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CHAPTER I
INTRODUCTION

The Bollworm/Rndworm Complex
The cotton bollworm, Helicoverpa zea (Boddie) and the closelyrelatedtobacco
budworm, Heliothis virescens (Fabricius) are serious pests of many crops throughout the
Americas. Together withrelatedspecies from the nocluid subfamily Heliolhidinae, they
comprise a group of agricultural pests that damage a wide variety of food,fiber,oil,
horticultural, fodder and omamental crops in virtually every comer of the world (Fill
1989). This group of pests occurs worldwide, and can be found on virtually all of the land
masses banded by 50 degrees North latitude and 50 degrees South latitude (Quaintance and
Bmes 1905). Permanent populations exist between 40 degrees North and South latitude
(Fill 1989). Representatives of the group are even found on many islands of the Pacific
Ocean (Hardwick 1965).
In the early 20* century, the majority of the economically important species in the
group was considered only one species, and wasreferredto as either Heliothis obsoleta
(Fabricius) or Heliothis armigera (Hiibner) (Hardwick 1965). After a half-century or so of
revisions of the genus Heliothis, a new genus, Helicoverpa was erected based on
morphological differences. Eleven new and previously described species in Heliothis were
placed in this new genus (Hardwick 1965). Based on genilalic characteristics, the
Helicoverpa can be divided into five groups: the punctigera group (one Australian species),
the gelotopoeon group (four South American species), the hawaiiensis group (two
Hawaiian Islands species), the armigera group (two old world species), and the zea group
(eight species worldwide) (Hardwick 1965). H. zea (commonly called the com earworm)
is the solerepresentativeof the Helicoverpa inhabiting North America (Hardwick 1965).
Outside of the Americas, the only species of the zea group that have achieved major pest
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Status are Helicoverpa armigera of Africa, Europe, the Middle East, and Asia, and
Helicoverpa punctigera of Australia (Fitt 1989). North American speciesremainingin
Heliothis include lupata Grote, paradoxa (Grote), ononis (Schiffermuller), phloxaphaga
Grote and Robinson, subflexa (Guenee) and virescens (Fabricius) (Hardwick 1965).
The adults of//, zea and H. virescens are easily distinguished from one another,
but the eggs and small larvae are very similar morphologically and as aresultare difficult to
identify to species (Hogg and Nordheim 1983). The usual method for species
identification of larvae is dissection and examination of the mandible for theretinaculum,a
tooth-like projection near the center of the oral surface that is absent in H. zea (Peterson
1948). Using electron microscopy, a group of characteristics has been identified that allow
the identification of eggs to species, but a dissecting microscope is required to see the
characteristics (Bemhardt and Phillips 1985). In areas where crops are infested by both
species, the bollworm and tobacco budworm arereferredto collectively as the
bollworm/budworm complex.
The great success of some members of the Helicoverpa-Heliothis group as major
crop pests has been attributed to several characteristics that allow them to exploit the
ephemeral crop habitat. These pests survive through periods of unfavorable conditions by
a facultative diapause, then successfully colonize and exploit ephemeral crops as tiiey
become available during the season using high mobility, a succession of host plants and a
high fecundity (Fitt 1989). The bollworm and budworm exhibit all of these characteristics
in varying degrees. Specific differences m the biological attributes of each species will be
elucidated in the section describing the biology and distribution of these pests.
The bollworm and budworm are highly polyphagous pests (Fitt 1989, Hardwick
1965, Hogg and Nordheim 1983, Quaintance and Bmes 1905, many others). Early
researchersreportedapproximately 70 host plants for the bollworm (Quaintance and Bmes,
1905), while laterreportsexpanded Uie list to over 200 (Kogan et al. 1985) host species.

Bollworms and budworms feed mainly on the flowers and fmit of host plants, evidently
stimulated by the need for high protein nutrition (Hardwick 1965) or high nitrogen levels
(Fitt 1989). In cotton (Gossypium hirsutum L.), a single bollworm larva damages an
average of eight squares, 1 2/3 bolls, and one bloom during its development (Quaintance
and Bmes 1905). Because the fmit is injured, arelativelylow density of bollworms or
budworms can cause economic losses to high-value crops such as cotton. In cotton,
secondary damage can occur when entrance holes left in bolls by larvae allow the
penetration of secondary bacterial and fungal pathogens, which often cause the entire boll
to rot (Whitcomb and Bell 1964). Larvae feeding in the interior of fruiting stmctures are
sheltered from generalist natural enemies and insecticide applications making both natural
and applied controls difficult (Quaintance and Bmes 1905, Hardwick 1965, King and
Coleman 1989).
The host ranges of//, zea and //. virescens overlap considerably (Fitt 1989). Both
species may be found in the same field in varying proportions depending on the crop and
geographical location. In the United States, most serious injury is inflicted on cotton, com
(Zea mays L.), tomatoes (Lycopersicon esculentum Mill), and tobacco (Nicotiana tabacum
L.) (Quaintance and Bmes 1905), but significant injury may also occur in soybeans
(Glycine max [L.] Merr.) and sunflowers (Helianthus annuus L.) (Fitt 1989). In the Texas
High Plains the bollworm is mainly an economic pest of cotton. Infestations in com are
usually sub-economic because almost all of the commercially grown com in the area is field
com for livestock feed. //. zea larvae, while almost always present in feed com in large
numbers, usually damage arelativelysmall proportion of the kemels in the ear. Moderate
populations may also build in grain sorghum (Sorghum bicolor [L.]), but economic
infestations are rare (Rummel et al. 1986a).
In the wetter parts of the tropics, bollworms and budworms may develop
continuously throughout die year, but in temperate zones the pests overwinter in die pupal

stage in facultative diapause (Quaintance and Bmes 1905, Hardwick 1965, Fitt 1989). At
latitudes above 40 degrees, winters may be too severe for survival of diapausing pupae,
and populations at more northern latitudes may arise from long-range migrants from
warmer areas (Hardwick 1965, Fitt 1989). Studies documenting the appearance of moths
at latitudes in which they cannot overwinter or in habitats where local emergence from
diapause is preceded (Hartstack et al. 1982, Rummel et al. 1986b), moths captured at high
altitudes contaminated with pollen from non-extant plants, and mark-recapture studies have
all provided ample evidence that bollworms migrate (Fitt 1989). Moths probably are able
to migrate great distances byridingwind systems at altitudes of 1-2 km (Fitt 1989).
Bollworms are capable of overwintering successfully in the Texas High Plains as
diapausing pupae in the soil, but male moths caught in pheromone traps in the spring
before local emergence from diapause suggests that migratory moths augment the
overwintered population (Rummel et al. 1986b).
Bollworms have a very high fecundity. Each bollworm female may lay from 500 to
3000 eggs (Quaintance and Bmes 1905). Most oviposition occurs noctumally and in com
as many as 570 eggs may be laid in a single night (McColloch 1920), The eggs are laid
singly and may be deposited anywhere on the cotton plant, but leaves, terminals and square
bracts are the preferred oviposition sites (Farrar and Bradley 1985). Under protected
conditions, 98.78 percent of bollworm eggs hatched (Quaintance and Bmes 1905). The
number of eggs laid by moths appears to depend on the food consumed as larvae. Moths
arising from larvaerearedon maturing com ears have the highest fecundity, often
producing double the number of eggs produced by moths from larvaerearedon com stems
or silks, soybeans, alfalfa (Medicago sativa L.), or cotton (Isely 1935).
Two other factors contributing to the pest status of the bollworm and budworm are
die quick development and relatively large size of the pests (King and Coleman 1989).
Depending on host species and temperature, maturation from egg to adult may be

completed in less than 30 days. Larvaereachmore than an inch in length and consume
food at a high rate (King and Coleman 1989). In Arkansas, Isely (1935) reported a larval
feeding period of 15.11 days in cotton and 11.25 days in com ears at 31°C.

Rollworm/Riidworm Mortality
Natural mortality of bollworm eggs and larvae can be caused by a variety of factors.
These include unfavorable weather conditions such as wind, rain, and high temperatures
(Fye and Surber 1971), mechanical cultivation (Fletcher and Thomas 1943), antibiosis of
host plants (Bottger et al. 1964, Oliver et al. 1967, Shaver and Parrott 1970), intraspecific
competition for limitedresources,and the actions of natural enemies including pathogens,
parasites and predators.
Reports of the importance of natural arthropod enemies in natural mortality of
budworm/boUworm are abundant in the literature. Brazzel et al. (1953)reportedthat
natural control agents can often keep bollworms and budworms below economic levels
precluding the need for insecticide applications to preserve yield. Sixty species of
hymenopterous parasites in six families and 61 species of dipterous parasites from four
families have been reported attacking H. zea and //. virescens in North, Central, and South
America (King and Coleman 1989, Kogan et al. 1985). In the Texas High Plains
Trichogramma spp. (mostiy T. pretiosum [Riley]) and Telonomus spp. both parasitize
bollworm eggs, but Trichogramma spp. are by far the most numerous (Lopez and Jones
1985, D. R. Rummel, unpublished data). Seventeen species of parasites from the families
Braconidae, Ichneumonidae, Eulophidae and Tachinidae have beenreportedto parasitize
bollworm larvae in West Texas and Oklahoma (Bottrell and Amold 1968, Bottrell et al.
1968). In West Texas, 12 percent of bollworm and budworm larvae sampled in cotton
were parasitized in 1968. The most numerous parasite in the sample was the tachinid,
Eucelatoria armigera (Coquillett); followed by the tachinid, Archytas marmoratus

(Townsend); the braconid, Microplitis croceipes (Cresson); and the ichneumonid
Sinophourus eruficinctus (Walkley) (Bottrell and Amold 1968).
Predaceous insects in the genera Orius, Geocoris, Hippodamia, Scymnus,
ColeomegilUiy Nabis, Collops, and Solenopsis, have frequendy beenreportedas potential
key predators of bollworm/budworm eggs and larvae. Approximately 600 species of
predators from 45 families of insects, 19 families of spiders and 4 families of mites were
found to be associated with cotton fields in Arkansas (Whitcomb and Bell 1964).
Mortality of bollworm eggs can be quite high. Retcher and Thomas (1943)
reported that less than 61 percent of eggs developed beyond thefirstinstar. Radiolabeled
H. virescens eggs placed on cotton plants suffered an average of 77 percent predation
within 24 hours (McDaniel and Sterling 1982). Numerous studies have attempted to better
define the roles of predators and parasites in bollworm mortality (Bell and Whitcomb 1962,
Ewing and Ivy 1943, Retcher and Thomas 1943, Hutchison and Pitre 1983, Lingren et al.
1968, 1978, McColloch 1920, McDaniel and Sterling 1979,1982, McDaniel et al. 1981,
Nuessly and Sterling 1994, Quaintance and Bmes 1905, Van den Bosch and Hagan 1966,
Whitcomb and Bell 1964).
Frank and Slosser (1996) published an illustrated guide to the predaceous insects of
the Texas Rolling Plains, theregionbordering the High Plains to the East. The complex of
predaceous species inhabiting High Plains cotton is for the most part the same as that
reported in the guide. This publication was used in the present study for identification of
predators.
Several of the best known and most studied predators belong to the Hemiptera. The
large and apparent hemipteran predators such as ambush bugs (Phymatidae) and assassin
bugs (Reduviidae), are usually present in low numbers in cotton and probably have limited
effect on bollworm populations (Whitcomb and Bell 1964). Smaller and less apparent
hemipterans appear to be the more important predators. Damsel bugs (Nobis spp.) may

consume large numbers of bollworm eggs and may be the most efficient predators of first
and second instar larvae (Whitcomb and Bell 1964). Laboratory feeding studies showed
that three species of the big-eyed bugs, Geocoris hullatus (Say), G. punctipes (Say) and
G. uliginosus (Say), are opportunistic and polyphagous predators that are probably
important in reducing pest numbers in cotton (Crocker and Whitcomb 1980). The
insidious flower bug, Orius insidiosus (Say) and the closelyrelatedminute pirate bug,
Orius tristicolor (White), have beenrepeatedlymentioned in the literature as the most
important predators of bollworm and budworm eggs in many crops (Barber 1936, Fitt
1989, Hardwick 1965, Quaintance and Bmes 1905). In com, Orius insidiosus has been
reported to destroy 25 to 50 percent of //. zea eggs within 24 hours of deposition
(McColloch 1920) and as high as 82 percent deposited on com silks (Barber 1936).
McDaniel and Sterling (1979)reportedthat O. insidiosus adults and nymphs in cotton
consimied 1.2 and 0.9 radiolabeled tobacco budworm eggs per individual predator per day,
respectively. Orius has also beenreportedto be a significant predator of bollworm larvae.
In one study O. insidiosus consumed 52.3 percent of the larvae taken by predators
(Fletcher and Thomas 1943). In a later study O. insidiosus consumed from 0.6 to 0.9
radiolabeled first and second instar tobacco budworm larvae per individual predator per day
(McDaniel et al. 1981). Orius spp. have beenreportedto migrate between com fields,
abandoning unattractive fields for otherfieldsin a more suitable phenological stage for
colonization (Barber 1936). Nabis, Geocoris and Orius are often quite abundant in Texas
High Plains cotton. The cottonfleahopper,Pseudatomoscelis seriatus (Renter), while
normallyregardedas a pest of cotton has been shown by radiotracer techniques to feed on
bollworm and budworm eggs in cotton (McDaniel and Sterling 1979).
Green and brown lacewings are both found in High Plains cotton, but only green
lacewings (Chrysoperla and Chrysopa spp.) are present in large numbers (Frank and
Slosser 1996). Green lacewing larvae are voracious predators; in one laboratory arena

experiment they consumed as many as 42 bollworm eggs per individual per day (Whitcomb
and Bell 1964). Chrysoperla spp. larvae have beenreportedto consume tobacco budworm
larvae as large as third instar (McDaniel et al. 1981, Ridgway and Lingren 1972).
Numerous species of coleopteran predators have been shown to prey on bollworms
and budworms. Red cross beeUes, Collops spp., have beenreportedto consume noctuid
eggs under laboratory and field conditions (Fye 1979). Hooded beedes, Notoxus spp.
consumed as many as eight tobacco budworm eggs per individual in 24 hours when
confined in cages in the laboratory (McCutcheon and Webster 1993). Both red cross
beedes and hooded beeties are present and sometimes abundant in High Plains cotton.
Various species of lady beetles (Coccinellidae), although better known as predators of
aphids, have been shown to feed on bollworms and budworms. Lady beetles present in
West Texas cotton include the convergent, Hippodamia convergens Guerin-Meneville;
spotted, Coleomegilla maculata DeGeer; twice-stabbed and ash grey, Olla v-nigrum
(Mulsant); Scymnus loewii Mulsant; and seven-spotted, Coccinella septempunctata (L.)
(Frank and Slosser 1996). By far, the most numerous species in West Texas cotton is the
convergent lady beetie. H. convergens has been reported to ignore bollworm/budworm
eggs in favor of aphids (Fletcher and Thomas 1943), but it has been reported to feed on
bollworm eggs under laboratory and field conditions (Ewing and Ivy 1943, Whitcomb and
Bell 1964). In one laboratory experiment, H. convergens consumed 24.5 bollworm eggs
per day on average, and a single //. convergens adult provided with unlimited numbers of
bollworm eggs on which to feed consumed 275 eggs in one day (Ewing and Ivy 1943). In
the same study, the //. convergens continued to feed on bollworm eggs when both eggs
and aphids were provided as food, but the consumption of eggs was reduced by one-half
(Ewing and Ivy 1943). In another study, H convergens adults and larvae consumed
significandy fewer bollworm eggs when cotton aphids were present (Abies et al. 1978).
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Beginning in 1975, infestations of the cotton aphid. Aphis gossypii (Glover),
became generally more severe and widespread in West Texas cotton (Rummel et al. 1995).
Through the early to mid-1980's, the cotton aphid was still easily controlled with very low
rates of insecticides and many growers routinely treated sub-economic aphid infestations
(Rummel et al. 1995), often tank-mixing additional insecticides to control aphids when
making pyrethroid applications for bollworms. This constant selection pressure had
disastrous results. Resistance was reported in 1989 (Allen et al. 1990) and in 1991 large
populations ofresistantcotton aphids were widespread across the High Plains cotton belt
(Rummel et al. 1995). Some previously effective insecticides provided poor control, even
at the highest labeled rates (Leser et al. 1992). From an area-wide view, infestations of
cotton aphids have notreachedthe abundance of 1991, but local infestations of varying
degrees of severity are very common. Large populations of convergent lady beeUes
invariably are attracted to the abundant aphid prey, and large numbers of adults and larvae
are often left without their primary food source after the aphid population has crashed
(sometimes due to parasitism, but often unexplained). This aphid crash and convergent
lady beetle epidemic often coincides with the initial bollworm colonization of cotton.
Bollworm eggs and small larvae could provide an altemative prey for an opportunistic
predator such as //. convergens, especially when predator density is high and preferred
prey is scarce. //. convergens adults and larvae may contribute to the natural mortality of
bollworm populations under these circumstances.
Some hymenopteran predators have been reported to prey on bollworm eggs and
larvae. Quaintance and Bmes (1905) even suggested that large Polistes wasps might have
a significant impact on bollworm populations. Theredimported fire ant, Solenopsis
invicta (Buren), has been implicated as an important predator of bollworm eggs in cotton
(McDaniel and Sterling 1979, 1982).

Spiders are among the most abundant predaceous arthropods inhabiting the cotton
field (Ridgway and Lingren 1972). Over 140 species of spiders from 21 families have been
reported to inhabit cotton in Texas (Breene et al. 1993). The Oxyopidae, or lynx spiders
are probably the most economically important family (Breene et al. 1993), while the
Thomisidae, or crab spiders, are among the most widespread groups of predators in
agriculture. Thomisids can often be found in abundance in virtually every crop grown in
the United States, including cotton (Breene et al. 1993). In studies using radiotracer
techniques spiders of the families, Anyphaenidae, Araneidae, Clubionidae, Erigonidae,
Lycosidae, Oxyopidae, Salticidae, and Thomisidae aU tested positive for feeding on
tobacco budworm eggs in cotton (McDaniel and Sterling 1979,1982, McDaniel et al.
1981). In the same studies, estimates of the number of budworm eggs that spiders
consumed per day ranged from 0.1 to a high of 14.2 by Chirachanthium inclusum (Hentz)
of the family Clubionidae.
Bollworm larvae are cannibalistic and thus some intraspecific mortality probably
occurs. Using radiotracer techniques bollworm larvae have been shown to consume
bollworm eggs at the rate of 0.5 eggs in one 24-hour period (McDaniel and Sterling 1979).
It is likely, however, that cannibalism by bollworms causes a small amount of mortality
when compared to other factors. Unlike eggs deposited in com where they are
concentrated on the silks, eggs deposited in cotton are more widely spaced ((^aintance and
Bmes 1905). The wide spatial distribution of bollworm eggs coupled with the tendency of
bollworm larvae to search for fruit rather than prey, probably make encounters between
larvae and between larvae and eggs infrequent. Also, the cannibalistic tendencies of larvae
tend to be more developed in the middle instars (Hardwick 1965) when larvae are more
isolated, feeding inside fmiting stmctures and are not likely to come in contact with
bollworm eggs.
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Pest Status of the Bollworm in Texas High Plains Cotton
The Texas High Plains is one of the most intensive cotton growing regions in the
world. This physiogeographic region occupies most of the Texas panhandle and is
generallyreferredto as West Texas. It is a largeflatexpanse, separated from the Rolling
Plains to the East by the Caprock escarpment The Ogallala Aquifer supplies the water for
irrigation. Plains or storm-proof stripper cotton is generally grown (Poehlman and Sleper
1996), and yield potentials can be very high under irrigation with potentials of 2.5 to 3.0
bales common. Total cotton production in the High Plains was 3.4 million bales in 1997
(Texas Agricultural Statistics Service 1997), whichrepresents66 percent of the cotton
production in Texas and 18 percent of national production. The 1997 marketing year
average price for cotton lint was 67.4 cents per pound (USDA National Agricultural
Statistics Service 1998), giving the 1997 High Plains cotton crop an estimated value of
$1.15 billion for lint alone.
Bollworms cause economic losses to cotton by direct injury to fmiting stmctures
plus the costs associated with controls and pest monitoring. In the United States in 1997,
536,618 bales of cotton were lost to the bollworm^udworm complex and 2.8 million
hectares were treated with insecticides for bollworm/budworm control at an average cost of
$29.68 per hectare (Williams 1998). The total direct cost for controlling Uie
bollworm/budworm complex in the United States in 1997 was $82.9 million (Williams
1998). In Texas in 1997, 130,390 bales of cotton were lost to die bollworm^udworm
complex, and 820,511 hectares were treated at a total cost of $11.5 million (Williams
1998). In 1997, Texas High Plains growers lost 91,406 bales of cotton to the bollworm,
and treated 485,640 hectares at a cost of $6.4 million, for a total loss of $30.8 million
(Williams 1998).
Although //. virescens is present every season, H. zea is by far the predominant
species in the Texas High Plains (Rummel et al. 1986a). H. virescens comprised only five
11

percent of the seasonal pheromone trap moth captures in the northern and central parts of
theregionin 1981, but comprised a more substantial 25 percent in die more southem areas
(Rummel et al. 1986a). At Hale Center, Texas catches of//, virescens comprised a very
small portion of total trap captures with 1.5 and 1.3 percent in 1990 and 1991, respectively
(Rummel et al. 1994). During this same period, larvae collected from adjacent cotton and
dissected for identification were all //. zea. Budworms do not show the preference for
com exhibited by bollworms (Fitt 1989). In the Texas High Plains, populations of//, zea
build in ear stage com and purportedly migrate to nearby blooming cotton when the com
begins to senesce and is not attractive for oviposition (Rummel et al. 1986a).
Prior to 1976 the bollworm was not considered a major pest of cotton in Uie Texas
High Plains (Rummel et al. 1986a). Serious infestations were sporadic, witii widespread
economic infestations occurring at approximately eight-year intervals (Rummel et al.
1986a). Since 1976 economic infestations have been more common, though there is still a
great deal of variation from year to year. Bollworm infestations in High Plains cotton tend
to be of an acute nature, characterized by rapid increase, short duration and rapid dechne
(Rummel et al. 1986a). Damaging populations of 5,000 to 150,000 larvae per acre may
occur (Rummel et al. 1986a). The host cropping sequence for the bollworm infestation on
the High Plains has not beenfirmlyestablished (Rummel et al. 1986a), but is considered
similar to the Southeastem United States (Neunzig 1969) and Arkansas (Isely 1935).
Bollworms probably pass through four generations during the growing season with the
first generation inhabiting wild hosts similar to the Southeastem United States (Hogg and
Nordheim 1983), and the second, third, and fourth generations inhabiting whorl stage com
and sorghum, ear stage com, and cotton, respectively. Easily detectable populations may
also be found in alfalfa and grain sorghum (Rummel et al. 1986a). The preferred host of
the bollworm is com (C^aintance and Bmes 1905).
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High Plain.s Bollworms and the Boll Weevil Invasion of die 1990's
Cotton pest management is gready simplified in the absence of the boll weevil,
Anthonomous grandis Boheman. Early and mid-season applications of broad-spectrum
insecticides to control boll weevils decimate predaceous and parasitic arthropods and
predisposes the cotton community to outbreaks of non-target phytophagous arthropods.
Until the last few years, growers on the High Plains have had the luxury of producing
cotton free of interference from the boll weevil. For many years the lack of suitable
overwintering habitat and colder temperatures restricted permanent colonization of boll
weevil into the High Plains (Rummel and Summy 1997). Minor outbreaks caused by inseason migrants from the South and East occurred periodically along die edge of the
Caprock escarpment, but die majority of theregionwas weevil-free. A massive fall
diapause suppression program conducted yearly along the Caprock escarpment also
restricted the spread of the weevil into the High Plains (Rummel et al. 1975). The planting
of native tall grasses and weeping lovegrass on highly erodable farm land by growers
participating in the Conservation Reserve Program in the 1980's and 90's provided
marginal overwintering habitat for die weevil (Carroll et al. 1993). Marginal, but available
overwintering habitat combined with the relatively mild winters of 1991-97 and the loss of
the suppression program in the fall colonization zone near the Caprock in 1996 allowed the
boll weevil to make significant advances into colonizing die High Plains (Bodden 1997).
Weevils caught in pheromone traps prior to mid-June were abnost certain to have emerged
from overwintering habitat on the High Plains (Bodden 1997).

Objectives
For an effective IPM program to be developed, die pattems and causes of natural
mortality that occur in a pest's life cycles must be elucidated. Pattems of pest natural
mortality provide die template for developing pest management that allows managers to
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exploit natural mortality. An example of this type of strategy is use of die inaction level,
which may eliminate unnecessary insecticide applications based on a predicted level of pest
mortality diat is expected to be caused by pest natural enemies (Sterling 1984). Anodier
strategy example is delayed uniform planting of cotton, a cultural strategy that delays die
temporal onset of fruiting in die landscape which eliminates or highly restticts available
oviposition sites for boll weevils emerging from overwintering habitat in die spring (Fuchs
et al. 1998).
The ecological life table is arelativelysimple mathematical accounting of
recmitment into an organism's identifiable life stages to measure the intensity of natural
mortality occurring over a discrete time period. The ability to predict pest mortality in the
immediate future, based on the age stmcture of the population can be very useful in making
management decisions. A population of pests that is likely to suffer enough natural
mortality to maintain pest numbers below economic thresholds will not need to be
controlled with insecticides. The general pattem of mortality described by the life table
helps to provide this information.
The life table also can assist in identifying the causal agents of natural mortality.
Deaths due to parasites and padiogens can be partitioned to identify and quantify causes of
death to the different life stages. The effects of predation are much more difficult to
partition, butrecentadvances in immunology may help provide a solution to this problem.
The development of new techniques for the mass production of highly specific monoclonal
antibodies (Kohler and Milstein 1975) has made highly sensitive and specific
immunoassays available for a broad spectmm of proteins. When coupled with die
monoclonal antibody, the enzyme linked immunosorbent assay (ELISA) is a reliable and
highly specific test that can detect antigens at very low concentrations. Monoclonal
antibody (MAb) based ELISAs have proven useful for predator gut assays for detection of
prey proteins (antigens) in predator guts (Greenstone 1989, Greenstone and Morgan 1989,
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Griset 1998, Hagler et al. 1991,1992,1994, Hagler and Naranjo 1994, Pustejovsky
1998, Sansone 1997). An estimate of actual numbers of prey taken by predators can be
made from the ELISA data. ELISA isrelativelyquick and inexpensive to perform, and die
resultsreflectpredator-prey interactions occurring under actualfieldconditions. Accurate
estimates of prey taken by individual predators can be used to better describe the effect of
predation on overall pest mortality. This information can also be used to assist in making
individual management decisions based on the mortality predicted to occur given a specific
predator-prey population ratio (Wilson and Gutierrez 1980, McDaniel and Steriing 1982).
The history and constmction of life tables, and die development and use of ELISA for
arthropod predator gut assays will be discussed in greater detail in Chapters n and III,
respectively.
This study had two major objectives. The first was to constmct abbreviated
ecological life tables to identify pattems of mortality for the bollworm in cotton. The
second was to use the ELISA procedure developed by Sansone (1997) to quantify the
effect of suspected key predators causing bollworm mortality.
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CHAPTER n
PARTTAL ECOLOGICAL LIFE TABLES FOR BOLLWORM IN
INSECTICIDE-FREE HIGH PLAINS COTTON

IntrQdugtion
Life Tables
The life table was originally developed to study human populations, but the method
has been modified to describe births and deaths of populations of plants or animals (Deevey
1947, Andrewartha and Birch 1964). As early as the third century AD, a type of Ufe table
was used to predict human mortality, and was used in the calculation of annuities (Deevey
1947). Thefirstlife table for a species other than humans was assembled by Pearl and
Parker (1921) for a laboratory reared population of the fmit fly, Drosophila melanogaster
(Ricklefs 1990).
Life tables may be classified in several ways. Experimental life tables are
constmcted using discrete populations of animalsrearedin the laboratory. In many cases
they represent an artificial situation, and do notreflectall the natural mortality experienced
by populations in nature (Andrewartha and Birch 1964). For some species, a more natural
environment can be recreated in the laboratory, as in die case of Tribolium confusum Jac.
du Val, which was studied in a jar offlour(Pearl et al. 1941). A life table constmcted by
observing animals in their natural environment so diat natural mortaUty is included is
referred to as an ecological life table (Andrewartha and Birch 1964). Morris and Miller
(1954) were diefirstto adapt die life table to die sttidy of a nattiral insect population when
they constmcted life tables for the spruce budworm, Choristoneura fumiferana (Clemens),
in Canada.
There are two basic types of life tables, age- and time-specific. Age-specific (or
horizontal) life tables are based on the fate of arealcohort or die members of a population
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belonging to a single generation, whiletime-specific(or vertical) life tables are based on die
fate of an imaginary cohort found by determining die age stmcture of deadis in a sample of
individuals at a given point in time (Soudiwood 1978).
The typical components of a life table are (Deevey 1947, Price 1997):
X

= age interval;

1,

= number surviving at the beginning of an age interval
(recmittnent);

d,

= number dying in an age interval;

djF = factorresponsiblefor d^;
q,

= age-specific mortality (number of an age interval dying as a
proportion of individuals entering that age interval);

r^

= generation mortality (number dying in an age interval as a
proportion of the total population or individuals in the original
cohort);

e^

= expectation of further life (amount of liferemainingto an
individual of an age interval).

In some life tables, a time interval is chosen to serve as x. This interval divides the
life of the animal into age classes. Unlike other animals, many insects have discrete life
stages that are easily identified. As a result, insect life tables are often constmcted widi life
stagesreplacingtime intervals (Price 1997). In the case of the bollworm, eggs, larval
instars (width of the head capsule characteristically changes between molts), pupae and
adults are distinct life stages (Neunzig 1969, Quaintance and Bmes 1905). For ecological
life tables, recmitment into a life stage or 1,, can be direcdy estimated by sampling.
Number dying in an age interval (d J can be observed direcdy when possible, or inferred
based on thereductionin 1^^ that has been observed from estimating recruitment into each
successive life stage (Deevey 1947). In situations where specific causes of mortality can be
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identified, d, can be partitioned by each factorresponsiblefor death (d,F). Age-specific
mortality or q^ is calculated by dividing d, for diat life stage by 1, for the same life stage,
giving the proportion of individuals of that life stage that perish beforereachingdie next
stage. Generational mortality or r^is calculated by dividing d, for a specific Hfe stage by 1,
of thefirststage orrealcohort for the life table and estimates the proportion of the total
mortality in the life table that is suffered by a specific life stage. Both q, and r^ also can be
calculated for the partitions of d, that are included for each d^F. For insect populations, the
life expectancy or e^ is generally not of as much interest as the amounts and causes of
mortality at particular age intervals or life stages (Price 1997). Hence, most insect hfe
tables omit the e^ column.
Insect infestations often exhibit a clumped or spotty dispersion pattem among plants
or locations within a test area. Samples taken to constmct a life table must be large enough
to overcome this inherent variability, and give an accurate overall population estimate. In
general, higher precision is obtained more economically by taking small sample units from
a large number of plants (Harcourt 1969). The sampling unit must be selected carefully to
be sure that the sample is representative of the test area. Harcourt (1969) suggested four
criteria when selecting a sample unit: (1) the sample must be stable, (2) the proportion of
the population using the sample unit must be constant, (3) the sample unit should be small
enough that an adequate number of samples can be taken to provide areasonableestimate
of sampling variance, and (4) each sampling unit must have an equal chance of selection.
When sampling cotton, the individual plant is an ideal sampling unit. Plants are small
enough thatrelativelylarge numbers can be examined on each sample date.
A life table may be constmcted from a single sample, but such a table would be of
litde value in a case where generations and Ufe stages overlap and vary in time. Soudiwood
(1978) described a method to integrate multiple samples taken over a period oftimeto
estimate recruitment for the entire period. Successive estimates of recmitment into
18

discemable Hfe stages are plotted againsttimeor cumulative degree days above a
development threshold (to compensate for die effect of temperature on development), and
the area under theresultingcurve is calculated. Final estimates of recruitment or 1^ for each
life stage are calculated by dividing die area under die curve by die developmental or
residencetimefor that life stage. Development diresholds and developmental times in
degree days for the normal and parasitized life stages of//, zea and //. virescens are
documented (Grille and Basso 1994, Hogg and Calderon 1981, Hogg and Nordheim
1983).

Survivorship Curves
Survivorship curves are a method to describe an overall pattem of mortahty in the
life of an animal. Survivorship curves are constmcted by plotting the 1, values of a life
table on a logarithmic scale (Deevey 1947) or the percent survival of each life stage against
cumulated developmental times of the stages (Price 1997). Survivorship curves may take
three general forms: type I (concave downward) in which mortality occurs mosdy toward
the end of life, type n (straight line) in which mortality occurs at a constant rate throughout
life, and type HI (concave upward) in which mortality occurs mostiy in the early part of life
(Deevey 1947, Price 1997). Humans exhibit a type I survivorship curve, with highest
mortality late in life (Price 1997). After examining 22 insect life tables. Price (1997)
identified some general pattems for insect survivorship curves. Free living insects with
exposed immature life stages tended to suffer heavy mortality in early Ufe stages and
exhibited a survivorship curve similar to a Deevey type HI. Insects protected by behaviors
such as burrowing or colonial defense suffered less mortality early in Ufe, and exhibited a
survivorship curve similar to a Deevey type I. Plotting of survivorship curves for 20
lepidopterous speciesrevealeddiat the curves formed a continuum between the extremes
(Price 1997).
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Life tables have been constructed for the bollworm or budworm in various crops.
Life tables constmcted for the bollworm (com earworm) in sweet com in northem
Califomia showed variabiUty in pattems of mortaUty (Velez 1970). In some cases mortality
suffered by eggs was low (q^=S3 and 8.8) and in odiers high (q,=87.1). Sears and Smidi
(1975) constmcted a life table for the bollworm on peanuts in the West Cross Timbers area
of Texas. In this study, bollworms suffered 45 to 93 percent mortality as eggs, and an
average generation mortaUty of 96.34%. The authors concluded that natural control of die
boUworm in peanuts was exceUent and dismption of the natural biological mortaUty by
appUcation of broad-spectrum insecticides might predispose boUworm to population
outbreaks. Life tables constructed for boUworm in grain sorghumrevealedthat generation
mortaUty in several experiments was greater than 90 percent for the egg and smaU larval
stages and over 98 percent from egg to the last larval instar (Teetes et al. 1992).
Partial ecological life tables have been constmcted for boUworm or tobacco
budworm in cotton in East Texas (McDaniel et al. 1981), Mississippi (Hogg and Nordheim
1983), and morerecendyin the Central Texas Blacklands (Sansone 1997), the Northem
Texas Blacklands (Griset 1998) and the Texas Trans-Pecos (Pustejovsky 1998). OveraU
generation mortaUty in these studies ranged from 93.3 to 100 percent MortaUty suffered
by eggs was more variable between the studies, ranging from 9.9 percent (Mississippi
1979) to 96 percent (Texas Northem Blacklands 1996). With one exception (Hogg and
Nordheim 1983) die survivorship curves aU approximated Deevey type HI curves, widi
highest mortaUty occurring in the earUest life stages.

Predaceous Arthropod Sampling
Uniform samples of predaceous insects can be difficult to obtain. Many species of
predators are alert and highly mobile and can be extremely difficult to see, count accurately
and coUect Recent studies have indicated that die beat bucket is probably the most
20
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effective mediod for sampling ardiropod predators in crops. Using a modification of die
beat bucket sampling method, Steward et al. (1991)recovered>50 percent and 35 percent
of Orius adults and nymphs,respectively,from grain sorghum panicles. Knutson and
Wilson (1999) tested die beat bucket, sweep net, drop clodi, shake bucket and visual onplant search in cotton against an absolute mediod designed to capture aU of die predators
present on die plant. The beat bucket was the most efficient mediod tested, capturing from
40 to 100 percent of die total predators captured by die absolute method. In many cases die
beat bucket actuaUy capttired more predators than die absolute mediod. The beat bucket
was significandy faster dian aU odier mediods tested and proved less tedious andtiringdian
die drop cloth for sampling most predators (Knutson and Wilson 1999).

Objectives
The objective of diis study was to constmct age-specific, partial ecological Ufe
tables and survivorship curves for the boUworm/budworm complex in Texas High Plains
cotton. A second objective was to expand the explanation of causes of death in the life
tables by partitioning quantitative estimates of predation obtained by the ELIS A/gut-content
assay.

Materials and Mediods
With the exception of predator sampling, the sampling scheme for bollworm Ufe
stages was identical in both 1996 and 1997. A seven-acrefieldwas chosen at the Texas
Agricultural Experiment Station at Halfway, Texas. Thefieldwas chosen because of its
central location on theresearchfarm, where insecticide appUcations made by other research
projects could be monitored. Spraying of insecticides on the entireresearchfarm was
restricted to ground appUcation, and aU appUcations of insecticides made in close proximity
to the test field werereportedand approved prior to implementation. The closest
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commercial field diat was sprayed with insecticides by air was approximately 5(X) meters to
die nordi, across U.S. Highway 70. The same experimental field was used in both 1996
and 1997. Altex Adas, an intermediate-maturing, storm-proof stripper cotton was used in
both years of the study.

Life Stage Cen.sus
One himdred sample stations, each 40 feet in length by ten, 40-inch rows in width,
were estabUshed in a ten by ten grid. Rows in each sample station were numbered one to
ten. One plant was examined in each station on each sample date. A sample of 100 plants
was chosen because a sample of this size would reduce the standard error of the mean by a
factor of ten. Also, a sample of 100 plants was estimated to be the largest sample diat
could be completed in one moming. Samples were taken three times each week, usuaUy on
Monday, Wednesday and Friday. On each sample date, a plant was randomly selected
from the same number row in each sample station. The sample row was progressively
rotated from one sampUng date to the next. In choosmg a plant to sample, workers walked
a pre-determined number of steps into the plot, starting from the North. A pencil was then
dropped next to die designated row, and the fifdi plant down the row to the south of the
plant closest to the point of the pencil was selected to be sampled. Plants were sampled
destmctively to minimize die chance that eggs and smaU larvae would be missed. Each
plant was slowly pulled apart during examination, allowing closer inspection of aU the
stmctures of the plant In particular, die small fruit and new leaves at die terminals were
closely examined, these being the most likely places where newly hatched larvae might be
missed. Samplers were provided with an 18.9-liter plastic bucket on which to sit whUe
sampUng. The seat proved to be a very important component of die sampUng scheme. The
thoroughness required for accuracy made the sampUng very tedious and tiring. All
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samplers agreed that die seatsreduceddiscomfort and fatigue and by doing so allowed
much better mental concentration.
AU boUworm Ufe stages found during sampUng were coUected. Eggs were placed
in gelatin capsules (#00 capsule, EU LUly and Company, Indianapolis, IN). BoUworm
larvae were coUected widi a smaU artist's bmsh, and placed in 35 ml plastic diet cups (FUlRite Inc., Newark, NJ) widi a 5 ml cube of Vanderzant's bollworm diet (Vanderzant et al.
1962). BoUworm larvae tended to chew dirough die paper Uds of die diet cups, so die lids
were escape-proofed by fixing a disk of aluminum window screen to the bottom of die Ud
with hot glue. During sampUng, eggs and larvae were kept in a lunchbox sized ice chest,
with several ice cubes to keep the contents cool. After sampUng, eggs and larvae were
returned to the lab for continued observation.
Egg parasitoids that emerged were mounted on microscope sUdes using Hoyer's
solution, which cleared the specimens and provided a semi-permanent mount Larvae were
examined daily for either molting or death and discarded from the life table data after
molting to the next Ufe stage. Parasites emerging from larvae were mounted and identified.
AU larvae were allowed to complete development inside die cups, then identified as adults
to determine species composition of the population.
Predators were sampled using beat buckets. In 1996, 30 plants were sampled after
the life stage census was completed. In 1997, a diree-plant sample was taken in each plot
as the census was being conducted (300 plants). The smaU size of Orius spp. made diem
impossible to identify to species in the field, so they were originally recorded as either
adults or nymphs. All common predators Usted in the lUustrated Guide to the Predaceous
Insects of the Northem Texas RoUing Plains (Frank and Slosser 1996) were counted.
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Constmction of Partial Frological Life Tables
and Survivorship Curves
Age-specific, partial ecological Ufe tables were constmcted for both years of die
study using die pattem described by Price (1997). The graphical mediod described by
Southwood (1978) was used to estimate recmitment into each Ufe stage. Degree-days
(Centigrade) were used in place of dates to adjust for die effect of temperattire on
development Cumulative degree-days were calculated using temperature data recorded at
die Halfway research station. Development diresholds of 12.6° C (Hogg and Calderon
1981) and 10.3° C (Grille and Basso 1994) were used for larvae and normal eggs, and for
parasitized eggs, respectively. Population densities of healthy and parasitized life stages
were plotted separately against degree-days and the areas under the curves were calculated
using a spreadsheet adaptation of the trapezoidal mle. Recruitment estimates for die healdiy
and parasitized groups of each life stage were obtained by dividing the areas under the
curves by residencetimes(in degree days) specific to each normal or parasitized stage
(Grille and Basso 1994, Hogg and Nordheim 1983). This standardized the recruitment
estimates toremovethe effect of varying developmental times inherent to the Ufe stages or
caused by parasitism. Overall recruitment for each life stage was estimated by summing the
standardized estimates made for the healthy and parasitized groups of that stage.
The recmitment estimate calculated for bollworm eggs was adjusted toreflectdie
numbers of eggs consumed by Orius spp. (estimates of prey consumed were only
calculated for Orius spp. due to incompatibiUty of other predators and the avaUable ELISA
protocol, see Chapter HI). Numbers of eggs consumed by Orius were estimated for each
sample date using the results of the ELISA testing (Chapter HI). A recruitment estimate
was obtained for the entire sampUng period using the graphical method described by
Southwood (1978). Daily estimates of eggs consumed by Orius were plotted against day
of year, and the area under the resulting curve was calculated using a spreadsheet
adaptation of the trapezoidal rule. The calculated area was standardized to a recmitment
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estimate by dividing the value by a residence time of one day or die time the boUworm egg
protein is detectable in die gut of die predator (Sansone 1997). Total recmitment for eggs
was obtained by summing die standardized estimates made for normal eggs, parasitized
eggs, and eggs consumed by Orius. The parasitism and predation estimates used to
calculate recmitment alsorepresentdie number dying ( d j due to diat factor (d,F). The
remainders of the life tables were constmcted as described by Price (1997).
The percent generational survivorship (generational mortaUty or r,) for each life
stage was plotted against accumulated developmental times to create survivorship curves.
To create temporal density curves, bollworm life stages from the field census and predator
counts from beat bucket samples were converted to a per hectare basis and plotted against
sample date. Population density estimates of the various predators were each paired with
bollworm egg density estimates by date and examined forrelationshipsusing Spearman's
rho rank correlation, a non-parametric analysis that tests for correlations that are not
necessarily linear (Iman and Conover 1989, SAS Institute 1985).

Predator Populations
Population curves were constmcted for the most numerous predators using the beat
bucket counts. Though it was not possible to identify Orius adults to species during the
beat bucket sampling, aU Orius coUected for ELISA testing (Chapter IE) were identified to
species (Frank and Slosser 1996). The proportion of each species was calculated and
appUed to the beat bucket sample to estimate densities of O insidiosus and O. tristicolor.
Population density curves were plotted for both species of Orius adults and for Orius spp.
nymphs.
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In 1997, hail damaged the cotton on 10 August The cotton was thoroughly
shredded, and terminals wereremovedon approximately 80 percent of die plants. Most
leaves and some fmit were damaged and in the following weeks showed varying degrees
of necrosis. This made sampUng more difficult Some plants were almost stripped of
leaves and smaller fruit and many upper sections of plants simply feU apart when handled.
Helped by warm temperattires and adequate water, die cotton recovered rapidly.
Bollworm population trends for 1996 and 1997 are shown in Figures 2.1 and 2.2,
respectively. Bollworm egg deposition began earlier and was longer in duration in 1996
than 1997. Seasonal peak densities of all larval Ufe stages were correspondingly earlier in
1996. In 1996, a sharprisein egg recmitment began in late July and egg densities reached
more than 50,000 per hectare by August 9. In 1997, egg density did not begin to rise until
the end of the second week in August, reaching 49,700 per hectare on August 20. By die
same date in 1996, egg density had already passed its seasonal peak of 92,643 per hectare
and was in decUne. Egg density peaked in 1997 on August 22 at 96,079 per hectare,
numerically similar to the peak of 1996, but occurring a week later in the season. In 1996,
egg deposition dropped below detectable levels in early September, but in 1997 detectable
numbers with some over 10,000 per hectare were found until sampUng was terminated in
the middle of the month. In most cases, larval densities showed a progressive reduction
with increasing age (Figures 2.1 and 2.2). Larval densities (all instars combined) reached
sUghdy higher levels in 1997 (40,861 per hectare) dian 1996 (28,280 per hectare).

Life Tables
Life tables were constmcted for 1996 and 1997 (Tables 2.1 and 2.2, respectively).
Unlike many of the odier Ufe table studies conducted in Texas (Griset 1998, McDaniel et al.
1981, Pustejovsky 1998) sixdi instar larvae were found in bodi years. AU larvae from die
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Figure 2.1. Bollworm population trends from census in cotton, by life stage.
Halfway, Texas, 1996.
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Figure 2.2. Bollworm population trends from census in cotton, by life stage.
Halfway, Texas, 1997.
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Table 2.1. Partial ecological life table for //. zea in insecticide-free cotton. Halfway,
Texas, 1996."

Age
interval

No. alive
at beginning
of x

Factor
responsible
for d.

No. dying
during X

d,F
egg&
r instar

635,133

Age specific Generation
mortaUty
mortaUty
during x
during x
Qx

parasitism (eggs)
predation (Orius spp.)
unexplained
total

5,567
352,849
232.764
591,180

0.009
0.556

0.009
0.556

SL2M

QJM

0.931

0.931

unexplained

4,900

0.111

0.008

39,053

unexplained

5,366

0.137

0.008

4* instar

33,687

unexplained

18,293

0.543

0.029

5* instar

15,394

parasitism
unexplained
total

399

0.026

13,440

0.873

13,839

0.899

0.001
0.021
0.022

2"^ instar

43,953

3^^ instar

6"^ instar

1,555
0.998

total (egg to 5 instar)
''Densities expressed as number per hectare.
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Table 2.2. Partial ecological life table for //. zea in insecticide-free cotton. HaU"way,
Texas, 1997."

Age
interval

No. alive
at beginning
of x

Factor
responsible
for d.

No. dying
during x

d,F
egg

404,799

Age specific
mortaUty
during x

Generation
mortaUty
during x

Qx

parasitism
predation (Orius spp.)
unexplained
total

5,651
166,649
162.056
334,356

0.014
0.412
0.400
0.826

0.014
0.412
0.400
0.826

1^ instar

70,443

unexplained

19,621

0.279

0.048

2 instar

50,822

unexplained

11,662

0.229

0.029

3^"* instar

39,160

unexplained

5,358

0.137

0.013

4* instar

33,802

unexplained

7,937

0.235

0.020

5"" instar

25,865

parasitism

595
9.002
9,597

0.023
0.348
0.371

0.001

mie^^plaingd
total

6"* instar

0.022
0.024

16,268
0.960

total (egg to 6* instar)
^Densities expressed as number per hectare.
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collections diat completed development inside die diet cups were identified as //. zea.
Generation mortaUty for all stages sampled (egg to sixdi instar) was 99.8 percent in 1996
and 96.0 percent in 1997.
In 1996, fewer first than second instar larvae were counted in the census, making
die estimate of recmitment for diefirstinstar stage too low. Eggs andfirstinstar larvae
were combined into one stage, and die recruitment estimated for first instars was dropped
from the table.
Age-specific mortaUty for combined eggs andfirstinstar larvae was 93.1 and 87.4
percent in 1996 and 1997, respectively. In 1997, age-specific mortality for eggs was 82.6
percent (Table 2.2). Predation by Orius was die largest identifiable cause of egg mortaUty,
causing 55.6 and 41.2 percent of egg age-specific and generation mortaUty in 1996 and
1997, respectively. In both years, the second largest source of mortaUty occurring in the
egg or the combined egg/first instar Ufe stages was unexplained. Unexplained generation
mortaUty was 36.6 percent for combined eggs andfirstinstar larvae in 1996, and 40.0
percent for eggs in 1997 (Tables 2.1 and 2.2). Parasitism of eggs by Trichogramma spp.
and Telonomus spp. caused a relatively smaU amount of mortality, explaining less than two
percent of generation mortality in both years (Tables 2.1 and 2.2).
Age-specific mortality of larvae was highly variable between instars in both years,
ranging from 11.1 to 89.9 percent. Fifdi instar larvae exhibited the highest age-specific
mortaUty of aU larval life stages (inrespectiveyears), with 89.9 percent mortaUty in 1996,
and 37.1 percent mortality in 1997. In 1996, fourth instar larvae suffered arelativelyhigh
age-specific mortaUty of 54.3 percent First instar larvae had a generation mortality of 4.8
percent in 1997, the highest of any instar in either year (Tables 2.1 and 2.2). Age-specific
mortality of larvae due to parasitism was observed only for fifth instars, and totaled 2.6
percent in 1996 and 2.3 percent in 1997. Generation mortaUty offifthinstar larvae due to
parasitism and was less dian one percent in bodi years (Tables 2.1 and 2.2). One
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parasitoid emerged from fifth instar larvae in each year. The parasitoids were Sinophorus
eruficinctus and a species of Tachinidae in 1996 and 1997, respectively.

Survivorship Curves
Survivorship curves for both years of the study are shown in Figure 2.3. In 1996
somefirstinstar larvae were obviously missed while sampling. Thisresultedin a percent
survivorship value forfirstinstars that was lower than that for second instars. Total
mortality (egg to sixth instar) was lower in 1997 dian 1996, with 4.0 percent of larvae
surviving to sixth instar as opposed to 0.2 percent for 1996. Plots of the data from each
year approximate a Deevey type IE survivorship curve, with most of the generation
mortaUty occurring during the early stages of Ufe.

Predator Population Trends
Population trends for the most common predators found during the study are
shown in Figures 2.4 to 2.7. In both years Orius spp. were the numerically dominant
predators, reaching densities of over 50,000 per hectare. In 1996, Orius population
developed higher densities earlier dian in 1997, reaching a seasonal high of 56,561 per
hectare on August 7 (Figure 2.4). In 1997, the Orius population density did notriseabove
25,000 per hectare until late August, dien peaked at 58,531 on September 2 (Figure 2.6).
In 1996, the other numericaUy dominant predators (in descending order) were //.
convergens adults and larvae, spiders, and Nabis. spp. In 1997, the other numerically
dominant predators (in descending order) were //. convergens larvae and adults, Chrysopa
spp. and Nabis. spp. (Figures 2.4-2.7).
Spearman's coefficients and p-values for rank correlation analyses between the
densities of die predators that were sampled and bollworm eggs are shown in Table 2.3. In
both years the population densities of Orius nymphs and boUworm eggs showed a highly
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Table 2.3. Results of Spearman rank correlation analyses of boUworm eggs and common
predaceous arthropods in cotton. Halfway, Texas, 1996-97.

m^
Predator

mi

Spearman Prob.
n coeff.
> IRI

sig.

n

Spearman Prob.
coeff.
> IRI

sig.

Or/wj spp. adults

17

0.105

0.6884

ns

20

0.210

0.3734 ns

OnM5 spp. nymphs

17

0.752

0.0005

**

20

0.822

0.0001 **

OnM5spp.all

17

0.260

0.3135

ns

20

0.274

0.2416 ns

Geocoris spp.

17

0.282

0.2721

ns

20

-0.438

0.0536 ns

Nabis spp.

17

0.282

0.2735

ns

20

0.228

0.3338 ns

P. seriatus

17 -0.359

0.1573

ns

20

0.487

0.0294 *

Green lacewing. larvae

17

0.109

0.6780

ns

20

0.503

0.0236 *

H convergens adults

17 -0.005

0.9843

ns

20

-0.240

0.3081 ns

H. convergens larwsie

17

0.436

0.0804

ns

20

0.709

0.0005 **

Scymnus spp. 2idults

17 -0.170

0.5137

ns

20

0.236

0.3160 ns

Collops spp. Sidults

17

0.348

0.1714

ns

20

0.519

0.0191 *

Notoxus spp. Sidults

17 -0.115

0.6602

ns

20

-0.435

0.0555 ns

Spiders

17 -0.231

0.3728

ns

20

0.173

0.4668 ns
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significant positive correlation. There was no correlation between boUworm eggs and
Orius spp. adults or total Orius spp. in eidier year. In 1997, several odier significant
correlations were observed. Population densities of//, convergens larvae and green
lacewing larvae showed significant positive correlations widi densities of boUworm eggs
(Table 2.3). Other significant positive correlations were observed with Collops spp. adults
and P. seriatus (aduU and nymphal stages combined).

Orius Species Compo.sirion
Species compositions of die Orius populations are shown in Figures 2.8 and 2.9.
In both years, Orius insidiosus was the numerically dominant species. In 1996, O.
tristicolor comprised a larger proportion of die Orius population dian in 1997, and
maintained densities slighdy lower than O. insidiosus untU the third week of August. At
this time, the O. tristicolor population began a decUne that continued until sampUng was
terminated in early September. During this same period, O. insidiosus population density
increased sharply andreacheda seasonal peak of 43,963 per hectare on September 2
(Figure 2.8). In 1996, the density of Orius spp. nymphsreacheda seasonal peak of
23,745 per hectare in early August, then decUned for the remainder of the sampling period.
In 1997, the densities of O. tristicolor adults and Orius spp. nymphs remained at relatively
low levels throughout the sampling period (Figure 2.9). In a pattem similar to that of
1996, O. insidiosus density rose sharply in late August andreacheda seasonal peak of
53,600 per hectare on September 2 (Figure 2.9).

Bollworm Parasitoids
The parasites attacking bollworm eggs and larvae are presented in Table 2.4.
Trichogramma spp. were die most numerous egg parasites in both years, representing 92.8
and 83.3 percent of die parasites reared from eggs in 1996 and 1997, respectively.
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Table 2.4. Parasites emerging from boUworm eggs and larvae collected in cotton.
Halfway, Texas, 1996-97-

Year

Stage

1996 egg
larva

1997 egg
larva

No.
No. parasifound tized

Family

Order

Genus and
species

434 26

Hymenoptera

Trichogrammatidae

Trichogramma spp.

2
16

Hymenoptera
Hymenoptera

SceUonidae
Ichneumonidae

Telonomus spp.
Sinophorus eruficinctus
(Walkley)

321 20

Hymenoptera

Trichogrammatidae

Trichogramma spp.
Telonomus spp.
S. erucifinctus
Campoplex spp.
Microplitis croceipes
(Cresson)
not identified

212

260

4 Hymenoptera SceUonidae
1 Hymenoptera Ichneumonidae
1 Hymenoptera Ichneumonidae
1 Hymenoptera Braconidae
2

Diptera

Tachinidae
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Telonomus spp. was also observed in bodi years at lower percentages. In 1996, all larval
parasites diat emerged from collected larvae were identified as Sinophorus eruficinctus
(Walkley). In 1997, the amount of parasitism was lower, but a greater diversity of species
was found. In addition to S. eruficinctus, one species of the genus Campoplex, the
braconid Microplitis croceipes (Cresson) and two species of Tachinidae wererearedfrom
bollworm larvae.

Discussion
During both years, the bollworm population exhibited a pattem typicaUy reported
for this pest in High Plains cotton (Rummel et al. 1986a). This pattem is characterized by a
large egg deposition in early to mid-August probably made by moths leaving senescing
com, a larval population peak in mid- to late August, then a rapid decline toward the end of
August or early in September (Rummel et al. 1986a). The larval density exceeded die
economic threshold of 12,335 to 19,768 larvae per hectare (Sansone et al. 1997) in both
years (1996: 31,181 per hectare on August 12; 1997: 44,174 per hectare on August 25)
and under commercial conditions the field most likely would have been treated with a
broad-spectmm insecticide. The delayed onset of egg deposition observed in 1997 may not
have been real, but possibly was the result ofremovalof eggs and larvae or plant parts
containing eggs and larvae by the hail storm of August 10. SampUng conducted on the
extensively damaged plants may have faded to find a substantial portion of eggs and larvae
left on the plant after the storm. Higher numbers of first instar larvae were found in 1997
than in 1996, but this was probably due to the adoption of a slower, more careful sampling
regimen.
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Heliodiine Snecies Compn.^jd^n
One hundred percent of larvae from die collections diat completed development
were identified as //. zea. This supports earlierreportsof die numerical dominance ofH.
zea over//, virescens in High Plains cotton (Rummel et al. 1986a) and is possibly a result
of the weaker preference diat tobacco budworms show for com (Fitt 1989), die crop in
which die large populations of bollworms that eventuaUy infest cotton in August and
September most likely develop.

BoUworm Mortality and Survivorship
Torelatethe results of the Ufe table portion of the present study to past research,
selected results from previous Ufe tables constmcted for the bollworm in cotton are
summarized in Table 2.5.
In 1997, the life table revealed that the highest age-specific mortality (82.6%) was
suffered by the egg stage. The high level of age-specific egg mortality found on die High
Plains was similar to egg mortality reported in most of the previous life table studies of the
bollworm in cotton where it was possible to separate eggs andfirstinstar larvae (Griset
1998, McDaniel et al. 1981, Pustejovksy 1998) (Table 2.5). The one exception is die
study conducted in Mississippi (Hogg and Nordheim 1983) where lower age-specific egg
mortalities of 9.9 to 48.5 percent werereported(Table 2.5). In 1996 in the High Plains,
die combined egg/first instar larva stage suffered die highest age-specific mortality (93.1
percent). Thisresultfalls at the top of the range of combined egg/first instar Ufe stage
mortaUty values (70.9 to 99.3 percent)reportedin previous studies or calculated from their
life table values, when possible (Griset 1998, McDaniel et al. 1981, Pustejovsky 1998,
Sansone 1997) (Table 2.5).
In aU but one of the Ufe table studies conducted for the boUworm in cotton (Hogg
and Nordheim 1983) mortaUtyreportedfor eggs or combined eggs andfirstmstar larvae
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Table 2.5. Summary of selectedresultsof Ufe table studies conducted for die
boUworm^udworm in cotton.
Data

Age-.snecific mortality f lOOax)"^

Year

Urvalinst^

(19-) Audior(s)^

State egg

78'
78'
79"
79*
79
91
92
93
94
95
96
97
96
97

MS
MS
MS
MS
TX
TX
TX
TX
TX
TX
TX
TX
TX
TX

Hogg/Nordheim
Hogg/Nordheim
Hogg/Nordheim
Hogg/Nordheim
McDaniel et al.
Sansone
Sansone
Sansone
Sansone
Sansone
Pustejovsky
Pustejovsky
Griset
Griset

1st

31.2
48.5
9.9
38.7
92.6 90.0

2nd

3rd

85.0
34.9
61.4

94.0
47.4
8.7
24.0

65.0
82.5 16.5
86.0 18.2
96.0 36.8

93.1

7.8
28.2
35.5
37.1
29.0

26.2
67.2
51.8
58.9
86.2

5di

95.9
7L8
100.0
67.0

91.3
78.7
96.3
72.1

70.9
76.8
83.9 47.3
81.8

4di

82.5
80.2
92.8
82.7
77.9
72.9
9.9
8.3

Total
generation
6di mortaUty

X

X

34.3

16.6
X
X

17.4
X

X
X

99.8
96.9
100.0
94.4
99.9
98.3
99.3
98.8
93.3
96.4
96.9
96.7
99.1
98.3

"Combined life stages are designated by a Une under the stages included in the combination.
''Life stages not found are marked with an x.
Tublication years: Hogg and Nordheim 1983, McDaniel et al. 1981, Sansone 1997,
Pustejovsky 1998, Griset 1998.
'^First generation of the year.
'Second generation of the year.
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was over 70 percent In some cases mortality of die eggs or egg andfirstinstar larvae
exceeded 90 percent, and in one case age-specific mortaUty of eggs was 96 percent (Griset
1998) (Table 2.5). This high age-specific mortality of eggs or eggs andfirstinstar larvae
represents die vast majority of die generation mortaUty suffered by die boUworm population
during die sampling period. The very high age specific mortality reported for eggs alone
in this and other sttidies suggests diat die majority of mortality observed in die combined
egg/first instar stages occurs in die egg stage. BoUworm eggs are sedentary, have die
greatest apparency of any Ufe stage but are of die shortest temporal duration. Being
sedentary and apparent probably contributed to the inherent vuUierabUity to predation.
However, as suggested by Griset (1998), die mortality observed for eggs may not be as
dramatic as it seems, due to underestimation of die population density of die smaU and
often concealed first instar larvae. The mortaUty observed from egg to second instar larva
is probably the best estimate of early life stage mortality.
Age-specific mortaUty suffered by second to sixdi instar larvae was highly variable
for both years in the High Plains, ranging from 11.1 percent for second instars in 1996, to
89.9 percent for fifth instars, also in 1996. This same variability was exhibited in previous
studies (Table 2.5), both within and between studies. Age-specific mortalityreportedin
previous studies ranged from 7.8 percent for second instar larvae (Sansone 1997) in 1991
in central Texas, to 94.0 percent for third instar larvae (McDaniel et al. 1981) in 1979 in
East Texas (Table 2.5). Across aU of the Ufe tables, age-specific mortaUty within each
larval instar also varied widely (Tables 2.1, 2.2 and 2.5). As aresult,no obvious pattem
to describe mortality based on larval instar is discernible. Age-specific mortaUty of
bollworm larvae appears to vary widely based on location and year.
Total generation mortaUty (egg to sixth instar) was very high in bodi years—over
95 percent. This is consistent with the total mortality from aU of the life tables constmcted
for die bollworm in cotton, which ranged from 93.3 to 100.0 percent (Table 2.5). In many
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of the previous studies, densities of sixdi instar larvae neverreacheddetectable levels. This
very high level of age specific mortaUty diat occurs early in die life cycle prior to die more
voracious feeding and damaging latter larval instars supports die perceived importance of
the role of natural mortaUty factors in keeping bollworms in cotton at manageable levels.
Because only a smaU proportion of egg recruitment for die boUworm population escapes
natural contt-ol, any dismption of the natural system, such as a broad-spectmm insecticide
appUcation thatreducespredator densities, could increase the propensity for the boUworm
density to cUmb to economicaUy damaging levels. The infrequent early season insecticide
use pattem currendy practiced in the High Plains takes advantage of this extant and strong
natural control, which until recent years was deemed adequate for boUworm suppression.
Permanent establishment of the boll weevil on the High Plains would require early season
appUcations of broad-spectmm insecticides each year to suppress overwintered boll weevils
and would place the contemporary low insecticide use pattem in jeopardy.
Current pesticide management guidelines for bollworm in die High Plains call for
an estimate of small larvae rather than egg density for making management decisions
(Sansone et al. 1997). The high mortality suffered by boUworm eggs indicates that an
estimate of their density would be an unreUable indicator of subsequent bollworm larval
densities. Use of third instar or older bollworm larvae to trigger insecticide appUcations is
suggested.
Survivorship curves constmcted for both 1996 and 1997 are similar to the type HI
curve described by Deevey (1947) and die type A (high exposure and high early Ufe
mortaUty) curve described by Price (1997). With one exception (Hogg and Nordheim
1983), survivorship curves constmcted from life table data for the boUworm or budworm
in cotton presented in earUer studies have also been type Hi/type A (Griset 1998, McDaniel
et al. 1981, Pustejovksy 1998, Sansone 1997). The growing number of studies from
diverse physiogeographic regions havereportedsimilarresults(Table 2.5) which suggests
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diat a high incidence of egg andfirstinstar larva mortaUty is a common pattem for die
boUworm in cotton, over a wide variety ofregionsand cropping systems.

Predators and Parasitoid.s
Predation by Orius spp. explained approximately 55.6 and 41.2 percent of mortaUty
suffered by boUworm eggs in 1996 and 1997, respectively. This level of mortality (caused
by Orius spp.) is much higher dian that reported by Pustejovsky (1998) using the same
research methods in the Trans-Pecosregionof Texas (1.4 and 9.8 percent). This is in spite
of the fact diat in 1997, Orius density estimates from the Trans-Pecos were higher and
boUworm egg densities lower than in the present study. Perhaps this was a result of a
higher level of generaUst feeding by Orius in the Trans-Pecos, possibly due to a different
complex of prey species. The high level of boUworm egg predation by Orius spp. reported
in Chapter HI is consistent with thatreportedin other studies (Fletcher and Thomas 1943,
Griset 1998, McDaniel and SterUng 1979, Quaintance and Bmes 1905, Sansone 1997), but
the simple estimates from these studies give no indication of die actual impact on the
bollworm population. The integration of estimated numbers of prey consumed by Orius
into an ecological Ufe table quantifies the effects of predation, showing the actual reduction
in bollworm life stages over die season. The large impact of the single predator Orius
indicates that predators are very important among the natural factors thatreduceboUworm
numbers in cotton.
The levels of egg parasitism reported here faU low within die range of values (0.3
percent to 9.1 percent)reportedin the other life tables studies conducted on die boUworm in
cotton (Griset 1998, Hogg and Nordheim 1983, Pustejovsky 1998, Sansone 1997). When
compared to the egg mortaUty caused by the single predator Orius, egg mortaUty caused by
parasites isrelativelylow. This supports die hypodiesis that general predators play a much
greater role than parasites inreducingthe numbers of boUworm eggs in High Plains cotton.
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Estimates of age specific mortaUty of fifdi instar larvae caused by parasitism were relatively
low, and were similar in bodi years (Tables 2.1 and 2.2).
Future research should be undertaken to develop quantitative estimates of predation
caused by odier suspected key predators to help identify die overaU role of general
predators in unexplained or residual mortality in die Ufe tables for bollworms in cotton. If
ELISA is to be used to quantify this predation, protocols need to be developed to test these
key predators. Once die impact of die entire predator/parasite complex diat attacks
bollworms in cotton is better understood, management tools such as inaction thresholds
(Sterling 1984) can be developed to use predator sampUng data to help eliminate
unnecessary insecticide applications.
Orius spp. was the numerically dominant predator (Figures 2.4-2.7) in both years
of the study. This is consistent with other studies reporting predator population densities in
cotton (Griset 1998, Quaintance and Bmes 1905, Pustejovsky 1998, Sansone 1997). H.
convergens was the numericaUy dominant chewing predator in both 1996 and 1997 in the
High Plains, in contrast to northem and central Texas where Scymnus spp. was usually
reported as dominant (Griset 1998, Sansone 1997). In the Trans-Pecos region of Texas,
Notoxus spp. adults were reported as the numerically dominant chewing predators
(Pustejovsky 1998).
Positive Spearman correlations between boUworm egg and Orius nymph densities
in both years of this study, suggest that the Orius population may respond numericaUy to
abundant boUworm eggs as food asreportedin previous studies (Abies et al. 1978, Griset
1998, Pustejovsky 1998, Sansone 1997). The lack of a correlation between any apparent
numericalresponseof Orius adults to increases in boUworm eggs densities may have been
due to the lag in time that elapsed as Orius developed from nymphs to adults or Orius
immigration (Barber 1936). By the time Orius adults increased, the bollworm egg numbers
had fallen to lower levels creating perceptible temporal asynchrony between peak numbers
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of Orius adults and bollworm eggs. This type of delayed numericalresponsewas
expected. The population density of Orius nymphs that are sure to have arisen in the sample
field is probably a better indicator of a widiin-field density dependent numerical response.
In both years of the study, Orius insidiosus proved to be the numerically dominant
species of Orius (over O. tristicolor) inhabiting Texas High Plains cotton, reaching
densities of 43,963 per hectare in 1996 and 53,600 per hectare in 1997 (Figures 2.8 and
2.9). In recent studies in Texas, Sansone (1997) in die Central Texas Blacklands, and
Griset (1998) in the Northem Texas Blacklands regionreporteda similar species
composition. In the Texas Trans-Pecos, FHistejovsky (1998)reportedthat O. tristicolor
was the numerically dominant species of Orius. In 1997 of the present study, low densities
of nymphs were found throughout the sampling period—probably too low to account for
the densities of adults that were observed. This supports the hypothesis that die Orius
population in late-season cotton may be augmented to a large degree by migration of adults
from other crops, especially com (Barber 1936), or possibly from wild plant communities.
The proportions of parasitoid species attacking boUworm eggs in diis study are
similar to those reported for the High Plains area by Lopez and Jones (1985).
Trichogramma spp. was numericaUy dominant over Telonomus spp. In other recent life
table studies conducted in Texas, Trichogramma spp. was also dominant, with Telonomus
spp. secondary or absent (Griset 1998, Pustejovsky 1998, Sansone 1997). The whitefly
parasitoid tentatively identified as Encarsia p. nr. porterireportedby Pustejovsky (1998) in
the Texas Trans-Pecosregionwas not found in diis study. All larval parasite species
reared from boUworms coUected for this study werereportedin previous studies (Bottrell
and Amold 1968, Bottrell et al. 1968). However, the groups of larval parasites collected
here were less diverse than the groups coUected in the previous studies (BottreU and Amold
1968, BottreU et al. 1968) (Table 2.4). The poor species diversity of parasites coUected
probably reflects a single collection location.
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CHAPTER m
PREDATION OF BOLLWORM EGGS

Introdygtion
The level of parasitism causing mortality in pest populations is relatively easy to
quantify in a life table byfieldcoUecting life stages, then direcdy observing the incidence of
parasitism as parasites emerge from hosts in the laboratory. Conversely, integrating
predation and the impact of specific predators on a pest population into a life table is very
difficult because predators commonly consume their prey and leave no visible evidence of
consumption (Greenstone 1989, Kiritani and Dempster 1973).

Methods for Studying Predator/Prev Relation.ships
Many methods have been developed to study predator-preyrelationships,each with
its own advantages and disadvantages. Methods for studying predator-prey relationships
may be classified as direct or indirect methods (Kiritani and Dempster 1973). Indirect
methods usually involve correlation between the numbers, or rates of increase of prey and
the numbers of their natural enemies, or extrapolations based on observation of predators
feeding in the laboratory (Kiritani and Dempster 1973). Often diese models are only
useful in describing very simplerelationshipsthat occur under controUed conditions within
a specified space (Kiritani and Dempster 1973). Aldiough these models have limited
application to natural conditions, they are considered useful for identifying general trends.
Ellington et al. (1997) used correlation analyses torelateprevalent associations of insect
predators to each other and to the primary consumers in cotton. Predator densities were
associated with primary consumer densities 46 percent of the time and with other predators
53 percent of the time, suggesting that predators are often opportunistic and may feed
extensively on other predators. Widiout direct observation to confirm predation, any
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associations of predator species widi surmised prey might only be coincident in time,
relative to plant phenology.
Direct methods of studying predation include chemical, mechanical or biological
exclusion of predators, direct observation of predator feeding or visual identification of
preyremains,and subjection of predators to chemical or immunological assays to identify
specific prey consumed. Chemical and radiological assays require feeding trace elements
or radiolabeled compounds to prey and analyzing predator gut contents for the specific
fingerprint Immunological assays use prey-specific antibodies to identify predators
containing preyremainsin their guts.
The predator exclusion method often utUizes cage exclosures to restrict access by aU
or specific predators to a prey species, or cage enclosures to confine introduced predators
and prey together over a period of time whUe excluding other predators (Hutchison and
Pitre 1983, Lingren et al. 1968, 1978, Lopez et al. 1976). An assessment of predation can
be made by direct counts of the prey before and after introduction of the predator, or in the
case that the prey species is a phytophagous pest, through an assessment of damage to the
plant. Chemical exclusion of predators uses selective insecticides to remove all or part of a
predator population (Kiritani and Dempster 1973). Predator exclusion using selective
biological agents, such as ants, is often not practical and has rarely been used.
AU of the predator exclusion mediods have disadvantages. Cages placed to exclude
predatorsrestrictdispersal of prey, and modify the enclosed environment (Greenstone
1989, Kiritani and Dempster 1973). Insecticides diatremovepredators are often not
adequately selective, and sub-lethal doses may affect thereproductionand survival of the
prey (Kiritani and Dempster 1973).
Direct observation of feeding under laboratory conditions does not reflect the
conditions that exist under acmalfieldconditions, but can give an idea of the consumption
potential of a predator (Ewing and Ivy 1943, Lingren et al. 1968, Lopez et al. 1976).
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Direct, in-field observation of predators feeding on nattirally occurring or artificiaUy placed
prey can yield good data, but dus mediod is exttiemely tedious and time consuming
(Greenstone 1989). In one study, direct observation of boUworm eggs artificially placed
on cotton plants in afieldrevealeddiat a variety of predators fed on die eggs, and in many
cases predators widi chewing moudiparts dislodged eggs from leaves and carried diem
away (Whitcomb and BeU 1964). Ants, lady beede larvae and adults, jumping spiders,
predaceous mites, green lacewing larvae, and insidiousflowerbugs were all direcdy
observed feeding on boUworm eggs in die field (Whitcomb and BeU 1964).
Observation of theremainsof boUworm eggs experimentally placed on cotton
plants in thefieldrevealedthat predator efficiency decreased as egg density decreased and
that significandy more eggs were consumed when placed lower on the plant (BeU and
Whitcomb 1962). Direct observations of eggremainsrelyon the appearance of the remains
to determine which predator may have fed on the egg (BeU and Whitcomb 1962, Fletcher
and Thomas 1943), and do not identify feeding by specific predator species.
Of aU the methods, assays for the presence of trace elements, radiolabeled
compounds or specific immuno-epitopes tend to disturb the natural environment the least
The only disadvantage of diese methods is diat the predator must beremovedfrom die
system for assay (Kiritani and Dempster 1973). Direct visual examination of predator gut
contents is a difficult method for quantifying predation. Predators, particularly those widi
piercing-sucking mouthparts, do not consume the hard parts of their prey. With few
exceptions, feces or stomach contents cannot be assigned to specific prey (Greenstone
1989). Tagging prey with radionuclides has been used successfully in several studies
(Gravena and SterUng 1983, McDaniel and Steriing 1979, 1982, McDaniel et al. 1981,
Nuessly and Sterling 1994), but the method has some disadvantages. Migration of prey,
the inabiUty to be certain aU prey are labeled, false positives from contaminated plant
material (Greenstone 1989), trophyUaxis in ants (McDaniel and SterUng 1979) and die
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potential for trophic cascades diat may occur when a predator consumes a radiolabeled
predator (Rosenheim et al. 1995) can cause the mediod to make inaccurate estimates in
some cases.

Immunoassays
Advances in technology in recent years have gready improved immunological
assays, and probablyrepresentdie best mediod of identifying the prey species taken by
predators. Antibodies or immunoglobuUns are semm molecules produced by the Blymphocytes of die adaptive immune systems of vertebrate animals (Roitt et al. 1998). The
antibodies are produced inresponseto the presence of foreign substances caUed antigens
(antibody generators) in the body of the animal. Antibodies play several roles in the
elimination of foreign materials from die blood. They act direcdy by precipitating the
foreign molecules out of solution, or through the process of opsonization they aid the
phagocytic lymphocytes and complement proteins of the innate immune system to
recognize and bind to the antigens (Roitt et al. 1998). Each antibody is highly specific for
one binding site or epitope on a particular antigen. Older immunoassays used polyclonal
antisera containing multiple antibodies each specific to a different epitope on the antigen.
Polyclonal antisera were made from the blood of immunized vertebrates, often rabbits, and
contained aU of the antibodies produced by the immune system of the animal in response to
immunization with the antigen. In contrast monoclonal antibody solutions contain a single
antibody produced from a single clone. The antibody binds specificaUy to one epitope, and
when used in assays, provides a greater level of specificity. Recent advances in the
production of monoclonal antibodies (MAbs) have made them avaUable in the large
volumes necessary for general use in assays (Kohler and Milstein 1975). Increased
availabiUty has accelerated die development andrefinementof immunoassays that can
reUably detect a large variety of specific antigens.
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UntU the mid-1970's, the precipitin test was the only immunoassay available to
study predator-preyrelationships(Dempster 1960, West 1950). All forms of die precipitin
test tended to give poor sensitivity and a high incidence of false positives because of crossreactivity (Greenstone 1989). The passive haemagglutination inhibition assay was an
improvement, widi complete specificity and sensitivity up to two times greater than that of
the precipitin test (Greenstone 1977), but it was too time-consuming for large scale
application (Hagler et al. 1992). Bodi of diese assays used polyclonal antisera.
A major breakthrough in the production of monoclonal antibodies was made in
1975 by Kohler and Milstein. Cell fusion techniques were used to fuse myeloma cells widi
spleen cells from mice that were immunized against a particular antigen. These fused cells
or hybridomas had the immortal characteristics of the parent myeloma ceUs and the
antibody producing characteristics of the parent spleen ceUs. The hybridomas had the
ability to survive in HAT (hypoxanthine, aminopterin, and thymidine) medium. This
aUowed them to be easUy separated from the parent myeloma cells, which die in HAT
medium. Parent spleen cells survive in HAT medium, but die naturaUy after several days.
The surviving hybridomas were screened for the production of die desired antibody, then
cloned to produce the antibody in volume. Hybridoma cultures are immortal and can
survive indefinitely, thus insuring a future supply of antibody. Use of the Kohler and
MUstein technique allows monoclonal antibodies to be produced on a large scale at lower
cost, making them generally avaUable for use in assays.
The immunoblot assay is useful for identification and characterization of antigens in
a complex mixture. In immunoblotting, the mixtures of antigens are separated in an
analytical gel, dien transferred electrophoretically to a nitrocellulose membrane (the blot).
Antibodies specific to the antigens are added foUowed by a radiolabeled conjugate. An
autoradiograph of the blot is taken and bands created by antigens that have bound the
antibody are visible (Roitt et al. 1998). This assay is often used to identify the specific
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proteins diatreactwidi particular antibodies (Goodman et al. 1997, Lenz and Greenstone
1988).

Enzyme Linked Immiin^<;orhent A.s.<;ay

The enzyme linked immunosorbent assay (ELISA) is areUable,cost effective assay
that has been adapted to detect preyremainsin the guts of predators. The test is
significandy less time consuming than earlier immunoassays, giving theresearcherthe
abUity to test large numbers of samples. In ELISA, die antibody is conjugated widi an
enzyme diatreactswith a colorless substrate to produce a coloredreactionproduct (Kuby
1997). This conjugated antibody is "enzyme-labeled." AUcalme phosphatase, horseradish
peroxidase and p-nitrophenyl phosphatase are aU enzymes that have been conjugated to
antibodies for use in ELISA (Kuby 1997). The endreactionproduct can be one of several
colors depending on die substrate used. Depending on die type of ELISA, the intensity of
color of thereactionproduct corresponds either direcdy or inversely to the concentration of
target antigen in the sample (Kuby 1997). Color intensity is measured as absorbance by a
spectrophotometric platereader,using afilterspecific to the wavelength of the color of die
reaction product Early ELISAs used polyclonal antisera and in come cases produced good
results (Crook and Sunderland 1984, Schoof et al. 1986). Monoclonal antibodies used in
current ELISAs make the test even more sensitive and specific.
ELISAs are generally performed in 96 well, polystyrene or PVC assay plates with
250-fil wells. In each step of an ELISA procedure, solutions are placed into wells, given
time for reaction, and excess solution is washed away using a manual or an automatic plate
washer. After the last step, or addition of the substrate and termination of thereactionwith
a strong acid or base, die absorbances of the wells in the plate are scored by the plate reader
(spectrophotometer) with die liquid stiU in die weUs.
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ELISAs fall into three general categories: competitive, indirect, and direct or
sandwich (Kuby 1997). In competitive ELISAs, die sample containing die antigen is first
mixed widi primary antibody and aUowedtimeto react This mixture is dien added to a
well that has been coated with the antigen. Higher concentrations of target antigen
molecules in the sample-antibody mixture leave less unbound primary antibody to react
widi die antigen immobiUzed on the interior of die weU (Kuby 1997). An enzyme-labeled
secondary antibody specific to the primary antibody is added, foUowed by the substrate.
Unlike the indirect and sandwich ELISAs, absorbancereadingsare lower for samples with
higher concentrations of the target antigen.
For direct or double antibody sandwich ELISA (DAS), the interior of die well is
coated with primary antibody (specific to the target antigen). The sample is added, and the
target antigen binds to the primary antibody immobiUzed on the interior of the weU. An
enzyme labeled antibody specific to a different epitope on die antigen is added (Kuby
1997), foUowed by the substrate. The target antigen is "sandwiched" between two
antibody molecules. Absorbance readings are higher for samples with higher
concentrations of the target antigen.
For indirect ELISA (direct antigen coating or DAC), the well isfirstcoated widi
proteins of the sample solution which may contain die target antigen. Low amounts of
protein in the samples may leave open binding sites in die interior of the well, sites that
could bind primary and secondary antibodies added in later steps of the procedure resulting
in false positive readings. To prevent unbound sites inside die wells, a protein-rich
solution of powdered miUc (BLOTTO) is added to coat the waUs after excess sample
solution has been washed away. Primary antibody is then added and aUowed to bind to die
target antigen. Enzyme labeled secondary antibody (specific to the primary antibody) is
added, followed by the substrate. As in sandwich ELISA, absorbance readings are higher
for samples containing higher concentrations of the target antigen.
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Development and refinement of these assays has been a boon to entomologists,
particularly as a tool to quantify predation by assaying prey proteins in die guts of
suspected predators. Crook and Sunderiand (1984)reporteddiat an ELISA using a
polyclonal rabbit antisera had a high level of specificity when used to detectremainsof
aphids in die guts of predators. Greenstone and Morgan (1989) were diefirstto use a
monoclonal antibody based ELISA for analysis of predator gut contents, which also
detected die specific prey instar consumed by die predator. Spined soldier bugs, Podisus
maculiventris (Say), were fed combmations of eggs and larvae of//, zea and odier noctuid
species associated widi //. zea in die field. The spined soldier bugs were thentestedusing
MAb HZ5-1, an antibody specific to the arylphorin of fifdi instar //. zea larvae (Lenz and
Greenstone 1988). MAb HZ5-1 was also shown to be specific for species, stage, and
genus (Greenstone and Morgan 1989). Greenstone and Trowell (1994) produced a
monoclonal antibody, HVE-1, specific for eggs of Heliothine noctuids using purified
vitelUn from eggs of //. virescens. In a subsequent study, the same HVE-1 was shown to
recognize the vitelUn of aU Helicoverpa and Heliothis speciestestedincluding H. zea, but
not that of non-heUothine noctuids (Goodman et al. 1997). MAb HVE-1 also did not
cross-react with proteins in homogenates of//, zea and //. virescens larvae or pupae
(Goodman et al. 1997). ELISAs using HVE-1 have very recendy been used to quantify die
effect of predation of boUworm and budworm eggs in cotton by Orius insidiosus and Orius
tristicolor (Griset 1998, Pustejovski 1998, Sansone 1997). Other monoclonal antibodies
have been produced and used in ELISAs to study predation of other common agricultural
pests including the lygus bug, Lygus hesperus Knight (Hagler et al. 1991, 1992); the
sweetpotato whitefly, Bemisia tabaci (Gennadius) (Hagler and Naranjo 1994); and the pink
bollworm, Pectinophora gossypiella (Saunders) (Hagler et al. 1994, Hagler and Naranjo
1994).
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Gut content ELISAs vary in effectiveness depending on the predator species tested.
Results can be confounded by a combination of abiotic and biotic factors (Hagler and
Naranjo 1997). Studies have been conducted torefinethe assay by testing the effects of
predator-prey protein ratio, predator species,temperature,time, and meal size (Hagler and
Naranjo 1997, Hagler et al. 1997).

Thresholds for Identifying Positive Reactors
Once the absorbances of the wells in the ELISA plate have been scored, the
question of how to distinguish between positive and negative values arises. In the medical
field, substantial attention has been devoted to positive-negative diresholds because of die
serious consequences of inaccurateresults(Sutula et al. 1986). In agriculture, various
thresholds ranging from simple visual appraisal to morerigorous,conservative and
objective thresholds determined by mean and standard deviation of the negative controls
have been used (Sutula et al. 1986). The mean plus 3 standard deviations of the negative
controls provides a very conservative threshold for estimating positive values. Using this
direshold, positives wUl fall widiin approximately 0.2 percent of die tail values of die
distribution, assuming a normal distribution of values (Fenlon and Sopp 1991).

Minimum Number of Prev Con.sumed
Estimates of the minimum number of prey consumed by a predator can be
calculated by die formula of Kiritani and Dempster (1973),

(P)(m)(T)/t

where P = the number of predators present, m = the proportion of predators testing
positive, T = sample interval, and t =timea meal is detectable in the gut
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The variable'T' of this formula adjusts die estimate of prey consumed by a
predator for the amount oftimeelapsed between samples, giving an estmiate over that
period of time. Use of this method to estimate population density over a period of time,
(e.g., a growing season) by summing the estimates made for each sampUng interval would
produce arelativelycmde total. Each interval estimate is equal to die area of a rectangle
calculated by taking the product of the sampling interval time (die base) and the estimated
number of positivereactors(P)(m) for that sampUng interval (the height). Computation of
the area under the curve formed by plotting die estimated numbers of positive reactors
(P)(m) for each sample date against sample date or cumulative degree days for that sample
date using the graphical method of Southwood (1978), provides a more accurate estimate
of density over time than summation of the rectangular areas of all the sampling intervals.
Division by the variable " C adjusts the estimate of number consumed based solely
on the time a meal can be detected and does not take into account the actual behavior of die
predator. The number of prey consumed over a period oftimeis not necessarily related to
the time that a meal is detectable. For example, in a situation where a predator consumes
one prey individual per day but the meal is detectable for only 12 hours, the formula wiU
overestimate the number of prey consumed by a factor of two.
Most studies, whether conducted in the laboratory orfieldhave estimated that an
Orius consumes approximately one HeUothine egg per day (Lingren et al. 1968, McDaniel
and Sterling 1979, 1982). Orius spp. feeding in com have been shown to consume more
than one egg per day (Barber 1936), but the estimates are based in part on numbers of eggs
consumed in the silks, where the eggs are very close togedier in a small search area. Even
so, the overaU average was only sUghdy higher than one egg per day (Barber 1936).
Expanded search areas generaUyreducepredator efficiency (Lopez et al. 1976) and
bollworm eggs deposited in cotton occur farther apart than boUworm eggs deposited on
com silks.
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The graphical mediod of Southwood (1978) and die number of prey consumed by
a predator per unittimecan be used to estimate the number of prey consumed using
estimates of predation coUected at specific points in time to yield an overaU or generation
estimate. The equation of Kiritani and Dempster (1973) may be modified to accommodate
prey consumption over a generation by eUminating die time diat prey is detectable in die
gut, or "t" and placing in die numerator the number of prey consumed per day. When the
graphical method of Southwood (1978) is used to estimate density over time, the sampUng
interval or'T" also is eUminated from the equation because sampUng interval is inherent in
die calculation, and preyresidencetime in the predators gut becomes the divisor when
calculating prey consumed. Whatremainsis die equation of Dempster 1960:

(P)(m)

where P = the number of predators present, and m = the proportion of predators testing
positive. This formula estimates the minimum number of prey consumed for each single
sample day, based on the assumption that the predator consumes one individual prey per
day. This is appropriate in the case of Orius spp. (Lingren et al. 1968, McDaniel and
Sterling 1979,1982). From these daily estimates, an estimate of predation overtimecan
then be made using the graphical method described by Southwood (1978) and die residence
time of prey proteins in the predator gut

Objectives
The objectives of this study were to use the ELISA procedure of Sansone (1997) to
obtain quantitative estimates of O. insidiosus and O. tristicolor adults and nymphs feeding
on //. zea eggs underfieldconditions, and to expand the use of the procedure to test other
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suspected key predators for boUworm egg predation (in particular H. convergens and
Geocoris spp.).

Materials and Mediods
Predator Collection for FJ J.9 A
CoUections of predators were made in the mid- to late moming or early aftemoon
immediately after completion of estimatingrecruitmentof boUworm life stages for life table
constmction. Predators were coUected from border areas of thetestfieldusing beat
buckets and aspirators. At 10-minute intervals, the coUected insects were anesdietized with
CO2 gas, placed into cryovials and immersed in liquid nitrogen. Collecting proceeded for
one hour or until eight cryovials were filled widi predators. Spiders and larvae of
Chrysopa/Chrysoperla spp. aggressively attacked and consumed other insects in the
aspirators. In addition, the webs spun by the spiders made it very difficult to remove
predators from the aspirator. There was not adequatetimeto collect the spiders and green
lacewing larvae separately, so they were excluded from the collections. Any other
predators that were observed or suspected of feeding on other predators in the collecting
vial prior toremovaland freezing wereremovedfrom die sample. Each day's collection of
frozen predators was quickly sorted by species and life stage in the laboratory and stored in
liquid nitrogen untU assay by ELISA.
With the exception of spiders and green lacewing larvae, aU predators mentioned in
the Guide to the Predaceous Insects of the Northem RolUng Plains (Frank and Slosser
1996) that were present in thetestfieldwere collected.

jsjfgfltive Controls
Even when using die beat bucket, coUection of adequate numbers of Orius and
Geocoris to use as negative controls in die ELISAs proved difficuU. The portion of die
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field avaUable for coUecting andtimeto coUect were Umited. Solutions to die problem
included coUecting Orius spp. from cultivated and roadside alfalfa using sweep nets and
purchasing Geocoris spp. from a commercial insectary (Beneficial Insectary, Oak Run,
CA). All piercing-sucking predators to be used as negative controls were held widi fresh
green beans as a food source for diree days to allow time for digestion of any boUworm
egg protein in the gut. Large chewing predators, such as //. convergens or Notoxus spp.
were collected from cotton using beat buckets and aspirators, then held with water only for
three days. After die diree-day holding period, aU negative controls were frozen at -40 C*
untU assayed.

ELISA Assays for Oriu^
Arrangement of Samples on Plates. Standard 96-weU, PVC microplates (Falcon
3912, Becton Dickson Labware, Oxnard, CA) with flat well bottoms were used for the
ELISA. InitiaUy, one column (eight wells) each of positive controls, blanks, and negative
controls, were included on each plate and placed in columns one, two and three,
respectively. The arrangement was changed early in the study to minimize any false
positivesresultingfrom splashing the positive control during pipetting. The number of
positive control weUs was reduced to one, which was located in ceU Al and isolated from
the rest of the plate by two adjacent weUs to therightand two adjacent below. The negative
controls were moved to column 12. Positive controls (1 bollworm egg ground in 250 ^1
of extraction buffer) were used to be sure that the procedure was foUowed properly and that
aU necessaryreactionshad occurred. Negative controls (8 wells) provided the mean and
variation to calculate the positive-negative threshold. Blank wells (8 weUs) fiUed widi
extraction buffer only in thefirststep were used to subtract the absorbance of the plate and
unreacted substrate solution.
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ELISA ProcpHiiiy The ELISA protocol used to test Orius spp. was a slighdy
modified version of die protocol developed by Sansone (1997). Steps two (blocking) and
three (primary antibody) were altered sUghdy based on preliminary results. Solutions used
in the ELISA were prepared in advance and stored until use. Dry chemicals were placed
into a volumetric flask and die volume raised to 1000 ml using distiUed water. The pH was
adjusted when necessary using a hydrochloric acid (36.5 to 38.0 percent) or sodium
hydroxide solution (50.0 to 52.0 percent). Recipes and acronyms for each solution are
shown in Table 3.1. A graphical representation of die DAC ELISA procedure in presented
in Figure 3.1.
Test Orius, negative control Orius, and boUworm eggs (positive controls) were
removed from liquid nitrogen storage, macerated in 250 |il of extraction buffer in 1.5-ml
microcentrifuge tubes (M-315, Phenix Research Products, Hayward, CA) with a 1.5-ml
pellet pesdes (Kontes Scientific Glassware, Vineland, NJ). Before reuse, pesdes were
soaked ovemight in a 95 percent propanol solution to denature any protein adhering to
them, then washed thoroughly with de-ionized water and allowed to dry completely. After
grinding, samples were centrifuged at 5000 rpm for five minutes and 100 jil of the
supernatant was pipetted into pre-assigned weUs on the assay plate. The plate was then
incubated in a closed humidity box at roomtemperaturefor 2 hours (or ovemight in die
refrigerator) to allow the antigen to bind to the interior of the well. After the first incubation
the plate was washed 15 times widi PBST.
The protocol of Sansone (1997) called for 100 ^1 of BLOTTO (20 g powdered miUc
mixed widi 100 ml PBS) to be used in blocking. Early in the study, it was found that
unavoidable splashing of primary and secondary antibody solutions during pipetting tended
to leave droplets cUnging to the sides of the weU above die blocked area. Primary and
secondary antibodies in these droplets were probably binding to the unblocked upper walls
of the weU, and reacting with the substrate to produce false positive readings. The amount
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Table 3.1. Solutions used in DAC ELISA.
Solution

pH

Extraction buffer

9.6

PBS (phosphate buffered saUne)

7.4

PBST (phosphate buffered saUne-tween 20)

ECI (enzyme conjugate buffer)

7.4

7.4
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Ingredient

Amount (g)

sodium carbonate
sodium bicarbonate
polyvinylpyrroUdone
(MW 24-40,000)
sodium azide

1.59
2.93
20.00

sodium chloride
sodium phosphate
dibasic (anhydrous)
potassium phosphate
monobasic
potassium chloride

8.00
2.30

sodium chloride
sodium phosphate
dibasic (anhydrous)
potassium phosphate
monobasic
potassium chloride
tween 20
bovine serum albumin
(BSA)
polyvinylpyrroUdone
(MW 24-40,000)
sodium azide

0.20

0.20
0.20
8.00
2.30
0.20
0.20
0.50
2.00
20.00
0.20

DAC ELISA PROCEDURE
Step 1: addition of sample
• sample added (containing potential target antigen)
• 2 hour incubation (proteins bind to weU)
• plate washed 15 times (excess sample removed)

® antigen
other protein

Step 2: blocking
• BLOTTO solution added
• 30 minute incubation (unbound sites blocked)
• plate washed 1time(excess BLOTTO removed)
BLOTTO

Step 3: addition of primary antibody
• primary antibody added (heliothine-mouse HVE-1)
• 2 hour incubation (primary antibody binds to antigen)
• plate washed 1time(excess primary antibody removed)
Y ^ primary antibody

Step 4: addition of enzyme linked secondary antibody
• secondary antibody added (goat-anti-mouse-peroxidase)
• 1 hour incubation (secondary antibody binds to primary)
• plate washed 10times(excess secondary antibody removed)
^ L conjugated (enzyme linked) secondary antibody

Step 5: addition of substrate
• substrate added (o-Phenylenediamine dihydrochloride, OPD)
• 3 minute incubation (substrate reacts with enzyme linked
to secondary antibody, colored reaction product produced)
• reaction stopped with 3M sulfuric acid
• absorbance measured with spectrophotometric plate reader
S substrate
CRP colored reaction product

Figure 3.1. Direct antigen coating (DAC) ELISA procedure used to test
potential arthropod predators of the boUworm. Halfway, Texas, 1996-97.
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of BLOTTO was increased to 250 ^Ll to fill and block die interiors of die weUs completely.
After die BLOTTO was added, die plate was aUowed to incubate for 30 minutes at room
temperature in a closed humidity box, dien washed one time widi PBST toremoveexcess
BLOTTO solution.
Primary antibody, Heliodune-mouse or HVE-1 (Greenstone and TroweU 1994)
was diluted to a concentration of 0.09 mg/ml in ECI buffer and 100 \Jd was added to each
weU. The ELISA protocol of Sansone (1997) called for 0.03 mg/ml of primary antibody,
but preliminarytestingconducted for this studyrevealeda strongerreactionwhen using
higher concentrations of primary antibody. Samples of negative control Orius adults
spUced with ground bollworm eggs produced a significandy stronger reaction when tested
with 0.18 and 0.09 mg/ml of primary antibody than whentestedwith 0.03 mg/ml. Use of
0.18 mg/ml would have exhausted the supply of primary antibody before completion of the
study, so a concentration of 0.09 mg/ml was the compromise. After addition of the
primary antibody, the plate was allowed to incubate for two hours at roomtemperaturein a
closed humid box at roomtemperatureto aUow the primary antibody to bind to antigen
immobUized on the interior of the weUs. The plate was then washed with PBST one time
to remove unbound primary antibody.
Conjugated secondary antibody solution was prepared by mixing 100 \i\ of goatantimouse peroxidase (Agdia Inc., Elkhart, IN) to two ml MRS component (Agdia Inc.,
Elkhart, IN) plus eight ml of distUled water, and 200 ^d was added to each weU. The plate
was then incubated in the humid box at roomtemperaturefor one hour to aUow the
conjugated secondary antibody to bind to the primary antibody, then washed 10 times with
PBST to remove unbound secondary antibody.
The substrate solution was prepared by diluting 2(X) jxl of lOx concentrated OPD
(o-Phenylenediamine dihydrochloride) buffer solution (Agdia Inc., Elkhart, IN) in 18 ml of
distilled water, dien soaking two OPD sticks (Agdia Inc., EUdiart, IN) in the solution for
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two minutes. Two hundred ^d was added to each well. The plate was mcubated in die
humid box for diree minutes at roomtemperatureto allowreactionof the Unked enzyme
widi die substrate. The reaction was dien stopped by adding one drop of 3M sulfuric acid
solution to each well.
The absorbance of each weU was measured using a spectrophotometric plate reader
(Multiskan Plus MK II, Titertek Insttoiments, Inc., HuntsvUle, AL) using die 492 nm filter.
As the plate was scanned, the data was uploaded and written to a computer hard disk via a
serial port built into the reader.
Depending on the arrangement, it was possible totest71 or 72 insects on each
plate. If possible, a full plate each of O. insidiosus, O tristicolor, and Orius spp. nymphs
from each sample date was tested. In cases where a day's collection had fewer than 71 or
72 individuals from one of the groups, aU of the Orius of that group were tested.

Calculations
The criterion for a positive reactor (predatorreactingpositive to die target antigen)
was when the absorbancereadingof die predator was equal to or greater than the mean plus
three standard deviations of the negative control (Sutula et al. 1986) for that individual
plate. This threshold is arbitrary, but provides a very conservative estimate of positive
reactors. Minimum numbers of boUworm eggs consumed by the predator on a specific
sample day were calculated using the equation:

(P)(m)

where P equals the number of predators present and m equals the proportion of die
predatorstestingpositive for feeding (Dempster 1960). This formula estimated the
minimum number of boUworm eggs consumed for the day of die sample only, and was
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chosen based onreportsin die Uterature diat Orius consumes approximately one bollworm
egg per day. These sample day estimates were used to predict boUworm eggs consumed
by Orius (over die season) for use in the life tables using die graphical mediod described
by Southwood (1978). The method used to calculate recmitment of eggs consumed by
Orius is described in more detaU in Chapter H.
For both 1996 and 1997, the Orius population density, the proportion of Orius spp.
testing positive, and the minimum number of l>oUworm eggs consumed by Orius spp.
(daUy estimates discussed above) were each paired by date widi boUworm egg population
density estimates from the life table census, and analyzed for monotonic relationships using
Spearman's rho rank correlation (Iman and Conover 1989, SAS Institute 1985).

Epitope Degradation Curves for Geocoris spp. and //. convergens
Individual adult big-eyed bugs (Geocoris spp.) from the same lot procured as
negative controls were placed in petri dishes with a selection of approximately 20 bollworm
eggs and closely watched. When a Geocoris was observed feeding on a bollworm egg, it
was aUowed to finish the meal, thenremovedfrom the dish and placed in a cryovial. The
vial was labeled widi the exact time the Geocorisfinishedfeeding. The Geocoris were
frozen by immersion in liquid nitrogen at 0, 2,4, 8,10,12, 14, 18, and 24 hours postfeeding. Approximately 32 Geocoris were fed and frozen for each of the nine post-feeding
intervals. For each microplate, eight Geocoris from each post-feeding interval were
prepared by grinding in 250 ^1 of extraction buffer and processed using the Orius spp.
ELISA protocol. Hagler et al. (1997) suggested diat the efficacy of die assay might be
improved for large protein-rich predators by increasing the volume of buffer used for
grinding and extraction. The second aliquot of ground-predator supernatant was dUuted
with extraction buffer to produce a solution of one Geocoris to 750 |il extraction buffer and
a second microplate was processed. H. convergens adults were fed, frozen and assayed in
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the same way as Geocoris spp. Data were subjected to analysis of variance and means
were separated widi Fisher's protected LSD (SAS Institute 1985).

Egsulls
Aspirators
The large numbers of predators needed to achieve the initial objectives of this
study required that predators be coUected en-masse using fuU-size aspirators. Early in the
study an attempt was made to collect predators individually, but too few individuals were
coUected for a sample of adequate size. Some predators may have become contaminated
with antigen by feeding on predators that had previously fed on boUworm eggs while
trapped in the aspirator. Consumption of other predators in the aspirator was only
observed for spiders and green lacewings, which were eliminated from the samples.

Revision of Studv Goals
Originally it was hoped that aU of die suspected key predators coUected could be
analyzed for boUworm egg predation using ELISA. The existing ELISA protocol (Sansone
1997) had only been used successfully to test Orius spp. Preliminarytestingrevealedthat
the procedure did not give the sameresultswhen used widi larger predators (Hagler et al.
1997). Objectives were re-evaluated and new goals were set and prioritized. Testing of
Orius spp. was given first priority. This decision was based on the consensus in the
Uterature that Orius spp. were probably the most important bollworm egg predators, and
the fact that the available ELISA protocol had already been used successfully totestOrius
(Griset 1998, Pustejovski 1998, Sansone 1997). Development of epitope degradation
curves for Geocoris spp. and H. convergens adults were given second and diird priority,
respectively.
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Proportions of Po.sitive Oriu^
Density of O. insidiosus adults, O. tristicolor adults and Orius spp. nymphs and
the proportion of the population thattestedpositive for boUworm egg consumption in 1996
and 1997 are shown in Tables 3.2 and 3.3, respectively. In 1996, O. insidiosus adults
were proportionately the most frequent positive reactors, with a seasonal peak of 76.1
percent positive on August 19, and a seasonal mean of 20.9 percent positive (Table 3.2).
Orius tristicolor adults testing positive had a similar seasonal mean of 18.7 percent and a
seasonal peak of 55.3 percent positive on August 12. Orius spp. nymphstestingpositive
had a lower seasonal mean of 13.0 percent, and seasonal peaks of 50.0 percent positive on
August 21 and 26. In 1997, Orius insidiosus adults showed a seasonal mean of 17.3 and
seasonal peak of 59.7 percent positive (Table 3.3), similar to theresultsof 1996. The
seasonal mean for O. tristicolor was 12.5 percent positive, approximately one third lower
than 1996, and disregarding samples of only one individual the seasonal peak was 75
percent. In 1997, Orius spp. nymphs had a seasonal mean percent positive of 22.1-higher
than 1996 and the highest of the three in 1997. Disregarding the estimate of August 13
with only one sample, Orius nymphs showed a seasonal peak of 49.1 percent positive on
August 20, very similar to dieresultsfrom 1996. In 1996,18.5% (427 out of a total of
2304 tested) of die Orius spp. were positive for boUworm egg predation and in 1997,
17.6% were positive (313 out of 1777 tested).

Estimated Eggs Consumed hv Orius SPP.
Estimated minimum numbers of boUworm eggs consumed by Orius spp. in 1996
and 1997 are shown in Tables 3.4 and 3.5, respectively. In 1996, die daily maximum
number of eggs consumed by Orius peaked at 23,545 on August 19. On August 26 and
September 2 after boUworm eggs had faUen to numbers too low to detect with the 100 plant
sample, Orius collected on the same days continued totestpositive. The second highest
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Table 3.2. Orius spp. coUected from upland cotton and shown by ELISA to have
boUworm egg vitellin protein in the gut Halfway, Texas, 1996.

no.
tested

no.
pos

34
38
72
60
54

0
0
15
23
26
3
6
1

CoUection
date

no.
tested

no.
pos

pos

24
26
29
31
Aug. 2
5
7
9

6
54
64
88
64
86
72

0
0
1
5
2
41
1

0.0
0.0
1.6
5.7
3.1
47.7
1.4

0
2
15
3
54
8
37
34

0.0

12
14
16
19
21
23
26

51
61
64
64
71
71
71
71

3.3
23.4
4.7
76.1
11.3
52.1
47.9

48
67
37
38
72
72
72
60
46
41

2

71

12

16.9

4

July

Sept

Seasonal mean

Onus nvmphs

O. tristicolor

0, insidiosus
%

21
5
25
19
0
1
7
0

%

pos
0.0
0.0
20.8
38.3
48.1
6.3
9.0
2.7
55.3
6.9
34.7
26.4
0.0
2.2

72

1
0
0
24
14

%

pos
0.0

0
•

•

•

•

2
0
2
2
11

8.3
0.0
2.8
2.8
26.2

17.1

71
64
37
24
6
2

1
7
13
9
12
0
1

3.1
9.9
20.3
24.3
50.0
0.0
50.0

0.0

1

0

0.0

18.7

20.9

no. no.
tested pos

71
71
42
32

13.0

Table 3.3. Orius spp. coUected from upland cotton and shown by ELISA to have
boUworm egg vitellin protein in the gut. Halfway, Texas, 1997.

CoUection
date

no.
tested

no.
pos

22
64
72
72
72
50
32
32

6
22
14
2
2
1
18
0

40
72
72
72
72
72
72

5
32

72

10

6

72

3

9

72
72
72

1
20
16

July

30
Aug. 1
4
6
8
11
13
15
18
20
22
25
27
29
Sept 2
4

11
16
Seasonal mean

43
13
4
0
8

Oriu.^ nvmphs

0, tristicolor

O. insidiosus
%

pos
27.3
34.4
19.4
2.8
2.8
2.0
56.3
0.0
12.5
44.4

no. no.
tested pos

no.
tested

no.
pos

7
12
31
54
19
42
17
16

0
0
0
16
0
1
0
2

5
5
6
4
1
14

0
0
1
3
1
6
0

0.0
12.5
0.0
0.0
16.7
75.0
100.0
42.9
0.0

3

25.0

7
44
57
39
11
18
4
2
4

8

5

62.5

5
6
8

0
0
0

0.0
0.0
0.0

59.7
18.1
5.6
0.0
11.1
13.9

8
12

4.2
1.4
27.8
22.2

%

pos
0.0
0.0
0.0
29.6
0.0
2.4

12.5

17.3

73

%

pos

0

•

0
0
0
0
1
1

•
•
•
•

0.0
0
1 100.0
0.0
0
5 11.4
28
4
2
4
0
0

49.1
10.3
18.2
22.2
0.0
0.0

0

0.0

4

0

0.0

9
21
27

0
3
8

0.0
14.3
29.6
22.1

Table 3.4. Proportion and estimated minimum number of bollworm eggs consumed by
Orius spp. in cotton. Halfway, Texas, 1996.
Onus spp.
No.
No.
tested pos.

Date
July

Aug.

Sept

%
pos.

Estimated
no.
/hectare

H Tea eggs
Minimum
Estimated
no. consumed
no.
/hectare
/hectare

24

41

0

0.0

7,802

0

0

26

92

0

0.0

8,777

0

1,950

29

136

16

11.8

7,802

918

9,752

31

172

30

17.4

20,479

3,572

18,529

2

132

28

21.2

27,305

5,792

15,603

5

205

46

22.4

46,809

10,503

27,305

7

210

9

4.3

56,561

2,424

44,859

9

130

12

9.2

44,859

4,141

50,710

12

131

24

18.3

39,008

7,146

35,107

14

207

27

13.0

28,280

3,689

43,884

16

200

41

20.5

37,057

7,597

71,189

19

180

82

45.6

51,685

23,545

35,107

21

155

20

12.9

38,032

4,907

13,653

23

123

38

30.9

39,008

12,051

2,926

26

114

42

36.8

49,735

18,323

0

2

76

12

15.8

47,784

7,545

0

Tvlinimun number of boUworm eggs consumed was calculated using die equation (P)(m),
where P = Orius spp. population density and m = proportion of Orius diat tested positive
for boUworm egg consumption using ELISA.
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Table 3.5. Proportion and estimated minimum number of bollworm eggs consumed by
Orius spp. in cotton. Halfway, Texas, 1997.

Onus snn.

No. No.
tested pos.

Date
July 30
Aug. 1
4
6
8
11
13
15
18
20
22
25
27
29
Sept 2
4

29
76
103
126
91
93
50
55
89
134
117

6

87
91
90
82
88
84

9

86

11

99

16

107

Estimated
no.
/hectare

%

pos.

6
22
14
18
2
2
19
2
10
60
48
18
9
6
8
13
8
1

20.7
28.9
13.6
14.3
2.2
2.2
38.0
3.6
11.2
44.8
41.0

23
24

23.2
22.4

20.7
9.9
6.7
9.8
14.8
9.5
1.2

//. zea ee2S
Minimum
Estimated
no. consumed
no.
/hectare
/hectare

4,049

838

8,835
14,357
19,878
16,197
11,780
4,049
9,939
8,467
15,093
12,884

2,557
1,951
2,840
356
253
1,539
361
951
6,758
5,286
4,417
3,058
2,528
5,710
5,764

21,351
30,922
37,916
58,531
39,020
48,223
35,339
24,664
50,432

0
0
0
3,313
1,104
4,417
7,730
0
44,174
54,113
89,453
27,609
23,191
12,148
5,522
11,044

4,593
411

8,835
6,626

5,730
11,312

8,835
11,044

"Minimum number of boUworm eggs consumed was calculated using die equation (P)(m),
where P = Orius spp. population density and m = proportion of Orius that tested positive
for boUworm egg consumption using ELISA.
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number of eggs consumed was 18,323, recorded on August 26,1996, when no boUworm
eggs were found in die 100 plant sample (Table 3.4). In 1997, estimated numbers of eggs
consumed on specific dates were consistendy lower and less variable than in 1996 (Table
3.5). The seasonal peak of 11,312 eggs consumed occurred on September 16, the very
last sampling date.

Comparison to BoUworm Eyp Population Densitv
Bollworm egg and Orius spp. population density curves for 1996 and 1997 are
shown in Figure 3.2. Separate curves are presented for Orius nymphs and adults. In 1996
the Orius population trend was toward a steady increase from early in the season coincident
with bollworm egg density, exceeding 50,000 nymphs and adults per hectare by August 7.
In 1997, the trend in Orius numbers was simUar to 1996 but the early season steady
increase appeared to dampen in early August when bollworm egg recruitment was
coincidentally low. This may have been aresuUof die had storm of August 10, 1997,
which may have destroyed Orius adults and eggs embedded in die plant tissue and
maintained the Orius population in the latent period of growth. Although Orius adult
recruitment continued a steady rise to 1996 levels after bollworm egg recmitment increased,
the Orius nymphal densityremainedlow. The Orius population density did notriseabove
50,000 untU after boUworm egg recmittnent was waning in late August. Spearman's rank
correlation analysesrevealeda significant positive correlation between the population
densities of Orius spp. nymphs and bollworm eggs, but not between the densities of either
Orius spp. adults or all Orius spp. Gife stages pooled) and bollworm eggs (Table 2.3).
The numbers of boUworm eggs per hectare and the proportion of adult Orius testing
positive for boUworm egg consumption by ELISA are plotted in Figure 3.3. In 1996, die
highest proportion of positive Orius occurred on the next sample date after die seasonal egg
population peak. The proportion positive rose again after bollworm egg numbers had
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boUworm eggs
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Figure 3.2. Populationttiendsfor bollworm eggs and Orius spp. Halfway,
Texas.
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Figure 3.3. BoUworm populationttiendsand proportion of Orius spp. diat
tested positive (by ELISA) for boUworm egg feeding. Halfway, Texas.
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dropped below levels detectable by die 100-plant census. In 1997, die proportion of
positive Orius shows one peak diat coincided widi die boUworm egg population peak, but
showed similar, though smaller, peaks when bollworm egg numbers were low. In spite of
the visual simUarity between curves. Spearman's rank correlation analysesrevealedno
correlation between die two variables in either year indicating no monotonic relationship
(1996: n=16. Spearman's R = 0.059, Prob.> IRI = 0.828; 1997: n=20. Spearman's R =
0.315, Prob.> IRI = 0.176). Spearman analyses using only data pairs with no zero values
showed no correlation in 1996, but a significant positive correlation in 1997. (1996: n=16.
Spearman's R = -0.225, Prob.> IRI = 0.483; 1997: n=20. Spearman's R = 0.539, Prob.>
IRI = 0.031).
The minimum numbers of boUworm eggs consumed by Orius are plotted against
boUworm egg density in Figure 3.4. In 1996, number of eggs consumed by Orius peaked
on the next sample date after the bollworm egg population peak. Eggs consumed by Orius
remained relatively high after boUworm eggs dropped below detectable levels at the end of
the sampling period. However, Orius population densities were highest at this point in
time. Analysis with Spearman's rank correlation showed no correlation between the two
variables indicating no monotonic relationship (n= 16, Spearman's R = 0.078, Prob. > IRI
= 0.773). In 1997, numbers of eggs consumed by Oriusremainedrelatively low until
August 20. As in 1996, number of eggs consumed by Oriusremainedhigh at die end of
the sampling period, though in 1997 low numbers of bollworm eggs were stUl detectable
untU theterminationof sampUng. Analysis widi Spearman's rank correlation showed a
positive correlation between die two variables (n=20. Spearman's R=0.536, Prob. > IRI =
0.0149). This correlation suggests diat die Orius may consume more eggs at higher
boUworm egg densities.
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Figure 3.4. Estimated numbers of boUworm eggs consumed by Orius
spp. and bollworm egg population curves. Halfway, Texas.
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Epitope Degradation
Mean absorbance readings for Geocoris spp. adults fed one boUworm egg, dien
frozen at various post-feeding intervals are plotted in Figure 3.5 to form an epitope
degradation curve. In general, mean absorbancereadingsbecame progressively lower as
the post-feeding interval increased indicating epitope degradation over time and decreased
binding by MAb HVE-1. Absorbance means of Geocoris frozen at 18 and 24 hours postfeeding show a visible decrease when compared to aU other intervals.
The absorbance values are presented in descending rank in Table 3.6. Mean
absorbance for the positive control (one bollworm egg) was the highest in die test at 3.371,
and was significandy different than that of all Geocoris, regardless of post-feeding interval
(P<0.01, Fisher's protected LSD). Geocoris frozen at 18 and 24 hours post-feeding were
not significandy different from the negative control.
Proportion of Geocoris testing positive on a specific microplate for bollworm egg
consumption (using the threshold of the mean of the eight negative control individuals, plus
3 standard deviations) are shown in Table 3.7. Overall, relatively low numbers of
Geocoris were identified as positive egg feeders, even at the shortest post-feeding intervals.
The highest proportion of positive feeders was 28.1 percent at die two-hour post-feeding
interval. No positive feeders were observed from the 18 or 24 hour post-feeding intervals.
A clean break dividing the intervals into a high and low detection groups was not observed.
Mean absorbance readings for //. convergens are plotted in Figure 3.6. The curve
shows Utde progressivereductionin absorbance at longer post-feeding mtervals.
Absorbance readmgs for//, convergens adults are shown in Table 3.8. Mean absorbance
for die positive contt-ols (one bollworm egg) was significandy greater dian those of aU //.
convergens adultsregardlessof post-feeding interval (P<0.01, Fisher's protected LSD).
The 18-hour interval mean was significandy different than diose of die zero- and six-hour
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Figure 3.5. Epitope degradation curve for boUworm egg viteUin protein
in die guts of Geocoris spp. adults.
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Table 3.6. Mean absorbance values for Geocoris spp. adults fed one boUworm egg then
frozen at successively longer time intervals.
Hours post-feeding

Mean absorbance" (±S.E.M.)

Egg
2
10
0
4
12

3.371
1.173
1.542
1.508
1.405
1.382
1.354

8
6

1.328
1.037
0.910
0.809

18
24
negative control

±
±
±
±
±
±
±
±
±
±
±

0.091 1a
0.213 b
0.198 b
0.162 b
0.201 b e
0.146 b e
0.145 b e d
0.174 b e d
0.114
c de
0.107
de
0.109
e

"Means followed by the same letter are not significantly different (P<0.05, Fisher's
protected LSD).
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Table 3.7. Proportion of positive absorbance values for Geocoris spp. adults fed one
bollworm egg in an epitope degradation study.
Proportion positive
Hours post-feeding
0
2
4
6
8
10
12
18
24

Plate 1

Plate 2

Plate 3

Plate 4

Mean

0.125
0.125
0.125
0.000
0.125
0.375
0.250
0.000
0.000

0.000
0.125
0.125
0.125
0.000
0.250
0.125
0.000
0.000

0.125
0.375
0.250
0.125
0.125
0.250
0.000
0.000
0.000

0.250
0.500
0.250
0.250
0.000
0.000
0.000
0.000
0.000

0.125
0.281
0.188
0.125
0.063
0.219
0.094
0.000
0.000
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Figure 3.6. Epitope degradation curve for bollworm egg viteUin protein
in the guts of//, convergens adults.
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Table 3.8. Mean absorbance values for //. convergens adults fed one boUworm egg then
frozen at successively longertimeintervals.
Hours post-feeding

Mean absorbance' (±S.E.M.)

Egg
negative control
0
6
10
2
8
24
4
12
18

3.908
1.240
1.103
1.057
1.053
1.021
1.003
0.976
0.953
0.907
0.678

±
±
±
±
±
±
±
±
±
±
±

0.066 ;a
0.142 b
0.076 b
0.061 be
0.066 be
0.064 be
0.072 be
0.068 be
0.060 be
0.072 be
0.063
c

"Means followed by the same letter are not significandy different (P<0.05, Fisher's
protected LSD).
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intervals, but no overall pattem was discemable. Negative controls scored the secondhighest absorbancereadingsafter die positive contt-ol.

Di.scu.s.sion
Predation of Bollworm Eggs hv Orius
Orius insidiosus, O. tristicolor, and Orius spp. nymphs aU showed high
percentages of positive reactors on various sample dates whentestedfor boUworm egg
feeding using MAb HVE-1 based ELISA. On one date, the percentage of positive reactors
was 76.1 percent, die highestreportedin any study to date using ELISA to assay Orius for
bollworm egg consumption in Texas cotton (Griset 1998, Pustejovsky 1998, Sansone
1997). High levels of predation on certain days (Tables 3.2 and 3.3) are consistent with
reports of Sansone (1997) (58 percent positive, O. insidiosus adults) in the Central Texas
Blacklands, Griset (1998) (64.3 percent positive, O. tristicolor adults) in the Northem
Texas Blacklands, and Pustejovsky (1988) (27.3 percent positive, O. tristicolor adults) in
the Texas Trans-Pecos.
If viewed on a seasonal basis, adult Orius of both species and Orius nymphs seem
to be simUar in percent of individuals involved in bollworm egg feeding. AU show a
seasonal mean percent positive feeders within a range of 10 (12.5 to 22.1) (Tables 3.2 and
3.3), although values from individual dates vary considerably. Much of this variabUity
may be due to the smaU groups of predators coUected on some dates. These seasonal
means are similar to those reported by Sansone (1997) (10.4 to 22.7 percent) and much
higher dian diosereportedby Griset (1998) (2.2 percent) and Pustejovsky (1998) (<1.0
percent).
Subde pattems (if any) are difficult to identify in these data, but two trends are
obvious. On many dates, high (over 50 percent) percentages of O. insidiosus and O.
tristicolor adults and Orius spp. nymphs consume boUworm eggs and on average, adults of
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both species and nymphs (bodi species combined) show simUar percentages of boUworm
egg consumption (Tables 3.2 and 3.3). These data bolster die consensus in die Uterature
that Orius spp. are important predators of die bollworm in cotton, particularly as predators
of eggs (Heteher and Thomas 1943, Chiaintance and Bmes 1905, Sansone 1997).
Positive bollworm egg feeding Orius (Tables 3.4 and 3.5) were found on sampUng
dates when boUworm eggs were below die level detectable by die 100-plant sample. This
is consistent widi dieresultsreported by Sansone (1997), and suggests diat low densities
of boUworm eggs deposited in cotton are probably consumed by high densities of Orius (in
part) shortly after deposition and may bring egg density below levels detectable in a 100
plant sample. Detectable bollworm egg densities probably only occur when the number of
eggs deposited is more than the predator population can consume, allowing enough eggs to
escape predation for detection. It is possible that many low level egg lays made by
bollworms in cotton are decimated by predators, and go undetected.
In both years, relatively high incidence of Oriusrespondingpositive for having fed
on boUworm eggs (15.8 to 36.8 percent) and minimum number of eggs consumed by
Orius (5,730 to 18,323/ha) were observed on the last few sample days when bollworm
eggs were not detected, or were detected at very low levels (Tables 3.4 and 3.5). By this
time, the fruit that wiU produce Unt is for die most part out of danger from injury, so any
late infestations of bollworms have Utde or no economic impact on that year's crop.
SampUng to determine if insecticide appUcations are needed is generaUyterminatedat this
time. However, September rains often cause aflushof new growth on the cotton plant,
producing varying amoimts of smaU fruit, which provide boUworms with highly nutritional
food and contribute to late season epidemics. Increased bollworm survival and population
increase late in die growing season contribute to high overwintering popidation densities
which augment the next year's population. In undisturbed soil, bollworm survival can be
quite high. In one study 38.3 percent of individual bollworms from a cohort entering die
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soil on September 27,1982, successfuUy overwintered (Rummel et al. 1986b). Larvae
entering die soil in October showed as high as 18.5 percent survival (Rummel et al.
1986b). The actions of late season predators and odier nattiral enemies, in particular Orius
spp., may in some years play a significant a role in limiting the number of bollworms diat
enter overwintering habitat and contribute to lowering inter-generational survival.
Correlations were not observed between Orius adults and boUworm egg population
densities in eidier year (Table 2.3). The variables appear to be roughlyrelated,but not
coincident in time. As suggested in Chapter II, die weak correlation may be due to
temporal misaUgnment caused by the lapse of time occurring while nymphs develop into
adults, or by masking of the numerical response by migration of adults into thetestfield
from other fields (Barber 1936). The correlations between the densities of bollworm eggs
and Orius nymphs in bodi years of die study (Table 2.3) suggest diat die Orius is an
opportunistic predator and that the populationtendstorespondto the availabiUty of
boUworm eggs as food. However, the size of thisresponsemay be relatively small and
play a minor part in forming the overall Orius population in late season cotton. The
relatively low numbers of nymphs inrelationto the numbers of adults observed,
particularly in 1997 (Figure 3.2), and high numbers of adults observed before the onset of
bollworm egg deposition (Figure 3.2) support the hypothesis that the general movement of
Orius Sidults into the cotton field when target prey is low is an important atttibute for
maintaining boUworm density in the latent stage of population growth (Wiedenmann and
Smidi 1997).
In 1997, a positive correlation was noted between number of boUworm eggs per
hectare and the proportion of Oriustestingpositive for boUworm egg consumption. This
suggests that the proportion of Orius that feed on boUworm eggs may rise when greater
numbers of bollworm eggs are available as food. This association is not consistent with
resultsreportedby Sansone (1997), whoreportedno correlation between the same
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variables. Though a correlation was found for 1997, in bodi years Orius population
densities eitherreachedhigh densities before die onset of bollworm egg deposition, or
maintained high densities once boUworm egg deposition had ceased or dropped to low
levels (Figure 3.2). ELISAs indicated diat boUworm eggs were consumed by Orius during
these periods (Tables 3.4 and 3.5), but on many sample dates a smaU portion of a relatively
large Orius populationtestedpositive (Figure 3.2). This demonsttates diat Orius is able to
establish and maintain populations in cotton in die absence of large numbers of bollworm
eggs as food. Orius has been described as a generaUst feeder (Barber 1936, Ehler and Van
den Bosch 1974), and it is likely diat other prey such as dirips and aphids may form a
significant portion of the predator's diet. This may be tme even in the presence of high
numbers of bollworm eggs.
A significant positive Spearman correlation between boUworm egg density and
minimum number of eggs consumed by Orius was observed in 1997. As widi the
population of Orius nymphs, this suggests a density dependent reaction. One of die
variables used to calcidate minimum number consumed is proportion of predators testing
positive, which was also correlated with bollworm egg density in 1997. No correlation
between the same variables was observed in 1996, which is consistent withresultsreported
by Pustejovsky (1998) in the Texas Trans-Pecos.
Most important, these results indicate diat the impact of Orius spp. on boUworm
popidations in High Plains cotton is high—explaining approximately one half of the
mortaUty occurring in the egg, or combined egg/first instar Ufe stages (Tables 2.1 and 2.2).
This high level of natural control provided by only two closelyrelatedspecies of a large
predator complex, adds to the case for careful consideration of die potential impact on
predator populations when making pest control decisions.
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Epitope degradation

QeQQQris- The degradation curve constmcted for Geocoris showed a progressive
reduction in absorbance over time, indicating epitope degradation and decreased binding by
the primary antibody. The means of readings from two andtenhours post-feeding were
obvious exceptions, showing sharp increases over dieir respective preceding post-feeding
intervals, diough diis may be variation about a very low mean (Table 3.6). The downward
sloping curve is simUar in shape diat diat developed by Sansone (1997) for Orius
insidiosus.
The inabiUty to detect high proportions of Geocoris diat were positive feeders at die
shorter post-feeding intervals (Table 3.6) may be due to a variety of factors. Pre-oral
digestion of die egg contents (Cohen 1990) may have degraded the epitopes on die viteUin
proteins lowering detectabiUty in die gut of the predator. TherelativelysmaU proportion of
boUworm egg protein in the overall sample (as compared to Orius) may have resulted in a
low abundance of target proteins bound to the interior of the microplate weU, causing false
negatives (Hagler et al. 1997). However, dilution of samples from 250 to 750 |il did not
change theresults.Use of the more sensitive sandwich ELISA (DAS) which coats the
entire interior of the test wells with primary antibody may solve this problem. Off-target
binding of MAb HVE-1 to proteins inherent to the predator may have increased aU
absorbancereadings,masking the effect of boUworm egg protein in die sample. This is
unlUcely though, as MAb HVE-1 has been shown to be specific to die egg viteUin of
HeUothine noctuids (Goodman et al. 1997) and should not bind to non-specific proteins. It
is also possible that primary and secondary antibodies may have been held physicaUy by
large non-target proteins. This also seems unlikely because preUminary assays using
greater numbers of washes in an attempt to dislodge any physicaUy held antibody did not
change results.
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The low overaU detection level and die lack of a clean break dividing die absorbance
readings into groups of high and low detectabUity make it difficult to predict a reliable
period of post-feeding detectabUity for Geocoris. The second highest proportion of
positivesreactorswas observed at 10 hours post-feeding (21.9 percent) and die longest
post-feeding interval showing positive feeders was 12 hours (Table 3.7). This does show
diat boUworm egg protein is detectable in die gut of Geocoris for 10 to 12 hours, at least to
a small degree.
Hippodamia convergens. The ELISA protocol developed by Sansone (1997) did
not produce satisfactory results when used totest//. convergens adults. A drop in
absorbance values for //. convergens adults frozen at progressively longer post-feeding
intervals was not observed. //. convergens adults frozen at different post-feeding intervals
did not produce significandy different absorbance means, with negative controls scoring
among the highest reactions. None of die H. convergens adults diat weretestedwere
identified as positive boUworm egg feeders using the negative control mean plus three
standard deviations threshold.
//. convergens is a larger insect than Geocoris, adding a correspondingly higher
amount of non-reactive, exttaneous protein to the sample, furtherreducingthe proportion
of bollworm egg protein antigen in the gut Protein binding to the plate waU is a
competitive process. This may haveresultedin the binding of very few target proteins to
the microplate weU interior (Hagler et al. 1997) causing false negatives, though as with
Geocoris, dUution of the samples to from 250 to 750 |J.l did not change results. Again, a
sandwich ELISA should be more sensitive when the proportion of target antigen is low, as
the primary antibody coated well interior should bind only die target antigen. Physical
adherence of the antibodies by predator proteins was tested in preliminary studies by trying
to dislodge any physicaUy held antibodies using multiple washes. This also did not change
results.
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These negativeresultsare simUar to those obtained from attempts made in previous
studies to develop degradation curves for the other suspected coleopteran bollworm
predators, Scymnus spp. (Griset 1998) and Notoxus calcaratus (Pustejovsky 1998).

93

CHAPTER rV
CONCLUSION

The life table constmcted for diis study revealed diat boUworms in insecticide-free,
Texas High Plains cotton can suffer staggering generational mortaUty (99.8 percent in
1996,96.0 percent in 1997) from die egg to die sixdi mstar life stage. BoUworm eggs
suffered 82.6 percent generational mortaUty in 1997, and eggs andfirstinstar larvae
suffered 93.1 percent generational mortality in 1996,reveaUngthat die majority of mortality
occured in the youngest, most vubierable Ufe stages.
Plots of percentage mortaUty against developmental time approximated Deevey type
in survivorship curves for both years, with most mortality occurring in the youngest life
stages. The similarity of the life tables and survivorship curves produced in this study to
those of most previous Ufe table studies of natural boUworm mortality in cotton (McDaniel
et al. 1984, Sansone 1997, Pustejovsky 1998, Griset 1998) indicated that this is a common
pattem for boUworm in cotton over a wide range of physiogeographic regions.
Incorporation of estimates of boUworm eggs consumed by Orius spp. (estimated
using ELISAresults)into the life tablesrevealeddiat bollworm eggs or combined eggs and
first instar larvae suffered age-specific mortalities of 55.6 (1996) and 41.2 percent (1997)
due to predation by Orius. This supports die consensus in the literature that Orius may be
the most important predator of boUworm eggs in cotton. The large amount of mortaUty
caused by one component predator from a large predator complex suggests that the impact
of predators on bollworm egg density may be highly significant. By conttast, egg parasites
causedrelativelyUtde age-specific mortaUty when compared to Orius spp. (0.9 percent in
1996 and 1.4 percent in 1997).
The large amount of natural mortaUty observed in this study suggests that in die
absence of broad-specttaim pesticide applications, natural mortaUty agents can provide a
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very high level of bollworm suppression in High Plains cotton. Although boUworm
populations can clunb to high densities diat can cause severe economic damage, in many
cases nattiral conttol may be sufficient to hold densities of boUworm immigrants (probably
from com) in die latent phase of population growth when cotton is most susceptible to
damage. This natural mortaUty could delay population growdi from reaching die epidemic
phase of growdi for enough time to aUow a significant portion of fruit to mamre beyond die
age of vulnerabiUty to damage.
The ELISA protocol used in diis sttidy did not provide satisfactory results when
used widi predators other dian Orius. Research should be undertaken to develop
dependable ELISA protocols for die odier suspected key predators of die cotton field. Use
of the sandwich ELISA should be investigated because of its decreased sensitivity to
predator/prey antigen protein ratio. Once the impact of die entire predator complex on
bollworm populations is understood, this information can be used to create new economic
thresholds diat incorporate the effects of predation. Coupled with better sampUng methods
such as the beat bucket, these thresholds can be used to limit insecticide appUcations to
situations where they are truly needed to preserve yield.
The abUity of the boU weevU toretain,and to possibly expand its foothold on die
High Plains wiU dictate future insecticide use pattems for the region. Should the boU
weevil become a major pest of cotton in theregion,overaU pest conttol wUl become much
more complex. Should the weevil fail to become a serious pest in theregion,the low earlyseason insecticide use pattem of past years canremainintact Should this occur, the Texas
High Plains should be viewed as aregionthat has tremendous potential for the use of
improved estimates of impending natural mortaUty toreduceunnecessary insecticide
interventions.
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