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Entomology
(ABSTRACT)

The biology of Anisota senatoria J. E. Smith
(Lepidoptera: Saturniidae) was examined through ecological
studies of within-tree distribution and dispersion, and the
influence of a tree growth regulator on development and
survival. Biological characteristics examined egg mass size
and development, pheromone attraction, response to blacklight
traps, adult emergence, laboratory development, pupal
mortality and comparison of first versus second generation
development time, fecundity and amount of infestation. Within-
tree distribution of 1life stages showed significant
differences between low (1.7-3.6 m in height), middle (3.7-5.5
m) and high (5.6-7.6 m) strata. Dispersion indices generated
from Taylor’s power law showed aggregation was greatest among
early instars, followed by third instars and late instars. A
fixed level precision sampling plan was developed based on the
number of eggs and early instars present in low strata. The
tree growth regulator paclobutrazol significantly reduced Q.
phellos L., willow oak, growth, especially one and two years
posttreatment. One year posttreatment, paclobutrazol

treatments significantly slowed development and decreased

survival of early instars, but the opposite relationship was



found with late instars.

Behavior studies showed that increased A. senatoria
survival occurred with increased group size. Laboratory and
field experiments revealed critical group sizes for survival
of 1-3 larvae and between 25-50 larvae.

Anisota senatoria defoliation impact and frass were
measured. Growth and root starch were significantly reduced
with increased defoliation in Quercus palustris Muench., pin
oak, but Q. phellos root starch was not reduced. Reduction in
starch content in Q. palustris may have been related to
additional stress factors. Landscape fabrics were a reliable
sampling method for frass. Frass was used as a method for
differentiating larval instars and predicted defoliation of Q.
palustris.

An integrated pest management (IPM) program was developed
that included information on native parasites, host plant
preference, a citizen survey, and aesthetic indicators. Four
egg parasite species including an Aprostocetus new species,
five larval parasites and eight hyperparasites were collected.
Host plant preference experiments indicated that Q. alba L.,
white oak, was least preferred by A. senatoria. A citizen
survey provided a framework for designing an IPM program.
Monitoring and establishing an aesthetic injury level of 25%
defoliation decreased pesticide volume without an attendant
increase in damage. The number of egg masses (threshold) that

caused 25% defoliation ranged from one to nine.
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Chapter 1
Introduction and
Literature Review

Anisota senatoria (3. E. Smith) (Lepidoptera:
Saturniidae, orangestriped oakworm) is native to North America
and was originally described by Dr. James Edward Smith (Smith
1797) of England from colored illustrations made by John
Abbot. Ferguson (1971) assumed the type 1locality to be
Screven or Bulloch counties in Georgia, approximately 80 Kkm
east of the Atlantic Ocean. Riotte & Peigler (1981) assumed
the type 1locality also included six southeastern Georgia
counties that bordered the Atlantic Ocean.

Anisota senatoria belongs to the subfamily Citheroniinae
(Covell 1984); however, this subfamily has been frequently
elevated to family rank (Riotte & Peigler 1981). It is a
primitive subfamily of Saturniidae and is exclusively New
World in distribution. Anisota is primarily a Nearctic genus,
and probably originated in Mexico or Central America as
specialized feeders on Quercus (oak) species. There are 15
Anisota species, and Riotte & Peigler (1981) classified these
species into 4 groups according to larval and adult habits and
geographical distributions. These groups include the A.
stigma group (four species), A. senatoria group (three
species), A. pellucida group (four species), and the Mexican
group (four species). They provided a key to adults and
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mature larvae and described phylogenetic relationships.

Distribution. Anisota senatoria has a wide distribution
in North America. Riotte & Peigler (1981) examined A.
senatoria specimens from 19 states, including Virginia; the
northern range 1limit is southwestern Ontario, Canada and
Maine. In the northeastern United States, A. senatoria can be
abundant (Hitchcock 1958). This insect is considered rare in
the southeast (Ferguson 1971) and southern Florida where
sporadic populations can occur (Riotte & Peigler 1981). The
western extent of its range is eastern Texas (Riotte & Peigler
1981). In the mid-western states, it 1is reported from
Minnesota, Wisconsin, Michigan, Ohio, and Indiana (Davis 1934,
Houser 1918, Johnson & Lyon 1988, Baker 1972).

Biology. Anisota senatoria biology was reported by
Lintner (1889), Lugger (1890), Felt (1905), Baker (1972), and
Riotte & Peigler (1981). Adults eclose from overwintering
pupae in late June and are present throughout July (Hitchcock
1958) . Mated pairs are found on grass blades, low bushes, or
tree trunks (Lintner 1889, Hitchcock 1958). Peigler &
Williams (1984) reported that male A. senatoria pursue females
from approximately 1130 to 1530 h EST. Eggs are yellow
(Hitchcock 1961b, Riotte & Peigler 1981) and oviposition
occurs on leaf undersides in masses of 200-700 (Hitchcock
1958). Egg masses are deposited on the terminal twigs of
lower branches 3-4 m above the ground (Lintner 1889, Hitchcock
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1958). Oviposition occurs throughout July (Becker 1938).
Eggs eclose in 7-10 days (Becker 1938), and gregarious green-
yellow larvae skeletonize leaves (Hitchcock 1958, Baker 1972).
There are five instars of A. senatoria (Lintner 1889, Riotte
& Peigler 1981). Larvae have a pair of black recurved horns
on the mesothoracic segment. Fifth instars are approximately
5 cm long, and are black with eight yellow-orange stripes and
numerous sharp spines (Solomon et al. 1980). Fifth instars
are less gregarious and consume entire leaves except for the
main vein (Baker 1972). Defoliation occurs in late August
through September (Hitchcock 1958). During September or
October, larvae crawl considerable distances seeking suitable
habitats to pupate (Hitchcock 1958). Larvae burrow 7-10 cm in
the soil and pupate (Felt 1905). The 2-3 cm brown pupae are
covered with short spines and have sharp bifid cremasters
(Hitchcock 1958, Riotte & Peigler 1981). Pupae used their
spines and cremasters to maneuver and protrude through the
soil in late June (Lintner 1889, Lugger 1890). Ehrlich et al.
(1969) described characteristics for A. senatoria pupal sex
determination. There are one and possibly two generations a
year, depending on location (Hitchcock 1958, Baker 1972).
Lawson et al. (1982, 1984) reported on the nutritional
ecology of A. senatoria. When it was reared on six Quercus
species, differences in dgrowth rates were nonsignificant
between species. Relative consumption rate and conversion of
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ingested food was significantly correlated with leaf nitrogen
concentration; 1larval utilization was not influenced by leaf
tannin concentration (Lawson et al. 1982). Lawson et al.
(1984) compared several nutritional indices of a spring
feeding caterpillar, Alsophila pometaria (Harr.) (Lepidoptera:
Geometridae), the fall cankerworm, and the late season A.
senatoria defoliator. They suggested that A. senatoria
favored feeding efficiency over growth rate.

Host plants. Quercus species are preferred hosts, and
some Quercus species appear to be favored over others
(Hitchcock 1961a, 1961b). Solomon et al. (1980) reported that
forest stands of Q. rubra L., red oak, and Q. alba L., white
oak, on upland sites were the most heavily defoliated.
Herrick (1935) reported a preference for Q. alba and Q.
ilicifolia Wang., scrub oak. However, Hitchcock (1961b)
reported that A. senatoria preferred to oviposit on trees of
Q. velutina Lam., black oak, rather than Q. alba, although
they developed on both Quercus species. Anisota senatoria fed
on Q. alba and Q. rubra in Massachusetts, Q. velutina, Q.
ilicifolia, and Q. coccinea Muenchh., scarlet oak, in
Pennsylvania, and on Q. ilicifolia and Q. prinus L., chestnut
oak in New York (Lintner 1889). Hutchings (1926) reported Q.
alba was attacked by A. senatoria in western Ontario, Canada.
In southeastern Virginia, A. senatoria frequently defoliated
Q. palustris and Q. phellos (Coffelt & Schultz 1991a).
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Quercus species with tough, pubescent, or evergreen leaves
were less preferred by Anisota species (Riotte & Peigler
1981) .

Anisota senatoria infestations were not restricted to
Quercus species. Dimmock (1885) reported A. senatoria fed on
Betula alba L., white birch, and Headlee (1918) reported
Betula species were attacked in New Jersey. Anisota senatoria

attacked Acer species, maple, Corylus species, hazelnut, and

Carya species, hickory (Becker 1938, Houser 1918). Riotte &
Peigler  (1981) found Castanea species, chestnut and
chinquapin, damaged by Anisota species. Stimmel (1988)

reported A. senatoria fed on Castanea species, Fagus species,
beech, and Hamamelis species, witch-hazel, when Quercus
foliage was depleted. Field populations of A. senatoria fed
on Aesculus hippocastanum L., horse chestnut, in Norfolk, VA
(Coffelt, unpublished data). Reports that A. senatoria fed
on Rubus species, raspberry, (Dimmock 1885, Covell 1984) were
probably incorrect. These reports were based on the
observation by C. V. Riley that A. senatoria oviposited on
Rubus species leaves, but Lintner (1889) stated that the
larvae did not feed.

Pest status. Anisota senatoria was characterized as an
occasional pest of forest trees and urban plantings (Felt
1905, Houser 1918, Becker 1938). Johnson & Lyon (1988)
reported forest trees were usually attacked more frequently,
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but trees along parks and city streets were occasionally
attacked. Beal (1952) reported southeastern forest hardwoods
withstood considerable defoliation and A. senatoria was more
important as a shade tree and ornamental defoliator than as a
forest stand defoliator. Anisota senatoria was listed as one
of 30 major shade tree pests in the United States (Olkowski et
al. 1978) and a major oak defoliator in the southern states
(Solomon et al. 1980). Many early reports of A. senatoria
defoliation were published but damage was not quantified.
Claypole (1883) wrote that millions of A. senatoria larvae
destroyed ocak foliage in Pennsylvania forests. Lintner (1889)
reported many A. senatoria were found annually in New York,
and during one summer large populations of crushed larvae
caused slippage of railroad wheels. Felt (1905) reported A.
senatoria was common in New York and annually caused
considerable injury to oaks. Oaks near Kalamazoo, Michigan
were completely defoliated from 1866-1869 (Felt 1905).
Anisota senatoria was the most significant defoliator in
Minnesota (Lugger 1890). Forest, shade tree, and nursery oaks
in Maryland were defoliated by A. senatoria (Symons & Gory
1913). In New Jersey, serious A. senatoria damage was
reported on oaks in 1915 and 1917 (Headlee 1917, Headlee
1919). Widespread outbreaks occurred from 1918-1920 in Ohio
(Houser 1918). Davis (1934) reported A. senatoria defoliated
oaks in Indiana and attained pest status. In Ontario, Canada,
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the first report of damaging A. senatoria populations appeared
in 1923 (Ross & Caesar 1924).

Major outbreaks occurred in Connecticut, Michigan, New
Jersey, New York, and Pennsylvania (Johnson & Lyon 1988).
During 1958-1960, Hitchcock (196la) reported Lymantria dispar
(L.) (Lepidoptera: Lymantriidae), gypsy moth, and A. senatoria
were the first and second most damaging pests of oaks in
Connecticut. An unprecedented outbreak occurred in 1958 where
more than 15,000 ha of trees were defoliated, but by 1960
defoliation was reduced to 10.5 ha in Connecticut (Hitchcock
1958, 1961a). In 1987, 4,453 ha were defoliated in Rhode
Island, but by 1989 only 40.5 ha were defoliated (Hofacker et
al. 1990). Anisota species (A. virginiensis, A. senatoria,
and A. stigma) and Cameria species (Lepidoptera:
Gracillariidae), oak leaf miners, defoliated or browned 36,500
ha in Mississippi (Solomon & Cook 1978). Riotte & Peigler
(1981) reported that A. senatoria were very common and
attained pest status in eastern Texas, northern Louisiana, and
Missouri. Damaging field populations of A. senatoria were
found in Missouri forests (Ignoffo et al. 1973). Damaging
populations of A. senatoria warranted pesticide treatment in
Maryland (Smith & Raupp 1986). Anisota senatoria caused
extensive defoliation of landscape Quercus species in
southeastern Virginia and an IPM approach was initiated
(Coffelt & Schultz 1987, 1989, 1990a, 1991a).
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Control methods. Arsenical compounds, rotenone
pesticides, mevinphos, and dichloro diphenyl trichloroethane
(DDT) were applied to control A. senatoria infestations before
1965. Lintner (1889) and Lugger (1890) reported that valuable
ornamental and shade trees could be sprayed with London purple
(calcium arsenite and arsenate) or Paris green (copper
arsenate) to control A. senatoria. Becker (1938) recommended
lead arsenate to control large A. senatoria infestations.
Safened calcium arsenate and 1lead arsenate effectively
controlled A. senatoria larvae (Potts 1944). The botanical
insecticide rotenone, derived from Derris species roots and
ground into a powder, effectively controlled A. senatoria
(McIndoo et al. 1919). Fourth and fifth instar A. senatoria
experienced 54-100% mortality when fed oak leaves sprayed with
Derris species powder and arsenical mixtures (Potts & Whitten
1940). Donley (1959) applied the organophosphate compound
mevinphos to trunks of sapling oaks that each had 25 A.
senatoria larvae and found 0% mortality after 24 hours and
100% mortality after 72 hours.

Pesticides that were applied to early instar A. senatoria
caused higher mortality compared with late instars. Friend
(1946) applied DDT by helicopter to oaks in late August to
control A. senatoria third-fifth instars. Mortality was poor
and severe defoliation occurred, higher mortality could be
achieved with first and second instars. Kerr (1951) applied
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lead arsenate and DDT in early September to oaks that
contained early instar A. senatoria and 98% mortality
occurred. Hitchcock (1958) reported that DDT and lead
arsenate applied to early instars caused higher mortality
compared with late instars.

Pesticides that could be incorporated into an IPM program

have been evaluated for A. senatoria control from 1973 to the

present. Ignoffo et al. (1973) and Kaya (1974) showed
Bacillus thuringiensis var. alesti was effective in
controlling all five instars of A. senatoria. Pyrethroid

insecticides such as bifenthrin, fenpropathrin, and cyfluthrin
caused 100% mortality of first-third instar A. senatoria
(Schultz & Coffelt 1986a, Coffelt & Schultz 1991b).
Avermectin B,, a macrocyclic lactone derived from Streptomyces
avermitilis, caused 96% mortality of A. senatoria larvae, but
neem seed extract, derived from Azadirachta indica (A. Juss.)
trees, was not effective against A. senatoria larvae and
caused only 20% mortality (Schultz & Coffelt 1986a).
Organophosphate and carbamate compounds were traditionally
used to control A. senatoria. Acephate caused 90% mortality
and carbaryl 100% mortality of early instar A. senatoria
(Schultz & Coffelt 1986b, 1989).

Mechanical controls were first proposed by Lintner (1889)

and Lugger (1890). Lintner (1889) suggested that A. senatoria



moths could be destroyed as they appeared among grass blades,
lower branches could be pruned to decrease oviposition by
gravid females, and trenches could be constructed around
infested tree trunks to trap migrating larvae. Lugger (1890)
emphasized mechanical control by pruning infested branches and
burning A. senatoria larvae. More recently, strategies that
utilize IPM have been established based on plant injury levels
(Coffelt & Schultz 1990b, 1991c).

Natural control. Numerous hymenopteran and dipteran
parasites of A. senatoria have been reported (Schaffner &
Griswold 1934, Muesebeck et al. 1951, Herting & Simmonds 1976,
Riotte & Peigler 1981, Peigler 1985). Hitchcock (1958)
reported 17 parasite species attacked A. senatoria life stages
and Arnaud (1978) reported 11 species of Tachinidae. Coffelt
& Schultz (1990c) reported three hymenopteran primary
parasites, one dipteran tachinid ©parasite, and four
hymenopteran hyperparasites from A. senatoria in southeastern
VA.

Several diseases were reported from A. senatoria larvae
and pupae. Hitchcock (1961c) found Cordyceps militaris (Fr.)
Link killed 14% of the pupae. Wallis (1959) identified a
cytoplasmic polyhedrosis virus from diseased A. senatoria
pupae. Kaya (1977) reported a nuclear polyhedrosis virus
(NPV), that was originally isolated from Autographa
californica (Speyer) (Lepidoptera: Noctuidae), alfalfa looper,
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caused 30% mortality to A. senatoria larvae in the laboratory.
A microsporidian, Pleistophora schubergi Zwolfer, caused high
mortality to first-fourth instar A. senatoria in the
laboratory (Kaya 1973). 1In the field, P. schubergi infested

from 72-96% second and third instar A. senatoria (Kaya 1975).

Research Objectives

Anisota senatoria has become a major pest of Quercus
species in southeastern VA. 1Insecticidal applications based
on citizen complaints have not been effective and add
significant ©pesticide 1load to the urban environment.
Alternative control methods that emphasize IPM strategies have
not been examined and efforts have not been made to understand
the relationship between A. senatoria ecology, behavior,
impact and host aesthetics. Four studies have been identified
as part of this research. The objectives of each study are
listed below and results of these studies are presented in

the following 11 chapters.

A). An examination of the ecology of A. senatoria in the urban
environment.

1) A study of the within-tree distribution and dispersion
indices of the orangestriped oakworm (Lepidoptera:
Saturniidae) with a fixed 1level precision sampling plan
(Chapter 2).
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2) A study of the influence of a tree growth regulator on
orangestriped oakworm development and survival (Chapter 3).
3) A study of Dbiological characteristics of the

orangestriped oakworm in southeastern Virginia (Chapter 4).

B). An examination of A. senatoria larval aggregation
behavior.

4) A study of the effects of group size on orangestriped
oakworm survivorship reared in the laboratory and field

(Chapter 5).

C). An examination of A. senatoria defoliation and frass
impact.
5) A study of the impact of late season orangestriped
oakworm defoliation on oak tree growth and vigor (Chapter 6).
6) A study of the relationship between orangestriped

oakworm frass and instar, host plant and defoliation (Chapter

7).
D). Development of A. senatoria integrated pest management
strategies.

7) A study of parasitism of orangestriped oakworm life
stages in the urban landscape (Chapter 8).

8) A study of host plant preference of the orangestriped
oakworm (Chapter 9).
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9) A study on the development of an aesthetic injury
level to decrease pesticide use against orangestriped oakworm
(Lepidoptera: Saturniidae) in an urban pest management project
(Chapter 10).

10) A study on quantification of an aesthetic injury
level and threshold for an orangestriped oakworm urban pest
management program (Chapter 11).

11) A study of citizen attitudes toward orangestriped
oakworm: impact, control, host aesthetics, and IPM practices

(Chapter 12).
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Chapter 2

Within-tree distribution and dispersion indices for
the orangestriped oakworm (Lepidoptera: Saturniidae)

with a fixed level precision sampling plan
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Introduction

Outbreaks of Anisota senatoria (J. E. Smith)
(orangestriped oakworm), have become severe in some urban
areas of Virginia leading to the development of integrated
pest management (IPM) strategies (Coffelt & Schultz 1990b).
However, lack of information on A. senatoria distribution and
dispersion within Quercus (oak) trees has hindered development
of sampling plans. The dispersion of a population, or the
distribution pattern of organisms in space, has considerable
ecological significance (Southwood 1978). Knowledge of insect
spatial distributions is critical for development of viable
sampling methods (Taylor 1984). The within-tree and within-
plant distribution of numerous insects have been determined
(Hall & Wilson 1974, Ohmart 1979, Larsson 1985, Cook & Hain
1989, Weakley et al. 1990) and sampling plans have been
established from these data (Jones & Parrella 1984, Zehnder &
Trumble 1985, Zehnder & Linduska 1988, Pena & Baranowski
1990). Green (1970) and Kuno (1969) described a sampling plan
that estimates the mean density of an insect population
relative to a fixed level of precision and provides a reliable
estimate of the population mean. Myers (1978) and Mollet et
al. (1984) discussed the advantages and disadvantages of
various dispersion indices.

The objectives of this study were to compare spatial
distribution patterns within trees of A. senatoria life stages
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over several years to establish a sampling plan for A.
senatoria IPM programs.
Materials and Methods

Quercus palustris Muench., pin oaks, planted along
residential streets in Norfolk, VA, were chosen for this
study. Trees were standardized by selecting trees those with
similar height, diameter at breast height (dbh), growth
condition and vigor, and crown development. Trees were also
selected based on similar A. senatoria densities to ensure
that populations were present for sampling. In 1987, 15 trees
were initially sampled for eggs and 27 trees for early and
late instars. In 1988 and 1989, 25 and 33 trees were
initially sampled. The same trees were sampled throughout the
study (1987-1989), unless trees were sprayed with
insecticides, severely pruned, removed, or low A. senatoria
populations existed. If necessary, replacement trees that had
similar characteristics were used. Populations of A.
senatoria tend to be localized and occur at the same locations
annually, but populations fluctuate (Hitchcock 1958). The
Quercus palustris trees sampled (n=33) were consistent in dbh
(18.740.6 cm) and height (7.540.1 m), as indicated by the low
standard error (mean+SEM).

The terminal 30 cm of a branchlet, a smaller division of
a main branch (Dirr 1983), was chosen as the sampling unit.
Trees were divided into a 1low, middle and high strata by
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counting the number of branches from the main trunk and
dividing by three. Low strata were 1.7-3.6 m above ground,
middle strata were 3.7-5.5 m, and high strata were 5.6-7.6 m.
Strata boundaries were marked with ribbon to aid sampling. On
each sample date, 24 sample units were randomly chosen per
stratum and a visual observation was made of the numbers of
each A. senatoria life stage per sample unit. Sampling was
initiated at the tree canopy drip line by an individual who
walked around the tree periphery until all 24 samples were
taken. Anisota senatoria life stages were easily observed in
low and middle strata and sampling was aided by using a 1.8 m
ladder for high strata.

Life stages recorded were eggs and first through fifth
instars. These stages were easily recognized by their color
and size. Eggs were large and measured 1.2 mm in diameter
(Riotte & Peigler 1981), and were bright yellow. Eggs were
oviposited on leaf undersides in masses of 200-700 (Hitchcock
1958) and the number of eggs per mass was estimated to the
nearest 25 by determining the area covered on a typical Q.
palustris leaf. Both first and second instars were yellow-
green and gregarious (Hitchcock 1958, Riotte & Peigler 1981)
and were combined as early instars for data analysis. The
number of early instars were estimated by the same method used
for eggs. Third instars developed yellow stripes and black
color (Hitchcock 1958) and were not as gregarious. Third
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