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The sudden appearance of a fungal pathogen,
ntomophaga maimaiga, in gypsy moth (Lymantria
ispar) populations in the United States in 1989
aised questions concerning its effect on mortality
rom nucleopolyhedrovirus (LdMNPV), a pathogen that
auses the collapse of defoliating gypsy moth popula-
ions. To determine the impacts of E. maimaiga on
dMNPV-induced larval mortality, we collected
ypsy moth larvae from seven 0.04-ha plots in 1992
nd four 0.04-ha plots in 1994. Two of the plots in
994 were supplemented with artificial rain, and the
ypsy moth larvae in those plots had a higher
. maimaiga-induced mortality (seasonal cumulat-

ve mortality of 81%) than those in unwatered plots
66%). The levels of LdMNPV mortality were similar in
oth watered and unwatered plots (seasonal cumula-
ive mortalities of 35 and 39%, respectively). To eluci-
ate the impact of E. maimaiga on LdMNPV-induced
ortality, we modified a previously developed host–

athogen model for LdMNPV to include both patho-
ens and fit it to our observed data on E. maimaiga
ortality. The model predicted that, at moderate densi-

ies of gypsy moths, as in our plots, the mortality
nduced by LdMNPV would not be very different with
r without E. maimaiga. This occurred because gypsy
oth mortality from E. maimaiga reaches the highest

evel only when the older instars are present.
1999 Academic Press
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INTRODUCTION

Gypsy moth, Lymantria dispar (L.), is the most
amaging defoliator of deciduous forests in the north-
astern United States. Gypsy moth populations typi-
ally remain at low densities for many years, but
ccasionally experience outbreaks that cause extensive
efoliation (Elkinton and Liebhold, 1990). Such out-
reak populations usually collapse from naturally occur-
ing epizootics of the gypsy moth nucleopolyhedrovirus
LdMNPV), and high mortality from LdMNPV some-
imes continues in the year following such population
ollapses (Doane, 1969, 1970).
Entomophaga maimaiga Humber, Shimazu et Soper,
fungal pathogen of gypsy moth, appeared for the first

ime in North America in 1989 and decimated gypsy
oth populations throughout New England (Andreadis

nd Weseloh, 1990; Hajek et al., 1990). In subsequent
ears, E. maimaiga spread throughout the range of
ypsy moth in eastern United States (Hajek et al.,
996). Larvae killed by E. maimaiga produce two kinds
f spores: early instars produce conidia that are short-
ived and generally transported by the wind, whereas
ate instars produce resting spores (Hajek and Shimazu,
996) that overwinter in the soil and germinate in
ubsequent years (Weseloh and Andreadis, 1997). Infec-
ion occurs when a larva comes in contact with the
erminating spores (Hajek et al., 1993). Infected larvae
ypically die within 4–7 days (Hajek et al., 1993; Hajek
nd Shimazu, 1996), resulting in 6–7 cycles of death
nd transmission during one larval season. In contrast,
ypsy moths acquire LdMNPV infection by ingesting
ontaminated egg chorion (Murray and Elkinton, 1989)
r contaminated foliage (Doane, 1970). Larvae that die
rom LdMNPV release virions embedded in a protein
atrix known as an occlusion body (OB) that serves as
protective coat. In the field environment, infected
arvae take about 2 weeks to die (Woods and

1049-9644/99 $30.00
Copyright r 1999 by Academic Press

All rights of reproduction in any form reserved.



E
m
m
t
r
m
l
f
a

a
fi
1
h
t
r
p
p
c
s
c
E
l
s
t
s
a
k
p
(
E
w
f
w
t
m
d
d
l
t
1
e

a
p
b
m
r
s
p

o
1

S
w
r
f
L
l
1
m
c
g
p
o
a
m
h
p

e
h
c
W
i
e
T
c
(
w
i
c
s
R
a
n
r
r
N
f
n
u
a
t
m
c

fi
t
f
c
s
i
m
c
w
t
c

190 MALAKAR ET AL.
lkinton, 1987). Typically, in a high-density gypsy
oth population, the first cycle of LdMNPV-induced
ortality is observed among the late 1st or 2nd instars

hat consumed LdMNPV-contaminated egg chorion,
eleasing a new generation of OBs into the environ-
ent. These OBs become inocula for the other healthy

arvae when such larvae feed on OB-contaminated
oliage to induce the second wave of mortality, peaking
mong the late instars (Woods and Elkinton, 1987).
Previous studies have shown that both E. maimaiga

nd LdMNPV coexist in gypsy moth populations in the
eld (Andreadis and Weseloh, 1990; Hajek and Roberts,
992; Weseloh and Andreadis, 1992a). However, we
ave observed several high-density gypsy moth popula-
ions that experienced E. maimaiga epizootics and
ebounded to high densities the following year (J.S.E.,
ersonal observations). Yerger and Rossiter (1996) re-
orted that gypsy moth larvae hatched from eggs
ollected from several high-density populations in Mas-
achusetts had very low levels of LdMNPV infections
ompared to larvae collected in other locations where
. maimaiga had not yet been established. They specu-

ated that the presence of E. maimaiga in Massachu-
etts might have caused this difference. These observa-
ions suggest that E. maimaiga may, in some manner,
uppress or interfere with LdMNPV mortality and thus
llow the gypsy moth populations to rebound, but we
now very little about the manner in which the two
athogens interact in the field. Laboratory studies
Malakar, 1997; Malakar et al., 1999) showed that
. maimaiga can kill larvae that are already infected
ith LdMNPV due to the shorter incubation time of the

ungal pathogen within its host, but beyond that, there
as no evidence for antagonistic interactions between

he two pathogens within the host. In field populations,
ortality from E. maimaiga among early instars re-

uces the number of larvae that would otherwise have
ied from LdMNPV, thereby reducing the viral inocu-
um available to infect later instars. This might substan-
ially affect the second wave (Woods and Elkinton,
987) of mortality that predominates in LdMNPV
pizootics in high-density populations.
To explore the possible interactions between LdMNPV

nd E. maimaiga in naturally occurring gypsy moth
opulations, we measured the levels of mortality caused
y both pathogens in 1992 and 1994. We attempted to
anipulate E. maimaiga levels by applying artificial

ain in 1994. We developed a host–pathogen model to
imulate the mortality caused by LdMNPV in the
resence and absence of E. maimaiga.

MATERIALS AND METHODS

Experimental plots and estimation of initial densities
f insects. We established seven 20 3 20 m plots in

992 and four such plots in 1994 in the Holyoke Range f
tate Forest in Amherst, Massachusetts. The plots
ere separated by at least 200 m. Red oak (Quercus

ubra L.) and chestnut oak (Q. prinus L.) dominated the
orest canopy, and witch hazel (Hamamelis virginiana
.) dominated the understory. Gypsy moth larvae defo-

iated most of the trees on these sites each year from
990 to 1993 (J.S.E., personal observations). We esti-
ated the density of egg masses in each plot by

onducting a complete census of all egg masses on the
round, understory vegetation, and trees within the
lots in mid-April 1992 and 1994, prior to egg hatch. In
rder to estimate the number of larvae per m2 of ground
rea in each plot, we multiplied the total number of egg
asses in a plot by the average number of larvae that

atched per egg masses, and divided by the area of the
lot.
Estimate of initial viral and fungal inocula in the

xperimental sites. To estimate the percentage of egg
atch and virus infection among the neonates, we
ollected 10 egg masses from the vicinity of each plot.
e removed egg masses from tree boles with a steril-

zed knife and transferred them individually into 60-ml
mpty diet cups, containing a piece of wet dental wick.
he larvae that hatched from each egg mass were
ounted and reared in groups of 15 on artificial diet
Bell et al., 1981) in 180-ml cups. They were held for 2
eeks at room temperature and monitored for mortal-

ty every other day. We examined tissues of each
adaver at 1003 and 4003 under a compound micro-
cope to determine the cause of death (Hajek and
oberts, 1992). At that time we had little knowledge
bout how the fungal infection starts among the neo-
ates; we simply brought in the feral egg masses and
eared them as above with adequate moisture for the
esting spores if any were present on the egg masses.
one of the neonates from these egg masses died

rom E. maimaiga. Therefore, to estimate the initial
umber of E. maimaiga present in the environment, we
sed the proportion of larvae that died from E. maim-
iga for the first time from the weekly larval collec-
ions. We did not make any distinction between E.
aimaiga infections initiated by resting spores or

onidial spores.
Measuring disease-caused larval mortality in the

eld. To estimate the gypsy moth larval mortality due
o diseases, we collected about 50 larvae/plot each week
rom 25 May to 7 July in 1992. Similarly, in 1994, we
ollected ca. 100 larvae from each plot per week,
tarting 17 May, when most of the larvae were 1st
nstars. We continued the collections until 8 July, when

ost of the survivors had pupated. Early instars were
ollected from understory foliage and the later instars
ere collected from burlap bands wrapped around the

ree trunks (McManus and Smith, 1984). Larvae were
ollected individually into 60-ml diet cups and reared

or a week in an outdoor insectary. We checked mortal-
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191INTERACTIONS BETWEEN GYPSY MOTH PATHOGENS
ty on alternate days and autopsied dead larvae to
etermine the cause of death. We tabulated the fraction
f gypsy moth larvae that died within 1 week of
ollection and contained visible LdMNPV or E. maim-
iga or both.
The cumulative percentage larval mortality from

ach agent was calculated as 100(1 2 S1 3 S2 . . . 3 S7),
here Si is the probability of surviving in week i and

1 2 Si) is the weekly marginal probability of dying
rom each pathogen (Royama, 1981; Gould et al., 1990;
lkinton et al., 1992). The marginal probability of
ying is equivalent to the proportion observed to die
ach week from each cause but is adjusted for the fact
hat death from one pathogen precludes dying from the
ther. We assumed that those larvae infected with both
athogens would die from E. maimaiga, and we used
he calculation suggested by Elkinton et al. (1992),
hereby the observed weekly proportion dying from

ungus df equals the weekly marginal probability of
ying mf for E. maimaiga, and the weekly marginal
robability of dying mv for LdMNPV is given by mv 5

v/1 2 mf, where dv is the observed weekly proportion
ying from LdMNPV.
Effect of rainfall on mortality of gypsy moths due to
. maimaiga. In 1994, we attempted to manipulate

he levels of E. maimaiga infection by applying artifi-
ial rain to two of the four plots. Each plot was divided
nto four 10 3 10 m subplots. The artificial rain was
pplied for 30 min twice a week in each subplot with a
ose affixed to a rotary garden sprinkler so that all the
nderstory vegetation in the plot was completely soaked.
ased upon the volume of water delivered and the area
f ground covered, we calculated that this was equiva-
ent to 4.2 mm of rainfall per week, in addition to the
atural rainfall.
The model. We developed a host–pathogen model
hich is an extension of the single-pathogen model that
wyer and Elkinton (1993) developed for LdMNPV
pizootics. The Dwyer and Elkinton (1993) model is
iven by the Eqs. [1–3]

dS

dt
5 2nPS [1]

dI

dt
5 nPS 2 nP(t2t)S(t2t) [2]

dP

dt
5 LnP(t2t)S(t2t) 2 µP, [3]

here S is the density (number) of susceptible hosts, I
s the density of infected hosts, P is the density of
athogens (LdMNPV), n is the transmission constant, t
s the incubation time of the pathogen (i.e., time

etween infection and death of the host), L is the
umber of pathogen particles produced by a cadaver of
n infected larva, µ is the decay rate of the pathogen,
nd t is time.
To extend the model to two pathogens, we defined two

ets of constants analogous to the constants in the
bove model, one set for LdMNPV and another for
. maimaiga. The rate of change of susceptible (unin-

ected) host density due to the LdMNPV and E. maim-
iga is given by

dS

dt
5 2(nFF 1 nVV )S, [4]

here S is the density of susceptible gypsy moth larvae
hich are neither infected by LdMNPV nor by
. maimaiga, F is the density of E. maimaiga inocu-

um, V is the density of LdMNPV inoculum, and nF and
V are the transmission constants of E. maimaiga and
dMNPV, respectively.
Previous studies have shown that within-host incuba-

ion time of E. maimaiga is about 7 days under field
onditions (Hajek et al., 1993), while that of LdMNPV is
bout 14 days (Woods and Elkinton, 1987). Laboratory
tudies (Malakar, 1997; Malakar et al., 1999) have
hown that larvae infected with LdMNPV could subse-
uently become infected with and die from E. maim-
iga, provided that the fungal pathogen infected its
ost within about 1 week following infection with
dMNPV at 20°C. Therefore, in the model we allowed

or dual infection, meaning that individuals could
ecome infected by both pathogens and that the even-
ual cause of death depends on the relative timing of
nfection. We assumed that the larvae infected with
dMNPV remained susceptible to fungal infections up

o 7 days following LdMNPV infection, and we defined
hese larvae as an intermediate class of infected indi-
iduals (Ii). We defined fungal infected (IF) to be those
ndividuals that would die from E. maimaiga and
ikewise viral infected (IV) are those individuals that
ould die from LdMNPV. If a larva was infected with
dMNPV and then became infected with E. maimaiga
ithin 7 days, it would die from E. maimaiga (Malakar

t al., 1999). In our model we included such larvae in
he counts of fungal-infected individuals (IF). Con-
ersely, if an individual had been infected with LdMNPV
or 7 or more days without being infected by E. maim-
iga, then it would die due to LdMNPV, whether or not
t was subsequently infected with E. maimaiga. In our

odel we included such larvae in our counts of
dMNPV-infected individuals (IV). The rate of change
f E. maimaiga-infected host density is

dIF
5 nFF(S 1 Ii) 2 nFF(t2tF)(S 1 Ii)(t 2 tF), [5]
dt
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192 MALAKAR ET AL.
here IF is the density of larvae infected by
. maimaiga, tF is the incubation period of E. maim-
iga in the host, and Ii is the number of hosts in our
reviously defined intermediate class, that is, infected
ith LdMNPV but still susceptible to E. maimaiga.
he equation for Ii is given in the Appendix. Larvae
nter the class of individuals that die from E. maimaiga
IF) at the rate of nFF(S 1 Ii ), and leave by dying from
. maimaiga after the 7-day incubation period at the
ate of nFF(t2tF

) (S 1 Ii)(t2t F
).

The change in LdMNPV-infected individuals IV can
e expressed as

IV

dt
5 nVV(t2Dt)S(t2Dt) 2 nVV(t2tV)S(t2tV)

2 3et2Dt

t
nFF(s)i(s,n) ds 2 e

t2tV

t2tF
nFF(s)i(s,n) ds4 ,

[6]

here IV is the density of larvae infected by LdMNPV,
nd tV is the incubation period of LdMNPV in the host.
erivation of Eq. [6], including the definition of [i(s, n)],

s given in Appendix 1. The rate of change of E. mai-
aiga conidial density in the environment is given by:

dF

dt
5 LFnFF(t2tF)(S 1 Ii)(t2tF) 2 µFF. [7]

ere, LF is the number of conidia produced by an
nfected larva that succumbed to E. maimaiga and µF is
he decay rate of conidia in the environment. The rate
f change of density of LdMNPV OBs in the environ-
ent is given by:

dV

dt
5 LVi(t2tF,t2tV) 2 µVV. [8]

ere, LV is the number of OBs produced by an infected
arva that succumbed to LdMNPV, i(t2tF

, t2tV) is the
umber that enter Ii at time (t 2 tV) and remain in Ii

tage until time (t 2 tF), and µV is the decay rate of OBs
n the environment.

The values of the LdMNPV-related parameters, nV,
V, µV, and tV, were taken from Dwyer and Elkinton

1993). The values of the E. maimaiga-related param-
ters, LF and tF, were taken from Hajek et al. (1993)
Table 1). The transmission rate nF of E. maimaiga was
djusted by running the E. maimaiga model (Eq. [1–3],
here F replaces P) with different nF until the predicted
ortality from E. maimaiga matched the mortality

hat we recorded in the field. In the absence of data on
onidial longevity, we assumed that µF 5 µV. We
mphasize that our purpose was not to predict mortal-
ty from E. maimaiga; instead, our purpose was to

redict the effects of E. maimaiga on the larval mortal- [
ty from LdMNPV. We tuned the fungus model to fit the
ungal mortality data.

The initial density of the host population, S(0), was
stimated from the number of larvae present per m2 of
round area using the total number of egg masses
resent in the plot and the average number of larvae
hat hatched from the egg masses (see above). The
nitial fraction of larvae hatching with LdMNPV infec-
ions (IV(0)) was estimated from the proportion of
arvae that died from the field-collected egg masses.
he density of E. maimaiga-infected larvae (IF(0)) was
stimated from the proportion of E. maimaiga-killed
arvae from the first week of the larval collection.
owever, in 1992, we did not observe any E. maimaiga-

nduced mortality until the fourth collection week; so
e used that value as IF(0) in the model. In each

imulated year we adjusted the transmission param-
ter nF, using different values until the predicted values
f E. maimaiga matched the observed weekly mortality.
he model was implemented in the Pascal language
ith a 0.01-day time step. We used Euler’s method

Haefner, 1996) to compute the number of new infec-
ions and the number dying in each time step.

To determine whether the LdMNPV mortality values
redicted are different (a) with and without E. maim-
iga (not including the dual infection, Eqs. [2–4]) and
b) with and without E. maimaiga dual infection (Eqs.

TABLE 1

Values of Parameters from Eqs. [1–8], which Were
Used in the Model

Symbol/parameter Value

V Transmission rate of the LdMNPV 1.45 3 10212 m2/day
F Transmission rate of E. maimaiga

(unwatered plots, 1992)
3.99 3 1028 m2/day

F Transmission rate of E. maimaiga
(unwatered plots, 1994)

1.67 3 1027 m2/day

F Transmission rate of E. maimaiga
(watered plots, 1994)

2.50 3 1027 m2/day

F E. maimaiga incubation time 7 days
V LdMNPV incubation time 14 days
F No. of conidia produced 2.12 3 105/cadaver
V No. of occlusion bodies produced 2 3 109/cadaver
F Rate at which conidia break down in

the environment
3 3 1023/day

V Rate at which occlusion bodies break
down in the environment

3 3 1023/day

Note. The parameters related to Lymantria dispar nucleopolyhedro-
irus (LdMNPV), nV, LV, µV, and tV, were taken from Dwyer and
lkinton (1993) and the Entomophaga maimaiga-related param-
ters, LF and tF, were taken from Hajek et al. (1993). The E.
aimaiga transmission rate, nF, was taken from the E. maimaiga
odel. We ran the E. maimaiga model with different nF values until

he model prediction was similar to the observed E. maimaiga
ortality in each treatment group in the field.
4–8]), we performed a paired t test.
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193INTERACTIONS BETWEEN GYPSY MOTH PATHOGENS
RESULTS

Initial density of gypsy moth larvae and viral and
ungal inocula. Prehatched egg mass density is a
easure of the population size of gypsy moth for the

oming season. The egg mass counts in the plots (Table
) correspond to high-density populations of gypsy
oths (Campbell, 1981). However, the hatch rate was

ower in 1992 than in 1994 and was lower than in a
ypical outbreak population (Campbell, 1981). In 1992,
5% of the hatched insects from the collected egg
asses died from LdMNPV, and in 1994 10–12% died

rom LdMNPV. We did not observe any E. maimaiga-
nduced mortality in the larvae that hatched from the
eral egg masses collected in either year.

Mortalities of gypsy moth larvae due to viral and
ungal diseases in the field. In both years, we started
he feral larval collections when .90% of the larvae
ere 1st instars. Among the larvae collected in the first
eek of 1992, 2–6% died from LdMNPV, but there was
o mortality from E. maimaiga. In 1994, there was
–5% mortality from LdMNPV and 1–7% mortality
rom E. maimaiga among the insects from the first
eek of collection. In 1992, the LdMNPV infection level
ecame highest at the end of the larval season, but
. maimaiga infection remained at a low level. In 1994,
. maimaiga infections increased markedly among the

ate instars and LdMNPV-induced mortality remained
t a very low level throughout the season. The overall

TAB

Estimates of Egg Mass Density, Larvae Hatched, and Perce
Nucleopolyhedrovirus (LdMNPV) in

Location/year
No. of
plots

Mean no. of egg
masses/ha (6SE)

olyoke 1992 (unwatered plots) 7 6260.0 (1368.2)
olyoke 1994 (watered plots) 2 2100.0 (425.0)
olyoke 1994 (unwatered plots) 2 2612.5 (187.5)

TAB

Cumulative Percentage Mortality of Gypsy Moth Larvae
and Entomop

Year

Cum. observed % larval mortalitya du

LdMNPV E. maimaig

nwatered plots, 1992 63.7 27.0
nwatered plots, 1994 35.0 65.7
atered plots, 1994 39.3 81.3

Note. The model predicted total survivors at the end of the 1992 and
a The cumulative percentage mortality was based upon the weekly
ut it is adjusted for the fact that death from one pathogen precludes dyi
umulative mortality due to LdMNPV in 1992 was
igher than in 1994 and E. maimaiga mortality was
igher in 1994 (Table 3). When we censused egg mass

n the spring of 1995, before the egg hatch, we had very
ew egg masses (38–113/ha) in the experimental plots.

Effect of rainfall. According to the National Oceanic
nd Atmospheric Administration (NOAA, 1964–1994)
he total rainfall in Amherst in May 1994 was much
igher than the 30-year average, whereas the rainfall

n May of 1992 was close to the 30-year average (Fig. 1).
he higher amount of rainfall in May 1994 compared to
ay 1992 probably explains the observation of higher
ortality from E. maimaiga in 1994. In both 1992 and

994, rainfall in June was very close to the 30-year
verage. In Fig. 1, we compare these values to those
btained in 1989, the first year that E. maimaiga was
bserved in the northeastern United States and when
ainfall in May and June was the highest recorded in 30
ears (Elkinton et al., 1991).
In 1994, in our two artificial rainfall experimental

lots, we applied a total of 8.4 mm of artificial rain in
ach plot in May and 16.8 mm in June. The cumulative
eekly mortality due to E. maimaiga was significantly
igher in watered plots than in the unwatered plots

x2 5 4.86, df 5 1, P 5 0.028). However, we did not see
ny significant differences in LdMNPV mortality among
he gypsy moth larvae in watered and unwatered plots
x2 5 0.99, df 5 1, P 5 0.32) (Table 3).

2

age of the Neonates Initially Infected by Lymantria dispar
e Research Plots of 1992 and 1994

Mean no. of
larvae hatched/egg

mass (6SE)

Initial no.
of larvae/m2

(6SE)

Mean % of
neonates died from

LdMNPV (6SE)

26.0 (1.6) 17.5 (4.7) 25.2 (4.0)
128.7 (13.5) 27.0 (6.2) 10.2 (2.2)
105.2 (10.6) 27.5 (2.3) 12.3 (3.5)

3

e to Lymantria dispar Nucleopolyhedrovirus (LdMNPV)
a maimaiga

Model predicted total survivors/ha
Egg mass

counts per ha
in 1995 spring

Without
E. maimaiga

With
E. maimaiga

157.8 52.8 No count
307.3 91.8 112.5
349.8 19.8 37.5

94 gypsy moth seasons.
ginal probability of dying from each pathogen (Elkinton et al., 1992),
LE

nt
th
LE

Du
hag

e to

a

19
mar
ng from the other (see Materials and Methods).
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194 MALAKAR ET AL.
FIG. 1. Total recorded rainfall (cm) in Amherst, Massachusetts in
he months of May and June.

FIG. 2. Mean proportion of gypsy moth larvae dying each week fr
eld collections and as predicted by a simulation model in (a) unwater

e ran the E. maimaiga model with different nF values until the fitted lin
The model. We predicted the mortality of gypsy
oth larvae due to LdMNPV in the presence and

bsence of E. maimaiga using our simulation model.
he overall impact of E. maimaiga on LdMNPV mortal-

ty was minor in our simulations at densities repre-
ented by our field data from both years 1992 and 1994
Fig. 2). In 1992, when there was a low level of
. maimaiga infection (cumulative mortality at the end
f the larval season was 15.3%), the LdMNPV models
ith dual infections showed a slightly higher LdMNPV
ortality in the absence of E. maimaiga than when it
as present (paired t test; t 5 2.79, df 5 5, P 5 0.04),
ut in 1994 there was virtually no difference in LdM-
PV mortality whether E. maimaiga was present or
ot (Figs. 2b and 2c).
In nature, it is probable that nF varies depending

pon natural rainfall (Hajek et al., 1993). We ran the
. maimaiga model (Eqs. [1–3]) with different nF values
ntil the model prediction matched the observed

Entomophaga maimaiga and nucleopolyhedrovirus (LdMNPV) from
plots (1992), (b) unwatered plots (1994), and (c) watered plots (1994).
om
ed
e matched with the observed weekly E. maimaiga mortality.
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195INTERACTIONS BETWEEN GYPSY MOTH PATHOGENS
. maimaiga mortality in the field (Table 1). We used
uch estimated nF values in the rest of the models (Eqs.
4–8]). However, our purpose was to model the impact
f the observed levels of E. maimaiga on mortality of
arvae due to LdMNPV, rather than predicting mortal-
ty from E. maimaiga. When we included the effects of
ual infection in our model, in which we allowed larvae
reviously infected with LdMNPV to become infected
nd die from E. maimaiga, the effect of E. maimaiga on
he mortality due to LdMNPV became noticeable only
t the very end of the larval season, and our model
redictions were similar to the observed LdMNPV
ortality (Fig. 2). Without dual infection, there was no

iscernible effect of E. maimaiga on predicted levels of
dMNPV in the populations.

DISCUSSION

LdMNPV and E. maimaiga were the major causes of
ypsy moth mortality in the population that we stud-
ed, because together they accounted for almost all the
enerational change in gypsy moth density. In 1992
dMNPV became the dominant mortality factor among
he late instars, whereas in 1994, E. maimaiga was the
ajor source of mortality. In 1992, the gypsy moth egg
ass density was higher, the initial infection level of
dMNPV was higher, and the rainfall was lower than

n 1994. Despite the competitive advantage of a shorter
ncubation period of E. maimaiga over LdMNPV, our

odel predicted that E. maimaiga had only a limited
mpact on LdMNPV mortality. This occurred because
. maimaiga remained at a low level until the larvae
ntered the 5th or 6th instars. Larvae that acquire
dMNPV infections at the end of the larval stage
upate and survive (Murray et al., 1991). The model
redictions closely matched the levels of LdMNPV
ortality actually observed in our plots.
Although the density of egg masses was high, the

umber of eggs per egg mass was quite low; so the
arval populations in our research plots were only

oderate in both years (Table 2). We observed a very
mall second peak of mortality due to LdMNPV in our
lots. According to our simulation model, these larval
ensities were not sufficient to create a large second
ave of LdMNPV mortality, even in the absence of
. maimaiga (Fig. 2). The model predictions from the
994 data are consistent with the egg mass estimates
hat we made in the early spring before the egg hatch
Table 3). In spring 1995, we counted an average of 113
gg masses/ha in unwatered plots and 38 egg masses/ha
n the watered plots, compared to 26,120 and 2100 egg

asses/ha, respectively, the previous spring (Table 2).
hese data indicate a collapse of gypsy moth popula-
ions in the research plots during the 1994 season.

In a laboratory study, Malakar et al. (1999) have

hown that gypsy moth larvae simultaneously inocu- N
ated with both LdMNPV and E. maimaiga usually
uccumbed to E. maimaiga, probably due to the shorter
ncubation time of E. maimaiga within the host. Thus,
n nature, it is likely that some of the larvae infected
ith LdMNPV will become infected with and subse-
uently die from E. maimaiga instead. Even without
his within-host interaction, larvae dying as early
nstars from E. maimaiga reduce the density of larvae
vailable to die subsequently from LdMNPV, thereby
educing the LdMNPV inoculum required to cause the
econd wave of LdMNPV mortality among later instars
Woods and Elkinton, 1987). This is probably the
echanism by which applications of Bacillus thuring-

ensis Berliner (Bt) suppresses the LdMNPV-induced
ortality in gypsy moths (Woods et al., 1988). The effect

f Bt in that study was much larger than the effect that
e showed here for E. maimaiga, presumably because

he Bt was applied at a very early larval stage (2nd
nstar), which suppressed the density of gypsy moths
hat would die from LdMNPV and thus the inoculum
hat triggers the second wave of LdMNPV mortality
Woods and Elkinton, 1987) among later instars.

During the study period, the weekly mortality from
. maimaiga increased steadily throughout the larval
tage of gypsy moth, peaking at the end of the season.
his result agrees with earlier studies of E. maimaiga

n low- to moderate-density field populations, which
howed that the highest E. maimaiga-induced mortal-
ty occurs among the late instars (Hajek, 1997; Weseloh
nd Andreadis, 1992a). Mortalities that peak at the end
f the larval stage are also typical of LdMNPV (Camp-
ell, 1967; Woods and Elkinton, 1987) because the
umber of infectious particles and the number of larvae
ecoming infected increase exponentially with each
ycle of the pathogen in the population.
The greatest effect of E. maimaiga on LdMNPV may

e on the level of LdMNPV in the environment near the
ime of pupation and on the inoculum present to be
ransmitted to the next generation. Environmental
ontamination is thought to be the principal route of
ransmission of LdMNPV in the next generation via
gg masses deposited on LdMNPV-contaminated sur-
aces (Murray and Elkinton, 1990). Yerger and Rossiter
1996) found less than 1% LdMNPV-induced mortality
n neonate gypsy moth larvae which were collected as
gg masses from coastal and central Massachusetts in
ate summer 1991. However, when we collected eggs
nd reared neonates from exactly the same site in
entral Massachusetts in the same year (1992 larval
eason) that Yerger and Rossiter did, we observed
5.2% mortality from LdMNPV among the neonates
eared from these egg masses (Table 2). In 1994 also we
ad 10–12% LdMNPV-induced mortality among the
eonates collected as egg masses from the same site.
he model indicates that the fraction dying from LdM-

PV (3.5%) in the presence of E. maimaiga (and dual
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196 MALAKAR ET AL.
nfection) was about one-fourth that without E. maim-
iga (12.9%) in the week just before pupation (Fig. 2C).
redicted amounts of LdMNPV inoculum left were
.63 3 109 and 1.48 3 1010 OBs/m2, with and without
. maimaiga, respectively. Webb et al. (1999) pursued a
-year study to compare the virus and fungus mortali-
ies among the newly established gypsy moth popula-
ions in Virginia. Their study shows that the E. maim-
iga-induced larval mortality occurred among the late
nstars as in our observations of 1992 and 1994, and the
econd wave of viral mortality was highly suppressed.
urther, they showed that the high E. maimaiga-

nduced larval mortality of 1995 greatly reduced the
dMNPV-induced larval mortality of the 1996 larval
eason. This negative impact of E. maimaiga on LdM-
PV contamination might help to explain why gypsy
oth populations sometimes appear to rebound follow-

ng E. maimaiga epizootics.
A comprehensive model for E. maimaiga would have

o include effects of humidity or rainfall, as well as
istinguish between infection by conidia and resting
pores. Such a model was beyond our objective here,
hich was to develop a simple model that provided a

easonably close fit to the observed mortality from
. maimaiga and to test the predictions of the model
gainst the observed mortality from LdMNPV. We also
ished to contribute an approach to modeling dual

nfections within the overall framework of Anderson/
ay type models developed by Dwyer and Elkinton

1993).
Previous studies have shown a positive correlation

etween rainfall and the mortality rates of gypsy moths
rom E. maimaiga (Elkinton et al., 1991; Hajek, 1997;
ajek and Roberts, 1992; Smitley et al., 1995; Weseloh
nd Andreadis, 1992a,b; Weseloh et al., 1993). Second-
ry transmission via conidia is considered to be the
ajor source of disease spread among the later instars,

nd it depends upon the pattern of rainfall (Weseloh
nd Andreadis, 1992b; Weseloh, 1998). Our study plots
eceived a much higher than average natural rainfall in
ay 1994. This probably explains the higher cumula-

ive mortality of gypsy moths from E. maimaiga in
994 than in 1992 (Table 3). We found a higher cumula-
ive mortality due to E. maimaiga in the watered plots
han in the unwatered plots, which is similar to the
ndings of Hajek et al. (1996).
In conclusion, E. maimaiga at these gypsy moth

arval densities has little effect on gypsy moth mortal-
ty induced by LdMNPV in the same gypsy moth
eneration. In all of our simulations, the combined
ortality from LdMNPV and E. maimaiga was always

igher than the mortality from LdMNPV alone. How-
ver, it may lower the probability of LdMNPV inoculum
eing available for cross-generational transmission, as

uggested by the 50% reduction in the LdMNPV- t
nduced mortality from the 1992 to the 1994 gypsy
oth larval season.

APPENDIX

Here, we derive Eq. [6]. Note that tV, the incubation
eriod of LdMNPV, is 2 weeks, while tF, the incubation
eriod of E. maimaiga, is 1 week. The difference
etween these two incubation periods, Dt 5 tV 2 tF 5 1
eek, is the length of time that individuals in the Ii

tage are susceptible to E. maimaiga. In order to define
he rate of change of LdMNPV-infected host density, let
s first define a two-dimensional function, i(t,n), which is
he number of individuals initially infected with LdM-
PV at time n that have escaped infection by
. maimaiga until time t. We assume that n is the time
f entrance of hosts into the Ii stage; then i(t,n) can be
efined on the subset of the (t 2 n) plane, where n # t #

n 1 Dt). In fact, Ii(t) 5 et2Dt

t i(t,n) dn. Using the rule of
ifferentiation of integrals, dIi/dt 5 i(t,t) 2 i(t,t2Dt) 1

t2Dt

t
i(t,n)/t dn. By definition, i(t,t) 5 the number of

ndividuals infected by LdMNPV at time t that have
scaped infection by E. maimaiga until time t. As no
ime has elapsed, this is the number infected by
. maimaiga at time t, (nFF(t)S(t) ). Also, if we assume

hat E. maimaiga acts on subsets of susceptibles in the
ame manner as it does on the whole group, then
i(t,n)/t 5 2nFFti(t ,n). Thus,

t2Dt

t i(t,n)

t
dn 5 e

t2Dt

t
2 nFFti(t,n) dn

5 2nFFt et2Dt

t
i(t,n) dn 5 2nFFIi.

o, now we have:

dIi

dt
5 nVVS 2 nFFIi 2 i(t,t2Dt) .

e developed this expression via a derivation but
ntuition confirms this expression. The change in Ii
ith respect to t is the number coming in minus the
umber going out. Individuals enter Ii from S (1st term)
nd can leave in one of two ways: (a) infection by
. maimaiga (2nd term) or (b) escaping infection by
. maimaiga for a time of Dt (3rd term).
The number of individuals that were infected by

dMNPV 7 days earlier which have not been infected
y E. maimaiga, i(t,t2Dt), is the number entering IV at
ime t. This is the number that we used as the ‘‘new’’
iral infections at time t, although they were actually
nfected 7 days earlier, but we do not consider them
iral infections until we know that they will die from
dMNPV. We can think of IV(t) as the summation of

hese new viral infections from (t 2 tF) to t because the
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197INTERACTIONS BETWEEN GYPSY MOTH PATHOGENS
nfections that were new at (t 2 tF) are dying at time t.
hus IV(t) 5 et2tF

t i(s,s2Dt) ds. The lower limit is (t 2 tF)
ecause individuals entering IV have been infected with
dMNPV for a time Dt. They need a total time of tV to
ie from LdMNPV; so, the remaining time they need to
ie is tV 2 Dt 5 tV 2 (tV 2 tF) 5 tF.
Using the fundamental theorem of calculus,

dIV

dt
(t) 5 i(t,t2Dt) 2 i(t2tF,t2tF2Dt) 5 i(t,t2Dt) 2 i(t2tF,t2tV).

he change in IV with respect to time is the number
oming in to IV from Ii (1st term) minus the number
ying from IV (2nd term).
We can expand on this expression by deriving an

lternative expression for i(t,n). By fundamental two-
ariable calculus, i(t,n) 5 i(n,n) 1 en

t
/s [i(s,n)] ds. As

efore, i(n,n) is simply nVVnSn . Also, from earlier, /t
t(t,n)] 5 2nFFti(t ,n). This gives us:

i(t,n) 5 i(n,n) 1 e
n

t 

s
[i(s,n)] ds 5 nVVnSn 2 e

n

t
nFFsi(s,n) ds.

Substituting the above expression into our earlier
xpression, we get:

IV

dt
(t) 5 i(t,t2Dt) 2 i(t2tF,t2tV) 5 nVV(t2Dt)S(t2Dt)

e
t2Dt

t
nFFsi(s,n) ds 2 [nVV(t2tV)S(t2tV) 2 e

t2tV

t2tF
nFFsi(s,n) ds].

After rearranging terms we get:

IV

dt
5 nVV(t2Dt)S(t2Dt) 2 nVV(t2tV)S(t2tV)

2 3et2Dt

t
nFF(s)i(s,n) ds 2 e

t2tV

t2tF
nFF(s)i(s,n) ds4. [6]
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