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Abstract

Both alfalfa weevil, Hypera postica (Gyllenhal), (Coleoptera: Curculionidae),

and potato leafhopper, Empoasca fabae (Harris), (Homoptera: Cicadellidae), remain

key pests of alfalfa in Virginia.  Commercial varieties of potato leafhopper-resistant (or

glandular-haired) alfalfa were released in the mid-1990s, but the impact of alfalfa

weevil on these varieties has not been well documented.   In 1999, two large-scale

field experiments were initiated to compare the performance of a glandular-haired

alfalfa variety against a standard, non-glandular-haired variety under both alfalfa

weevil and potato leafhopper pest pressures in the southwestern and Piedmont

regions of Virginia over a 3 year period.  Results indicated that alfalfa weevil must be

managed in potato leafhopper-resistant alfalfa to limit crop loss.  Surprisingly, similar

densities of potato leafhoppers were found in both the glandular-haired and standard

varieties.  Both varieties frequently had similar yields and forage quality.  In general,

the glandular-haired variety did not outperform the standard variety.  Results also

indicated that insecticide application did not always provide the expected benefits of

higher yields and forage quality, despite reducing pest densities for 2-3 weeks after

application.  These data suggest that the economic thresholds for one or both of

these pests in Virginia may require adjustment.

The potential impact of glandular-haired alfalfa on the natural enemies of

alfalfa weevil was examined as well.  Bathyplectes anurus (Thompson)

(Hymenoptera: Ichneumonidae) was the dominant parasitoid attacking weevil larvae

at both locations.  Parasitization of weevil larvae by Bathyplectes spp. did not appear

to be adversely affected by the presence of glandular trichomes on the potato

leafhopper-resistant variety.  Glandular trichomes had little impact on the infection of



weevil larvae by the fungus Zoophthora phytonomi as well, but this was not

unexpected.

The genetic variation of B. anurus was surveyed at both study sites using

RAPD-PCR to establish or eliminate the possibility that differences in parasitization

levels between the Piedmont and southwestern regions could be attributed to the

presence of different parasitoid strains.  Most of the detected phenotypic variation was

attributed to within population variation, with very little variation occurring between the

two populations.  However, the between population variation was statistically

significant in 2000, but not in 2001.
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Introduction

Alfalfa, Medicago sativa L., is a valuable forage crop prized for its high protein

content and palatability.  Alfalfa supports a wide diversity of invertebrates that cause

little or no economic damage, but two insect species are key pests of this crop.  The

alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera: Curculionidae), typically

defoliates alfalfa during the growth of the first harvest.  In contrast, the potato

leafhopper, Empoasca fabae (Harris) (Homoptera: Cicadellidae), usually attacks

alfalfa later in the summer.  Both species can produce economic damage to forage

yields and quality over several harvests each year.

As an introduced species, alfalfa weevil has been the subject of a decades-

long classical biological control program that imported natural enemies of the alfalfa

weevil from Europe for establishment and redistribution in the U.S.  Several

hymenopteran species were established successfully and, along with the

entomopathogenic fungus Zoophthora phytonomi (Arthur) (Zygomycetes:

Entomophthorales), have been credited for greatly reducing the need for insecticide

treatment to control alfalfa weevil in the northeastern U.S.  However, this biological

control program has not been fully successful in the southern states, including

Virginia, where alfalfa weevil persists as an economic pest despite the presence of

several parasitoid species and Z. phytonomi.  In Virginia, alfalfa weevil pest pressure

varies among regions within the state.  Greater weevil densities and concomitant

lower rates of larval parasitization are found in the Virginia Piedmont, while lower

weevil densities and greater rates of larval parasitization are found in southwestern

Virginia.

Unlike alfalfa weevil, few specialized natural enemies are known to attack

potato leafhopper.  Alfalfa varieties marketed as being resistant to potato leafhopper

were available for the first time in 1997.  The commercial release of these varieties

was an important advancement in leafhopper pest management.  Resistance to

potato leafhopper is associated with the glandular-trichomes possessed by these

varieties, but the exact mechanism of resistance remains under debate.
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The availability of these new glandular-haired varieties for potato leafhopper

management has raised several questions regarding alfalfa pest management in

Virginia.  How would these glandular-haired varieties perform under potato leafhopper

pressure in Virginia?  Would these varieties perform well under alfalfa weevil

pressure?  Much of the research previously conducted on potato leafhopper-resistant,

glandular-haired alfalfa did not include alfalfa weevil, as this species is no longer

considered an annual pest in large regions of the U.S.  However, research was

needed to investigate the effects of alfalfa weevil and potato leafhopper together in

Virginia, where both pest species continue to produce damage annually.

Furthermore, would the presence of glandular trichomes disrupt the biological control

of alfalfa weevil by interfering with its natural enemies?  And although not related to

alfalfa varieties, could the differences in rates of parasitization seen between the

Piedmont and southwestern regions of Virginia be attributed to the presence of

different parasitoid strains?

These questions were addressed by the objectives of my study, which were as

follows:

1.  to investigate the effects of alfalfa weevil and potato leafhopper on the

performance of glandular-haired alfalfa in the Virginia Piedmont.

2.  to investigate the effects of alfalfa weevil and potato leafhopper on the

performance of glandular-haired alfalfa in southwestern Virginia.

3.  to examine the potential impact of glandular-haired alfalfa on the natural

enemies of alfalfa weevil larvae.

4.  to conduct an analysis of genetic diversity in populations of Bathyplectes

anurus (Hymenoptera: Ichneumonidae) in Virginia using RAPD-PCR.
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Chapter One

Literature Review: Alfalfa Weevil and Potato Leafhopper

Alfalfa, Medicago sativa L., is a prized forage crop with connections to humanity

that can be traced back to prehistoric times in the Middle East (Russelle 2001).  The

earliest written record of alfalfa is a Hittite tablet that mentions alfalfa as a nutritious

animal feed (Michaud et al. 1988, Russelle 2001).  Alfalfa provides palatable fodder

high in crude protein and other nutrients while enriching the soil by way of nitrogen-

fixing bacteria in root nodules.  With proper management, multiple harvests can be

taken every year from this perennial crop.  Stands may last for five to seven years,

although historical records indicate that fields could remain in production for over 20

years (Summers 1998, Russelle 2001).  For these desirable qualities, alfalfa earned

the sobriquet “Queen of the Forages.”

An alfalfa stand supports a broad range of wildlife, including vertebrates

(Graham 1941, Summers 1998, Putnam et al. 2001) and numerous invertebrate

species (Howell and Pienkowski 1971, Pimentel and Wheeler 1973, Summers 1998).

The vast majority of invertebrate species present in alfalfa cause no economic

damage to the crop, but two insect species are considered key pests of alfalfa grown

for forage.  The alfalfa weevil, Hypera postica (Gyllenhal), is an introduced species

whereas the potato leafhopper, Empoasca fabae (Harris), is native to North America.

Alfalfa Weevil

The alfalfa weevil (Coleoptera: Curculionidae) was first reported in the U.S.

near Salt Lake City, Utah, in 1904 (Titus 1910).  This introduction, referred to as the

western strain, quickly achieved pest status throughout the mountainous western

states.  In 1951 alfalfa weevil was found near Baltimore, Maryland, and this strain

spread over the eastern U.S. in several decades (Poos and Bissell 1953, Day 1981).

Alfalfa weevil was first reported in Virginia in 1952 (Evans 1959) and could be found

throughout the state by 1962 (Woodside et al. 1968).  By 1970, alfalfa weevil was
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reported from all areas where alfalfa was grown in the contiguous 48 states (USDA

1991).

In 1939 the Egyptian alfalfa weevil, H. brunneipennis (Boheman), was reported

in Arizona (Wehrle 1940).  Originally believed to be a separate, congeneric species of

the alfalfa weevil, evidence now supports the hypothesis that Egyptian alfalfa weevil is

actually a misidentified strain of H. postica.  Studies using the polymerase chain

reaction (PCR) have shown that unidirectional mating between the eastern, western,

and Egyptian strains is mediated by Wolbachia pipientis Hertig, a rickettsial

endosymbiont that affects the viability and sex ratio of offspring (Hsiao 1996).

Currently the species status of Egyptian alfalfa weevil has not changed and is still

referred to as H. brunneipennis in the literature.

Life History.  Both adult alfalfa weevils and their eggs can be found in alfalfa

throughout the winter in Virginia (Woodside et al. 1968).  Eggs hatch in early spring

after 313 degree days above 7.0° C (Roberts et al. 1970).  Neonates measure about

5-mm long and are pale greenish-yellow with a dark head capsule, while later instars

appear greener and have a white dorsal stripe.  Fourth instars measure about 9-mm

long (Evans 1959).

Neonates feed within alfalfa stems before chewing an exit hole through the

plugged ovipositional opening (Campbell et al. 1975).  They then crawl into leaf buds

to feed, causing extensive injury to the growing terminals.  Larvae begin feeding on

expanded foliage throughout the canopy after the first instar.  Complete larval

development requires about three weeks in Virginia (Evans 1959).  Mature fourth

instars cease feeding and spin a round, off-white, filamentous cocoon either on

foliage or in ground litter below the plants (Harcourt and Guppy 1975).  Prepupal

larvae and pupae are easily seen within the cocoons, and adults emerge about ten

days later (Evans 1959).  Adults are approximately 4-mm long and are oval with a

short snout; they are easily distinguished from other curculionids found in alfalfa

(Evans 1959).  Newly emerged adults are light tan with a dark brown dorsal stripe

from the pronotum to midway down the elytra.  Older adults appear darker in color with

a fainter stripe, and they may lose the stripe completely and appear very dark brown

as scales rub off.
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Newly emerged adults feed in alfalfa fields before dispersing to aestivation

sites (Meyer 1982) that are generally located outside harvested fields and may include

fence rows and ground litter.  Manglitz (1976) reported that adults sometimes remain

in unharvested fields and aestivate there.  Adults in Virginia typically leave fields

around May about the time of the first harvest.  Harvesting alfalfa does not appear to

prompt dispersal from fields in southwestern Virginia if fresh alfalfa remains

available, but hot, dry weather and the removal of green plants by harvest triggers

adult dispersion (Pamanes and Pienkowski 1965).  After the summer diapause,

adults become active again and return to alfalfa fields where they resume feeding.

Females become sexually mature after breaking diapause and mating occurs within

the alfalfa fields (Meyer 1982).

Females usually oviposit masses of 10 to 25 eggs (Evans 1959, Burbutis et al.

1967, Niemczyk and Flessel 1970) in small cavities chewed into the pith of green

alfalfa stems.  The opening is plugged with frass, occasionally mixed with chewed

leaf fragments (Milliron and MacCreary 1955).  Eggs may also be found in dead,

hollow alfalfa stems if deposited before the first flush of green growth in the spring.

They also may be found in stems of various weed species such as henbit (Lamium

amplexicaule L.) (Ben Saad and Bishop 1969, Niemczyk and Flessel 1970), or even

dropped among plant debris on the ground.  Newly deposited eggs are translucent

lemon yellow but darken to brown with age.  Dark head capsules of developing

embryos can be seen through the chorion of mature eggs.  Eggs laid in the fall hatch

the following spring during favorable weather.  In Maryland, eggs laid in spring hatch

after about two weeks (Manglitz and App 1957).  Females lay an average of 500 to

2,000 eggs over a lifetime, but may produce up to 6,000 eggs (Coles and Day 1977).

Adults overwinter in alfalfa fields where they continue to feed, mate, and

oviposit whenever conditions are favorable.  Evans (1959) calculated that females

overwintering in Virginia resumed ovipositing whenever mean temperatures reached

45−50° F.  Adult weevils are cold-tolerant (Armbrust et al. 1969), but active

overwintering adults may deplete their fat reserves during warm periods and are thus

less likely to survive to spring (Helgesen and Cooley 1976).  If the winter is particularly

mild, large numbers of eggs may accumulate and hatch simultaneously with warm
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weather the following spring (Woodside et al. 1968, Roberts et al. 1970).  Larvae are

not as cold tolerant as eggs or adults, and severe cold weather may eliminate this

stage after hatching.  However, larvae have been found in North Carolina fields during

the winter months (Campbell et al. 1961).

Alfalfa weevil is considered a univoltine species, but a partial second

generation may be produced if conditions are favorable late in the growing season

(Evans 1959, White et al. 1969).  Larvae of the second generation may not complete

their development before dying in unfavorable winter weather (White et al. 1969), but

their feeding may contribute to late-season stand injury.

Occasionally alfalfa weevil feeds on related legumes such as clover and vetch,

but alfalfa is preferred above all other host plants (Evans 1959, Campbell et al. 1975).

In stands of alfalfa grown with clover, larvae feed on clover only after alfalfa is

consumed (Campbell et al. 1975).

Damage and Economic Impact.  Arrival of the alfalfa weevil greatly changed alfalfa

production in the U.S.  Many growers switched to other crops as a result of pest

pressure after it became established (Miller 1972, Ruesink 1976, Armburst 1981,

Berberet and Dowdy 1989).  Between 1961 and 1967, alfalfa acreage dropped from

105,000 to 33,000 ha in Virginia as a result of economic losses produced by alfalfa

weevil (Woodside et al. 1968).

Both larvae and adults feed on alfalfa, but larvae are responsible for most of the

crop damage.  Third and fourth instars are responsible for 95% of all larval damage

(Koehler and Pimentel 1973).  Typical injury to the plant includes consumption of the

buds and growing terminals.  Severely infested fields have a characteristic “frosted”

appearance when the skeletonized canopy dehydrates and acquires a grayish-silver

color.  Stands are particularly vulnerable to attack during the first flush of spring growth

prior to the first harvest, when stand height is low (Hintz et al. 1976).  Alfalfa may

escape economic damage if eggs hatch after plants have begun to grow and foliar

growth outpaces larval consumption (Evans 1959).

Alfalfa weevil infestation primarily reduces yields at the first harvest (Liu and

Fick 1975, Hintz et al. 1976, Berberet et al. 1981, Berberet and McNew 1986), which is

often the greatest harvest in terms of yield and quality.  Feeding also reduces forage
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quality by lowering crude protein levels (Liu and Fick 1975, Hintz et al. 1976, Wilson et

al. 1979, Wilson and Quisenberry 1986), although this effect is extremely variable and

difficult to measure accurately (Berberet and McNew 1986).  Alfalfa weevil feeding can

also affect growth and yield at subsequent harvests (Wilson et al. 1979, Berberet et al.

1981, Summers 1989).

Alfalfa weevil adults generally cause less injury than larvae.  Adults feed after

returning to the fields in the fall, but injury at that time is usually not significant.

However, adults can injure plants in early stages of vegetative growth.  Occasionally

adults and larvae injure the young growth after the first harvest (Fick 1976).  Such

feeding may require a stubble spray, especially if the crop was harvested early in the

season or if the field was not treated before harvest (Youngman and Herbert 2002).

Numerous punctures made in green stems by ovipositing females also may weaken

and injure plants (Manglitz and App 1957, Campbell et al. 1961).

In Virginia, larger weevil populations are seen at lower elevations than at higher

elevations, a situation similar to that in North Carolina (Campbell et al. 1975, Kuhar et

al. 2000).  Injury to alfalfa is seen earlier in the spring at lower elevations.  Typical pest

pressure in the Piedmont requires heavier pesticide use before the first harvest than

in the Shenandoah Valley, while the Highlands has the lowest pest pressure

(Woodside et al. 1968).  Reflecting this relation between pest pressure and altitude,

the peak rate of oviposition occurs in January in the Piedmont, and during March and

April in the Highlands (Woodside et al. 1968).  Kuhar et al. (2001) showed that 50% of

the peak larval population was present in the Piedmont more than two weeks earlier

than in southwestern Virginia over a two year period, but mean accumulated degree

days at the time of 50% of peak population were nearly identical at both study

locations.

A 3-year survey of Virginia alfalfa fields indicated that significantly higher

densities of larvae (2.3-2.8 larvae per stem) occur in the Piedmont compared to the

southwestern region (0.6-1.4 larvae) and the Shenandoah Valley (0.7-1.6 larvae per

stem) (Kuhar et al. 1999).  While 94% of fields surveyed in the Piedmont were above

the economic threshold, only 18 and 25% of the fields surveyed in the southwestern

region and Shenandoah Valley, respectively, were also above threshold.  Kuhar et al.
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(1999) calculated that alfalfa weevil threatens approximately half (51.5%) of all alfalfa

grown in Virginia each year at an estimated annual cost of more than $676,000 in

insecticide treatments.

Biological Control and Natural Enemies.  As an exotic species to North America,

alfalfa weevil entered the U.S. without its natural enemies.  Freed from that form of

population control, alfalfa weevil quickly spread and became a key pest of alfalfa

(Armburst 1981).  In 1959 the Agricultural Research Service (ARS) of the U.S.

Department of Agriculture (USDA) began importing parasitoids of the alfalfa weevil

from Europe for release in the eastern states (USDA 1991).  In 1980 the project

expanded nationwide into the Alfalfa Weevil Biological Control Project run by the

Animal and Plant Health Inspection Service (APHIS) branch of the USDA.  Releases of

parasitoids ended in 1988 when their distribution was considered successful (Bryan

et al. 1993) and the project disbanded in 1991 after evaluations were completed

(USDA 1991).

Six hymenopterous parasitoids released by the control program became

established in alfalfa fields.  These species form a parasitoid complex attacking the

alfalfa weevil during several stages of its development throughout the year.  Released

parasitoids are accredited for reducing the alfalfa acreage treated with insecticide by

73% in northeastern states (Day 1981).  Economic analyses have demonstrated the

positive economic benefits of this control program for alfalfa weevil (Zavaleta &

Ruesink 1980, Day 1981, White et al. 1995).  However, this level of control has not

been seen in other areas of the U.S., especially south of the 40° latitude (Miller et al.

1972, Hearn and Skelton 1979, Copley and Grant 1998, Radcliffe and Flanders 1998,

Kuhar et al. 2000, Berberet et al. 2002).  Alfalfa weevil remains an economic pest in

the southern U.S., where growers continue to rely on insecticide application to protect

alfalfa (Hearn and Skelton 1979, Carter et al. 1982, Copley and Grant 1998, Flanders

2000.  In Virginia, alfalfa weevil threatens approximately half (51.5%) of all alfalfa

grown each year at an estimated annual cost of more than $676,00 in insecticide

treatments (Kuhar et al. 1999).  Most (94%) of the fields surveyed by Kuhar et al.

(1999) in the Piedmont region of Virginia exceeded the economic threshold for alfalfa
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weevil.  Over 90% of Virginia alfalfa growers treat their fields annually for alfalfa weevil

without regard for the pest density actually present (Luna 1986).

Bathyplectes curculionis (Thomson) and Bathyplectes anurus (Thomson)

(Hymenoptera: Ichneumonidae) were the two parasitoids most frequently released.

Adults of both species are small (≈3 mm long), shiny black wasps, while the larvae

are endoparasitoids of alfalfa weevil larvae.  After a host weevil larva spins its cocoon,

the larval parasitoid emerges from the weevil host and spins its own cocoon (≈3.5

mm long) within the cocoon of the host weevil.  Sometimes Bathyplectes spp.

cocoons are found without the associated weevil cocoon among leaf litter on the

ground.  Parasitoid cocoons that remain within the host cocoon on the foliage are

likely to be removed from the field along with alfalfa at the next harvest.  Bathyplectes

anurus is univoltine and adults emerge the following spring.  A partial second

generation of B. curculionis arises from a small percentage of non-diapausing larvae

that emerge during the summer (Cross and Simpson 1972, Bartell et al. 1976).

However, most B. curculionis diapause and overwinter within the cocoon to emerge

the following spring.

Cocoons of both Bathyplectes spp. are oblong and are mahogany brown with a

white equatorial band.  However, cocoons can be distinguished to species by

morphological differences.  The equatorial band in B. anurus is well defined and has

a raised ridge, while the band in B. curculionis is broader with less defined borders

and lacking a ridge.  Cocoons of B. anurus have an unusual ability to jump, a means

of increasing their survival by startling potential predators away or moving into a more

favorable environment out of direct light; this ability to jump is limited to the prepupal

stage of development (Day 1970).

Bathyplectes anurus has displaced B. curculionis throughout much of their

shared range (Harcourt 1990, Oloumi-Sadeghi et al. 1993, Parr et al. 1993, Berberet

and Bisges 1998).  This displacement by B. anurus is attributed to its more effective

search and handling of host larvae, higher reproductive potential, faster spread into

new areas, and the jumping ability of its cocoons (Harcourt 1990).  Eggs of B. anurus

escape encapsulation by parasitized larvae, unlike those of B. curculionis (Puttler

1967, Maund and Hsiao 1991).  In addition, B. anurus females prefer to parasitize
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older instars, which are less susceptible to infection by the entomopathogenic fungus

Zoophthora phytonomi (Arthur) (Zygomycetes: Entomophthorales), decreasing direct

competition with the fungus (Harcourt 1990).  Berberet and Bisges (1998) suggested

that Z. phytonomi mediates the displacement of B. curculionis by B. anurus rather than

displacement occurring due to direct competition between the parasitoids.

Bathyplectes anurus is commonly found in Virginia, accounting for >90% of all

parasitoids of alfalfa weevil larvae, but the parasitoid shows varying rates of

parasitization across the state (Kuhar et al. 1999, 2000).  Greater densities of alfalfa

weevil larvae occur in the Piedmont region of the state as compared to the

southwestern region, but rates of parasitization by B. anurus are higher in the

southwestern region than in the Piedmont.  In a 3-year survey conducted by Kuhar et

al. (1999), larval parasitism by Bathyplectes spp. ranged 45-73% in the southwestern

region but only at a much lower 16-32% in the Piedmont region.  Bathyplectes anurus

accounted for 95% of the parasitoids collected in this survey, with the congener B.

curculionis (Thomson) representing the remaining 5%.  Differences in parasitization

levels between the two Virginia locations may be due to a variety of possible factors,

including genetic variation between parasitoid populations, climatic differences,

grower practices, or a combination of factors.  Possible genetic variation between B.

anurus populations is of particular interest, as the inadvertent selection of an ill-suited

parasitoid strain or biotype has important implications for the success of any

biological control program (Caltagirone 1985, Roush 1990, Unruh and Messing 1993,

Narang et al. 1994).

Microctonus aethiopoides Loan (Hymenoptera: Braconidae), which attacks and

kills the adult weevil, was also released as a biological control agent.  Parasitization

by M. aethiopoides sterilizes the adult weevil, limiting the considerable reproductive

potential of its host.  Host castration in either gender by M. aethiopoides may be

complete or partial, resulting in inviable embryos or reduced reproductive potential

(Drea 1968a).  Host castration has significant relevance in biological control (Quicke

1997).  Field surveys in Virginia (Kuhar et al. 2000) and Tennessee (Copely and Grant

1998) found only low numbers of M. aethiopoides.
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The congener Microctonus colesi Drea was first discovered from parasitized

alfalfa weevils in 1963 (Coles and Puttler 1963, Drea 1968b) and is of unknown origin

(Day et al. 1971).  A parthenogenetic species, M. colesi parasitizes alfalfa weevil

larvae but does not emerge until the host reaches the adult stage.  After its discovery,

USDA researchers reared and released M. colesi along with M. aethiopoides

(Brunson and Coles 1968).

Other hymenopterous parasitoids released by the USDA and established in

alfalfa include Patasson luna (Girault) (Mymaridae) and Peridesmia discus (Walker)

(Pteromalidae), both of which attack the egg stage.  Each immature P. discus requires

more than one egg to complete development (Dysart 1989), so this species is more

correctly described as a predator.  Oomzyus incertus (Ratzeberg) (Eulophidae)

attacks and kills alfalfa weevil larvae.  It was not recovered in a recent 2-year survey in

Virginia, perhaps due to the sampling period or declining populations of the

parasitoid (Kuhar et al. 1999).  However, low numbers of O. incertus were found in the

Piedmont region of Virginia in 2001 (Dellinger et al. 2003).

Other parasitoids and predators may have small, additional regulatory

influences on alfalfa weevil populations.  Hyalomyodes triangulifera (Loew) (Diptera:

Tachinidae), a native generalist parasitoid of Coleoptera, has been recorded from

adult alfalfa weevils in Virginia (Thompson 1954, Hilburn 1985, Kuhar et al. 2000).

Alfalfa weevil eggs are also attacked by eastern flower thrips, Frankliniella tritici (Fitch)

(Thysanoptera: Thripidae) (Barney et al. 1979).  Other general predators present in

alfalfa fields include a wide variety of spiders (Howell and Pienkowski 1971), carabid

beetles (Los 1982), coccinellid beetles, the cricket Gryllus pennsylvanicus

Burmeister, and hemipterans (Pimentel and Wheeler 1973, Barney and Armbrust

1980, Ouayogode and Davis 1981, Giles et al. 1994).

The entomopathogenic fungus Z. phytonomi is an important mortality factor for

early instars of alfalfa weevil under optimal conditions (Harcourt et al. 1990, Los and

Allen 1983).  Warm temperatures with rainfall or high humidity are needed for fungal

growth and favor outbreaks of the pathogen when large numbers of alfalfa weevil

larvae are present (Brown and Nordin 1986).  Epizootics of Z. phytonomi have been

reported from Virginia (Los and Allen 1983, Kuhar et al. 1999), but the fungus has a
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variable effect as a biological control agent from year to year (Kuhar et al. 1999, 2000).

This pathogen was known previously from the clover leaf weevil (Hypera punctata [F.]),

which commonly feeds on alfalfa, but Z. phytonomi was not known to attack alfalfa

weevil until 1973 when larval cadavers were discovered in Ontario (Harcourt et al.

1974).  Different strains of Z. phytonomi occur in North America, and genetic analysis

suggests that the North American strain attacking alfalfa weevil may have originated in

Eurasia (Hajeck et al. 1996).  Genetic analysis has traced the probable origin of alfalfa

weevil to these areas as well (Hsiao 1996).

Zoophthora phytonomi can directly compete with released parasitoids that

attack larvae, such as B. anurus and B. curculionis.  Negative impacts of Z. phytonomi

infection on Bathyplectes spp. parasitization have been reported (Los and Allen 1983,

Goh et al. 1989, Giles et al. 1994, Berberet and Bisges 1998).  Fungal infection within

the host develops despite parasitization by Bathyplectes spp., eventually killing both

the host and parasitoid larva.  In addition, the fungus may also affect populations of

other parasitoids.  Microctonus aethiopoides, which attacks the adult weevil, may be

unable to reproduce successfully if not enough weevil larvae escape fungal infection

and reach the adult stage.  Populations of released parasitoids may be depressed

following a severe outbreak of Z. phytonomi and less effective in controlling pest

populations the following season.  However, Z. phytonomi did not appear to have a

lasting affect on B. anurus populations in Kentucky (Parr et al. 1993).

Potato Leafhopper

After the first harvest, economic damage due to alfalfa weevil is minimal

compared to that produced by potato leafhopper (Homoptera: Cicadellidae) as it

arrives from southern states.  Potato leafhopper is often considered the greater

economic pest, particularly in the eastern and midwestern regions of the United

States (Cuperus et al. 1983, Peterson et al. 1992, Taylor and Shields 1995a).

Life History.  Adult potato leafhoppers are highly mobile, pale green, slender, wedge-

shaped insects about 3-mm in length.  Females deposit eggs in abaxial midveins

and petioles of alfalfa (Hutchins and Pedigo 1989), as well as on a myriad of other
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host plants.  Up to five eggs are laid each day (Fenton and Hartzell 1923).  Nymphs

emerge in about one week after eggs are deposited (Manglitz and Radcliffe 1988).

Nymphs appear yellower than adults and characteristically scuttle sideways when

disturbed.  Development from egg to adult takes about three weeks (Manglitz and

Ratcliffe 1988).  Multiple generations occur every growing season; Poos (1932)

reported rearing up to six generations a season in an insectary.  Adults live 111-123

days, and one female was recorded ovipositing over a 95-day period (Poos 1932).

Potato leafhopper was long considered unable to overwinter in much of the

United States except for where favorable winter temperatures exist on the Gulf Coast

(Decker and Maddox 1967, Decker and Cunningham 1967, 1968).  Much has been

published on the northward migration of potato leafhopper each spring from the Gulf

States (Medler 1957, 1962, Taylor and Reling 1986).  Potato leafhoppers arriving from

the South are predominantly gravid females (Medler et al. 1966, Flanders and

Radcliffe 1989, Flinn et al. 1990b).  This annual migration is associated with favorable

weather patterns (Pienkowski and Medler 1964, Carlson et al. 1992).  DeLong (1965)

suggested that average rainfall limits the northward potato leafhopper immigration

largely to areas with low elevation and high relative humidity east of 100º longitude.

Decker and Cunningham (1968) noted high summer temperatures and low rainfall

may exclude potato leafhopper populations from the southernmost parts of Florida

and Texas.

It was once widely accepted that populations that annually established in

northern regions of the United States during the summer must die out each winter as

a consequence of colder temperatures (Taylor et al. 1995).  Evidence of reproductive

diapause and the presence of favorable weather patterns suggests that potato

leafhopper populations may also migrate southward in the fall (Taylor and Reling

1986, Taylor et al. 1995, Taylor and Shields 1995b).  In addition, populations of

overwintering adults have been found on evergreens (predominantly Pinus spp.)

throughout the southern states and into the mid-Atlantic region towards the coast

(Taylor and Shields 1995b).  This discovery extends the winter range of potato

leafhopper much farther inland than the coastal Gulf region that Decker and

Cunningham (1968) believed the insects were limited to during the cold months.
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Damage and Economic Impact.  Potato leafhopper attacks a wide range of plants,

including potatoes, snap beans, alfalfa, apple trees and maple trees, and many

common weeds found in agricultural settings (Ackerman 1919, DeLong 1931, Poos

1932, Lamp et al. 1984, Potter and Spicer 1993).  Native to North America

(Kouskolekas and Decker 1968), potato leafhopper fed on native host plants until the

introduction of alfalfa and other non-native hosts.  Alfalfa was introduced to North

America by 1736 (reviewed by Michaud et al. 1988).

Potato leafhopper feeding often produces a V-shaped yellow discoloration

seen at the tips of leaves.  This characteristic injury is commonly referred to as

“hopperburn.”  Historically, potato leafhopper must have produced economic damage

in alfalfa soon after it began feeding on the crop, but researchers did not originally

associate the insect with hopperburn.  Instead, hopperburn was attributed to factors

such as weather conditions, pathogens, and soil nutrients (Granovsky 1928,

Kouskolekas and Decker 1968).  Early reports of hopperburn in alfalfa referred to the

injury as “alfalfa yellows” or “yellow top” (Granovsky 1928, Poos and Westover 1934).

The association of potato leafhoppers with hopperburn in potatoes was recognized

before the link between causal agent and injury was established in alfalfa (Ball 1919).

Hopperburn in alfalfa can be confused with chlorotic leaves resulting from boron

deficiency (Graham et al. 1979, Buker and Walton 1981), but researchers definitively

demonstrated the link between the presence of potato leafhopper and hopperburn in

the late 1920s (Granovsky 1928, Poos 1929).

Potato leafhoppers feed by inserting their stylets into vascular bundles of the

host plant and removing phloem, which then initiates physiological changes within

the plant.  Cellular disruption in the vascular cambium leads to phloem blockage

(Medler 1941, Kabrick and Backus 1990, Ecale and Backus 1995) and subsequent

impediment of the upward and downward movements of photoassimilates (Nielsen

et al. 1990, Lamp et al. 2001).  Researchers have long suspected that potato

leafhopper saliva held some component toxic to alfalfa (Poos 1929, Medlar 1941).

Kabrick and Backus (1990) found evidence of hydrolytic enzymes in potato leafhopper

saliva that produce cellular damage and concluded that plant injury is produced by

both mechanical and salivary damage.  Work done by Ecale and Backus (1995)
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support this theory of a wound response exacerbated by potato leafhopper saliva.  As

a result of phloem blockage, non-structural carbohydrates accumulate in leaf tissue

with a concomitant reduction in photosynthesis (Flinn et al. 1990a).

The extent of physiological damage produced by potato leafhopper feeding

increases with time after the initial injury.  Microscopic examinations of feeding sites

several days after feeding show greater disruption of cellular tissues than tissues

examined immediately after exposure to leafhoppers (Medler 1941).  Physiological

injury to the plant occurs before symptoms of hopperburn are apparent in the field.

Alfalfa growers who wait until seeing hopperburn in their fields before harvesting the

crop or applying an insecticide treatment face reduced yields and lowered forage

quality (Hower and Byers 1977, Womack 1984).

In addition to hopperburn, potato leafhopper injury in alfalfa results in plant

stunting, reduced yields and forage quality, and lowered stand persistence

(Kouskolekas and Decker 1968, Kindler et al. 1973, Faris et al. 1981, Cuperus et al.

1983, Hower and Flinn 1986, Oloumi-Sadeghi et al. 1989, Flinn et al. 1990a).  Faris et

al. (1981) reported that potato leafhopper injury may carry over to subsequent

harvests.  Feeding injury is thought to hasten stand decline (Granovsky 1928),

possibly due to blocked translocation of photoassimilates and lowered carbohydrate

root reserves (Flinn et al. 1990a, Lamp et al. 2001).

Natural Enemies of Potato Leafhopper.  Unlike alfalfa weevil, potato leafhopper has

few specialized natural enemies attacking it.  Anagrus nigriventris Girault

(Hymenoptera: Mymaridae) parasitizes eggs within plant tissue and may be a key

mortality factor of potato leafhopper (Lovinger et al. 2000).  The fungal pathogen Z.

(=Erynia) radicans (Brefeld) (Zygomycetes: Entomophthorales) may cause epizootics

in high-density host populations when environmental conditions are appropriate, but

this pathogen does not appear to be well established (McGuire et al. 1987a, 1987b).

Generalist predators attacking various stages of potato leafhopper in the laboratory

include Orius insidiosus (Say) (Hemiptera: Anthocoridae), nabids, lacewings, and

coccinellid beetles (Martinez and Pienkowski 1982).  Other potential predators in the

field include spiders and mites.
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Development of Potato leafhopper-resistant Alfalfa.  Much effort has gone into the

development of alfalfa cultivars with resistance to the potato leafhopper.  Researchers

once commonly measured the visible degree of hopperburn exhibited by plants as the

primary index of resistance to feeding injury (Newton and Barnes 1965, Jarvis and

Kehr 1966, Sorensen and Horber 1974, Kehr et al. 1975).  Some researchers

continued to measure forage parameters along with these visual ratings (Davis and

Wilson 1953, Kindler et al. 1973, Sorensen and Horber 1974), but other studies failed

to include yield or forage quality (Jarvis and Kehr 1966, Kindler and Kehr 1970, Roof et

al. 1976).  Newton and Barnes (1965) recognized that potato leafhopper resistance in

alfalfa should include tolerance to stunting, ability to produce high yields despite pest

infestation, and antibiosis in addition to mere tolerance to yellowing.

Alfalfa seedlings were often screened for resistance to yellowing, which

eliminated much time spent planting stands in the field and waiting for them to

mature before conducting experiments (Webster et al. 1968a).  Forage parameters

went unmeasured when experiments were conducted on seedlings grown in

containers within growth chambers or in greenhouses, or in small plots in field

nurseries, and researchers focused on the relation between plant yellowing and pest

resistance or pest density instead (Webster et al. 1968b).  This practice unfortunately

selected for cultivars that exhibited little yellowing in response to potato leafhopper

feeding but still suffered economic loss with reduced yields and forage quality.

Webster et al. (1968b) tested experimental varieties selected for their resistance to

yellowing even though these varieties were known to be susceptible to stunting, one

of the symptoms of potato leafhopper injury.  Kindler et al. (1973) found that varieties

with resistance to yellowing still had reduced yields and crude protein under

moderate to severe infestations of potato leafhopper.  The authors cautioned against

selecting germplasm with resistance to yellowing when phenotypic recurrent

selection was not preserving high yield and forage quality.

Researchers have long recognized that pubescence may protect plants from

insect attack (Granovsky 1928, Poos 1929, Levin 1973).  Fenton and Hartzell (1923)

noted that young potato leafhopper nymphs were found “entangled” in the trichomes

of bean leaves, and often these trapped nymphs died.  Simple, non-glandular
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trichomes may act as a physical barrier against herbivorous insects by interfering with

their movement, feeding, or oviposition, if not killing them directly (Levin 1973).

Glandular trichomes secrete a wide variety of secondary compounds that may be

toxic, repellent, or just sticky to enhance the physical barrier presented by pubescence

(Levin 1973).

Physical immobilization of young potato leafhopper nymphs by sticky exudate

from glandular trichomes has been documented on several annual Medicago spp.

(Shade et al. 1979).  While some annual Medicago spp. possess desirable traits

such as glandular trichomes (Quiros and Bauchan 1988), researchers were unable

to transfer this genetic resource into perennial M. sativa through hybridization (McCoy

and Bingham 1988).  Researchers have focused on transferring the glandular-haired

trait from perennial Medicago spp. into M. sativa, but differences between ploidy levels

hampered traditional breeding programs (Quiros and Bauchan 1988, Irwin et al.

2001).  However, several companies were able to commercially release glandular-

haired potato leafhopper-resistant alfalfa for the first time in 1997.  The development

of glandular-haired potato leafhopper-resistant alfalfa represents one of the greatest

advances in pest resistance in alfalfa.

Researchers have debated the causal mechanism of resistance present in

these new potato leafhopper-resistant varieties.  Tolerance, antibiosis, and

antixenosis have all been suggested as mechanisms (Elden and McCaslin 1997,

Hogg et al. 1998, Lefko et al. 2000, Ranger and Hower 2002, Shockley and Backus

2002).  Resistance may function as a combination of mechanisms. Ranger and

Hower (2001) noted that young potato leafhopper nymphs were trapped by glandular

trichome exudate on one clone of glandular-haired potato leafhopper-resistant alfalfa.

Older nymphs and adults were not susceptible to physical entrapment, but still had

high mortality when exposed to glandular trichomes on the cultivar studied (Ranger

and Hower 2001).  These observations led the authors to conclude that resistance for

this cultivar was a combination of both chemical and mechanical defenses against

the potato leafhopper, but only the youngest nymphs were susceptible to both

mechanisms.
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An alfalfa field planted to a single variety does not contain a homogenous

population of plants.  Commercially cultivated alfalfa is autotetraploid (McCoy and

Bingham 1988, Irwin et al. 2001), so each individual plant in the field is genetically

different from its neighbor, even though all belong to a single variety.  Therefore, a field

planted with a single potato leafhopper-resistant variety will contain both resistant and

susceptible individuals (Wiersma 1998, Lefko et al. 2000).  Commercial seed

companies rate varieties according to the percentage of resistant plants within the

variety (Wiersma 1998).  In general, varieties with only 0-5% of the individual plants

expressing resistance to the potato leafhopper are ranked as “susceptible”, while

varieties with >50% of the individual plants expressing resistance are ranked as

“highly resistant” (Wiersma 1998).   For example, Pioneer ‘54H69’ is classified as

“resistant” with 31-50% of the individual plants expressing resistance (Wiersma 1998,

Iowa 2002, NAAIC 1999).

Lefko et al. (2000) proposed that tolerance, operating at the stand level, may be

a primary mechanism for resistance in current releases of glandular-haired alfalfa.

Within a stand of glandular-haired alfalfa, the growth of tolerant individuals may offset

the loss of growth in susceptible individuals injured by potato leafhopper feeding.

Alternatively, injury produced by potato leafhopper feeding on one plant may not

increase after a certain level as additional pests attack the same plant due to the

increasing likelihood of feeding on plant tissue already injured by earlier feeders

(Lefko et al. 2000).  Not only would populations of potato leafhoppers concentrate on

the more attractive, susceptible plants within the stand, but these plants would suffer

increasing feeding injury only up to a certain density of pests per plant.  The

percentage of susceptible plants within varieties of glandular-haired alfalfa should

decrease with improvements in breeding and developing of resistant varieties, so

stand tolerance will be less important in the future (Lefko et al. 2000).  Instead, raising

the level of tolerance in individual plants will be increasingly important as susceptible

plants are eliminated in future releases of resistant varieties.
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Potato Leafhopper-resistant Alfalfa and Biological Control

as Alfalfa Pest Management Tools

Glandular-haired potato leafhopper-resistant alfalfa may indirectly improve the

effectiveness of alfalfa weevil biological control by decreasing the need for chemical

control of potato leafhopper.  Insecticides applied to control alfalfa weevil have

deleterious effects on its associated parasitoids (Davis 1970, Surgeoner and Ellis

1976, Hower and Luke 1979).  Surgeoner and Ellis (1976) recognized that insecticide

treatment reduces the number of diapausing parasitoid cocoons remaining in fields

relative to the density of alfalfa weevil returning to fields after aestivating elsewhere,

potentially reducing the effectiveness of biological control in large, sprayed fields the

following spring.  It is suspected that broad-spectrum insecticide applications for

potato leafhopper control have similar negative impacts on alfalfa weevil parasitoids,

including those species present in alfalfa during the summer months.

Newly emerged alfalfa weevil adults leave the field to aestivate during the

summer after a brief feeding period (Evans 1959, Pamanes and Pienkowski 1965,

Meyer 1982), but some adults aestivate within fields (Bass 1967, Blickenstaff et al.

1972, Manglitz 1976).  Several researchers have reported finding larvae in alfalfa

fields during the summer when adults are thought to aestivate (Miller and Guppy

1972, Blickenstaff et al. 1972, Smilowitz et al. 1972).  Barnes (1967) suggested that

these larvae might be offspring of older, overwintered females that matured later than

other overwintered females.  In contrast, Loan et al. (1983) found non-aestivating,

sexually mature females in Ontario fields in July and August; these females had

recently emerged that spring and were responsible for a second larval brood during

the summer months.

These summer populations of larvae and adults provide an important host

reservoir for some alfalfa weevil parasitoids, including M. aethiopoides, non-

diapausing B. curculionis, and O. incertus.  Microctonus aethiopoides attacks adult

weevils while B. curculionis and O. incertus both attack alfalfa weevil larvae.

Insecticide treatments applied for potato leafhopper control also reduce the number of
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alfalfa weevil larvae and adults available as hosts for these parasitoids, as well as

killing already-parasitized hosts and any emerged adult parasitoids present.

Host weevils parasitized by first-generation M. aethiopoides have a

substantially lower tolerance to insecticides after the parasitoid eggs hatched

(Dumbre and Hower 1976a).  Abu and Ellis (1977) found that weevils parasitized by

second-generation M. aethiopoides were more susceptible than non-parasitized

hosts, but the differences in LD50 values for the two groups were generally not

significant.  Sublethal doses applied to host weevils parasitized by M. aethiopoides

had no effect on the expected lifespan and fecundity of the parasitoid after emergence

(Dumbre and Hower 1976b).  However, adult parasitoids emerging from pesticide-

exposed adult weevils that survived LD50 dosages were shorter-lived with reduced

fecundity (Dumbre and Hower 1976b).  Not unexpectedly, adult parasitoids were very

susceptible to direct insecticide exposure (Dumbre and Hower 1976a).  Cocoons

protected M. aethiopoides pupae against toxicants applied directly to the cocoon, but

emerging adults frequently died after contacting the toxicant on cocoons (Dumbre and

Hower 1976a).

While the majority of B. curculionis diapauses over the summer and winter

months to emerge as adults the following spring, a portion of the population forms

non-diapausing cocoons and emerges as adults over the summer.  Cocoons of non-

diapausing B. curculionis are thinner than those of diapausing individuals (Cross and

Simpson 1972).  These thinner cocoons appear to be more susceptible to insecticide

application (Bartell et al. 1976), whereas diapausing B. curculionis, with thicker

cocoons, seem to be better protected against insecticide exposure (Davis 1970,

Bartell et al. 1976).  Abu and Ellis (1977) found adult female B. curculionis to be less

susceptible to insecticides than adult female M. aethiopoides.  Adults of both

parasitoids were more susceptible than weevil larvae, suggesting that at least

immature stages of the parasitoids might survive insecticide exposure if the host

survived exposure (Abu and Ellis 1977).

Oomyzus incertus is another parasitoid of alfalfa weevil prevalent during the

summer months (Streams and Fuester 1967, Horn 1971).  Multiple generations are

produced each year, with each generation producing some individuals that diapause
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until the following spring (Streams and Fuester 1967).  Oomyzus incertus can be an

important mortality factor of alfalfa weevil larvae during the summer (Streams and

Fuester 1967, Flanders et al. 1994), but reduced numbers of available hosts naturally

limit the size of the overwintering parasitoid population (Radcliffe and Flanders 1998).

Horn (1971) suggested that O. incertus might provide better control of alfalfa weevil if

greater numbers of host larvae were present during the summer.

It is plausible to expect biological control of alfalfa weevil will be reduced after

alfalfa is treated for potato leafhopper due to lowered host density as well as lowered

parasitoid densities.  Hower and Davis (1984) advocated using insecticides that

effectively controlled potato leafhopper but spared alfalfa weevil, thus protecting

second-generation M. aethipoides searching for newly-emerged adult hosts.  Careful

selection of insecticides for potato leafhopper along with judicious timing of

application would inherently benefit other weevil parasitoids present.  However, this

type of time-intensive crop management is generally impractical given the need to

determine both alfalfa weevil and potato leafhopper pest densities as well as the

need to predict peak parasitoid activity.  Potato leafhopper-resistant alfalfa represents

an even better opportunity to improve alfalfa weevil biological control by reducing or

even eliminating the need for insecticide use in the summer months.  If glandular-

haired cultivars of alfalfa prove resistant to potato leafhopper, then growers may not

need to spray fields for this pest in mid-season, thus leaving populations of alfalfa

weevil parasitoids undisturbed.  These resistant varieties may provide the

management tool needed to sustain alfalfa weevil biological control throughout the

year in areas where control has been largely incomplete.
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Chapter Two

Effects of Alfalfa Weevil and Potato Leafhopper on the Performance

of Glandular-haired Alfalfa in the Virginia Piedmont

Alfalfa, Medicago sativa L., has been bred for resistance to several insect

species, including two key pests of the crop: alfalfa weevil, Hypera postica (Gyllenhal)

(Coleoptera: Curculionidae), and potato leafhopper, Empoasca fabae (Harris)

(Homoptera: Cicadellidae).  ‘Team’, the first alfalfa cultivar with resistance to alfalfa

weevil, was released in 1969 (Barnes et al. 1970, Sorensen et al. 1988).  Other

varieties released with resistance to alfalfa weevil include ‘Arc’, ‘Liberty’, and

‘Weevlchek’.  Resistance in these cultivars is expressed as tolerance to feeding by

alfalfa weevil larvae (Sorensen et al. 1988).  These cultivars express only low to

moderate levels of resistance, but tolerance to pest feeding still contributes to sound

integrated pest management of the alfalfa weevil (Sorensen et al. 1988, Danielson et

al. 1996).  Interest in developing alfalfa weevil-resistant cultivars declined after the

introduction and establishment of biological control agents and acceptance of cultural

control methods for alfalfa weevil (Barnes et al. 1988).  Zavaleta and Ruesink (1980)

attributed this decline in interest to the limited success researchers have had in

identifying alfalfa germplasm with strong resistance to alfalfa weevil.

Research on developing potato leafhopper-resistant alfalfa occurred

concurrently with the development of alfalfa weevil-resistant alfalfa, but it proceeded in

a different direction.  Researchers once commonly measured the visible degree of

hopperburn exhibited by plants as the primary index of cultivar resistance to potato

leafhopper injury (Newton and Barnes 1965, Jarvis and Kehr 1966, Sorensen and

Horber 1974, Kehr et al. 1975, Shade et al. 1979).  Unfortunately this practice tended

to select cultivars that showed little yellowing in response to potato leafhopper

feeding, but still suffered economic loss with reduced yields and forage quality.

Kindler et al. (1973) cautioned against selecting germplasm with resistance to

yellowing because phenotypic recurrent selection did not retain high yield and forage

quality.
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A new era of potato leafhopper-resistant alfalfa arrived with the commercial

release of several varieties of glandular-haired alfalfa cultivars in 1997.  Resistance in

these varieties is believed to be associated with the presence of glandular trichomes

on the leaves and stems of the plants, although the exact mechanism of resistance is

not understood clearly.  Antixenosis (Elden and Elgin 1992), antibiosis (Elden and

McCaslin 1997), and tolerance (Lefko et al. 2000a) have all been suggested as the

form of resistance to potato leafhopper present in glandular-haired alfalfa.  Multiple

mechanisms of resistance may be present in these glandular-haired alfalfa cultivars

(Ranger and Hower 2001a).

Several papers have been published detailing the effects of these resistant

varieties on potato leafhopper densities, yield quantity, and forage quality (Lefko et al.

2000a, 2000b, Sulc et al. 2001b).  To my knowledge, research on the effectiveness of

glandular-haired alfalfa has focused on potato leafhopper with little consideration

regarding alfalfa weevil.  This is not surprising, given that alfalfa weevil is not

considered an annual key pest throughout the entire range of potato leafhopper.

However, alfalfa weevil remains a key pest of alfalfa in many areas of the U.S.

Although natural enemies have brought alfalfa weevil largely under control in the

northeastern U.S. (Day 1981, Kingsley et al. 1993, Radcliffe and Flanders 1998), other

regions of the country have not seen the same level of successful biological control,

especially in states south of 40° latitude (Berberet et al. 1981, White et al. 1995,

Copley and Grant 1998, Radcliffe and Flanders 1998).  Luna (1986) estimated that

90% of Virginia growers continued to apply insecticide for control of the alfalfa weevil,

and 88% of these growers treated their fields on an annual basis.  Alfalfa weevil

remains an annual pest in parts of Virginia, particularly in the Piedmont region of the

state.  Kuhar et al. (1999) found that 94.2% of the alfalfa fields surveyed in the Virginia

Piedmont were above the economic threshold (ET) for alfalfa weevil over a three-year

period.

Few studies have investigated the combined effects of alfalfa weevil and other

insect pests on alfalfa yield and forage quality.  Godfrey and Yeargan (1987) and

Godfrey et al. (1987) examined the combined impacts of alfalfa weevil, clover root

curculio, Sitona hispidulus  (F.), and a complex of soil-borne root rot fungi.  Wilson and
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Quisenberry (1986) studied alfalfa weevil and pea aphid, Acyrthosiphon pisum

(Harris), in Louisiana.  The impacts of Egyptian alfalfa weevil, H. brunneipennis

(Boheman) [but see Hsiao (1996) regarding the status of this species], aphid

species, and several larval lepidopterans were evaluated together in California

(Summers 1989).

In general, little work has been done investigating the combined effects of

alfalfa weevil and potato leafhopper in alfalfa.  Wilson et al. (1979) examined alfalfa

weevil and potato leafhopper together, along with meadow spittlebug, Philaenus

spumarius (L.), over the growing season in Indiana.  Smith and Ellis (1983) included

alfalfa weevil in their study of potato leafhopper and meadow spittlebug on alfalfa in

Ontario, but alfalfa weevil was not considered an important pest.  It is somewhat

surprising that more research has not been published on alfalfa weevil and potato

leafhopper together, even in the years when alfalfa weevil produced widespread

economic damage over much of the eastern U.S.

Given the continuing presence of both pests in Virginia, I conducted a field

experiment over three growing seasons to investigate the impacts of alfalfa weevil

and potato leafhopper on a recently released potato leafhopper-resistant glandular-

haired alfalfa cultivar.  Specific parameters measured included glandular trichome

densities, pest densities, stem heights, yields, and forage quality.  These results

should be useful in advising Virginia growers on the performance of these newer

varieties of potato leafhopper-resistant alfalfa.

Materials and Methods

Field Location.  This study was conducted at a privately owned field in

Campbell Co., near Rustburg (79° 10’ W, 37° 20’ N; elevation ≈200 m) in the

Piedmont region of Virginia.  Plots were established on clayey Cecil and Cullen soils

typical of the Piedmont region.  This location was selected because a previous study

by Kuhar et al. (1999) showed that alfalfa weevil pest pressure is significantly greater

in the Piedmont compared to other regions in Virginia.  In addition, potato leafhopper

pressure in the Piedmont is typically lower compared to other regions of the state.
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Experimental Design.  Large plots (0.045 ha) were arranged in a 2 (variety) x 2

(insecticide treatment) factorial that was replicated four times in a randomized

complete block design.  Alfalfa varieties planted were Southern States ‘Choice’, a

competitive but non-glandular-haired variety, and Pioneer ‘54H69’, a second-

generation glandular-haired variety resistant to potato leafhopper.  Both varieties were

planted using certified seed in Spring 1999.  Plots were seeded using a 1.8 m planter

at the rate of 25.8 kg/ha.  Seed was broadcast on top of the soil and followed with

cultipacker treatment.

Insecticide treatment involved either plots treated annually with one insecticide

application for alfalfa weevil and a second application for potato leafhopper, or plots

which received no insecticide applications.  Beginning in Spring 2000, cyfluthrin

(Baythroid 2E, Bayer, Kansas City, MO) was applied as a foliar spray at the

recommended low rates of 28 g (AI)/ha and 14 g (AI)/ha for alfalfa weevil and potato

leafhopper, respectively (Youngman and Herbert 2002).  Applications were made with

a CO2 backpack sprayer equipped with four 8002VS stainless steel spray tips and

calibrated to deliver 186.7 L/ha of solution at 40 1.4 kg/cm2.  Insecticide treatments

were applied in all three years regardless of pest pressure to approximate calendar

spraying conducted by growers.  The experiment continued for three years during

2000-2002.

Glandular Trichome Densities.  Four stems were collected from each plot on

five and seven dates throughout the growing season in 1999 and 2000, respectively.

Samples were frozen until they could be examined.  Densities of erect glandular

trichomes were determined following a protocol modified from Elden and McCaslin

(1997).  Using a stereo microscope fitted with an ocular micrometer and under 50x

magnification, the number of erect glandular trichomes were recorded from three

locations at the third fully expanded trifoliate from the stem tip.  Densities of glandular

trichomes were recorded from the basal 2-mm of the abaxial midvein of the center

leaflet, along 2-mm of the adaxial petiole surface proximal to the base of the center

leaflet, and on 1-mm2 of the stem directly below the leaflet node.

Insecticide application was assumed to have no effect on glandular densities

in either variety.  Although densities of glandular trichomes have been shown to
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increase with plant maturity in glandular-haired Medicago spp. (Shade et al. 1975,

Elden and McCaslin 1997), no evidence exists of an increase in glandular trichome

densities in non-glandular-haired alfalfa over time.  Based on these assumptions,

samples of each variety were pooled across insecticide treatment levels and across

dates for each growing season (1999, n = 160 stems; 2000, n = 224 stems).  Paired t-

tests were used to compare densities between varieties at the midvein, petiole, and

stem areas separately.

Pest Densities.  Beginning in early to mid-March, densities of alfalfa weevil

larvae were estimated weekly during the growth of the first crop.  Ten alfalfa stems

were sampled randomly in each plot using a shake-bucket method, where stems

were bent tip-first into a large bucket and broken near the base of the plant (Luna and

Ravlin 1992).  Stem bases were gathered together and beaten vigorously against the

sides of the bucket for approximately 10 seconds to dislodge alfalfa weevil larvae.

Growing terminals of these stems were examined to find early instars not dislodged

by this method.  Numbers of weevil larvae of all stadia were recorded.

Beginning with the growth of the second harvest, typically in early to mid-June,

densities of potato leafhopper were sampled using a standard sweep net (38-cm

diam.).  Ten pendular sweeps of 180° were taken through each plot with the mouth of

the net inserted into the canopy approximately half the diameter of the net.  Numbers

of adults and nymphs were recorded separately.

Stem heights were measured from a set of ten randomly selected stems in

each plot when sampling for either alfalfa weevil or potato leafhopper.  Plots were

judged to be above or below the ET by relating pest densities and stem heights to

appropriate decision-making charts (Luna 1986, Youngman and Herbert 2002).

Densities of alfalfa weevil were expressed as the number of larvae per stem because

this measure, in conjunction with stem height, is used to make management

decisions for alfalfa weevil control in Virginia (Youngman and Herbert 2002).

Likewise, densities of potato leafhopper were expressed as the number of insects

per sweep (Youngman and Herbert 2002).  In addition, stem heights were used to

compare the degree of plant stunting due to pest pressure among the four

treatments.
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Forage Yields and Quality Parameters.  Treatment effects on yields were

measured by harvesting a 6.7-m2 strip near the center of each plot with a sickle-bar

mower.  Cut alfalfa was raked and weighed immediately to obtain wet-weight values.

A 1-kg subsample from each plot was bagged, dried at 70°C (158°F) in a forage oven,

and weighed to obtain dry-weight values.  Crude protein (CP) and acid detergent fiber

(ADF) contents in dried subsamples from each plot were analyzed using the Kjeldahl

and Van Soest methods, respectively, by the Virginia Tech Forage Testing Laboratory

(Blacksburg, VA).

Four harvests were taken in both 2000 and 2001, and three were taken in 2002.

Plots were harvested on 10 May, 22 June, 27 July, and 19 Sep 2000; on 10 May, 26

June, 6 Aug, and 19 Sep 2001; and on 10 May, 19 June, and 26 July 2002.  Harvests

were taken at ≈10% bloom, except for several occasions in 2000 and 2001 when

inclement weather prevented timely harvests of the crop.  In 2000, the second and

third harvests were taken at nearly full and 40% bloom, respectively.  In 2001, the third

and fourth harvests were taken at ≈75% and nearly full bloom, respectively.

Statistical Analyses.  Analyses were conducted using StatView (SAS 1998).

Data were evaluated using a repeated measures analysis of variance (ANOVA) with

variety (2 levels) and insecticide treatment (2 levels) as main effects and sample date

or harvest as the measure of time.  It was determined a priori that when a significant

main effect by date interaction was detected, paired t-tests would be used to analyze

simple effect differences between varieties within insecticide treatment levels on each

date.  Likewise, simple effect differences between insecticide levels within varieties

also were analyzed by paired t-tests performed on each date and are discussed in the

text.  Unless otherwise stated, an α level of P < 0.10 was used to indicate significant

differences for all analyses.

Densities of glandular trichomes, alfalfa weevil, and potato leafhopper were

normalized using a (x + 0.5)1/2 transformation before analysis (Zar 1999).  CP and ADF

data were not transformed given the close range of the percentage values (Zar 1999).

Untransformed means and standard errors are presented in the text and tables.

Results and Discussion



43

Glandular Trichome Densities.  Marked differences were seen between

varieties in densities of erect glandular trichomes at the midvein, petiole, and stem

locations.  In 1999, significantly greater densities of glandular trichomes were found

on ‘54H69’ at the midvein (t = 76.07; df = 4; P < 0.0001), petiole (t = 13.56; df = 4; P =

0.0002), and stem locations (t = 125.83; df = 4; P < 0.0001).  Similar differences were

detected again in 2000 at the midvein (t = 97.92; df = 6; P < 0.0001), petiole (t =

200.35; df = 6; P < 0.0001), and stem (t = 93.12; df = 6; P < 0.0001).

As expected, ‘54H69’ had significantly greater densities of glandular trichomes

at all three examined areas than the non-glandular-haired ‘Choice’ in both years

(Table 2.1).  ‘Choice’ did on occasion express a few glandular trichomes, but

essentially this variety had only simple, non-glandular trichomes.  Densities of

glandular trichomes on ‘54H69’ appeared to be similar at the midvein and petiole

locations, with greater densities seen at the stem location.  When handled, stems of

‘54H69’ often felt sticky to the touch (T.A.D., personal observation).

These data demonstrate the density of erect glandular trichomes present in

‘54H69’, but it would be inappropriate to draw conclusions on the level of potato

leafhopper resistance present in this variety based on these data.  Potato leafhopper

resistance does not appear to be strongly correlated with glandular trichome density

(Elden and McCaslin 1997).  In addition, procumbent glandular trichomes, which were

not considered in my study, also may be involved in the resistance mechanism

(Ranger and Hower 2001b).

Alfalfa Weevil Densities.  Moderate to high alfalfa weevil pressure occurred in

all three years of the study.  In 2000, densities in all treatments reached the ET on 29

March, averaging 1.20 ± 0.11 larvae per stem (Table 2.2) in 21.0 cm alfalfa.  In Virginia

the ET in for alfalfa ≥ 25.4 cm tall is 0.7 larvae per stem.  Densities in both untreated

varieties were above the ET at 4 days (4 April) post-treatment, and were near but

below the ET at 13 days (20 April) post-treatment.

In 2001, densities in all treatments exceeded the ET on 28 March, averaging

1.15 ± 0.07 larvae per stem (Table 2.3) in 8.8 cm alfalfa.  Weevil densities continued

to increase in all treatments up to the date of insecticide application (5 April),
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averaging 2.33 ± 0.16 larvae per stem in 12.0 cm alfalfa.  Given the relatively short

stem heights at the time, 1.15 and 2.33 larvae per stem represented strong pest

pressure in 2001.  In both untreated varieties, densities remained near or above the

ET for two weeks (19 April) after insecticide application.  Plots of both untreated

varieties had ragged, brown foliage with a fluffy appearance due to defoliation by larval

feeding.

In 2002, densities in all treatments exceeded the ET on 25 March, averaging

1.30 ± 0.03 larvae per stem (Table 2.4) in 9.3 cm alfalfa.  Densities in all treatments

fell below the ET by 8 days (12 April) post-treatment.

According to repeated measures ANOVA, the main effect of variety on alfalfa

weevil density was significant for 2000 (F = 4.68; df = 1, 10; P = 0.0558) and 2001 (F =

3.68; df = 1, 10; P = 0.0779), but not 2002 (F = 0.08; df = 1, 10; P = 0.7846).  The variety

by date interaction was significant for 2000 (F = 1.95; df = 9, 90; P = 0.0553), but not for

2001 (F = 0.96; df = 8, 80; P = 0.4766) or 2002 (F = 0.28; df = 5, 50; P = 0.9206).  The

main effect of insecticide on weevil density was highly significant in 2000 (F = 133.77;

df = 1, 10; P < 0.0001) and 2001 (F = 94.67; df = 1, 10; P < 0.0001), but not 2002 (F =

0.002; df = 1, 10; P = 0.9626).  Not surprisingly, the insecticide by date interaction was

highly significant for all three years (2000, F = 55.84; df = 9, 90; P < 0.0001; 2001, F =

35.45; df = 8, 80; P < 0.0001; 2002, F = 6.29; df = 5, 50; P = 0.0001).

In 2000, alfalfa weevil densities were consistently lower in ‘54H69’ than in

‘Choice’ on all dates except one prior to insecticide application on 7 April (Table 2.2).

Within plots designated to receive insecticide application, significantly lower weevil

densities were detected in ‘54H69’ than in ‘Choice’ on 7 March (t = 2.38; df = 3; P =

0.0973), 14 March (t = 2.40; df = 3; P = 0.0958), and 29 March (t = 6.87; df = 3; P =

0.0063).  However, no differences in weevil densities were detected between

untreated varieties on any date in 2000.  After insecticide application, weevil densities

in the treated varieties remained below 0.1 weevil larvae per stem through the first

harvest on 10 May.  Weevil densities in untreated ‘54H69’ and untreated ‘Choice’

peaked on 11 and 20 April at 2.34 ± 0.16 and 2.32 ± 0.53 larvae per stem,

respectively.  Insecticide application significantly reduced weevil densities in treated

‘54H69’ compared to untreated ‘54H69’ at 4 days (11 April, t = 17.44, df = 3, P =
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0.0004), 13 days (20 April, t = 6.97; df = 3; P = 0.0061), and 19 days (26 April, t = 41.87;

df = 3; P < 0.0001) post-treatment.  Likewise, weevil densities in treated ‘Choice’ were

significantly reduced compared to untreated ‘Choice’ at 4 days (11 April, t = 7.20, df =

3, P = 0.0055), 13 days (20 April, t = 5.98; df = 3; P = 0.0093), 19 days (26 April, t =

8.01; df = 3; P = 0.0041), and 27 days (4 May, t = 3.54; df = 3; P = 0.0384) post-

treatment.

Unlike the results for 2000, weevil densities in ‘54H69’ in 2001 were not

consistently lower or higher than those in ‘Choice’ prior to insecticide application on 5

April (Table 2.3).  Furthermore, no significant differences in weevil densities were

detected between ‘54H69’ and ‘Choice’ within either insecticide treatment level for any

date in 2001.  After insecticide application, weevil densities in both treated varieties

remained below 0.6 weevil larvae per stem through 10 May.  Weevil densities in

untreated ‘54H69’ and ‘Choice’ peaked on 11 April at 4.41 ± 0.57 and 3.46 ± 0.71

larvae per stem, respectively.  Insecticide application significantly reduced weevil

densities in treated ‘54H69’ compared to untreated ‘54H69’ at 6 days (11 April, t =

14.69; df = 3; P = 0.0007) and 14 days (19 April, t = 16.86; df = 3; P = 0.0005) post-

treatment.  Likewise, weevil densities in treated ‘Choice’ were significantly reduced

compared to untreated ‘Choice’ at 6 days (11 April, t = 5.75; df = 3; P = 0.0104) post-

treatment.  By 21 days (26 April) post-treatment, weevil densities across all treatments

remained below 0.2 larvae per stem through 10 May.

In 2002, weevil densities in ‘54H69’ were not consistently lower or higher than

those in ‘Choice’ prior to insecticide application on 4 April (Table 2.4).  No significant

differences were detected in weevil densities between ‘54H69’ and ‘Choice’ within

either insecticide treatment level on any date in 2002.  Weevil densities peaked on 1

April (3 days pre-treatment) with 1.7 and 1.6 larvae per stem in ‘54H69’ and ‘Choice’,

respectively.  After insecticide application, weevil densities in all treatments remained

below 0.4 larvae per stem through 26 April.  At 8 days (12 April) post-treatment,

insecticide application significantly reduced weevil densities in treated ‘54H69’ (t =

4.73; df = 3; P = 0.0180) and ‘Choice’ (t = 13.96; df = 3; P = 0.0008) compared to the

untreated varieties.
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Much research has been conducted investigating the effect of larval alfalfa

weevil feeding on yields and forage quality (reviewed in Hutchins et al. 1990).  Some

papers have specified mean stem height at the time of peak larval densities (Hintz et

al. 1976, Berberet et al. 1981, Wilson and Quisenberry 1986), but other papers did not

include this information (Liu and Fick 1975, Berberet and McNew 1986, Berberet et al.

1987, Weaver et al. 1993).  Researchers have recognized that larval populations

produce greater economic damage the earlier a field is infested due to the relatively

sparse, new vegetative growth at the time of infestation (Hintz et al. 1976, Berberet

and McNew 1986).  Hintz et al. (1976) identified damage in young spring growth as a

reduction in growth potential as opposed to simple defoliation in plants with more

mature growth.  Stem height should be of critical interest in economic studies as

plants may have only moderate growth at the time of peak larval densities, particularly

in areas such as in Virginia where mild winter climate promotes winter oviposition

and an earlier egg hatch in spring (Kuhar et al. 2000, 2001).  In addition, while peak

larval densities provide invaluable data on the severity of alfalfa weevil pest pressure,

these data may not accurately depict the relationship between pest density and crop

phenological stage at the time pest densities actually exceeded the ET.  For these

reasons, it is difficult to compare some of the older economic studies, which do not

report both larval densities and stem heights at the time densities exceed the ET, to

my own results.

Both Liu and Fick (1975) and Berberet et al. (1981) considered minimal yield

loss in alfalfa began with a density of more than 1 larvae per stem.  Berberet and

McNew (1986) determined that a density of 2.7 larvae per stem would produce light

yield loss, but the potential damage still warranted the cost of controlling this pest

density.  Based on these studies, the peak densities seen in 2000 and 2002 (2.2 and

1.6 larvae per stem, respectively) during the present study would not be expected to

produce much, if any, economic damage.  The peak density of 3.9 larvae per stem in

2001 was more likely to reduce yields to some extent.  Liu and Fick (1975) classified

4.0 larvae per stem as a level of high weevil infestation.  Berberet et al. (1987) found

that 3.6 larvae per stem significantly reduced seasonal total yields by 13.7% in 1985.

However, a peak density of 4.9 larvae per stem in 1981 failed to significantly affect



47

seasonal total yields, illustrating the difficulty in establishing a clear relationship

between pest density and reduced yields (Berberet et al. 1987).

To my knowledge, there have been few reports to date on alfalfa weevil

populations in glandular-haired alfalfa cultivars marketed as resistant to potato

leafhopper.  Sulc et al. (2001a) reported economic damage by alfalfa weevil to

glandular-haired alfalfa varieties, including ‘54H69’, in field trials in Ohio.  Pest

densities in that study were reported as weevils per sweep, which differs from the

sampling method I used.  In addition, stand height at the time of sampling was not

reported, so comparing their study to my own is difficult.  Sulc et al. (2001a) found 8.7

and 32.6 weevils per sweep in ‘54H69’ at two locations in Ohio, presumably at the

height of infestation in early May.  Alfalfa weevil feeding reduced first harvest yields in

the field trials and the authors concluded that alfalfa weevil must be managed in

glandular-haired varieties just as in standard, non-glandular-haired varieties (Sulc et

al. 2001a).  The results of my study support this conclusion and further illustrate the

lack of resistance against alfalfa weevil in glandular-haired alfalfa.

Potato Leafhopper Densities.  Potato leafhopper pressure was strong but

periodic during the first two years of the study.  Combined densities of potato

leafhopper nymphs and adults peaked at 4.38 ± 0.69, 4.92 ± 0.52, and 0.48 ± 0.21

leafhoppers per sweep in 2000, 2001, and 2002, respectively.  Potato leafhopper

densities exceeded the ET on several occasions in 2000 (Table 2.5).  On 1 June,

leafhopper densities in ‘54H69’ exceeded the ET averaging 0.54 ± 0.06 leafhoppers

per sweep in 17.0 cm alfalfa.  In Virginia, the ET for alfalfa at this height is ≈0.5

leafhoppers per sweep.  Prior to insecticide application on 8 June, leafhopper

densities were below the ET in all treatments.  At 14 days (22 June) post-treatment,

densities in both untreated varieties exceeded the ET averaging 3.77 ± 0.43

leafhoppers per sweep in 65.1 cm alfalfa.  The ET for alfalfa ≥ 45.7 cm is 1.75

leafhoppers per sweep.  From the second harvest (22 June) through 20 July,

densities in all treatments remained below the ET except in untreated ‘Choice’ on 20

July.  Densities in all treatments exceeded the ET again at the third harvest (27 July),

averaging 2.36 ± 0.29 leafhoppers per sweep in 39.1 cm alfalfa.  The ET for alfalfa at

this height is ≈1.5 leafhoppers per sweep.  From 10 August through 18 September,
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densities in all treatments remained below the ET except in treated ‘Choice’ on 18

September.

In 2001, potato leafhopper densities greatly exceeded the ET in all treatments

on 26 June, averaging 3.93 ± 0.36 leafhoppers per sweep (Table 2.6) in 72.4 cm

alfalfa.  All plots were harvested immediately due to canopy height and pest pressure.

Insecticide was applied on 9 July to the plots designated to be treated, but leafhopper

densities remained below the ET for the rest of the growing season.

In 2002, potato leafhopper densities never exceeded the ET (Table 2.7) and

remained relatively low all season.  On 9 July, leafhopper densities averaged 0.22 ±

0.02 per sweep in all treatments prior to insecticide application.  Densities in the

untreated varieties peaked on 23 July, averaging 0.40 ± 0.08 leafhoppers per sweep.

The main effect of variety on potato leafhopper density was not significant for

any of the study years (2000, F = 1.54; df = 1, 10; P = 0.2435; 2001, F = 0.20; df = 1, 10;

P = 0.6685; 2002, F = 0.07; df = 1, 10; P = 0.7978).  The variety by date interaction also

was not significant for any year (2000, F = 0.71; df = 10, 100; P = 0.7093; 2001, F =

1.17; df = 9, 90; P = 0.3239; 2002, F = 0.70; df = 6, 60; P = 0.6512).  The main effect of

insecticide on leafhopper density was significant in all three years (2000, F = 11.36; df

= 1, 10; P = 0.0071; 2001, F = 7.62; df = 1, 10; P = 0.0201; 2002, F = 5.48; df = 1, 10; P

= 0.0413).  A highly significant insecticide by date interaction was detected in 2000 (F

= 18.88; df = 10, 100; P < 0.0001) and 2002 (F = 3.48; df = 6, 60; P = 0.0051), but not in

2001 (F = 1.34; df = 9, 90; P = 0.2305).  As no significant main effect by date

interactions were detected in 2001, only the main effects of variety and insecticide

treatment are discussed below for that year.

In 2000, no significant differences in potato leafhopper densities were detected

between treated varieties from 1 June through 18 September (Table 2.5).  Within

untreated varieties, leafhopper densities were significantly lower in ‘54H69’ than in

‘Choice’ on 15 June (t = 2.86; df = 3; P = 0.0646), 22 June (t = 4.31; df = 3; P = 0.0231),

and 17 August (t = 2.62; df = 3; P = 0.0787).  Although untreated ‘54H69’ had a

significantly greater density of leafhoppers per sweep (3.15 ± 0.62) than untreated

‘Choice’ (4.38 ± 0.69) on 22 June, both varieties exceeded the ET on that date.

Treated ‘54H69’ had significantly reduced leafhopper densities compared to
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untreated ‘54H69’ at 7 days (15 June, t = 13.69; df = 3; P = 0.0008), 14 days (22 June, t

= 4.04; df = 3; P = 0.0273), and 49 days (10 August, t = 5.43; df = 3; P = 0.0123) post-

treatment.  Likewise, leafhopper densities were significantly reduced in treated

‘Choice’ compared to untreated ‘Choice’ at 7 days (15 June, t = 4.61; df = 3; P =

0.0192), 14 days (22 June, t = 7.93; df = 3; P = 0.0042), and 35 days (27 July, t = 3.59;

df = 3; P = 0.0371) post-treatment.

In 2001, variety had no effect (P = 0.6685) on potato leafhopper densities, with

similar mean numbers of leafhoppers per sweep in both ‘54H69’ (0.58 ± 0.13; n = 80)

and ‘Choice’ (0.62 ± 0.14; n = 80).  Insecticide application had a significant effect (P =

0.0201) on leafhopper densities, with treated and untreated varieties averaging 0.49 ±

0.12 (n = 80) and 0.71 ± 0.15 (n = 80) leafhoppers per sweep, respectively.

In 2002, no significant differences in leafhopper densities were detected

between varieties within either insecticide treatment level on any date (Table 2.7).

Likewise, no significant differences in leafhopper densities were detected between

treated and untreated varieties on any date except 16 July.  On 16 July (7 days post-

treatment), the number of leafhoppers per sweep in treated ‘54H69’ (0.00 ± 0.00) was

significantly lower (t = 2.64; df = 3; P = 0.0775) than in untreated ‘54H69’ (0.12 ± 0.05).

The potential effects of variety on adult and immature stages of potato

leafhopper were examined separately as well (ANOVA results not presented).  Main

effect by date interactions were present for nymphal densities in all 3 years and for

adult densities in 2000 and 2001.  Except for adult densities in 2002, paired t-tests

were used to examine simple effect differences as before.

In 2000, significantly lower densities of leafhopper adults were detected in

untreated ‘54H69’ than untreated ‘Choice’ on 15 (t = 2.86; df = 3; P = 0.0645) and 22

June (t = 3.18; df = 3; P = 0.0500).  On 15 June, adult densities in ‘54H69’ and

‘Choice’ were 0.33 ± 0.03 and 0.85 ± 0.22, respectively, while on 22 June adult

densities in ‘54H69’ and ‘Choice’ were 0.75 ± 0.17 and 1.33 ± 0.14, respectively.

Similar differences in immature densities were detected between untreated varieties

on 10 (t = 2.97; df = 3; P = 0.0591) and 17 August (t = 2.68; df = 3; P = 0.0754).  On 10

August, immature densities in ‘54H69’ and ‘Choice’ were 0.05 ± 0.05 and 0.13 ± 0.06,
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respectively; and on 17 August, immature densities in ‘54H69’ and ‘Choice’ were 0.30

± 0.08 and 0.55 ± 0.17, respectively.

In 2001, no significant differences in densities of adult leafhoppers were

detected between untreated varieties on any date except 30 July.  On that date, the

number of adult leafhoppers per sweep in untreated ‘54H69’ (0.00 ± 0.00) was

significantly lower compared to untreated ‘Choice’ (0.10 ± 0.04) (t = 2.50; df = 3; P =

0.0877).  With regard to immature leafhopper densities, significant differences were

detected between untreated varieties on 19 (t = 2.66; df = 3; P = 0.0761) and 26 June (t

= 2.39; df = 3; P = 0.0969).  On 19 June, immature densities in ‘54H69’ and ‘Choice’

were 0.18 ± 0.02 and 0.62 ± 0.20, respectively; and on 26 June, immature densities in

‘54H69’ and ‘Choice’ were 2.98 ± 0.68 and 3.85 ± 0.55, respectively.

In 2002, neither the main effects nor the main effect by date interactions were

significant for densities of leafhopper adults according to repeated measures ANOVA.

Although a highly significant insecticide by date interaction was detected in immature

densities, no significant differences were found between insecticide treatment levels

within either variety or between varieties within either insecticide treatment level.

Overall, there was no trend for the presence of glandular trichomes on ‘54H69’ to

affect potato leafhopper immatures differently than adults in all three years.

These data on potato leafhopper densities support the findings of Lefko et al.

(2000a, b).  A caged-trial study in Iowa detected no differences in populations of

nymphs produced by adults confined to either non-resistant or first-generation

glandular-haired varieties of alfalfa (Lefko et al. 2000a).  A companion study

conducted with natural field infestations revealed that on only a few occasions did

glandular-haired varieties harbor a lower density of adult potato leafhoppers than the

non-resistant check (Lefko et al. 2000b).

Other studies have shown contrasting results.  Hansen et al. (2002) found that

when potato leafhopper populations exceeded the ET in New York, lower densities of

both nymphs and adults were found in glandular-haired alfalfa.  Sulc et al. (2001b)

also reported lower densities of nymphs in glandular-haired alfalfa, but there was no

clear trend for lower densities of adults in the resistant varieties in their study.  Field

trials in Ohio and Indiana with the first-generation of glandular-haired alfalfa varieties
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also found lower densities of nymphs in resistant varieties (Hogg and Undersander

1997).  However, no differences in densities of nymphs and adults were found at a

concurrent field trial in Wisconsin, where potato leafhopper infestation was not as

severe as that in Ohio and Indiana.

Stem Heights.  Alfalfa weevil larvae remove leaf area as they skeletonize the

foliage and this feeding injury may affect stem height (Liu and Fick 1975, Berberet et

al. 1981, Berberet and McNew 1986).  Feeding by potato leafhopper, an assimilate

remover, also results in plant stunting (Oloumi-Sadeghi et al. 1988, Hutchins and

Pedigo 1989).  However, most of the damage from leafhopper feeding is due to

blocked vascular tissue produced by a wound response (Ecale and Backus 1995).

Stem height data were analyzed separately according to pest presence to determine if

either pest species stunted plant growth.

During the months corresponding to alfalfa weevil presence, the main effect of

variety on stem heights was not significant for any of the study years (2000, F = 2.21;

df = 1, 10; P = 0.1684; 2001, F = 0.67; df = 1, 10; P = 0.4323; 2002, F = 0.25; df = 1, 10;

P = 0.6262).  The variety by date interaction also was not significant for any year (2000,

F = 0.91; df = 9, 90; P = 0.5231; 2001, F = 0.26; df = 8, 80; P = 0.9780; 2002, F = 0.62;

df = 5, 50; P = 0.6857).  The main effect of insecticide on stem heights during the

months corresponding to alfalfa weevil presence was not significant in 2000 (F =

1.23; df = 1, 10; P = 0.2935) or 2002 (F = 1.18; df = 1, 10; P = 0.3029), but it was

significant in 2001 (F = 125.98; df = 1, 10; P < 0.0001).  A significant insecticide by

date interaction was detected in 2000 (F = 2.34; df = 9, 90; P = 0.0203) and 2001 (F =

18.04; df = 8, 80; P < 0.0001), but not in 2002 (F = 0.58; df = 5, 50; P = 0.7190).  As no

significant main effect by date interactions were detected in 2002, only the main

effects are discussed below.

In 2000, stem heights between treated varieties were significantly greater in

‘54H69’ on the first four dates before insecticide application on 7 April (7 March, t =

3.76; df = 3; P = 0.0330; 14 March, t = 4.23; df = 3; P = 0.0241; 23 March, t = 3.83; df =

3; P = 0.0313; 29 March, t = 2.89; df = 3; P = 0.0633) (Table 2.8).  No significant

differences in stem heights were detected between treated varieties or between

untreated varieties for any other date in 2000.  Stem heights between insecticide
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treatment levels in ‘54H69’ prior to 7 April were significantly greater in ‘54H69’

designated to receive insecticide treatment on 14 March (t = 4.70; df = 3; P = 0.0182)

and 23 March (t = 2.64; df = 3; P = 0.0776).  In contrast, stem heights between

insecticide treatment levels in ‘Choice’ were significantly greater in untreated ‘Choice’

on 7 March (t = 4.49; df = 3; P = 0.0206), 14 March (t = 3.69; df = 3; P = 0.0345), and 5

April (t = 2.53; df = 3; P = 0.0855).  After insecticide application, stem heights between

insecticide treatment levels in ‘54H69’ were significantly greater in treated ‘54H69’ at

13 days (20 April, t = 4.12; df = 3; P = 0.0259) and 19 days (26 April, t = 2.72; df = 3; P =

0.0723) post-treatment.

In 2001, stem heights were not significantly different between untreated

varieties on any date except 2 May (t = 3.74; df = 3; P = 0.0334) (Table 2.9).  On that

date, stem heights in ‘Choice’ and ‘54H69’ averaged 36.38 ± 1.04 cm and 32.52 ±

0.82 cm, respectively.  No significant differences were detected in stem heights

between treated varieties for any date in 2001.  No significant differences in stem

heights were detected between insecticide treatment levels within either variety for any

pre-treatment date except in ‘Choice’ on 23 March (t = 2.84; df = 3; P = 0.0656).  On

that date, stem heights in the treated and untreated ‘Choice’ averaged 7.28 ± 0.27 cm

and 7.82 ± 0.14 cm, respectively.  Stem heights between insecticide treatment levels

in ‘54H69’ were significantly greater in treated ‘54H69’ on all post-treatment dates (11

April, t = 3.51; df = 3; P = 0.0392; 19 April, t = 7.98; df = 3; P = 0.0041; 26 April, t = 2.69;

df = 3; P = 0.0747; 2 May, t = 5.61; df = 3; P = 0.0112; 10 May, t = 3.11; df = 3; P =

0.0531).  Likewise, stem heights between insecticide treatment levels in ‘Choice’

were significantly greater in treated ‘Choice’ on four of five post-treatment dates (11

April, t = 2.88; df = 3; P = 0.0634; 19 April, t = 6.57; df = 3; P = 0.0072; 2 May, t = 2.65; df

= 3; P = 0.0773; 10 May, t = 5.16; df = 3; P = 0.0141).

In 2002, stem heights during the growth of the first harvest were similar across

variety and insecticide treatment levels.  Stem heights in ‘54H69’ and ‘Choice’ (n = 48)

averaged 21.13 ± 2.12 cm and 21.41 ± 2.18 cm, respectively.  Likewise, stem heights

in treated and untreated varieties (n = 48) averaged 20.96 ± 2.14 and 21.57 ± 2.16 cm,

respectively.
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Overall, both varieties appeared to be equally tolerant to alfalfa weevil feeding in

terms of stem heights during the study.  The greatest stem heights during the growth

of the first harvest were found in 2000, with mean stem heights (n = 80) of 35.57 ±

2.32 and 34.60 ± 2.35 cm in ‘54H69’ and ‘Choice’, respectively.  Lower stem heights

were recorded from the growth of the first harvests in 2001 and 2002.

The main effect of variety on stem heights during the months corresponding to

potato leafhopper presence was not significant for any of the study years (2000, F =

1.89; df = 1, 10; P = 0.1991; 2001, F = 0.75; df = 1, 10; P = 0.4064; 2002, F = 0.84; df =

1, 10; P = 0.3815).  The variety by date interaction also was not significant for any year

(2000, F = 1.04; df = 10, 100; P = 0.4128; 2001, F = 0.23; df = 9, 90; P = 0.9901; 2002,

F = 0.86; df = 6, 60; P = 0.5332).  Likewise, the main effect of insecticide on stem

heights during the months corresponding to potato leafhopper presence was not

significant for any year (2000, F = 2.03; df = 1, 10; P = 0.1852; 2001, F = 2.12; df = 1,

10; P = 0.1760; 2002, F = 0.59; df = 1, 10; P = 0.4599).  A significant insecticide by date

interaction was detected in 2000 (F = 6.78; df = 10, 100; P < 0.0001) and 2001 (F =

2.91; df = 9, 90; P = 0.0045), but not in 2002 (F = 1.40; df = 6, 60; P = 0.2282).

In 2000, significant differences in stem heights between treated varieties after

the first harvest were detected at 14 days (22 June, t = 5.44; df = 3; P = 0.0122) and 49

days (27 July, t = 2.67; df = 3; P = 0.0757) post-treatment (Table 2.10).  On 22 June,

stem heights in ‘54H69’ and ‘Choice’ averaged 72.15 ± 1.69 cm and 67.18 ± 2.24 cm,

respectively.  On 27 July, stem heights in ‘54H69’ and ‘Choice’ averaged 38.28 ± 1.41

cm and 36.88 ± 1.29 cm, respectively.  Prior to insecticide application on 8 June, stem

heights between insecticide treatment levels in ‘54H69’ were significantly greater in

treated ‘54H69’ on 1 June (t = 3.66; df = 3; P = 0.0353) and 8 June (t = 9.74; df = 3; P =

0.0023).  Likewise, stem heights between treated and untreated ‘Choice’ were

significantly greater in treated ‘Choice’ on 1 June (t = 2.66; df = 3; P = 0.0761) and 8

June (t = 3.27; df = 3; P = 0.0466).

In 2001, no significant differences in stem heights were detected between

varieties within either insecticide treatment level for any date after the first harvest

(Table 2.11).  Likewise, no significant differences in stem heights were detected

between treated and untreated ‘54H69’ on any sample date.  However, significant
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differences in stem heights were detected between treated and untreated ‘Choice’ on

26 June (t = 5.60; df = 3; P = 0.0112) and 28 August (t = 2.75; df = 3; P = 0.0709).  On

26 June, stem heights in treated and untreated ‘Choice’ averaged 75.32 ± 1.60 cm

and 68.28 ± 1.43 cm, respectively.  In contrast, the 28 August stem heights in treated

and untreated ‘Choice’ averaged 33.68 ± 0.70 cm and 35.58 ± 0.82 cm, respectively.

No other differences in stem heights were found after insecticide application and for

the remainder of the growing season.  Evidence of drought stress was seen at the

third harvest on 6 August, when the crop was in ≈75% bloom but averaged only 39.5

cm (15.6”) tall.

In 2002, the lack of significant main effects and main effect by date interactions

was reflected by the similar stem heights across variety and insecticide treatment

levels.  Stem heights in ‘54H69’ and ‘Choice’ (n = 56) averaged 23.57 ± 0.83 cm and

22.62 ± 0.72 cm, respectively.  Likewise, stem heights in treated and untreated

varieties (n = 56) averaged 22.69 ± 0.77 and 23.50 ± 0.78 cm, respectively.  Again,

drought stress was evident at the third harvest on 26 July, when the crop was in ≈10%

bloom but averaged only 23.8 cm (9.4”) tall.

As previously discussed, potato leafhopper feeding commonly produces

stunting in alfalfa (Oloumi-Sadeghi et al. 1988, Hutchins and Pedigo 1989).  Stunting

has been previously reported in glandular-haired alfalfa in caged-feeding studies

(Shockley et al. 2002).  In contrast, other researchers have reported reduced plant

stunting in glandular-haired alfalfa when compared to non-resistant varieties when

both were under high potato leafhopper pressure (Lefko et al. 2000b, Sulc et al.

2001b).  Potato leafhopper populations did exceed the ET in 2000 and 2001 in very

high densities, so plant stunting was a reasonable expectation, at least in non-

resistant ‘Choice’ during these years.  There was no observed trend for one variety to

grow taller than the other, and both varieties appeared to be equally tolerant to potato

leafhopper feeding.  That both varieties had similar mean stem heights suggests that

the resistance mechanism of ‘54H69’ was not effective when challenged by the pest

pressures observed in 2000 and 2001.

There was a consistent trend for insecticide application to have no effect on

stem heights in all 3 years of this study.  These results were surprising given that
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insecticide applications often substantially reduced both alfalfa weevil and potato

leafhopper populations during this study.  The absence of a clear trend of greater

stem heights in the treated varieties suggests that insecticide applications did not

provide the expected benefit in protecting plants from stunting due to injury by either

pest species.  Because pest pressures did exceed the ET in 2000 and 2001, and

insecticide applications did effectively reduce pest densities in the treated varieties,

differences in stem heights due to insecticide application were expected in these

years.

Yields.  The main effect of variety on yield was not significant for any of the study

years (2000, F = 0.96; df = 1, 10; P = 0.3496; 2001, F = 0.04; df = 1, 10; P = 0.8447;

2002, F = 0.04; df = 1, 10; P = 0.8514).  The variety by harvest date interaction was not

significant in 2000 (F = 0.31; df = 3, 30; P = 0.8185) and 2001 (F = 0.34; df = 3, 30; P =

0.7966), but it was significant in 2002 (F = 3.19; df = 2, 20; P = 0.0626).  The main

effect of insecticide on yield also was not significant for any year (2000, F = 0.15; df =

1, 10; P = 0.7091; 2001, F = 1.94; df = 1, 10; P = 0.1941; 2002, F = 0.70; df = 1, 10; P =

0.4217).  The insecticide by harvest interaction was not significant in 2000 (F = 0.75; df

= 3, 30; P = 0.5340), but it was significant in 2001 (F = 5.89; df = 3, 30; P = 0.0028) and

2002 (F = 11.28; df = 2, 20; P = 0.0005).  As no significant main effect by date

interactions were detected in 2000, only the main effects are discussed.

Yields at each harvest in 20000 were similar between varieties within both

insecticide treatment levels (Table 2.12).  Overall, the mean yield per harvest between

‘54H69’ (2,795 ± 181 kg/ha; n = 32) and ‘Choice’ (2,868 ± 186 kg/ha; n = 32) differed

by only 2.5% in 2000.  Likewise, the mean yield per harvest between treated (2,817 ±

185 kg/ha; n = 32) and untreated (2,845 ± 182 kg/ha; n = 32) varieties differed by <

1.0%.

In 2001 and 2002, no significant (P ≥ 0.10) differences in yields due to variety

were detected between either insecticide treatment level (Table 2.12).  However,

yields from treated ‘54H69’ were significantly greater than from untreated ‘54H69’ at

the third harvest in 2001 (t = 3.14; df = 3; P = 0.0516) and the first harvest in 2002 (t =

2.54; df = 3; P = 0.0846).  In contrast, yields from untreated ‘Choice’ were significantly

greater than from previously treated ‘Choice’ at the fourth harvest in 2001 (t = 5.07; df =
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3; P = 0.0148) and the second harvest in 2002 (t = 2.56; df = 3; P = 0.0833).

Insecticide treatment for potato leafhopper was applied after the second harvest,

during the growth of the third crop, in both 2001 and 2002.  No insecticide was applied

during the growth of the fourth harvest in 2001 and the second harvest in 2002, when

significant differences were detected between previously treated and untreated

‘Choice’.  The lack of difference in yields between insecticide treatment levels

parallels the lack of difference in stem heights between insecticide treatment levels.

Despite some significant differences for individual harvests within a given year (i.e.,

2001 and 2002), insecticide treatment clearly did not contribute much to yield gain

during the study.

Overall, both ‘54H69’ and ‘Choice’ produced similar yields throughout the

study, despite moderate to high alfalfa weevil pest pressure in all three years and

strong potato leafhopper pest pressure in 2000 and 2001.  The first harvest produced

the greatest yield in each year (Table 2.11).  In general, total seasonal yields from

‘54H69’ and ‘Choice’ measured 11,178 and 11,470 kg/ha (n = 4) in 2000; 7,374 and

7,295 kg/ha (n = 4) in 2001; and 5,022 and 5,066 kg/ha (n = 3) in 2002, respectively.

Total seasonal yields declined 35.2% between 2000 and 2001.  Yield reduction was

observed from 2000 to 2002 (Table 2.11), largely due to moderate drought conditions

in 2001 and severe drought conditions in 2002.

Neither variety was thought to possess resistance to alfalfa weevil, so total

yields were not expected to differ between varieties as a result of alfalfa weevil

feeding.  However, it was somewhat surprising that ‘54H69’ did not perform better

than ‘Choice’ in terms of yields at least in 2000 and 2001, given the potato leafhopper

pressure encountered in those years.  In 2000, ‘Choice’ produced a total yield 2.5%

greater than ‘54H69’.  The two varieties differed in total yields by 1.1% in 2001, and

total yields in 2002 differed by less than 1.0%.

The yields produced in this study do not reflect the improved breeding of

glandular-haired varieties alluded to by Sulc et al. (2001b).  Instead, these data

parallel the variety trial data reported by Hansen et al. (2002) where glandular-haired

alfalfa varieties produced greater total yields in only one of the four field trials

conducted in New York.  The authors attributed the lackluster yield performance of the
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tested glandular-haired varieties to drought conditions, fall dormancy, and the level of

resistance expressed by the varieties tested.  Similar yield results were seen in a field

trial in Iowa (Lefko et al. 2000b).  Out of 15 harvests from two locations across three

years, no significant differences in yields were seen except for one harvest where a

non-resistant variety produced a significantly greater yield than the first-generation

glandular-haired varieties.  When potato leafhopper pressure was low, there was a

general trend for the non-resistant variety to produce numerically greater yields (Lefko

et al. 2000b).

Some of the findings of Sulc et al. (2001b) agree with the studies discussed

above.  Variety trials in Minnesota and Wisconsin showed no differences between

multiple-year cumulative total yields from glandular-haired and non-resistant varieties.

In contrast, concurrent trials in Ohio and Indiana revealed that glandular-haired

varieties produced significantly greater multiple-year total yields.  The authors also

reported a general trend for the glandular-haired varieties at all four locations to

produce numerically greater yields at individual harvests, with 8 out of 32 harvests

having a significant yield advantage at α = 0.05 (Sulc et al. 2001b).

Forage Quality.  The main effect of variety on CP concentration was not

significant in 2000 (F = 0.76; df = 1, 10; P = 0.4049) or 2001 (F = 1.94; df = 1, 10; P =

0.1939), but it was significant in 2002 (F = 4.00; df = 1, 10; P = 0.0734).  The variety by

harvest date interaction was not significant for any year (2000, F = 0.39; df = 3, 30; P =

0.7631; 2001, F = 1.46; df = 3, 30; P = 0.2456; 2002, F = 0.94; df = 2, 20; P = 0.4086).

The main effect of insecticide on CP concentration was significant in 2000 (F = 4.22;

df = 1, 10; P = 0.0671), but not 2001 (F = 1.21; df = 1, 10; P = 0.2969) or 2002 (F = 3.14;

df = 1, 10; P = 0.1069).  The insecticide by harvest interaction was not significant for

any year (2000, F = 0.61; df = 3, 30; P = 0.6120; 2001, F = 0.18; df = 3, 30; P = 0.9125;

2002, F = 0.11; df = 2, 20; P = 0.8953).  As no significant main effect by date

interactions were detected in any year, only main effects are discussed below.

Mean CP concentrations were very similar across all treatments in each year,

as illustrated in Table 2.13.  In 2000, the mean CP concentration per harvest in

‘54H69’ (21.8 ± 0.3%; n = 32) was not significantly different (P = 0.4049) from ‘Choice’

(21.4 ± 0.2%; n = 32).  However, insecticide application produced a slightly but
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significantly greater (P = 0.0671) mean CP concentration per harvest in the treated

varieties (22.0 ± 0.3%; n = 32) than in the untreated varieties (21.2 ± 0.2%; n = 32).  In

2001, the mean CP concentration per harvest in ‘54H69’ (19.5 ± 0.5%; n = 32) was not

significantly different (P = 0.1939) from ‘Choice’ (19.1 ± 0.4%; n = 32).  Likewise,

mean CP concentrations in treated and untreated varieties (19.4 ± 0.5 and 19.1 ±

0.5%, respectively; n = 32) were not significantly different.  In 2002, ‘54H69’ had a

slightly but significantly greater (P = 0.0734) mean CP concentration (19.0 ± 0.4%; n =

24) than ‘Choice’ (18.4 ± 0.4%; n = 24).  Insecticide application had no effect (P =

0.8953), with mean CP concentrations per harvest of 19.0 ± 0.4 and 18.4 ± 0.4% (n =

24) in treated and untreated varieties, respectively.

The main effect of variety on ADF concentration was not significant for any year

(2000, F = 0.19; df = 1, 10; P = 0.6753; 2001, F = 0.78; df = 1, 10; P = 0.3966; 2002, F =

0.80; df = 1, 10; P = 0.3914).  The variety by harvest date interaction was not significant

in 2000 (F = 0.21; df = 3, 30; P = 0.8868), but it was significant in 2001 (F = 2.42; df = 3,

30; P = 0.0852) and 2002 (F = 4.37; df = 2, 20; P = 0.0266).  The main effect of

insecticide on ADF concentration was significant in 2001 (F = 10.47; df = 1, 10; P =

0.0089), but not in 2000 (F = 2.20; df = 1, 10; P = 0.1693) or 2002 (F = 0.74; df = 1, 10;

P = 0.4090).  The insecticide by harvest date interaction was not significant in any year

(2000, F = 0.54; df = 3, 30; P = 0.6613; 2001, F = 1.78; df = 3, 30; P = 0.1719; 2002, F =

0.08; df = 2, 20; P = 0.9249).  As no significant main effect by harvest date interactions

were detected in 2000, only main effects are discussed below.

In 2000, the mean ADF concentration per harvest in ‘54H69’ and ‘Choice’ was

31.8 ± 0.4 and 31.6 ± 0.4% (n = 32), respectively.  The mean ADF concentration per

harvest in treated and untreated varieties was 31.3 ± 0.5 and 32.0 ± 0.4% (n = 32),

respectively.  Mean ADF concentrations in 2000 varied by less than 1 percentage point

between varieties and between insecticide treatment levels.

In 2001, ADF concentration within treated varieties was significantly greater in

‘Choice’ (32.2 ± 1.5%) than in ‘54H69’ (28.7 ± 0.4%) at the fourth harvest (t = 2.70; df =

3; P = 0.0740) (Table 2.14).  ADF concentration was significantly greater in untreated

‘54H69’ (43.4 ± 0.9%) than in previously treated ‘54H69’ (40.7 ± 0.4%) at the second

harvest (t = 3.87; df = 3; P = 0.0305).  However, no insecticide was applied during the
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growth of the second harvest in 2001; instead, insecticide was applied during the

growth of the third harvest in this year.  No differences in ADF concentrations were

detected between insecticide treatment levels in ‘Choice’.

In 2002, ADF concentration in untreated ‘Choice’ was significantly greater (36.4

± 0.6%) than in untreated ‘54H69’ (33.4 ± 0.5%) at the first harvest (t = 4.53; df = 3; P =

0.0201) (Table 2.14).  Within treated varieties, ADF concentration was significantly

greater in ‘54H69’ (34.6 ± 0.7%) than in ‘Choice’ (33.5 ± 0.5%) at the third harvest (t =

2.55; df = 3; P = 0.0839).  No differences in ADF concentrations were detected

between insecticide treatment levels in either variety in 2002.

Crop maturity at the time of harvest did not have the expected negative impact

on forage quality when harvests were taken later than desired.  Despite the fact that

plots were in nearly-full bloom when the second harvest was taken in 2000, CP

concentrations at this harvest were numerically greater than at the first and fourth

harvests, which were taken at ≈10% bloom (Table 2.13).  ADF concentrations at the

second harvest in 2000 were also comparable to the first and fourth harvests (Table

2.14).  Likewise, CP concentrations at the third and fourth harvests in 2001, taken at

≈75% and full bloom, respectively, were numerically greater than CP concentrations at

the first and second harvests, taken at ≈10% bloom (Table 2.13).  ADF concentrations

at the third harvest (≈75% bloom) in 2001 were similar to those at the first harvest

(≈75% bloom), but lower than concentrations at the second harvest (full bloom) (Table

2.14).  ADF concentrations at the fourth harvest in 2001 were the lowest of the year.

Besides my study, scant data have been published on the forage quality of

glandular-haired alfalfa varieties.  In New York, Hansen et al. (2002) determined that

glandular-haired alfalfa varieties had greater CP concentrations than non-resistant

varieties when potato leafhoppers exceeded the ET, ranging 18.1-24.3% across the

duration of the trials.  Those concentrations were slightly higher than the 16.5-23.1%

range found in the present study.  There was a general trend for ADF concentrations

in the New York trials to be similar between glandular-haired and non-resistant

varieties (Hansen et al. 2002).  Those ADF concentrations ranged 22.4-35.7%,

compared to the 29.1-42.1% range found in the present study.
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The University of Nebraska (UNE) judges the quality of forages for livestock

feed using a scale based on ADF concentrations (Grant et al. 1997) (Appendix A).

Following this scale, the mean ADF concentrations for both ‘54H69’ and ‘Choice’ in

2000 fell into the upper range of the “good dairy” category, indicating that these

varieties produced hay suitable for young dairy heifers not producing milk yet.  Mean

ADF concentrations for ‘54H69’ in 2001 fell between the “good dairy” and “good beef”

categories, while the mean ADF concentrations for ‘Choice’ fell in the upper range of

“good beef” on this scale.  Forage in the “good beef” category is appropriate for older

heifers but is less suitable for dairy cows.  Mean ADF concentrations for individual

harvests in 2002 fell primarily in the “good dairy” category with a few concentrations in

the “good beef” category.

The Virginia Department of Agriculture and Consumer Services (VDACS) uses

a different scale to rank alfalfa quality based on ADF concentrations (Appendix A).

Using this scale, the mean ADF concentrations from 2000 and 2001 were judged as

“fair” and “low”, respectively.  Mean ADF concentrations from individual harvests in

2002 fell primarily in the “fair” category with a few concentrations in the “low” category.

This scale, also used by the United States Department of Agriculture (USDA), has

smaller ranges of ADF concentrations for each quality category, thus this scale is

more restrictive than the UNE scale.  Alfalfa judged as “fair” on the VDACS/USDA

scale is suitable for feedlot or beef cattle, while “low” quality alfalfa has considerably

less value as livestock feed (IBC 2002).

Insecticide application had no effect on ADF concentrations in 2000 (P =

0.1693) or 2002 (P = 0.4090).  In 2000, treated and untreated varieties had ADF

concentrations of 31.3 ± 0.5 and 32.0 ± 0.4%, respectively.  Forages with these ADF

concentrations are classified as “good dairy” by UNE and as “good” by VDACS/USDA.

In 2002, treated and untreated varieties had ADF concentrations of 34.1 ± 0.5 and 34.7

± 0.5%, respectively.  According to the UNE scale of ADF concentrations, these

forages would be ranked as “good dairy” but they would be only “fair” on the

VDACS/USDA scale.  The difference in ADF concentrations between insecticide

treatment levels in both 2000 and 2002 differ by less than 1 percentage point.
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In contrast, insecticide application had a significant effect on ADF

concentrations in 2001 (P = 0.0089).  Treated varieties had ADF concentrations of

35.4 ± 0.8%, while untreated varieties had ADF concentrations of 36.6 ± 0.9%.

Despite the significant difference, the actual difference between insecticide

treatment levels is only 1.2 percentage points.  Forage from treated varieties falls

between the “good dairy” and “good beef” categories on the UNE scale, but forage

from untreated varieties falls into the “good beef” category.  Forages from both

insecticide treatment levels are ranked as “low” according to the VDACS/USDA scale.

Summary.  Given the lack of improved stem heights, yields, and forage quality

in the treated varieties, it seems that insecticide application was clearly ineffective in

2000 and 2001.  One potential explanation for these findings is that the alfalfa

varieties tested in this study may be more tolerant to alfalfa weevil and potato

leafhopper feeding than previously thought as yields and forage quality from the

untreated varieties were not significantly different from the treated varieties.  Another

possibility is that the ETs currently in use in Virginia for alfalfa weevil and potato

leafhopper may be too conservative and may need re-evaluation to test their

appropriateness for this state.  More field research might justify the raising of the

thresholds for these two key pests.

In addition, the results of this study indicate that the glandular-haired alfalfa

variety ‘54H69’ does not provide significant advantages in yields and forage quality

when compared to the non-resistant variety ‘Choice’.  Alternatively, ‘Choice’ appears

to adequately meet the performance level of the newer variety ‘54H69’.  In general,

glandular-haired varieties need to be tested in larger field trials in multiple locations

across the state before they can be recommended to Virginia growers with

confidence.

Ultimately this study suggests several recommendations for Virginia alfalfa

growers, which may be useful to growers in other southern states as well.  Growers

should continue to manage glandular-haired alfalfa varieties for alfalfa weevil as they

would standard, non-glandular-haired varieties.  Beginning with the first flush of

growth in early spring, growers should scout their fields for the presence of alfalfa
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weevil larvae and feeding damage.  Standard integrated pest management practices

should be followed, including the judicious use of insecticide treatment when needed.

Several researchers have raised the question about developing new ETs for

potato leafhopper in glandular-haired alfalfa because they are more tolerant of potato

leafhopper injury than non-glandular-haired varieties (Hogg et al. 1998, Lefko et al.

2000a).  However, the results of my study suggest that the performance of glandular-

haired alfalfa in Virginia does not warrant a different ET than the one currently in use

for non-glandular-haired varieties.

The findings of this study also demonstrate that applying an insecticide

treatment on a calendar basis does not provide any apparent benefit in terms of yields

or forage quality regardless of the variety of alfalfa grown.  Nearly 40% of Virginia

growers in the Piedmont hire applicators to spray their fields with insecticide for alfalfa

weevil (Luna 1986).  This custom spraying is often scheduled far in advance of the

development of weevil populations, suggesting that application may not always be

well-timed to limit economic damage.  Instead, a grower should consider harvesting

alfalfa on a timely basis when warranted by pest pressure and crop maturity.  Again,

standard integrated pest management practices for potato leafhopper management

should be followed.  These practices include sampling the fields frequently to monitor

the growth and development of potato leafhopper populations in relation to crop

maturity.

Growers should consider waiting for substantial crop improvement before

investing in the establishment of glandular-haired alfalfa.  Alternatively, growers might

plant only a small field with the desired variety to test its performance on the farm.

This practice would allow a grower to compare a new variety to established fields

already in production without the expense of a large planting.  In addition, planting only

a small stand to test a new variety does not commit a large portion of land to a variety

that may ultimately not perform well over the expected 3-5 years of stand production.

Commercial seed companies have already released improved “third-

generation” varieties of glandular-haired alfalfa.  These varieties should be tested in

the field for their ability to yield quality alfalfa under potato leafhopper pest pressure

before they can be recommended to the grower.  However, it is reasonable to expect



63

continued improvement in the performance of these glandular-haired alfalfa varieties

over time as newer varieties are commercially released.
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Table 2.1.  Mean densities (± SEM) of glandular trichomes measured at three

plant areas for alfalfa varieties ‘54H69’ and ‘Choice’ at Campbell Co., VA, 1999-2000.

1999 2000

Area1

na ‘54H69’ ‘Choice’ nb ‘54H69’ ‘Choice’

Midvein 160 11.86 ± 0.23* 0.01 ± 0.01 224 12.44 ± 0.22* 0.01 ± 0.01

Petiole 160 14.09 ± 0.15* 0.01 ± 0.01 224 14.00 ± 0.12* 0.00 ± 0.00

Stem 160 21.91 ± 0.32* 0.00 ± 0.00 224 20.50 ± 0.38* 0.00 ± 0.00

1Densities of glandular trichomes at midvein and petiole sampled per 2-mm

length.  Density of glandular trichomes at stem sampled per 1-mm2.

*Differences between varieties within sampling location and year are

significant (P < 0.10; paired t-test).  See text for t values.
aMean of 5 sampling dates with 32 stems collected on each date.
bMean of 7 sampling dates with 32 stems collected on each date.
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Table 2.2.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

7 March 0.04 ± 0.04 0.21 ±  0.06* 0.10 ± 0.04 0.09 ± 0.04

14 March 0.14 ± 0.07 0.41 ± 0.05* 0.20 ± 0.05 0.48 ± 0.17

23 March 0.64 ± 0.03 0.85 ± 0.13‡ 0.56 ± 0.11 0.94 ± 0.14‡

29 March 0.92 ± 0.09‡ 1.22 ± 0.06‡* 1.18 ± 0.13‡ 1.48 ± 0.17‡

5 April 1.64 ± 0.12‡ 1.95 ± 0.38‡ 1.81 ± 0.22‡ 2.00 ± 0.25‡

Insecticide application 7 April

11 April 0.02 ± 0.02 0.02 ± 0.01 2.34 ± 0.16‡ 2.08 ± 0.38‡

20 April 0.08 ± 0.03 0.05 ± 0.00 2.15 ± 0.48 2.32 ± 0.53

26 April 0.06 ± 0.05 0.05 ± 0.02 0.96 ± 0.10 0.91 ± 0.14

4 May 0.06 ± 0.04 0.00 ± 0.00 0.19 ± 0.03 0.19 ± 0.06

10 May 0.00 ± 0.00 0.02 ± 0.01 0.01 ± 0.01 0.01 ± 0.01

First harvest 10 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-test).  See text for t values.
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Table 2.3.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

14 March 0.11 ± 0.11 0.12 ±  0.10 0.32 ± 0.12 0.29 ± 0.12

23 March 0.74 ± 0.08 0.80 ± 0.15‡ 0.65 ± 0.07‡ 0.79 ± 0.07‡

28 March 1.06 ± 0.15‡ 1.05 ± 0.13‡ 1.36 ± 0.15‡ 1.11 ± 0.21‡

5 April 2.31 ± 0.21‡ 1.96 ± 0.35‡ 2.74 ± 0.43‡ 2.30 ± 0.23‡

Insecticide application 5 April

11 April 0.56 ± 0.15 0.49 ± 0.09 4.41 ± 0.57‡ 3.46 ± 0.71‡

19 April 0.18 ± 0.04 0.34 ± 0.09 0.85 ± 0.06‡ 0.59 ± 0.18

26 April 0.18 ± 0.06 0.18 ± 0.05 0.10 ± 0.04 0.08 ± 0.03

2 May 0.05 ± 0.04 0.05 ± 0.02 0.00 ± 0.00 0.01 ± 0.01

10 May 0.01 ± 0.01 0.00 ± 0.00 0.02 ± 0.01 0.00 ± 0.00

First harvest 10 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.
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Table 2.4.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2002.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

13 March 0.61 ± 0.14 0.66 ±  0.11‡ 0.44 ± 0.05 0.48 ± 0.09

25 March 1.34 ± 0.26‡ 1.35 ± 0.17‡ 1.25 ± 0.16‡ 1.25 ± 0.19‡

1 April 1.80 ± 0.25‡ 1.74 ± 0.20‡ 1.52 ± 0.32‡ 1.46 ± 0.23‡

Insecticide application 4 April

12 April 0.01 ± 0.01 0.01 ± 0.01 0.36 ± 0.08 0.32 ± 0.02

18 April 0.06 ± 0.05 0.00 ± 0.00 0.09 ± 0.06 0.01 ± 0.01

26 April 0.00 ± 0.00 0.01 ± 0.01 0.00 ± 0.00 0.00 ± 0.00

First harvest 10 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.
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Table 2.5.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

1 June 0.62 ± 0.21‡ 0.35 ± 0.07 0.45 ± 0.13‡ 0.38 ± 0.14

8 June 0.55 ± 0.09 0.60 ± 0.04 0.48 ± 0.12 0.70 ± 0.12

Insecticide application 8 June

15 June 0.00 ± 0.00 0.00 ± 0.00 0.35 ± 0.03 0.88 ± 0.23

22 June 0.48 ± 0.26 0.18 ± 0.02 3.15 ± 0.62‡ 4.38 ± 0.69‡

Second harvest 22 June

6 July 0.18 ± 0.09 0.05 ± 0.03 0.15 ± 0.07 0.30 ± 0.15

13 July 0.28 ± 0.15 0.38 ± 0.09 0.28 ± 0.11 0.50 ± 0.19

20 July 0.85 ± 0.21 1.05 ± 0.41 1.02 ± 0.13 1.25 ± 0.21‡

27 July 2.55 ± 1.07‡ 1.60 ± 0.20‡ 2.32 ± 0.36‡ 2.98 ± 0.57‡

Third harvest 27 July

10 August 0.05 ± 0.03 0.15 ± 0.10 0.20 ± 0.04 0.25 ± 0.10

17 August 0.50 ± 0.20 0.60 ± 0.11 0.35 ± 0.10 0.68 ± 0.18

18 September 0.88 ± 0.14 1.65 ± 0.52‡ 0.68 ± 0.18 0.75 ± 0.14

Fourth harvest 19 September

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.
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Table 2.6.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

12 June 0.65 ± 0.16 0.38 ± 0.09 0.55 ± 0.12 0.45 ± 0.16

19 June 0.65 ± 0.12 0.72 ± 0.17 0.75 ± 0.24 1.10 ± 0.36

26 June 3.68 ± 0.32‡ 3.20 ± 0.33‡ 3.92 ± 0.74‡ 4.92 ± 0.52‡

Second harvest 26 June

9 July 0.00 ± 0.00 0.00 ± 0.00 0.02 ± 0.02 0.12 ± 0.06

Insecticide application 9 July

16 July 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.03 0.30 ± 0.07

23 July 0.02 ± 0.02 0.02 ± 0.02 0.45 ± 0.25 0.15 ± 0.03

30 July 0.02 ± 0.02 0.05 ± 0.05 0.42 ± 0.17 0.22 ± 0.13

6 August 0.02 ± 0.02 0.02 ± 0.02 0.18 ± 0.09 0.10 ± 0.07

Third harvest 6 August

21 August 0.02 ± 0.02 0.10 ± 0.04 0.05 ± 0.03 0.10 ± 0.04

28 August 0.05 ± 0.05 0.12 ± 0.10 0.05 ± 0.03 0.30 ± 0.20

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.
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Table 2.7.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2002.

Insecticide +1 Insecticide +1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

5 June 0.08 ± 0.05 0.00 ± 0.00 0.10 ± 0.10 0.02 ± 0.02

11 June 0.05 ± 0.05 0.00 ± 0.00 0.15 ± 0.12 0.05 ± 0.03

19 June 0.05 ± 0.05 0.00 ± 0.00 0.02 ± 0.02 0.02 ± 0.02

Second harvest 19 June

2 July 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.05 ± 0.03

9 July 0.18 ± 0.09 0.28 ± 0.10 0.22 ± 0.08 0.20 ± 0.07

Insecticide application 9 July

16 July 0.00 ± 0.00 0.00 ± 0.00 0.12 ± 0.05 0.10 ± 0.10

23 July 0.02 ± 0.02 0.02 ± 0.02 0.32 ± 0.20 0.48 ± 0.21

Third harvest 26 July

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
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Table 2.8.  Effect of insecticide treatment on mean stem heights (± SEM) in cm

in alfalfa varieties ‘54H69’ and ‘Choice’ during alfalfa weevil presence at Campbell

Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

7 March 8.28 ± 0.16 7.60 ± 0.11* 8.10 ± 0.36 8.02 ± 0.14

14 March 11.65 ± 0.26 10.02 ± 0.49* 11.20 ± 0.29 12.22 ± 0.30

23 March 18.38 ± 0.27 16.80 ± 0.54* 17.30 ± 0.39 17.00 ± 0.74

29 March 22.55 ± 1.37 18.92 ± 0.65* 22.38 ± 0.93 20.12 ± 1.08

5 April 31.32 ± 1.06 29.22 ± 0.48 31.08 ± 0.27 30.30 ± 0.62

Insecticide application 7 April

11 April 34.40 ± 1.51 32.72 ± 0.61 34.00 ± 1.07 32.02 ± 1.03

20 April 45.58 ± 1.18* 44.02 ± 1.43 43.95 ± 0.85 44.52 ± 1.32

26 April 51.35 ± 1.78 50.22 ± 1.70 50.12 ± 1.39 48.00 ± 1.11

4 May 68.32 ± 2.36 67.55 ± 1.44 63.00 ± 0.99 63.68 ± 1.08

10 May 71.32 ± 3.69 68.70 ± 1.42 67.12 ± 0.86 70.35 ± 2.88

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-test).  See text for t values.
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Table 2.9.  Effect of insecticide treatment on mean stem heights (± SEM) in cm

in alfalfa varieties ‘54H69’ and ‘Choice’ during alfalfa weevil presence at Campbell

Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

14 March 6.90 ± 0.22 7.30 ± 0.39 6.68 ± 0.20 6.92 ± 0.10

23 March 7.08 ± 0.13 7.28 ± 0.27 7.62 ± 0.32 7.82 ± 0.14

28 March 8.95 ± 0.32 8.65 ± 0.36 9.22 ± 0.46 8.35 ± 0.58

5 April 12.32 ± 0.55 11.92 ± 0.23 12.20 ± 0.57 11.75 ± 0.54

Insecticide application 5 April

11 April 25.50 ± 1.05 24.32 ± 0.55 22.40 ± 0.52 21.60 ± 0.94

19 April 34.72 ± 0.39 33.65 ± 1.08 20.12 ± 1.66 22.05 ± 1.52

26 April 41.02 ± 1.71 38.40 ± 3.62 33.22 ± 2.97 32.02 ± 0.68

2 May 47.95 ± 2.17 44.00 ± 2.49 32.52 ± 0.82 36.38 ± 1.04*

10 May 53.72 ± 4.38 51.52 ± 1.09 37.42 ± 0.89 38.48 ± 1.47

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-test).  See text for t values.
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Table 2.10.  Effect of insecticide treatment on mean stem height (± SEM) in cm

in alfalfa varieties ‘54H69’ and ‘Choice’ during potato leafhopper presence at

Campbell Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

1 June 18.48 ± 0.57 17.40 ± 0.37 16.62 ± 0.50 15.78 ± 0.70

8 June 40.28 ± 1.80 37.98 ± 1.06 31.95 ± 1.43 32.20 ± 1.69

Insecticide application 8 June

15 June 58.72 ± 3.98 54.92 ± 1.64 53.65 ± 1.81 53.32 ± 1.76

22 June 72.15 ± 1.69 67.18 ± 2.24* 65.92 ± 1.08 64.25 ± 1.73

Second harvest 22 June

6 July 22.75 ± 0.22 22.48 ± 1.17 22.00 ± 0.88 22.18 ± 0.54

13 July 28.88 ± 1.27 26.48 ± 0.58 29.60 ± 1.11 28.65 ± 0.91

20 July 33.10 ± 1.01 31.30 ± 0.56 33.10 ± 0.49 33.42 ± 2.93

27 July 38.28 ± 1.41 36.88 ± 1.29* 40.22 ± 1.47 41.02 ± 2.00

Third harvest 27 July

10 August 25.98 ± 1.09 25.15 ± 0.38 25.00 ± 0.93 24.32 ± 0.36

17 August 34.72 ± 2.20 35.05 ± 2.20 35.88 ± 0.82 34.50 ± 1.70

18 September 44.12 ± 1.17 44.12 ± 2.39 44.62 ± 1.03 47.32 ± 0.61

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-test).  See text for t values.
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Table 2.11.  Effect of insecticide treatment on mean stem height (± SEM) in cm

in alfalfa varieties ‘54H69’ and ‘Choice’ during potato leafhopper presence at

Campbell Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

12 June 43.18 ± 2.57 41.52 ± 1.37 42.48 ± 1.22 42.92 ± 1.05

19 June 57.65 ± 2.20 59.25 ± 1.75 57.10 ± 1.52 55.75 ± 2.47

26 June 74.18 ± 1.60 75.32 ± 1.60 71.88 ± 1.28 68.28 ± 1.43

Second harvest 26 June

9 July 16.10 ± 1.01 14.80 ± 0.27 16.62 ± 0.72 16.02 ± 0.74

Insecticide application 9 July

16 July 21.45 ± 1.41 22.68 ± 0.82 20.78 ± 0.39 20.88 ± 1.57

23 July 24.52 ± 2.38 23.05 ± 0.82 22.38 ± 1.62 23.00 ± 1.28

30 July 26.12 ± 1.13 23.88 ± 0.95 24.82 ± 0.57 26.05 ± 1.75

6 August 43.35 ± 2.69 40.32 ± 2.38 37.20 ± 1.92 37.02 ± 1.31

Third harvest 6 August

21 August 28.70 ± 1.02 28.25 ± 0.97 30.82 ± 0.63 30.22 ± 1.12

28 August 33.78 ± 1.04 33.68 ± 0.70 35.30 ± 1.00 35.58 ± 0.82

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
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Table 2.12.  Yields (mean ± SEM) (kg/ha) for alfalfa varieties ‘54H69’ and

‘Choice’ within insecticide treatment levels at each harvest at Campbell Co., VA,

2000-02.

Insecticide +1 Insecticide -1

Year Harvest
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 4,401 ± 287 4,146 ± 170 4,032 ± 149 4,596 ± 129

Second‡ 3,126 ± 138 3,287 ± 55 3,203 ± 158 2,997 ± 114

Third 1,846 ± 85 1,827 ± 42 1,903 ± 94 2,232 ± 293

Fourth 1,934 ± 100 1,968 ± 120 1,912 ± 46 1,888 ± 82

2001 First‡ 2,860 ± 413 2,453 ± 271 1,645 ± 182 2,183 ± 246

Second 1,861 ± 115 2,040 ± 189 2,264 ± 137 2,123 ± 120

Third‡ 1,590 ± 45 1,560 ± 94 1,378 ± 25 1,429 ± 32

Fourth 1,555 ± 77 1,295 ± 87 1,595 ± 70 1,506 ± 54

2002 First‡ 3,066 ± 49 3,170 ± 98 2,649 ± 185 2,888 ± 98

Second 1,124 ± 154 908 ± 33 993 ± 133 1,071 ± 40

Third‡ 1,054 ± 49 957 ± 88 1,158 ± 82 1,138 ± 53

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Insecticide applied to treated plots during the growth of this harvest.
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Table 2.13.  Crude protein concentrations (mean ± SEM) (%) for alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels at each harvest at Campbell

Co., VA, 2000-02.

Insecticide +1 Insecticide -1

Year Harvest
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 21.1 ± 0.4 20.9 ± 0.7 20.4 ± 0.4 21.0 ± 0.8

Second‡ 24.2 ± 0.1 22.8 ± 1.0 22.0 ± 0.4 22.5 ± 0.4

Third 22.8 ± 1.6 21.4 ± 0.6 21.1 ± 0.8 20.7 ± 0.2

Fourth 21.6 ± 0.4 21.0 ± 1.0 20.9 ± 0.7 21.2 ± 0.4

2001 First‡ 16.8 ± 0.3 17.1 ± 0.6 16.6 ± 0.3 17.1 ± 0.7

Second 17.8 ± 0.2 17.0 ± 0.7 16.9 ± 0.6 16.9 ± 0.6

Third‡ 22.5 ± 0.5 22.2 ± 0.9 22.7 ± 0.4 21.6 ± 0.8

Fourth 21.3 ± 0.5 20.8 ± 0.5 21.3 ± 0.7 19.7 ± 0.3

2002 First‡ 21.0 ± 1.2 20.4 ± 1.0 21.3 ± 0.3 19.4 ± 0.6

Second 17.3 ± 0.2 17.1 ± 0.9 17.4 ± 0.6 15.9 ± 0.4

Third‡ 19.2 ± 0.4 19.0 ± 0.1 18.1 ± 0.3 18.5 ± 0.6

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Insecticide applied to treated plots during the growth of this harvest.
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Table 2.14.  Acid detergent fiber concentrations (mean ± SEM) (%) for alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels at each harvest at

Campbell Co., VA, 2000-02.

Insecticide +1 Insecticide -1

Year Harvest
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 33.4 ± 0.9 32.4 ± 1.4 32.7 ± 1.3 33.4 ± 0.5

Second‡ 30.0 ± 0.3 32.2 ± 1.6 34.0 ± 0.8 32.1 ± 1.0

Third 32.3 ± 1.5 31.5 ± 1.5 32.9 ± 1.5 31.6 ± 0.6

Fourth 29.1 ± 0.2 29.5 ± 1.3 29.9 ± 0.5 29.7 ± 0.2

2001 First‡ 36.6 ± 1.2 35.6 ± 1.0 35.8 ± 1.5 35.1 ± 1.3

Second 40.7 ± 0.4 41.3 ± 1.6 43.4 ± 0.9 42.2 ± 0.5

Third‡ 34.8 ± 0.2 33.3 ± 1.3 37.3 ± 1.9 37.2 ± 2.0

Fourth 28.7 ± 0.4 32.2 ± 1.5* 29.5 ± 0.6 32.3 ± 1.1

2002 First‡ 32.9 ± 1.3 34.8 ± 1.2 33.4 ± 0.5 36.4 ± 0.6*

Second 33.6 ± 1.1 35.0 ± 2.5 33.6 ± 1.2 35.8 ± 1.6

Third‡ 34.6 ± 0.7 33.5 ± 0.5* 36.2 ± 0.6 33.1 ± 1.3

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-test).  See text for t values.
‡Insecticide applied to treated plots during the growth of this harvest.
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Chapter Three

Effects of Alfalfa Weevil and Potato Leafhopper on the Performance

of Glandular-haired Alfalfa in Southwestern Virginia

Virginia represents a unique agricultural setting compared to other, more

northern states in that alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera:

Curculionidae), persists as a key pest in some regions of Virginia.  In the

northeastern U.S., alfalfa weevil has been brought under biological control (Day

1981), but biological control agents have been less successful in controlling alfalfa

weevil south of 40º latitude (Campbell et al. 1975, Berberet et al. 1981, 2002, Copely

and Grant 1998, Radcliffe and Flanders 1998, Kuhar et al. 1999, 2000).  Potato

leafhopper, Empoasca fabae (Harris) (Homoptera: Cicadellidae), is a second key

pest attacking alfalfa in Virginia.  Unlike alfalfa weevil, potato leafhopper produces

economic damage in alfalfa over much of the central and eastern U.S.

Potato leafhopper feeding in alfalfa produces a set of symptoms commonly

referred to as “hopperburn,” which includes chlorotic yellowing of leaflet tips and

stunting of plant height.  Injury by potato leafhopper reduces alfalfa yields and forage

quality (reviewed in Hutchins et al. 1990).  Potato leafhopper management has been

limited primarily to insecticide application and early harvest.  Some alfalfa varieties

with resistance to hopperburn were developed in the 1960s and 1970s (Sorensen et

al. 1988), but research indicated that these varieties remained susceptible to yield

loss and reduced forage quality from potato leafhopper despite being resistant to

chlorotic yellowing (Kindler et al. 1973).  Recently, seed companies commercially

released new glandular-haired alfalfa varieties that were marketed as being resistant

to potato leafhopper.  The initial releases in 1997 performed poorly and were not

received favorably (Behling 1998), but seed companies soon released additional

varieties in the late 1990s.  These second-generation varieties were marketed as

being improved over the first releases, but their performance has been scrutinized

given the lack of success seen in the first generation releases.

Most of the research regarding glandular-haired, potato leafhopper-resistant

alfalfa has focused on the performance of these varieties under potato leafhopper
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pressure.  Limited information exists on the effects of alfalfa weevil on these varieties.

This information is particularly important for states like Virginia where both pest

species occur and injury alfalfa.

My overall goal was to determine if alfalfa pest management in Virginia would

benefit from the use of glandular-haired alfalfa by eliminating insecticide applications

for potato leafhopper.  In particular, I examined the performance of glandular-haired

alfalfa against a standard, non-glandular-haired variety under both alfalfa weevil and

potato leafhopper pest pressures.  This experiment was conducted in Montgomery

Co. in southwestern Virginia and was designed as a companion study to the

experiment conducted in Campbell Co. in the Virginia Piedmont (Chap. 2).

Southwestern Virginia typically has much lower alfalfa weevil densities than seen in

the Piedmont (Kuhar et al. 2000).  The difference in alfalfa weevil densities between

the two localities is attributed to higher elevations in southwestern Virginia

(Montgomery Co., ≈640 m) than in the Piedmont (Campbell Co., ≈200 m), with colder

winter temperatures and reduced rates of oviposition by female alfalfa weevils (Kuhar

et al. 2000).  Pest pressure at Campbell Co. is intensified with an earlier spring weevil

hatch on younger, shorter alfalfa than found at Montgomery Co. (Kuhar et al. 2000).  In

addition to the difference in alfalfa weevil densities between the two locations, potato

leafhopper pressure in the southwestern region is often greater than in the Piedmont.

The two localities differ in soil quality as well.  This study in Montgomery Co. was

conducted on a more productive McGary and Purdy dark gray silt loam soil, compared

to the poorer, clayey Cecil and Cullen soils found at the Campbell Co. study location.

The objectives of this field study were to examine the impacts of alfalfa weevil

and potato leafhopper on a recently released potato leafhopper-resistant glandular-

haired alfalfa variety.  Glandular trichome densities, pest densities, forage growth,

yields, and forage quality were evaluated over three growing seasons.  These

parameters elucidate the potential role of potato leafhopper-resistant alfalfa within

alfalfa pest management in Virginia.
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Materials and Methods

Field Location.  This study was conducted at the Virginia Tech Kentland

Research Farm in Montgomery Co., near Blacksburg (80° 25’ W, 37° 14’ N; elevation

≈640 m), Virginia.

Experimental Design.  Plots were established in Spring 1999 as described in

Chapter 2.  Southern States ‘Choice’ and Pioneer ‘54H69’ were dribble-planted using

a 1.8-m planter at the rate of 25.8 kg/ha, followed by cultipacker treatment.  Insecticide

treatment followed the protocol in Chapter 2.  The experiment continued for 3 years

from 2000 to 2002.

Glandular Trichome Densities.  Erect glandular trichome densities were

measured following a protocol modified from Elden and McCaslin (1997) and outlined

in Chapter 2.  Alfalfa stems were collected on five dates in 1999 and six dates in 2000,

producing a total sample size of 160 and 192 stems examined in each year,

respectively.  Trichome densities were analyzed as in Chapter 2.

Pest Densities.  Densities of alfalfa weevil larvae and potato leafhoppers were

estimated following the methods outlined in Chapter 2.  Beginning in March or April,

densities of alfalfa weevil larvae were estimated weekly during the growth of the first

harvest.  Densities of potato leafhoppers were sampled weekly beginning with the

growth of the second harvest at each location, typically in early to mid-June.

Forage Yields and Quality Parameters.  Yields, crude protein (CP), and acid

detergent fiber (ADF) were measured following the procedures described in Chapter

2.  Four harvests were taken in 2000 and 2001, and three were taken in 2002.  Plots

were harvested on 22 May, 30 June, 21 August, and 20 October 2000; on 23 May, 19

July, 27 August, and 15 October 2001; and on 28 May, 1 July, and 9 August 2002.

Harvests were taken at ≈10% bloom, except for the second and third harvests in 2000

and 2001 when inclement weather prevented timely harvests of the crop.  In 2000, the

second and third harvests were taken at nearly full and 40% bloom, respectively.  Both

the second and third harvests in 2001 were taken at 60% bloom.

Statistical Analyses.  Data were analyzed as described in Chapter 2.
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Results and Discussion

Glandular Trichome Densities.  As expected, strong differences between

varieties were detected in densities of erect glandular trichomes at the midvein,

petiole, and stem locations (Table 3.1).  In 1999, significantly greater densities of

trichomes were found on ‘54H69’ at the midvein (t = 50.09; df = 4; P < 0.0001), petiole

(t = 64.92; df = 4; P < 0.0001), and stem (t = 41.08; df = 4; P < 0.0001).  Similar results

were found in 2000, with significantly greater densities of trichomes found on ‘54H69’

at the midvein (t = 48.50; df = 5; P < 0.0001), petiole (t = 52.04; df = 5; P < 0.0001), and

stem (t = 45.37; df = 5; P < 0.0001).  Densities of glandular trichomes for either variety

were similar to those measured at Campbell Co. (Chap. 2).  While potato leafhopper

resistance is associated with the presence of glandular trichomes, it does not appear

to be strongly correlated with glandular trichome density (Elden and McCaslin 1997).

Procumbent glandular trichomes may also be involved in the resistance mechanism

present in potato leafhopper-resistant varieties (Ranger and Hower 2001).

Alfalfa Weevil Densities.  Weevil pressure in Montgomery Co. was

considerably lower than in Campbell Co. during the same years (Chap. 2).  In

Montgomery Co., weevil densities exceeded the economic threshold (ET) in 2002, but

not in 2000 or 2001.  In 2000, densities peaked on 19 and 27 April, averaging 0.3 ±

0.0 (mean ± SEM) larvae per stem (Table 3.2) in 43.8 cm alfalfa.  Densities were

greater in 2001 with a mean 0.8 ± 0.0 larvae per stem in untreated varieties (Table

3.3) in 45.8 cm alfalfa on 4 May, but this peak was still below the ET.  Densities in

2002 peaked on 15 April, averaging 1.0 ± 0.1 larvae per stem (Table 3.4) in 16.9 cm

alfalfa across all treatments.  In Virginia, the ET for alfalfa <20.3 cm tall is 0.7 larvae

per stem, well below the larval density seen in 2002 (Youngman and Herbert 2002).

The main effect of variety on alfalfa weevil larval densities was significant in

2001 (F = 7.11; df = 1, 10; P = 0.0236), but not in 2000 (F = 6.64E-5; df = 1, 10; P =

0.9937) or 2002 (F = 0.12; df = 1, 10; P = 0.7340).  The variety by date interaction was

not significant for any year (2000, F = 0.75; df = 9, 90; P = 0.6654; 2001, F = 0.53; df =

6, 60; P = 0.7805; 2002, F = 1.79; df = 7, 70; P = 0.1034).  The main effect of

insecticide treatment on weevil density was significant in all 3 years (2000, F = 7.51; df
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= 1, 10; P = 0.0208; 2001, F = 358.53; df = 1, 10; P < 0.0001; 2002, F = 65.12; df = 1,

10; P < 0.0001).  Not unexpectedly, highly significant insecticide treatment by date

interactions were present in all 3 years (2000, F = 6.46; df = 9, 90; P < 0.0001; 2001, F

= 24.99; df = 6, 60; P < 0.0001; 2002, F = 9.33; df = 7, 70; P < 0.0001).

In 2000, no differences in mean larval densities were detected between

varieties within either insecticide treatment level with the exception of 31 March (Table

3.2).  Paired t-tests between varieties designated to receive insecticide indicated that

treated ‘54H69’ had a significantly greater density of larvae (0.05 ± 0.02) than treated

‘Choice’ (0.00 ± 0.00) on 31 March (t = 2.48; df = 3; P = 0.0895).  On 31 March and 6

April, untreated ‘Choice’ had significantly greater larval densities than ‘Choice’

designated to receive insecticide application (31 March, t = 3.00; df = 3; P = 0.0577; 6

April, t = 2.51; df = 3; P = 0.0868).  On 27 April, but prior to insecticide application, plots

of ‘Choice’ designated to receive insecticide treatment had a greater larval density

(0.41 ± 0.07) than untreated ‘Choice’ (0.21 ± 0.07) (t = 5.67; df = 3; P = 0.0109).

Statistical differences were detected between insecticide treatment levels on these

dates, but insecticide had not yet been applied to the plots.  At 8 days post-treatment,

treated ‘Choice’ had significantly lower larval densities (0.00 ± 0.00) than untreated

‘Choice’ (0.24 ± 0.05) (5 May, t = 4.92; df = 3; P = 0.0161).  Insecticide application

significantly reduced larval densities in treated ‘54H69’ at 8 days post-treatment as

well (5 May, t = 3.22; df = 3; P = 0.0485).  No other differences were found between

varieties within either insecticide treatment level for the remainder of the growth of the

first harvest.

In 2001, no consistent trend in larval densities was found in either variety

before insecticide application on 20 April (Table 3.3).  No significant differences in

larval densities were detected between treated varieties on any date.  Few significant

differences in larval densities were detected between untreated varieties, with

significantly greater densities found in ‘54H69’ than ‘Choice’ on 10 April (t = 2.55; df =

3; P = 0.0839) and 19 May (t = 2.88; df = 3; P = 0.0633).  On 10 April, larval densities in

untreated ‘54H69’ and untreated ‘Choice’ were 0.11 ± 0.03 and 0.06 ± 0.02 larvae per

stem, respectively.  On 19 May, larval densities in untreated ‘54H69’ and untreated

‘Choice’ were 0.14 ± 0.06 and 0.05 ± 0.04 larvae per sweep.  Paired t-tests between
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insecticide treatment levels within ‘54H69’ indicated that untreated ‘54H69’ had a

significantly greater density of larvae (0.11 ± 0.03) than ‘54H69’ designated to receive

insecticide application (0.02 ± 0.01) on 10 April (t = 3.88; df = 3; P = 0.0304).

Following insecticide application, significantly greater densities of larvae were found

in untreated ‘54H69’ at 7 days (27 April, t = 4.25; df = 3; P = 0.0238), 14 days (4 May, t =

5.94; df = 3; P = 0.0095), and 19 days (9 May, t = 8.15; df = 3; P = 0.0039) post-

treatment.  Likewise, insecticide application significantly reduced larval densities in

treated ‘Choice’ compared to untreated ‘Choice’ at 7 days (27 April, t = 21.72; df = 3; P

= 0.0002), 14 days (4 May, t = 5.40; df = 3: P = 0.0124), and 19 days (9 May, t = 5.45; df

= 3; P = 0.0121) post-treatment.

In 2002, a general trend for numerically higher larval densities was evident in

‘Choice’ before insecticide application on 16 April (Table 3.4).  Untreated ‘Choice’ had

a significantly greater density of larvae (1.32 ± 0.29) than untreated ‘54H69’ (0.89 ±

0.21) the day before insecticide application (15 April, t = 4.02; df = 3; P = 0.0276).

However, no other differences were detected between untreated varieties, nor were

any differences found between treated varieties, on any date.  Paired t-tests between

insecticide treatment levels within ‘54H69’ indicated that on 29 March, 1 day before

insecticide application, untreated 54H69’ (0.50 ± 0.08) had a significantly greater

density of larvae than ‘54H69’ designated to be treated (0.22 ± 0.03) (t = 4.87; df = 3; P

= 0.0165).  Following insecticide application, untreated ‘54H69’ had significantly

greater densities of larvae at 7 days (23 April, t = 3.58; df = 3; P = 0.0374), 14 days (30

April, t = 4.31; df = 3; P = 0.0230), 22 days (8 May, t = 2.86; df = 3; P = 0.0645), and 28

days (14 May, t = 3.96; df = 3; P = 0.0287) post-treatment.  Similarly, t-tests between

insecticide treatment levels within ‘Choice’ indicated that insecticide application

significantly reduced larval densities in treated ‘Choice’ on 7 days (23 April, t = 4.07; df

= 3; P = 0.0268), 14 days (30 April, t = 3.44; df = 3; P = 0.0412), and 22 days (8 May, t =

9.43; df = 3; P = 0.0025) post-treatment.

In general, the densities of weevil larvae found in this study are lower than the

0.6-1.4 larvae per stem found in the southwestern region during a 3-year survey of

alfalfa weevil abundance conducted by Kuhar et al. (1999).  The peak densities of 0.3

and 0.8 larvae per stem found in 2000 and 2001, respectively, are below the 1.0-1.1
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larvae per stem considered by some authors as the minimum density needed to

produce economic yield losses (Liu and Fick 1975, Berberet et al. 1981, Berberet and

McNew 1986).  Following those thresholds, the peak density of 1.0 larvae per stem

found in 2002 would be expected to produce a slight but measurable yield loss.

However, these thresholds do not consider the height of the alfalfa at the time the

peak infestation exceeds the ET.  A more comprehensive ET incorporating plant

height has been developed for Virginia (Youngman and Herbert 2002).  A density of

1.0 larvae per stem in 17 cm alfalfa, as in 2002, well exceeds the ET used in this

state.

Overall, the data from southwestern Virginia support the conclusions that

potato leafhopper-resistant alfalfa is susceptible to damage by alfalfa weevil (Sulc et

al. 2001a, Chap. 2).  Studies focusing specifically on resistance to alfalfa weevil have

been conducted on annual and perennial Medicago spp. possessing glandular

trichomes (Barnes and Radcliffe 1969, Othman et al. 1981, Danielson et al. 1986,

1990).  Shade et al. (1975) discovered that glandular trichome exudate from several

Medicago spp. could entrap young instars, although later research indicated that adult

weevils were not susceptible to this type of physical barrier (Johnson et al. 1980a,

1980b).  Development of weevil-resistant varieties of alfalfa declined after biological

control agents were introduced and established for this pest (Barnes et al. 1988).

Glandular-haired alfalfa marketed as resistant to potato leafhopper shares the

glandular trait earlier researchers associated with resistance to alfalfa weevil (Shade

et al. 1975, Sorensen et al. 1986, Danielson et al. 1990).  The initial development of

these newer, potato leafhopper-resistant varieties included alfalfa weevil-resistant

germplasm (Shade et al. 1996, Sulc et al. 2001b).  Despite sharing a common

germplasm source and the expression of glandular trichomes with weevil-resistant

alfalfa, leafhopper-resistant alfalfa must still be actively managed for alfalfa weevil.

Ranger and Hower (2002) have indicated that resistance to potato leafhopper

includes both chemical compounds produced by glandular trichomes in addition to a

physical barrier provided by glandular trichomes.  It may be that leafhopper-resistant

alfalfa does not express the same chemical compounds as weevil-resistant alfalfa

even though both alfalfas possess glandular trichomes.
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Insecticide treatment effectively reduced alfalfa weevil densities for 1-4 weeks

post-treatment in all 3 years of the study.  However, larval densities in 2000 and 2001

never exceeded the ET, and only in 2001 was insecticide application warranted by

pest pressure.  The data illustrate the unnecessary loss of time and money, not to

mention the needless placement of insecticide in the environment, due to calendar-

based spraying for pest control without regard to true risk of economic damage

(Kuhar et al. 1999).  Fortunately, calendar-based spraying for alfalfa weevil performed

by custom applicators is not prevalent in the southwestern region of Virginia (Luna

1986).

Potato Leafhopper Densities.  Potato leafhopper pressure was considerably

stronger in Montgomery Co. than that seen during the companion study in Campbell

Co. (Chap. 2).  In 2000, combined densities of potato leafhopper nymphs and adults

were above the ET in ‘54H69’ on 9 June, averaging 0.6 ± 0.0 total potato leafhoppers

per sweep (Table 3.5) in 19.0 cm growth.  The ET for alfalfa at this height is 0.5

leafhoppers per sweep.  Densities reached the ET in ‘Choice’ the following week,

averaging 1.0 ± 0.2 potato leafhoppers per sweep in 30.1 cm growth on 16 June.

Following insecticide application, densities of potato leafhopper remained above the

ET for 2 weeks post-treatment in untreated ‘54H69’.  In ‘Choice’, densities were below

the ET at 7 days post-treatment but exceeded the ET at 14 days post-treatment.

Densities of total potato leafhoppers peaked on 30 June in the untreated varieties,

with a mean of 4.2 ± 0.7 potato leafhoppers per sweep in alfalfa 47.4 cm tall,

representing very strong pest pressure.  The ET for alfalfa ≥ 45.7 cm is 1.75

leafhoppers per sweep.  Following the second harvest in late June, densities were

below the ET for the remainder of the growing season.

In 2001, densities were above the ET in all treatments on 21 June (Table 3.6),

averaging 1.0 ± 0.2 potato leafhoppers per sweep in 23.7 cm alfalfa.  The ET for alfalfa

of this height is ≈0.8 leafhoppers per sweep.  However, densities fell below the ET by

the following week in all treatments except untreated ‘54H69’.  On 5 July, 7 days post-

treatment, only untreated ‘Choice’ held pest densities above the ET.  By 2 weeks post-

treatment (12 July), densities in the untreated varieties rose abruptly to a mean 7.5 ±

2.0 potato leafhoppers per sweep in 65.2 cm growth.  Densities continued to increase
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to a mean 10.7 ± 0.6 potato leafhoppers per sweep in 67.7 cm alfalfa the following

week (19 July) in the untreated varieties.  These peaks greatly exceeded the ET (1.75

leafhoppers per sweep in alfalfa ≥ 45.7 cm) and represented the heaviest pest

pressure found during the study.  However, densities fell below the ET after the

second harvest and remained low for the rest of the growing season.

Densities in 2002 were the lowest observed during the study, with a peak

mean of 0.6 ± 0.0 potato leafhoppers per sweep in the untreated varieties on 6 August

(Table 3.7).  This density was well below the ET given the 60.2 cm growth.  Densities

reached the ET only in untreated ‘54H69’ on 22 July, averaging 0.45 potato

leafhoppers per sweep in 19.0 cm alfalfa.

The main effect of variety was not significant for combined densities of potato

leafhopper nymphs and adults in all 3 years of the study (2000, F = 0.97; df = 1, 10; P

= 0.3484; 2001, F = 1.34; df = 1, 10; P = 0.2733; 2002, F = 0.93; df = 1, 10; P = 0.3569).

The variety by date interaction was not significant for any study year (2000, F = 1.08; df

= 9, 90; P = 0.3847; 2001, F = 1.20; df = 8, 80; P = 0.3106; 2002, F = 0.73; df = 5, 50; P

= 0.6027).  The main effect of insecticide treatment was significant for combined

potato leafhopper densities in each year (2000, F = 31.59; df = 1, 10; P = 0.0002;

2001, F = 134.40; df = 1, 10; P < 0.0001; 2002, F = 20.20; df = 1, 10; P = 0.0012).  Not

unexpectedly, the insecticide by date interaction was highly significant in each year

(2000, F = 45.65; df = 9, 90; P < 0.0001; 2001, F = 71.10; df = 8, 80; P < 0.0001; 2002,

F = 9.18; df = 5, 50; P < 0.0001).

In 2000, untreated ‘54H69’ had numerically lower pest densities than untreated

‘Choice’ on five of the nine dates potato leafhopper was present (Table 3.5).

However, t-tests between untreated varieties indicated that ‘Choice’ had significantly

greater densities than ‘54H69’ on only two of these five dates (30 June, t = 6.18; df = 3;

P = 0.0085; 21 July, t = 4.88; df = 3; P = 0.0165).  On 30 June, both varieties had pest

densities above the ET, while on 21 July, both varieties had pest densities below the

ET.  In contrast, untreated ‘54H69’ (0.55 ± 0.05) had a significantly higher density than

untreated ‘Choice’ (0.32 ± 0.08) on 9 June (t = 2.82; df = 3; P = 0.0667); this density in

‘54H69’ exceeded the ET while the density in ‘Choice’ remained below the ET.  Within

treated varieties in 2000, ‘54H69’ had numerically lower densities than ‘Choice’ on six
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of the nine dates potato leafhopper was present, but there were no significant

differences between treated varieties.

Insecticide application significantly reduced potato leafhopper densities in

treated ‘54H69’ compared to untreated ‘54H69’ at 7 days (23 June, t = 5.22; df = 3; P =

0.0137) and 14 days (30 June, t = 11.68; df = 3; P = 0.0013) post-treatment.  Likewise,

treated ‘Choice’ had significantly reduced leafhopper densities compared to untreated

‘Choice’ at 7 days (23 June, t = 5.22; df = 3; P = 0.0136) and 14 days (30 June, t =

21.71; df = 3; P = 0.0002) post-treatment.  During the growth of the third harvest,

previously treated ‘54H69’ had a significantly greater pest density than untreated

‘54H69’ on 21 July (t = 2.67; df = 3; P = 0.0760) and 11 August (t = 3.94; df = 3; P =

0.0291).

Within untreated varieties in 2001, ‘54H69’ had numerically lower pest

densities than ‘Choice’ on seven of nine dates (Table 3.6), but none of the differences

on these dates were significant.  However, on 27 June, untreated ‘54H69’ had a

significantly greater pest density (1.62 ± 0.05) than untreated ‘Choice’ (1.15 ± 0.13) (t

= 3.25; df = 3; P = 0.0474); the pest density in ‘54H69’, but not in ‘Choice’, was above

the ET on this date.  No significant differences in potato leafhopper densities between

treated varieties were detected in 2001 except for 8 August, when treated ‘Choice’

(0.12 ± 0.06) had a significantly greater pest density than treated ‘54H69’ (0.05 ± 0.05)

(t = 2.97; df = 3; P = 0.0591).  However, no insecticide was applied during the growth

of the third harvest, so the biological significance of this difference is questionable.

Paired t-tests between insecticide treatment levels in ‘54H69’ indicated that on

27 June, untreated ‘54H69’ had a significantly greater pest density (1.62 ± 0.05) than

‘54H69’ designated to be treated (1.10 ± 0.20) (t = 2.43; df = 3; P = 0.0934).  After

insecticide application, treated ‘54H69’ had significantly lower pest densities at 7

days (5 July, t = 5.11; df = 3; P = 0.0145), 14 days (12 July, t = 7.86; df = 3; P = 0.0043),

and 21 days (19 July, t = 10.58; df = 3; P = 0.0018) post-treatment.  Similarly, t-tests

between treated and untreated ‘Choice’ indicated that insecticide application

significantly reduced leafhopper densities at 7 days (5 July, t = 6.10; df = 3; P =

0.0088), 14 days (12 July, t = 6.82; df = 3; P = 0.0064), and 21 days (19 July, t = 5.95; df

= 3; P = 0.0095).
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Leafhopper densities in 2002 were higher in ‘54H69’ than in ‘Choice’ on three

of the four dates sampled prior to insecticide application on 24 July (Table 3.7).  No

significant differences were found between varieties on any date within either

insecticide treatment level.  Following insecticide application, t-tests between treated

and untreated ‘54H69’ indicated that insecticide effectively reduced the number of

leafhoppers per sweep at 7 days (31 July, t = 10.23; df = 3; P = 0.0020) and 13 days (6

August, t = 3.46; df = 3; P = 0.0408) post-treatment.  Likewise, t-tests between treated

and untreated ‘Choice’ indicated that insecticide application significantly reduced pest

densities at 7 days (31 July, t value not generated due to lack of variability between

treatments in plots; treated ‘Choice’, 0.00 ± 0.00; untreated ‘Choice’, 0.50 ± 0.00) and

13 days (6 August, t = 9.02; df = 3; P = 0.0029) post-treatment.

Densities of potato leafhopper adults and nymphs were analyzed separately to

examine the effect of variety on adult and immature stages (ANOVA results not

presented).  Nymphal densities are indicative of adult performance, although reduced

immature densities may reflect a greater susceptibility of nymphs to variety rather than

reduced reproduction by adults.  As main effect by date interactions were present for

both nymphal and adult densities in all 3 years, t-tests were used to examine simple

effect differences.  In general, relatively few significant differences in either nymphal or

adult densities were detected between varieties within either insecticide treatment

level, or between insecticide treatments within either variety.

In 2000, a significantly lower nymphal density was found in previously treated

‘54H69’ (0.20 ± 0.11) than previously treated ‘Choice’ (0.65 ± 0.21) on 21 August

before the third harvest (t = 3.16; df = 3; P = 0.0508).  Untreated ‘54H69’ had a

significantly lower nymphal density (3.05 ± 0.20) than untreated ‘Choice’ (4.30 ± 0.33)

before the second harvest on 30 June (t = 3.67; df = 3; P = 0.0351).  Treated ‘54H69’

had significantly lower nymphal densities than untreated ‘54H69’ at 7 days (23 June, t

= 4.07; df = 3; P = 0.0268) and 14 days (30 June, t = 18.48; df = 3; P = 0.0003) post-

treatment.  On 23 June, treated and untreated ‘54H69’ had 0.00 ± 0.00 and 0.92 ±

0.30 nymphs per sweep, respectively.  On 30 June, treated and untreated ‘54H69’ had

0.20 ± 0.07 and 3.05 ± 0.20 nymphs per sweep, respectively.  During the growth of the

third harvest when no insecticide was applied, previously treated ‘54H69’ had a
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significantly greater density of nymphs per sweep (0.38 ± 0.08) than untreated

‘54H69’ (0.15 ± 0.05) (t = 14.87; df = 3; P = 0.0007).  Treated ‘Choice’ had significantly

lower nymphal densities than untreated ‘Choice’ at 7 days (23 June, t = 3.79; df = 3; P

= 0.0323) and 14 days (30 June, t = 14.75; df = 3; P = 0.0007) post-treatment.  On 23

June, treated and untreated ‘Choice’ had 0.08 ± 0.05 and 1.02 ± 0.30 nymphs per

sweep.  On 30 June, treated and untreated ‘Choice’ had 0.22 ± 0.10 and 4.30 ± 0.22

nymphs per sweep.  On 21 July, previously treated ‘Choice’ had a significantly greater

density of nymphs per sweep (0.12 ± 0.06) than untreated ‘Choice’ (0.02 ± 0.02) (t =

2.59; df = 3; P = 0.0808), although no insecticide was applied during the growth of the

third harvest.

In 2001, no significant differences were detected between varieties in either

insecticide treatment level.  Significantly lower nymphal densities were found in

treated ‘54H69’ than untreated ‘54H69’ at 7 days (5 July, t = 3.33; df = 3; P = 0.0448),

14 days (12 July, t = 7.12; df = 3; P = 0.0057), and 21 days (19 July, t = 9.68; df = 3; P =

0.0023) post-treatment.  On 5 July, treated and untreated ‘54H69’ had 0.00 ± 0.00 and

0.88 ± 0.31 nymphs per sweep, respectively.  On 12 July, treated and untreated

‘54H69’ had 0.45 ± 0.19 and 4.92 ± 0.45 nymphs per sweep, respectively.  On 19 July,

treated and untreated ‘54H69’ had 0.12 ± 0.12 and 7.32 ± 0.75 nymphs per sweep,

respectively.  Likewise, treated ‘Choice’ had significantly lower nymphal densities

than untreated ‘Choice’ at 7 days (5 July, t = 4.51; df = 3; P = 0.0204), 14 days (12 July,

t = 8.03; df = 3; P = 0.0040), and 21 days (19 July, t = 7.29; df = 3; P = 0.0053) post-

treatment.  On 5 July, treated and untreated ‘Choice’ had 0.00 ± 0.00 and 1.12 ± 0.31

nymphs per sweep, respectively.  On 12 July, treated and untreated ‘Choice’ had 0.42

± 0.17 and 8.70 ± 1.54 nymphs per sweep, respectively.  On 19 July, treated and

untreated ‘Choice’ had 0.10 ± 0.06 and 8.72 ± 1.76 nymphs per sweep, respectively.

Again in 2002, no significant differences were detected between varieties within

either insecticide treatment level.  Treated ‘Choice’ had significantly lower nymphal

densities than untreated ‘Choice’ at 7 days (31 July, t = 3.00; df = 3; P = 0.0577) and

13 days (6 August, t = 10.39; df = 3; P = 0.0019) post-treatment.  On 31 July, treated

and untreated ‘Choice’ had 0.00 ± 0.00 and 0.08 ± 0.02 nymphs per sweep,

respectively.  On 6 August, treated and untreated ‘Choice’ had 0.02 ± 0.02 and 0.40 ±
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0.07 nymphs per sweep, respectively.  In contrast, treated ‘54H69’ had a significantly

lower density of nymphs per sweep (0.05 ± 0.03) than untreated ‘54H69’ (0.50 ± 0.14)

at 13 days post-treatment only (6 August, t = 4.26; df = 3; P = 0.0237).

Few differences were detected in adult densities in 2000, either between

varieties within insecticide treatment levels or between insecticide treatments within

varieties.  In untreated varieties, ‘54H69’ had a significantly greater adult density per

sweep (0.55 ± 0.05) than ‘Choice’ (0.30 ± 0.07) on 9 June (t = 2.81; df = 3; P = 0.0671).

However, on 21 July ‘54H69’ had a significantly lower number of adults per sweep

(0.05 ± 0.03) than ‘Choice’ (0.15 ± 0.03) (t = 2.45; df = 3; P = 0.0919).  Treated ‘Choice’

had significantly lower adult densities than untreated ‘Choice’ at 7 days (23 June, t =

3.32; df = 3; P = 0.0449) and 14 days (30 June, t = 3.92; df = 3; P = 0.0295) post-

treatment.  On 23 June, treated and untreated ‘Choice’ had 0.00 ± 0.00 and 0.38 ±

0.12 adult leafhoppers per sweep, respectively.  On 30 June, treated and untreated

‘Choice’ had 0.00 ± 0.00 and 0.55 ± 0.17 adult leafhoppers per sweep, respectively.

Treated ‘54H69’ had a significantly lower number of adults per sweep (0.00 ± 0.00)

than untreated ‘54H69’ (0.82 ± 0.22) at 7 days post-treatment (23 June, t = 4.46; df = 3;

P = 0.0210).  After the second harvest, previously treated ‘54H69’ had a significantly

greater number of adults per sweep (0.15 ± 0.05) than untreated ‘54H69’ (0.05 ± 0.03)

during the growth of the third harvest on 21 July (t = 2.59; df = 3; P = 0.0808).  On 21

August, treated ‘54H69’ had a significantly greater number of adults per sweep (0.52

± 0.10) than untreated ‘54H69’ (0.28 ± 0.05) (t = 4.34; df = 3; P = 0.0226).  Despite the

statistical differences detected between treated and untreated ‘54H69’ on 21 July and

21 August, no insecticide was applied during the growth of the third harvest in 2000.

In 2001, no differences in adult densities were detected between the treated

varieties.  Untreated ‘54H69’ had a significantly lower density of adult leafhoppers

(0.72 ± 0.29) than untreated ‘Choice’ (1.32 ± 0.27) on 21 June (t = 3.90; df = 3; P =

0.0299).  However, on 27 June untreated ‘54H69’ had a significantly higher number of

adults per sweep (1.62 ± 0.05) than untreated ‘Choice’ (1.12 ± 0.12) (t = 3.81; df = 3; P

= 0.0318).  Prior to insecticide application on 28 June, ‘54H69’ designated to receive

an insecticide application had a significantly lower number of adults per sweep (1.10

± 0.20) than untreated ‘54H69’ (1.62 ± 0.05) (27 June, t = 2.43; df = 3; P = 0.0934).
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After insecticide application, treated ‘54H69’ had significantly lower adult densities

than untreated ‘54H69’ at 7 days (5 July, t = 6.83; df = 3; P = 0.0064), 14 days (12 July,

t = 2.74; df = 3; P = 0.0713), and 21 days (19 July, t = 5.92; df = 3; P = 0.0096) post-

treatment.  On 5 July, treated and untreated ‘54H69’ had 0.00 ± 0.00 and 0.55 ± 0.10

adults per sweep, respectively.  On 12 July, treated and untreated ‘54H69’ had 0.22 ±

0.10 and 0.60 ± 0.18 adults per sweep, respectively.  On 19 July, treated and

untreated ‘54H69’ had 0.42 ± 0.13 and 2.82 ± 0.58 adults per sweep, respectively.

Treated ‘Choice’ had significantly lower adult densities than untreated ‘Choice’ at 7

days (5 July, t = 6.08; df = 3; P = 0.0090) and 21 days (19 July, t = 3.19; df = 3; P =

0.0499) post-treatment only.  On 5 July, treated and untreated ‘Choice’ had 0.02 ± 0.02

and 0.68 ± 0.10 adults per sweep, respectively.  On 19 July, treated and untreated

‘Choice’ had 0.42 ± 0.08 and 2.60 ± 0.76 adults per sweep, respectively.

Again in 2002, no differences in adult densities were detected between the

treated varieties.  Untreated ‘54H69’ had a significantly lower adult density (0.08 ±

0.02) than untreated ‘Choice’ (0.20 ± 0.06) only on 6 August (t = 2.70; df = 3; P =

0.0736).  Treated ‘54H69’ had a significantly lower density of adult leafhoppers per

sweep (0.08 ± 0.08) than untreated ‘54H69’ (0.45 ± 0.09) at 7 days post-treatment

only (31 July, t = 15.60; df = 3; P = 0.0006).  In contrast, treated ‘Choice’ had

significantly lower adult densities at 7 days (31 July, t = 19.83; df = 3; P = 0.0003) and

13 days (6 August, t = 3.68; df = 3; P = 0.0347) post-treatment.  On 31 July, treated and

untreated ‘Choice’ had 0.00 ± 0.00 and 0.42 ± 0.02 adults per sweep, respectively.

On 6 August, treated and untreated ‘Choice’ had 0.00 ± 0.00 and 0.20 ± 0.06 adults

per sweep, respectively.

Overall, variety appeared to have little effect on potato leafhopper densities in all

3 years of the study.  There was a general trend for lower combined densities of

nymphs and adults in ‘54H69’ in 2000 and 2001, but differences between varieties

were rarely significant and sometimes inconsistent.  No differences in combined

densities were detected between varieties in 2002.  Untreated ‘54H69’ occasionally

had lower adult and nymphal densities than untreated ‘Choice’, but this was not a

consistent trend in any year.  Often when a lower pest density was detected in

‘54H69’, both varieties were either above or below the ET on that date, suggesting that
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while a significant difference did exist between pest densities, this difference was not

important for integrated pest management.  These results for potato leafhopper

densities support the data obtained in Campbell Co. (Chap. 2), where no strong

differences in total, adult, or nymphal densities of potato leafhoppers were detected

between the two varieties.

Previous studies investigating potato leafhopper in glandular-haired alfalfa

have also found mixed results for pest densities in these potato-leafhopper resistant

varieties.  Hansen et al. (2002) conducted field trials in New York and reported lower

densities of leafhopper nymphs in glandular-haired varieties when pest pressure

exceeded the ET in both resistant and susceptible varieties.  Hogg and Undersander

(1997) also found lower densities of nymphs in glandular-haired varieties in Ohio and

Indiana, but not in Wisconsin where pest pressure was lower.  Sulc et al. (2001b)

detected lower densities of nymphs in glandular-haired alfalfa varieties as well, but

the effect on adult densities was not as clear.  In contrast, a field study by Lefko et al.

(2000a) showed that glandular-haired varieties had lower densities of adult potato

leafhoppers than a standard, non-glandular-haired check on only a few sample dates.

A companion study revealed that adults caged on either standard or glandular-haired

varieties produced similar numbers of nymphs (Lefko et al. 2000b).

Lefko et al. (2000b) proposed the concept of stand tolerance to potato

leafhopper in glandular-haired potato leafhopper-resistant alfalfa.  A field planted with

a single potato leafhopper-resistant variety will contain both resistant and susceptible

individual plants (Wiersma 1998, Lefko et al. 2000b).  Potato leafhopper resistance

ratings for each variety are based on the percentage of plants expressing resistance

to the pest (Wiersma 1998).  Potato leafhopper densities in resistant alfalfa may be

similar to those in non-resistant alfalfa because the pests concentrate on the

percentage of non-resistant plants present within the leafhopper-resistant variety.

Because leafhoppers prefer the less abundant, non-resistant plants, pest injury is

limited to fewer individual plants and yields are conserved despite the presence of

potato leafhoppers in the stand.  The authors concluded that stand tolerance will

become less important in the future as companies increase the percentage of plants

expressing potato leafhopper resistance within glandular-haired varieties.  Smaller
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densities of leafhoppers would be expected in these improved varieties as the

percentage of non-resistant plants decreases.

Insecticide application effectively reduced combined densities of leafhopper

adults and nymphs for 2-3 weeks post-treatment in all 3 years.  Insecticide might have

continued to be effective for longer if not interrupted by harvest at 2-3 weeks after

application.  Insecticide application kept pest densities below the ET while densities

in the untreated varieties exceeded the ET in 2000 and 2001, years when pest

densities were particularly high.  In 2002, when pest densities remained low over the

season, insecticide application significantly reduced potato leafhopper densities in

the treated varieties, but densities in both treated and untreated varieties were well

below the ET at that time.

Stem Heights.  Injury by either alfalfa weevil or potato leafhopper can produce

stunting in alfalfa, although each pest damages the plant in different ways.  Alfalfa

weevil larvae skeletonize leaves, reducing leaf area available for photosynthesis and

thus lowering the level of photoassimilates available for synthesis of new plant growth

(Liu and Fick 1975, Berberet et al. 1981, Berberet and McNew 1986).  Potato

leafhopper feeding also reduces new plant growth (Faris et al. 1981, Hower and Flinn

1986, Oloumi-Sadeghi et al. 1988, Hutchins and Pedigo 1989).  Leafhoppers directly

remove photoassimilates while feeding, but more importantly, their feeding produces

an exacerbated wound response that blocks vascular tissue and limits the movement

of photoassimilates (Ecale and Backus 1995).  Because both pest species produce

stunting, stem heights corresponding to the presence of alfalfa weevil or potato

leafhopper were analyzed separately so that stunting, if present, might be attributed to

a single pest.

The main effect of variety for stem height corresponding to alfalfa weevil

presence was significant in 2000 (F = 10.84; df = 1, 10; P = 0.0081) and 2001 (F =

20.06; df = 1, 10; P = 0.0012), but not in 2002 (F = 0.69; df = 1, 10; P = 0.4249).  The

variety by date interaction was highly significant in 2000 (F = 7.03; df = 9, 90; P <

0.0001) and 2001 (F = 4.24; df = 6, 60; P = 0.0013), but not in 2002 (F = 0.98; df = 7,

70; P = 0.4500).  The main effect of insecticide treatment for stem height

corresponding to alfalfa weevil presence was significant in 2001 (F = 8.51; df = 1, 10;
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P = 0.0154), but not in 2000 (F = 0.16; df = 1, 10; P = 0.7022) or 2002 (F = 1.55; df = 1,

10; P = 0.2410).  The insecticide treatment by date interaction was significant in all 3

years (2000, F = 4.86; df = 9, 90; P < 0.0001; 2001, F = 3.31; df = 6, 60; P = 0.0070;

2002, F = 2.55; df = 7, 70; P = 0.0213).

In 2000, there was a consistent trend for numerically greater mean stem

heights in ‘54H69’ than ‘Choice’ within both insecticide treatment levels prior to 31

March (Table 3.8).  Between 31 March and 17 May, this trend was reversed and

‘Choice’ had greater stem heights than ‘54H69’.  However, relatively few significant

differences between varieties were detected within insecticide treatment levels.  In the

untreated varieties, ‘54H69’ had a significantly greater mean stem height (13.72 ±

0.23 cm) than ‘Choice’ (12.85 ± 0.29 cm) on 24 March (t = 3.89; df = 3; P = 0.0301).  At

8 days post-treatment, untreated ‘Choice’ had a significantly greater mean stem

height (65.15 ± 1.13 cm) than untreated ‘54H69’ (61.10 ± 0.40 cm) (5 May, t = 3.54; df

= 3; P = 0.0384).  Within treated varieties, ‘54H69’ had a significantly greater mean

stem height (13.25 ± 0.35 cm) than ‘Choice’ (12.22 ± 0.49 cm) on 24 March (t = 3.10;

df = 3; P = 0.0531), although no insecticide had been applied to these plots yet.

Treated ‘Choice’ had a significantly greater mean stem height than treated ‘54H69’ on

27 April (t = 7.96; df = 3; P = 0.0041) and at 8 days post-treatment (5 May, t = 4.35; df =

3; P = 0.0225).  On 27 April, stem heights in treated ‘Choice’ and treated ‘54H69’ were

50.18 ± 0.95 and 47.22 ± 1.29 cm, respectively.  On 5 May, stem heights in treated

‘Choice’ and treated ‘54H69’ were 64.38 ± 0.97 and 60.82 ± 0.32 cm, respectively.

Few differences in stem heights were detected between insecticide treatment

levels within variety.  Treated ‘54H69’ had a significantly greater mean stem height

(81.65 ± 0.64 cm) than untreated ‘54H69’ (77.12 ± 0.79 cm) at 20 days post-treatment

(17 May, t = 3.25; df = 3; P = 0.0475), but not at 8 or 15 days post-treatment (5 and 12

May).  Untreated ‘Choice’ had a significantly greater mean stem height (80.20 ± 1.32

cm) than treated ‘Choice’ (76.28 ± 1.43 cm) at 15 days post-treatment (12 May, t =

9.24; df = 3; P = 0.0027).  At 20 days post-treatment, treated ‘Choice’ had a

significantly greater mean stem height (86.65 ± 2.14 cm) than untreated ‘Choice’

(82.05 ± 1.80 cm) (17 May, t = 2.36; df = 3; P = 0.0993).
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In 2001, there was a trend for ‘Choice’ to have numerically greater mean stem

heights on all but one sample date (Table 3.9).  On 16 April, untreated ‘54H69’ had a

greater mean stem height (28.80 ± 0.79 cm) than untreated ‘Choice’ (28.02 ± 0.63

cm), but this difference was not significant.  Untreated ‘Choice’ had significantly

greater stem heights than untreated ‘54H69’ at 14 days (4 May, t = 2.58; df = 3; P =

0.0818) and 19 days (9 May, t = 2.38; df = 3; P = 0.0975) post-treatment.  On 4 May,

stem heights in untreated ‘Choice’ and untreated ‘54H69’ were 46.92 ± 0.15 and

44.65 ± 0.88 cm, respectively.  On 9 May, stem heights in untreated ‘Choice’ and

untreated ‘54H69’ were 55.58 ± 1.04 and 50.92 ± 1.47 cm, respectively.  Within treated

varieties, ‘Choice’ had a significantly greater mean stem height than ‘54H69’ on 2

April (t = 3.34; df = 3; P = 0.0443), as well as at 14 days (4 May, t = 2.48; df = 3; P =

0.0896), 19 days (9 May, t = 3.20; df = 3; P = 0.0494), and 29 days (19 May, t = 2.36; df

= 3; P = 0.0993) post-treatment.  No differences in mean stem heights were detected

between treated and untreated ‘54H69’.  ‘Choice’ designated to receive insecticide

had a significantly greater mean stem height (29.72 ± 0.39 cm) than untreated

‘Choice’ (28.02 ± 0.63 cm) on 16 April (t = 2.49; df = 3; P = 0.0882).  At 19 days post-

treatment, treated ‘Choice’ again had a significantly greater mean stem height (58.18

± 0.51 cm) than untreated ‘Choice’ (55.58 ± 1.04 cm) (9 May, t = 2.97; df = 3; P =

0.0591).

In 2002, neither ‘54H69’ nor ‘Choice’ had consistently greater mean stem

heights (Table 3.10).  Untreated ‘54H69’ had a significantly greater mean stem height

than untreated ‘Choice’ on 21 March (t = 2.56; df = 3; P = 0.0833) and 5 April (t = 3.22;

df = 3; P = 0.0486).  On 21 March, stem heights in untreated ‘54H69’ and untreated

‘Choice’ were 6.90 ± 0.19 and 6.30 ± 0.11 cm, respectively.  On 5 April, stem heights

in untreated ‘54H69’ and untreated ‘Choice’ were 8.72 ± 0.06 and 8.45 ± 0.12 cm,

respectively.  On 8 May, untreated ‘Choice’ had a significantly greater mean stem

height (46.38 ± 1.45 cm) than untreated ‘54H69’ (44.08 ± 1.55 cm) (t = 7.97; df = 3; P =

0.0041).  Within treated varieties, ‘54H69’ designated to receive insecticide had a

significantly greater mean stem height (8.88 ± 0.27 cm) than ‘Choice’ designated to

receive insecticide (8.40 ± 0.32 cm) on 5 April (t = 3.61; df = 3; P = 0.0364).  Few
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differences were detected between insecticide treatment levels within either variety.

Treated ‘54H69’ had a significantly greater mean stem height (16.88 ± 0.59 cm) than

untreated ‘54H69’ (16.12 ± 0.69 cm) on 15 April (t = 4.52; df = 3; P = 0.0202), but no

insecticide had been applied yet.  Treated ‘54H69’ had significantly greater mean

stem heights than untreated ‘54H69’ at 7 days (23 April, t = 2.47; df = 3; P = 0.0900)

and 22 days (8 May, t = 3.66; df = 3; P = 0.0354) post-treatment.  On 23 April, stem

heights in treated and untreated ‘54H69’ were 32.45 ± 1.32 and 30.60 ± 1.15 cm,

respectively. On 8 May, stem heights in treated and untreated ‘54H69’ were 48.70 ±

2.58 and 44.08 ± 1.55 cm, respectively.  No differences in mean stem heights were

found between treated and untreated ‘Choice’.

As discussed previously, potato leafhopper-resistant alfalfa is susceptible to

injury by alfalfa weevil.  Alfalfa weevil was expected to produce similar damage in both

‘54H59’ and ‘Choice’.  However, there was a general trend for ‘Choice’ to have greater

mean stem heights than ‘54H69’ during the growth of the first harvest in 2000 and

2001. Stunting was apparent in ‘54H69’ after insecticide application in 2001, and to a

lesser degree in 2000, even though alfalfa weevil larval densities never exceeded the

ET in either year.  These results differ from those obtained in Campbell Co., where

both varieties appeared to be equally affected by alfalfa weevil feeding (Chap. 2).

The stunting observed in ‘54H69’ in Montgomery Co. could be due to

unaccounted factors, such as pests other than alfalfa weevil or differences in growth

rates between varieties.  Stunting occurred between varieties within both insecticide

treatment levels, suggesting that the factor(s) responsible for stunting may not have

been affected by insecticide application.  Alternatively, the factor(s) responsible for

stunting may have been present or active prior to insecticide application but the effect

of pest injury was delayed or did not manifest itself until later.  The factor(s)

responsible for stunting may not have been present in 2002, when few differences in

stem heights were detected between varieties within either insecticide treatment level.

Although alfalfa weevil densities were fairly low throughout the study,

insecticide application significantly reduced pest densities in the treated varieties for

1-4 weeks post-application in each year.  However, fewer than expected differences
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were detected in mean stem heights between treated and untreated varieties, and

these differences were often inconsistent.  Significant differences between insecticide

treatment levels in both varieties were not found every year.  Significant differences in

stem heights were not observed at 7-8 days after insecticide application in 2 years,

but they were detected between 15-22 days post-treatment in all 3 years.  Overall,

insecticide application did not appear to have a strong influence on mean stem

heights during the growth of the first harvest even though it did reduce alfalfa weevil

densities.

For stem heights corresponding to potato leafhopper presence, the main effect

of variety was not significant in 2000 (F = 0.33; df = 1, 10; P = 0.5760), 2001 (F =

3.32E-4; df = 1, 10; P = 0.9858), or 2002 (F = 3.19; df = 1, 10; P = 0.1046).  The variety

by date interaction was not significant in any year (2000, F = 0.72; df = 9, 90; P =

0.6871; 2001, F = 1.54; df = 8, 80; P = 0.1559; 2002, F = 1.42; df = 5, 50; P = 0.2331).

The main effect of insecticide treatment for stem height associated with potato

leafhopper presence was significant in 2000 (F = 4.84; df = 1, 10; P = 0.0526), 2001 (F

= 14.02; df = 1, 10; P = 0.0038), and 2002 (F = 3.87; df = 1, 10; P = 0.0775).  The

insecticide treatment by date interaction was significant in 2000 (F = 2.62; df = 9, 90; P

= 0.0097) and 2001 (F = 5.98; df = 8, 80; P < 0.0001), but not in 2002 (F = 0.90; df = 5,

50; P = 0.4894).

In 2000, there was no strong trend for either variety to have numerically greater

mean stem heights within either insecticide treatment level (Table 3.11).  No

significant differences were detected between varieties or between insecticide

treatment levels before insecticide application on 16 June.  After insecticide

application, no differences were seen between treated varieties until 11 August, when

‘Choice’ had a significantly greater mean stem height (67.30 ± 0.85 cm) than ‘54H69’

(63.38 ± 1.42 cm) (t = 3.45; df = 3; P = 0.0409).  Within untreated varieties, ‘54H69’ had

a significantly greater mean stem height (84.25 ± 1.93 cm) than ‘Choice’ (79.68 ± 1.23

cm) on 21 August (t = 3.16; df = 3; P = 0.0507).

Relatively few differences in mean stem heights were detected between

insecticide treatment levels within either variety as well.  Significant differences were

detected between treated and untreated ‘54H69’ at 7 days (23 June, t = 16.95; df = 3;
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P = 0.0004) and 14 days (30 June, t = 2.43; df = 3; P = 0.0934) post-treatment, with

greater mean stem heights in treated ‘54H69’.  On 23 June, stem heights in treated

and untreated ‘54H69’ were 55.52 ± 1.28 and 45.90 ± 1.44 cm, respectively.  On 30

June, stem heights in treated and untreated ‘54H69’ were 57.28 ± 4.21 and 47.90 ±

2.46 cm, respectively.  On 11 August, untreated ‘54H69’ (70.35 ± 1.72 cm) had a

greater mean stem height than treated ‘54H69’ (63.38 ± 1.42 cm) (t = 2.45; df = 3; P =

0.0916).  Within ‘Choice’, no significant difference between insecticide treatment

levels was detected at 7 days post-treatment (23 June), but treated ‘Choice’ had a

significantly greater mean stem height (56.32 ± 3.44 cm) than untreated ‘Choice’

(46.90 ± 3.45 cm) at 14 days post-treatment (30 June, t = 3.16; df = 3; P = 0.0509).  On

28 July, during the growth of the third crop, previously treated ‘Choice’ had a

significantly greater mean stem height (47.38 ± 1.37 cm) than untreated ‘Choice’

(44.70 ± 1.41 cm), although no insecticide was applied after the second harvest (t =

4.07; df = 3; P = 0.0268).  On 30 June, mean stem height in the untreated varieties

(47.4 cm) was nearly 17% lower than in the treated varieties (56.8 cm).  Pest density

in the untreated varieties was 4.2 leafhoppers per sweep on this date, illustrating the

stunting injury seen with high pest pressure.

In 2001, severe potato leafhopper pressure was evident in stem heights as

well (Table 3.12).  Significant differences were detected between varieties within

insecticide treatment levels only before insecticide application on 28 June.  Within

treated varieties, ‘Choice’ designated to receive insecticide had significantly greater

mean stem heights than ‘54H69’ designated to receive insecticide on 21 (t = 2.56; df

= 3; P = 0.0834) and 27 June (t = 2.66; df = 3; P = 0.0766).  On 21 June, mean stem

heights in ‘Choice’ and ‘54H69’ were 24.52 ± 2.11 and 21.72 ± 1.03 cm, respectively.

On 27 June, mean stem heights in ‘Choice’ and ‘54H69’ were 41.48 ± 2.19 and 38.62

± 2.17 cm, respectively.  Within untreated varieties, ‘Choice’ also had a significantly

greater mean stem height (41.65 ± 1.05 cm) than ‘54H69’ (39.70 ± 1.12 cm) on 27

June (t = 2.52; df = 3; P = 0.0865).

Not unexpectedly, numerous significant differences were detected in mean

stem heights between insecticide treatment levels within both varieties in 2001.
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Treated ‘54H69’ had significantly greater mean stem heights than untreated ‘54H69’

at 14 days (12 July, t = 4.55; df = 3; P = 0.0199) and 21 days (19 July, t = 4.97; df = 3; P

= 0.0156) post-treatment.  On 12 July, stem heights in treated and untreated ‘54H69’

were 72.20 ± 0.97 and 65.72 ± 2.35 cm, respectively.  On 19 July, stem heights in

treated and untreated ‘54H69’ were 77.65 ± 1.45 and 69.02 ± 2.17 cm, respectively.

Furthermore, previously treated ‘54H69’ continued to have significantly greater mean

stem heights into August, well after the second harvest (2 August, t = 8.99; df = 3; P =

0.0029; 8 August, t = 4.05; df = 3; P = 0.0271) although no insecticide was applied

during this period.  A similar trend between insecticide treatment levels was seen in

‘Choice’, although primarily after the second harvest.  No significant differences in

mean stem heights were detected between treated and untreated ‘Choice’ at 7 days

(5 July) or 14 days (12 July) post-treatment.  Treated ‘Choice’ had a significantly

greater mean stem height (74.68 ± 0.84 cm) than untreated ‘Choice’ (66.22 ± 3.04

cm) at 21 days post-treatment (19 July, t = 2.62; df = 3; P = 0.0792).  Furthermore, after

the second harvest, treated ‘Choice’ had significantly greater mean stem heights on 2

(t = 8.45; df = 3; P = 0.0035), 8 (t = 3.28; df = 3; P = 0.0466), and 15 August (t = 3.84; df

= 3; P = 0.0311).

These trends suggest that heavy potato leafhopper pressure present in the

untreated varieties in July injured the plants to the extent that they remained stunted

during the growth of the third cutting.  Even though pest densities were below the ET

after the second harvest, leafhoppers present in August (Table 3.6) probably

contributed to this stunting by feeding on untreated varieties injured earlier in the

season.  Stunting was evident in untreated ‘54H69’ earlier than in untreated ‘Choice’

(12 July) despite strong pest pressure in both untreated varieties (Table 3.6).

However, no stunting was detected between insecticide treatment levels within either

variety on 23 August, suggesting that the untreated varieties had recovered by then.

In 2002, neither variety nor insecticide treatment had an effect on stem height

during the presence of potato leafhopper.  Potato leafhopper pressure was low in

2002 and no large differences in mean stem heights were evident within either variety

or insecticide treatment levels.  Mean seasonal stem height in ‘Choice’ was 42.74 ±
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2.14 cm compared to 40.91 ± 2.06 cm in ‘54H69’.  Likewise, the mean seasonal stem

height in the treated varieties (42.83 ± 2.17 cm) was slightly, but not statistically,

greater than in the untreated varieties (40.81 ± 2.03 cm).

Overall, stem height data suggest that neither variety had a strong tendency to

be consistently taller over the course of the study, which was also observed at

Campbell Co. (Chap. 2).  Stunting associated with high densities of potato

leafhoppers was clearly apparent in the untreated varieties in both 2000 and 2001,

and was observed into the growth of the third harvest in 2001.  Carry-over effects in

alfalfa due to leafhopper injury have been reported previously.  Heavy potato

leafhopper pressure can weaken alfalfa, delaying regrowth after harvest, increasing

susceptibility to winterkill, and reducing yields the subsequent year (Faris et al. 1981).

Carry-over effects from the growth of one harvest to the growth of subsequent harvests

within the same growing season have also been reported.  Faris et al. (1981)

reported that plots exposed to heavy potato leafhopper feeding in a growth period had

lower plant heights and yields during the following growth period.  Hower and Flinn

(1986) also found reduced plant heights and yields during the growth of subsequent

harvests, but the authors attributed some of this damage to reduction in plant vigor in

addition to leafhopper injury.  In contrast, Smith and Ellis (1983) did not find carry-over

effects from potato leafhopper feeding in caged field trials in Ontario.

Insecticide application did not always appear to protect stem heights from

stunting associated with potato leafhopper feeding, a result also observed in stem

heights associated with alfalfa weevil feeding.  Significant differences in leafhopper

densities between treated and untreated varieties in 2000 and 2001 did not always

result in significant differences in mean stem heights.  In other words, although

insecticide application effectively reduced leafhopper densities in the treated varieties,

mean stem heights in treated and untreated varieties were not necessarily

significantly different from each other.  On a few occasions in 2000 and more

noticeably after the second harvest in 2001, significant differences in stem heights

were detected on dates that leafhopper densities were not significantly different.

Again, this suggests the presence of carry-over effects due to leafhopper injury.
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Yields.  The main effect of variety was not significant for dry yields in 2000 (F =

0.02; df = 1, 10; P = 0.8785), in 2001 (F = 1.07; df = 1, 10; P = 0.3264), or 2002 (F =

1.00E-4; df = 1, 10; P = 0.9922).  The variety by harvest date interaction was significant

in 2001 (F = 7.33; df = 3, 30; P = 0.0008), but not in 2000 (F = 0.28; df = 3, 30; P =

0.8424) or 2002 (F = 1.36; df = 2, 20; P = 0.2794).  The main effect of insecticide

treatment was not significant in any of the 3 years (2000, F = 0.46; df = 1, 10; P =

0.5121; 2001, F = 2.10; df = 1, 10; P = 0.1781; 2002, F = 0.70; df = 1, 10; P = 0.4209).

The insecticide treatment by harvest date interaction was significant in 2001 (F = 3.95;

df = 3, 30; P = 0.0173), but not in 2000 (F = 0.67; df = 3, 30; P = 0.5778) or 2002 (F =

0.32; df = 2, 20; P = 0.7308).  Because no significant interactions main effect by

harvest date interactions were detected in 2000 and 2002, the main effects of variety

and insecticide treatment alone are discussed below for these years.

The greatest total yields in the study were taken in 2000.  Total yields between

‘54H69’ and ‘Choice’ (12,706 and 12,799 kg/ha, respectively) differed by less than

1.0%.  Both varieties produced similar mean yields at each harvest in 2000 (Table

3.13).  Overall, ‘54H69’ and ‘Choice’ averaged 3,177 ± 85 and 3,200 ± 104 kg/ha per

harvest (n = 32), respectively.  Surprisingly, insecticide treatment did not markedly

improve yields.  Treated and untreated varieties produced mean yields of 3,239 ± 104

and 3,138 ± 81 kg/ha per harvest (n = 32), respectively.  Treated and untreated

varieties produced total yields of 12,955 ± 417 and 12,551 ± 323 kg/ha (n = 32),

respectively, which differed by only 3.1%.

Yields in 2001 were lower than in 2000.  Untreated ‘Choice’ produced a

significantly greater mean yield than untreated ‘54H69’ at the first cutting (t = 3.33; df =

3; P = 0.0448) (Table 3.13).  A significantly lower yield from an experimental variety in

comparison to a standard variety is commonly referred to as “yield drag.”  ‘54H69’

exhibited a considerable yield drag of nearly 14% in the absence of insecticide

treatment at the first harvest.  However, no other differences between untreated

varieties were found at subsequent cuttings in 2001.  A significant difference between

treated varieties was detected at the first harvest with ‘54H69’ again producing a

nearly 14% lower mean yield than ‘Choice’ (t = 2.60; df = 3; P = 0.0800).  At the third
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harvest, previously treated ‘54H69’ produced a significantly greater yield (2,295 ± 96

kg/ha) than treated ‘Choice’ (2,183 ± 113 kg/ha) (t = 3.23; df = 3; P = 0.0482).  Total

yields for ‘54H69’ (11,059 ± 278 kg/ha) and ‘Choice’ (11,443 ± 215 kg/ha) differed by

3.4%.  No significant differences were found between insecticide treatment levels

within either variety at any harvest in 2001.  Overall, treated and untreated varieties

produced mean yields of 2,880 ± 205 and 2,745 ± 205 kg/ha per harvest, respectively.

Total yields between treated (11,520 ± 197 kg/ha) and untreated (10,982 ± 273 kg/ha)

varieties differed by 4.7%.

Total yields in 2002 were the lowest taken during the study, but only three

harvests were taken in that year.  As in 2000, both varieties produced similar yields at

each harvest (Table 3.13).  Total yields between ‘54H69’ and ‘Choice’ (8,554 and

8,552 kg/ha, respectively) differed by only 2 kg.  ‘54H69’ and ‘Choice’ produced mean

yields of 2,851 ± 154 and 2,850 ± 118 kg/ha per harvest (n = 24), respectively.  Treated

and untreated varieties produced mean yields of 2,885 ± 128 and 2,817 ± 146 kg/ha

per harvest (n = 24), respectively.  Treated and untreated varieties yielded a total of

8,655 and 8,450 kg/ha, respectively, over three harvests.  Insecticide treatment levels

differed by 2.4% in total yields.

Hansen et al. (2002) discussed the yield drag evident in early releases of

glandular-haired alfalfa varieties.  The performance of these first-generation

glandular-haired alfalfa varieties was disappointing in the absence of moderate

potato leafhopper pressure.  First-generation leafhopper-resistant varieties tended to

yield 2-8% less than non-resistant varieties under low leafhopper pressure (cited in

Hansen et al. 2002).  To my knowledge, my study is the first report of a yield drag in

glandular-haired alfalfa associated with the presence of alfalfa weevil instead of

potato leafhopper.  ‘54H69’ appeared to suffer a yield loss at the first harvest in 2001

even though larval densities peaked at 0.8 larvae per stem in 47 cm growth, well

below the ET used in Virginia (Youngman and Herbert 2002).  Yield drag in ‘54H69’

was identified only once during this study in southwestern Virginia and it was not

seen in the study conducted in Campbell Co. (Chap. 2), suggesting that this may have

been a chance occurrence.
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Despite the yield differences detected between varieties in 2001, there was no

strong trend for either variety to outyield the other during this study.  This lack of

difference in yields was also seen each year of the Campbell Co. study (Chap. 2), but

potato leafhopper pest pressure was much lighter at that location.  The data from

Montgomery Co. indicate that the glandular-haired ‘54H69’ did not perform any better

than the non-glandular-haired ‘Choice’, even in years of very heavy potato leafhopper

pressure.  Alternatively, ‘Choice’ performed just as well as the newer, glandular-

haired ‘54H69’ under strong leafhopper pressure.

Insecticide, despite timely application when pest densities exceed the ET,

clearly did not provide the expected benefit of increased yields in this study.  While

insecticide treatment did increase yields in each year, yield differences between

insecticide treatment levels were relatively small (2.4-4.7%).  In all 3 years of the study

at least one pest species, usually potato leafhopper, exceeded its ET in the untreated

varieties.  The greatest difference in total yields between insecticide treatment levels

(4.7%) was observed in 2001, a year with low weevil pressure but very high

leafhopper pressure.  It seems unlikely that pest densities consistently reduced yields

in all plots before insecticide application so that yield differences between treated and

untreated varieties were obscured each year.  One possible explanation for the lack of

yield differences between treated and untreated varieties is that pest densities in the

untreated varieties might not have produced the expected economic damage as

predicted by the ET.  The economic thresholds established in Virginia for alfalfa weevil

and potato leafhopper might require adjustment.  An alternative explanation for the

lack of yield differences between treated and untreated varieties may involve water

deficits during the study.  Hansen et al. (2002) suggested that drought conditions in

New York reduced yields across all treatments so yields from treated varieties were

not significantly greater than untreated varieties.  Hower and Flinn (1986) also

suggested that water deficits were responsible for decreasing yield differences

between potato leafhopper-infested and non-infested alfalfa.  Even though pest

densities in Montgomery Co. were effectively reduced by insecticide application in

treated varieties, drought conditions in 2001 and 2002 might have reduced yields.

While drought might have masked the expected benefits of insecticide application,
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this raises the question of why yields in untreated varieties were not even lower than

observed, given the presence of both drought and pests.

Forage Quality.  The main effect of variety was significant for CP concentrations

in 2000 (F = 9.91; df = 1, 10; P = 0.0104), but not in 2001 (F = 0.07; df = 1, 10; P =

0.7940) or 2002 (F = 0.02; df = 1, 10; P = 0.8960).  No variety by harvest date

interactions were detected in any year (2000, F = 2.07; df = 3, 30; P = 0.1258; 2001, F =

1.70; df = 3, 30; P = 0.1882; 2002, F = 1.20; df = 2, 20; P = 0.3216).  The main effect of

insecticide treatment was not significant in any year (2000, F = 0.02; df = 1, 10; P =

0.8882; 2001, F = 1.50; df = 1, 10; P = 0.2483; 2002, F = 0.04; df = 1, 10; P = 0.8447).  A

significant insecticide treatment date interaction was found in 2001 (F = 7.62; df = 3,

30; P = 0.0006), but not in 2000 (F = 1.34; df = 3, 30; P = 0.2806) or 2002 (F = 0.79; df =

2, 20; P = 0.4660).  The main effects of variety and insecticide treatment alone are

discussed for 2000 and 2002 below.

Mean CP concentrations ranged from 16.3-23.4% in 2000 (Table 3.14).

‘54H69’ had a slightly but significantly greater seasonal mean CP concentration (19.8

± 0.5%; n = 32) than ‘Choice’ (19.0 ± 0.5%; n = 32).  Insecticide application did not

influence seasonal mean CP concentrations either, with both treated and untreated

varieties producing 19.4 ± 0.5% (n = 32).

In 2001, mean CP concentrations ranged from 16.4-21.3% (Table 3.14).  No

significant differences in mean concentrations were detected between varieties within

either insecticide treatment level.  No significant differences were found between

treated and untreated ‘Choice’ as well.  However, small but significant differences in

mean CP concentrations were found between treated and untreated ‘54H69’ at the

first (t = 2.79; df = 3; P = 0.0685) and third harvests (t = 2.98; df = 3; P = 0.0587).

Unexpectedly, untreated ‘54H69’ had greater mean CP concentrations than treated

‘54H69’ at these two harvests.  Insecticide applications for alfalfa weevil and potato

leafhopper were made during the growth of the first and second harvests,

respectively, but none were applied during the growth of the third harvest.

Mean CP concentrations ranged from 17.8-21.0% in 2002 (Table 3.14).  Both

‘54H69’ and ‘Choice’ produced similar seasonal mean CP concentrations (19.3 ± 0.3

and 19.2 ± 0.3%, respectively; n = 24) over the three harvests taken in 2002.
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Insecticide application did not influence seasonal mean CP levels, with treated

varieties producing 19.3 ± 0.3% (n = 24) compared to 19.2 ± 0.3% (n = 24) in

untreated varieties.

Overall, both ‘54H69’ and ‘Choice’ tended to produce similar mean CP

concentrations over the growing seasons, with a slight but significant difference

observed between varieties only in 2000.  Even in 2001, a year with low alfalfa weevil

pressure but severe potato leafhopper pressure, no significant differences in CP

concentrations were detected between varieties within insecticide treatment levels at

each harvest.  Similar results were observed in Campbell Co., where only in 2002 did

one variety (‘54H69’) produce a significantly greater seasonal mean CP concentration

(Chap. 2).  These results differ from those of Hansen et al. (2002), who reported

consistently higher CP concentrations in potato leafhopper-resistant alfalfa varieties

during field trials in New York.

Insecticide application did not influence mean CP concentrations during the

study either, with the exception of ‘54H69’ at the first and third harvests in 2001.

Treated and untreated varieties in 2000 and 2002, along with treated and untreated

‘Choice’ in 2001, produced similar CP concentrations at each harvest.  Leafhopper

pressure was particularly severe during the growth of the second harvest in 2001, yet

untreated varieties produced similar CP concentrations compared to the treated

varieties.  As discussed under forage yields, pest pressure from at least one species

was present each year of the study, and insecticide was applied in a timely fashion

when pest densities reached the ET.  Despite reducing alfalfa weevil densities for 1-3

weeks and potato leafhopper densities for 2-3 weeks post-treatment, insecticide

application did not improve CP concentrations over the course of the study for

unknown reasons.

Treated ‘54H69’ produced a slightly but significantly lower CP concentration

than untreated ‘54H69’ at the first harvest in 2001.  Alfalfa weevil feeding during this

growth period may have stimulated an overcompensatory response in untreated

‘54H69’.  Hintz et al. (1976) detected a ≈25% increase in CP concentration when larval

populations approached 25-35% of the lowest larval density responsible for

maximum economic damage to alfalfa yields (estimated at 3-5 larvae per stem) (Hintz
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et al. 1976).  The authors reported that alfalfa injured by weevil feeding occasionally

produced larger than expected yields than alfalfa protected from weevil feeding by

insecticide application (Hintz et al. 1976).  Fick and Liu (1976) reported that alfalfa

infested with 1-3 larvae per stem produced new growth after pest pressure declined.

Larval densities in untreated ‘54H69’ in 2001 peaked at 0.8 larvae per stem, which is

below the threshold reported by Fick and Liu (1976), but may still have promoted a

flush of new growth.

New growth in untreated ‘54H69’, if present, did not compensate for yield loss

from weevil injury; in fact, untreated ‘54H69’ had a yield 13.9% lower than untreated

‘Choice’ at the first harvest.  However, new growth in untreated ‘54H69’ would have

reached the reproductive stage at a later date than alfalfa that did not have its

phenological development interrupted by weevil feeding.  Treated ‘54H69’, protected

from weevil injury, would have been at a more mature phenological stage than

‘54H69’ recovering from injury in the untreated plots.  Young, vegetative growth in

alfalfa has higher feed quality than older, reproductively mature growth with lower CP

concentrations (Buxton et al. 1985, Hutchins et al. 1990).  The difference in

phenological stages between treated and untreated ‘54H69’ may have accounted for

the significantly greater CP concentration found in untreated ‘54H69’ at the first

harvest.

The main effect of variety was not significant for ADF concentration in any year

(2000, F = 0.45; df = 1, 10; P = 0.5162; 2001, F = 0.59; df = 1, 10; P = 0.4622; 2002, F =

1.86; df = 1, 10; P = 0.2021).  The variety by harvest date interaction was not significant

in any year (2000, F = 1.45; df = 3, 30; P = 0.2476; 2001, F = 2.12; df = 3, 30; P =

0.1187; 2002, F = 0.87; df = 2, 20; P = 0.4351).  The main effect of insecticide

treatment was significant in 2001 (F = 7.02; df = 1, 10; P = 0.0243), but not in 2000 or

2002 (F = 1.45; df = 1, 10; P = 0.2567; F = 0.22; df = 1, 10; P = 0.6467, respectively).  A

significant insecticide treatment by harvest date interaction was found in 2001 (F =

4.96; df = 3, 30; P = 0.0065), but not in 2000 (F = 0.17; df = 3, 30; P = 0.9178) or 2002

(F = 0.64; df = 2, 20; P = 0.5367).  The main effects of variety and insecticide treatment

alone are discussed for 2000 and 2002 below.
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ADF concentrations in 2000 ranged from 25.2-39.3% (Table 3.15).  Both

‘54H69’ and ‘Choice’ produced similar mean ADF concentrations at each harvest in

2000 (33.9 ± 1.0 and 34.3 ± 1.0%, respectively; n = 32).  Insecticide treatment did not

influence ADF concentrations, either.  Treated and untreated varieties both had similar

mean ADF concentrations per harvest (34.5 ± 1.0 and 33.7 ± 1.0%, respectively; n =

32).

ADF concentrations in 2001 ranged from 26.6-44.8% across all treatments

(Table 3.15).  No significant differences in ADF concentrations were found between

treated varieties at any harvest.  Within the untreated varieties, a significant difference

was detected between ‘54H69’ (40.9 ± 1.7%) and ‘Choice’ (35.2 ± 1.6%) at the

second harvest (t = 2.78; df = 3; P = 0.0688).  At the third harvest, untreated ‘Choice’

had a significantly greater mean ADF concentration (40.5 ± 0.8%) than untreated

‘54H69’ (35.2 ± 0.7%) (t = 3.84; df = 3; P = 0.0311).  Paired t-tests between insecticide

treatment levels in ‘54H69’ indicated that previously treated ‘54H69’ had a significantly

greater mean ADF concentration (40.9 ± 1.3%) than untreated ‘54H69’ (35.2 ± 0.7%) (t

= 3.06; df = 3; P = 0.0550) at the third harvest.  In contrast, untreated ‘54H69’ had a

significantly greater mean ADF concentration (28.3 ± 1.5%) than previously treated

‘54H69’ (26.6 ± 1.2%) at the fourth harvest (t = 7.07; df = 3; P = 0.0058).  However, no

insecticide was applied during the growth of the third and fourth harvests, so the

biological meaning of these results is unclear.  Within ‘Choice’, a significant

difference in ADF concentrations was found only at the second harvest, where treated

‘Choice’ had a significantly greater mean ADF concentration (44.8 ± 2.0%) than

untreated ‘Choice’ (35.2 ± 1.6%) (t = 3.19; df = 3; P = 0.0497).

ADF concentrations in 2002 ranged from 33.1-35.2% (Tables 3.15).  As in

2000, both varieties produced similar concentrations at each harvest.  Seasonal

mean ADF concentrations in ‘54H69’ and ‘Choice’ were not significantly different (33.5

± 0.4 and 34.5 ± 0.5%, respectively; n = 24).  Likewise, insecticide application did not

influence ADF concentrations in 2002.  Treated and untreated varieties did not differ

significantly in mean ADF concentrations per harvest (34.1 ± 0.4 and 33.8 ± 0.5%,

respectively; n = 24).
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Significant differences in mean ADF concentrations between varieties were

often inconsistent among harvests at Campbell Co. as well (Chap. 2).  Scant

published data exists for forage quality in glandular-haired alfalfa.  Hansen et al.

(2002) also reported highly variable differences in ADF concentrations in potato

leafhopper-resistant and non-resistant alfalfa varieties.  In central New York, untreated

leafhopper-resistant varieties had significantly greater mean ADF concentrations than

untreated non-resistant varieties during the seedling and first production years.  In

another trial in central New York, no differences in ADF concentrations were detected

between resistant and non-resistant varieties in the absence of insecticide

application, but treated non-resistant varieties had significantly greater ADF

concentrations than treated resistant varieties.  Non-resistant varieties in western

New York had significantly greater mean ADF concentrations than resistant varieties

in the absence of insecticide treatment during the first production year.  Within a third

trial in central New York, no significant differences in ADF concentrations were

detected between resistant and non-resistant varieties in either the first or second

production year and regardless of insecticide application.

Different scales are available to judge forage quality based on ADF

concentrations.  The University of Nebraska (UNE) uses a scale somewhat less

conservative than that of the Virginia Department of Agriculture and Consumer

Services (VDACS) (Grant et al. 1997, VDACS 2003) (Appendix A).  The U. S.

Department of Agriculture (USDA) uses the same scale as VDACS.  Following the

UNE scale, the seasonal mean ADF concentrations of both varieties fell in the “good

dairy” category in 2000 (‘54H69’, 33.9 ± 1.0%; ‘Choice’, 34.3 ± 1.0%) and 2002

(‘54H69’, 33.5 ± 0.4%; ‘Choice’, 34.5 ± 0.5%), but these forages would rank as only

“fair” on the VDACS scale.  In 2001, both varieties had seasonal mean ADF

concentrations (‘54H69’, 36.8 ± 1.1%; ‘Choice’, 37.4 ± 1.1%) that fell in the “good

beef” category on the UNE scale, which would be judged as “low” on the

VDACS/USDA scale.

Looking at forage quality at individual harvests, ADF concentrations from most

of harvests taken during this study qualified as either “good dairy” or “good beef”

according to the UNE scale (Tables 3.15 & 3.16).  The fourth harvests in 2000 and
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2001 produced the best forage, with ADF concentrations in the “prime dairy” category

of the UNE scale in addition to high CP concentrations as well.  In contrast, ADF

concentrations at the second harvest in 2001 were very high; ‘54H69’ and ‘Choice’

forages ranged from the lower end of the “good beef” categories and into “poor” on

the UNE scale.

Summary.  Other researchers have reported generally positive performances

of glandular-haired, leafhopper-resistant alfalfa varieties (Lefko et al. 2000a, 2000b,

Sulc et al. 2001b, Hansen et al. 2002).  Much of this work has been conducted in the

northeastern and midwestern U.S.  To my knowledge, this study in Virginia is one of

the first conducted on leafhopper-resistant alfalfa in the more southern regions of the

U.S.  The contrast between the results produced by this study and those previously

reported by other researchers could be due to differences in geographical regions in

addition to other factors, such as the presence of alfalfa weevil pressure in Virginia.

Overall, few instances were observed where ‘54H69’ performed better than the

non-glandular-haired ‘Choice’.  The performance of ‘54H69’ was disappointing,

especially given the seed premium of $59.63 per ha for the glandular-haired variety at

the time of planting in 1999.  ‘Choice’ appeared to be competitive against the more

expensive ‘54H69’ in terms of yield and forage quality in southwestern Virginia, just as

it did in the Piedmont (Chap. 2).  For these reasons, growers considering investing in

glandular-haired alfalfa should consider waiting until seed companies substantially

improve the level of potato leafhopper resistance in these varieties.  Improved

performance should be achieved within a few years as “third-generation” glandular-

haired varieties are already available to growers.  At this time, a grower wishing to try

leafhopper-resistant alfalfa, including third-generation varieties, should consider

planting only a small portion of a field to judge its performance on site.  Any stands

planted with a glandular-haired variety should be managed exactly the same as any

non-glandular-haired variety, following established integrated pest management

guidelines for both alfalfa weevil and potato leafhopper.  This includes scouting fields

for pest presence and verifying pest damage before applying an appropriate

insecticide in a judicial manner.
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The elimination of insecticide application for potato leafhopper did not appear

to improve pest management for either alfalfa weevil or potato leafhopper within either

alfalfa variety.  Instead, the results of this study suggest that insecticide applications

for alfalfa weevil and potato leafhopper, even though justified by pest pressures, did

not always improve yields or forage quality as expected.  Similar results were

obtained from the study in Campbell Co. (Chap. 2).  Why insecticide application did

not provide benefits in yields and forage quality as expected is unknown.  Pest

pressure due to one or both pest species was present in each year, and insecticides

were applied within an appropriate period for those occasions when pest densities

exceeded the ET.  More detailed experimentation would be required to identify why

differences in yields and forage quality between untreated and treated varieties were

not more dramatic.  Possible explanations include drought conditions, a higher than

expected tolerance to pest pressures in the untreated varieties, or perhaps a need to

readjust the ET for alfalfa weevil and potato leafhopper in Virginia.
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Table 3.1. Mean densities (± SEM) of glandular trichomes measured at three

plant areas for alfalfa varieties ‘54H69’ and ‘Choice’ at Montgomery Co., Virginia,

1999-2000.

1999 2000

Location1 na ‘54H69’ ‘Choice’ nb ‘54H69’ ‘Choice’

Midvein 160 10.84 ± 0.36 0.02 ± 0.01* 192 10.93 ± 0.40 0.02 ± 0.01*

Petiole 160 14.63 ± 0.36 0.02 ± 0.01* 192 14.40 ± 0.47 0.02 ± 0.00*

Stem 160 23.04 ± 0.95 0.02 ± 0.01* 192 22.49 ± 0.86 0.02 ± 0.01*

1Densities of glandular trichomes at midvein and petiole sampled per 2-mm

length.  Density of glandular trichomes at stem sampled per 1-mm2.

*Differences between varieties within sampling location and year are

significant (P < 0.10; paired t-test).  See text for t values.
aMean of 5 sampling dates with 32 stems on each date.
bMean of 6 sampling dates with 32 stems on each date.
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Table 3.2.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

10 March 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

15 March 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

24 March 0.01 ± 0.01 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01

31 March 0.05 ± 0.02 0.00 ± 0.00* 0.06 ± 0.01 0.04 ± 0.01

6 April 0.12 ± 0.03 0.09 ± 0.04 0.21 ± 0.02 0.24 ± 0.08

19 April 0.21 ± 0.06 0.38 ± 0.11 0.32 ± 0.07 0.34 ± 0.08

27 April 0.36 ± 0.09 0.41 ± 0.07 0.18 ± 0.01 0.21 ± 0.07

Insecticide application 27 April

5 May 0.01 ± 0.01 0.00 ± 0.00 0.40 ± 0.12 0.24 ± 0.05

12 May 0.06 ± 0.03 0.11 ± 0.10 0.18 ± 0.08 0.15 ± 0.08

17 May 0.02 ± 0.02 0.02 ± 0.02 0.12 ± 0.05 0.11 ± 0.05

First harvest 22 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level are

significant (P < 0.10; paired t-test).  See text for t values.



122

Table 3.3.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2 April 0.04 ± 0.04 0.00 ± 0.00 0.00 ± 0.00 0.01 ± 0.01

10 April 0.02 ± 0.01 0.05 ± 0.04 0.11 ± 0.03 0.06 ± 0.02*

16 April 0.24 ± 0.08 0.14 ± 0.05 0.30 ± 0.11 0.22 ± 0.06

Insecticide application 20 April

27 April 0.06 ± 0.03 0.05 ± 0.03 0.49 ± 0.08 0.54 ± 0.06

4 May 0.05 ± 0.03 0.04 ± 0.01 0.81 ± 0.15 0.78 ± 0.18

9 May 0.04 ± 0.02 0.00 ± 0.00 0.59 ± 0.09 0.42 ± 0.09

19 May 0.00 ± 0.00 0.00 ± 0.00 0.14 ± 0.06 0.05 ± 0.04*

First harvest 23 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Differences between varieties within a row within insecticide treatment level

are significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.4.  Mean densities (± SEM) of alfalfa weevil larvae per stem in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2002.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

21 March 0.26 ± 0.05 0.30 ± 0.04 0.36 ± 0.06 0.25 ± 0.06

29 March 0.22 ± 0.03 0.25 ± 0.02 0.50 ± 0.08 0.30 ± 0.13

5 April 0.20 ± 0.05 0.41 ± 0.10 0.29 ± 0.03 0.36 ± 0.12

15 April 0.84 ± 0.14‡ 0.89 ± 0.08‡ 0.89 ± 0.21‡ 1.32 ± 0.29‡*

Insecticide application 16 April

23 April 0.02 ± 0.01 0.00 ± 0.00 0.55 ± 0.16 0.88 ± 0.25

30 April 0.05 ± 0.04 0.04 ± 0.02 0.76 ± 0.20 0.49 ± 0.14

8 May 0.01 ± 0.01 0.00 ± 0.00 0.51 ± 0.18 0.45 ± 0.05

14 May 0.00 ± 0.00 0.00 ± 0.00 0.16 ± 0.04 0.06 ± 0.04

First harvest 28 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.5.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

9 June 0.55 ± 0.09‡ 0.38 ± 0.02 0.55 ± 0.05‡ 0.32 ± 0.08*

16 June 0.90 ± 0.17 1.20 ± 0.39‡ 0.80 ± 0.15‡ 0.80 ± 0.15‡

Insecticide application 16 June

23 June 0.00 ± 0.00 0.08 ± 0.05 1.75 ± 0.45‡ 1.40 ± 0.35

30 June 0.38 ± 0.16 0.22 ± 0.10 3.53 ± 0.13‡ 4.85 ± 0.28‡*

Second harvest 30 June

21 July 0.18 ± 0.05 0.25 ± 0.16 0.05 ± 0.03 0.18 ± 0.02*

28 July 0.15 ± 0.05 0.20 ± 0.11 0.10 ± 0.04 0.18 ± 0.12

4 August 0.12 ± 0.06 0.30 ± 0.12 0.18 ± 0.02 0.12 ± 0.06

11 August 0.68 ± 0.09 0.42 ± 0.12 0.30 ± 0.12 0.60 ± 0.34

21 August 0.72 ± 0.13 1.00 ± 0.30 0.62 ± 0.17 1.10 ± 0.46

Third harvest 21 August

14 September 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

1Insecticide + refers to plots receiving insecticide applications; insecticide -
plots never received insecticide applications.

‡Densities are at the economic threshold or have exceeded it on this date.
*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.6.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

21 June 0.85 ± 0.22‡ 0.80 ± 0.18‡ 1.15 ± 0.23‡ 1.35 ± 0.28‡

27 June 1.10 ± 0.20 1.28 ± 0.05 1.62 ± 0.05‡ 1.15 ± 0.13*

Insecticide application 28 June

5 July 0.00 ± 0.00 0.02 ± 0.02 1.42 ± 0.36 1.80 ± 0.35‡

12 July 0.68 ± 0.10 0.68 ± 0.21 5.52 ± 0.61‡ 9.48 ± 1.71‡

19 July 0.55 ± 0.12 0.52 ± 0.13 10.15 ± 1.25‡ 11.32 ± 2.50‡

Second harvest 19 July

2 August 0.45 ± 0.13 0.38 ± 0.02 0.42 ± 0.10 0.42 ± 0.14

8 August 0.05 ± 0.05 0.12 ± 0.06* 0.05 ± 0.03 0.10 ± 0.04

15 August 0.22 ± 0.02 0.15 ± 0.03 0.15 ± 0.07 0.18 ± 0.06

23 August 0.25 ± 0.09 0.25 ± 0.07 0.38 ± 0.08 0.60 ± 0.20

Third harvest 27 August

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Densities exceeded the economic threshold on this date.

*Difference between varieties within a row within spray regime is significant (P

< 0.10; paired t-tests).  See text for t values.
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Table 3.7.  Mean densities (± SEM) of potato leafhoppers per sweep in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2002.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

14 June 0.20 ± 0.04 0.18 ± 0.06 0.30 ± 0.07 0.20 ± 0.09

20 June 0.42 ± 0.16 0.30 ± 0.09 0.18 ± 0.02 0.15 ± 0.09

29 June 0.38 ± 0.08 0.50 ± 0.12 0.45 ± 0.19 0.58 ± 0.22

Second harvest 1 July

22 July 0.25 ± 0.03 0.20 ± 0.11 0.45 ± 0.13‡ 0.28 ± 0.10

Insecticide application 24 July

31 July 0.08 ± 0.08 0.00 ± 0.00 0.52 ± 0.13 0.50 ± 0.00

6 August 0.10 ± 0.04 0.02 ± 0.02 0.58 ± 0.15 0.60 ± 0.11

Third harvest 9 August

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Density was at the economic threshold on this date.
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Table 3.8.  Mean stem heights (± SEM) in cm in alfalfa varieties ‘54H69’ and

‘Choice’ during alfalfa weevil presence at Montgomery Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

10 March 8.35 ± 0.61 7.82 ± 0.58 8.18 ± 0.33 7.85 ± 0.25

15 March 7.68 ± 0.46 7.18 ± 0.28 7.55 ± 0.38 7.45 ± 0.47

24 March 13.25 ± 0.35 12.22 ± 0.49* 13.72 ± 0.23 12.85 ± 0.29*

31 March 16.42 ± 0.54 17.12 ± 0.39 16.38 ± 0.73 16.68 ± 0.19

6 April 23.62 ± 0.48 23.62 ± 0.55 23.80 ± 0.58 24.55 ± 0.36

19 April 38.15 ± 0.93 39.48 ± 0.68 38.22 ± 0.48 40.78 ± 1.07

27 April 47.22 ± 1.29 50.18 ± 0.95* 47.30 ± 0.52 49.42 ± 0.67

Insecticide application 27 April

5 May 60.82 ± 0.32 64.38 ± 0.97* 61.10 ± 0.40 65.15 ± 1.13*

12 May 77.28 ± 0.81 76.28 ± 1.43 75.62 ± 0.81 80.20 ± 1.32

17 May 81.65 ± 0.64 86.65 ± 2.14 77.12 ± 0.79 82.05 ± 1.80

First harvest 22 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.9.  Mean stem heights (± SEM) in cm in alfalfa varieties ‘54H69’ and

‘Choice’ during alfalfa weevil presence at Montgomery Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2 April 5.62 ± 0.14 6.58 ± 0.17* 6.18 ± 0.35 6.58 ± 0.36

10 April 15.48 ± 0.10 16.00 ± 0.43 15.32 ± 0.51 15.62 ± 0.47

16 April 28.18 ± 0.62 29.72 ± 0.39 28.80 ± 0.79 28.02 ± 0.63

Insecticide application 20 April

27 April 33.65 ± 1.54 36.25 ± 0.59 33.48 ± 0.35 35.42 ± 0.94

4 May 46.55 ± 0.89 48.82 ± 0.92* 44.65 ± 0.88 46.92 ± 0.15*

9 May 54.48 ± 1.09 58.18 ± 0.51* 50.92 ± 1.47 55.58 ± 1.04*

19 May 64.52 ± 2.12 69.15 ± 1.04* 62.72 ± 0.90 65.10 ± 2.35

First harvest 23 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.10.  Mean stem heights (± SEM) in cm in alfalfa varieties ‘54H69’ and

‘Choice’ during alfalfa weevil presence at Montgomery Co., Virginia, 2002.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

21 March 7.00 ± 0.30 6.82 ± 0.16 6.90 ± 0.19 6.30 ± 0.11*

29 March 7.00 ± 0.64 7.15 ± 0.33 7.12 ± 0.22 7.38 ± 0.36

5 April 8.88 ± 0.27 8.40 ± 0.32* 8.72 ± 0.06 8.45 ± 0.12*

15 April 16.88 ± 0.59 16.75 ± 0.48 16.12 ± 0.60 17.70 ± 0.95

Insecticide application 16 April

23 April 32.45 ± 1.32 32.78 ± 0.59 30.60 ± 1.15 32.70 ± 1.04

30 April 38.55 ± 1.79 38.35 ± 0.43 38.12 ± 0.58 38.05 ± 1.17

8 May 48.70 ± 2.58 48.15 ± 0.68 44.08 ± 1.55 46.38 ± 1.45*

14 May 55.20 ± 2.28 54.80 ± 1.49 53.12 ± 1.64 56.02 ± 1.32

First harvest 28 May

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.11.  Mean stem heights (± SEM) in cm in alfalfa varieties ‘54H69’ and

‘Choice’ during potato leafhopper presence at Montgomery Co., Virginia, 2000.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

9 June 19.88 ± 1.07 19.30 ± 0.71 18.25 ± 0.89 18.78 ± 0.54

16 June 32.30 ± 2.40 31.08 ± 1.53 28.58 ± 1.92 29.15 ± 1.03

Insecticide application 16 June

23 June 55.52 ± 1.28 47.38 ± 5.12 45.90 ± 1.44 44.70 ± 1.97

30 June 57.28 ± 4.21 56.32 ± 3.44 47.90 ± 2.46 46.90 ± 3.45

Second harvest 30 June

21 July 24.40 ± 0.71 25.35 ± 1.27 25.35 ± 0.70 22.72 ± 1.06

28 July 45.42 ± 1.98 47.38 ± 1.37 46.68 ± 1.49 44.70 ± 1.41

4 August 63.62 ± 1.37 63.88 ± 1.48 61.92 ± 3.01 61.68 ± 3.74

11 August 63.38 ± 1.42 67.30 ± 0.85* 70.35 ± 1.72 64.15 ± 3.28

21 August 73.15 ± 6.40 84.45 ± 3.78 84.25 ± 1.93 79.68 ± 1.23*

Third harvest 21 August

14 September 24.55 ± 0.40 24.32 ± 0.47 24.75 ± 0.82 25.08 ± 0.73

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.12.  Mean stem heights (± SEM) in cm in alfalfa varieties ‘54H69’ and

‘Choice’ during potato leafhopper presence at Montgomery Co., Virginia, 2001.

Insecticide +1 Insecticide -1

Date
‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

21 June 21.72 ± 1.03 24.52 ± 2.11* 24.50 ± 1.45 23.95 ± 1.30

27 June 38.62 ± 2.17 41.48 ± 2.19* 39.70 ± 1.12 41.65 ± 1.05*

Insecticide application 28 June

5 July 62.00 ± 2.39 60.50 ± 2.95 57.72 ± 1.31 54.75 ± 1.71

12 July 72.20 ± 0.97 73.38 ± 0.60 65.72 ± 2.35 64.45 ± 4.39

19 July 77.65 ± 1.45 74.68 ± 0.84 69.02 ± 2.17 66.22 ± 3.04

Second harvest 19 July

2 August 20.02 ± 0.96 19.70 ± 0.73 15.18 ± 0.64 16.20 ± 1.05

8 August 38.92 ± 1.39 40.90 ± 1.57 33.60 ± 2.65 34.10 ± 3.02

15 August 49.40 ± 0.74 51.88 ± 1.02 48.45 ± 0.89 47.18 ± 1.98

23 August 59.00 ± 0.75 58.10 ± 1.28 55.45 ± 2.61 54.92 ± 2.39

Third harvest 27 August

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
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Table 3.13.  Mean yields (± SEM) (kg/ha) for alfalfa varieties ‘54H69’ and

‘Choice’ within insecticide treatment levels at each harvest at Montgomery Co.,

Virginia, 2000-2002.

Insecticide +1 Insecticide -1

Year Harvest2

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 4,980 ± 403 4,563 ± 352 3,936 ± 172 4,716 ± 456

Second‡ 2,613 ± 195 2,905 ± 350 2,738 ± 230 2,610 ± 264

Third 3,377 ± 186 3,729 ± 30 3,919 ± 247 3,182 ± 409

Fourth 1,884 ± 40 1,860 ± 42 1,967 ± 190 2,034 ± 70

2001 First‡ 3,854 ± 173 4,470 ± 161* 3,509 ± 174 4,074 ± 165*

Second‡ 3,790 ± 81 3,643 ± 111 3,984 ± 288 3,717 ± 170

Third 2,295 ± 96 2,183 ± 113* 1,894 ± 223 1,922 ± 145

Fourth 1,331 ± 81 1,474 ± 61 1,462 ± 78 1,401 ± 40

2002 First‡ 3,671 ± 206 3,642 ± 143 3,848 ± 232 3,497 ± 79

Second 2,604 ± 152 2,532 ± 220 2,295 ± 288 2,557 ± 200

Third‡ 2,415 ± 115 2,446 ± 72 2,275 ± 154 2,429 ± 36

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
2See text for harvest dates.  Only three harvests taken in 2002.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
‡Insecticide applied to treated plots during the growth of this harvest.
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Table 3.14.  Mean crude protein (CP) concentrations (± SEM) (%) for alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels at each harvest at

Montgomery Co., VA, 2000-2002.

Insecticide +1 Insecticide -1

Year Harvest2

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 17.5 ± 0.7 16.3 ± 0.9 19.5 ± 0.9 16.8 ± 0.9

Second‡ 20.4 ± 1.4 18.7± 0.3 19.4 ± 0.7 18.7 ± 0.7

Third 17.7 ± 0.7 17.9 ± 0.3 17.2 ± 0.8 17.7 ± 0.4

Fourth 23.2 ± 0.8 23.4 ± 0.4 23.2 ± 0.6 22.8 ± 0.8

2001 First‡ 17.4 ± 0.3 17.2 ± 0.9 18.4 ± 0.5 18.0 ± 0.5

Second‡ 17.6 ± 0.7 17.9 ± 0.9 16.4 ± 0.4 17.0 ± 0.4

Third 17.7 ± 0.4 17.9 ± 0.8 20.7 ± 0.7 18.7 ± 0.5

Fourth 20.9 ± 0.4 21.3 ± 0.4 20.5 ± 0.5 21.0 ± 0.4

2002 First‡ 18.5 ± 1.0 18.6 ± 0.5 17.8 ± 0.3 18.8 ± 0.6

Second 20.0 ± 0.5 19.6 ± 0.4 21.0 ± 0.6 19.8 ± 0.8

Third‡ 19.3 ± 0.5 19.6 ± 0.9 18.9 ± 0.1 19.0 ± 0.6

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
2See text for harvest dates.  Only three harvests taken in 2002.
‡Insecticide applied to treated plots during the growth of this harvest.
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Table 3.15.  Mean acid detergent fiber (ADF) concentrations (± SEM) (%) for

alfalfa varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels at each

harvest at Montgomery Co., VA, 2000-2002.

Insecticide +1 Insecticide -1

Year Harvest2

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

2000 First‡ 35.4 ± 1.2 38.4 ± 0.3 34.8 ± 0.7 36.1 ± 2.0

Second‡ 35.4 ± 2.9 37.4 ± 1.5 35.0 ± 1.8 35.7 ± 2.3

Third 39.2 ± 1.0 38.3 ± 1.6 39.3 ± 1.4 37.3 ± 0.7

Fourth 26.6 ± 0.4 25.2 ± 0.9 25.2 ± 1.2 26.1 ± 1.4

2001 First‡ 40.4 ± 2.1 39.5 ± 1.3 38.7 ± 1.0 40.5 ± 1.9

Second‡ 43.4 ± 1.6 44.8 ± 2.0 40.9 ± 1.7 35.2 ± 1.6*

Third 40.9 ± 1.3 41.4 ± 1.7 35.2 ± 0.7 40.5 ± 0.8*

Fourth 26.6 ± 1.2 28.2 ± 1.7 28.3 ± 1.5 29.2 ± 0.8

2002 First‡ 33.1 ± 1.2 33.6 ± 0.7 33.9 ± 0.3 33.9 ± 1.0

Second 33.6 ± 1.3 35.1 ± 1.0 32.6 ± 1.6 35.2 ± 1.9

Third‡ 34.3 ± 0.9 35.1 ± 0.9 33.4 ± 0.6 33.8 ± 2.0

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
2See text for harvest dates.  Only three harvests taken in 2002.

*Difference between varieties within a row within insecticide treatment level is

significant (P < 0.10; paired t-tests).  See text for t values.
‡Insecticide applied to treated plots during the growth of this harvest.
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Chapter Four

Natural Enemies of Alfalfa Weevil in Glandular-haired Alfalfa

in Virginia

Alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera: Curculionidae), was

accidentally introduced in the western U.S. in the early 1900s (Titus 1910) and in the

eastern U.S. in the early 1950s (Poos and Bissell 1953).  As an exotic species with

few natural enemies present, alfalfa weevil soon became a key pest of alfalfa

(Medicago sativa L.) wherever the crop was grown (USDA 1991).  In the late 1950s,

the U.S. Department of Agriculture began importing and releasing hymenopterous

parasitoids of the alfalfa weevil from Europe, where alfalfa and alfalfa weevil have long

been established (Brunson and Coles 1968, USDA 1991, Bryan et al. 1993, Russelle

2001).   Several of these introduced parasitoids, along with the entomopathogenic

fungus Zoophthora phytonomi (Arthur) (Zygomycetes: Entomophthorales), have

greatly reduced alfalfa weevil pest pressure in the northeastern U.S. (Day 1981,

Kingsley et al. 1993, Radcliffe and Flanders 1998).  However, alfalfa weevil persists

as an annual key pest in other regions of the U.S., especially in areas below 40°

latitude (Berberet et al. 1981, Copley and Grant 1998, Radcliffe and Flanders 1998).

In Virginia, Luna (1986) estimated that 90% of growers continue to apply insecticides

for alfalfa weevil.  A recent survey by Kuhar et al. (1999) found that 94% of alfalfa fields

in the Piedmont region of Virginia exceeded the economic threshold for alfalfa weevil.

While the biological control program against alfalfa weevil was being

established, researchers also attempted to develop varieties of alfalfa resistant to

alfalfa weevil (Barnes et al. 1970, Sorensen et al. 1988).  Annual and perennial

Medicago spp. possessing glandular trichomes were investigated as sources of

resistant germplasm (Barnes and Ratcliffe 1969, Shade et al. 1975, Johnson et al.

1980, Danielson et al. 1986).  However, the development of weevil-resistant varieties

eventually declined with the apparent success of the released parasitoids along with

effective cultural and chemical control methods (Barnes et al. 1988).  Recently,

glandular-haired alfalfa varieties have been commercially marketed as being

resistant to potato leafhopper, Empoasca fabae (Harris) (Homoptera: Cicadellidae), a
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second key pest of alfalfa.  Glandular trichomes appear to be the source of potato

leafhopper-resistance in these varieties, but the exact mechanism of this resistance

remains a source of much debate (Elden and McCaslin 1997, Lefko et al. 2000,

Ranger and Hower 2001).

Glandular trichomes have been widely recognized as a form of host plant

resistance against herbivores (Levin 1973, Johnson 1975, Price et al. 1980).

However, their presence may also have negative effects on the behavior of natural

enemies attacking pest species on the plant (Belcher and Thurston 1982, Obrycki and

Tauber 1984, Gruenhagen and Perring 2001).  For example, Podisus nigrispinus

(Dallas) (Hemiptera: Pentatomidae) was less effective as a generalist predator on

glandular-haired tomato (Lycopersicon esculentum Mill.) compared to host plants

lacking glandular trichomes (De Clercq et al. 1999).  Adult females on tomato

attacked fewer lepidopteran larvae, took longer to handle prey, and spent more time

resting, which the authors attributed to the presence of glandular trichomes (De Clerq

et al. 1999).  Gruenhagen and Perring (1999) studied parasitization of silverleaf

whitefly, Bemisia argentifolii Bellows and Perring (Homoptera: Aleyrodidae), by the

parasitoid Eretmocerus eremicus Rose and Zolnerowich (Hymenoptera: Aphelinidae)

on velvetleaf (Abutilon threophrasti Medic.), a weed with abundant glandular

trichomes.  Most (98%) of E. eremicus released on velvetleaf infested with B.

argentifolii in a greenhouse were found dead on the plants, entrapped in trichome

exudate.  Mymarid, scelionid, and trichogrammatid parasitoids, along with other

natural enemies, were entrapped on velvetleaf in the field (Gruenhagen and Perring

1999).

In alfalfa, Lovinger et al. (2000) found glandular trichomes impeded the

searching behavior of Anagrus nigriventris Girault (Hymenoptera: Mymaridae), the

primary parasitoid of the potato leafhopper.  This parasitoid, confined to stems of a

glandular-haired alfalfa variety infested with potato leafhopper eggs, spent more time

grooming, probed less for eggs, and tended to fly off the plant instead of walking on

the stems. The authors concluded that this interference with foraging behavior might

reduce the ability of A. nigriventris to suppress potato leafhopper populations in

glandular-haired alfalfa (Lovinger et al. 2000).
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Given the projected role of glandular-haired alfalfa against potato leafhopper

within alfalfa pest management, there exists a potential for these varieties to disrupt

the biological control of alfalfa weevil by interfering with its natural enemies.

Sorensen et al. (1988) recommended that the effect of glandular-haired alfalfa on

Bathyplectes anurus Thompson and Bathyplectes curculionis Thompson

(Hymenoptera: Ichneumonidae) be studied to ensure that glandular trichomes did not

impede these larval parasitoids of the alfalfa weevil.  This potential disruption of the

biological control of alfalfa weevil is of a particular concern in Virginia and other states

where the parasitoids have not been fully effective.  There have been no reports to

date on the potential impact of these newer glandular-haired alfalfa cultivars on the

biological control of alfalfa weevil.  In this study, I evaluated the effects of glandular-

haired alfalfa on the parasitization of alfalfa weevil larvae by hymenopterous

parasitoids.  I also monitored Z. phytonomi infection in alfalfa weevil larvae, although

the presence of glandular trichomes was not expected to affect this natural enemy

directly.

Materials and Methods

Field Locations.  This study was conducted at two locations in Virginia.  The

first site was at the Virginia Tech Kentland Research Farm in Montgomery Co., near

Blacksburg (80° 25’ W, 37° 14’ N; elevation ≈640 m) in the southwestern region.  The

second site was a privately owned field in Campbell Co., near Rustburg (79° 10’ W,

37° 20’ N; elevation ≈200 m) in the Piedmont region.  These locations were selected

because previous studies by Kuhar et al. (1999, 2000) showed that alfalfa weevil pest

pressure is significantly higher in the Piedmont region than in the southwestern

region.  In addition, Bathyplectes spp. parasitize significantly higher numbers of alfalfa

weevil larvae in the southwestern region (Kuhar et al. 1999, 2000).

Experimental Design.  Plots at both locations (0.045 ha) were arranged in a 2

(variety) x 2 (insecticide treatment) factorial that was replicated four times in a

randomized complete block design.  Alfalfa varieties were Southern States ‘Choice’, a

competitive but non-glandular-haired variety, and Pioneer ‘54H69’, a second-

generation glandular-haired variety marketed as having resistance to potato
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leafhopper.  Both varieties were planted using certified seed in Spring 1999 at the rate

of 25.8 kg/ha.  Seed was broadcast on top of the soil at Campbell Co. and dribble-

planted at Montgomery Co.; a cultipacker treatment followed seeding at both

locations.

Insecticide treatment involved either plots treated annually with one insecticide

application for alfalfa weevil and a second application for potato leafhopper, or plots

that received no insecticide applications.  Beginning in Spring 2000, cyfluthrin

(Baythroid 2E, Bayer, Kansas City, MO) was applied as a foliar spray at the

recommended low rates of 28 g (AI)/ha and 14 g (AI)/ha for alfalfa weevil and potato

leafhopper, respectively (Youngman and Herbert 2002).  Applications were made with

a CO2 backpack sprayer equipped with four 8002VS stainless steel spray tips and

calibrated to deliver 186.7 L/ha of solution at 40 1.4 kg/cm2.  Insecticide applications

were applied when pest densities reached the economic threshold established for

Virginia.  When pest densities were low and did not appear to be increasing,

insecticide treatments were applied regardless of pest pressure to approximate

calendar spraying conducted by growers.  The experiment continued for three years

during 2000-2002.

Sampling Alfalfa Weevil Larvae.  Alfalfa weevil densities and stem heights

were estimated weekly during the growth of the first harvest at both locations

(described in Chap. 2 & 3).  Pest densities and stem heights were used to judge plots

as being above or below the economic threshold according to a decision-making

chart for alfalfa weevil (Luna 1986, Youngman and Herbert 2002).

Larval Parasitization and Fungal Infection.  When weevil larvae were present,

third and fourth instars were collected from each plot with a sweep net and returned to

the lab.  Larvae were placed on alfalfa bouquets in ventilated paper canisters (880 ml,

16.5 cm tall, 8.5 cm diam.) and kept at room temperature (20-25º C) until all larvae

had pupated or died.  After adult weevils began emerging, the contents of each

canister were thoroughly examined to determine the number of adult weevils, weevil

pupae, larval cadavers, and parasitoid cocoons.  Bathyplectes spp. parasitoids were

identified by cocoon morphology and jumping behavior (Day 1970).  Occasionally

Bathyplectes spp. larvae fail to spin a cocoon after emerging from the host
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(Chamberlin 1926, Cross and Simpson 1972, Giles et al. 1994, Kuhar et al. 1999).

These parasitoid larvae could not be identified to species but were included in the

calculation of the percentage of weevil larvae parasitized by Bathyplectes spp.

All alfalfa weevil larvae that died before pupating were tested for infection by Z.

phytonomi using the technique developed by Los and Allen (1982).  Larval cadavers

were soaked in 95% ethanol and removed to a petri dish; several drops of 3.0% KOH

solution were placed on each cadaver.  A heavy, dark brown or a diffuse, light yellow-

green precipitate indicated infection by Z. phytonomi and the presence of either

resting spores or hyphae and conidia, respectively (Los and Allen 1982).  Fungal life

stage was not considered when calculating the percentage infection by Z. phytonomi.

Statistical Analyses.  Percentages of parasitization and fungal infection were

calculated for each date sampled.  Percentage parasitization of alfalfa weevil larvae

was defined as:

number of parasitoids                                          X 100
number of parasitized and non-parasitized larvae  (1)

Percentage fungal infection of alfalfa weevil larvae was defined as:

number of infected larvae                            X 100
number of infected and non-infected larvae  (2)

Parasitization and infection data were analyzed separately by location and year.

Following arcsine square-root transformation [(x + 0.5)1/2, Zar 1999], percentages of

parasitization and fungal infection were analyzed using a repeated measures

analysis of variance (ANOVA, SAS 1998).  Variety (2 levels) and insecticide treatment

(2 levels) were considered main effects and sample date was used as the measure

of time.  It was determined a priori that when a significant main effect by date

interaction was detected, paired t-tests would be used to analyze the simple effect

differences between varieties within insecticide treatment levels on each date.  In

addition, simple effect differences between insecticide levels within varieties were

analyzed by paired t-tests performed on each date and are discussed in the text.  An α

level of P < 0.10 was used to indicate significant differences for all analyses.

Untransformed means and standard errors are presented.
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Results and Discussion

Of the larvae reared from Campbell Co., Bathyplectes spp. parasitized 32.3% of

3,495 larvae in 2000, 20.5% of 4,442 larvae in 2001, and 14.0% of 1,897 larvae in

2002.  Of the larvae reared from Montgomery Co., Bathyplectes spp. parasitized 69.6%

of 573 larvae in 2000, 35.8% of 2,499 larvae in 2001, and 39.0% of 1,386 larvae in

2002.  Bathyplectes anurus was the predominant parasitoid found at both locations in

all 3 years, accounting for 79.5-97.4% and 91.2-98.3% of the parasitoids reared from

alfalfa weevil larvae at Campbell Co. and Montgomery Co., respectively.  Bathyplectes

curculionis was more abundant at Campbell Co., where it accounted for 2.6-19.1% of

the parasitoids reared from weevil larvae, compared to only 1.5-8.8% of the

parasitoids reared from larvae at Montgomery Co.

Only a few alfalfa weevil larvae were parasitized by a third species, Oomyzus

incertus (Ratzeburg) (Hymenoptera: Eulophidae).  Discovery of O. incertus at

Campbell Co. in 2001 was the first reported recovery of this gregarious parasitoid in

Virginia since before 1980 (Dellinger et al. 2003).  Larvae of O. incertus turn their host

larvae into characteristically brittle, mahogany-brown mummies.  Twelve host

mummies were found in samples of alfalfa weevil larvae from Campbell Co. in April

and May 2001, and single host mummy was found in Montgomery Co. on 30 April

2002.  Over the 3 year study, O. incertus parasitized 0.0-0.3% and 0.0-0.1% of the

alfalfa weevil larvae reared from Campbell Co. and Montgomery Co., respectively.

This parasitoid represented <0.3% of the larval parasitoids reared from host larvae at

either location.  Oomyzus incertus appears to attack a negligible percentage of alfalfa

weevil larvae present during the growth of the first harvest in Virginia.

Percentage Parasitization.  The main effect of variety on parasitization at

Campbell Co. was not significant in 2000 (F = 0.34; df = 1, 9; P = 0.5768), 2001 (F =

0.27; df = 1, 10: P = 0.6161), or 2002 (F = 0.47; df = 1, 10; P = 0.5087).  The variety by

date interaction was not significant in 2000 (F = 0.09; df = 6, 54; P = 0.9970), 2001 (F =

0.59; df = 4, 40; P = 0.6748), or 2002 (F = 0.06; df = 3, 30; P = 0.9803).  The main effect

of insecticide was significant in 2000 (F = 7.08; df = 1, 9; P = 0.0260) and 2002 (F =

6.59; df = 1, 10; P = 0.0280), but not in 2001 (F = 0.75; df = 1, 10; P = 0.4084).  The
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insecticide by date interaction was significant in 2000 (F = 4.12; df = 6, 54; P =

0.0018), 2001 (F = 3.20; df = 4, 40; P = 0.0226), and 2002 (F = 3.41, df = 3, 30; P =

0.0301).

In 2000, no differences in parasitization were detected between varieties in the

treated plots on any date (Table 4.1).  Within untreated plots, significantly higher

parasitization was found in ‘Choice’ compared to ‘54H69’ on 11 April (t = 2.54; df = 3;

P = 0.0847), but parasitization was higher in ‘54H69’ on 20 April (t = 3.58; df = 3; P =

0.0373) and 26 April (t = 4.59; df = 3; P = 0.0194).  As expected, parasitization fell

temporarily in the treated varieties after insecticide application.  At 4 days post-

treatment (11 April), both untreated ‘54H69’ and untreated ‘Choice’ had significantly

higher parasitization than treated ‘54H69’ (t = 10.0; df = 3; P = 0.0021) and treated

‘Choice’ (t = 20.2; df = 3; P = 0.0003), respectively.  Insecticide application significantly

reduced host weevil densities in treated ‘54H69’ and ‘Choice’ for up to 19 and 27

days post-treatment, respectively (Chap. 2), but the temporary difference in

parasitization between treated and untreated varieties was not detected by 13 days

post-treatment (20 April).  Within ‘54H69’, significantly higher parasitization was found

in treated ‘54H69’ at 27 days (4 May, t = 2.48; df  = 3; P = 0.0889) and in untreated

‘54H69’ at 33 days (10 May, t = 2.83; df = 3; P = 0.0663) post-treatment.  No other

differences in parasitization were detected between insecticide treatment levels in

‘Choice’.

In 2001, no differences in parasitization were detected between untreated

varieties on any date (Table 4.2).  Within plots designated to be treated, significantly

higher parasitization was found in ‘54H69’ compared to ‘Choice’ on 5 April (t = 3.62; df

= 3; P = 0.0361); plots were sampled before insecticide was applied on that date.  At 6

days post-treatment, parasitization was significantly higher in treated ‘Choice’ than

treated ‘54H69’ (11 April, t = 4.16; df = 3; P = 0.0253).  Few differences were found

between insecticide treatment levels within either variety.  Although significantly fewer

weevil larvae were found in treated varieties at 6 days post-treatment (11 April; P <

0.05) (Chap. 2), no significant differences in parasitization were detected between

treated and untreated varieties on this date.  Treated ‘54H69’ had significantly higher

parasitization than untreated ‘54H69’ at 14 days post-treatment (19 April, t = 4.75; df =
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3; P = 0.0177); densities of host larvae were significantly reduced in treated ‘54H69’

on this date (P = 0.0005; Chap. 2).  Treated ‘Choice’ had significantly higher

parasitization than untreated ‘Choice’ at 14 days post-treatment (19 April, t = 3.70; df =

3; P = 0.0344), but alfalfa weevil densities between insecticide treatment levels in

‘Choice’ were not significantly different on this date (Chap. 2).

In 2002, no differences in parasitization were found between varieties in either

the treated or untreated plots (Table 4.3).  Rain interfered with the collection of larvae

during the week after insecticide application.   By 14 days post-treatment (18 April),

larval densities were low in both the treated (0.00-0.06 larvae per stem) and the

untreated varieties (0.01-0.09 larvae per stem); parasitization was present in the

treated varieties but was not detected in the untreated varieties.  Despite the

significant insecticide by date interaction for this year and significantly higher

densities of weevil larvae in the untreated varieties (Chap. 2), no differences in

parasitization were detected between insecticide treatment levels within either variety.

At Montgomery Co., the main effect of variety on parasitization was significant in

2000 (F = 3.41; df = 1, 10; P = 0.0946), but not in 2001 (F = 0.12; df = 1, 10; P = 0.7325)

or 2002 (F = 0.62; df = 1, 10; P = 0.4475).  The variety by date interaction was not

significant in 2000 (F = 0.51; df = 3, 30; P = 0.6806), 2001 (F = 0.59; df = 4, 40; P =

0.6751), or 2002 (F = 1.67; df = 4, 40; P = 0.1751).  The main effect of insecticide was

significant in 2000 (F = 99.08; df = 1, 10; P < 0.0001) and 2001 (F = 9.24; df = 1, 10; P

= 0.0125), but not in 2002 (F = 0.32; df = 1, 10; P = 0.5834).  The variety by date

interaction was significant in 2000 (F = 17.57; df = 3, 30; P < 0.0001) and 2001 (F =

4.04; df = 4, 40; P = 0.0077), but not in 2002 (F = 1.17; df = 4, 40; P = 0.3397).

In 2000, no differences in parasitization were detected between varieties within

either insecticide treatment level (Table 4.4).  Untreated ‘Choice’ had significantly

higher parasitization than ‘Choice’ designated to be treated on 27 April, before

insecticide was applied (t = 2.63; df = 3; P = 0.0786); ‘Choice’ designated to be treated

had a significantly higher density of weevil larvae than untreated ‘Choice’ on this date

(Chap. 3).  Following insecticide application, untreated ‘54H69’ had significantly

higher parasitization than untreated ‘54H69’ at 8 days (5 May, t = 5.88; df = 3; P =

0.0098) and 15 days (12 May, t = 4.93; df = 3; P = 0.0160) post-treatment.  Untreated
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‘Choice’ also had significantly higher parasitization than treated ‘Choice’ at 8 days (5

May, t = 6.99; df = 3; P = 0.0060) and 15 days (12 May, t = 2.46; df = 3; P = 0.0909)

post-treatment.  Very low densities of weevil larvae were present in the treated

varieties after insecticide application (0.0-0.1 larvae per stem) (Chap. 3), but no larvae

were recovered by sweeping for assessing parasitization.  The absence of

parasitization in the treated varieties at 8 and 15 days post-treatment (5 and 12 May)

reflects difficulties in sampling host larvae and does not necessarily represent a true

absence of parasitization.

In 2001, no differences in parasitization were detected between varieties within

either insecticide treatment level (Table 4.5).  Insecticide application temporarily

reduced parasitization in the treated varieties.  At 7 days post-treatment (27 April),

untreated ‘54H69’ and untreated ‘Choice’ had significantly higher parasitization than

treated ‘54H69’ (t = 34.5; df = 3; P < 0.0001) and treated ‘Choice’ (t = 37.7; df = 3; P <

0.0001).  No differences in parasitization were detected between insecticide treatment

levels within either variety after 7 days post-treatment, although significantly fewer

weevil larvae were found in the treated varieties for up to 19 days post-treatment

(Chap. 3).

Because no significant main effect by date interactions were detected at

Montgomery Co. in 2002, only main effects are discussed for this year.  Variety had no

effect on parasitization by larval parasitoids, with a seasonal mean percentage

parasitization of 28.5 ± 3.9% in ‘54H69’ and 32.8 ± 4.2% in ‘Choice’.  Insecticide also

had no effect on parasitization, with a seasonal mean of 30.9 ± 4.9% in treated

varieties and 30.5 ± 3.0% in untreated varieties.

Overall, considerable variability was observed in parasitization at both locations

throughout the study.  No consistent trend attributable to variety was observed when

parasitization was examined on each sample date.  Based on the results of this field

study, the presence of glandular trichomes on ‘54H69’ did not appear to influence

parasitization of alfalfa weevil larvae.  Adult parasitoids appeared to be equally

successful in parasitizing host larvae on both the glandular-haired and non-glandular-

haired cultivars.  Laboratory experiments focusing on parasitoid host searching

behavior should be pursued to corroborate the results found in this field study.
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Ultimately, the decision to use glandular-haired alfalfa within alfalfa pest

management will depend on the effectiveness of these varieties against potato

leafhopper.  As newer, improved varieties with presumably stronger resistance

mechanisms become commercially available, the potential effects of glandular

trichomes on Bathyplectes spp. should be re-evaluated to prevent disruption of the

biological control for alfalfa weevil.

Parasitization levels at Campbell Co. were numerically lower than those

observed at Montgomery Co., particularly in 2000 and 2002.  Correspondingly, host

densities at Campbell Co. were numerically higher (1.2-2.3 larvae per stem, Chap. 2)

than at Montgomery Co. (0.3-1.0 larvae per stem, Chap. 3).  These results agree with

those of Kuhar et al. (1999), who reported significantly lower parasitization in the

Piedmont (16-32%) compared to the Shenandoah Valley (46-73%) and the

southwestern region (47-70%) together between 1996-1998.  Only in 1997 did the

Shenandoah Valley have significantly higher parasitization (65%) than the

southwestern region (47%).  Host densities in those years were significantly higher in

the Piedmont (1.6-2.8 larvae per stem) than in the Shenandoah Valley (0.7-1.6 larvae

per stem) and the southwestern region (0.6-1.4 larvae per stem) together.  No

differences in host densities were detected between the Shenandoah Valley and the

southwestern region in any year (Kuhar et al. 1999).  Parasitization by Bathyplectes

spp. does not appear to be density dependent when percentages of parasitized larvae

are compared between the southwestern and Piedmont regions of Virginia.  Higher

levels of parasitization by Bathyplectes spp. when host densities were low, and

correspondingly lower levels of parasitization when host densities were high, have

been reported previously in numerous other studies (Davis 1974, Abu and Ellis 1976,

Eklund and Simpson 1977, Morris et al. 1996, Berberet and Bisges 1998).

Densities of both the host and the parasitoid determine the percentage

parasitization achieved by a parasitoid species (Van Driesche 1983).  Because

Bathyplectes spp. appear to parasitize higher numbers of hosts at lower host

densities, potentially higher levels of parasitization could occur in host populations

after reduction by insecticide application as a result of the lowered ratio of hosts to
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parasitoids.  Alternatively, parasitization within treated varieties may fall due to the

deaths of both suitable larval hosts and adult parasitoids exposed to insecticide.

In the present study, insecticide application had significant effects on

parasitization by Bathyplectes spp., but these significant differences often occurred in

an inconsistent manner.  Difficulties in sampling weevil larvae preclude clear

interpretation of the effect of insecticide application on parasitization at Campbell Co.

in 2002 and at Montgomery Co. in 2000.  In other years, host populations declined in

the treated varieties to the extent that collecting a sufficient sample of larvae to rear in

the lab was difficult.  Overall, parasitization typically fell in the treated varieties

immediately after insecticide application, although significant differences between

insecticide treatment levels were often only temporary.  The effect of insecticide on

parasitization was variable in the weeks following insecticide application.

Parasitization levels sometimes remained lower in the treated varieties, but

occasionally parasitization levels were similar in both treated and untreated varieties

after an initial decrease in the treated varieties.

Parasitization was not observed to increase in the treated varieties after host

populations were reduced by insecticide application except at 2 weeks post-treatment

at Campbell Co. in 2001.  In addition, parasitization was often similar across

insecticide treatment levels despite uneven sample sizes.  In contrast to the general

trend for lower parasitization when host densities are high, and conversely higher

parasitization when host densities are low, these observations on several individual

dates suggest that host density did not influence parasitization.  Both B. anurus and B.

curculionis have been described as density independent parasitoids (Harcourt et al.

1977, Dowell 1979, Los 1982) that search for weevil larvae at random (Yeargan and

Latheef 1976, Latheef et al. 1977).  Host samples from treated varieties after

insecticide application were usually very small and may have influenced the

appearance of density independent parasitization by Bathyplectes spp.  The size of

host samples collected from individual plots in this study was constrained by the size

of the plots, but larger host samples might help clarify how these parasitoids operate

as mortality factors for alfalfa weevil.
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The ability of Bathyplectes spp. to suppress alfalfa weevil populations is

somewhat limited by differences between the life cycles of the parasitoids and their

host.  Populations of alfalfa weevil larvae present in the spring do not necessarily

reflect the size of the adult population present in the field the previous year, as adult

weevils leave their natal fields for summer aestivation and randomly return to various

fields in the fall (Los 1982).  In contrast, populations of the univoltine B. anurus reflect

the size of the host population present within a field the previous year to a certain

extent (Los 1982).  If few weevil larvae were present in a field the previous year, then

there is a strong likelihood that reduced populations of B. anurus will be present to

attack host larvae within the field the following spring.  This probably holds true for the

bivoltine B. curculionis as well, which produces both overwintering and non-

diapausing cocoons in the first generation (Latheef and Pass 1975).  Furthermore, as

density independent mortality factors, Bathyplectes spp. are limited in their ability to

respond to temporal changes in host densities within the current season.

Bathyplectes anurus and B. curculionis differ from multivoltine parasitoids that attack

multivoltine host species in a synchronized cycle that allows parasitoid populations to

respond to changing host densities in a more immediate manner.

One possible explanation for the relatively brief period of reduced parasitization

observed between insecticide treatment levels may involve survivorship of host larvae

parasitized before insecticide application.  Third and fourth instars collected during

the second week post-treatment were probably “spray survivors” as alfalfa weevil

larvae require about 3 weeks to reach the pupal stage in Virginia (Evans 1959).

Younger weevil larvae, feeding within the terminal alfalfa buds, may have been

partially protected from insecticide application.  Surviving larvae might have been

parasitized before insecticide application, but additional experimentation is required

to determine if weevil larvae parasitized by Bathyplectes spp. are more susceptible to

cyfluthrin than non-parasitized larvae.  Alternatively, adult parasitoids from the

untreated varieties may have re-colonized the treated varieties and attacked surviving

host larvae shortly after insecticide application.  The migration of adult parasitoids

from the untreated varieties into the treated varieties after insecticide application might

have reduced parasitization occurring in the untreated varieties to the extent that
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differences in parasitization between insecticide treatment levels were not significant.

A more likely explanation is that the observed differences in parasitization between

treated and untreated varieties simply reflect the density independent behavior of

these parasitoids.

Statistical differences between parasitization reduced by insecticide application

(treated varieties) and parasitization reduced in response to declining host population

(untreated varieties) may be difficult to detect and interpret clearly in open-field

conditions with natural populations.  For example, significantly higher parasitization

was found in the treated varieties at 14 days post-treatment at Campbell Co. in 2001,

but no differences between treated and untreated varieties were found at 6 or 21 days

post-treatment.  This difference appears attributable to a decrease in parasitization in

the untreated varieties rather than an increase in parasitization in the treated varieties.

Parasitization may decline naturally in the untreated varieties in response to declining

host populations after adult weevils cease egg-laying and larval hosts begin to

pupate.  Competition with or susceptibility to Z. phytonomi, which will be discussed in

greater detail below, is another factor possibly obscuring the effect of insecticide

application on parasitization by Bathyplectes spp.  Caged-trial experiments excluding

migrating adult parasitoids from source populations and with artificially maintained

host populations may be required to fully determine the true effects of insecticide

application on parasitization by Bathyplectes spp.

Percentage Fungal Infection.  The main effect of variety on fungal infection at

Campbell Co. was significant in 2002 (F = 3.87; df = 1, 10; P = 0.0777), but not in 2000

(F = 0.16; df = 1, 9; P = 0.7011) or 2001 (F = 0.38; df = 1, 10: P = 0.5518).  The variety

by date interaction was significant in 2000 (F = 2.66; df = 6, 54; P = 0.0246) and 2002

(F = 3.86; df = 3, 30; P = 0.0189), but not 2001 (F = 0.71; df = 4, 40; P = 0.5893).  The

main effect of insecticide was significant in 2000 (F = 13.32; df = 1, 9; P = 0.0053) and

2002 (F = 5.37; df = 1, 10; P = 0.0429), but not in 2001 (F = 0.38; df = 1, 10; P =

0.5535).  The insecticide by date interaction was significant in 2000 (F = 3.95; df = 6,

54; P = 0.0024) and 2001 (F = 10.78; df = 4, 40; P < 0.0001), but not in 2002 (F = 1.29,

df = 3, 30; P = 0.2975).
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In 2000, no differences in infection were found between treated varieties (Table

4.6).  Untreated ‘Choice’ had significantly higher infection than untreated ‘54H69’ on

20 April (t = 3.60; df = 3; P = 0.0366), 26 April (t = 5.75; df = 3; P = 0.0104), and 4 May (t

= 3.36; df =3; P = 0.0436), corresponding to 13, 19, and 27 days post-treatment,

respectively, in the treated plots.  Untreated ‘54H69’ had significantly higher infection

than treated ‘54H69’ only at 4 days (11 April, t = 2.90; df = 3; P = 0.0627) and 19 days

(26 April, t = 6.35; df = 3; P = 0.0079) post-treatment.  Untreated ‘Choice’ also had

significantly higher infection than treated ‘Choice’ at 13 days (20 April, t = 16.53; df = 3;

P = 0.0005), 19 days (26 April, t = 3.29; df = 3; P = 0.0461), and 27 days (4 May, t =

3.57; df = 3; P = 0.0374) post-treatment.  The untreated varieties had significantly

higher larval densities than the treated varieties for up to 19 and 27 days post-

treatment in ‘54H69’ and ‘Choice’, respectively (P < 0.05; Chap. 2).

In 2001, no differences in infection were found between treated varieties (Table

4.7).  Untreated ‘Choice’ had significantly higher infection than untreated ‘54H69’ on

11 April (t = 2.81; df = 3; P = 0.0671), corresponding to 6 days post-treatment in the

treated plots.  No other differences in fungal infection were detected between

untreated varieties.  Untreated ‘54H69’ had significantly higher infection than treated

‘54H69’ at 14 days post-treatment (19 April, t = 32.11; df = 3; P < 0.0001).  Untreated

‘Choice’ had significantly higher infection than treated ‘Choice’ at 6 days (11 April, t =

6.72; df = 3; P = 0.0067) and 14 days (19 April, t = 3.48, df = 3; P = 0.0402) post-

treatment.  However, treated ‘Choice’ had significantly higher infection than untreated

‘Choice’ at 27 days post-treatment (2 May, t = 3.72; df = 3; P = 0.0339).

In 2002, no differences were detected in infection between insecticide

treatment levels within either variety (Table 4.8).  In addition, no differences were

found between varieties in either the treated or untreated plots.  Rain interfered with

the collection of larvae during the week after insecticide application.  At 14 days post-

treatment (18 April), infection by Z. phytonomi ranged between 20.5-58.9% in the

treated varieties and 46.9-75% in the untreated varieties, but these differences were

not significant.

At Montgomery Co., the main effect of variety on fungal infection was not

significant for 2000 (F = 0.71; df = 1, 10; P = 0.4186), 2001 (F = 3.26; df = 1, 10; P =
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0.1012), or 2002 (F = 0.12; df = 1, 10; P = 0.7369).  The variety by date interaction was

not significant in 2000 (F = 0.46; df = 3, 30; P = 0.7156), 2001 (F = 0.45; df = 4, 40; P =

0.7702), or 2002 (F = 0.46; df = 4, 40; P = 0.7653).  The main effect of insecticide was

significant in 2000 (F = 3.43; df = 1, 10; P = 0.0939) and 2002 (F = 19.04; df = 1, 10; P

= 0.0014), but not in 2001 (F = 0.01; df = 1, 10; P = 0.9410).  The insecticide by date

interaction was significant in 2002 (F = 4.49; df = 4, 40; P = 0.0043), but not in 2000 (F

= 0.57; df = 3, 30; P = 0.6412) or 2001 (F = 1.83; df = 4, 40; P = 0.1424).

Because no significant interactions were detected at Montgomery Co. in 2000

and 2001, main effects alone are discussed for these years.  Seasonal mean

infection levels were generally low in both years.  In 2000, the seasonal mean

infection level was 2.5 ± 1.1% in ‘Choice’ and 1.5 ± 0.9% in ‘54H69’.  In 2001, the

seasonal mean infection level was 2.6 ± 1.1% in ‘Choice’ and 0.8 ± 0.5% in ‘54H69’.

A numerically higher infection level was found in ‘Choice’ in both years, but this

difference was not significant in either year.  Insecticide application had a significant

effect on infection in 2000, with a lower seasonal mean of 0.8 ± 0.6% in treated

varieties compared to 3.2 ± 1.2% in untreated varieties.  In contrast, insecticide

application had no effect on seasonal means in 2001, with infection levels of 2.1 ±

1.2% in treated varieties and 1.2 ± 0.4% in the untreated varieties.

Fungal infection appeared to have a direct effect on parasitization at Campbell

Co. in 2001.  Significantly higher parasitization was detected in the treated varieties

compared to untreated varieties at 14 days post-treatment (19 April) (Table 4.3).  This

difference appeared to result from a reduction in parasitization in the untreated

varieties, due to extremely high infection (≈91%) on that date, instead of an actual

increase in parasitization in the treated varieties.

In 2002, no differences in infection were detected between varieties within

either insecticide treatment level (Table 4.9).  Again there was a trend for higher

infection by Z. phytonomi in the untreated varieties after insecticide was applied to the

treated varieties.  Significantly higher infection was found in untreated ‘54H69’

compared to treated ‘54H69’ at 14 days (30 April, t = 6.95; df = 3; P = 0.0061) and 23

days (9 May, t = 7.66; df = 3; P = 0.0046) post-treatment.  Significantly higher infection

was found in untreated ‘Choice’ compared to treated ‘Choice’ at 8 days (24 April, t =
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4.94; df = 3; P = 0.0160), 14 days (30 April, t = 6.86; P = 0.0063), and 29 days (15 May, t

= 12.92; df = 3; P = 0.0010) post-treatment.  The rise in fungal infection across

treatments in May corresponded with rainfall during the first week of the month.  In

addition, significantly higher densities of weevil larvae were found in the untreated

varieties up to 22 and 28 days post-treatment (8 and 14 May, respectively) in ‘Choice’

and ‘54H69’, respectively (P < 0.065; Chap. 3).

Unexpectedly, variety had a significant effect on fungal infection in the untreated

varieties on several dates at Campbell Co. in 2000 and 2001, with significantly higher

infection in untreated ‘Choice’ than in untreated ‘54H69’.  The cause for increased

infection in untreated ‘Choice’ is unknown.  No differences in host densities due to

variety were found between untreated varieties on any date in either 2000 or 2001

(Chap. 2).  Furthermore, no differences in infection were detected between varieties at

Campbell Co. in 2002.  At Montgomery Co., fungal infection was numerically higher in

‘Choice’ in 2000 and 2001, but these differences were not significant and no

differences were detected between untreated varieties in 2002.

Overall, infection levels were numerically lower at Montgomery Co. than at

Campbell Co. during the study.  These results partially support those of Kuhar et al.

(1999), who reported significantly higher fungal infection (51%) in the Piedmont

compared to the Shenandoah Valley (14%) and southwestern region (22%) together

in 1997.  However, infection levels among the three regions were not statistically

different in 1996 or 1998 (Kuhar et al. 1999), whereas the results of the present study

suggest that widespread fungal infection occurs more frequently at Campbell Co.

than at Montgomery Co.

Unlike the trend for parasitization, significantly higher fungal infection was

typically observed in the untreated varieties at Campbell Co. each year.  This trend

was also seen at Montgomery Co., where in 2000 the main effect of insecticide had a

significant effect on fungal infection with a higher, albeit very low, percentage infection

in the untreated varieties.  No differences in infection were observed between treated

and untreated varieties in 2001, but in 2002 the untreated varieties again had

significantly higher infection.  There was a general trend for fungal infection to

increase in all treatments as the season progressed, with the exception of 2002 at
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Campbell Co.  In that season, abundant rainfall and high densities of weevil larvae

created optimal conditions for widespread infection earlier in the season than seen in

previous years at Campbell Co. or in any year at Montgomery Co.  As discussed for

observed parasitization levels, significant differences in infection levels between

treated and untreated varieties at either location may reflect uneven sample sizes

between treatments.

Parasitoid–Pathogen Interactions.  Zoophthora phytonomi can be a primary

mortality factor of alfalfa weevil larvae when epizootics occur under favorable

conditions (Harcourt et al. 1977, Goh et al. 1989a, Harcourt and Guppy 1991, Giles et

al. 1994, Kuhar et al. 2000).  The pathogen adversely affects Bathyplectes spp. and

other larval parasitoids by killing both parasitized and non-parasitized weevil larvae.

Berberet and Bisges (1998) reported that ≈20% of weevil larvae killed by Z. phytonomi

between 1983-1994 were parasitized by B. curculionis.  For this reason Z. phytonomi

has been described as a disruptive factor in the alfalfa weevil-parasitoid system (Los

and Allen 1983, Berberet and Bisges 1998).  The delayed response of the non-

multivoltine Bathyplectes spp. populations to changing weevil populations can be

exacerbated by Z. phytonomi (Harcourt and Guppy 1991).  During an epizootic of Z.

phytonomi, fewer Bathyplectes spp. larvae survive to pupate successfully, thus a

smaller population of adult parasitoids emerges to parasitize host larvae the following

spring.  This result of an epizootic can be particularly damaging in terms of biological

control if a particularly large population of weevil larvae appears the following spring.

Competition between parasitoids and fungal pathogens generally favors the

pathogen (Hochberg and Lawton 1990).  However, Z. phytonomi may not completely

escape adverse effects from the presence of Bathyplectes spp. in host larvae.

Furlong and Pell (2000) investigated competition between hymenopterous

parasitoids and the fungus Zoophthora radicans (Brefeld) (Zygomycetes:

Entomophthorales) in the diamondback moth, Plutella xylostella (L.) (Lepidoptera:

Yponomeutidae).  Laboratory experiments indicated that the pathogen and either

parasitoid species adversely affected the other natural enemy when both were

present.  While parasitoid survival was reduced significantly in host larvae infected

with Z. radicans, conidial production by the pathogen in parasitized host larvae was



152

reduced significantly as well if innoculation occurred after 3 days of parasitoid

development (Furlong and Pell 2000).  Further research of the Bathyplectes spp.-Z.

phytonomi-weevil system may indicate that Bathyplectes spp. larvae have a similar

effect on reproduction by Z. phytonomi in the alfalfa weevil host.

In the present study, the percentage of parasitized larvae and percentage of

infected larvae were graphed together against mean host densities per stem to

compare natural enemy prevalences in treated and untreated varieties at both

locations in each year.  For these comparisons, varieties were pooled within

insecticide treatment level to increase the sample size of weevil larvae reared in the

lab.  Mean percentages of infection were typically higher in Campbell Co. than in

Montgomery Co., especially in 2000 and 2001.  Pooled percentages of infection in

treated and untreated varieties at Campbell Co. ranged from 0.0-49.0% and 0.7-

77.9%, respectively, in 2000; from 3.1-68.7% and 5.6-91.5%, respectively, in 2001;

and from 0.0-66.9% and 0.0-78.0%, respectively, in 2002.  Pooled percentages of

infection in treated and untreated varieties at Montgomery Co. ranged from 0.0-3.1%

and 0.0-4.9%, respectively, in 2000; from 0.0-8.1% and 0.0-2.1%, respectively, in

2001; and from 0.0-35.4% and 5.0-90.3%, respectively, in 2002.

In contrast to the trend for infection, mean percentages of parasitization by

Bathyplectes spp. was generally higher at Montgomery Co. than at Campbell Co.

Pooled percentages of parasitization in treated and untreated varieties at Montgomery

Co. ranged from 0.0-77.8% and 29.1-80.3%, respectively, in 2000; from 0.0-51.9%

and 16.7-56.1%, respectively, in 2001; and from 10.4-44.0% and 5.8-49.1%,

respectively, in 2002.  At Campbell Co., pooled percentages of parasitization in treated

and untreated varieties ranged from 0.0-41.7% and 6.8-46.0%, respectively, in 2000;

from 18.1-32.6% and 3.6-48.3%, respectively, in 2001; and from 0.0-27.3% and 0.0-

12.0%, respectively, in 2002.

Comparing the prevalence of fungal infection and parasitization against host

densities illustrates the frequently adverse effects of Z. phytonomi on Bathyplectes

spp. (Figs. 4.1-4.6).  At Campbell Co., infection typically rose towards the end of the

season and often exceeded parasitization levels.  However, in 2002, a high

percentage of infection occurred early in the season and remained fairly high while
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parasitization remained low.  Parasitization levels far exceeded infection levels at

Montgomery Co. in both 2000 and 2001.  In 2002 at Montgomery Co., fungal infection

rose towards the end of the season with the occurrence of high precipitation and a

concomitant decrease in parasitization.  Kuhar et al. (1999) reported a similar inverse

relationship between fungal infection and parasitization in the Piedmont.  Significantly

lower parasitization (22%) occurred in the Piedmont in 1997 than in the Shenandoah

Valley (65%) and southwestern region (47%) together.  In the same year, significantly

higher infection occurred in the Piedmont (51%) than in the Shenandoah Valley (14%)

and southwestern region (22%) together (Kuhar et al. 1999).

The lower parasitization found in the Piedmont may reflect the higher density of

alfalfa weevil larvae occurring in that region, combined with a lack of synchrony

between Bathyplectes spp. adult activity and the presence of alfalfa weevil larvae

(Kuhar et al. 1999).  However, a later study indicated that B. anurus was well

synchronized with peak host density at both Rustburg (Campbell Co.) and Blacksburg

(Montgomery Co.) (Kuhar et al. 2001).  The results of the present study suggest that

another potential explanation for the reduced parasitization seen at Campbell Co. may

include infection by Z. phytonomi.  This pathogen may suppress, in part, parasitization

in the Piedmont through asymmetrical competition with Bathyplectes spp. by reducing

the number of larval hosts available to the parasitoids and killing immature

parasitoids within infected weevil larvae.  Los and Allen (1983) reported a negative

correlation between B. anurus and Z. phytonomi in Virginia, with parasitization

decreasing as fungal infection increased.  Numerous studies have documented

similar trends of low levels of parasitization by Bathyplectes spp. during widespread

infection of alfalfa weevil larvae by Z. phytonomi (Parr et al. 1993, Goh et al. 1989b,

Harcourt 1990, Giles et al. 1994, Morris et al. 1996, Kuhar et al. 1999).

Although higher percentages of fungal infection were found at Campbell Co. in

the present study, previous studies suggest that fungal infection does not fully explain

the differences observed in parasitization between the Piedmont and southwestern

regions in Virginia.  Significantly lower parasitization was found in the Piedmont in

1996 and 1998, years when fungal infection ranged only 13-30 and 7-11%,

respectively, among the Piedmont, Shenandoah Valley, and southwestern region
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(Kuhar et al. 1999).  In a separate study, no significant differences in parasitization

were found between Blacksburg (Montgomery Co.; 49%) and Rustburg (Campbell

Co.; 50%) in 1998, although Blacksburg had significantly higher fungal infection (37%)

than Rustburg (5%) (Kuhar et al. 2000).  Significant differences in parasitization were

observed between locations in 1999 (Blacksburg, 75%; Rustburg, 36%), but infection

levels were not significantly different between locations (Blacksburg, 1%; Rustburg,

19%) (Kuhar et al. 2000).  Significantly higher populations of weevil larvae were found

in Rustburg in both years (Kuhar et al. 2000).  Lower parasitization may occur in the

Piedmont even in years when Z. phytonomi is not prevalent because the density

independent parasitoids are unable to effectively control the larger weevil populations

in that region.  Further research using fungicides to manipulate the occurrence of

fungal infection might clarify the relationship between Z. phytonomi, Bathyplectes

spp., and alfalfa weevil in Virginia.
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Table 4.1.  Percentage parasitization of alfalfa weevil larvae in alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling date at

Campbell Co., Virginia, 2000.

% parasitized alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

29 March 19.3 ± 6.2‡ (131) 22.6 ± 3.7‡ (153) 19.6 ± 3.3‡ (158) 21.0 ± 2.3‡ (201)

5 April 29.7 ± 4.4‡ (288) 33.9 ± 4.8‡ (291) 33.9 ± 6.4‡ (296) 39.7 ± 6.0‡ (257)

Insecticide application 7 April

11 April 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 41.5 ± 6.9‡ (281) 50.6 ± 3.9*

(360)

20 April 25.0 ± 10.2 (14) 25.0 ± 25.0 (5) 29.9 ± 2.6 (258) 22.9 ± 1.1*

(337)

26 April 29.2 ± 17.2 (5) 43.8 ± 15.7 (12) 37.9 ± 4.2 (131) 29.9 ± 4.0*

(169)

4 May 44.6 ± 21.1 (12) 38.7 ± 15.1 (16) 6.9 ± 5.2 (48) 6.6 ± 3.9 (40)

10 May 16.7 ± 16.7 (12) 41.7 ± 14.4 (7) 54.2 ± 20.8 (10) 25.0 ± 25.0 (3)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

Approximately 85% of all parasitoids emerging from alfalfa weevil larvae were

B. anurus; the remaining 15% were B. curculionis.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.

*Differences in parasitization between varieties within a row within insecticide

treatment level are significant (P < 0.10; paired t-test).  See text for t values.
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Table 4.2.  Percentage parasitization of alfalfa weevil larvae in alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling date at

Campbell Co., Virginia, 2001.

% parasitized alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

5 April 30.0 ± 3.3‡ (46) 18.0 ± 1.7‡* (54) 22.7 ± 5.0‡ (59) 30.2 ± 11.2‡ (45)

Insecticide application 5 April

11 April 20.0 ± 1.8 (177) 27.0 ± 3.2* (222) 24.9 ± 4.5‡ (886) 19.2 ± 5.2‡ (1163)

19 April 15.7 ± 3.1 (209) 20.5 ± 5.1 (209) 3.5 ± 1.0‡  (440) 3.8 ± 1.1 (285)

26 April 32.1 ± 3.2 (168) 33.1 ± 11.3 (217) 43.8 ± 9.9 (62) 52.8 ± 16.5 (33)

2 May 27.3 ± 6.6 (45) 14.6 ± 5.0 (66) 38.1 ± 2.8 (32) 39.1 ± 13.7 (24)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

Of all parasitoids emerging from alfalfa weevil larvae, 79.5% were B. anurus,

19.1% were B. curculionis, and 1.3% were O. incertus.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.

*Difference in parasitization between varieties within a row within insecticide

treatment level are significant (P < 0.10; paired t-test).  See text for t values.
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Table 4.3.  Percentage parasitization of alfalfa weevil larvae in alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling date at

Campbell Co., Virginia, 2002.

% parasitized alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

1 April 14.2 ± 3.2‡ (237) 8.6 ± 3.2‡ (215) 11.6 ± 4.6‡ (244) 12.3 ± 4.1‡ (282)

4 April 24.9 ± 7.0‡ (212) 17.4 ± 4.5‡ (227) 12.1 ± 4.6‡ (196) 10.2 ± 3.9‡ (230)

Insecticide application 4 April

18 April 29.5 ± 23.9 (12) 25.0 ± 25.0 (13) 0.0 ± 0.0 (9) 0.0 ± 0.0 (3)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

Approximately 97.4% of all parasitoids emerging from alfalfa weevil larvae were

B. anurus; the remaining 2.6% were B. curculionis.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.
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Table 4.4.  Percentage parasitization of alfalfa weevil larvae in alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling date at

Montgomery Co., Virginia, 2000.

% parasitized alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

19 April 68.8 ± 7.3 (58) 67.5 ± 5.5 (39) 81.8 ± 8.1 (54) 66.4 ± 9.1 (56)

27 April 78.4 ± 1.8 (60) 77.2 ± 1.6 (63) 77.2 ± 2.2 (66) 83.4 ± 2.7 (59)

Insecticide application 27 April

5 May 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 69.6 ± 11.2 (29) 58.4 ± 11.9 (38)

12 May 0.0 ± 0.0 (0) 0.0 ± 0.0 (2) 36.9 ± 12.2 (30) 21.2 ± 10.9 (19)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

Approximately 97.2% of all parasitoids emerging from alfalfa weevil larvae were

B. anurus; the remaining 2.8% were B. curculionis.
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Table 4.5.  Percentage parasitization of alfalfa weevil larvae in alfalfa varieties

‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling date at

Montgomery Co., Virginia, 2001.

% parasitized alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

10 April 10.0 ± 10.0 (5) 0.0 ± 0.0 (1) 0.0 ± 0.0 (0) 33.3 ± 23.6 (4)

16 April 59.1 ± 15.0 (40) 44.7 ± 6.3 (33) 52.4 ± 9.9 (35) 59.8 ± 4.8 (53)

Insecticide application 20 April

27 April 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 45.7 ± 2.1 (478) 47.1 ± 2.0 (476)

4 May 8.3 ± 8.3 (7) 22.6 ± 13.9 (16) 28.4 ± 3.1 (268) 28.9 ± 4.2 (198)

9 May 36.3 ± 22.0 (14) 25.1 ± 11.5 (19) 25.0 ± 3.7 (525) 24.7 ± 1.3 (327)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.

Approximately 91.2% of all parasitoids emerging from alfalfa weevil larvae were

B. anurus; the remaining 8.8% were B. curculionis.
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Table 4.6.  Percentage infection of alfalfa weevil larvae by Z. phytonomi in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2000.

% infected alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

29 March 0.0 ± 0.0‡ (131) 4. ± 0.0‡ (153) 0.5 ± 0.5‡ (158) 1.0 ± 1.0 ‡ (201)

5 April 1.9 ± 0.7‡ (288) 1.7 ± 0.6‡ (291) 0.6 ± 0.4‡  (296) 0.8 ± 0.8‡ (257)

Insecticide application 7 April

11 April 0.0 ± 0.0 (0) 0.0 ± 0.0 (0) 1.7 ± 0.7‡ (281) 3.6 ± 2.0 (360)

20 April 9.4 ± 6.0 (14) 0.0 ± 0.0 (5) 27.7 ± 5.6 (258) 42.9 ± 4.2*

(337)

26 April 0.0 ± 0.0 (5) 12.5 ± 12.5 (12) 29.4 ± 8.0 (131) 52.6 ± 8.5*

(169)

4 May 55.4 ± 21.1 (12) 42.6 ± 9.8 (16) 65.3 ± 1.4 (48) 90.6 ± 5.6* (40)

10 May 55.6 ± 26.0 (12) 12.5 ± 12.5 (7) 45.8 ± 20.8 (10) 50.0 ± 28.9 (3)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.

*Differences in fungal infection between varieties within a row within insecticide

treatment level are significant (P < 0.10; paired t-test).  See text for t values.
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Table 4.7.  Percentage infection of alfalfa weevil larvae by Z. phytonomi in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2001.

% infected alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

5 April 2.1 ± 2.1 ‡ (46) 4.2 ± 4.2 ‡ (54) 7.1 ± 4.2‡ (59) 4.0 ± 2.4‡ (45)

Insecticide application 5 April

11 April 23.9 ± 10.5 (177) 15.4 ± 4.0 (222) 33.2 ± 4.6‡ (886) 56.2 ± 9.9‡* (1163)

19 April 70.0 ± 3.5 (209) 67.4 ± 5.9 (209) 92.1 ± 1.6‡ (440) 90.8 ± 3.1 (285)

26 April 57.8 ± 6.1 (168) 54.8 ± 9.0 (217) 44.2 ± 6.9 (62) 37.6 ± 13.3 (33)

2 May 69.6 ± 5.9 (45) 66.8 ± 7.0 (66) 44.8 ± 9.7 (32) 32.3 ± 11.1 (24)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.

*Differences in fungal infection between varieties within a row within insecticide

treatment level are significant (P < 0.10; paired t-test).  See text for t values.
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Table 4.8.  Percentage infection of alfalfa weevil larvae by Z. phytonomi in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Campbell Co., Virginia, 2002.

% infected alfalfa weevil larvae ± SEM (n)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

1 April 63.7 ± 7.3‡ (237) 70.0 ± 11.2‡

(215)

73.1 ± 9.2‡ (244) 73.5 ± 6.6‡ (282)

4 April 60.6 ± 10.4‡ (212) 55.3 ± 9.8‡ (227) 78.1 ± 8.1‡ (196) 77.8 ± 3.6‡ (230)

Insecticide application 4 April

18 April 20.5 ± 20.5 (12) 58.9 ± 22.3 (13) 46.9 ± 27.2 (9) 75.0 ± 25.0 (3)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
‡Alfalfa weevil larval densities exceeded the economic threshold on this date.
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Table 4.9.  Percentage infection of alfalfa weevil larvae by Z. phytonomi in alfalfa

varieties ‘54H69’ and ‘Choice’ within insecticide treatment levels on each sampling

date at Montgomery Co., Virginia, 2002.

% infected alfalfa weevil larvae (± SEM)

Date Insecticide +1 Insecticide -1

‘54H69’ ‘Choice’ ‘54H69’ ‘Choice’

15 April 8.1 ± 2.8 (91) 9.3 ± 5.5 (106) 3.7 ± 2.3 (91) 6.4 ± 2.5 (108)

Insecticide application 16 April

24 April 12.5 ± 12.5 (6) 0.0 ± 0.0 (15) 18.0 ± 3.8 (221) 8.3 ± 2.9 (216)

30 April 0.0 ± 0.0 (6) 0.0 ± 0.0 (13) 22.2 ± 5.2 (140) 10.3 ± 3.0 (123)

9 May 12.5 ± 9.5 (16) 25.0 ± 25.0 (2) 61.6 ± 11.4 (69) 49.0 ± 9.8 (62)

15 May 37.5 ± 23.9 (4) 33.3 ± 11.8 (7) 86.3 ± 6.1 (56) 94.2 ± 5.8 (34)

1Insecticide + refers to plots receiving insecticide applications; insecticide -

plots never received insecticide applications.
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Fig. 4.1.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Campbell Co., Virginia, 2000.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Fig. 4.2.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Campbell Co., Virginia, 2001.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Fig. 4.3.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Campbell Co., Virginia, 2002.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Fig. 4.4.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Montgomery Co., Virginia, 2000.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Fig. 4.5.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Montgomery Co., Virginia, 2001.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Fig. 4.6.  Mortality of alfalfa weevil larvae by Bathyplectes spp. and Z. phytonomi

against host density in treated and untreated alfalfa at Montgomery Co., Virginia, 2002.

Solid line with box, % parasitization by Bathyplectes spp.; solid line with diamond, %

fungal infection by Z. phytonomi; dashed line with triangle, number of weevil larvae per

stem.
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Chapter Five

RAPD Analysis of Genetic Diversity in Populations of Bathyplectes

anurus (Hymenoptera: Ichneumonidae) in Virginia

Bathyplectes anurus (Thomson) is a solitary, koinobiont endoparasitoid of the

alfalfa weevil, Hypera postica (Gyllenhal) (Coleoptera: Curculionidae).  Alfalfa weevil

first entered the U.S. in Utah in 1904 (Titus 1910), with a second major introduction in

Maryland in 1951 (Poos and Bissell 1953).  By 1970 alfalfa weevil attacked alfalfa

wherever the crop was grown (USDA 1991), severely hampering forage production

across the U.S.  Many growers switched from alfalfa to other crops due to the annual

economic losses produced by this pest species (Ruesink 1976, Berberet and Dowdy

1989).

As an exotic species, the alfalfa weevil entered the U.S. without the natural

enemies that help control its numbers.  The U.S. Department of Agriculture (USDA)

imported B. anurus and other parasitoids from Europe, where alfalfa and alfalfa weevil

have been long established (USDA 1991, Russelle 2001).  The USDA released large

numbers of B. anurus into the U.S. between 1957-1988 as part of one of the most

successful classical biological control programs conducted in the U.S. (Dysart and

Day 1976, Bryan et al. 1993).  By the early 1970s, less than half of the northeastern

states continued to include alfalfa weevil as an economic pest on annual reports to

the Animal and Plant Health Inspection Service (Day 1981).  Approximately 73% of the

alfalfa grown in these states no longer required insecticide treatments for alfalfa

weevil (Day 1981).  Economic analyses have demonstrated the positive economic

benefits of this biological control program for alfalfa weevil (Zavaleta & Ruesink 1980,

Day 1981, White et al. 1995).

Despite the overall success of the biological control program in the

northeastern states, released parasitoids have failed to substantially reduce alfalfa

weevil pest pressure in other regions of the U.S., especially areas south of 40°

latitude (Miller et al. 1972, Day 1981, Berberet and Bisges 1998, Pitcairn and Gutierrez

1989, Radcliffe and Flanders 1998, Kuhar et al. 2000, Berberet et al. 2002).  Alfalfa
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weevil remains an economic pest in the southern U.S., where growers continue to rely

on insecticide application to protect alfalfa (Hearn and Skelton 1979, Carter et al.

1982, Copley and Grant 1998, Flanders 2000).  In Virginia, alfalfa weevil threatens

approximately half (51.5%) of all alfalfa grown each year at an estimated annual cost

of more than $676,000 in insecticide treatments (Kuhar et al. 1999).  Most (94%) of

the fields surveyed by Kuhar et al. (1999) in the Piedmont region of Virginia exceeded

the economic threshold for alfalfa weevil.  Over 90% of Virginia alfalfa growers treat

their fields annually for alfalfa weevil without regard for the pest density actually

present (Luna 1986).

Bathyplectes anurus is commonly found in Virginia, accounting for >90% of all

parasitization of alfalfa weevil, but the species exhibits varying levels of parasitization

across the state (Kuhar et al. 1999, 2000).  Greater densities of alfalfa weevil larvae

occur in the Piedmont region of the state as compared to the southwestern region, but

levels of parasitization by B. anurus are higher in the southwestern region than in the

Piedmont.  In a 3 year survey conducted by Kuhar et al. (1999), larval parasitization by

Bathyplectes spp. ranged from 45-73% in the southwestern region, but only 16-32%

in the Piedmont region.  Bathyplectes anurus accounted for 95% of the parasitoids

collected in the survey, with the congener Bathyplectes curculionis (Thomson)

representing the remaining 5% (Kuhar et al. 1999).  Differences in parasitization

levels between the two regions may be due to a variety of factors, including but not

limited to genetic variation between parasitoid populations, climatic differences,

grower practices, or a combination of these factors.  Genetic variation between the

Piedmont and southwestern populations could be examined relatively quickly using

molecular techniques, thereby establishing or eliminating genetic variation between

strains as an explanation for the varied levels of parasitization seen across the state.

The inadvertent selection of an ill-suited parasitoid strain or biotype has important

implications for the success of any biological control program (Caltagirone 1985,

Roush 1990, Unruh and Messing 1993, Narang et al. 1994).

Polymerase chain reaction (PCR) is a molecular technique widely used in

entomology (Loxdale et al. 1996, Loxdale and Lushai 1998).  One variation of PCR,

random amplified polymorphic DNA-PCR (RAPD-PCR), uses a single, short (usually
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10 nucleotides) primer of a random sequence to amplify genomic DNA (Williams et

al. 1990).  RAPD primers bind to homologous sites along template DNA and direct

the preferential amplification of these regions, producing DNA fragments (amplimers)

of various sizes that are separated by gel electrophoresis.  Several assumptions are

made regarding RAPD amplimers.  Amplimers of the same size are assumed to be

products of biallelic loci that were inherited through Mendelian segregation.  Same-

size amplimers are assumed to be homologous products and not co-migrating

products of different loci.  Furthermore, the populations tested are assumed to be in

Hardy-Weinberg equilibrium.  Allelic variation among individuals is seen as the

presence or absence of amplimers on a gel, with the absence of an amplimer

interpreted as a null allele.  The presence of an amplimer indicates that an individual

possesses at least one pair of binding sites homologous to the primer sequence

used, while the absence of an amplimer indicates that an individual lacks an

appropriate pair of binding sites.  Polymorphism in amplimer banding patterns (RAPD

profiles) can be used to differentiate between individuals, populations, or species.

Amplimers produced by RAPD-PCR are anonymous genetic markers with no

information regarding their sequence or function, but this information is not required

in order to identify populations effectively (Hernandez et al. 1998).

Within entomology, RAPD-PCR has been used successfully to characterize

populations (Taberner et al. 1997, Lou et al. 1998, Morgan et al. 2000, Moya et al.

2001), identify species (Kambhampat et al. 1992, Sebastiani et al. 2001), and detect

ecotypes (Pornkulwat et al. 1998) and cryptic species (Hoy et al. 2000).  RAPD-PCR

has also been used to conduct phylogenetic studies (Puterka et al. 1993) and

determine the geographic origin of species (Williams et al. 1994, Biron et al. 2000).

RAPD-PCR does not require previous knowledge regarding DNA sequences, making

it useful for species for which limited genetic information is known.  RAPD-PCR and

similar techniques producing DNA markers have been particularly useful for studying

the Hymenoptera, which characteristically has very low levels of isozyme variability

(Graur 1985).  In particular, RAPD-PCR is frequently used by researchers studying the

parasitic Hymenoptera (Edwards and Hoy 1993, Landry et al. 1993, Roehrdanz et al.

1993, Antolin et al. 1996, Roehrdanz 1996, Chiappini et al. 1999, Hoy et al. 2000).  
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Given the lack of genetic information available for B. anurus and the previous

successes other researchers have had with RAPD-PCR, I hypothesized that the

technique would be appropriate to detect genetic variations between the Piedmont

and southwestern populations of this parasitoid.  Rather than correlate genetic

variation to levels of successful parasitization (Roush 1990), my goal was to

document the presence or absence of genetic differences in B. anurus in the

Piedmont and southwestern regions of Virginia.  Future research may use these

genetic profiles to compare populations of B. anurus from Virginia to other

populations in the U.S. or Europe, where more effective strains may be identified for

collection and eventual release as biological control agents in Virginia.

Materials and Methods

Parasitoid Samples.  Parasitoids were obtained by rearing alfalfa weevil larvae

in the lab.  Host larvae were collected from alfalfa with a sweep net in 2001 and 2002.

Collections were made from a field at the Virginia Tech Kentland Research Farm in

Montgomery Co., near Blacksburg (80° 25’ W, 37° 14’ N; elevation ≈640 m) in the

southwestern region, and from a farmed field in Campbell Co., near Rustburg (79°

10’ W, 37° 20’ N; elevation ≈200 m) in the Virginia Piedmont (Fig. 5.1).  Collection

sites were located approximately 53 km apart, a distance divided by the Blue Ridge

Mountains.

Host larvae were transported to the lab in plastic bags kept on ice.  Host larvae

were apportioned into ventilated, paperboard rearing canisters, provided with fresh

alfalfa daily, and kept at room temperature until pupation, when parasitoid larvae

emerged from the host and pupated as well.  Parasitoids were identified to species

by cocoon morphology and jumping behavior (Brunson and Coles 1968, Day 1970).

Rearing larvae in the lab eliminated exposure of parasitoid cocoons to

hyperparasitoids, but it did not preclude hyperparasitization of B. anurus larvae within

the host prior to collection.  Only active cocoons of B. anurus were selected for DNA

extraction based on the assumption that B. anurus cocoons containing developing
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hyperparasitoids would be unlikely to exhibit the jumping behavior characteristic of

prepupal B. anurus within the cocoon.

Parasitoids were removed from cocoons for examination before DNA

extraction.  Sluggish or discolored parasitoids, primarily seen in the pre-pupal larval

stage, were discarded.  Care was taken to separate pupae from meconial pellets.

Some parasitoids were removed from cocoons and immediately frozen in 150 µl of TE

buffer (10 mM Tris-HCl; 1 mM EDTA, pH 7.4) for long-term storage at -80°C.  Frozen

samples were thawed and the TE buffer was discarded before proceeding with

extraction.

DNA Extraction.  Parasitoid genomic DNA was extracted following a protocol

modified from Ashburner (1989) for Drosophila melanogaster Meigen (Diptera:

Drosophilidae).  Modifications included increasing the volumes of homogenization

and lysis buffers to 100 µl and increasing the volume of 8M K acetate to 30 µl.

Individual parasitoids were placed in a 1.5 ml microcentrifuge tube and

macerated in 100 µl of homogenization buffer [10 mM Tris-HCl, pH 7.5; 60 mM NaCl,

10 mM disodium ethylenediamine tetraacetate (EDTA); 5% sucrose] using a plastic

pestle (Kontes, Vineland, NJ).  To each tube, 100 µl of lysis buffer (300 mM Tris-HCl,

pH 9.0; 100 mM EDTA, 0.625% sodium dodecylsulfate, 5% sucrose; 1% diethyl

pyrocarbonate) was added before incubating for 30-40 min at 37˚C.  After cooling to

room temperature, proteins were precipitated by adding 30 µl 8 M potassium acetate

to each tube and incubating for 30 min on ice.  Tubes were then centrifuged at 4˚C for

10 min at 20,800 g.  The resulting supernatant was removed to a fresh 1.5 ml

microcentrifuge tube, taking care not to disturb the pellet or any surface lipids.  The

supernatant was extracted with an equal volume of 1:1 phenol/chloroform and

centrifuged at 4˚ C for 10 min at 20,800 g.  A second phenol/chloroform extraction

followed and tubes were centrifuged again at 4˚ up to 5 min at 20,8000 g.  Two

volumes of absolute ethanol were added to each tube to precipitate the DNA; tubes

were inverted 20 times and incubated at room temperature for 5 min.  Tubes were

centrifuged again at room temperature for 10 min at 20,800 g.  The supernatant was

removed and the pellet washed with 400 µl 70% ethanol.  Tubes were centrifuged
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again to reseat the pellet before removing the supernatant.  Pellets were air-dried

before suspension in 20 µl TE buffer.

All parasitoids reared in 2001 were in the pupal stage when they were frozen in

TE buffer for storage.  Following DNA extraction, RNA in these pupal samples was

digested with 1.5 µl of RNase A and T1 (RNase Cocktail, Ambion, Austin, TX) during

incubation at 37°C.  RNA fragments were removed subsequently by microspin

column filtration (Microcon Centrifugal Filter Devices, Millipore Corporation, Bedford,

MA).  In contrast, parasitoids reared from larvae in 2002 were in the pre-pupal larval

stage when removed from cocoons and frozen in TE buffer for storage.  These pre-

pupal larvae held large quantities of a substance that appeared to be RNA; however,

large, discrete bands of this material remained visible on gels following RNase

treatment.  For this reason, samples from 2002 were not treated with RNase or

column purified following DNA extraction.  This substance may have been

polysaccharide hydrocarbons, perhaps present in the prepupal parasitoid and

eliminated during metamorphosis to the pupal stage, but not likely to be undigested

RNA.  The presence of this material and any RNA present did not appear to affect

RAPD-PCR in any way.

Yield and purity of extracted DNA were determined using a spectrophotometer

(SmartSpec 3000™, Bio-Rad, Hercules, CA).  DNA integrity was checked by

electrophoresis of 5.0 µl of DNA with 1 µl 6x loading dye on a 0.8% agarose gel

stained with ethidium bromide and visualized on an UV transilluminator.  Aliquots of

DNA were kept at 4°C for immediate use, but additional aliquots were kept at -20°C

for long-term storage.

RAPD-PCR and Gel Electrophoresis.  A total of ten individuals from each population

(five from each year) was assayed.  RAPD-PCR was performed using standardized,

pre-mixed, and dehydrated reaction beads (Ready-To-Go™ RAPD Analysis Beads,

Amersham Biosciences, Piscataway, NJ) in 25 µl volumes following kit instructions.

Reaction beads were rehydrated with sterile distilled water before adding 25 pmol

primer and 20-50 ng template DNA to each reaction tube.  The six decamer primers

used were those included with the kit (Table 5.1).  Each reaction was replicated twice
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to ensure reproducibility.  Negative control reactions holding all reaction components

except for DNA were included in each run.  All equipment and components, except

DNA and reaction tubes containing dehydrated RAPD beads, were exposed to UV

light to crosslink extraneous DNA and prevent contamination before combining the

reaction components.

All reagents were combined within the supplied tubes containing the reaction

beads, but the contents of each tube were transferred into 0.2 ml PCR reaction tubes

(PE Applied Biosystems, Foster City, CA) prior to cycling.  Amplification was performed

in a programmable thermocycler (GeneAmp PCR System 9700, PE Applied

Biosystems) using the recommended 46-cycle profile: 95°C for 5 min, then 45 cycles

of 95°C for 1 min, 36°C for 1 min, and 72°C for 2 min.  Tubes were kept at a final

holding temperature of 4°C until removed.

PCR products (5 µl) were resolved by electrophoresis on a 15-cm long, 2%

agarose gel containing ethidium bromide.  Gels were electrophoresed at 150 V for

approximately 3 hours in 1x TBE (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0)

buffer.  RAPD profiles were visualized on an UV transilluminator and documented with

a digital analysis system (KODAK EDAS 290, Eastman Kodak Company, Rochester,

NY).

Data Analysis.  Amplimer size was estimated using a 1 Kb molecular ladder

(Gibco BRL®, Life Technologies, Gaithersburg, MD) included on each gel. RAPD

profiles were compared and amplimer sizes (bp, base pairs) were measured using a

software package (KODAK 1D Image Analysis Software, Eastman Kodak Company,

Rochester, NY).  For each individual parasitoid, amplimers were scored visually with

the presence or absence of an amplimer represented by 1 or 0, respectively.

Data were arranged in a matrix, which was assessed initially using the

RAPDistance v. 1.04 software package (Armstrong et al. 1994).  RAPDistance

includes a number of metrics used to estimate genetic diversity among RAPD

phenotypes.  In this study RAPD data for both years together were analyzed using the

Dice metric:
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2 * n11 / (( 2* n11) + n01 +n10)  (1)

where n11 = the number of locations where both individuals (“x” and “y”) exhibit

amplimer presence; n01 = the number of locations where only individual “y” exhibits

amplimer presence; and n10 = the number of locations where only individual “x”

exhibits amplimer presence (Armstrong et al. 1994).

The Jaccard metric, a second commonly used estimator of genetic distance,

was performed on the phenotype data as well.  The Jaccard metric is defined as:

n11 / (n-n00)  (2)

which follows the same definitions of n and n11 given with the Dice metric (1).  In

addition, n00 = the number of locations where neither “x” nor “y” exhibits amplimer

presence (Armstrong et al. 1994).

Both the Dice and Jaccard metrics calculate similarity values based on the

number of amplimers shared between two individuals, which is expressed as a

genetic distance with a value ranging from 0.0 to 1.0.  For both metrics, genetic

distances near 0 indicate high levels of genetic similarity, whereas distances closer

to 1.0 indicate decreasing levels of similarity.

Further statistical analysis of the phenotype data was conducted using

analysis of molecular variance (AMOVA) (Excoffier et al. 1992) in the Arlequin v. 2.000

software package (Schneider et al. 2000).  The overall phenotypic variance was

partitioned into two hierarchical levels: among individuals within each population and

between the two populations.  In addition, AMOVA estimates the value of φst, an

analogue of the fixation index Fst, and a measure of the proportion of the total variance

relative to the variance contained within populations.  Values of φst range from 0,

indicating no genetic differentiation, to 1.0, indicating no genetic similarity.  In a

comparison of only two populations, such as in this study, φst and the variance

component between populations are clearly related to each other.

AMOVAs were conducted for both collection years together and for each year

separately.  The significance of the between population variance components and φst,
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the fixation index, was tested against a null distribution generated by a randomization

procedure with 1000 permutations.  Between population variance components and φst

values were considered significant at P ≤ 0.05.

Results and Discussion

All six primers used in this assay produced complex RAPD profiles containing

both invariant (monomorphic) and informative (polymorphic) bands, as illustrated by

the representative gels shown in Figs. 5.2 and 5.3.  A total of 133 amplimers were

produced, with 39 (29.3%) monomorphic amplimers and 94 (70.7%) polymorphic

amplimers.  Each primer produced a mean of 22 amplimers per individual, with a

range of 17-28 (Table 5.1).  The total number of amplimers per individual ranged 74 to

101 across all primers, with a mean of 91.  Amplimer sizes ranged from about 250 to

1900 bp.  All amplimers were shared by individuals in both populations, thus none

were diagnostic for a particular population.

Despite complex profiles and a high level of informative amplimers, the genetic

distances calculated using the Dice and Jaccard metrics suggested that the overall

genetic variation between the two populations was low when individuals from both

years were examined together.  As calculated using the Dice metric, the mean genetic

distance between individuals in Campbell Co. and Montgomery Co. was 0.153 ±

0.007 (mean ± SEM) and 0.164 ± 0.005, respectively (Table 5.2).  The mean genetic

distance between Campbell Co. and Montgomery Co. populations was 0.159 ± 0.004,

ranging from 0.077 to 0.292.  Using the Jaccard metric, the genetic distance between

individuals in Campbell Co. and Montgomery Co. was 0.265 ± 0.010 and 0.279 ±

0.007, respectively (data not presented).  The mean genetic distance between

Campbell Co. and Montgomery Co. populations was 0.277 ± 0.006, ranging from

0.143 to 0.452, again according to the Jaccard metric.  All genetic distances

calculated by the Dice and Jaccard metrics were <0.30 and <0.46, respectively.  This

close range of genetic distances suggests that a randomly chosen individual from

Campbell Co. and a randomly chosen individual from Montgomery Co. were as
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genetically similar to each other as two randomly chosen individuals within either

population.

The AMOVA for both years together indicated that 98% of the total variation was

attributed to the within population level (Table 5.3).  Only 2% of the total variation

occurred between populations, which was not significant (P = 0.155).  The low φst

value (φst = 0.0212), which reflects the level of interpopulational variation, further

indicates that the two populations possessed similar phenotypes and were not

significantly different from each other when analyzed across both years (P = 0.155).

When years were analyzed separately, φst values and variance components for

2001 and 2002 were nearly identical (Table 5.3).  The low fixation index values (2001,

φst = 0.0601; 2002, φst = 0.0607) indicate that some genetic variation was present in

both years, but overall the two populations possessed similar phenotypes.  Most

(94%) of the total phenotypic variation observed in either year was attributed to

variation among individuals within populations, with only 6% of the variation found

between populations (Table 5.3).  Interestingly, the small variance component

between populations and the related φst were significant in 2001 (P = 0.046), but not in

2002 (P = 0.107).

The results of this preliminary study show that a low level of genetic variation

exists between the Piedmont and southwestern populations of B. anurus in Virginia.

Although the genetic variation between populations was not overly large in either year,

it was sufficient to differentiate between the Campbell Co. and Montgomery Co.

populations in 2001.  The possibility exists that genetic differences between

populations were present but not detected in 2002 because only small sample sizes

(n = 5 per population) were tested.  Alternatively, the significant variation detected

between populations in 2001 may not be found in larger sample sizes and the lack of

significance seen in 2002 is the norm for these populations.  Further testing with

larger sample sizes is required to confirm the significant variation detected in 2001.

Based on this study, testing a minimum of 10-15 individuals per population is

suggested, but testing 20-30 individuals per population would be ideal.
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Whether additional testing verifies the significance of the genetic variation

detected between the Piedmont and southwestern populations or not, these two

populations appear to share a substantial level of similar phenotypes.  Genetic

similarity is often interpreted as evidence of gene flow among populations.  However,

population history can strongly influence the genetic variation observed among

populations (Templeton et al. 1995).  Genetic similarity may more accurately reflect

recent colonization events from a common stock instead of current gene flow among

separated populations (Templeton et al. 1995).  Thus, the genetic similarity found

between populations in the present study should be interpreted with an

understanding of the classical biological control program that released this species

into the U.S.

According to USDA records, approximately 1,050 specimens of B. anurus were

imported into the U.S. over the course of the biological control program (Bryan et al.

1993).  Most of these specimens came from France, with only 133 and <14

specimens imported from the former Soviet Union and Italy, respectively.  These

imported stocks, largely from France, formed the potential gene pool for all U.S.

populations of B. anurus.  These founding individuals were released into a number of

states across the continent, with approximately 650 individuals released in New

Jersey and Pennsylvania (Bryan et al. 1993).  North American populations of B. anurus

undoubtedly experienced founder effects when researchers established the

parasitoid in the U.S.

The importation, release, and distribution of B. anurus in states that contributed

to the establishment of the parasitoid in Virginia by 1981 is summarized in Table 5.4.

Between 1967-1971, 1,027 B. anurus from New Jersey and Pennsylvania were

released in Virginia.  These releases represented less than 1.0% of the total number

of B. anurus liberated in Virginia during the entire program (n = 173,527) (Bryan et al.

1993).  No other releases were reported in Virginia until 1981, when 99.4% (n =

172,500) of the total B. anurus released in the state was liberated.   Kentucky provided

70.4% (n = 121,500) of the B. anurus released in 1981, with Indiana providing the

remainder (29.6%; n = 51,000).  The release program in Virginia concluded with the

releases in 1981.  As a univoltine species (Day 1970), only ≈20-21 generations of B.
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anurus have passed before parasitoids were collected in 2001 and 2002 for this

study.

As part of the biological control program, parasitoid populations were

redistributed among and within certain states during the 1960s and 1970s (Bryan et

al. 1993).  By the early 1980s, large numbers of B. anurus were available for

importation and redistribution between and among states, as documented in Indiana,

Kentucky, and Virginia (Table 5.4).  Although B. anurus populations within states

increased to substantial numbers, the gene pool for this species may have been

relatively homogenous due to founder effect and univoltinism.  Given the recent (1981)

release of the bulk (99.4%) of B. anurus liberated in Virginia, the genetic similarity

observed in this study probably reflects a homogenous population produced by

multiple founder effects (importation from Europe, later importation from Kentucky and

Indiana into Virginia) and a slow rate of reproduction (univoltinism).

In light of the population history of B. anurus in the U.S., the results of the

present study raise some interesting questions regarding the genetic diversity of this

species in North America.  Using RAPD-PCR and egg micromorphology, Biron et al.

(2000) concluded that the cabbage root fly, Delia radicum L. (Diptera: Anthomyiidae),

had not had enough time for population divergence given the <500 generations that

had passed since its earliest estimated introduction into North America.  As the bulk

of B. anurus imported from outside the U.S. was released between 1960-1970 (Bryan

et al. 1993), only 30-40 generations have passed since the introduction of this

parasitoid to North America.  This brief time period suggests that only minimal

population divergence might have occurred since the introduction of this species, but

the degree of genetic similarity among B. anurus populations within North America

has not been documented.  Populations within and outside of Virginia share may

share similar RAPD profiles or regional differences in profiles may exist.  Comparing

populations from Kentucky, Pennsylvania, and Indiana to Virginia populations might

be particularly interesting given the roles that these states played in supplying

founding populations to Virginia.

Low levels of genetic variation have been found using a variety of protein and

DNA markers in numerous animal species.  Reduced genetic variation is often
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associated with endangered species or species that have undergone significant

genetic bottlenecks.  Some of the best known faunal examples include the black robin

in New Zealand (Ardern and Lambert 1997), beaver populations in Europe (Ellegren

et al. 1993), and the African cheetah (O’Brien 1998).  Low genetic variation has been

detected by RAPD-PCR in insect species as well.  Kozol et al. (1994) compared

widely separated populations of the endangered carrion beetle Nicrophorus

americanus Olivier (Coleoptera: Silphidae) from an island off Rhode Island and a

region of Oklahoma and Arkansas.  A surprisingly high (93%) level of genetic

similarity was detected between these extant populations despite the geographical

distance and lack of gene flow between them.

Reduced genetic variation within the Hymenoptera has been previously

detected using RAPD-PCR.  Hoy et al. (2000) investigated genetic differences

between laboratory colonies and wild populations of the parasitoid Ageniaspis

citricola Logvinovskaya (Hymenoptera: Encyrtidae).  The authors concluded that the

low genetic variability seen in the colony was not due to founder effect as both the

colony and wild populations shared the same RAPD profile.  Instead, A. citricola

appeared to be a genetically uniform species (Hoy et al. 2000).  Edwards and Hoy

(1993) found low genetic variation in the parasitoid Trioxys pallidus (Haliday)

(Hymenoptera: Aphidiidae).  The authors suggested that T. pallidus may be

genetically uniform as a species or it may have suffered founder effects during its

introduction and release as a classical biological control agent for walnut aphid,

Chromaphis juglandicola (Kaltenbach) (Homoptera: Aphididae), in California

(Edwards and Hoy 1993).

A comparable situation of low genetic variability may exist for B. anurus,

independent of whether the level of variation present is sufficient to differentiate

among populations or not.  Comparisons between U.S. and European populations

might illustrate pre- and post-founder effect differences in parasitoid phenotypes, or

such testing may show that B. anurus is genetically uniform as a species both within

and outside of the U.S.  Again, additional testing with sufficient sample sizes is

required before any conclusions are drawn regarding the extent of genetic variability in

U.S. populations.
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Further analysis of genetic differences among B. anurus populations should

include molecular markers generated by techniques other than RAPD-PCR for

comparison purposes.  Some studies have shown that RAPD-PCR is less sensitive

in detecting genetic variation than other molecular techniques.  Lougheed et al. (2000)

compared genetic variation among populations of the threatened Massasauga

rattlesnake (Sistrurus c. catenatus) using RAPD-PCR and microsatellites.  Although

both techniques suggested that gene flow was restricted among the tested

populations, microsatellites revealed greater genetic differences than RAPD-PCR.

The authors recommended using microsatellites instead of RAPD-PCR for

discriminating fine-scale genetic structure resulting from recent changes in

populations.  Tosti and Negri (2002) compared the ability of RAPD-PCR to detect

genetic differences among landraces of cowpea, Vigna unguiculata subsp.

unguiculata (L.), with two other molecular techniques.  Both amplified fragment length

polymorphism (AFLP) and selectively amplified microsatellite polymorphic locus

(SAMPL) were more efficient than RAPD-PCR at detecting genetic differences among

landraces.  The authors concluded that RAPD-PCR was best suited to differentiate

among genetically distinct populations, but not when populations were more

genetically homogenous (Tosti and Negri 2002).  Other markers for consideration

include restriction fragment length polymorphism-PCR (RFLP-PCR) (Daza-

Bustamente et al. 2002) or amplification of targeted gene sequences using universal

primers  (Hoy et al. 2000).

Until now, no molecular studies have been conducted on B. anurus, an

important parasitoid of the alfalfa weevil.  These results provide a preliminary

baseline of the genetic variation present in Virginia populations and should prove

useful in future studies.  Should more effective strains of B. anurus be identified and

released in Virginia, these RAPD profiles of current populations could be used to

measure the spread of the newly released strains within the state.
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Fig. 5.1.  Map of Virginia indicating collection sites.  Shaded area, Campbell

Co., and patterned area, Montgomery Co.  Collection sites are separated by about 53

km.

N
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Table 5.1. Primers used in RAPD-PCR assays and number of amplimers

scored.

Primer Primer sequence Amplimers scored

1 5’-GGTGCGGGAA-3’ 17

2 5’-GTTTCGCTCC-3’ 18

3 5’-GTAGACCCGT-3’ 19

4 5’-AAGAGCCCGT-3’ 25

5 5’-AACGCGCAAC-3’ 26

6 5’-CCCGTCAGCA-3’ 28

Primers supplied with Ready-To-Go™ RAPD Analysis Beads, Amersham

Biosciences, Piscataway, NJ.
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Fig. 5.2.  RAPD profiles produced by Primer 4 from individual B. anurus
collected in Campbell Co. and Montgomery Co., Virginia.  Lanes 1 and 20, 1 Kb
molecular ladder; lanes 2-10, individuals from Campbell Co.; lanes 11-19, individuals
from Montgomery Co.
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Fig. 5.3.  RAPD profiles produced by Primer 5 from individual B. anurus
collected in Campbell Co. and Montgomery Co., Virginia.  Lanes 1 and 20, 1 Kb
molecular ladder; lanes 2-10, individuals from Campbell Co.; lanes 11-19, individuals
from Montgomery Co.
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Table 5.2.  Pairwise genetic distances within and between populations of B. anurus in Virginia based on RAPD

markers and calculated using the Dice metric.  Abbreviations used are: C, Campbell Co.; M, Montgomery Co.

Numerals beside county abbreviation specify an individual sample.  Samples 1-5 were collected in 2001; samples 6-

10 were collected in 2002.  Similarities between populations are within the outlined box.  See text for details.
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C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

C1 —

C2 0.200 —

C3 0.088 0.205 —

C4 0.109 0.205 0.098 —

C5 0.130 0.253 0.109 0.109 —

C6 0.141 0.216 0.122 0.111 0.132 —

C7 0.155 0.234 0.146 0.157 0.135 0.095 —

C8 0.162 0.220 0.154 0.198 0.165 0.144 0.071 —

C9 0.165 0.246 0.168 0.157 0.146 0.126 0.097 0.104 —

C10 0.184 0.231 0.176 0.155 0.176 0.146 0.138 0.146 0.117 —

M1 0.133 0.254 0.112 0.144 0.112 0.146 0.160 0.146 0.138 0.168 —

M2 0.144 0.234 0.124 0.135 0.146 0.147 0.129 0.158 0.151 0.117 0.117 —

M3 0.163 0.248 0.131 0.143 0.086 0.156 0.182 0.202 0.182 0.213 0.135 0.159 —

M4 0.120 0.232 0.077 0.121 0.110 0.112 0.126 0.144 0.137 0.157 0.103 0.115 0.145 —

M5 0.146 0.236 0.115 0.115 0.104 0.149 0.174 0.182 0.174 0.194 0.118 0.141 0.126 0.105 —

M6 0.170 0.292 0.173 0.184 0.162 0.120 0.156 0.186 0.189 0.209 0.143 0.167 0.200 0.141 0.169 —

M7 0.171 0.265 0.185 0.207 0.196 0.122 0.168 0.176 0.200 0.198 0.198 0.200 0.200 0.187 0.180 0.117 —

M8 0.165 0.246 0.157 0.189 0.168 0.147 0.108 0.104 0.108 0.181 0.149 0.183 0.193 0.148 0.185 0.200 0.146 —

M9 0.169 0.226 0.151 0.161 0.161 0.152 0.166 0.141 0.123 0.111 0.153 0.155 0.175 0.152 0.178 0.204 0.172 0.144 —

M10 0.168 0.228 0.159 0.182 0.182 0.171 0.175 0.149 0.130 0.173 0.162 0.198 0.198 0.149 0.177 0.228 0.205 0.153 0.157 —
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Table 5.3.  Analysis of molecular variance (AMOVA) between and within populations of B. anurus in Campbell

Co. and Montgomery Co., Virginia.  Probability values based on null distribution from 1000 permutations.

Year Source of variation d.f.

Sum of

Squares

Variance

component

% of total

variation P value φst

Both years Between populations 1 17.45 0.31 2.11 0.155 0.0212

Within populations 18 258.30 14.35 97.89 —

2001 Between populations 1 16.30 0.79 6.01 0.046 0.0601

Within populations 8 98.80 12.35 93.99 —

2002 Between populations 1 17.60 0.86 6.07 0.107 0.0607

Within populations 8 106.40 13.30 93.93 —
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Table 5.4.  Summary of importation, release, and redistribution data for

B.anurus in states leading to releases in Virginia.

State Year Origin # Released

Indiana 1965 France 95

1967 New Jersey 107

1980-1981 Indiana, Kentucky 241,932

Kentucky 1967 New Jersey 178

1971 Pennsylvania 251

1981 Kentucky 59,600

New Jersey 1920 France, Italy 14

1963-1966 France 319

1970-1971 Pennsylvania 424

Pennsylvania 1963-1964 France 182

1966 U.S.S.R. 133

1966-1968 New Jersey 360

1970 Pennsylvania 27

Virginia 1967-1971 New Jersey, Pennsylvania 1,027

1981 Indiana, Kentucky 172,500

Data summarized from Bryan et al. 1993.
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Appendix A

Comparison of quality designations for alfalfa as livestock feed.

University of Nebraska1 VDACS2

Suggested use ADF range Quality designation ADF range

Prime dairy < 31 Supreme < 27

Good dairy 31-35 Premium 27-30

Good beef 36-40 Good 30-32

Maintenance 41-42 Fair 32-35

Poor 43-45 Low > 35

1Source: Grant et al. 1997.
2Source: Virginia Department of Agriculture and Consumer Services
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