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Spatial Distribution of Western Corn Rootworm (Diabrotica virgifera 

virgifera Leconte) Trap Counts and Evaluation of a Novel Method for 

Sampling Soil Pests of Field Corn 

Abstract 

Studies were conducted in 1990 and 1991 to investigate two kinds of 

soil insects that attack field corn in Virginia. Corn rootworms, the most 

important of which is the western corn rootworm (WCR), feed on corn roots 

and have been sampled effectively using yellow sticky traps. The spatial 

distribution of weekly counts of WCR on yellow sticky traps was investigated 

over three consecutive weeks in July of each year using Pherocon A.M. traps. 

The traps were cut in half, placed in a seven by seven grid, and separated by 

an average distance of 18.3 m. Data were collected in a total of 24 corn fields. 

Dispersion indices showed that the trap counts of WCR were aggregated. 

Further analysis using geostatistics revealed that the trap counts were non- 

randomly distributed at least half the time at all population densities; 

however, the presence and type of spatial pattern was density-independent. 

Pests of germinating corn seeds comprise a guild of insects including 

seedcorn maggots, wireworms, and white grubs. No one method has yet been 

developed to sample all of the insects in the guild. A new method, the baited 

wire trap (BWT), was evaluated in 47 fields in 1990 and 1991. No significant 

differences were found between the proportion of seeds damaged by pests of 

germinating seeds in the BWT and seeds planted by hand at conventional 

plant spacings. The proportion of damaged seeds in the BWT was 

significantly less than that in the commercially-planted fields; however, the 

proportion of damaged seeds in the BWT was significantly greater than the 

stand loss in these same fields. Linear regression revealed a significant



relationship between the proportion of damaged seeds in the BWT and 

simulated plantings, and the conventionally planted fields. Because of low 

coefficients of determination (R2), the BWT could not be used to accurately 

predict damage by the germinating seed pest guild. However, the BWT 

detected damage by all three members of the pest guild and was found to be 

significantly faster to use than the bait station method.
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Chapter 1 

Literature Review 

INTRODUCTION 

The western corn rootworm (WCR), Diabrotica virgifera virgifera 

LeConte, is a member of the leaf-feeding beetle family, Chrysomelidae, and 

was originally described in 1868. According to Chiang (1973, 1978), the WCR is 

one of the most damaging insect pests of continuous corn in the United 

States. The high damage potential of WCR has led to numerous studies on 

its biology and pest management. 

In addition to the WCR, there are two other corn rootworm species 

associated with corn in the United States: the southern corn rootworm (SCR), 

D. undecimpunctata howardi, Barber and the northern corn rootworm 

(NCR), D. barberi Smith. WCR and NCR are univoltine and overwinter in 

the egg stage, whereas the SCR is multivoltine and overwinters in the adult 

stage. The larvae of the three species also differ in their host specificity. SCR 

is polyphagous and can survive on many different plants. NCR has a more 

restricted diet, but can survive on some hosts other than corn, such as 

cucurbits. In contrast, WCR is highly specific and is effectively limited to corn 

as a host (Branson and Ortman 1970, Branson and Krysan 1981). 

The three species vary in population density, as well as the amount of 

damage they cause to field corn. The SCR is the least damaging, followed by



NCR, and the WCR (Hein and Tollefson 1985). This difference is due to the 

large populations that WCR and NCR attain in corn fields; SCR densities in 

corn fields tend to be lower. NCR is a serious pest in some areas, but its role 

appears to be diminishing with the spread of WCR, the larvae of which 

displace NCR larvae on corn roots and decrease their ability to survive 

(Piedrahita et al. 1985). Given the pest status of WCR relative to other corn 

rootworm species, the remainder of the literature review will be restricted to 

WCR. 

GEOGRAPHIC DISTRIBUTION 

Krysan (1982) hypothesized that WCR is neotropical in origin because 

of its diapause pattern and temperature adaptations. As of 1986, the 

geographic distribution of the WCR in North America ranged from Mexico to 

Utah in the west and New Jersey to Maryland in the east (Krysan and Miller 

1986). Since that time, WCR has extended its range into western Virginia 

(Virginia Cooperative Extension Service Reports 1986-1990). 

Although the WCR presently occurs throughout most of the corn 

growing regions of the United States, this was not always the case. From the 

time LeConte (1868) discovered WCR feeding on squash blossoms in Kansas 

until 1955, the distribution of WCR was relatively small. WCR was known to 

occur throughout Nebraska, portions of Colorado and Kansas, and in only 

small areas of South Dakota and Iowa (Chiang 1973). After 1955, WCR began 

to expand its range north and east into other corn-producing states. The 

geographic distribution of WCR doubled by 1970 and the expansion has 

continued to the present.



The cause of the expanded distribution is thought to be two-fold: the 

change from dryland to irrigated corn production which resulted in 

conditions conducive to WCR development (Hill and Mayo 1980), and the 

application of soil insecticides in the early 1950's to control damage by WCR. 

According to Krysan and Miller (1986), soil insecticides not only selected for 

resistant individuals, but apparently also selected for individuals with highly 

migratory behavior. 

LIFE HISTORY 

Egg Stage 

WCR is univoltine and overwinters in the soil as eggs, which hatch 

when the soil warms in the spring. Although WCR eggs have been observed 

to hatch without exposure to cold (Branson 1974), they generally need to be 

exposed to a period of cold weather before they will hatch. Exposure to very 

cold temperatures (i.e., below 0°C), however, reduces the vigor of hatched 

larvae (Branson 1974). Chiang et al. (1972) showed that WCR eggs exposed to 

-10°C for 1, 2, or 4 weeks reduced larval survival to 43, 23, or 0%, respectively, 

and that exposure to -15°C for any amount of time prevented hatching 

altogether. Chiang et al. (1972) also showed that the optimum temperature 

for diapause was between four and five degrees centigrade. 

Duration of egg diapause has been shown to vary among 

geographically separate populations (Krysan and Branson 1977). Diapause is 

broken after a specific number of degree-days above a threshold temperature 

has been reached. In a Minnesota population of WCR, for example, the 

thermal constant for egg hatch was determined to be 380 centigrade degree-



days based on a threshold temperature of 12.8°C under laboratory conditions 

(Wilde 1971). 

Larval Stage 

After hatching, WCR larvae follow CO2 gradients and kairomones to 

corn roots (Strnad et al. 1986) where they begin feeding on the youngest roots 

(Strnad and Bergman 1987b, Sechriest 1969). As the larvae mature, they move 

into larger roots and eventually invade the root core. Root feeding lasts about 

three weeks and continues through the second instar. Third instar larvae 

feed for only a short time before constructing a small earthen cell in which to 

pupate (Chiang 1973). 

Because WCR eggs have a prolonged hatching period, all larval instars 

may be present at any one time. Larvae generally do not develop below 

11.7°C, and the rate of larval development increases as soil temperature 

increases (Chiang 1973). Due to this relationship, late-hatching larvae tend to 

experience accelerated development compared with those that hatch earlier 

in the spring. Thus, the time of adult emergence tends to equilibrate even for 

individuals that hatch at different times. In one study (Kuhlman et al. 1970), 

development from hatching to adult emergence required 70.8, 38.2, and 26.6 

days at 15.5, 22.2, and 29.4°C, respectively. The optimal temperature for larval 

development was 29°C. 

Pupal Stage 

The WCR pupal stage has been described by Sechriest (1969). WCR 

larvae that are ready to pupate either remain next to the roots or move



further out in the soil to pupate. Pupae are found at depths ranging from 0 to 

15.2 cm and the adults must often move a considerable distance in the soil 

after eclosion. Compared to other life history stages, the pupal stage is short, 

and the pupae are inconspicuous in earthen cells (Chiang 1973). 

Adult Stage 

According to Short (1970), newly eclosed WCR adults typically emerge 

20 to 25 cm from the corn plant on which they fed as larvae. They feed on 

pollen, silk, and leaves of corn as well as the pollen and leaves of other hosts, 

such as cucurbits. During corn pollination, adults feed mainly within the 

corn field where they emerged. As the food source deteriorates, they disperse 

to other corn fields with younger plants or to other more attractive food 

sources. Ovipositing females are attracted to any corn field, regardless of the 

food quality of the corn (Chiang 1973). 

Females attract males by releasing a sex pheromone which has been 

identified as 8-methyl-2-decylpropanoate (Guss 1976). Males mate with many 

females up to 62 days after eclosion, but females mate only once (Hill 1975). 

Because males in the field disappear more quickly than females, it has been 

thought that the lifespan of males is shorter than that of females (Ball 1957). 

However, in a laboratory study by Hill (1975), survivorship of males (102 days) 

greatly exceeded that of females (75 days). 

OVIPOSITION 

Female WCR begin to oviposit about two weeks after eclosion and lay 

an average of 1087 eggs. Eggs are laid in numerous clutches with an average



of five days between clutches. Eighty percent of eggs are laid by the eighth 

clutch (Hill 1975). Females can lay viable eggs up to 60 days after mating 

(Branson and Johnson 1973). Eggs are laid around the base of corn plants in 

the soil at depths ranging from 7.6 to 30 cm. 

There are many factors that affect WCR egg placement. In an early 

study, Ball (1957) found that 80% of eggs were laid in the upper 15.2 cm of the 

soil, 58% in the upper 10.2 cm and 23% in the upper 5.1 cm; with the 

remaining 20% laid below 15.2 cm. Kirk et al. (1968) found that WCR females 

prefer to oviposit in sites composed of relatively large soil particles, soil cracks 

rather than large soil aggregates, and moist to dry soil. Weiss et al. (1983) 

reported that females lay eggs deeper in dry fields (35 cm) than in irrigated 

fields, and that WCR females lay eggs deeper and in higher numbers than 

NCR. WCR females also are attracted to surface intrusions such as drought 

cracks and earthworm burrows as sites for oviposition (Kirk 1979, and 1981a), 

as well as the base of corn stalks and clumps of grass (Kirk 1981b, and Kirk et 

al. 1968). Temperature also affects WCR oviposition (Ball 1957). Females 

oviposit more as temperatures rise above 10°C; no oviposition occurs below 

this temperature. 

The main factor governing SCR mortality is the quality of soil in which 

eggs are laid (Lummus et al. 1983). Egg survival is dependent on soil 

moisture and soil type. For example, soil moisture must remain near 100% 

for SCR eggs to survive. Egg desiccation could represent a major limiting 

factor in the population dynamics of WCR as well. 

Larval survival is also related to moisture, as well as soil compaction, 

texture, and abrasiveness (MacDonald and Ellis 1990). After hatching, WCR



larvae must find corn roots within 80 hours or they starve (Strnad and 

Bergman 1987a). Soil type, moisture, and density affect the ability of WCR 

larvae to move through the soil (Turpin and Peters 1971, MacDonald and 

Ellis 1990, Strnad and Bergman 1987a, Short 1968, Chiang 1973). MacDonald 

and Ellis (1990) found that larvae moved the farthest in loam soil with 24 to 

36% moisture, and that movement was restricted in soil outside this 

moisture range. WCR larvae move three times farther through silty clay or 

loam than through loamy sand, and larvae move the farthest during the first 

six hours after hatching. Sandy soil may be unfavorable because of its 

abrasiveness (Turpin and Peters 1971), or it may be that it is less able to retain 

the moisture level needed for survival (Lummus et al. 1983). 

Given this information on egg and larval survival, it is not surprising 

to discover that WCR females prefer to oviposit in soil that will favor egg and 

larval survival. Turpin et al. (1972) devised a model based on soil type and 

other agronomic factors to predict damage to corn roots by larvae. Among the 

most important factors for predicting larval damage were percent clay, slope, 

and drainage. These factors could be due either to differences in oviposition, 

egg and larval survival, or interactions of oviposition behavior and 

immature survival. However, Howe and Kuhlman (1968) found WCR 

females oviposited 11 times as many eggs in loosened moist soil than in 

compact moist soil, but that loosened soil at low moisture levels was 

unattractive for oviposition. Loosened soil at low moisture still contained 

twice as many eggs as compact low moisture soil. These findings suggest that 

WCR females choose oviposition sites that increase egg and larval survival.



DAMAGE 

After the eggs hatch, WCR larvae travel laterally through the soil up to 

50.8 cm and begin feeding on the roots (Chiang 1973). Larvae start with the 

smaller, more succulent roots and proceed to larger roots as they increase in 

size (Strnad and Bergman 1987b). The damage to corn is caused by this 

feeding. Severity is dependent on the number of larvae feeding and the 

compensatory growth of the corn plant. Rainfall is an important factor 

because corn plants can withstand more feeding damage when they have 

adequate moisture. Under drier than optimal conditions, lower populations 

can do significant damage (Chiang 1980). 

Damage by larvae to corn also depends somewhat on planting time. 

WCR eggs hatch after a certain number of degree days regardless of the 

presence of corn. Larvae can survive approximately 80 hours before finding 

corn roots. Thus, corn which is planted after most of the larvae have starved 

sustains less damage than if planted earlier. 

WCR larvae trim the corn roots, weakening and destabilizing the 

plant. Lodging may then occur in high infestations. If the roots remain in 

contact with the ground, the plant may survive lodging, but lodged plants are 

not easily harvested and are essentially lost. Chiang et al. (1980) reported that 

corn yield was reduced only after very high rootworm infestations, depending 

on rainfall. 

WCR adults feed on silk and have been reported to interfere with 

kernel fertilization and to decrease grain yield (Ainslie 1914). Capinera et al. 

(1986) showed, however, that densities of up to 20 beetles per ear did not



reduce yield. When silk was defoliated mechanically, it was found that 

moderate levels of silk loss could be tolerated. 

WCR also has potential to affect crops adversely by transmitting 

diseases. Adults have been shown to transmit the cowpea mosaic virus 

(Jansen and Staples 1971), but do not pose much of a threat to cowpea because 

cowpea is a minor host. Possible transmission of fungi causing corn stalk rot 

is a more serious problem. A positive correlation was found between the 

number of beetles on corn ears and the amount of kernel contamination by 

fungi causing the rot. This suggests that beetles were vectors of the fungi, or 

provided sites of entry for the pathogen. Corn kernels from a corn plot with 

Fusarium stalk rot and a heavy beetle infestation were more contaminated by 

F. moniliforme and F. subglutinans (73%) than kernels from a plot with no 

beetle infestation (27%); the difference in kernel contamination was attributed 

to rootworm beetles (Gilbertson et al. 1986). 

CULTURAL CONTROL 

Crop rotation was the first method to be elucidated for control of WCR 

(Gillette 1912): 

WCR "...are fairly common on ground where corn had been 
grown for two or more years in succession. This being the case, the 
very simple remedy will be, not to grow corn after corn where this 
insect has been at all common the preceding year." 

WCR damage to field corn can easily be prevented by rotation with non-host 

crops. Rotation is less effective against NCR because some NCR populations 

in northern areas of the Midwest corn belt have adapted to crop rotation



(Krysan and Miller 1986), but for WCR, rotation is still the most effective 

management practice. A short rotation of a winter crop, however, does not 

affect WCR populations (Bigger 1932). Because some farmers are unwilling to 

rotate, other cultural methods have been devised to limit WCR damage. 

Despite almost a century of research, however, nothing as effective as rotation 

has been discovered. 

Hill and Mayo (1974) determined that a patch of "trap corn" planted 

later than the rest of the field would attract ovipositing females, thus 

concentrating the eggs in a part of the field that can be isolated the following 

year. As a control measure it was somewhat effective, but not adequate, 

perhaps because WCR females are attracted to corn fields as oviposition sites 

regardless of the corn's current state of food quality. 

The life history of WCR presents one obvious potential cultural 

control: that of late planting. If corn were planted after the majority of eggs 

had hatched, damage could be reduced (Bergman and Turpin 1984). Musick et 

al. tested this in 1980. Late planting did reduce damage, but it did not 

eliminate it, and selection for late-emerging eggs could occur. Like 

insecticides, the beetles could evolve quickly to nullify this control practice. It 

might be useful to plant late occasionally; however, farmers are often pressed 

for time in the fall and cannot always wait the extra time to harvest late- 

planted corn. In Virginia, the important factor preventing late planting is 

moisture availability. Late planted corn misses the spring rain and may not 

survive a droughty summer. 

Harvesting corn for silage causes some adult mortality and results in 

the dispersal of both NCR and WCR adults. Studies in South Dakota by 

10



Calkins et al. (1968, 1970) showed that if corn were removed before September, 

corn rootworms might be below threshold the following year; however, this 

would only benefit those farmers who cut a portion of their corn for 

emergencies. 

It is reasonable to think that tillage practices could have an effect on 

rootworm egg survival. A heavily tilled field might, for example, have a 

lower rate of survival due to damaged eggs. Matteson et al. (1965) tested this 

hypothesis and found no difference due to tillage practices. Gray and 

Tollefson (1987, 1988) found the same result, and that WCR survival was 

greater than NCR survival in all tillage practices. 

Eggs in conventionally-tilled fields are more evenly distributed than in 

no-tilled fields (Chiang et al. 1971). Chiang tried to use this information to 

devise a new approach to control. Under minimum tillage, he reasoned, the 

eggs would remain where they were oviposited: around the bases of corn 

plants. If corn were planted directly in between the old rows, it was 

conceivable that larval mortality would be increased due to the increased 

distance travelled by the newly hatched larvae to corn roots. Indeed, he 

found that larval survival was decreased between 23 and 42% in this planting 

system, but not enough to prevent substantial yield loss. 

CHEMICAL CONTROL 

Insecticides have been used to control corn rootworms since the early 

1950's. The first report of successful use of insecticides to control corn 

rootworms was by Hill et al. (1948), who demonstrated that soil applications 

of the gamma isomer of benzene hexachloride (BHC) at rates of 0.56, 1.12, or 

11



2.24 kg per hectare, sprayed on the surface before plowing, or 0.89, 1.79, or 2.69 

kg applied as side-dressings just prior to the first cultivation, greatly reduced 

rootworm populations, and almost eliminated root injury and lodging. Hill 

et al. (1948) also noted that the addition of nitrogen to the soil, while it did not 

affect rootworms, increased the recovery of corn roots. They recognized that 

crop rotation was effective, but noted that the new chemical insecticides could 

be used as a supplementary control measure. 

By the early 1950's, insecticides (primarily chlorinated hydrocarbons) 

were widely used in the major corn producing states in the Midwest (Munson 

and Hill 1970, Krysan and Miller 1986). One of the side effects of widespread 

use of insecticides was the selection for resistant populations of WCR. The 

first ineffective field control was noted in Nebraska in 1959 (Ball 1968). Ball 

reported that no other area in the United States had been so consistently 

exposed to the use of chlorinated hydrocarbon insecticides for rootworm 

control during the 10-year period ending in 1959. By 1962, resistance was 

common in Nebraska and had been reported in Illinois (Bigger 1963). 

Since the early sixties, the use of insecticides has been increasingly 

scrutinized. Insecticides that are long lasting, such as chlordane and DDT 

were removed from the market. New insecticides, formulations, and 

methods of application have been developed. Granular insecticides applied at 

planting have become the chemical method of choice to prevent damage by 

corn rootworms. 

Other methods of chemically reducing rootworm populations have 

been investigated. One method is that of adult control. It was reasoned that, 

if adults could be killed, then populations in the next year would be reduced. 

12



Aerially-applied insecticides are effective and result in large adult rootworm 

kill, but are expensive and must be reapplied several times because of the 

long hatching period of WCR and its tendency to migrate from other fields. 

For these reasons, adult control has not been used. More recent work by 

Metcalf, however, has brought about a resurgence in interest in adult control 

in the form of cucurbitacin baits laced with insecticides (Lance and Sutter 

1991). The adults are attracted to, and feed on, the insecticidal baits which 

results in a high percentage of mortality. However, the insecticide must be 

formulated to be long lasting so as to remain effective against late-hatching 

and migrating beetles. This method has potential for reducing the exposure 

of the environment to insecticide as less insecticide is needed for effective 

control. 

BIOLOGICAL CONTROL 

Biological control has not been widely used to control rootworm 

populations. A number of studies have evaluated potential pests, parasites, 

and pathogens but no method of control has been found to be effective and 

applicable. 

Several pathogens have been studied. Sutter (1969) determined that 

WCR were not susceptible to either Bacillus thuringiensis var. kurstaki or 

Bacillus popilliae. Day (1985) isolated a strain of the fungus Beauveria 

bassiana from adult corn rootworms and exposed both laboratory-reared and 

field populations of rootworms to the fungus. Lab-reared strains were 

susceptible, but field populations were less so. Traps baited with attractant 

and the fungus appeared to cause some mortality (10%). Munson and Helms 

13



(1970) determined that a nematode parasite of rootworm larvae gave 

inadequate control. 

Predation has also been studied as a possible biological control tactic. 

Predation by ants on rootworm eggs and larvae has been shown to reduce 

population densities (Ballard and Mayo 1979, and Kirk 1981c), but ants are 

rarely numerous enough to be useful. Carabid beetles have been shown to be 

key predators in many agricultural systems, but they play a minimal role in 

reducing WCR populations (Kirk 1982). Chiang (1970) determined that 

manure applied to corn fields caused predatory mites to increase. Predation 

by these mites on WCR larvae decreased populations by an average of 63%. 

While this is impressive, in large infestations, the remaining beetles would 

still cause significant damage. To be adequate, corn rootworm control 

practices must eliminate a very large percentage (over 90%) of the population. 

SAMPLING AND SCOUTING 

Entomologists have been interested in scouting and estimating 

populations of corn rootworms since the mid-1960s. With the advent of 

integrated pest management (IPM) in the 1970s, sampling methods were 

required to estimate economic thresholds and to determine reliable action 

thresholds. Because a large amount of insecticide was used to control WCR 

in corn, much research was performed to develop IPM programs for that pest. 

This interest may have been a response to development of resistance of corn 

rootworms to often-used insecticides. It may also have resulted from an 

interest in reducing the exposure of the environment to insecticides, and 

reducing the cost of raising crops. 
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There are three stages of WCR that can be sampled: the egg, larva, and 

adult. Each of these has been studied and each has advantages and 

disadvantages. Egg counts are attractive because they need be done only once 

after all the eggs are laid for a given year. As most of the WCR life is spent in 

the egg stage, this leaves much time during which the sampling can be done: 

from late September through April or May when eggs hatch. The damage 

caused by WCR larvae in a given field could be predicted if a good estimate of 

the number of eggs in that field were known. Sampling overwintering eggs, 

however, presents a number of problems. Eggs are small, unevenly 

distributed, and are located at varying depths in the soil. Their small size 

makes sampling difficult and a special apparatus and procedure must be used 

to separate the eggs from the soil (Chandler et al. 1966). Several techniques 

for removing soil from the field are reported, but no single technique has 

been universally accepted (Gunderson 1964, Patel and Apple 1967, Chiang et 

al. 1969, Musick and Fairchild 1971, Howe and Shaw 1972, Foster et al. 1979). 

The major problem with egg sampling is the difficulty in accurately 

estimating egg populations for a given field, due to their variability both in 

space, depth, and variation in soil type. Thus, egg sampling is rarely used as a 

scouting tool because of the time required to separate eggs from the soil. 

Larvae can also be sampled to estimate populations to determine if 

significant damage will occur. Sampling plans for larvae have been devised 

and are more accurate and easier to perform than egg sampling. However, 

they have many of the same problems, such as aggregated distribution and 

that the larvae must be separated from the plant roots and soil (Bergman et al. 

1983). The primary disadvantages of larval sampling techniques are that 
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damage has already occurred by the time the larvae are detected in the 

samples, and that no post emergence controls are available. Other drawbacks 

are the time and effort involved. Also, the procedure itself reduces yield. So, 

like egg samples, larval samples are not widely used. 

WCR adult sampling has become the scouting tool of choice. Adult 

sampling relies on the relationship between the number of adult beetles 

present in fields during the summer and damage to the corn roots by the 

larvae the following spring. Pruess et al. (1974) was one of the first research 

groups to report that mid-August population levels of one WCR adult per 

plant was an acceptable economic threshold for determining the need for 

larval control measures the following year. The relationship of adults to 

damage had been determined previously (Chiang and Flaskerd 1965, Peters 

1969). 

Two methods of adult sampling have been developed and used in pest 

management programs for WCR. The most widely used of these methods is 

plant counts. To use the whole-plant count (Chiang and Flaskerd 1965), a 

scout enters a corn field and counts the number of beetles on a fixed number 

of corn plants spaced uniformly to include a large portion of the field (most 

often in a U-shape) (Krysan and Miller 1986). A variation of the whole-plant 

count is the ear-zone count (Tollefson 1986), in which only the area around 

the ear is counted. Both of these methods have been significantly correlated 

to larval damage the following spring. Some of the problems with plant- 

count methods of sampling include the time and cost of training samplers, 

variations between samplers, and that plant-counts are one-time events and 
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so can be strongly affected by weather, time of day, and other uncontrolled 

factors. 

In an effort to address these problems, Tollefson et al. (1975), Hein and 

Tollefson (1984, 1985), and Karr and Tollefson (1987) investigated the use of 

sticky-traps as an alternative method of sampling corn rootworm adults. 

Tollefson et al. (1975) showed that corn rootworms are highly attracted to 

yellow surfaces. In a more recent study involving the Pherocon A.M. trap, 

Hein and Tollefson (1985) calculated an economic threshold of six beetles per 

trap per day by correlating trap catch with root damage. Hein and Tollefson 

(1985) also showed that the Pherocon A.M. trap predicted corn rootworm 

larval damage as well as plant counts and suggested that 12 traps be arranged 

systematically throughout each field regardless of field size. 

There are two main advantages of using yellow sticky traps over plant 

counts. The first is that trap catch occurs over an extended period of time and 

thus is less subject to short-term weather fluctuations. The second is that less 

time is required to train individuals to use the traps than to perform plant 

counts. The major drawback to using the Pherocon A.M. trap was 

determined to be its high cost, and that the field must be visited one time 

more than plant count methods. 

A third method of sampling adults is the use of an emergence trap 

(Musick and Fairchild 1970, and Fisher 1980). The emergence trap makes use 

of the negative geotactic behavior of adult corn rootworms. The trap has 

edges embedded in the soil and is sealed at the top with a screen and a funnel 

with a glass jar. The beetles move up the screen and collect in the jar after 

emergence. This trap can be used to determine beetle emergence numbers, 
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but is not adequate for population sampling because of the migrating 

behavior of the adults. 

SPATIAL DISTRIBUTION 

The spatial distribution of NCR and WCR has been studied in the egg, 

larval, and adult life stages (Steffy and Tollefson 1982, Pruess et al. 1968, Weiss 

et al. 1983, Bergman et al. 1983). WCR eggs have a non-random distribution 

in corn fields (Pruess et al. 1968), probably because females select certain soil 

conditions in which to oviposit. These soil conditions can vary widely 

within a field, depending on slope, soil compaction, and other aspects of the 

soil microhabitat. Larvae also have an aggregated distribution (Bergman et al. 

1973). Their distribution is most likely due to the aggregated distribution of 

eggs from which larvae hatch, and the relatively low mobility of the larvae. 

Steffy and Tollefson (1982), using both sticky trap and plant count methods, 

showed that adult WCR populations exhibited an aggregated distribution, 

with some exceptions in fields containing low population densities (very few 

beetles per field) and very high population densities. They concluded that the 

spatial distribution of adult corn rootworms is density dependent, but suggest 

no causal mechanisms for beetle aggregation. 

The method of determining the spatial distribution of WCR 

populations has been to use dispersion indices and regression methods to 

infer a spatial distribution of uniform, aggregated, or random. These 

methods use the variance and mean of the samples to create indices and 

compare those indices to that which emerge from hypothetical frequency 

distributions: poisson, negative binomial, as well as others. Confirmation 
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with a frequency distribution is used to infer a spatial distribution. Although 

the results from these indices do provide evidence to support a distribution, 

they do not directly test for a spatial (as opposed to a frequency) distribution, 

and they do not provide information about the pattern of aggregated samples. 

Methods that describe and test hypotheses about the spatial 

arrangement of values are known as geostatistical methods. Unlike 

dispersion indices, geostatistical methods use the information contained in 

the location of individual values to describe and model the spatial relation of 

those values in a data set. Geostatistical methods measure the relationship 

between values as a function of distance, or more simply, the degree to which 

values in one place are similar to those in another. 

Two methods used in geostatistics are spatial autocorrelation (Cliff and 

Ord 1981) and the semivariance (Hohn 1988, Isaaks and Srivastava 1989). 

Spatial autocorrelation was developed by geographers to discern patterns and 

test hypotheses from mapped data. Semivariance methods were developed 

by geologists to describe and predict the spatial variation (or relationship) of 

sample values and use these predictions to make maps of the values. 

Typically, both the semivariance and autocorrelation coefficients are plotted 

over distance to produce, respectively, semivariograms and spatial 

autocorrelograms from which changes in the spatial relationship of the data 

can be observed. 

Several studies have applied geostatistical methods to better 

understand biological phenomenon. Schotzko and Okeeffe (1989) used 

geostatistics to describe the spatial distribution of Lygus hesperus in lentils. A 

grid was used to sample five fields having either high or low pest density at 
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three sampling times: early, middle, and late season crops. High populations 

showed spatial dependence up to 42 meters in the early season. The spatial 

dependence increased as the season progressed. The semivariogram model 

explained from 25 to 58% of the variation in the semivariance statistic. The 

spatial distribution of populations at lower densities were consistent at all 

sampling dates and little was explained by the semivariogram. The spatial 

distribution of these low density populations also was aggregated, but there 

was little spatial dependence between samples. 

Borth and Huber (1987) used geostatistics to determine the spatial 

distribution of pink bollworm in a cotton field. The invading generation was 

randomly dispersed, the F1 generation showed spatial dependence up to 533 

m, and the F2 generation showed a similar pattern (488 m). Borth and Huber 

concluded that samples should be taken at least 533 m apart in order to 

estimate an unbiased mean, and that the F2 generation is more variable than 

the F1 generation. 

Lecoustre et al. (1989) used semivariograms to assess the spatial pattern 

of African cassava mosaic virus. Linear semivariograms were found to be 

characteristic of the pattern for this disease and indicated a spatially 

dependent structure with limited random variation. Kriging techniques were 

successfully applied to predict samples, although relatively few samples were 

used to generate the semivariograms. Kriging is a process that uses the 

regression model of a semivariogram and the values from nearby samples to 

predict values in unsampled areas. 

Geostatistical methods can be used to provide more detail about the 

spatial nature of a data set than the traditional dispersion indices. This 
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information can be used to better understand the spatial distribution of a 

given insect pest, develop maps to display the insect density over space, and 

aid in developing accurate and efficient sampling procedures. 

PESTS OF GERMINATING SEEDS 

Although corn rootworms are the most important soil pests of corn in 

Virginia, there are other soil pests for which insecticides are often used 

(Youngman and Ervin, unpublished data). Seedcorn maggots, wireworms, 

and white grubs are pests that have the potential to cause significant damage 

to field corn. These pests primarily attack the early germinating seed stage 

and, if high populations are present, their damage can result in stand 

reduction and decreased yields. Damage by pests of germinating corn seeds is 

greatest when conditions after planting are cool and wet. 

Seedcorn maggots (SCM), Delia platura (Meigen), attack the 

germinating seeds of a variety of different crops including corn, legumes, and 

cucurbits. In warm climates all life stages can be found throughout the year. 

In areas with cool climates, however, SCM overwinter in the soil as pupae 

(Hunt and Baker 1982). Adult female SCM are attracted to recently 

overturned soil for oviposition and do so without regard to the presence of 

seeds (Hough-Goldstein 1985). The newly-hatched maggots burrow through 

the soil in search of food. SCM infest corn fields in the spring and are 

attracted to fields containing a high concentration of decaying organic matter. 

In the absence of crop seeds, larvae are able to develop and mature on organic 

matter and weed seeds (Miller and McClanahan 1960). SCM pupate in the soil 

after two or three weeks, and emerge as adults after one week. SCM can have 
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several generations per year, though only the first causes significant damage 

to field corn (Davidson and Lyon 1979). SCM may undergo a period of 

aestivation during the summer when temperatures rise above 24°C (Harris et 

al. 1986, Throne and Eckenrode 1984). 

Wireworms are beetle larvae in the family Elateridae. The most 

common wireworm pests of corn in Virginia are members of the genera 

Agriotes, Conoderus, and Melanotus (Briggs 1980). Wireworms are known to 

be sporadic pests of many crops including potatoes, peanuts, corn, and tobacco 

(Hunt and Baker 1982). The name wireworm refers to many species in the 

family Elateridae and different species may have different life histories. 

Wireworm life cycles range from about one year, as in the tobacco wireworm, 

Conoderus vespertinus, to six years, as in the wireworm Melanotus 

communis. The most serious damage caused by these pests is due to feeding 

on germinating seeds and seedling plants. Wireworms are controlled at 

planting with either a granular insecticide or insecticidal seed treatment. 

Cultural controls, such as crop rotation, plowing, and cultivation help 

prevent the build up of large populations of wireworms (Davidson and Lyon 

1979). 

White grubs, the larvae of scarab beetles (especially those in the genus 

Phyllophaga), are larger and have the potential to cause greater damage than 

either SCM or wireworms. Despite this potential, white grubs are regarded as 

pests of moderate to minor importance (Luckmann 1978). The life cycle of 

many species extends over three years, although some species, such as 

Japanese beetles, Popillia japonica, have one generation per year. The larvae 

feed on the seeds and roots of plants, causing decreased vigor and stand 
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reduction. Damage to corn is most prevalent when a field is planted after one 

or more years of being in sod. 
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Chapter 2 

Spatial Distribution of Western Corn Rootworm (Coleoptera: 

Chrysomelidae): Geostatistical Analyses and Dispersion Indices of Counts on 

Yellow Sticky Traps in Corn 

INTRODUCTION 

The western corn rootworm (WCR), Diabrotica virgifera virgifera 

LeConte, and northern corn rootworm (NCR), Diabrotica barberi Smith and 

Lawrence, are considered the most damaging pests of continuous field corn in 

the United States (Chiang 1978). The larval stage of these insects are 

responsible for causing the greatest damage to corn. Corn rootworm larvae 

emerge from overwintering eggs in the soil about the time corn is planted in 

the spring, and are able to move up to 50 cm (Chiang 1973) through the soil to 

locate corn roots on which to feed. Large infestations can reduce yields by 

destroying the root system and causing the plants to lodge. An exhaustive 

review of the biology and damage of corn rootworms can be found in Chiang 

(1973). 

Whole-plant or ear-zone counts of corn rootworm adults made in July 

and August are the most common scouting methods used to predict larval 

damage in corn planted the following spring (Chiang and Flaskerd 1965, 

Tollefson 1986). However, several studies (Tollefson et al. 1975, Hein and 

Tollefson 1984, and 1985, Karr and Tollefson 1987) have shown that in-season 

counts of corn rootworm adults on yellow sticky traps predict larval damage 

as accurately as whole-plant counts. The Pherocon A.M. trap (Trécé, Salinas, 
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CA) is a yellow sticky trap that has shown promise (Hein and Tollefson 1984, 

1985, Karr and Tollefson 1987) as a scouting tool for identifying corn fields at 

risk to corn rootworms. 

The spatial distribution of a population should be considered when 

developing a sampling plan (Kuno 1991). Dispersion indices, such as the 

coefficient of dispersion (CD), or variance to mean ratio (Upton 1985, Taylor 

1982), Taylors power law (Taylor 1961), and Iwao's mean crowding regression 

(Iwao 1968), have been used (Bergman et al. 1983, Steffy and Tollefson 1982, 

Onsager and Day 1975) to infer the spatial distribution of a given population. 

Steffy and Tollefson (1982), using dispersion indices to analyze plant counts 

and sticky trap counts, determined that the spatial distribution of corn 

rootworms was aggregated and density dependent. However, because 

dispersion indices reduce the individual values of a set of data to its mean 

and variance, they lose information about the relative position of sample 

values within a data set. Thus, dispersion indices are calculated under the 

assumption that the individual sample values are spatially independent. 

Dispersion indices describe the frequency distribution of a set of samples, 

rather than directly modeling the actual spatial distribution of the samples. 

Application of Geostatistics to Studies of Spatial Distribution 

Unlike dispersion indices, geostatistical methods use the information 

contained in the location of individual values to describe and model the 

spatial relation of those values in a data set. Geostatistical methods measure 

the relationship between values as a function of distance, or more simply, the 

degree to which values in one place are similar to those in another. Several 

35



studies have applied geostatistical methods to better understand biological 

phenomenon (Sokal and Oden 1978 a and b, Schotzko and Okeeffe 1989, Borth 

and Huber 1987, Chellemi et al. 1988, Liebhold et a]. 1991). 

Two methods used in geostatistics are spatial autocorrelation (Cliff and 

Ord 1981) and the semivariance (Hohn 1988, Isaaks and Srivastava 1989). 

Spatial autocorrelation was developed by geographers to discern patterns and 

test hypotheses from mapped data. Semivariance methods were developed 

by geologists to describe and predict the spatial variation (or relationship) of 

sample values and use these predictions to make maps of the values. 

Typically, both the semivariance and autocorrelation coefficients are plotted 

against all possible pairs of data values whose locations are separated by a 

common distance, otherwise known as a lag distance (Isaaks and Srivastava 

1989). The semivariance and autocorrelation coefficients are used to produce, 

respectively, semivariograms and spatial autocorrelograms from which 

changes in the spatial relationship of the data can be observed. 

This study describes the spatial distribution of counts of WCR adults on 

modified Pherocon A.M. traps in field corn. There were three objectives of 

this study: 1) to determine the spatial relationship of trap counts using both 

dispersion indices and geostatistical methods; 2) to characterize the pattern of 

those trap counts that are spatially related; and 3) to determine if the 

occurrence and pattern of the spatial relation changes with population 

density. 
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MATERIALS AND METHODS 

A total of 24 corn fields (1 to 25 ha) in western Virginia were used for 

this study: 14 in 1990 and 10 in 1991. These fields had been in continuous 

corn production for at least two years and had not received a granular 

insecticide application at planting for two years prior to the start of either year 

of this experiment. 

The Pherocon A.M. trap was selected on the basis of its attractiveness to 

WCR adults (Hein and Tollefson 1985). A more recent study by Youngman 

(unpublished data) has shown that counts of WCR adults on Pherocon A.M. 

traps with up to 75% less surface area were directly proportional to trap area 

when compared to counts on unmodified Pherocon A.M. traps. Therefore, 

instead of folding each half of the unmodified Pherocon A.M. trap around the 

corn stalk, as described by Hein and Tollefson (1985), the trap was cut in half 

lengthwise so that only one-half of the trap was installed on a corn stalk. In 

all other respects, the modified Pherocon A.M. traps were installed according 

to the method described by Hein and Tollefson (1985). A 5.1-cm roofing nail 

was used to attach the trap to the corn stalk approximately 1.2 m above the 

ground. The traps were installed in the fields during the weeks of 9 July, 1990 

and 8 July, 1991. A 7 by 7 trap grid consisting of 0.84 ha was used in both the 

1990 and 1991 studies. The 49 traps in the grid were placed at 15.2-m intervals; 

the distance between diagonally adjacent traps was 21.6 m. 

The number of WCR adults on each trap was recorded along with the 

location of the trap in the 7 by 7 grid. Trap catch records were made weekly in 

each field for three consecutive weeks, a period which corresponds to the 

37



peak trap catch of WCR adults in western Virginia (Youngman unpublished 

data). All traps were replaced weekly with new traps. In addition to WCR, 

both NCR and southern corn rootworm (SCR), D. undecimpunctata howardi 

Barber, trap counts were made. However, only the WCR trap count data were 

analyzed because the NCR and SCR trap counts constituted only 1% and 1.5%, 

respectively, of the total corn rootworm trap counts. 

The mean and variance, calculated for each of the 24 fields and 3 

sample weeks, resulted in a combined data set for 1990 and 1991 of 72 trap- 

weeks. This data set was used to determine the variance to mean ratio 

(Upton 1985, Taylor 1982) for each trap week, and to calculate coefficients in 

the regressions based on Taylors power law (Taylor 1961) and Iwao's mean 

crowding regression (Iwao 1968). The variance to mean ratio, or Coefficient of 

Dispersion (CD) was plotted against mean trap count to observe changes with 

respect to population density. Differences between the slopes of the 

regression lines for Taylors power law and Iwao's mean crowding regression 

between the two years was tested using covariate analysis in SAS (SAS 

Institute 1985). The CD, Taylors power law, and Iwao's mean crowding 

regression were used to infer the type of spatial distribution (i.e., uniform, 

random, or aggregated) of the counts of WCR adults on the Pherocon A.M. 

traps (Southwood 1978). 

Geostatistical Analyses 

Moran's I (Cliff and Ord 1981), a common spatial autocorrelation 

statistic, is an index that incorporates the similarity among values with the 

similarity among locations or distances and is scaled between positive and 
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negative one. Moran's I is calculated from values separated by a given lag 

distance using the formula: 

Moran's I = (n/ LCi LLU; * (Zi - Zmean) * (Z; - Zmean)/ DAZ; - Zmean)*] 

where 
1 if the two samples are separated by the lag distance 

Cij = 0 if they are not 

and 2; = a variable at location i and 2; = a variable at location j. 

A positive Moran's I indicates that values separated by a given lag distance 

tend to be similar (positive spatial autocorrelation), whereas a negative 

Moran's I indicates that values tend to be dissimilar (negative spatial 

autocorrelation) when separated by that distance. 

Spatial autocorrelation methods can be used to test deviation of the 

observed Moran's I at each lag distance from a value expected under the null 

hypothesis of no spatial autocorrelation (Cliff and Ord 1981). Spatial relation 

is indicated by values that deviate significantly from expected values at that 

distance. Spatial autocorrelograms, i.e., Moran's I plotted against the lag 

distances, can be tested for deviation from a null hypothesis of no spatial 

relation using Bonferroni's approximation (Oden 1984). A significant 

Bonferroni's approximation implies the existence of significant spatial 

relation in the data set from which the autocorrelogram was calculated. 

Spatial autocorrelograms were calculated for each of the 72 trap-weeks and 

tested for significant spatial relation. Trap-weeks for which the null 

hypothesis was accepted (i.e., P > 0.05) were assumed to have randomly 
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distributed trap counts. For those trap-weeks in which the null hypothesis 

was rejected (P < 0.05), a semivariogram was plotted. 

The semivariance statistic, y, is the average of the squared differences 

between all values separated by the same distance (Davis 1986): 

Yn = 2D [(2; - Zien)? /20] 

where: zj = a variable at location i, Zj4,, = a variable h distance away, 

and n = the number of samples. 

As such, y measures the average squared difference between values a known 

distance apart. Moreover, ¥ is always positive and is bounded only by the 

variation in the sample values. The distance, h, for which y is calculated, is 

the lag distance. 

Semivariograms were classified according to their shape. Different 

semivariogram shapes indicate different patterns in the trap-week from 

which they were generated. The occurrence of spatial relation and pattern for 

each trap week was grouped by mean trap count to determine if presence of 

spatial relation, and pattern changed with population density. Differences 

between mean population densities were compared using Fishers Exact test 

(Zar 1984). 

| Semivariograms were calculated using GS-Plus (Gamma Design 

Software, Plainwell, MI) geostatistical software. Moran's I values and 

significance levels were determined using SAAP (Spatial Autocorrelation 

Analysis Program, Daniel Wartenberg, University of Medicine and Dentistry 

of New Jersey, Piscataway, NJ). Semivariograms and spatial autocorrelograms 

were calculated for all directions up to seven lag distances. For Moran's I, the 

confidence interval for rejecting a null hypothesis of no spatial 
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autocorrelation was narrower for lag distances with more pairs and wider for 

fewer pairs. The number of pairs, average distance, and the confidence 

interval of Moran's I for each lag distance is listed in Table 1. Moran's I was 

plotted against mean trap count for all trap-weeks at the first six lag distances 

to examine relationships between spatial autocorrelation and population 

density. 

RESULTS 

The population densities of the 72 trap-weeks for 1990 and 1991 ranged 

from a mean (+ S.E.) trap count of 1.3 (+ 1.26) to 79 (+ 34.1) WCR beetles per 

trap per week. The CD indicated that beetle counts had an aggregated 

distribution (CD > 1) in fields with a mean weekly trap count of 2 or more. 

There was an increase in the CD up to a mean trap count of about 30 beetles. 

Above that population density the CD leveled off and decreased somewhat 

with increasing mean (Figure 1). The greatest amount of variation was 

observed at 30 beetles per trap where the CD ranged from 5 to 32. The 5, or 

slope coefficient, of Taylors power law (known as the index of aggregation for 

the species) was 1.58 (+ 0.07) for the combined 1990 and 1991 data, indicating 

an aggregated distribution (Figure 2). Analysis of covariance revealed that 

there was no significant difference (P = 0.26) in the slopes for 1990 (b = 1.63 + 

0.08) and 1991 (b = 1.48 + 0.12). Iwao's mean crowding regression also 

indicated an aggregated distribution for both years, the slope of the regression 

being 1.19 (+ 0.03) (Figure 3). Again, there was no significant difference (P = 
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Table 1. Mean distance between pairs of Pherocon A.M. traps (in 
meters) at each lag distance, number of pairs for lag distances, 
and confidence intervals for Moran's I. 
  

  

Mean distance Confidence 

(m) between Number of interval for 

Lag distance pairs pairs Moran's I 

1 18.3 156 -0.12 to 0.09 

2 33.1 190 -0.12 to 0.08 

3 46.7 202 -0.12 to 0.08 

4 62.2 286 -0.09 to 0.06 

5 78.8 164 -0.12 to 0.09 

6 93.0 132 -0.14 to 0.10 

7 107.0 46 -0.25 to 0.19 
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Figure 1. Variance to mean ratio (CD) from western corn 
rootworm counts on Pherocon A.M. traps plotted against 
mean trap count for each of 72 trap-weeks. 1990 data are 
closed and 1991 data are open circles. 

43



Lo
g 

Va
ri

an
ce

 

      
      

1 Y= 0.24 + 1.58x e he 
R =0.89 ° ® 

6 4 e 

1 a 

4 J ae 

2 Slope = 1 

@ 

0 = 5 i t } 

0 1 2 3 4 5 

Log Mean 
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Figure 3. Iwao's mean crowding regression (m* = mean + 
(variance/mean) - 1), m* plotted against mean from western 
corn rootworm counts on Pherocon A.M. traps for each of 
72 trap-weeks. 1990 data are closed and 1991 data are open 
circles. 
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0.11) in the slopes for 1990 (1.17 + 0.04) and 1991 (1.28 + 0.07). Spatial 

autocorrelation analysis showed significant spatial relation (Bonferroni's 

approximation, P < 0.05) in 64% of the trap-weeks. When data were grouped 

by mean trap count ranging from 0 to 10, 11 to 20, 21 to 30, 31 to 40, and 2 41, 

beetles per trap (Table 2), the trap counts showed spatial dependence at least 

50% of the time over all population densities. Although the occurrence of 

spatial relation ranged from 50% at population densities of 41 or more beetles 

per trap to 72% at population densities of 21 to 30 beetles per trap, Fisher's 

exact test showed that the proportions of the occurrence of spatial relation at 

the various population densities were not significantly different. Over all 

population densities, 36% of the trap-weeks had no significant spatial 

autocorrellogram (Figures 4 and 5), despite having dispersion indices that 

implied an aggregated spatial distribution. Thus the different dispersion 

indices resulted in similar conclusions among themselves, but not when 

compared with autocorrelation analyses. 

Semivariograms were constructed for those trap-weeks having 

significant spatial autocorrelation and categorized by the type of pattern they 

exhibited (Table 3). The majority of trap-weeks (55%) were found to have 

linear semivariograms which are consistent with a hypothetical single 

gradient (Figures 6 and 7). The second most common semivariogram shape 

(34.5%) was curvilinear, which is consistent with a double gradient (Figures 8 

and 9). Three trap-weeks (6.5%) had semivariogram shapes that indicated a 

multiple gradient (Figures 10 and 11). There was no change in either 

occurrence or type of pattern found between high, medium, or low 
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Table 2. Number of trap-weeks, categorized by mean 
trap count, showing significant spatial relation as 
determined by analyzing spatial autocorrelograms. 
  

No. of trap weeks 

Range of mean Total no. of trap with significant 

  

trap counts weeks spatial relation 

0 to 10 16 9 (56)! 

11 to 20 21 15 (71) 

21 to 30 18 13 (72) 

31 to 40 9 5 (56) 

> 41 8 4 (50) 
  

1Number in parentheses is percent. 
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semivariograms from 26 trap-weeks that exhibited 
no significant spatial relation. Data based on 
weekly catches of western corn rootworm adults on 
Pherocon A.M. traps. 
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Table 3. Trap-weeks with significant spatial relation categorized by 
semivariogram shape and mean western corn rootworm counts on 
Pherocon A.M. traps. 
  

  

No. of trap- 

weeks with 

Range of significant 

mean trap spatial Single Double Multiple 

counts relation gradient gradient gradient 

0 to 10 9 5 (55.6)! 3 (33.3) 1(11.1) 

11 to 20 15 11 (73.3) 3 (20) 1 (6.7) 

21 to 30 13 5 (38.5) 7 (54) 1 (7.5) 

31 to 40 5 3 (60) 2 (40) 0 (0) 

2 41 4 3 (75) 1 (25) 0 (0) 

Total 46 27 (55) 16 (34.5) 3 (6.5) 
  

INumber in parentheses is percent. 
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Figure 7. Representative examples of linear 
semivariograms from 27 trap-weeks that exhibited 
a single gradient spatial pattern. Data based on 
weekly catches of western corn rootworm adults on 
Pherocon A.M. traps. 
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population densities, although the sample size for multiple gradient trap- 

weeks was insufficient to make a reliable statement. Plots of Moran's I for all 

fields at each lag distance over mean trap count showed a distinct trend 

toward a single gradient (Figure 12). Especially strong was a tendency for 

positive spatial autocorrelation at the first lag distance (15 meters). The 

Moran's I decreased as the lag distance increased which is consistent with a 

single gradient (Figure 12). This trend was similar for both years. There were 

no consistent changes in Moran's I with respect to population density at any 

lag distance. 

DISCUSSION 

From the analyses of dispersion indices it can be inferred that the 

spatial distribution of the trap counts of WCR was aggregated and density 

dependent. This conclusion of density dependent aggregation (aggregation 

increases with population density), is similar to that reported by Steffy and 

Tollefson (1982) but provides little information about the way in which 

sample values are arranged. For example, Figures 4 and 6 show the same 

frequency distribution, have the same CD, and have the same effect on Iwao's 

mean crowding regression and Taylors power law. The spatial patterns, 

however, are clearly different and are reflected in distinctly different 

autocorrelograms and semivariograms. 

If the occurrence of a significant spatial relation was rare, then a 

simplified sampling plan limited to a portion of a field might be used to make 

management decisions. If the occurrence of a significant spatial relation was 

density dependent (i.e., populations tended to have spatial relation at some 
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population densities, but not at others) sampling might also be simplified for 

those population densities without a spatial relation. 

Significant spatial relation was not a rare occurrence in WCR trap 

counts. As Table 2 shows, 64% of the trap-weeks analyzed using spatial 

autocorrelograms exhibited significant spatial relation. The occurrence of 

spatial relation did not change with population density suggesting it was 

density-independent. The types of patterns present in those fields with spatial 

relation also occurred over all population densities (with the possible 

exception of multiple gradients), and appeared to be density-independent as 

well. Thus a sampling plan using Pherocon A.M. traps to sample WCR must 

account for the presence of single gradient, double gradient, and, possibly, 

multiple gradient spatial patterns at all population densities. 

Semivariograms and autocorrelograms were calculated from traps 

placed in all directions. The hypothetical single gradient, for example, 

exhibits a gradient in only one direction. Semivariograms having the same 

shape do not necessarily have the same pattern but the patterns have similar 

attributes. A linear semivariogram (Figures 6 and 7) indicates that values are 

similar to one another at close distances but become less similar as the 

distance between values increases. This type of pattern can be described as a 

single gradient, but does not necessarily increase or decrease uniformly as is 

shown in the hypothetical data sets. A curvilinear semivariogram (Figures 8 

and 9) indicates that values are similar to one another at close distances, 

become less similar as distance increases to a point, then become more similar 

again as distance increases beyond this point. This second type of pattern is 

referred to as a double gradient. A third type of semivariogram shape 
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indicates a multiple gradient, with values that increase and decrease in 

similarity throughout the area in which the traps were placed. 

Moran's I plotted for different lag distances for both years (Figure 12) 

indicated that trap counts that were close together tended to be similar 

(positive spatial autocorrelation), whereas trap counts that were far apart 

tended to be dissimilar (negative autocorrelation). This result implies an 

overall trend towards a single gradient. Traps counts at the third lag distance 

showed little spatial autocorrelation, positive or negative, and, therefore, 

tended to be the most independent. Most likely, the result of independence is 

an artifact due to the number of lag distances chosen, rather than a biological 

phenomenon. In a single gradient the spatial autocorrelogram must pass 

through the area of no spatial relation at some distance. It is clear, however, 

that trap counts separated by one lag distance have a strong tendency to be 

positively autocorrelated. Samples should be independent of one another to 

be unbiased estimators of population parameters. Counts that are spatially 

autocorrelated are not independent, and therefore should be avoided. Thus, 

the traps should be placed more than 30 m apart to obtain samples which are 

less likely to be positively autocorrelated. 

The results of this experiment validate the current recommendation of 

sampling WCR by placing samples over as much of the field as possible. The 

optimum method would be to place traps randomly throughout the field. 

However, the difficulty of relocating randomly spaced traps in a corn field is 

daunting. A more practical solution would be to place the traps such that 

they can be relocated with relative ease and still cover as much of the field as 

possible. A line of traps placed in a row on two sides of a corn field with at 
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least 30 m between traps should give good coverage of the field, provide 

reasonably unbiased estimates of mean density, and allow a sampler to find 

the traps easily a week after their placement. 
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Chapter 3 

A Preplant Method for Detecting Corn Fields at Risk to Insect 

Pests of Germinating Seeds 

Several species of insects are known to attack germinating corn seeds in 

Virginia. The most commonly occurring of these are: wireworms in the 

genera Melanotus and Conoderus; seedcorn maggot, Delia platura (Meigen); 

and white grubs in the genera Popilla, Cyclocephala, Cotinis, and Maladera. 

Although damage tends to be sporadic, serious stand loss can occur in fields 

with large populations of one or more of these insects and when 

environmental conditions following planting are cold and wet (Hunt and 

Baker 1982). Despite the sporadic nature of this damage, however, Virginia 

corn producers who responded to a 1989 survey (Youngman and Ervin, 

unpublished data), reported wireworms and seedcorn maggots almost as 

often as corn rootworms as the reason for using a preventive application of a 

granular insecticide at planting. 

To date, no single sampling method for wireworms, seedcorn maggot, 

and white grubs has been developed to determine whether a field is at risk to 

one or more of these insects before corn is planted. In general, studies on 

preplant sampling methods of insect pests of germinating corn seeds has been 

restricted to wireworms (Keaster et al. 1975). The bait station is the primary 

method for sampling wireworms in corn fields (Ward and Keaster 1977, 

Doane 1981, Toba and Turner 1983, Bynum and Archer 1987). Typically, a bait 

station consists of a small amount of corn and wheat seeds that has been 

buried in a field, sometimes with black plastic to enhance warming and seed 
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germination, approximately two weeks before planting to allow wireworms 

in the vicinity of the bait station time to infest the bait. Although studies 

reviewed by Villani and Wright (1990) have shown that white grubs as well 

as wireworms are attracted to germinating seeds by the release of carbon 

dioxide and other plant-derived chemicals, bait stations are not used for 

sampling white grubs. Instead, white grubs are sampled by counting the 

number of grubs found in two to three soil samples (929-cm2 by 15.2-cm deep) 

per hectare (Youngman et al. 1990). 

Two drawbacks of the bait station and soil sample methods are that 

specific economic thresholds have not been developed and that they do not 

detect seedcorn maggots. Studies investigating ways to monitor and control 

seedcorn maggots have focused on adult sampling (Higley and Pedigo 1985). 

Control efforts have concentrated on soil insecticides (Vea et al. 1976), or 

cultural methods such as cover crop management (Hammond 1990, House 

and Rosario-Alzugaray 1989), avoiding peak emergence by carefully timed 

planting (Funderburk et al. 1983), or barriers which inhibit oviposition 

(Hough-Goldstein 1987). Techniques for detecting potentially damaging 

populations of seedcorn maggots prior to planting corn have not been 

developed. 

In 1989, a preliminary study was conducted in Virginia which showed 

that corn seeds left to germinate for two weeks under field conditions in a 

wire-mesh trap were subject to attack from wireworms, white grubs, and 

seedcorn maggots (Youngman, unpublished data). The bait station and baited 

wire trap (BWT) methods are similar in that they use germinating seeds as 

bait to attract insects and that samples are obtained before planting. The BWT 
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method differs from the bait station method in that it is used to relate the 

amount of damage to the bait, rather than the number of insects found, to | 

damage in subsequently-planted corn fields. 

The primary purpose of the present study was to evaluate the 

effectiveness of the BWT as a method for early detection of damage by the 

aforementioned pests of germinating corn seeds. There were two specific 

objectives of this project: 1) to characterize the relationship between damaged 

corn seeds in BWT with both simulated (i.e., corn seeds planted in rows by 

hand) and actual commercial plantings of field corn; and 2) to determine a 

specific damage threshold for identifying corn fields at risk to economically- 

damaging levels of insect pests of germinating seeds before planting. A 

separate study was conducted to compare the sampling times between the 

BWT and bait station methods. 

MATERIALS AND METHODS 

BWT Evaluation 

A total of 47 fields, located in 18 counties in Virginia, were sampled in 

this study in 1990 and 1991: 30 fields in eastern Virginia and 17 fields in 

western Virginia (Figure 1). Records of the crop and soil insecticide history of 

these fields were made for the year preceding the year in which they were 

sampled. Soil Conservation Service maps were used to determine the 

predominant soil texture of the A horizon, and daily maximum and 

minimum temperatures and precipitation records were obtained from the 

Tidewater Agricultural Experiment Station in eastern Virginia and the 
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Shenandoah Valley Agricultural Experiment Station in western Virginia 

(Figure 1). 

The BWT consisted of a 61.0-cm by 7.6-cm section of hardware cloth 

(0.64-cm mesh). Each section was bent lengthwise at an angle of 

approximately 45° to increase its strength and to better facilitate the placement 

of the corn seed bait (Figure 2). Pioneer 3320 corn seed was used throughout 

these studies, which had been pre-treated only with the fungicide captan 

(Captan, ICI Americas Inc., Wilmington, Del.). The installation process for 

each trap involved digging a 5.1-cm deep furrow in the field that was wide 

enough to contain an entire trap. After a trap was in place, 20 corn seeds were 

positioned about 2.5 cm apart along the bottom of the trap. The last step 

consisted of covering the wire trap and seeds with enough soil that, after 

slight packing, the level of the soil above the trap was flush with the 

undisturbed area of the field immediately adjacent to the trap. 

About two to three weeks before the expected planting date of each test 

field, five randomized pairs of baited wire traps and simulated corn plantings 

were installed approximately 30 m apart from one another. A simulated corn 

planting consisted of a single row of 20 corn seeds planted by hand at a depth 

of 5 cm and at intervals of about 20 cm. The assumption behind the use of 

the simulated planting was that damage to the seeds in the simulated 

planting would be approximately equal to the level of damage that would 

occur if the field had been commercially planted at the same time that the 

wire traps were installed. All of the seeds in the wire traps and in the 

simulated plantings were left for two weeks in the field to germinate; after 

which they were removed and inspected for evidence of insect feeding 
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damage. Records were made on the number of damaged seeds in each 

treatment, and any insects or other organisms found with the corn seeds were 

placed in 80% ethyl alcohol and taken back to the laboratory where they were 

identified to species. Keys by Briggs (1980) were used to differentiate 

wireworm species, and Tashiro (1987) were used to separate the white grub 

species. 

After the BWT and simulated plantings were sampled, the test fields 

were planted by the cooperating producers according to their regular practices. 

A portion of each test field was left untreated with soil insecticides (i.e., 

granular insecticides or insecticidal seed treatments) so that insect damage 

could be evaluated. Approximately two weeks after planting, stand loss was 

determined from five subsamples in each field near the same area that had 

been sampled previously. A subsample consisted of all corn seeds along a 4- 

m row; adjacent subsamples were separated by a distance of approximately 30 

m. All seedlings were carefully removed from the soil so that the attached 

seed could be examined for damage. In addition, the soil in areas of the row 

in which seedlings were missing was searched to determine whether the 

absence of seedlings was the result of insect damage or other causes, such as 

planter error, poor germination, etc. Insects or other organisms found with 

the corn seeds were recorded, preserved in 80% ethyl alcohol, and taken back 

to the laboratory where they were identified to species. 

All damage data were expressed as proportions of the total sample; for 

example, the number of damaged seeds in a BWT was divided by the total 

number of seeds found in the trap at the time of sampling. Differences 

between the proportion of damaged seeds in the wire traps, the proportion of 
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damaged seeds in the simulated plantings, the proportion of damaged seeds 

in the commercial plantings, and stand loss, were compared using ¢ tests. 

Likewise, the relationship between the proportion of damaged seeds in the 

wire traps and the proportion of damaged seeds in the simulated plantings, 

the number of damaged seeds in the commercial plantings, and stand loss, 

were determined by linear regression (SAS Institute 1985). 

Comparison of Baited Wire Trap and Bait Station Sampling Times 

A study comparing differences in the amount of time required to 

install and sample baited wire traps and bait stations was conducted in 

Montgomery Co. in 1991. Nine replicates of each treatment were placed in 

the field on 18 April. The wire traps were installed as described previously. 

Bait stations consisted of 137.8 ml (ie., 1/2 cup) of an equal mixture of corn 

and wheat seeds placed in a hole 10.2 cm deep by 22.9 cm wide and covered 

with soil (Figure 3). All treatment replicates were left in the field for 13 days 

to allow the seeds to germinate. The mass of germinated corn and wheat 

seeds in the bait station was removed from the soil on 1 May and examined 

for the presence of wireworms. The wire traps were removed from the soil at 

the same time and evaluated as previously described. The same individual 

installed and evaluated all replicates of both methods. A t test was used to 

test for differences in installation times, sampling times, and combined 

installation and sampling times between the two methods. 
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RESULTS 

BWT Evaluation 

The 47 fields sampled in this study in 1990 and 1991 represented a broad 

cross section of cropping practices ranging from crop rotation to continuous 

corn production, and conventional-till to no-till. Soybeans, field corn, and 

peanuts comprised over 87% of all the crops planted the previous year. The 

number of fields planted in soybeans, field corn, and peanuts was: 19, 14, and 

8; respectively. Alfalfa, small grains, and sod each occurred twice among the 

remaining fields. Approximately 70% of the fields in this study had not been 

treated previously with soil insecticides for at least one year before they were 

sampled. Granular insecticides had been applied at planting to 11 fields 

(23.4%), and insecticidal seed treatments had been applied to 3 fields (6.4%). 

The soil textures of the A horizon of the 47 fields in this study ranged 

from coarse texture, loamy sand and loamy fine sand soils to moderately fine 

texture, sandy clay loam soils (Table 1). However, for over two-thirds of the 

test fields, the predominant soil textures of the A horizon were either a 

moderately coarse texture, fine sandy loam soil (38.3%) or a medium texture, 

silt loam soil (29.8%). 

Daily maximum and minimum temperatures and precipitation values 

for the first and second sampling periods of 26 March to 15 April and 15 April 

to 12 May, 1990 tended to be greater for eastern Virginia than for western 

Virginia (Table 2). These differences were not considered to be extreme, 

especially given the higher elevations of the cropland in western Virginia. 
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Table 2. Average maximum and minimum temperatures and total 
precipitation in eastern Virginia for the periods from installation to sampling 
of the baited wire traps, and from planting to the determination of stand loss, 
1990 and 1991. 
  

Tidewater Agricultural Experiment Station, Suffolk, Virginia. 

Precipitation 

Temperature (°C) (cm) 
  

X+SEM daily X+SEMdaily X+SEM daily 

  

Year Date sampled maximum minimum accumulation 

1990 3-26 to 4-15 15.5 + 0.9 44+0.9 0.37 + 0.16 

4-15 to 5-12 24.9 + 0.9 10.5 + 0.8 0.27 +0.11 

1991 3-11 to 4-4 17.7£1.3 4.2+1.1 0.35 + 0.16 

4-10 to 5-22 24.0 + 0.8 11.9 + 0.6 0.30 + 0.16 

Shenandoah Valley Agric. Experiment Station, Steeles Tavern, Virginia. 

1990 3-26 to 4-15 12.4+0.9 2.0+ 0.9 0.31 + 0.13 

4-15 to 5-12 20.5 + 0.8 8.7 + 0.7 0.20+0.11 

1991 4-11 to 5-2 17.7£1.2 7441.0 0.16+ 0.11 

4-24 to 6-18 25.1 + 0.6 14.0 + 0.5 0.22 + 0.10 
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The larger number of fields sampled in 1991, combined with the earlier 

growing season in eastern Virginia, caused a delay of two to four weeks in 

sampling the fields located in western Virginia. Although daily maximum 

temperatures were similar for both sampling periods across the state, daily 

minimum temperatures were slightly higher in western Virginia than in 

eastern Virginia. Daily precipitation for both sampling intervals was lower in 

western Virginia than in eastern Virginia, but was sufficient for germination 

to occur. 

The data of two of the 47 fields sampled in this study were not included 

from the subsequent analyses because they were infested by corn root aphids, 

Aphis maidiradicis. Although corn root aphids in these fields were observed 

on the roots of 3.0% of the seedlings in the wire traps, the corn seed itself was 

not damaged and thus could not be properly recorded. 

The majority of organisms (all were arthropods with the exception of 

one seed containing nematodes) found associated with the corn seeds in this 

study were seedcorn maggots, white grubs, and wireworms (Table 3). 

Although the BWT was designed to detect damage rather than insects, it was 

possible in many cases to observe differences in the damage associated with 

the various insects. Wireworm damage often consisted of a small hole bored 

into the kernel whose diameter was roughly equal in size to the cross- 

sectional diameter of the wireworm. Conversely, white grubs were observed 

feeding externally on the seed kernel, generally consuming large portions of 

the kernel. Seedcorn maggots were similar to wireworms in that they also 

chewed their way into the seed kernel, but the damage was not as evident 

because not as much of the seed contents were removed. Of all the
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germinating seed pests encountered in this study, the seedcorn maggot was 

the one most often found to be present in the seed at the time of sampling. 

Overall, the proportion of corn seeds damaged in the BWT, simulated 

plantings, and actual field plantings averaged 2.7%, 2.0%, and 5.4%, 

respectively. The maximum damage detected in these same treatments was 

12.0%, 10.1%, and 24.7%. Stand loss in the actual field plantings averaged 

0.4%; the maximum stand loss detected in any field was only 4.1%. 

The mean proportion of damaged seeds in the BWT was not 

significantly different from the mean proportion of damaged seeds in the 

simulated plantings (t = 1.19, P = 0.24); however, the mean proportion of 

damaged seeds in the BWT was significantly greater than mean stand loss (t = 

5.63, P < 0.001). The number of damaged seeds in the BWT was significantly 

less than the number of damaged seeds in the planted fields (t = 2.14, P = 0.04). 

Significant regressions were obtained for damage in the BWT against damage 

in the simulated plantings (P < 0.001, R* = 0.31) (Figure 4), as well as for 

damage in the BWT against damage in the actual field plantings (P < 0.001, R2 

= 0.13) (Figure 5). Regressing damage in the BWT against stand loss was not 

significant (P = 0.09, R2 = 0.07). 

Comparison of Baited Wire Trap and Bait Station Sampling Times 

The mean time required to install the BWT method (3.7 minutes) was 

significantly greater than that of the bait station method (2.2 minutes) (f = 5.62, P < 

0.001) (Table 4). The mean time required to evaluate the BWT method (3 minutes) 

was Significantly less than the bait station method (7.1 minutes) (¢ = 10.9, P < 0.001). 
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Table 4. Comparison of installation time, evaluation time, and total 

sampling time of the baited wire trap and bait station methods. 

X + SEM2@ (in minutes) 

  

  

Combined 

installation 

Installation Evaluation and sampling 

Treatment n time time time 

Baited wire trap 9 3.7 + 0.2*** 3.0+0.1 6.7+ 0.3 

Bait station 9 2.2 + 0.2 7.1 + 0.3*** 9.3 + 0.4*** 

  *** Significant at P < 0.001, according to Student's tf test. 

“Statistical analyses were performed on raw data. Installation time, t = 5.62; 

sampling time, f = 10.89; combined installation and sampling time, 

t = 5.36. 
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The combined sampling time of both installation and evaluation was 

significantly less for the BWT method (6.7 minutes) than for the bait station 

(9.3 minutes) (t = 5.36, P < 0.001). 

DISCUSSION 

Hutchins et al. (1988) suggested that different species of insects which 

cause similar damage to a crop can be treated as a group: "Grouping insects 

into injury guilds, based on the plant's physiological response to the injury, 

forms the theoretical basis for the multiple-species approach". The 

application of this concept to pests of germinating corn seeds is further 

validated because, as a group, they can be controlled by a single application of 

a soil insecticide at planting. 

Insect density levels commonly are used in developing yield loss 

relationships; however, they are not always the best indicators of damage or 

subsequent yield reduction. Crops can often withstand some degree of 

damage without exhibiting significant injury (Hutchins et al. 1988), and a 

number of studies have used damage indices rather than pest density to make 

management decisions (Zehnder 1988, Cartwright et al. 1990, Hussey and Parr 

1963). The results of the present study suggest that it may be possible to relate 

the amount of damage caused by the seed-damaging injury guild including 

wireworms, white grubs, or seedcorn maggots to corn seeds in baited wire 

traps to potential damage in fields subsequently planted to corn. 

T tests indicated that the proportion of damaged to undamaged corn 

seeds was greater in the actual planted fields than when the traps and 

simulated plantings were installed, at least two weeks earlier. This difference 
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in damage to corn seeds by members of the soil pest guild later in the season 

may be due to the increased temperature and thus activity of the insects. 

However, lower pest activity earlier in the year does not preclude a linear 

relationship with later occuring injury. Although the number of seeds with 

feeding damage in the actual field plantings was greater than during the 

period during which the traps were in the ground, stand loss that could be 

attributed to feeding damage was much less. This lack of stand loss under 

greater insect activity may have been due to more favorable conditions for 

increased rates of germination and growth later in the year. Thus, damage 

that could cause the mortality of a seed or seedling earlier in the season might 

be outgrown later in the season. 

Regression analysis indicated a nonsignificant relationship between the 

damaged seeds in the BWT and stand loss. Consequently, it was not possible 

to calculate a specific damage threshold from the BWT to predict stand loss. 

The regression analyses of simulated damage on trap damage, and of damage 

on trap damage in the planted fields was significant in both cases. However, 

the low R2 values indicated that the BWT accounted for little of the 

variability in the data. These results were not unexpected given that none of 

the actual field plantings experienced what could be considered an economic 

stand reduction. Indeed, 34 (75.6%) of the 45 field plantings had no detectable 

stand loss and the maximum stand loss was 4.1%. The low pest pressure in 

the fields also prevented any determination of influences of soil types, 

rotation practices, and weather on pest populations. 

Given that the actual field plantings showed so little stand loss, it is 

remarkable that the BWT detected as much damage as it did. It seems



plausible to assume that if BWT are able to detect damage by wireworms, 

seedcorn maggots, and white grubs at levels below those which result in 

economic damage, then they should be able to detect damage at levels which 

do result in economic damage. However, this assumption could not be tested 

in this experiment. 

Although the less than damaging populations of germinating seed 

pests prevented a complete evaluation of the BWT method, the information 

obtained by using BWT can benefit field corn producers. The BWT method 

detects all three of the main insect pests of germinating corn seeds, and does 

not lose its ability to predict damage from the time of installation to the time 

that the field is planted. Moreover, it is clear from the lack of damage to 

sampled fields by wireworms, seedcorn maggots, and white grubs that these 

pests are rarely a problem in Virginia. These studies have shown that the 

BWT method is significantly faster, and can detect the presence of at least 

three species of insect pests of germinating corn seeds, even when their 

populations are below economically damaging levels. 
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