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We evaluated the effects of the protozoan parasite
phryocystis elektroscirrha on the survival and repro-
uction of monarch butterflies. Because larvae in natu-
al populations are likely to experience a wide range of
atural parasite population densities, we examined
he effects of increasing spore density (0, 10, 100, or
000 spores per larva) on host fitness. Parasites had
ittle effect on monarch survival or reproduction, ex-
ept at the highest dose. Monarchs inoculated with
000 spores per larva had decreased survival to eclo-
ion, and this effect was more severe when larvae were
noculated at an earlier stage (first versus third in-
tar). Monarchs inoculated with higher spore densities
lso emerged with smaller wingspans and lower body
ass than noninoculated adults. Infection with the
ighest dose of O. elektroscirrha led to decreased male

ifespan and reproductive success, but females in-
ected with O. elektroscirrha did not experience a
ignificant decline in lifetime fecundity. However,
eavily infected females in outdoor enclosures were

ess active than uninfected females and gained weight
uring their adult lifespan. Among samples of adult
onarchs captured in natural populations, parasite

oads were associated with butterfly condition and
ctivity. Heavily infected adults captured breeding in
estern North America and southern Florida were

maller than uninfected monarchs. Among overwinter-
ng adults in Mexico and California, mating activity
as positively associated with higher parasite loads.

n addition, the proportion of adults with low and
ntermediate spore loads (as opposed to no spores) was
igher among adults with greater wing tatter and
cale loss. Our findings of minor effects of O. elektroscir-
ha on the survival and reproduction of monarch
utterflies are consistent with the expectation that
aternally transmitted parasites should have little or
o effect on host fitness compared with horizontally
ransmitted parasites. However, because our labora-
ory studies demonstrated that monarchs exposed to
he highest parasite density experienced decreased
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arval survival, smaller adult size, and shorter adult
ifespans, additional transmission routes are likely to
e important for parasite maintenance in natural
opulations. r 1999 Academic Press
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ase; neogregarine; vertical transmission.

INTRODUCTION

The damage inflicted by parasites on their hosts is
ften a direct consequence of parasite replication within
osts and the production of transmission stages (Ander-
on and May, 1991). Although severe effects on host
tness have traditionally been viewed as maladaptive,
ecent theoretical and empirical work suggests that
arasites may not evolve to become increasingly benign
o their hosts (Herre, 1993; Lenski and May, 1995). The
egree of virulence that maximizes parasite fitness
hould be influenced by several factors, including the
echanism by which new hosts acquire the disease

Levin, 1996). For example, diseases that depend strictly
n vertical (parent: offspring) transmission are pre-
icted to go extinct in the presence of any negative
ffects on host fitness, whereas pathogens that infect
osts via vectors or direct horizontal transmission may
ersist despite severe effects on host survival or repro-
uction (Fine, 1975; Ewald, 1983; Lipsitch et al., 1995).
Negative effects of parasites on host fitness will

nfluence the degree to which parasites depress host
opulation size (Anderson and May, 1991). Increasing
heoretical and empirical attention has focused on such
opulation-level impacts of parasites (Fenner and My-
rs, 1978; Anderson, 1979; Onstad and Maddox, 1989;
yers, 1993; Dwyer, 1994; Dobson and Hudson, 1995;
ulland, 1995; Jaenike, 1998). However, estimating

he effect of parasites on host population density poses
any challenges due to fluctuations in parasite abun-

ance and external factors affecting host fitness (Dob-
on and McCallum, 1995; Dobson and Hudson, 1995).
ne approach, therefore, is to estimate the relative

urvival and fecundity of infected hosts and use these

alues in simple models of host–parasite interaction to
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77PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
stablish the potential for parasite regulation of host
opulation size (McCallum, 1994).
We quantified fitness effects of the neogregarine

rotozoan parasite Ophryocystis elektroscirrha on mon-
rch butterflies, Danaus plexippus. Neogregarines are
embers of the class Gregarinia (phylum Apicomplexa)
hich encompasses over 1450 species of entomopatho-
enic protozoa (Tanada and Kaya, 1993). Unlike other
rders of gregarines, neogregarines can multiply within
heir hosts via vegetative merogony, and infections are
ften tissue specific. Thus, neogregarine infections are
n general more virulent than those produced by other
regarines and have been shown to affect host develop-
ent, survival, and reproduction (e.g., Weiser, 1963;

ouvenaz and Anthony, 1979; Cowley, 1989; Munster,
991).
The neogregarine O. elektroscirrha was first recov-

red from monarch and queen butterflies in Florida in
966 (McLaughlin and Myers, 1970) and has been
eported in monarch populations in North America,
awaii, New Zealand, and Australia (Leong et al.,
997a; Altizer et al., in press). Parasite life history is
losely correlated with host development. Vegetative
eproduction occurs in larvae and pupae, and spores
re found on the exterior of adult butterflies. Parasite
pores are transmitted maternally when infected fe-
ales scatter spores on the egg chorion and host plant

urface during oviposition (McLaughlin and Myers,
970). Spores may also be transferred between adults
uring mating or other contact (resulting in paternal or
orizontal transmission), although ingestion of spores
y larvae is required to initiate new infections. Spores
yse within the larval gut, and emerging sporozoites
enetrate the intestinal wall and enter the hypoderm.
s monarch larvae pass through five developmental

nstars, parasites undergo two phases of vegetative,
sexual replication. Following host pupation, the para-
ite completes a sexual phase and forms dormant
pores around the scales of the developing adult butter-
y. The highest spore density is found on the abdomen,
lthough spores also develop on the wings, head, and
horax (Leong et al., 1992; S. M. Altizer, pers. observ.).

Among monarch populations in North America, the
revalence of O. elektroscirrha is inversely related to
ost migratory distance (Altizer et al., in press). A
ontinuously breeding population in southern Florida
hows nearly 100% prevalence, and approximately 60%
f the individuals in a migratory population in western
orth America are infected with this disease. Less than
0% of the eastern migratory population, which travels
he farthest distance to overwintering sites in central
exico, is infected. One explanation for this pattern is

hat if parasites depress host fitness and infected hosts
re less able to migrate long distances, then prevalence
ay decline as migratory distances increase. In sup-
ort of this idea, the prevalence of O. elektroscirrha in a
ild-captured monarchs (within a migratory popula-
ion) was higher among monarchs breeding close to
verwintering sites than those breeding farther away
Altizer et al., in press). In captive monarchs, heavily
nfected adults have difficulty expanding their wings
nd experience higher mortality than uninfected adults
hen kept in arid, warm conditions (McLaughlin and
yers, 1970; Leong et al., 1992, 1997a,b; S. M. Altizer,

ers. observ.).
The objectives of the present study were to determine

a) how increasing doses of parasite spores influence
he parasite loads of emerging adults and (b) the
onsequences of this disease for host fitness. Because
he transmission of O. elektroscirrha is primarily verti-
al, its persistence and spread should depend on host
urvival and reproduction, and virulence is therefore
xpected to be low. However, spore transmission be-
ween adults through mating or other contact or the
ensity-dependent accumulation of spores in the hosts’
nvironment over time will increase parasite transmis-
ion opportunities (S. M. Altizer, in preparation). Thus,
easurable virulence may be maintained in natural

opulations, depending on host density and breeding
cology (Lipsitch et al., 1995; Altizer and Augustine,
997). We examined the combined effects of parasite
ose and larval instar at the time of inoculation on the
pore loads and survival of emerging monarchs. Be-
ause sporozoites penetrate the gut wall, high parasite
oses fed to early-instar larvae may cause more severe
ut wall damage and mortality than those ingested by
ate-instar larvae. Because parasite effects on larval
evelopment, adult survival, and adult fecundity can
ll influence population-level interactions, we mea-
ured several larval and adult traits likely to correlate
ith host fitness.

METHODS AND MATERIALS

noculation and Rearing of Captive Monarchs

During the summers of 1995 and 1996, we conducted
everal experiments to assess the effects of increasing
oses of O. elektroscirrha on monarch fitness. Unless
therwise indicated, experimental hosts were first or
econd generation offspring from wild adult D. plexip-
us captured in east-central Minnesota and west-
entral Wisconsin. Eggs were obtained by enclosing 4–5
ated females per experiment in a 0.6-m3 mosquito-net

age with potted Asclepias curassavica plants. All
emales from which eggs were obtained were unin-
ected with O. elektroscirrha (see below).

Inoculation techniques. All spore inoculum was de-
ived from the abdomens of infected wild-captured
onarchs that had been stored in glassine envelopes

or less than 2 months. Abdomens from two infected

dults were placed in glass vials containing 10 ml of
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78 ALTIZER AND OBERHAUSER
eionized water and vortexed for 2 min to dislodge the
pores. We estimated spore concentration by counting
he number of spores in eight 1 3 1024-ml grid-cells on
our separate hemacytometer slides. Inoculum was
hen passed through a dilution series to obtain concen-
rations of 10, 100, or 1000 spores/10 µl. Control
noculum (0 spores/10 µl) was prepared by vortexing
he abdomen of an uninfected wild-captured adult
onarch in 10 ml of deonized water.
To inoculate larvae, we soaked A. syriaca leaves in a

0% bleach solution for 20 min, rinsed the leaves with
eionized water, and cut them into 1-cm2 pieces. Milk-
eed squares were placed onto dampened filter paper

nside sterile 8.5-cm-diameter plastic petri dishes. When
arvae reached the appropriate instar (see below), we
laced them on the milkweed squares and added a
0-µl drop of the designated inoculum using a micropi-
ette. Each larva fed on the inoculated leaf material
ntil it had consumed at least 80% of the square. Note
hat the dose of spores is the average number of spores
dministered to larvae, and larvae that failed to con-
ume the inoculum within 48 h were discarded.

Host rearing. Following inoculation, larvae were
ransferred to plastic 11 3 17 3 30 cm containers with
etal window-screen lids at densities of 10–17 larvae

er container. Spores of O. elektroscirrha are not pro-
uced during larval phases, and horizontal transmis-
ion between larvae as a result of fecal contamination
oes not occur (McLaughlin and Myers, 1970; Leong et
l., 1997b). We fed larvae fresh A. syriaca leaves and
emoved frass from the containers daily. Containers
ere kept on a windowsill in a laboratory in which no

nfected adults were permitted. When all monarchs in a
ontainer had pupated, they were moved to another
aboratory to prevent contamination of the larval rear-
ng area. After adults emerged and their wings hard-
ned (roughly 6 h postemergence), they were placed in
ndividual glassine envelopes. The time from egg to
closion in the laboratory was approximately 30 days.
To minimize accidental infection of larvae, all labora-

ory surfaces and tools that contacted larvae or adults
ere sterilized with 20% chlorine bleach solution or

insed with 95% ethanol. Latex or polyvinyl-chloride
loves were worn when handling monarchs of any life
tage in the laboratory, and gloves were discarded
etween handling larvae or adults from different treat-
ents. We never handled larvae or milkweed after
orking with potentially infected adults and sterilized
ll oviposition cages and containers between experi-
ents in a solution of 10–20% chlorine bleach for at

east 2 h.

Disease assessment. We evaluated spore loads of all
dults within 48 h posteclosion, using transparent

2
cotch brand tape cut into 1-cm units. This tape was a
eld with fine forceps and pressed against the ventral
ide of the abdomen to remove a sample of abdominal
cales. Each tape sample was placed on a microscope
lide and viewed at 4003. Spores appear as dark
rown, oval-shaped bodies approximately 1/50 the size
f a butterfly scale (Leong et al., 1992). All spores on the
ape were counted, and butterflies were scored for
arasite loads according to the following scale: 0, no
pores; 1, 1 spore; 2, 2 to 20 spores; 3, 21 to 100 spores;
, 101–1000 spores; and 5, .1000 spores. Parasite
oads estimated in this manner were highly correlated
ith the log of hemacytometer counts estimating the
ensity of spores on monarch abdomens (Altizer et al.,
n press).

xperiment 1a: Effects of Parasite Dose
on Larval Development and Survival

In 1995, we examined the effects of increasing para-
ite dose on parasite loads and survival of monarchs
sing four inoculum concentrations (0, 10, 100, and
000 spores per larva). We inoculated 45–52 third-
nstar larvae per dose in each of three blocks (separated
y 1 day between inoculations), for a total of 150 larvae
er treatment. Larvae were reared in three replicate
ontainers per treatment per block, for a total of 36
ontainers. We recorded the number of larvae that
uccessfully pupated in each container and the emer-
ence date for each adult. Newly emerged adults were
laced in glassine envelopes, individually numbered,
eighed on an analytical balance 1 day posteclosion,
nd examined for the presence of O. elektroscirrha
pores. Using calipers, we measured wing length as the
istance between the point of thoracic attachment and
he distal tip of the forewing.

xperiment 1b: Effects of Parasite
Dose on Adult Fitness

Of the monarchs from the 1995 inoculation experi-
ent that survived to 2 days posteclosion, we assigned
random subset of 50 adults per treatment to each of

our 1.8-m3 outdoor enclosures. Each screen enclosure
ad equal numbers of adults from each treatment and a
:1 sex ratio. Cages were assembled on a grassy, partly
haded lawn and separated by a minimum distance of 5
. Monarchs were fed from sponges soaked with a

olution of 20% honey-water placed onto 0.75-m-high
latforms inside each cage. We also added four flower-
ng plants (asters, cosmos, and zinnias) to each cage
nd three to four stalks of common milkweed (A.
yriaca) in glass bottles. New milkweed stalks and
resh honey-water were added to the cages daily, and
ponges were cleaned with 10% chlorine bleach every
nd day to limit fermentation.
We recorded the mass of each monarch every 3rd day
s well as the identity of all mating individuals and
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79PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
ates of all deaths. In a few cases, butterflies were
issing on weighing days; for these we estimated the

ate of death as 1 day after the previous weighing.
This occurred when ants discovered dead monarchs
efore we did and carried them out of the cages.)
To measure female fecundity, we removed the first 12

emales to mate from each inoculation treatment and
laced them in 0.6-m3 oviposition cages kept outdoors.
our mated females per treatment were placed in each
f 3 oviposition cages, for a total of 12 oviposition cages.
very day we fed these females, provided a fresh stalk
f A. syriaca for oviposition, and counted the number of
ggs laid in each cage. To maintain even sex ratios in
he large enclosures, we replaced all females removed
rom the larger enclosures with laboratory females
rom the same treatments.

xperiment 2: Effects of Instar at Time of Inoculation
on Larval Development and Survival

In 1996, a 4 3 2 factorial design was used to evaluate
he effects of parasite dose and larval instar at the time
f inoculation on survivorship and adult parasite loads.
e used the same four inoculation treatments as above

nd inoculated larvae at either first or third instar. All
arvae were removed from plants 1 day posthatching.
hose to be inoculated as first instars were transferred
o petri dishes as outlined above. The remainder were
eared in plastic containers until they reached the third
nstar, at which time they were inoculated and trans-
erred back to the same containers. We inoculated 30
arvae for each stage-by-dose combination. Larvae were
eared in 2 replicate containers per treatment (for a
otal of 16 containers and 240 larvae across all treat-
ents). We measured the number of larvae alive in

ach container every 2nd day after inoculation and
ecorded pupation and eclosion dates. One day after
closion, adults were weighed and spore loads assessed
s described above.

ssociations Between Spore Loads and Adult
Condition in Natural Populations

The size, condition, and parasite load of wild-caught
orth American monarchs were assessed for five collec-

ion dates and locations (Table 1). We measured para-
ite loads and forewing length as described above. Wing
cale loss was assigned using a 1–5 scale, with 1
ssigned to newly emerged monarchs and 5 assigned to
onarchs with the highest amount of scale loss (nearly

ransparent wings). Wing tatter was assessed as the
umber of wings with pieces missing (on a 0–4 scale).
e also recorded the activity of many overwintering

dults at the time of capture (mating vs roosting) and
alpated the abdomens of females to determine the
resence and size of spermatophores (an indicator of

revious matings; Van Hook, in press). n
tatistical Analysis

Analysis of variance (GLM procedure; SAS, 1985)
as used to test the effects of parasite dose, block, sex,
nd the dose 3 block and dose 3 sex interactions on the
arasite load, mass, wingspan, and development time
f monarchs in experiment 1. We used two-way ANOVA
o examine the effects of dose, instar, and the dose 3
nstar interaction on the parasite load, mass, and
evelopment time of monarchs in experiment 2. F tests
ere constructed using the mean square for the con-

ainer (dose 3 block) in experiment 1 or the container
dose 3 instar) in experiment 2 as the denominator,
ather than the mean square error. This limited the
ontribution of the larval rearing environment to ob-
erved variation between treatments. Two-way ANOVA
as also used to examine the effects of dose and block

experiment 1) or dose and instar (experiment 2) on the
roportion of monarchs that survived to eclosion. In
his case, proportions surviving in each container were
rcsin-transformed and observations were weighted by
he inverse of the variance estimate ( p · (1 2 p)/n 1 1/
n, where n is the initial number of larvae in each
ontainer).
Analysis of variance was used to evaluate the main

ffects of dose treatment and cage replicate on the
ifespan, mating success, and weight change of adults
ept in outdoor enclosures in experiment 1. We used
ne-way ANOVA to examine the effect of dose treat-
ent on female lifetime fecundity, using the total

umber of eggs laid per oviposition cage as our unit of
easurement. Type III sums of squares were used in

onstructing all ANOVA tests of significance. Wherever
ata are presented for multiple comparisons among
eans, we used Tukey’s test (significance level 5 0.05).
or data collected as counts (i.e., number of days,

TABLE 1
Dates and Locations of Monarchs Sampled in NorthAmerica

o Examine Association between Parasite Loads and Adult
ondition

Population Activity Location Date N

astern migratory Wintering Sierra Chincua,
Central Mexico 3/97 1309

Breeding Minnesota and
Wisconsin 6/97–8/97 370

estern migratory Wintering Central California
Coastlinea 2/97 717

Breeding California,
Nevada, Utah,
Oregon, Wash-
ington, Colorado 7/97–8/97 309

outhern Florida Breeding Miami, Florida 7/96 21

a Represents six different overwintering locations along the Califor-
ia coastline, including San Leandro Golf Course (near San Francisco
ay), Moran Lake, Morro Bay, Pismo Beach, Ellwood, and Gaviota.
umber of mating events), the square-root transforma-
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80 ALTIZER AND OBERHAUSER
ions of the response variable were used to normalize
he error variance.

We used x2 analysis to investigate the association
etween parasite load and the following variables
mong wild-caught monarchs: wing wear, wing dam-
ge, sex, the presence and size of spermatophores
arried by females, and activity class. ANOVA was used
o evaluate the relationship between parasite load and
ingspan of wild-captured adults.

RESULTS

ffects of Dose on Larval Survival and Adult
Parasite Loads

The proportion of monarchs that survived from inocu-
ation to eclosion was affected by the dose treatment
nd the larval instar at the time of inoculation (Fig. 1).
or experiment 1 (in which all larvae were inoculated
s third instars), survival declined for increasing dose
reatments (F3, 24 5 13.45, P , 0.001). Survivorship ex-
eeded 80% for the control (noninoculated) and 10-
pores-per-larva treatments, but was significantly lower
n the 100- and 1000-spore treatments (Fig. 1a). Al-
hough we observed no significant main effect of block
n survival to eclosion (F2, 24 5 1.37, P 5 0.273), our
nalysis detected a significant dose 3 block interaction
F6, 24 5 6.74, P , 0.001). Dose was more strongly asso-
iated with survival in blocks 1 and 2, but showed no
lear relationship with survival in block 3.
In experiment 2, both dose and instar at the time of

noculation were significantly associated with survival
F3, 8 5 11.95, P 5 0.008 and F1, 8 5 12.84, P 5 0.002,
espectively). Survival was higher among larvae inocu-
ated as third instars versus first instars, and survival
f larvae inoculated with the highest dose was signifi-
antly lower than survival in the other treatments (Fig.
b). In addition, the dose 3 instar interaction was
arginally significant (F3, 8 5 3.66, P 5 0.063). No first-

nstar larva inoculated with the highest dose survived
o eclosion, whereas 50% of the third-instar larvae
noculated with the highest dose survived (Fig. 1b).

Parasite loads of emerging adults increased with
ose (Fig. 2), and almost 100% of the adults in the 100-
nd 1000-spore treatments were heavily infected
classes 4 and 5). In experiment 1, both dose and block
ignificantly affected adult spore loads (F3, 23 5 57.9,
, 0.001 and F2, 23 5 21.1, P 5 0.014, respectively).
omparison of means shows that spore loads increased
ignificantly for each successive dose (Fig. 2a), and
pore loads for adults inoculated in block 3 were lower
han for adults inoculated in blocks 1 and 2. In addi-
ion, we observed no significant effects of sex
F1, 23 5 0.00, P 5 0.98), dose 3 sex (F3, 23 5 0.62,

5 0.61), or dose 3 block (F6, 23 5 1.20, P 5 0.34) on
dult spore loads.

Because none of the first-instar larvae inoculated a
ith the highest spore dose in experiment 2 survived to
closion, we omitted the highest dose category from our
emaining analyses. Instar at time of inoculation did
ot affect the parasite loads of surviving adults

F1, 6 5 0.24, P 5 0.64), but we again observed a signifi-
ant main effect of dose (F2, 6 5 283.62, P , 0.001).
omparison of means showed that adult spore loads in

he control treatment were lower than those in the
emaining dose treatments, but there were no signifi-
ant differences between adult spore loads in the 10-

FIG. 1. The proportion of monarchs that survived from inocula-
ion to adulthood for increasing doses of O. elektroscirrha spores. (a)
urvival for experiment 1, in which larvae were inoculated as third

nstars only. (b) Experiment 2, in which larvae were inoculated as
ither first or third instars. Error bars represent 95% confidence
ntervals; data were combined across rearing containers for each
reatment. Results for larvae inoculated as third instars are shifted
o the right to prevent overlap of error bars.
nd 100-spore treatments (Fig. 2b). We observed no
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81PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
ignificant interaction between dose and instar on
dult spore loads in experiment 2 (F2, 6 5 0.53, P 5 0.61).

ffects of Dose on Size and Development Time

The mass of emerging adults in experiments 1 and 2
eclined with increasing dose treatments (Fig. 3). In
xperiment 1, inoculation with the highest dose (1000
pores) resulted in significantly lower mass at emer-
ence compared with the other three treatments
F3, 23 5 4.19, P 5 0.017). Males were significantly
eavier than females in experiment 1 (F1, 23 5 40.21,
, 0.001), although we observed no significant dose 3

FIG. 2. Effects of parasite dose on the spore loads of emerging
dults for (a) experiment 1, in which larvae were inoculated at third
nstar only and (b) experiment 2, in which larvae were inoculated at
ither first or third instar. Error bars represent standard errors for
ach treatment. Results for larvae inoculated as third instars are
vhifted to the right to prevent overlap of error bars
ex interaction (F3, 23 5 0.07, P 5 0.98). Emergence mass
as not affected by block (F2, 23 5 2.83, P 5 0.079) or

he dose 3 block interaction (F6, 23 5 1.67, P 5 0.17).
lthough the highest dose was excluded from our
nalysis of experiment 2, larvae inoculated with 100
pores weighed significantly less upon emergence than
hose inoculated with 0 or 10 spores (Fig. 3b; F2, 6 5 9.97,

5 0.012). Surprisingly, emergence mass was signifi-
antly higher for larvae inoculated as first instars
ersus third instars (Fig. 3b; F1, 6 5 17, P 5 0.006), but
e observed no significant interaction effect of dose 3

nstar on emergence mass (F2, 6 5 1.31, P 5 0.34).
The wingspan of emerging adults in experiment 1

FIG. 3. Effects of parasite dose on the mass of adults 1 day
ostemergence for (a) experiment 1 and (b) experiment 2. Error bars
epresent standard errors for each treatment. Results for larvae
noculated as third instars are shifted to the right to prevent overlap
f error bars.
aried significantly with parasite dose (Table 2a), and
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82 ALTIZER AND OBERHAUSER
ingspans of adults in the control treatment were
ignificantly larger than those inoculated with 1000
pores. Males were significantly larger than females,
lthough we observed no effect of the dose 3 sex
nteraction (Table 2a). In addition, adults in block 3 had
ignificantly larger wingspans than those in blocks 1
nd 2. There were no significant effects of any treat-
ent variable on forewing asymmetry in experiment 1

based on the absolute difference between left and right
orewing lengths; Table 2b). Inoculation with O. elektro-
cirrha did not affect the development time from hatch-
ng to adult emergence in experiment 1 (Table 3a). In
xperiment 2, monarchs in the control treatment
merged an average of 0.5 days sooner than those in the
0- and 100-dose treatments, but this effect was not
ignificant (Table 3b).

ffects of Dose on Adult Fitness

The lifespan, mating success, and weight loss of
dults in outdoor enclosures were affected by infection
ith O. elektroscirrha (Fig. 4). Because these effects
ere different for males and females, each sex was

eparately analyzed. Male lifespan was shortest in the
ighest dose treatment (F3, 98 5 7.15, P , 0.001; Fig.
a), although female lifespan was not significantly
ffected by dose (F3, 100 5 1.44, P 5 0.23; Fig. 4a). Differ-
nt spore doses also influenced the number of times
ales mated (F3, 98 5 2.96, P 5 0.036; Fig. 4b), but not

TABLE 2
Effects of Dose and Sex on the Wingspan and Forewing

Asymmetry of Emerging Adults in Experiment 1

Source of
variation df MS F P

(a) Response variable is left
forewing length

ex 1 44.0 26.31 ,0.001
lock 2 18.90 11.29 ,0.001
ose 3 12.10 7.19 0.001
lock 3 dose 6 12.39 7.41 ,0.001
ex 3 dose 3 1.32 0.78 0.516
ontainer (block 3 dose) 24 1.67

Source of
variation df MS F P

(b) Response variable is absolute
forewing asymmetry

ex 1 0.469 2.30 0.142
lock 2 0.044 0.22 0.805
ose 3 0.067 0.33 0.803
lock 3 dose 6 0.302 1.48 0.227
ex 3 dose 3 0.055 0.25 0.804
ontainer (block 3 dose) 24 0.204

Note. Only the subset of adults used in the outdoor enclosure study
ere measured and included in the analysis. ANOVA tables were

onstructed using the container (block 3 dose) term as the error for

cests of significance.
emales (F3, 100 5 2.19, P 5 0.093). Among males, those
n the control treatment had significantly more success-
ul matings than those inoculated with the highest
ose. However, we found no effects of dose on the rate of
ating (i.e., the average number of matings per butter-

y per day) for either males or females (F3, 98 5 1.64,
5 0.183 and F3, 100 5 1.95, P 5 0.121, respectively).

n addition, the cage to which a butterfly was assigned
id not influence the lifespan or mating success of
ales or females in any of our analyses.
Infection with O. elektroscirrha influenced the life-

ime change in mass for females, but not males (Fig.
c). Infected females actually gained weight during the
ourse of the experiment (F3, 100 5 3.08, P 5 0.031), and
omparison of means shows that the change in mass for
he control group was significantly less than that for
he highest dose treatment. Males lost weight during
he course of our experiment, but average weight loss
id not vary among dose treatments (F3, 98 5 0.21,
5 0.89). For females used to examine the effects of

ose on lifetime fecundity, we found no effects of
ncreasing spore doses on the total number of eggs laid
n each cage over a 25-day period (Fig. 5; F3, 8 5 0.52,

5 0.67).

arasite Loads and Adult Condition
in Natural Populations

Monarchs with high parasite loads had smaller wing-
pans in two of the five samples of wild-caught adults.
mong breeding monarchs collected throughout west-
rn North America, higher spore loads were signifi-

TABLE 3
Effects of Dose and Instar at Time of Inoculation on
evelopment Time (Measured as Days from Hatching to
dult Emergence)

Source of
variation df MS F P

(a) Experiment 1
ex 1 0.213 1.82 0.190
lock 2 0.682 5.86 0.009
ose 3 0.163 1.40 0.268
lock 3 dose 6 0.091 0.78 0.592
ex 3 dose 3 0.001 0.01 0.999
ontainer (block 3 dose) 23 0.117

Source of
variation df MS F P

(b) Experiment 2
nstar 1 0.024 0.83 0.397
ose 2 0.022 0.73 0.519

nstar 3 dose 2 0.003 0.002 0.945
ontainer (instar 3 dose) 6 0.029

Note. The response variable was square-root transformed before
nalysis.ANOVAtables were constructed using the tub (instar 3 dose)
r tub (block 3 dose) term as the error for tests of significance.
antly associated with smaller wingspans (F5, 329 5 2.96,
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83PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
5 0.013), and a comparison of means showed that
ingspans of spore classes 0 and 5 were significantly
ifferent (Fig. 6). Monarchs in southern Florida with
igh parasite loads also had smaller wingspans (Fig. 6);
his effect was significant despite a small sample size
nd low numbers of uninfected adults (F2, 20 5 4.98,
5 0.038).

FIG. 4. Effects of parasite dose on the fitness of adults in outdoor
nclosures. Data are shown separately for males and females. (a)
dult lifespan measured in days postemergence, (b) number of
uccessful matings throughout lifetime, and (c) total weight change,
easured as the difference in grams between the final mass (the last
ass recorded before death) and the initial mass (at emergence).
rror bars represent standard errors for each dose treatment. For
raphs (a) and (b), lines for females were shifted to the right to
revent overlap of data points.
Among monarchs overwintering in Mexico, adults s
ith greater degrees of wing scale loss showed higher
requencies of spore loads 2–4 (x2 5 49.92, df 5 20,

, 0.001; Fig. 7a). Adults from this sample that
howed the greatest degree of wing tatter were also
ore likely to be infected with any number of spores

x2 5 32.71, df 5 20, P 5 0.036; Fig. 8a). For monarchs
aptured breeding in western North America, adults
ith greater degrees of scale loss were more likely to

arry spores (x2 5 34.88, df 5 20, P 5 0.02; Fig. 7b). A
imilar association was observed between spore loads
nd wing tatter (x2 5 61.2, df 5 20, P , 0.001; Fig. 8b),
uch that uninfected adults had less wing wear and
amage.
Associations between sex and spore loads were de-

ected in only one sample: breeding season males in
estern North America had higher than expected fre-
uencies in spore classes 2–5, whereas observations of
ninfected females were higher than expected

FIG. 5. Effects of O. elektroscirrha on female fecundity, measured
s the total number of eggs laid per female in each of three replicate
ages per dose treatment. Error bars represent standard errors based
n estimates of among-cage variance.

FIG. 6. Wingspans of wild monarchs in relation to parasite loads.
dults were captured breeding in western North America during
uly 1997 (solid line) and breeding in southern Florida during July
996 (dashed line). Error bars represent standard errors. Sample

izes are shown in Table 1.
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84 ALTIZER AND OBERHAUSER
x2 5 29.1, df 5 5, P , 0.001). A similar trend was
bserved among monarchs overwintering in Mexico,
ut this association was not significant (x2 5 7.93,
f 5 5, P 5 0.16).
Among monarchs overwintering in California and
exico, an association was observed between spore

lass and activity (Fig. 9). In Mexico, this association
as marginally significant, with mating adults having
igher frequencies of intermediate and high spore

oads than roosting adults (x2 5 9.38, df 5 5, P 5 0.07;
ig. 9). A more significant trend was observed in
alifornia, with mating adults associated with higher
roportions of intermediate and high spore loads
x2 5 15.24, df 5 5, P 5 0.01; Fig. 9). Because previous
ork has demonstrated an association between male

ondition and mating behavior at overwintering colo-
ies (Van Hook, 1993; Oberhauser and Frey, in press),
e also contrasted spore loads of males captured mat-

FIG. 7. Association between categories of wing scale loss and
arasite loads for (a) monarchs captured overwintering in Mexico in
arch 1997 and (b) monarchs captured breeding in western North
merica in July 1997. Each bar shows the frequency of parasite loads

indicated by different hatching patterns) within each scale loss
ategory. Sample sizes are shown at the top of each bar. See text for
rescriptions of scale loss and spore load categories.
ng versus roosting separately. In California, signifi-
antly more mating males had high spore loads (classes
and 5), and fewer than expected roosting males had

igh spore loads (x2 5 17.39, df 5 5, P 5 0.004). Al-
hough not significant, a similar pattern was observed
mong males captured in Mexico (x2 5 7.81, df 5 5,
5 0.16).
We found no other significant associations between

arasite load and adult condition. Among overwinter-
ng monarchs in California, we found no relationship
etween spore loads and wingspan, sex, wing damage,
r wing wear. No significant associations between spore
lass and any measurements of individual condition
ere detected among eastern breeding monarchs in
innesota and Wisconsin. This is expected, because

he frequency of infected adults captured in this area is,
n average, less than 1%, and large sample sizes are

FIG. 8. Associations between categories of wing tatter and para-
ite loads for (a) monarchs captured overwintering in Mexico in
arch 1997 and (b) monarchs captured breeding in western North
merica in July 1997. Each bar shows the frequency of parasite loads

indicated by different hatching patterns) within each wing tatter
ategory. Sample sizes are shown at the top of each bar. See text for
escriptions of wing tatter and spore load categories.
equired to obtain infected monarchs (Altizer et al., in
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85PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
ress). Across all samples, we found no relationship
etween infection class and the presence or size of
permatophores in females.

DISCUSSION

ffects of Parasite Dose on Spore Loads
and Survival to Eclosion

O. elektroscirrha compromises the fitness of monarch
utterflies, affecting survival to eclosion, adult size and
ifespan, and male reproductive success. These effects
re dose dependent, with the highest parasite dose
reatment leading to larger parasite loads and the most
evere fitness consequences. The relationship between
pore dose and parasite load for neogregarine parasites
uch as O. elektroscirrha may result from the mecha-
ism of within-host replication. These parasites un-

FIG. 9. Association between activity of overwintering monarchs
t the time of capture and parasite loads for (a) monarchs captured in
exico in March 1997 and (b) monarchs captured in California in
ebruary 1997. Data are shown for males and females combined.
ach bar represents the frequency distribution of parasite loads

indicated by different hatching patterns) within each activity class.
ample sizes are shown at the top of each bar. See text for description
f spore load categories.
ergo a predetermined number of vegetative reproduc- (
ive cycles within host tissues, whereby single
rophozoite cells bud into several hundred daughter
ells (Tanada and Kaya, 1993). Because O. elektroscir-
ha has only two such schizogonic cycles (McLaughlin
nd Myers, 1970), infection with higher numbers of
pores is expected to lead to larger parasite loads in
merging adults. In our disease assessment scale, all
dults from which we removed more than 1000 spores
ere categorized in the highest parasite load class.
ecause individual tape samples may contain up to 50

imes this number of spores (S. M. Altizer, unpublished
ata), our scale probably underestimates the variation
mong heavily infected monarchs. Thus, the saturating
ffect of high dose treatments on spore loads in experi-
ent 2 (Fig. 2b) may result in part from the inability of

ur parasite load scale to capture differences among
amples with more than 1000 spores.
The survival of larvae inoculated with O. elektroscir-

ha was influenced by dose and larval instar at the time
f infection. Larvae inoculated with low doses (10 or
00 spores per individual) did not have lower survival
han noninoculated larvae. However, larvae inoculated
ith the highest dose were more likely to die before

eaching eclosion, and this effect depended on the
nstar at the time of inoculation. In fact, most first-
nstar larvae inoculated with the highest dose of spores
ied before pupation, and none survived to eclosion
Fig. 1b). This significant interaction between dose and
arval instar may result from the mechanism through
hich O. elektroscirrha invades host tissues. Following

ngestion, spores lyse in the larval gut, and sporozoites
enetrate the gut wall to migrate to the hypoderm
McLaughlin and Myers, 1970). High spore densities
ay cause more damage to the guts of early-instar

arvae, leading to secondary infections and bacterial
epticemia (McLaughlin and Myers, 1970; Brewer and
homas, 1966). We observed that larvae inoculated
ith high spore numbers stopped feeding several days
ostinfection, turned pale and lethargic, and failed to
olt. Inspection of tissue smears from dead and dying

arvae (stained with Giemsa stain) revealed high densi-
ies of bacteria in gut and hypodermal tissues.

Of the monarchs in the highest dose treatment that
atured to eclosion, many had difficulty emerging from

heir pupal cases. Their abdomens appeared wet, and
arge patches of abdominal scales were missing. In
ome instances, heavily infected adults fell to the floor
f the plastic containers and died within 24 h. Leong et
l. (1997b) and McLaughlin and Myers (1970) noted
hat heavily infected monarchs had difficulty expand-
ng their wings and exhibited shriveled abdomens.
hese effects of O. elektroscirrha probably result from

arge numbers of parasites in host hypodermal tissues
isrupting the development of host integument

McLaughlin and Myers, 1970).
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86 ALTIZER AND OBERHAUSER
ffects of Parasite Dose on Adult Fitness

Infection with O. elektroscirrha resulted in smaller,
horter-lived adults (Figs. 3 and 4). These size differ-
nces between infected and uninfected monarchs may
ave consequences for reproductive success. For ex-
mple, wingspan has been shown to be positively
orrelated with female egg-laying lifespan (Ober-
auser, 1997). Migrating monarchs with larger wing-
pans or greater lipid reserves may also be more
uccessful in migrating to and from overwintering sites
Alonso-Mejia et al., 1997; Arango, 1996; Van Hook,
996; Masters et al., 1988).
The effects of O. elektroscirrha on adult lifespan were

elatively small. However, the highest spore dose had a
egative effect on male lifespan, and females showed a
imilar, but insignificant trend (Fig. 4a). The average
ifference in adult male lifespan between the control
noninoculated) monarchs and those in the highest
ose treatment was 4 days (or a 16% decline). This
horter lifespan may be responsible for the lower
umber of lifetime matings for infected males (Fig. 4b),
s we observed no significant effect of parasite dose on
he daily rate at which males mated.

Our analysis of female lifetime fecundity indicates
hat O. elektroscirrha does not affect female lifespan or
gg development in a way that reduces total egg
roduction. We observed no measurable effect of para-
ite dose on the number of eggs laid by females in
utdoor enclosures (Fig. 5). The fact that we combined
our females from the same treatment into cages (and
hat oviposition was highly variable among cages and
ver time) limited the statistical power of the experi-
ent. However, despite the prediction that negative

ffects of parasites on adult size (or lifespan) should
educe reproductive success of infected females, the
umber of eggs laid by females in the highest dose
reatment was not lower than that of noninoculated
emales.

The change in mass of adult monarchs held in
utdoor enclosures contradicted our prior expectations
f greater weight loss for higher dose treatments.
ecause O. elektroscirrha spores form in the cuticle of
eveloping monarchs, we expected disruption of the
dult integument to cause higher rates of water loss in
nfected adults. Leong et al. (1992) showed that under
ry conditions, infected monarchs from a California
verwintering site lost water at a faster rate than
ninfected monarchs. However, our results showed no
igher weight loss for infected males, and females

noculated with higher doses actually gained weight
uring the experiment (Fig. 4c). This effect of infection
n female weight gain probably resulted from an inter-
ction between activity level and parasite load. In fact,
e observed that heavily infected females were less
ctive and spent prolonged periods of time sitting at

eeding stations or on the sides of cages. t
It is worth noting that the significant block effect in
xperiment 1 was such that monarchs inoculated on
he third day (block 3) emerged with lower spore loads,
reater mass, and larger wingspans than hosts inocu-
ated in blocks 1 and 2. In addition, the significant
ose 3 block effect on survival was such that monarchs
noculated in block 3 did not experience increased

ortality when inoculated with higher spore doses.
ecause we refrigerated spore suspensions between

noculation blocks, the spores used in block 3 may have
ost viability across the 3-day inoculation period. In
act, Leong et al. (1997b) showed that spores refriger-
ted at 5°C for 1 year were less than 1/5 as infectious as
pores recovered from newly captured infected hosts.

ssociation Between Infection and Condition
of Wild-Captured Monarchs

Our observation of smaller wingspans among in-
ected adults breeding in southern Florida and western
orth America (Fig. 6) suggests that high parasite

oads carry negative fitness consequences for monarchs
n natural populations. Although we saw no association
mong spore loads and the wingspans of overwintering
dults in western North America, this may reflect an
ssociation between infection, wingspan, and migra-
ory ability. If adults with the smallest wingspans are
ess likely to migrate successfully, we would predict the
ssociation between parasite load and wingspan to be
tronger among monarchs sampled pre- versus post-
all migration. However, potential effects of disease on
ost migratory ability should be explicitly tested by
easuring the flight endurance of monarchs with known

pore loads.
Parasite loads were associated with wing condition in
onarchs overwintering in Mexico and breeding in
estern North America, with greater degrees of both

cale loss and wing tatter being associated with a
igher likelihood of samples containing one or more
arasite spores (Figs. 7 and 8). If scale loss or wing
atter is a measure of age or activity, then these results
uggest two possible explanations. First, older or more
ctive monarchs may be more likely to acquire low
umbers of spores through contact with infected adults.
lternatively, monarchs infected with intermediate or
igh parasite loads may be physiologically stressed and
herefore more likely to acquire wing damage via
oraging for nectar, water, or mates.

Among overwintering monarchs, parasite loads were
ssociated with behavior at the time of capture (Fig. 9).
onarchs captured mating were more likely to be

nfected with spores, whereas monarchs captured roost-
ng were more likely to be spore-free. This may result
rom mating activity increasing the transfer of spores
mong adults. In addition, mating males showed a
igher prevalence of intermediate and high spore loads

han roosting males. In overwintering colonies, males
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87PROTOZOAN PARASITE OF MONARCH BUTTERFLIES
n poorer condition have been observed mating earlier
nd with higher frequency (Van Hook, 1993; Frey et al.,
998); this finding suggests that parasite load could be
factor that leads to poorer male condition and in-

reased mating probability.

onsequences for Transmission and Virulence
in Natural Populations

We have shown that with the exception of high
arasite doses, O. elektroscirrha has small effects on
he survival and reproduction of individual monarchs.
hese results are consistent with the expectation that
ertically transmitted parasites should have minor
tness consequences compared with horizontally trans-
itted parasites (Fine, 1975). In the absence of horizon-

al transmission, new infections of O. elektroscirrha
epend on infected females scattering spores on eggs
nd milkweed during oviposition, and the net reproduc-
ive rate of this parasite is correlated with the survival
nd reproduction of infected hosts. However, because
. elektroscirrha is also transmitted paternally and
orizontally, parasites that maintain measurable viru-

ence may still reach high prevalence in host popula-
ions (Lipsitch et al., 1995; Altizer and Augustine,
997).
Parasite doses in monarch populations are likely to

ary widely due to variation in adult spore loads, modes
f transmission, and the background prevalence of
isease in a population. For example, direct vertical
ransmission to larvae (via heavily parasitized females)
ill lead to higher spore doses than indirect paternal

ransmission (via infected males mating with unin-
ected females). In addition, larvae in nonmigratory
opulations are likely to be exposed to large numbers of
pores that accumulate on milkweed plants through
he activity of infected adults, whereas larvae in migra-
ory populations (with low disease prevalence) are
nlikely to encounter spores via this route (S. M.
ltizer, unpublished data). We have shown that higher
pore doses are associated with more severe effects on
onarch survival and reproduction. Because the off-

pring of infected females that ingest high parasite
oses will experience negative fitness effects, the actual
ontribution of maternal transmission to parasite fit-
ess may be lower than that suggested by estimating
he proportion of infected offspring (if most of these
ffspring die before transmitting the parasite; Kover et
l., 1997). However, at this point, we do not know the
requency of larvae that receive doses large enough to
ompromise their fitness in wild populations. Adults
ampled from wild populations have passed the stage
uring which O. elektroscirrha has the greatest effects,
nd we therefore can only estimate the potential of this
arasite to regulate monarch populations. Knowledge
f parasite transmission routes and fitness effects on

ndividual monarchs will be used in future theoretical
tudies to predict the population-level impact of O.
lektroscirrha.
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