinum (L.) and Platycheirus quadratus (Say) were also

present over the flowers at only the North Site in small numbers, but were not observed

feeding on them. The non-predatory Eristalis spp. were more abundant at the flowers at

the South Site (p = 0.003) (Table 3.2).

The pest species observed were the same at each site, with greater flower

visitation byD. undecimpunctata undecimpunctata at the North Site (p < 0.0001). The

beneficial taxa other than hoverflies were the same at each site, with the South Site having

greater numbers of Apis spp. (p = 0.004), Coccinellidae (p = 0.001), and Vespidae (p =

0.0003) at the flowers than the North Site.

Relative Frequencies ofFlower Visits.

For the hoverflies at the North Site, the predatory species as a group visited

coriander to a much greater extent than phacelia or alyssum, with a similar number of

visits to buckwheat (Fig. 3.1 A). Coriander was also favored over the other three flower
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species by the predatory S. suiphuripes and the non-predatory S. pipiens. Platycheirus

stegnus visited buckwheat more than alyssum and phacelia, but showed a similar number

of visits to coriander. No floral preferences were detected for the predatory hoverflies E.

fumipennis, Toxomerus spp. and S. opinator. Eristalis spp. visited coriander more

frequently than buckwheat or phacelia at this site (Fig. 3.1 A). At the South Site, only

hoverflies of the taxon Eristalis spp. were seen visiting coriander, with nearly four times

as many visits to coriander as the other flower species (Fig. 3.2A). Among the other

remaining flowers (other than coriander), E. fumipennis visited phacelia more frequently

than alyssum (Fig. 3.2A).

The pest species L. hesperus and P. rapae were seen visiting phacelia more often

than the other three flowers at the North Site, while D. undecimpunctata undecimpunctata

preferred phacelia and buckwheat over coriander and alyssum (Fig. 3.1B). This same

trend was not evident at the South Site however, with L. hesperus and D.

undecimpunctata undecimpunctata preferring phacelia over only alyssum (Fig. 3.2B).

Among the beneficial insect visitors, bumblebees (Bombus spp.) demonstrated a

much higher visitation rate at phacelia at both sites (Figs. 3 .2A, 3 .2B). Apis spp. visited

alyssum less frequently than the other three plant species at both sites (Figs. 3 .2A, 3 .2B).

For natural enemies other than hoverflies, members of the Coccinellidae visited

buckwheat and coriander more than phacelia and alyssum at both sites, while members of

the Vespidae primarily visited buckwheat (Figs. 3.2A, 3.2B).

Relative Floral Densities Over Time.
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The flowering canopies fully closed by the first sampling date in all flower

treatments at both sites except the alyssum, which still had some small gaps of less than

15 cm on the first sampling date. Alyssum, buckwheat and phacelia had approximately

10,000 open flowers per m2 at each site over all sampling dates. Coriander, with its

compound umbel flower arrangement, had approximately 90,000 open flowers per m2 on

the first sampling date at each trial, but this number gradually decreased to the same

numbers seen for the other three flowers by the final sampling date (data not shown).

Discussion

The clearest differentiation in relative visitation of flowers by insects was not seen

for the predatory hoverfly species, but rather Bombus spp. and the three main flower-

visiting crop pests in the local broccoli system (D. undecimpunctata undecimpunctata, P.

rapae and L. hesperus). They visited phacelia more frequently than they did alyssum and

coriander at the North Site and were also attracted to buckwheat to a lesser extent. At the

South Site, Bombus spp. visited phacelia even more frequently, but the relative

'attraction' of the three pest species to phacelia was not as marked as that seen at the

North Site. The predatory hoverflies as a group visited mainly coriander at the North

Site, but not at the South Site.

One potential explanation for these site differences in pest and hoverfly visitation

might be that the relatively high visitation at phacelia by Bombus spp. at the South Site

caused a displacement of the three pest species. Similarly, the relatively high visitation at

coriander by larger, non-predatory hoverflies of the genus Eristalis and the equally large
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Apis spp. at the South Site versus the North Site may have displaced the predatory

hoverfly species. Similar types of inter-specific interference and displacement from

foraging competition (Kikuchi 1962, 1963, 1965, Morse 1981) and territoriality

(Wellington and Fitzpatrick 1981) among these floral visitors have been demonstrated.

In addition to competition, there are other factors which can contribute to

attraction to a particular flower type that should be considered when addressing these

inconsistencies between fields. The quality and abundance of floral resources in time and

space (ie. nectar and pollen volumes, flower abundance, density and dispersion) can

affect the degree of selectivity among floral foragers (Thomson 1981, Waser 1996).

Organisms foraging for resources are often observed to be generalists over broad

geographical ranges, but may appear to be more specialized when restricted to local

communities, so specialization is a flexible attribute when considered at the level of a

population (Fox and Morrow 1981). The quality and amount of floral resources has been

shown to affect the overall abundance of foraging hoverflies (Ruppert and Molthan 1991,

Sutherland et al. 1997; 2001), as well as their competitive interactions (Kikuchi 1963).

If floral resources are not limiting in a given area, however, the degree of

selectivity expressed by floral foragers would not be expected to be as greatly affected

(Kikuchi 1963, Toft 1983). In this study, the scale of comparison for the relative

attractiveness to flowers was among 10 m2 plots in a 130 m2 strip. Although care was

taken to keep the immediate area around the flower blocks free of flowering weeds, there

were some flowering weeds present within the foraging range of the observed floral

foraging species on the sampling dates, so it is likely that most of these species were not
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severely limited for floral resources. Within the experimental flower plots, the actual

quantities of pollen and nectar resources were not quantified beyond flower density, since

these can vary among individual flowers. The relative mean densities of flowers were

higher in the coriander plots on the first two sampling dates at each trial, but there always

appeared to be enough available flowers and foraging space in the plots of each plant

species, so this floral density difference was not included in the analysis.

Factors relating to the foraging hoverfly individual, such as what they may have

learned about relevant cues in the recent past (Goulson and Wright 1998), or changing

nutritional requirements over the course of their life (Haslett 1 989a, Hickman et al.

2001), will also contribute to differences in visitation with all other factors being equal.

Assessing the influence of these factors relating to the individual require specific methods

and experimentation, such as tracking the foraging paths of individuals, which can be

difficult to perfonn accurately with hoverflies (Goulson and Wright 1998). This study

used the more feasible direct behavioral observation of flower visiting frequencies among

flower blocks to estimate the relative attractiveness of the flower types, but observation

of visitation frequency is also a function of the time the individual spends at the flower,

the spatial pattern of flowers, and the travel time between flowers (Kearns and Inouye

2001). Whether or not certain individuals were switching among flower types, or

spending variable amounts of time on and traveling between flowers, it is assumed here

that the sample size of observations is large enough to assess the overall relative

attractiveness of the four flower types to the foraging species in these communities.
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Comparing the results of this study with other evaluations of the relative

attractiveness of floral resources in agricultural contexts, consideration must also be

given for differences in methods used, foraging arthropod species, plant species, and

environmental factors. This is the first report on the relative flower foraging 'preferences'

of the particular hoverfly species observed in this study, but results for predatory

hoverflies as a group can be compared to those of Colley and Luna (2000) who evaluated

the preferences of hoverflies as a group in the same geographic location. The greater

relative attractiveness of coriander to this community of hoverflies at the North Site was

also seen in their study, but the potential effects of competition from more aggressive

foragers described for a similar community at the South Site in this study was not looked

at. Other studies of the relative preferences exhibited by individual hoverfly species are

less comparable to this study because of differences in hoverfly and/or plant species,

environmental context, and the interaction that these factors can have with habitat

preferences of each hoverfly species (Branquart and Hemptinne 2000).

The strong preference of Bombus spp. in general for phacelia over other flower

types has been seen in many contexts (Carreck and Williams 2002), but extreme

specialization is also rare for this group, and they demonstrate a flexible preference which

enables them to adapt their strategy according to changing spatial and temporal patterns

of availability of reward among the available flower species (Goulson 2003). The more

frequent visitation to phacelia by the pest herbivore species is to be expected for P.

rapae, with a longer feeding apparatus well-suited to the deep corolla tube, but this may
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be the first report of high visitation to this plant species by D. undecimpunctata and L.

hesperus.

The results of this study help with the selection of insectary plants to use in this

cropping context. Hoverflies visited mostly coriander, and the three pest species and

bumblebees visited mostly phacelia, while buckwheat and alyssum were visited by both

natural enemies and pests. The documentation of flower visiting by pest herbivore

species as well as beneficial species is important for this selection process. The observed

frequencies of visitation by all species only help to evaluate the relative attractiveness,

however, and the relative impact that each flower type has on the fecundity and longevity

of these natural enemy and pest species should also be considered. The ultimate

decisions about the potential usefulness of insectary plantings should also of course

include evaluations of agronomic, economic and phenological factors.
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Table 3.1. Factors affecting the selection of different floral resources by hoverflies.

Factors References

Characteristics of the flowers

Color Haslett 1 989a, Sutherland et al. 1999

Morphology Gilbert 1981

Odor

Flower size Kickuchi 1963, Sutherland et al.

1999

Nectar and pollen quality and/or amount Sutherland et al. 1999

Flower abundance and patch size Sutherland et al. 1997; 2001

Flower age and/or marks from previous visitors Kickuchi 1963, Goulson 1999

Exogenous factors

Climate and microclimate Herrrera 1995

Time of day Rotheray 1994

Competition with other foragers Morse 1981, Herrera 1989

Characteristics of the foragers

Changing nutritional requirements Haslett 1989b, Hickman et al. 2001

Sex and age Sunderland 1999

Adjustments in behavior based on forager

learning in response to cues Goulson and Wright 1998

Resource specificity inherent to the species Branquart and Hemptinne 2000



Table 3.2. Relative mean numbers (with standard errors) of all insect groups and
species observed visiting flowers over all treatments and sampling dates at each site
(units are mean number of individuals/2 min./m2).

Species or Group North Site South Site

Predatory hoverflies

All predatory hoverflies 1.67 ± 0.66* 0.58 ± 0.33

Eupeodesfumipennis 0.88 ± 0.19 0.42 ± 0.16

Sphaerophoria suiphuripes 0.27 ± 0.09* 0.00 ± 0.00

Toxomerus 5pp.t 0.25 ± 0.09 0.08 ± 0.06

Platycheirus stegnus 0.17 ± 0.06 0.08 ± 0.05

Syrphus opinator 0.10 ± 0.05 0.00 ± 0.00

Non-predatory hoverflies

Eristalis spp. 0.10 ± 0.05 0.78 ± 0.27*

Syrittapipiens 0.04 ± 0.03 0.03 ± 0.03

Other beneficial insects

Bombus spp. 1.77 ± 0.41 2.08 ± 0.59

Apis spp. 1.46 ± 0.34 3.06 ± Ø47*

Coccinellidae 0.52 ± 0.13 1.53 ± 0.30*

Vespidae 0.02 ± 0.02 0.78 ± 0.25*

Pest insects

D. undecimpunctata undecimpunctata 3.54 ± 0.43 * 1.19 ± 0.20

Lygushesperus 0.73±0.19 0.31±0.10

Pieris rapae 0.23 ± 0.07 0.11 ± 0.05

* Means with an asterisk are significantly greater than the other mean in the same row at
a = 0.05

Toxomerus spp. consists of T. marginatus (Say) and T occidentalis Curran
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Figure. 3.1. Mean number of hoverflies (with SE bars) observed visiting the four flower
treatments over all sampling dates at A) the North Site, and B) the South Site. Means
within a group of four bars followed by the same letter do not differ (a = 0.05) according
to the Least Significant Difference test.
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Fig. 3.2. Mean number of beneficial and pest insects (with SE bars) observed visiting the
four flower treatments over all sampling dates at A) the North Site, and B) the South Site.
Means within a group of four bars followed by the same letter do not differ (a = 0.05)
according to the Least Significant Difference test.
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SPATIAL AND TEMPORAL DIsTRIBuTIoN OF PREDATORY HOVERFLIES (DIPTERA:
SYRPHIDAE) AND APHIDS (HOMOPTERA: APHIDIDAE) IN A FLOWER-ENHANCED

BROCCOLI FIELD

Abstract

The effect of in-field insectary plantings on the timing and spatial distribution of

hoverflies (Diptera: Syrphidae), their eggs and aphid prey was measured over the course

of a season at different distances from the plantings in a broccoli field. Seven species of

predatory hoverflies were observed, trapped, or reared from eggs oviposited in the

broccoli field. Three of these species, Eupeodesfumipennis (Thomson), Sphaerophoria

suiphuripes (Thomson), and Syrphus opinator Osten Sacken also fed on and oviposited

next to B. brassicae in captivity. Linear modeling and generalized linear modeling both

found strong evidence of increasing hoverfly eggs with increasing aphids as well as

evidence of decreasing eggs with increasing distance from flowers. Although areas near

the insectary plantings had greater densities of hoverfly eggs, the early arrival of gravid

individuals of these hoverfly species suggests that they may not have been limited for

resources at that time in terms of oviposition capacity. The time separation of several

weeks between the arrival of gravid females and the appearance of eggs on the broccoli

near harvest was most likely due to a requirement for a sufficient density of aphids to be

present before oviposition occurs.

Keywords

conservation biological control; floral resources; hoverflies; Syrphidae; Brevicoryne

brassicae; broccoli; insectary planting



Introduction

Predatory hoverflies have attracted interest as candidates for biological control

programs because of their demonstrated ability to reduce aphid populations in various

production systems (Chambers 1988). Eggs are laid near aphid colonies, and a single

larva can consume hundreds of aphids in its lifetime. Hoverfly adults require pollen as a

protein source for egg development (Schneider 1948), and nectar as a source of energy.

Various non-crop plants can provide these resources, but many farming practices,

including cultivation and herbicide use, reduce or remove these from farming landscapes

(Landis et al. 2000). Adding or conserving 'insectary' floral resources of the appropriate

type has potential to enhance (or re-establish) local natural enemy populations between

seasons and their activity within a season when they are resource limited (Gun et al.

1998; Pfiffner and Wyss 2004).

Floral resources may enhance hoverfly activity through a number of behavioral

and physiological mechanisms. These include long-range attraction, short-range

attraction and arrestment, increased survivorship, improved prey-finding ability (e.g.

reduced 'commute' time between floral and aphid resources), as well as increased

survivorship, longevity and fecundity of individuals. If these processes are synchronized

with crop and pest phenology, the manipulation of habitat with floral resource subsidies

could represent an effective conservation biological control tactic (Gun et al. 2004).

The potential effect of flowers on the local effectiveness of predacious hoverflies

has long been recognized (Fluke 1929). Experiments investigating the use of this

strategy have looked at the effect of both naturally occurring and added flowers on the



attraction, retention, oviposition and aphid-limiting activities of hoverflies. The

attraction of predacious hoverfly adults to whole fields by insectary flowers has been

demonstrated (Harwood et al. 1992; Hickman and Wratten 1996), as has an increase in

the abundance and richness of adults in areas within fields, close to the added or

conserved floral resources (Klinger 1987; Ruppert and Moithan 1991; Cowgill et al.

1993; White et al. 1995; Lovei et al. 1992, 1993, 1998). Studies that marked hoverflies

with paint (MacLeod 1999), rubidium (Long et al. 1998) and ingested Phacelia pollen

(Holland et al. 1994; Lovei et al. 1993, 1998) have all shown retention of marked flies in

fields at various distances from insectary plantings.

The spatial relationship between hoverfly oviposition and the availability of floral

resources has been investigated for over four decades. Van Emden (1965) found greater

oviposition closer to floral borders, although others (Chandler 1968a; Pollard 1971;

Chambers 1987) could not detect this effect. More recently, Hickman and Wratten

(1996) demonstrated increased hoverfly oviposition at distances up to 100 m from flower

strips in wheat fields. This effect has also been demonstrated in other flower-enhanced

wheat fields (Hausammann 1996). These later two studies also demonstrated a greater

reduction of aphid numbers in crop fields containing the floral resources, and a reduction

in aphids in flower-enhanced sugar beet fields was attributed to hoverfly activity

(Sengonca and Frings 1988).

Although floral resources can attract hoverflies to crop fields and enhance their

activity in some cases, results have been variable and it is important to also consider the

spatial scale over which these effects can occur, the variation in response among species,
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and the role of aphid prey in attracting and arresting hoverflies. Little information of this

type exists for North American predatory hoverflies.

The cabbage aphid, Brevicoryne brassicae (L.), is a major contaminant pest of

broccoli in the Willamette Valley of Oregon. Predatory hoverflies are consistently seen

as one of the main taxa attacking and having an impact on cabbage aphids in cole crops

(Metcalf 1913; Petherbridge and Mellor 1936; George 1957, van Emden 1965). The

predacious hoverfly species that most commonly visit insectary plantings next to broccoli

fields in Oregon have been identified (Ambrosino et al. 2006), but the relative

contribution of each of these species within broccoli fields needs to be determined to

assist local management decisions. The main objectives of this research were therefore

to: 1) identify the main species of hoverflies which oviposit next to and prey on B.

brassicae colonies in a commercial broccoli field, and 2) quantify the effect that added

flowering plants have on hoverfly attraction, oviposition and aphid abundance.

Materials and Methods

Experimental Design. The experimental site was a section of a 15 ha broccoli

field located four miles east of Corvallis, Oregon. Residue of the previous grass seed

crop was killed with herbicide in March 2001, and broccoli was transplanted on 0.9 m

wide beds on 28 May along with a soil incorporation of azadiractin and oxyflourfen. The

border of the section of the field that contained the experiment was dominated by various

woody species and blackberry shrubs (Fig. 4.1).
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The experiment was set up in a 160 x 400 m section of the field. An 18 m ( 20

row) strip of broccoli (running the whole 400 m) was left untreated with the aphicides

that were applied to the rest of the field (Fig. 4.1). The aphicides used were imidicloprid

43 days after transplanting, and pyrethrin with piperonyl butoxide 67 days after

transplanting. Two insecticide applications were made for lepidopteran pests in the field,

consisting of tebufenozide at 43 days, and spinosad at 67 days after transplanting.

Within this 18 x 400 m strip, two 18 x 18 m plots of alyssum seedlings (Lobularia

maritima (L.) var. 'New Carpet of Snow') were transplanted with a spacing of 45 x 90

cm between plants. Alyssum was identified as highly attractive to the local hoverfly

complex (Colley and Luna 2000), and not attractive to pest insect common in local

broccoli fields (Ambrosino et al. 2006). Flowers were transplanted 24 days after broccoli

planting. One of the alyssum blocks was set 90 m from one end of the strip, and the other

90 m from the other end, with a distance of 190 m between the two flower blocks,

forming four 'field sections' within the strip (Fig. 4.1).

Pan Trap Sampling. To determine species of adult hoverflies present and their

reproductive condition, transects of yellow pan traps (18 cm diameter Solo® plastic bowls

painted with Rustoleum® 'Safety Yellow') were placed at distances of 0, 1, 5, 10, 20, 40

and 80 m from the flower plots along transects radiating perpendicularly in all four

cardinal directions. These only extended 40 m in each of the eastward transects because

of field configuration (Fig. 4.1). Each of the 54 pan traps in the eight transects was filled

with a dilute solution of water, dish soap and propylene glycol. Pan trap contents were

collected at 5-7 day intervals over the season and returned to the laboratory for insect

identification and hoverfly dissection. Pan trap height was kept at least 15 cm below the



broccoli canopy height as the broccoli grew during the season. To determine the

reproductive condition of trapped female hoverflies, specimens were dissected and the

total number of eggs and chorionated eggs were counted. Pollen content in the guts of

these flies was quantified using a scale of zero to five (zero being empty, five being full).

Crop Plant Sampling. The unsprayed area was divided into four sections for

arthropod sampling, with two sections on either side of each flower block (Fig. 4.1).

Arthropod abundance at distances of 5, 15, 25, 35, 45, 55, 65 and 75 m from the

flowers in each of the unsprayed field sections was estimated by randomly selecting one

plant from each of rows 3, 6, 9, 12, 15, and 18 at each of these distances, forming a grid

of 192 plants in total. The six largest leaves in the middle of the canopy of each plant

were examined for hoverfly eggs and larvae, cabbage aphid (B. brassicae), green peach

aphid (Myzus persicae (Sulzer)), potato aphid (Macrosiphum euphorbiae (Thomas)), and

other aphid natural enemies such as cecidomyiid larvae and eggs (Diptera:

Cecidomyiidae), parasitized aphid mummies, spiders, lady beetles (Coleoptera:

Coccinellidae), and lacewings (Neuroptera). Sampling took place on 11 occasions, at

intervals of four to six days, starting 19 days after broccoli transplanting (five days before

the alyssum was planted) until broccoli harvest.

All hoverfly eggs found on the sampled crop plants were collected and

transported to the laboratory to be photographed and placed in Petri dishes with moist

cotton wool and aphid prey until eclosion to identify the species depositing eggs in the

field.

Flower Block Sampling. The alyssum flower blocks in the field were sampled

for hoverfly presence to verify if the pan traps were collecting all species of hoverflies



that were visiting the flower blocks. Visual observations were undertaken for 15 minutes

in each flower block on a weekly basis. The average number of flowers in 1 m2 quadrats

was also estimated in each round of flower observation.

Hoverfly oviposition and development tests. To determine if hoverfly species

that appeared in the pan traps could find and prey on B. brassicae, oviposition and

development tests were conducted in the laboratory for all trapped or observed hoverfly

species. Adult hoverflies were placed in 1 m3 screen cages contained potted broccoli

plants infested with B. brassicae. The extent to which these hoverfly species could

oviposit next to and then complete development on these aphid species was then

recorded.

Sampling at HarvesL At harvest, mature broccoli heads were randomly selected

within the same four field section grids described for the crop plant sampling, giving a

total of 192 heads. Each head was cut apart in sections smaller than 1 cm3 and visually

examined for the presence of arthropods. Inspection was standardized to five minutes per

head.

Data Analysis. Hoverfly oviposition counts (192 observations from 4 field

sections each in an 8 X 6 grid) were modeled as a function of both aphid density and

distance from flower source using both standard linear modeling (SAS mixed procedure)

and generalized linear modeling (SAS genmod procedure). For the standard linear

modeling (multiple linear regression) the oviposition counts were square root transformed

to improve the normality and homogeneity of residuals. For the generalized linear

modeling, Poisson-type regression with a log link was used. Due to visual evidence from

exploratory plots and the simplicity of the back-transformed model (simple multiplicative
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power function), log(distance) was used as one predictor and (since there were some zero

aphid densities) log(aphid density + 1) was used as the second predictor. To incorporate

overdispersion, the negative binomial distribution was used for the conditional response.

Similar results (not shown) were obtained using the quasilikelihood approach to

incorporate overdispersion. All initial models included field section as a design factor

(allowing both additive effects and interactions) and up to quadratic polynomials in the

aphid and distance predictors. To achieve parsimonious models, non-significant effects

(p>0.05) were dropped.

Spatial autocorrelation can lead to bias in the p-values from the above models.

Therefore, the assumption of independence for the modeling was assessed using the

residuals from the above parsimonious linear model. Moran's I (under the three

neighborhood definitions of 'rook, queen and bishop') did not detect significant spatial

autocorrelation (SAS macros provided by Schabenberger and Pierce (2002)). Semi-

variogram analysis did not suggest any spatial structure (SAS variogram procedure).

Adding spatial covariance structure did not significantly improve the fit over that under

the independence assumption (SAS mixed procedure).

All analyses were done using version 8.2 of SAS (2000).

Results

Seven species of predatory hoverflies were observed, trapped, or reared from eggs

oviposited in the broccoli field (Table 4.1). Three out of seven of these species,

Eupeodesfumipennis (Thomson), Sphaerophoria suiphuripes (Thomson), and Syrphus



opinator Osten Sacken fed on and oviposited next to B. brassicae in captivity (Table 4.1).

These three species have also been reported to feed on B. brassicae in the literature

(Table 4.1). The only evidence of other natural enemies observed on the broccoli plants

before harvest were spiders, cecidomyiid larvae and eggs, and parasitized B. brassicae,

but these were in very low numbers and very late in the growing season. Predatory lady

beetles and lacewings were also found in the traps, but in low numbers (data not shown).

The aphid species M persicae and M euphorbiae comprised less than 5% of the aphids

on the leaves sampled.

The arrival ofadult hoverflies and their distribution in the field over time.

Temporal distribution of pan-trapped hoverflies. Adults of E. fumipennis, S.

suiphuripes, and Platycheirus stegnus (Say) first appeared in the pan traps in the first

three to four weeks of the 11-week broccoli season (Fig. 4.2). This arrival coincided with

the planting of the flowering alyssum plants. Very few hoverflies were seen, and only

one hoverfly was trapped in the field before this date. Syrphus opinator was the only

species that did not appear in the pan traps but was seen foraging on the broccoli or the

alyssum flowers.

Toxomerus marginatus (Say), Toxomerus occidentalis Curran, and a single

individual of a Paragus sp. were also collected in the pan traps. Toxomerus marginatus

was the most common hoverfly species, ranging from 38 to 96% of the hoverflies trapped

on a given sampling date. Although T marginatus was the most commonly trapped

predatory hoverfly species, this species did not oviposit at or feed on B. brassicae in

laboratory tests (Table 4.1), and no eggs of Toxomerus sp. were collected from within the
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experimental broccoli field. Therefore were not included in the analysis of the pollen and

egg numbers of trapped hoverflies.

Eggs and pollen in trapped hoverflies. Pollen and chorionated eggs were

prevalent in the trapped female flies, even on the earliest sampling dates (Table 4.2). The

relative percentage of female S. suiphuripes with chorionated eggs was always greater

than 86% among sampling dates. The relative percentage of female E. fumipennis with

chorionated eggs was always greater than 50%. The relative percentage of P. stegnus

with chorionated eggs was 100% on most dates, but 0% on two dates where only a few

female flies were trapped. The relative percentage of all hoverflies with at least some

pollen in their guts was always close to 100% among sampling dates. Most of the flies

contained many different types of pollen. There were no noticeable trends of different

amounts of eggs or pollen at different sampling distances from the flower blocks for each

species (data not shown).

The arrival ofhoverfly eggs and their spatial distribution.

Temporal distribution of hoverfly eggs on broccoli. Hoverfly eggs first appeared

on broccoli crop plants three weeks before harvest, and began to increase rapidly just

before the start of harvest (Fig. 4.3). Species determinations were made after rearing

field-collected eggs in the lab. Both S. suiphuripes and E. fumipennis have a 'ridged' egg

chorion morphotype which could not be separated from each other in the field, and had to

be retained as a single group for subsequent analyses. Eggs of S. opinator ('knobby'

chorion) and P. stegnus (long eggs with a smooth chorion) were readily distinguishable

(Ambrosino 2006). A few other egg chorion morphotypes were also observed on

broccoli crop plants in very small numbers, but could not be reared successfully.



The 'ridged' group of eggs representing S. suiphuripes and E. fumipennis were the

first to appear and were the most abundant on the broccoli plants on all dates, while the

eggs of all other taxa were present only within a week of the start of harvest (Fig. 4.3).

Eggs of S. suiphuripes and E. fumipennis on crop plants were generally observed four to

five weeks after gravid individuals of these species had first been trapped in the field

(Table 4.1, Figures 4.2 & 4.3). Eggs of S. opinator were also found in small numbers

four to five weeks after this species was first observed foraging in the field and P. stegnus

eggs were found in small numbers seven to eight weeks after this species was first

trapped. Hoverfly larvae were not commonly observed on broccoli crop plants with this

non-destructive sampling method, and were not included in the analysis. Predacious

hoverfly larvae often remain hidden on and around herbaceous plants away from aphid

colonies during the day (Rotheray 1993).

Aphid seasonal abundance. The relative proportion of crop plants containing

aphids increased gradually over the season until harvest, when almost 100% of the plants

sampled had aphids (Fig. 4.4). Most of the aphids counted throughout the season were B.

brassicae, with an occasional individual or colony of M persicae or even less frequently

M euphorbiae (data not shown). The mean number of aphids and hoverfly eggs

increased rapidly on the last sampling date, right at the onset of harvest (Fig. 4.3). When

the timing of appearance of hoverfly eggs in the whole field is viewed with the aphid

population trajectory, it can be seen that the bulk of oviposition did not occur until most

of the plants were colonized by aphids (Fig. 4.4).

Spatial distribution of eggs. When the data from all four crop plant field sections

were pooled to see the overall trend, greater numbers of total hoverfly eggs per sampled



broccoli plant were found at sampling distances closer to the flower plots only on the

final sampling date (Fig. 4.5). This was however, the only sampling date when

substantial numbers of hoverfly eggs were found. On this final date, 82% of the eggs

collected over the whole field were from the egg morphotype group representing S.

suiphuripes and E. fumipennis, 11% were from P. stegnus, 4% were from S. opinator,

and the remaining 3% were from three different egg morphotypes representing other

unidentified hoverfly species.

The analysis of the oviposition response to aphids at different distances from the

flower blocks focused on the group of eggs representing S. suiphuripes and E.

fumipennis. Eggs of P. stegnus were not included in the analysis because their larvae

were not successfully reared on cabbage aphids and their eggs appeared in clusters of 2-

10 eggs often not near cabbage aphid colonies. This pattern for P. stegnus eggs is

common on herbaceous plants (Davidson 1922), and ovipositing females of this species

were probably seeking Mpersicae (Vockeroth 1990). The eggs of S. opinator and the

three remaining egg morphotypes were also not included in the analysis because they

appeared in very low numbers.

Without accounting for aphid density differences, the number of ridged eggs

generally decreased with distance from the flower source in each of the four field sections

(Fig. 4.6). However, it is important to also account for any effects of aphid densities on

the number of ridged eggs, when assessing evidence of trends with distance to the flower

source. Multiple linear regression modeling (with the square root of the egg count as the

response) detected a strong positive linear trend between hoverfly eggs and aphids (p <

0.0001). (Due to less evidence of a trend in one of the field sections, there as some
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evidence that this positive trend varied with field section (p = 0.04 1 for field section by

aphid interaction)). Adjusting for the trend with aphid density (i.e., with aphid density in

the model), there was still evidence of a negative trend between ridged eggs and distance

(p = 0.028). Over the range of data observed, there was no evidence of quadratic

curvature in these models, nor interaction between aphids and distance (p > 0.14 all

terms). There was no evidence of bias in the p-values due to spatial autocorrelation (see

methods).

Since the hoverfly egg data consisted of counts (which cannot be negative), and

the variance increased with the mean, the spatial oviposition response was also modeled

using Poisson-type generalized linear regression models with a log link and a negative

binomial distribution to allow for over-dispersion. The resulting parsimonious model

included both effects of aphid density and distance from flowers. The model confirmed

the linear regression results in that egg counts increased significantly with increasing

aphids [positive parameter estimate (0.4) with p < 0.000 1] and that the egg counts

decreased significantly with increasing distance from the flowers [negative parameter

estimate (-0.23) with p = 0.004], even with aphids in the model. For this modeling, there

was little evidence of field section effects or lack of fit due to quadratic curvature or

aphid-distance interaction (p >0.05 all tests).

The resulting parsimonious generalized linear model can be back-transformed to

illustrate the average effects observed in this data set. Using the model parameter

estimates, the expected mean number of eggs of this morphotype on a group of six leaves

related to aphid density and distance to flowers as follows:

eggs (1. 85)*(aphids+ 1)0.4* (distance)°23
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Spatial distribution of aphids on crop plants at harvest. At harvest, there was no

correlation between aphid abundance on the crop plants or broccoli heads and distance

from floral plantings (data not shown). Even though the relative percentage of sampled

crop plants infested with aphids was close to 100% at the end of the season (Fig. 4.4), the

relative percentage of sampled heads that were infested was only 7%. Each of the

infested heads contained fewer than 10 aphids.

Discussion

Although though female hoverflies with fully developed eggs were arriving to

all parts of the broccoli field as much as eight weeks before harvest, the appearance of

hoverfly eggs on the broccoli crop did not occur until the few weeks before harvest. All

of the predatory syrphid species sampled in this trial demonstrated this apparent delay in

oviposition. The most likely reason for this delay is that oviposition by these hoverfly

species is stimulated by a "threshold" density ofB. brassicae (van Emden 1965; Oatman

& Platner 1969). Similar delays in the appearance of hoverfly eggs in the field until B.

brassicae densities are sufficiently large have been seen for other hoverfly species in

brassica crops (Wnuk and Wojciechowicz 1993), as well as for other hoverfly species and

aphid species in other systems (Neuenschwander et al. 1975; Carroll and Hoyt 1984).

The timing of hoverfly oviposition at aphid colonies in crop fields can also

vary among species in different years due to the effect of different climatic conditions on

hoverfly overwintering (Krause and Poehling 1996), or migration into the crop

(Tenhumberg and Poehling 1995). A diapause or some form of quiescence at this time

could have also caused such a delay. Some univoltine hoverfly species with long life
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cycles can demonstrate a facultative 'partial diapause' in an adult stage that feeds and has

a prolonged period of ovarian development (Schneider 1948), but this tends to occur

under conditions less optimal than those seen under the summer field conditions in this

study.

Although the predatory hoverflies that attack the cabbage aphid were not trapped

within the broccoli field until the flowering alyssum seedlings were planted, some

individuals of these species were observed foraging in areas around the field before the

flowers were planted. Additionally, the first female hoverflies of these species that were

trapped had fully developed eggs and guts full of pollen of several morphotypes. This

indicates that although the added flower plots may have attracted these species of

hoverflies into the field, the woody and riparian areas bordering the field could have

provided sufficient floral resources, alternate hosts and shelter for the predacious hoverfly

community early in the broccoli season. Plants known to attract hoverflies such as

hogweed (Heracleum lanatum Michx) and Queen Anne's lace (Daucus carota L.) were

flowering in the field borders early in the crop season. Even when the field border

vegetation has a lower floral density than that of the field, however, the abundance of

predatory hoverflies can be greater in the border vegetation (e.g. Sutherland et al. 2001).

The hoverfly species which oviposited on the broccoli plants in this study can all prey on

multiple aphid species, and the importance of similar woody and riparian habitats as

sources of alternate hosts of syrphids and other aphid predators has been recognized

elsewhere (Carroll and Hoyt 1984; Fluke 1929; Bribosia 2002). Alternate hosts are often

not present in sufficient numbers early enough in the crop season however to enhance

syrphid populations in time for the crop season (Salveter 1998). The dense vegetation
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surrounding this field could have also provided the type of shelter that has been shown to

attract predatory hoverflies (Lewis 1965), especially at times of the year when physical

conditions are more extreme (Sarthou et al. 2005).

With the strong dispersal ability of hoverflies, it is also possible that the

individuals present in the field were supported by these same resources beyond the

immediate vicinity of the broccoli field. The need for landscape-scale studies of the

effects of floral resources on predatory hoverflies has been noted elsewhere (Bugg 1993).

Increased arrival at wheat fields by predatory hoverflies in more diverse landscapes has

been observed (Krause and Poehling 1995), and certain predatory hoverfly species have

been reported to make use of sources of pollen up to one kilometer away from a crop

field and return to the field within the same day (Schneider 1958). The landscape

surrounding this field had many areas with habitat similar to the field border, and it has

been noted that these resources in and next to a given field in complex landscapes can

make less of a difference for the enhancement of highly dispersive natural enemies than

they do in fields located in simple landscapes (Thies and Tschamtke 1999; Tscharntke et

al. 2005).

The floral resources were placed in the middle of the field in this study in order to

see any effects on the spatial redistribution of hoverfly adults, hoverfly eggs and/or

aphids that might occur within the field aside from the effects that the field margins or

landscape might have. The spatial distribution of the adults of hoverfly species of

interest could not be determined since so few individuals of these species were captured

in the pan and sticky traps. Very few larvae were observed on the broccoli plants, even

when destructive and nondestructive whole-plant sampling techniques were used (M. D.
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Ambrosino, unpublished data). Hoverfly eggs were the most readily quantifiable

indicator of hoverfly presence at aphid colonies, but it must be noted that the mortality of

predacious hoverfly eggs in the field can be as high as 40% (van Emden 1965), and

infertile eggs are sometimes oviposited when aphid prey numbers are low (Schneider

1948). This study showed strong evidence of decreasing hoverfly eggs with increasing

distance, and increasing eggs with increasing aphids. This effect of insectary plantings

on local oviposition has been demonstrated for hoverflies in other systems (Sengonca and

Frings 1988; Haussammann 1996; Hickman and Wratten 1996), but such spatial effects

on natural enemy enhancement can be diminished when resources in the border of the

field or in the overall landscape are abundant (Thies and Tscharntke 1999).

The relative proportion of broccoli plants with B. brassicae gradually increased

throughout the season, but there were very few aphids in the broccoli heads at harvest,

and no trend of decreasing aphids on the plants or in the heads at distances closer to the

flower plots. Eggs of the hoverfly species S. suiphuripes and E. fumipennis arrived to B.

brassicae colonies the most quickly and in the greatest numbers, but this response was

most likely not rapid enough to decrease infestations before harvest, as no decrease in B.

brassicae densities were noted at this time. Although the insectary plantings initially

attracted the target species of hoverflies into the field and influenced oviposition in the

vicinity of the plantings at the end of the season, they did not seem to influence the

timing of oviposition response as much as aphid density. This same effect has been seen

in other attempts at enhancing hoverfly oviposition with insectary plantings (van Emden

1965; Sengonca and Frings 1988; Hausammann 1996). Attempts to enhance the

activities of predacious hoverflies with other types of non-prey resource manipulations
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such as food sprays have also shown a pattern of increased attraction and/or arrestment of

adults, but no substantial oviposition has been observed in these studies as well until

aphid numbers reached sufficient densities (Hagen 1970; Ben Saad and Bishop 1976;

Hagley and Simpson 1981). With the importance of an early response by hoverflies for

the effective limitation of aphid pest species (Hagen and van den Bosch 1968), and the

apparent short time frame over which this enhancement must occur in many vegetable

crop systems, future efforts to enhance the timing of the aphid-limiting activity of

predacious hoverflies in this system might focus on applying food sprays containing

known ovipositional cues, such as aphid kairomones, directly to the crop plants.
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Table 4.1. Predatory hoverfly species present in the broccoli field.

Syrphid species first gravid first eggs local cabbage host records

adults in field on broccoli aphid test* in literature

Eupeodesfumipennis 28 June 19 July feeding, ovip 17, CA, GPA

Sphaerophoria suiphuripes 22 June 19 July feeding, ovip 6, CA

Syrphus opinator 22 June 24 July feeding, ovip 20, CA, GPA

Platycheirus stegnus 14 June 9 August no feeding 5, GPA

Paragus sp. 22 June no eggs inconclusive unknown

Toxomerus marginatus 22 June no eggs no response 8

Toxomerus occidentalis 2 July no eggs no response unknown

* 'feeding' means that larvae of the species can survive to adults when fed only cabbage
aphids (B. brevicoryne) in tests performed by the authors; 'ovip' means that adults of
the species will oviposit on plants with cabbage aphid colonies on potted broccoli
seedings in a confined 1m3 area in tests performed by the authors; 'inconclusive'
means that very little oviposition and larval feeding occurred in a small sample size
of indiduals; 'no response' means that no oviposition or feeding occurred

the number in this column includes the number of aphid prey species on record for each
hoverfly species (Vockeroth 1992, Rojo et al. 2003); and whether or not cabbage
aphid, 'CA' (B. brevicoryne) and/or green peach aphid, 'GPA' (M persicae) are
included in these lists.



Table 4.2. Mean pollen scores and number of chorionated eggs (with standard errors) for hoverifies captured in
yellow pan traps.

Sampling Date
14

Syrphid species June 22 June 26 June 28 June 2 July 9 July 23 July 2 August 14 August

Mean Pollen
Score*

E.fuminpennis § 40t 3.3(1.1) 3.8(0.3) 4.0(0.4)

S. suiphuripes 4.0k 3.3 (0.4) 2.8 (0.8) 3.9 (0.2) 3.1 (0.2) 3.1 (0.3) 3.3 (0.4)

P. stegnus 5.O 4.5 (0.5) 2.9 (1.5) 2.O 4.3 (0.3) 3.6 (0.4)

Mean # Eggs

E.fuminpennis 25.ot 2.0 (2.0) 25.3 (25.3) 62.O

S.sulphuripes 13.0(5.1) 7.3(4.2) 20.3(4.9) 9.6(2.8) 17.1(5.9) 21.3(12.4) --
P. stegnus 35.O 150t 9.O 6.O 0.0 (0.0) 0.0 (0.0)

* pollen score for a given individual ranges from 0 (no noticeable pollen in gut) to 5 (gut full of pollen)
§ no flies of that species trapped on that date

n= 1
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Fig. 4.1. Aerial view of the field with the locations of flower plots and sampling
transects.
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Fig. 4.2. The abundance of selected hoverfly species captured in the pan traps.
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Fig. 4.3. The abundance of hoverfly eggs of each type on the broccoli crop plants.
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Fig. 4.4. The proportion of crop plants with cabbage aphids and hoverfly eggs.
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Fig. 4.5. Season-long abundance of hoverfly eggs pooled across species on crop plants at
all dates and distances sampled.
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Fig. 4.6. Mean number of hoverfly eggs in the group representing S. suiphuripes and E.
fumipennis at each distance class in each field section on the last date that crop plants
were sampled.
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OVERALL CONCLUSIONS

This project had the main goals of first identifying the main species of hoverflies

which oviposit next to and prey on B. brassicae colonies in commercial broccoli fields,

then assessing the aphid-limiting abilities of predacious hoverflies and then investigating

if this background level of activity could be enhanced with pre-screened floral resources.

Preliminary work in this project and other projects have observed that they were the most

consistent natural enemy group that attacks the contamination pest B. brassicae in

commercial broccoli fields in the Willamette Valley of Oregon. It was not known

however, if they are limited for their required floral resources in this environment. After

the identities, phenologies and predacious activity levels of the main species attacking B.

brassicae in broccoli fields were determined, candidate floral resources were screened in

the broccoli field environment. An attempt was then made to add a large enough volume

of these resources so that any effect on their behaviors could be detected at the scale of a

commercial broccoli field.

The five studies conducted in three different broccoli fields over the course of two

broccoli field seasons showed that the suite of predatory hoverfly species present

foraging around broccoli plants, as well as on floral resources in and around the fields

were the same in each study. A formal wide-scale survey of the most common predatory

hoverfly species present in broccoli fields was not attempted in this project, but the

species in this suite (E. fumipennis, S. suiphuripes, S. opinator, P. stegnus, T marginatus,

T occidentalis, and a Paragus sp.), were also the same species observed by the author in

many other broccoli fields examined throughout the Willamette Valley in those years, as
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well as in other years. The species E. fumipennis, S. suiphuripes and S. opinator were the

most common species of this suite present as eggs and larvae in broccoli fields, and they

are also common on other brassica crops in Oregon, as well as in the brassica-growing

areas along the Central Coast of California (Bill Chaney and Ramy Colfer, pers. comm.).

These three species were then the target for enhancement with insectary plantings.

Although P. stegnus eggs were also commonly observed near colonies of B.

brassicae on broccoli plants in these studies, its ability to prey on B. brassicae could not

be confirmed since it was not successfully cultured on B. brassicae in captivity as were

the other species that appeared near B. brassicae colonies. There are four prey species on

record for P. stegnus (Davidson 1922). It is possible that the P. stegnus which oviposit

on broccoli are going after M persicae, or they may only be facultative predators on

aphids, and be able to survive on plant matter (Davidson 1922). This behavior of

facultative predation has been reported for other members of this Genus (Vockeroth

1992). The eggs of this species are often laid in tight batches of approximately five to

nine eggs further away from aphid colonies (Davidson 1922). This oviposition behavior

has been termed "phytozetic", as opposed to the more typical "aphidozetic" behavior

seen for predatory hoverflies of laying eggs singly and close to aphid colonies (Chandler

1 968b). This phytozetic oviposition pattern was also seen for P. stegnus in the insectary

planting field study, which, along with the fact that the eggs of this species showed the

greatest delay in appearance on broccoli plants after gravid females were trapped, may be

an indication that their oviposition may not have been driven by aphid numbers on the
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broccoli plants as much as was the case for E. fumipennis, S. suiphuripes, and S.

opinator.

A few individuals of a Paragus sp. were also caught in the insectary planting field

experiment, but the larvae of this species developed very slowly on B. brassicae in

culture, and were therefore not important predators of B. brassicae. The final species

common in the broccoli fields, the two Toxomerus spp., were highly abundant on the

insectary plantings and in the pan traps, but none of their eggs were observed on the

broccoli plants. These species are known to be aphid predators (Rojo 2003), and it is

likely that they were going after aphids hosted by the abundant weeds in and around this

broccoli field.

Another key aspect of the predatory activities of these hoverfly species that was

investigated in this project was their ability to develop on and kill B. brassicae. The three

most common species on B. brassicae colonies, E. fumipennis, S. suiphuripes, and S.

opinator, were tested for these abilities and the species S. pyrastri was included because

it is the most common species of hoverfly found attacking B. brassicae on individual

plants or very small plots of broccoli in gardens. It was the species out of the four that

had the highest voracity for B. brassicae and developed the most quickly. This is not

surprising considering how much larger it is than the other species, but it is not known

why it does not exploit the abundant B. brassicae and M persicae resources found in

most commercial broccoli fields. S. pyrastri has one of the widest host ranges of any

predatory hoverfly species (Rojo 2003), and it may be foraging for other aphid hosts that

are more prefened, or those that simply more accessible in terms of foraging efficiency.
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Another possibility is that it is generally not active, or possibly in a diapause phase of

some sort, during the main part of the broccoli growing season in this area. A third

possibility is that this species does not forage in wide open spaces as large as commercial

broccoli fields. Considering the high aphid-limiting potential of this species once it

reaches a broccoli plant, future studies of its life history for enhancing its potential to

oviposit on broccoli in large fields would be justified.

For the group of species that did commonly oviposit on broccoli in large fields,

the first step in trying to enhance their potential was to screen candidate species of

insectary plants. The flowers were screened adjacent to large broccoli fields so that the

community of hoverflies and other floral foragers would better represent the situation in

which they might be used as insectary plants for enhancing aphid control in this crop.

The results of the screening showed that crop pest arthropod species were also using

certain species of the floral resources, and that other beneficial arthropods were

influencing the floral preference responses of the target group of predatory hoverflies

through competition. This shows the importance of considering the community context

under which insectary plantings might be implemented.

The attempt to enhance the aphid-limiting activity of these target species of

hoverflies in a commercial broccoli field resulted in the attraction of these species into

the field, as well as increased oviposition closer to these resources at the end of the

season, but the timing of hoverfly oviposition did not appear to be enhanced. These

species did not appear to be limited for floral resources, since the first female individuals

arriving to the field had fully developed eggs and guts with pollen, and foral resources
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were present in and around the field throughout the course of the study. The insectary

plantings had a high density of flowers, and were placed in the middle of the fields early

in the season so that any potential effects could be seen relative to these background

levels of floral resources. However, they were still not enough of an influence to alter

how they respond to naturally occurring aphid densities.

This project provided specific information that is needed for determining the

aphid-limiting potential of predatory hoverflies in this system, as well as for assessing the

costs and benefits of insectary plantings for their enhancement. These results also show

that conservation biological control planning and interventions must take into account the

phenologies, host/prey response relationships, and landscape-scale patterns of resource

use and dispersal of the target natural enemies before they can be realistically

implemented. This is especially true for organisms with "life history omnivory" (Polis

and Strong 1996) such as predatory hoverflies, whereby the adults and immatures expoit

different resources, and therefore the relationships between adult feeding sites and

host/prey foraging sites become complex.
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