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Abstract. Oak species are the favored host of gypsy moth populations in the north- 
eastern United States, although the herbivore expands its host range dramatically during 
an outbreak. Pitch pine, a secondary host because of its unacceptability for early devel- 
opment, was found to be frequently used for oviposition in oak-pitch pine forests with 
non-outbreak populations. This observation led to the study of ecological and behavioral 
factors that can contribute to the use of a secondary host under low-density conditions by 
an irruptive herbivore species. A series of manipulative field and laboratory experiments 
plus a study of natural history provided data on the pattern of pitch pine use during the 
life cycle of the gypsy moth, the effect of pitch pine on larval growth, and the differential 
impact of natural enemies depending on host use. 

I found that (1) egg masses occurred far more frequently on pitch pine than was expected 
based on the frequency of pitch pine in forests with low-density gypsy moth populations; 
(2) in the laboratory, early-instar larvae could not survive on pitch pine while late-instar 
larvae grew well; (3) in the field, larvae began to use pitch pine to feed and rest after the 
onset of the fourth instar. Compared to oak, (4) egg masses on pitch pine experienced less 
parasitism; (5) the microhabitat of pitch pine held less nuclear polyhedrosis virus (NPV), 
a major mortality agent of the gypsy moth; (6) individuals hatching from eggs laid on pitch 
pine were less infected with NPV; and (7) larvae dosed with a known amount of NPV 
survived longer when feeding on pitch pine foliage. 

The use of pitch pine by individuals in low-density gypsy moth populations appeared 
to be beneficial and may have an important effect on population dynamics. The mobility 
associated with host switching by late-instar larvae and with dispersal by first-instar larvae 
oviposited on unacceptable food may represent an important mechanism for host-range 
extension. 

Key words: diet breadth; dispersal behavior; egg parasitoid; Lymantria dispar; non-outbreak pop- 
ulations; nuclear polyhedrosis virus; nutritional ecology; Pinus rigida; plant/insect interaction; Quercus 
spp.; secondary host. 

INTRODUCTION 

Generalist herbivore species with irruptive popula- 
tion dynamics commonly use one or a few favored 
hosts under low-density conditions and expand the host 
range to secondary hosts under high-density condi- 
tions. For example, the fall webworm, the hickory tus- 
sock moth, the spruce budworm, the saddled promi- 
nent, and the gypsy moth expand their host ranges 
dramatically during outbreaks and revert to favored 
hosts after population crash (Craighead 1950, Warren 
and Tadic 1970, Leonard 1974, Rose and Linquist 
1982, Coulson and Witter 1984). When the use of a 
secondary host persists in low-density herbivore pop- 
ulations, however, it is of interest to know what nu- 
tritional, ecological, and behavioral factors are in- 
volved. 

Most studies of herbivore host-use patterns focus on 
' Manuscript received 28 April 1986; revised 11 October 
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the abundance, acceptability, and nutritional quality 
of the plant. Beyond availability and sensory and phys- 
iological acceptability, the host plant provides the phy- 
tophagous insect with a microhabitat characterized by 
certain abiotic and biotic features. Although the im- 
portance of these host features has been recognized by 
some (e.g., Singer 1971, Fox and Morrow 1981), rel- 
atively few empirical studies (beyond the issues of 
background matching and ant-herbivore mutualisms) 
have addressed the issue. These studies have shown 
that physical characteristics of the microhabitat (Sax- 
ena 1978), parasitism (Stiling 1980), predation (van 
der Meijden 1979), and competition (Khattat and 
Stewart 1980), can contribute to host-use patterns. My 
research focused on the importance of both nutritional 
and non-nutritional factors that contributed to patterns 
of host use in non-outbreak populations of an irruptive 
herbivore species. 

In oak-pitch pine forests of the northeastern United 
States, the gypsy moth (Lymantria dispar L.) uses a 
secondary host, Pinus rigida Mill., under low popu- 
lation density conditions. Pitch pine is considered a 
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secondary host because it cannot be used as a food 
source during early larval development (Mosher 1915). 
Normally, oak (Quercus spp.) is the favored food of 
the gypsy moth over its northern-hemisphere range 
(Bess 1961, Giese and Schneider 1979). During the 
outbreak phase of its population cycle the host range 
of L. dispar expands dramatically and can include > 400 
species of herbaceous, broadleaf, and coniferous plants 
(Forbush and Fernald 1896). 

The flightless adult female oviposits her eggs in a 
single mass very close to her pupation site (Leonard 
1981). This means that oviposition site selection occurs 
during the last larval instar. I discovered that gypsy 
moth larvae from non-outbreak populations frequently 
use pitch pine for pupation/oviposition, thereby forc- 
ing offspring to depend on passive windborne dispersal 
to reach an appropriate food source. The use of this 
secondary host would not be surprising for individuals 
from high-density populations because larvae will use 
almost any upright object for pupation and oviposition 
under outbreak conditions (Campbell and Sloan 1977a), 
and because larvae move to alternate hosts for food 
and pupation when defoliation is heavy (Campbell and 
Sloan 1977b). However, oviposition on pitch pine was 
unexpected for low-density populations in which food 
and pupation sites did not appear to be limiting. 

Data on the use of pitch pine for oviposition by the 
gypsy moth in the northeastern United States prompt- 
ed a study of the ecology and behavior of low-density 
gypsy moth populations in oak-pitch pine forests. Field 
and laboratory experimentation in combination with 
natural history data revealed the timing and extent of 
pitch pine use as well as the effect of its use on nutrition, 
egg parasitism, and encounter with a nuclear polyhe- 
drosis virus, a major mortality agent of the gypsy moth. 

METHODS 

Natural history 
The herbivore. -Pupation site selection is made in 

July by last-instar larvae. In low-density populations, 
the pupation site is usually on the host trunk or under 
the litter at its base. Two weeks later, the flightless 
female ecloses, mates, and oviposits at or near her 
pupation site (Doane 1968). The following spring, eggs 
hatch close to the time of budbreak and hatchlings 
climb upward in search of food. If no acceptable food 
is encountered, a larva must rely on passive windborne 
dispersal (via silking) to reach an acceptable host. Once 
established on a host, the early-instar larva remains in 
the canopy until the fourth instar. Thereafter, it usually 
descends the trunk each morning after nighttime feed- 
ing in search of protected daytime resting site (Leonard 
1970). Because early-instar larvae cannot survive on 
pitch pine, use of this host during the late instar period 
(fourth instar to pupation) requires host switching. 

The egg parasitoid.- The major mortality agent dur- 
ing the egg stage is Ooencyrtus kuvanae (Hymenoptera: 

Encyrtidae), which completes 1-2 fall generations 
(Campbell 1969, Hitchcock 1972). The length of the 
parasitoid's ovipositor precludes attack beyond the top 
two layers of the gypsy moth egg mass, making attack 
potential a function of egg mass surface area (Hitchcock 
1959). 

The virus. -Nuclear polyhedrosis virus (NPV), Bac- 
uloviridae, is species-specific and a major pathogen of 
the gypsy moth. Characteristically, the virus enters the 
body by ingestion and passes through the midgut wall 
into the hemolymph (Doane 1970). As the larva ages, 
the amount required for a dose to be lethal increases 
(Hedlund and Yendol 1974). There are a number of 
ways that a feeding gypsy moth larva can encounter 
NPV. Wind, rain, and enemies can disperse NPV 
(Lautenschlager and Podgwaite 1979). Gypsy moth lar- 
vae can spread the virus when the fragile cuticle of 
infected cadavers ruptures, spilling the contaminated 
body contents into the habitat where it can be eaten. 
NPV may remain viable for five or more years in the 
habitat although it is inactivated by UV light, acids, 
and alkalis (Ignoffo and Garcia 1966, Tanada 1976). 
The virus can also be transmitted between generations 
as infected mothers contaminate their eggs through 
transovum transmission (Doane 1969). 

Experimental plan 
Distribution of egg masses in oak-pitch pine for- 

ests. -The use of pitch pine for oviposition was quan- 
tified with a study of the frequency of egg masses on 
pitch pine relative to the frequency of pitch pine in the 
forest. Nine oak-pitch pine forest sites were chosen in 
Pennsylvania, New Jersey, New York, and Massachu- 
setts. In all, >40 field sites were checked for low-den- 
sity gypsy moth populations, but most sites were dis- 
carded after careful search because they had few or no 
egg masses over 1/2-1 ha areas. 

All sites censused were predominately oak with some 
pitch pine, and held non-outbreak gypsy moth popu- 
lations. These sites were typical of oak-pitch pine for- 
ests, with sandy, well-drained soils, open canopies, and 
understories with shrubby undergrowth, characteris- 
tically Vaccinium and Gaylussacia. Undergrowth was 
abundant in all sites except in New Jersey where it was 
very sparse. In this paper, white oak refers to Quercus 
alba L. and red oak refers to Q. rubra L., Q. coccinea 
Muenchh., or Q. velutina Lam. 

Five transects were made at most field sites. A tran- 
sect included a sequence of 15 trees, trunk dbh > 10 
cm, sampled in a straight line either perpendicular or 
parallel to road cuts. Each tree was identified and scored 
for presence or absence of egg masses. The sampling 
unit included all parts of the tree visible from the forest 
floor. All the trees at two of the nine sites were scored 
for egg mass density per tree. 

Pitch pine as afood resource. -I evaluated pitch pine 
as a food resource in comparison to red oak for both 
early- and late-instar larvae. This was done in the lab- 

858 Ecology, Vol. 68, No. 4 

This content downloaded from 128.206.166.171 on Thu, 07 Jan 2016 18:05:52 UTC
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


SECONDARY HOST USE BY THE GYPSY MOTH 

oratory using newly hatched larvae from egg masses 
collected on pitch pine and oak trees from sites on Long 
Island, New Jersey, and Pennsylvania. In addition, an 
Fl generation of Long Island larvae whose parents were 
reared on synthetic diet were evaluated. 

Egg masses were surface disinfected to remove 
pathogens (Magnoler 1974), and were grouped on the 
basis of geographic source and oviposition site. Hatch- 
lings were assigned to one of the three treatment groups: 
(1) reared entirely on oak, (2) reared entirely on needles 
and immature cones of pitch pine, or (3) reared on red 
oak foliage through third instar and then switched to 
pitch pine. Each treatment had representatives from 
each egg mass to minimize the effect of genetic differ- 
ences among larvae. All foliage was disinfected: 5 min 
in 1% sodium hyperchlorite, 5 min rinse in water. Stems 
were inserted into rubber-stopped water vials and fo- 
liage was air dried. Foliage was changed in all feeders 
at the same time; the frequency of this change was a 
function of oak leaf turgidity and larval feeding rate. 
For a given food change, all foliage came from the same 
tree (either oak or pitch pine), although 20 different 
trees of each type provided foliage throughout the ex- 
periment. Larvae were reared in this and all other lab- 
oratory experiments at 23°C, 55% R.H., and under a 
16L:8D photoperiod. Pupal masses were recorded 6 d 
after pupation. 

Use ofpitch pine by larvae in the field. - To determine 
the timing and extent of pitch pine use by late-instar 
larvae, mark-recapture methods were employed. To 
distinguish use of pitch pine as a daytime resting site 
from its use as a nighttime food source, diet was mon- 
itored and examined for correlation with the selected 
daytime resting site. 

The study was done in an oak-pitch pine forest on 
Long Island in New York with a low-density, but build- 
ing, gypsy moth population. Fourteen oaks and their 
nearest neighbor pitch pines were selected from a sam- 
ple plot where oaks made up 70% of the trees with dbh 
> 10 cm. The trunk of each tree was encircled with a 
burlap band that was 15 cm wide and 1.3 m from the 
ground. These burlap bands are very attractive to late- 
instar larvae that normally rest under bark flaps or in 
the litter during the day. I used binoculars to check for 
resting larvae not using the burlap bands; such larvae 
were seldom found. The number of larvae per tree was 
monitored throughout the population's late-instar pe- 
riod, from 11 June to 12 July (days 1-32 of the sam- 
pling period). 

It was necessary to determine whether larvae that 
were found resting on pitch pine by day used it for 
food or simply commuted to oak for nighttime feeding. 
On each of eight sampling days, each larva found under 
the burlap of pine, was placed individually in a ven- 
tilated plastic tube (10 x 1.5 cm), and left in the soil, 
under the litter below its tree for 24 h. An equal number 
of larvae from a neighboring oak were treated similarly. 
The following day, all larvae were returned to the bur- 

lap of their respective trees. Frass expelled by an in- 
dividual into its holding chamber was scored as either 
pine frass, oak frass, mixed frass, or no frass. The latter 
condition resulted from capturing a larva close to or 
during a molt. It was easy to contrast pine frass with 
oak frass, the former being a rather gaudy, shiny yellow 
and the latter, varying shades of brown. This method 
of identification was established on the basis of frass 
produced by controlled feeding groups in the lab. 

Egg parasitism on pitch pine. -To determine if ovi- 
position on a pitch pine changed the susceptibility of 
eggs to Ooencyrtus kuvanae, both natural and manip- 
ulative field experiments were done. In April 1979, egg 
masses were collected in Pennsylvania (Williamsport, 
Snyder, Schuylkill counties) and Massachusetts 
(Barnstable County) from adjacent oak and pitch pine 
trees. The parasitoid emergence holes in each egg mass 
(highly correlated with the incidence of parasitism: We- 
seloh 1972) were counted and the surface area esti- 
mated with graph paper (20 squares per 2.54 cm). 

To compensate for differences between trees in egg 
mass density per tree, aspect, height from the ground, 
and egg mass area, the following manipulative exper- 
iment was done in an oak-pitch pine forest in Suffolk 
County, New York. Prior to the mid-August intro- 
duction of laboratory egg masses (New Jersey F18), all 
naturally occurring egg masses were searched out and 
removed. The laboratory egg masses, selected for ho- 
mogeneity of size and color, were tacked onto the west 
side of nearest neighbor oak and pitch pine trees at 
three heights: low (0.25 m), medium (1 m), and high 
(2 m). These egg masses had been oviposited on paper 
liners in mating chambers; each egg mass was cut from 
the liner so that a small paper lip remained for tacking 
the mass to the tree. Parasitoid emergence holes and 
surface area were recorded in December. 

Microhabitat pathogen load. -In a series of experi- 
ments, I determined if the pitch pine and oak micro- 
habitats differed in their pathogen load and if such 
differences might affect the risk of NPV infection. Pitch 
pine and oak microhabitats were tested for active NPV 
and other pathogens, using a modification of the meth- 
ods of Podgwaite et al. (1979). Samples of soil, litter, 
and bark were collected in early July 1977, from a total 
of 25 oaks and 25 nearby pitch pines at six Long Island 
sites holding gypsy moth populations, and stored at 4°. 
A 40 mL volume of each sample was added to 70 mL 
of surface-active solution (distilled water, 0.16% Tri- 
ton, and 0.1% Chevron). The litter and bark samples 
were homogenized for 30-60 s in an electric blender 
while soil samples were simply shaken for 15 s. After 
sitting undisturbed for min, 5 mL of the suspension 
were pipetted from just below the surface and used for 
the following bioassay. 

Laboratory stock gypsy moth eggs, New Jersey F16, 
supplied by the United States Department of Agricul- 
ture, were surface-disinfected before hatch (Magnoler 
1974). Neonates were transferred to a synthetic diet 
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(ODell and Rollinson 1966). Healthy second-instar lar- 
vae (750) were placed in a 15 x 100 mm plastic Petri 
dish in groups of 10 with three 1-cm cubes of synthetic 
diet, each of which was treated with 30 AL of sample 
suspension. One hundred and fifty control larvae were 
exposed to food cubes treated only with the surface- 
active solutions. All contaminated surfaces were eaten 
within 72 h and all groups of larvae were transferred 
to clean containers with synthetic diet. Each day for 
the next 3 wk, larvae were checked for mortality, frass 
was removed, and sickly larvae were removed to sep- 
arate 30-mL containers with untreated diet to avoid 
contamination. The cause of death was determined on 
the basis of gross external appearance. The symptoms 
of NPV infection (e.g., cessation of feeding, immobility 
due to hind-end paralysis, shiny appearance of the epi- 
dermis, and liquefication of body contents at death 
[Doane 1967]) were distinguished from those caused 
by bacterial and fungal infections (e.g., the shrunken, 
dried appearance from Streptococcus [Doane 1970]). 

Egg mass pathogen load. -Infected females can in- 
fect their offspring by transovum transmission and the 
extent of contamination in siblings is a reflection of 
their mother's health. The following experiment was 
done to determine whether virus loads from females 
using pitch pine for pupation (and therefore oviposi- 
tion) were different from those using oak. 

Egg masses were collected from oak and pitch pine 
trees in April of 1978 at selected sites from Long Island, 
New Jersey, and Pennsylvania and, in April 1979, from 
Massachusetts and Pennsylvania. Two to three days 
after hatch began, 10 healthy-looking, mobile neonates 
were selected and placed in containers with synthetic 
diet. Each group of 10 larvae provided an average mea- 
sure of health of the mother. For 3 wk the incidences 
of virus and death from other causes (including bac- 
terial death) were recorded. Rearing containers were 
cleaned daily and larvae exhibiting symptoms of dis- 
ease were removed to separate containers to reduce the 
possibility of contagion. Only clearcut cases of viral 
infection (melanic liquefaction and positive micro- 
scopic check of refractile polyhedral inclusion bodies, 
PIBs) were scored as mortality due to virus. 

Responses of virus-dosed larvae to oak and pitch pine 
diets. -To determine the effect of diet on resistance to 
NPV, I dosed fourth-instar larvae with NPV and then 
reared half on oak and half on pitch pine foliage. All 
larvae used in this experiment were progeny of recip- 
rocal crosses between individuals of oak and pitch pine 
ancestry as a precaution against maternal effect and 
resistance associated with preferential use of oak or 
pine. The virus-free individuals (parents reared under 
sterile conditions and eggs disinfected before hatch) 
used in this experiment were themselves reared in ster- 
ile conditions on synthetic diet until the beginning of 
the fourth instar. At this point, 400 larvae were trans- 
ferred in groups of 10 to 120-mL cups containing syn- 

thetic diet that had been surface-coated with 100 AtL 
of virus suspension. I assumed that any deviation from 
an equal dose per larva was experienced equally in each 
group. Forty-eight hours later, larvae were divided into 
two groups and reared on oak or pitch pine. Foliage 
was disinfected as described above (see Experimental 
Plan: Pitch Pine as a Food Resource). All containers 
were monitored regularly for mortality. 

Selection of the virus dose, 105 PIBs/mL, for this 
experiment was based on extrapolation of data showing 
the mortality response of second-instar larvae to a range 
of virus concentrations (M. Shapiro and R. A. Bell, 
personal communication). Only one dose was used be- 
cause of time constraints involved with live foliage 
feeding. To prepare the virus suspensions, I made a 
dilution series on the international standard of gypsy 
moth NPV supplied by M. Shapiro, United States De- 
partment of Agriculture (personal communication). 

RESULTS 

Distribution of egg masses in oak-pitch pine for- 
ests.--In the non-outbreak gypsy moth populations, 
egg masses occurred more frequently on pitch pine than 
was expected based on the hypothesis of random use 
of forest trees for oviposition at sites in Pennsylvania, 
New York, and Massachusetts (Table 1). This suggests 
that either the gypsy moth uses pitch pine preferentially 
for pupation/oviposition or that pitch pine use is ran- 
dom (reflecting its frequency in the forest) but female 
survival on pitch pine is greater than on oak. Results 
of other experiments described here suggest that pitch 
pine use is preferential and that its use enhances the 
probability of survival. 

The patterns of egg mass distribution were different 
at New Jersey sites: egg masses were randomly dis- 
tributed at one site and overrepresented on oak at 
another site (Table 1). New Jersey egg masses were also 
distinguished by their greater height on the trees (1-5 
m) compared with other areas sampled (ground to 3 
m). The New Jersey sites differed physically from sites 
in all the other states. There was minimal ground cover 
and no litter. The lack of resting and pupation sites on 
the ground may have caused late-instar larvae to spread 
themselves out vertically in the habitat, thereby re- 
ducing the access of vertebrate predators to late instars, 
pupae, and adults. Since predators are the most effec- 
tive against individuals pupating on or very close to 
the ground (Campbell and Sloan 1976), I would expect 
the distribution of egg masses to more closely match 
the distribution of pupae as the incidence of pupal 
predation drops. 

Egg-mass density on pitch pine was significantly 
greater than on oak at both sites sampled for number 
of egg masses per tree, although the two sites differed 
in forest composition (proportionally more pitch pine 
on Cape Cod) and in gypsy moth population density 
(very low in Pennsylvania, moderate and building on 
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TABLE 1. A test of independence for random occurrence of 
egg masses on oak and pitch pine in four areas. 

Trees with egg 
Field site mass/total trees 

His- in sample 
Statet County tory: Oak Pine P§ 
PA Schuylkill-1 L1 17/49 21/24 .0001 

-2 L1 29/52 20/23 .008 
Lycoming-1 LO 6/45 4/6 .00211 

NJ Burlington-1 LO 31/39 16/36 .001 
-2 LO 24/46 12/29 .36 

NY Suffolk-1 L0 3/69 14/36 .0001 
-2 LO 1/64 5/11 .0001F 

MA Barstable-1 B 38/57 18/18 .005 
-2 LO 0/5 12/26 .07F 

t PA = Pennsylvania; NJ = New Jersey; NY = Long Island, 
New York; MA = Cape Cod, Massachusetts. 

t Gypsy moth egg-mass densities: LO = low density (<250 
masses/ha) for at least two previous years; LI = low density, 
crashed in previous year; B = building, moderate density 
(<750 masses/ha). Data supplied by local United States For- 
est Service offices. 

§ Chi-square test, except "F," Fisher's exact test (one-tailed). 
P < .05 indicates non-random distribution. 

II Sample also included 24 non-oak, non-pine trees with no 
egg masses. 

F Fisher's exact test (one-tailed). 

Cape Cod). In Barnstable County, Massachusetts, there 
were 9.8 egg masses per pine tree (n = 29) vs. 1.2 masses 
per oak (n = 46). In Lycoming County, Pennsylvania, 
there were 1.2 egg masses per pine tree (n = 6) vs. 0.14 
masses per oak tree (n = 45). These results were based 
on t tests with P < .05 

Pitch pine as afood resource. - Pitch pine was a poor 

food for early-instar larvae: only 3.6% of the 890 newly 
hatched larvae that were offered pitch pine survived 
to day 10. The survivors did not eat pine needles; 
rather, they fed on the pollen of immature male cones 
as evidenced by the gouged cone, intact needles, and 
color and texture of the frass. Pitch pine foliage was 
not eaten until the fourth instar. In all, 1.6% of the 
group that started on pitch pine successfully completed 
development on it; these individuals were only half the 
size of those reared on pitch pine after the completion 
of the third instar. 

Larvae that were reared on oak foliage to the end of 
the third instar and were then switched to pitch pine 
until pupation grew well. Pitch pine served as well or 
better than oak as a food resource for late-instar larvae 
in the laboratory. Hereafter, I will refer to individuals 
that were reared on oak until the fourth instar and on 
pitch pine thereafter as pine-reared; oak-reared indi- 
cates a diet of oak throughout development. The data 
show that females always grew larger on pitch pine 
and, in five of eight cases, the difference was significant 
(Table 2A). Because pupal mass is highly correlated 
with fecundity (r = 0.81; Rossiter et al. 1987), the use 
of pitch pine for food presumably increased fecundity. 
Males grew equally well on oak and pine foliage with 
the exception of individuals from Long Island wild egg 
masses; these males grew larger on oak (Table 2B). 
However, Long Island Fl males (whose grandmothers 
oviposited on oak or pitch pine in the field and whose 
mothers ate synthetic diet) grew equally large on oak 
and pine foliage (Table 2B). The different responses of 
the sexes to the use of pitch pine is not surprising if 
eating pitch pine produces a cumulatively positive ef- 

TABLE 2. Comparison of pupal biomass for females and males reared on oak vs. pitch pine foliage during the late instar 
period, from mothers (1, 2, 3) or grandmothers (4) that oviposited on oak or pitch pine in three locations. Parents of the 
F1 generation were reared on synthetic diet. Individuals in 3 and 4 were not related. 

Pupal biomass (g) 
Oak foliage Pine foliage 

Oviposi- 
Egg mass origin tion site N X + SE N X + SE Pt 

A) Females 1. Pennsylvania Oak 8 0.75 + 0.04 15 0.86 + 0.04 NS 
Pine 17 0.63 + 0.03 19 0.87 + 0.04 <.001 

2. New Jersey Oak 21 0.86 + 0.03 24 1.00 + 0.03 <.05 
Pine 24 0.86 + 0.03 26 0.92 + 0.03 NS 

3. New York (LI) Oak 27 0.82 + 0.04 32 0.93 + 0.03 <.05 
Pine 26 0.88 + 0.03 39 0.88 + 0.02 NS 

4. Fl generation Oak 16 0.64 + 0.04 19 0.82 + 0.04 <.01 
New York (LI) Pine 19 0.75 + 0.05 27 0.90 + 0.05 <.05 

B) Males 1. Pennsylvania Oak 25 0.35 + 0.008 21 0.34 + 0.013 NS 
Pine 26 0.34 + 0.008 23 0.33 + 0.012 NS 

2. New Jersey Oak 27 0.35 + 0.01 22 0.36 ± 0.011 NS 
Pine 22 0.33 + 0.009 23 0.33 + 0.010 NS 

3. New York (LI) Oak 27 0.36 + 0.01 27 0.33 + 0.011 <.01 
Pine 46 0.38 + 0.007 31 0.35 + 0.011 <.01 

4. Fl generation Oak 14 0.31 + 0.014 11 0.28 + 0.012 NS 
New York (LI) Pine 19 0.34 + 0.018 15 0.35 + 0.021 NS 

t Student's t tests comparing oak vs. pine. 
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FIG. 1. (a) Average number of late-instar (fourth instar to pupation) larvae per tree over a series of sampling days during 
the late-instar period, and (b) average number of pupae per tree; day 1 = 11 June. The sampling unit was a burlap band 
around the tree trunk at 1.3 m height. N = 14 oaks and 14 pitch pines. 

feet. Females eat considerably more foliage and grow 
to become two to three times as heavy as males. 

Use of pitch pine by larvae in thefield. -The sample 
population under all burlap bands increased for - 2 wk 
after the population's fourth instar was initiated (Fig. 
1). Since larvae remain in the canopy until the fourth 
instar, the recruitment rate of larvae to the burlap bands 
for daytime resting was influenced by the age structure 
of the local population. 

Late-instar larvae found on pitch pine used it as both 
a resting site and a food resource (Fig. 2). The number 
of larvae producing oak frass when resting on pine 
diminished greatly over the late-instar period, ranging 
from 70% on sample day 1 to 2-10% on average for 
days 11-32. Production of pine frass by these larvae 
increased reciprocally with oak frass decline, ranging 
from 10% pine frass on days 1 and 2 to 70% on average 
for days 11-32. Ninety percent of the larvae resting on 
oak produced oak frass. It was rare to find a larva on 

oak that produced pine frass. Larvae that produced no 
frass, a consequence of molting, were found 3 times as 
frequently on pitch pine (21%) as on oak (7%; Fig. 2). 

The first major shift from oak to pine came at the 
earliest stage of the populations' fourth-instar period. 
This host switch appeared to be uni-directional, as evi- 
denced by the lack of pine frass expelled by oak resi- 
dents (Fig. 2). The use of pitch pine continued to in- 
crease for 1 wk after the density under oak burlap 
peaked, that is, for 1 wk after the population had com- 
pleted its fourth instar (Fig. la). 

Although the use of oak for daytime resting was 3- 
4 times as great as the use of pitch pine prior to ini- 
tiation of pupation (Fig. la), the second major shift to 
pitch pine just prior to pupation made the densities 
nearly equal for the two hosts: mean pupal densities 
were 13.9 pupae per oak vs. 11.1 pupae per pine (Fig. 
Ib). 

There was no significant difference in the sex ratio 

LARVAE RESTING ON PITCH PINE 

n= 44 53 24 17 37 41 33 19 

LARVAE RESTING ON OAK 

n = 13 10 43 26 36 43 40 25 

1 2 3 9 11 16 19 32 

DAY 

TYPE OF 
FRASS 
3 OAK 
D PINE 
E MIXED 
a NONE 

FIG. 2. Proportion of larvae producing oak, pine, mixed, or no frass when resting under burlap bands on 14 oaks and 14 
pitch pines; sampling days span the late-instar period of the field population (fourth instar to pupation); day 1 = 11 June. 
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TABLE 3. Effect of egg-mass size and location on incidence of parasitism by Ooencyrtus kuvanae. ANCOVA with number 
of parasitoid emergence holes as dependent variable (square-root transformed), egg-mass area (Area) as covariate, and tree 
type (oak vs. pitch pine) as main effect. PA and MA were natural experiments, NY was a manipulative experiment. 

Area x 
Egg mass area (cm2) Number of holes tree type Main 

Egg mass interaction effect 
Site location N X SE *SE P P 

Pennsylvania (PA) Oak 14 3.37 0.30 45.9 4.3 
Pine 8 3.49 0.40 31.6 5.7 

Massachusetts (MA) Oak 47 2.48 0.13 35.8 2.0 .002 
Pine 34 3.27 0.17 27.2 2.4 

New York (NY) Oak 55 3.91 0.17 8.9 1.7 21 06 
Pine 44 4.06 0.14 4.0 1.9 

* Least square means. 

of pupae on oak (43% female) and pitch pine (54% 
female) using a test of equality of two percentages (P = 
.131, n = 75 individuals on oak and 88 on pine; Sokal 
and Rohlf 1981). 

Egg parasitism on pitch pine. -There was lower par- 
asitism (measured as emergence holes per egg mass) 
for egg masses on pitch pine at all sites when differences 
in egg mass area were taken into account. Differential 
susceptibility to attack on the two tree species was 
assessed for data from each locality with analysis of 
covariance with egg mass area as the covariate (Table 
3). For Massachusetts data, there was a significant in- 
teraction between egg mass area and tree species (P = 
.002) owing to a different relationship (i.e, unequal 
slopes) between egg mass area and parasite attack on 
the two tree species. The slope (holes per unit area) for 
oak was significantly greater than that for pine (P = 
.005), indicating that for egg masses of equal size, those 
on pitch pine were less susceptible to attack. This also 
suggested that egg mass size on pitch pine may be of 
less importance to the parasitoid than egg mass size on 
oak. 

The height of an egg mass on a tree had no effect on 
its susceptibility to attack by parasitoids. The differ- 
ence in parasitism as a function of egg mass height on 
a tree was determined by analysis of covariance with 
egg mass area as the covariate (Table 4). For oak, but 
not for pine, there was a trend toward greater attack 
close to the ground when the comparison was lowest 
vs. highest position (P = .06, t test). Ooencyrtus ku- 
vanae may respond differentially to the microhabitats 
of oak and pitch pine. Factors such as light, temper- 
ature, and humidity have been shown to effect the 
behavior of this parasitoid (Weseloh 1971). 

Microhabitat pathogen load. -Mortality due to 
pathogens in the microhabitat was significantly lower 
in pitch pine than in oak microhabitats, and the soil 
of both held significantly more pathogens than either 
litter or bark (Fig. 3). Eighty-three percent of the mor- 
tality in this bioassay was due to NPV; other individ- 
uals showed symptoms characteristic of bacterial in- 
fection. Since bacterial mortality occurred evenly over 

all treatments, data on all pathogen mortality were 
pooled for the analysis. In 95% of the containers, at 
least 90% of the total mortality occurred within a 48-h 
period after the first death. This indicated that con- 
tagion was not important. Only 2 of the 150 control 
larvae (from a laboratory strain) died, for a mean mor- 
tality rate of 1.3%. 

Egg mass pathogen load. - Larvae hatching from egg 
masses laid on pitch pine were healthier than larvae 
originating on nearby oak trees. For each area sampled, 
except Massachusetts, the percent mortality due to vi- 
rus was significantly greater for oak-derived larvae than 
for pine-derived larvae (Table 5B). Oak- and pine- 
derived individuals from Massachusetts experienced a 
low but equal mortality rate from NPV. When mor- 
tality from all causes was grouped, individuals from 
pitch pine egg masses had higher survival (Table 5A). 

For an index of health, I scored the proportion of 
containers having larvae with no virus and > 80% sur- 
vivorship. Larvae from egg masses laid on pitch pine 
had considerably higher survival for most sites (Table 
5C), suggesting that their mothers were less infected 
with virus and were healthier overall. This was not the 
case in Massachusetts where the degree of maternal 

TABLE 4. Effect of egg-mass height on incidence of parasit- 
ism. ANCOVA with number of parasitoid emergence holes 
as dependent variable (square-root transformed), egg mass 
area (Area) as covariate and height of egg mass on tree as 
main effect. 

Area x 
Mean number height 

Egg of holes inter- Main 
mass action effect 

Tree height* N Xt SE P P 

Oak L 19 13.9 3.4 
M 20 8.4 3.4 .95 .14 
H 16 4.0 3.8 

Pine L 14 6.0 2.1 
M 17 4.8 2.0 .20 .59 
H 13 4.2 2.3 

* L =0.25 m,M = 1 m,H = 2 m from ground. 
t Least square means. 
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TABLE 5. Comparison of mortality and health of larvae from oak and pitch pine egg masses from four locations in the 
northeastern United States. Total mortality and mortality due to virus are based on mean number of deaths per 10 larvae 
from a single egg mass. Probability values are based on the Mann-Whitney U test. 

1978 1979 

Oviposi- Pennsyl- New New York Pennsyl- Massa- 
tion site vania Jersey (LI) vania chusetts 

A) Total mortality per egg mass Oak 46 39 19 67 63 
(%) Pine 34 5 4 24 65 

P .18 .01 .04 .01 .68 
B) Mortality due to virus (%) Oak 40 33 14 57 11 

Pine 18 4 4 16 11 
P .04 .03 .06 .03 .97 

C) Percent containers with 
-80% survival and without Oak 35 50 78 29 15 
virus Pine 50 100 93 71 13 

D) Number of egg masses (10 Oak 20 20 18 17 40 
larvae per mass) Pine 20 20 28 7 32 
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larvae feeding on pitch pine also survived longer, but 
the difference was not as great (P = . 10). The dose used 
in this experiment, 105 PIBs/mL, eventually resulted 
in the death of all larvae. However, larvae eating pitch 
pine took significantly longer to exhibit viral symptoms 
and longer to die than did larvae eating oak (Fig. 4). 

DISCUSSION 

The use of pitch pine in the field began when larvae 
reached a more mobile phase at the onset of the fourth 
instar. After leaving oak hosts, those larvae encoun- 
tering and accepting pitch pine as a food appeared to 
remain on pine for the rest of larval development. The 
number of larvae using pitch pine increased steadily 
throughout the late instar period and doubled just prior 
to pupation. The use of this secondary host in low- 
density gypsy moth populations provided nutritional 
benefits as well as protection from egg parasitoids and 
pathogens. 

Individuals using pitch pine in low-density popu- 
lations may have escaped pathogen infection for sev- 
eral reasons. (1) The chance of encountering pathogens 
in the pitch pine microhabitat may be less compared 
to oak because (a) the use of pitch pine may remove 
an individual from areas of greater larval density (e.g., 
on oak), thereby lowering the probability of encoun- 
tering an infected conspecific or substrate, or (b) the 
pitch pine microenvironment may be more inhospi- 
table to NPV because of its acidic soil and greater UV 
penetration. (2) A late-instar diet of pitch pine may 
reduce the negative impact of NPV in an individual 
that has already been infected. (3) Host switching may 
be correlated with strength and health such that the 
mobile individuals are innately more resistant to in- 
fection. 

Although pitch pine had a significant effect on larval 
response to virus at 105 PIBs/mL, death was delayed 
by only 10% with respect to time. Consequently, the 
advantage of eating pitch pine appears to be minimal 
if the larva is already badly infected. This implies that 

b 
P= 0.001 

I - 

C) 0 

M. C 
1, 

, 

OAK PINE SOIL LITTER BARK 

TREE HABITAT 

FIG. 3. Comparison of pathogen load in (a) oak vs. pitch 
pine microhabitats and (b) different microhabitat components 
of a tree using a two-way ANOVA with square-root trans- 
formation of Y (% mortality); no interaction between main 
effects (tree, microhabitat); a posteriori contrasts (Student- 
Newman-Keuls test, P <.05) indicate that soil was different 
from litter and bark. 

pathogen contamination was unrelated to oviposition 
site. Only 11% of the larvae displayed symptoms of 
virus and the majority of the mortality (62%) could be 
attributed to genetic or physiological weakness. Mas- 
sachusetts provided the only sample of a gypsy moth 
population in the building phase of the density cycle 
(Table 1). It is possible that individual vigor is de- 
pressed as population size increases due to a reduction 
in food availability and food quality. The Long Island 
individuals were the healthiest; they came from a pop- 
ulation that had been at low densities for at least 3 yr. 

Responses of virus-dosed larvae to oak and pitch pine 
diets. -When virus-free individuals were given a known 
dose of virus, followed by rearing on either oak or pine 
foliage, those from New Jersey (NJ) and Long Island 
(LI) populations survived significantly longer when 
eating pitch pine foliage (NJ, P = .04; LI, P = .03; t 
test on square root-transformed data). Pennsylvania 
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the probability of gaining protection by eating pitch 
pine would be greatly depressed in high-density gypsy 
moth populations where NPV is also in high density. 
Additionally, if larval density on pitch pine increases 
as the population size increases, pitch pine may no 
longer act as a refuge from a density-dependent patho- 
gen. 

Host switching 
In low-density gypsy moth populations only 5-10% 

of the late-instar larvae change host plants on a given 
day (Rossiter 1981, Lance and Barbosa 1982). Host 
switching may be a manifestation of several factors 
that can act separately or in concert. One factor may 
be larval mobility, which is unrelated to host accept- 
ability, is a consequence of a genetically determined 
physiological profile, and is differentially expressed by 
population members. To this genetic variation for mo- 
bility, add population variation for sensitivity to the 
environment. In this case, the frequency of host switch- 
ing would be related to host heterogeneity and dete- 
rioration. At the extreme, all larvae would change hosts 
when the food supply was depleted. I think that both 
factors are operative in gypsy moth populations. Mo- 
bility represents a behavioral plasticity that allows in- 
dividuals to exploit an unpredictable environment; it 
is also the prerequisite of host-range extension. 

Molting individuals were found three times more 
frequently on pitch pine than on oak. This suggests that 
at least some host-switching events were associated 
with a shift in the hormonal condition of the larva. 
This could be explained in two ways: the use of a new 
food induced molting, or hormonal changes associated 
with molting provided a stimulus for movement. Lab- 
oratory tests ruled out that a change in diet from oak 
to pine had any effect on molting, and a measurement 
of average pupation date in the field showed no dif- 
ference on oak and pine. (A change in development 
time would be expected if host switching encouraged 
molting). Thus, host switching appears to result from 
the mobility associated with molting. This hormonally 
induced mobility may be variably expressed in the 
population, and its expression may be a product of the 
quality of the environment and the genetic composi- 
tion of the population. The mechanism responsible for 
pre-molting mobility may be similar to the mechanism 
that produces "wandering" behavior just before pu- 
pation in a number of lepidopteran species (Reynolds 
1980, Jones et al. 1982) and that appears to have a 
hormonal basis (K. Wing, personal communication). 

Consequences of oviposition on pitch pine 
Are the advantages associated with the use of pitch 

pine negated by the potential disadvantage of putting 
offspring on an unsuitable host? To directly answer this 
question, information on the probability of offspring 
success after dispersal is needed. However, acquisition 
of this data is made difficult by the absence of methods 
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FIG. 4. Frequency distributions of virus mortality on day 
x as a function of diet; effect of diet on time to death measured 
with a t test using a square-root transformation of the data; 
larvae were offspring of parents from Pennsylvania, New Jer- 
sey, and New York (Long Island) populations. 

to follow the fate of a clutch that is made up of 300 
members (on average), hatches over a period of 5 d, 
and is able to disperse on wind currents for up to 4 d 
after hatch (Mason and McManus 1981). In the ab- 
sence of such data, information from mathematical 
models, data from other biological systems, and fea- 
tures of the gypsy moth's population biology must be 
brought to bear on this question. 

Dispersal in populations with low to moderate den- 
sities seems to be a general feature of many species 
(Stenseth 1983), is probably undertaken by the health- 
ier population members (Lidicker 1975, Capinera and 
Barbosa 1976), and is an important factor in the de- 
velopment of area-wide outbreaks when the environ- 
ment is heterogeneous (den Boer 1981, Kuno 1981, 
Stenseth and Hansson 1981). Dispersal is common for 
many early-season herbivores, like the gypsy moth, 
when hatch precedes budbreak (e.g., winter moth [Wint 
1983]; tent caterpillar, fall cankerworm, Douglas-fir 
tussock moth [Craighead 1950]). Beyond the reason of 
asynchrony, there is some evidence that the tendency 
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to disperse is common in the gypsy moth, and that 
dispersal is only secondarily related to nutrition. A 
recent study of egg mass distribution patterns over an 
11-yr gypsy moth population cycle showed that the 
frequency of oviposition on non-hosts (man-made ob- 
jects) was highest (>50%) under low-density condi- 
tions (Skaller 1985). McManus (1973) found that many 
first-instar larvae dispersed from the preferred host, 
oak, although dispersal frequently resulted in reloca- 
tion on the same tree. In a laboratory study, larvae 
confined to Petri dishes with acceptable food did not 
feed, but were very mobile, laying silk trails for 2-4 d 
before feeding (M. C. Rossiter, personal observation). 
This agitated behavior has been associated with greater 
likelihood of dispersal (Leonard 1967). 

If the probability of encountering an acceptable host 
through dispersal is greater than the probability of sur- 
vival at the current site when the environment is poor 
or unpredictable, then selection will favor dispersal 
(Taylor 1975). As the advantage of remaining at the 
site or on the host increases, selection will favor the 
sedentary individual (Taylor and Taylor 1977). Be- 
cause of the tremendous population growth potential 
of L. dispar and the heterogeneity of the environment 
it uses over both space and time, selection is likely to 
favor population variation for dispersal tendency. If 
first-instar dispersal is commonplace or is a function 
of selection acting on other life-history stages, then 
oviposition on an unacceptable early-instar host may 
have little impact on success. 

The role of pitch pine as a secondary host 
The mobility of late-instar larvae promotes exposure 

to the diversity of host trees in the forest. For the gypsy 
moth, the use of pitch pine appears to be the conse- 
quence of larval mobility coupled with recognition of 
the desirable protective features of the host. Conse- 
quently, the timing and magnitude of this mobility in 
a population and the frequency of the secondary host 
should determine the extent to which this host is used 
during the larval feeding phase and for pupation/ovi- 
position. Under this general scenario, the use of sec- 
ondary hosts in forest types other than oak-pitch pine 
may not be unusual. In support of this, late-instar lar- 
vae commonly used white pine, Pinus strobus, for feed- 
ing, pupation, and oviposition in the red oak-white 
pine-red maple association of New England (J. Schultz, 
personal communication). Likewise, Norway spruce 
Picea abies was commonly used for pupation/ovipo- 
sition in low-density populations in Ulster County, 
New York (Skaller 1985). Both tree species are con- 
sidered secondary hosts due to their unacceptability 
for early-instar development (Mosher 1915). 

The use of pitch pine in particular may have a sig- 
nificant impact on local population dynamics. The gyp- 
sy moth has an irruptive pattern of population growth 
that is characterized by four phases: a low-density, sta- 

ble phase lasting an indefinite period, a 1-3 yr building 
phase followed by a 1-3 yr outbreak phase, and finally 
a 1-yr decline phase (Campbell and Sloan 1978a). In 
contrast to this typical pattern, moderate- to high-den- 
sity populations were maintained for many years in 
two areas dominated by the oak-pitch pine forest: Long 
Island, New York, and Cape Cod, Massachusetts (New 
York State Department of Conservation 1939:92-93, 
Bess et al. 1947). This may have been a consequence 
of the role of pitch pine itself or the effect of the habitat 
(featuring sandy, well-drained, low-nutrient soil) on 
food quality of the oaks, for alteration in the food 
quality of oak may potentially affect population dy- 
namics of the gypsy moth (Rossiter et al. 1987). 

Circumstantial evidence supporting the unusual ef- 
fect of the oak-pitch pine forest on gypsy moth pop- 
ulation dynamics comes from federal and state records 
on gypsy moth control. Intensive efforts were made to 
halt the westward spread of this insect. The methods 
of gypsy moth discovery and extermination were tested 
and found to be highly effective everywhere except on 
Long Island and Cape Cod despite an intensive exter- 
mination program. Gypsy moth populations remained 
at moderate to outbreak densities over many consec- 
utive years in areas on Long Island (at least 12 yr) and 
Cape Cod (for 20 yr). 

Models of population survivorship suggest that the 
size of an area-wide population can increase and be 
maintained by variation in the density and dynamics 
of subpopulations and that greater variance in local 
fluctuations is promoted by environmental heteroge- 
neity and dispersal between subpopulations (den Boer 
1981, Strenseth and Hansson 1981). Campbell and 
Sloan (1978b) have shown that increase in gypsy moth 
population size is more likely when subpopulations 
have unequal densities, and when subsets of the oc- 
cupied area are very hospitable to the gypsy moth. 
These hospitable sites, characterized by safe resting 
locations for females with high fecundity and tempo- 
rary escape from natural enemies, can promote the 
release of a subpopulation from its low-density, stable 
phase to a building phase of the population cycle 
(Campbell 1981). The data presented here indicate that 
pitch pine provides just this type of refuge. 

Evolutionary change in host-use patterns requires 
not only mobility but also a willingness to try a novel 
host and the physiological ability to grow on it. There- 
after, the regular incorporation of the host into the diet 
of a lineage or a population will be determined by a 
group of interactive factors: relative abundance of and 
fecundity on other host plants, and the impact of nat- 
ural enemies and density-dependent phenomena in a 
stochastic world. The gypsy moth has only been in 
contact with pitch pine since its introduction to North 
America 100 yr ago, but the condition of higher fe- 
cundity and protection from natural enemies associ- 
ated with pitch pine use could potentially provide strong 
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selective pressure for preferential incorporation of pitch 
pine into the diet. 
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