Stucky Zoological Studies (2015) 54:30 ' H H
DOI 10.1186/540555-015-0105-z O ZOQ|Oglca| StUdIeS
a SpringerOpen Journal

RESEARCH Open Access

Infection behavior, life history, and host
parasitism rates of Emblemasoma erro

(Diptera: Sarcophagidae), an acoustically hunting
parasitoid of the cicada Tibicen dorsatus
(Hemiptera: Cicadidae)

Brian J Stucky

Abstract

Background: ‘Eavesdropping’ parasitoids find their hosts by homing in on the communication signals of other
insects. These parasitoids often exploit chemical communication, but at least some species of the sarcophagid
genus Emblemasoma eavesdrop on the acoustic communications of cicadas. Despite considerable scientific interest
in acoustic parasitoids, we know remarkably little about most species of Emblemasoma. To better understand the
ecology and behavioral diversity of these flies, | used a combination of field and laboratory techniques to elucidate
the infection behavior and life history of E. erro, which uses the cicada Tibicen dorsatus as a host, and | also investigated
parasitoid loads and parasitism rates of T. dorsatus in multiple host populations in the central United States.

Results: Female E. erro used the acoustic signals of male T. dorsatus as the primary means of locating hosts, but they
also required physical movement by the host, usually either walking or flight, to provide visual cues for the final
larviposition attack. Larvae were deposited directly on the host's integument and burrowed through intersegmental
membrane to enter the host's body. On average, E. erro larvae spent 88.0 h residing inside their host before leaving to
pupariate, but residence time was strongly dependent on both ambient temperature and effective clutch size. Adult
flies eclosed about 18 days after pupariation. Across all study sites, the mean parasitoid load of infected male T. dorsatus
was 4.97 larvae/host, and the overall parasitism rate was 26.3%. Parasitism rates and parasitoid loads varied considerably
among host population samples, and high parasitism rates were usually associated with high parasitoid loads.

Conclusions: Previously, detailed information about the infection behavior, life history, and host parasitism rates of
sarcophagid acoustic parasitoids was only available for one species, £. auditrix. This study reveals that the infection
behavior of E. erro is quite different from that of £. auditrix and, more broadly, unlike that known for any other species
of acoustic parasitoid. The life histories of these two Emblemasoma are also divergent. These differences suggest that
sarcophagid acoustic parasitoids are more behaviorally and ecologically diverse than previously recognized and in need
of further study.
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Background

For female parasitoids, successful reproduction usually
requires finding suitable hosts for their offspring. The
problem, of course, is that potential hosts generally do
their best not to be found. Sometimes, however, even
well-hidden host insects must produce intraspecific
communication signals, and these communication sig-
nals can be exploited by specialist parasitoids for use in
efficient, long-range host location (Godfray 1994; Zuk
and Kolluru 1998; Haynes and Yeargan 1999). Most
often, such ‘eavesdropping’ parasitoids intercept chemical
communications, but several species of flies (Diptera)
from two families, Sarcophagidae and Tachinidae, use
acoustic signals to find their hosts (Cade 1975; Soper
et al. 1976; Lakes-Harlan and Lehmann 2015). Acoustically
orienting tachinid parasitoids (tribe Ormiini) parasitize
crickets and katydids (Orthoptera) (Lehmann 2003), while
sarcophagid acoustic parasitoids, which are currently
placed in the genus Emblemasoma (sensu Pape (1990)),
parasitize cicadas (Hemiptera: Cicadidae) (Soper et al.
1976; Schniederkotter and Lakes-Harlan 2004). Because
acoustic signals are often more amenable to experimental
manipulation than pheromones, acoustic parasitoids have
become valuable model organisms for investigating sexual
signal exploitation and its consequences (e.g., Adamo
et al. 1995; Allen 1998; Gray and Cade 1999; Miiller and
Robert 2002; Lehmann and Lehmann 2006; Beckers and
Wagner 2011).

However, current knowledge of acoustic parasitoids is
heavily biased toward the ormiine tachinids, which have
received the majority of research (reviewed in Lehmann
2003). In comparison, our understanding of sarcophagid
acoustic parasitoids is far more limited. Emblemasoma
includes 16 described species (Pape 1996), but nearly
everything known about the basic biology, behaviors,
and ecology of these flies comes from study of a single
species, Emblemasoma auditrix (Shewell), which is a
specialist parasitoid of the cicada Okanagana rimosa
(Say) (e.g., Lakes-Harlan et al. 2000; Kohler and
Lakes-Harlan 2001; Schniederkotter and Lakes-Harlan
2004). No detailed information is available about the in-
fection behaviors or life histories of any other Emblema-
soma, and the only other record of phonotactic behavior
comes from a study in which the species of Emblemasoma
was not determined (Farris et al. 2008). Furthermore, no
information about host parasitism rates or parasitoid loads
is available for any species besides E. auditrix and its host
O. rimosa.

Considering that Emblemasoma are frequently refer-
enced in discussions of insect hearing and parasitoid
biology (e.g., Godfray 1994; Feener and Brown 1997;
Yager 1999; Yack 2004; Robert 2005; Hedwig and Robert
2014; Straufd and Lakes-Harlan 2014) and that their
‘ears’ have been the focus of multiple physiological
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investigations (Lakes-Harlan et al. 1999; Robert et al.
1999; Farris et al. 2008), it is perhaps surprising how lit-
tle we actually know about the basic biology and ecology
of any of these flies besides E. auditrix. As a conse-
quence, it is nearly impossible to make meaningful gen-
eralizations about sarcophagid acoustic parasitoids, and
drawing broader conclusions about acoustically orienting
parasitoids in general is similarly difficult.

In 2008, I discovered that adults of the cicada Tibicen
dorsatus (Say) (Figure 1), a large cicada that is common
in the grasslands of central North America (Cole 2008),
were sometimes infected with the larvae of a sarcopha-
gid parasitoid. After a preliminary investigation revealed
that this parasitoid was Emblemasoma erro Aldrich
(Figure 2) and that these flies were most likely locating
their hosts acoustically, I began a comprehensive study
of the basic biology of this fly. The only information
previously available about the biology of E. erro was a
record of a single female fly that had been reared from a
specimen of the cicada Quesada gigas (Olivier) in Brazil
(Lopes 1981) and a report of rearings from Tibicen sp. in
Texas, USA (Lakes-Harlan 2009).

In this paper, I 1) describe the host locating and larvi-
position behaviors of E. erro; 2) describe this parasitoid’s
life history; and 3) report the results of an investigation
of parasitism rates and parasitoid loads in natural popu-
lations of the host cicada, T. dorsatus. I then discuss the
following: the infection behaviors of E. erro in compari-
son with other acoustic parasitoids and other sarcopha-
gid parasitoids, potential host defenses, and the causes
of variation in host population parasitism rates and para-
sitoid loads, including empirical evidence that superpar-
asitism might contribute to high parasitoid loads in
some host populations. The results show not only that
the behaviors and life histories of sarcophagid acoustic
parasitoids are more diverse than previously recognized,
but also that the infection behaviors of E. erro are unlike
those known for any other acoustic parasitoid.

Methods

Study sites

Surveys of host populations, collections of adult hosts
and parasitoids, and field behavioral observations were
conducted at six primary study sites located in Ellsworth,
Harvey, McPherson, and Reno counties in central Kansas,
Hamilton County in western Kansas, and Prowers County
in eastern Colorado (Figure 3). The central Kansas sites
are located within the Central Great Plains level III
ecoregion, while the western Kansas and eastern Col-
orado sites are located near the boundary between the
High Plains and Southwestern Tablelands ecoregions
(US Environmental Protection Agency 2013). All sites
consisted of native midgrass or shortgrass prairie vege-
tation intermixed with riparian, woody vegetation, or
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Figure 1 Male Tibicen dorsatus, Harvey Co., KS.

planted trees. Supplemental collections of host cicadas
and adult flies for life history and behavioral study
were made at five additional locations in Kansas with
habitat that was similar to that at the primary study
sites (Figure 3).

Host locating and larviposition behaviors of E. erro

The host locating and larviposition behaviors of E. erro
were studied in three ways. First, natural cicada/fly inter-
actions were observed directly in the field whenever
possible during the summers of 2010 to 2014. Second,
artificial broadcasts of acoustic stimuli were used to test
for phonotactic behavior by female flies in the field; and
third, cicada/fly interactions were observed in a con-
trolled, outdoor laboratory environment. The methods
for these latter two approaches are next described in
more detail.

Field broadcasts of acoustic stimuli

Preliminary observations suggested that male cicadas’
acoustic signals played a role in host location by E. erro,
but such observations cannot assess whether acoustic
cues by themselves are sufficient to attract female para-
sitoids. To separate acoustic stimuli from other possible
sources of information about the location of potential
hosts (e.g., visual or olfactory), a loudspeaker was used
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in the field to broadcast audio that mimicked the calling
song of a typical male T. dorsatus.

Acoustic signals for attracting E. erro were generated by
gathering audio recordings of calling male T. dorsatus,
analyzing these recordings to estimate the mean values
of several acoustic parameters, then constructing model
acoustic signals that matched, as closely as possible, the
mean calling song of the species. To ensure that the
model acoustic signals were broadly representative of T.
dorsatus from the general study area, I obtained record-
ings of 20 different individuals of 7. dorsatus from six
field sites in Kansas. All recordings were made as un-
compressed, 16-bit PCM audio at a sampling rate of
44.1 kHz using a highly directional shotgun microphone
(Sennheiser ME66 or ME67 with a matched windscreen;
Sennheiser Electronic GmbH & Co. KG, Hannover,
Germany) and a digital audio recorder (Sony MZ-M200
or PCM-M10; Sony Corporation, Tokyo, Japan). To
minimize background noise while also avoiding near-
field acoustic effects in the frequency range of the cica-
das’ calling songs (Michelsen and Nocke 1974; Peterson
1980), recordings were typically made with the micro-
phone held at a distance of between 0.5 and 2 m from
the calling cicada. Most recordings were made directly
in the field, but in some cases, cicadas were captured
and placed in mesh cages, then recorded once they re-
sumed normal acoustic activity.

Each recording was analyzed to determine the values
of three acoustic variables: peak frequency, pulse group
(PQ) length, and PG rate. A ‘pulse group’ is defined as a
first-order assemblage of sound pulses (i.e., a train of
sound pulses) that is separated by silence from the rest
of the audio signal. It is the basic unit of temporal struc-
ture in the call of T. dorsatus (see Cole (2008) for a
spectrogram and oscillogram of the 7. dorsatus calling
song; note that Cole refers to PGs as ‘syllables’). Peak
frequency was estimated by identifying the highest peak
in a power spectral density plot generated by Audacity®
(Audacity Team 2012) using a 512-sample fast Fourier
transform with the Hann window function. If there were
two or more peak frequencies that differed by less than
0.5 dB, their average was taken as the overall peak fre-
quency. PG length and rate were determined using
custom-written software to analyze 10 s of audio from
the middle of each calling song recording. Following
these analyses, a single model acoustic signal was con-
structed using the T. dorsatus recording that was as
close as possible to the mean calling song observed for
the species (mean peak frequency =4,308 Hz [s = 444];
mean PG length =20.3 ms [s=1.45]; mean PG rate =
37.04 PG/s [s =2.25]). I also generated synthetic acoustic
signals constructed from amplitude-modulated sine
waves that exactly matched the observed mean acoustic
variable values.



Stucky Zoological Studies (2015) 54:30

Page 4 of 17

Figure 2 Female Emblemasoma erro, Ellsworth Co., KS.

Acoustic signals were broadcast in the field with a
custom-built, portable broadcasting system consisting of
a 12-V audio amplifier and a high-output, horn-loaded
tweeter speaker (PylePro PH44; Pyle Audio Inc., Brooklyn,
NY, USA) mounted in the top of a wooden box. Acoustic
signals were fed to the amplifier from either a portable
CD player or a flash memory-based digital audio player.
Broadcasts in the field were conducted either in the late
morning or afternoon when cicadas were naturally active,
usually for a duration of 4 to 8 min at one time. Flies that
were attracted to the broadcast speaker were captured by
hand.

Laboratory observations
Although natural cicada/fly interactions were occasionally
observed in the field, opportunities for such observation
were unpredictable and infrequent. Furthermore, close-
range observation was often impossible, and cicadas could
rarely be captured after an encounter with a fly to deter-
mine whether larviposition occurred. Consequently, ob-
servation of cicada/fly interactions in a more controlled
setting was also necessary.

Initial attempts to observe the infection behavior of E.
erro in 2010 used restrained cicadas and audio broadcasts
in an approach similar to that used by Schniederkotter

Colorado

Figure 3 Locations of study sites. Filled circles indicate the primary sites used for estimating host parasitism rates, and open circles indicate
secondary sites used for additional collections of cicadas and flies. Primary sites are referenced in the text by the counties in which they were
located: 1) Harvey Co., 2) McPherson Co., 3) Reno Co,, 4) Ellsworth Co., 5) Hamilton Co., and 6) Prowers Co. Both T. dorsatus and E. erro were
found at all 11 sites. The inset map indicates the location of the main map in the United States.
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and Lakes-Harlan (2004) for their study of E. auditrix. This
technique was unsuccessful for E. erro, however, so further
experiments with immobilized cicadas were abandoned.

Instead, unrestrained cicadas and flies were allowed
to freely interact in outdoor cages during behavioral
experiments in 2012 and 2013. For each infection be-
havior trial, one female fly was released into a mesh
cage containing one or two uninfected male cicadas.
Three types of cage were used: a cylindrical cloth mesh
cage approximately 27 cm in diameter and 39 cm high;
a larger cylindrical cloth mesh cage approximately
46 cm in diameter and 66 cm high; and a much larger,
rectangular screen ‘flight cage’ with a square base and
walls approximately 1.8 m on each side and just over
2.1 m high at the center of the top. The behaviors of
the fly and cicada(s) were then observed carefully
throughout the duration of the trial. If the fly appeared
to directly contact the cicada with the tip of her abdo-
men or otherwise attack the cicada, the cicada was im-
mediately removed and inspected for the presence of
fly larvae. In most trials, the cicada and fly were not
physically disturbed inside of the cage, but in some
cases the cicada was induced to flight by the experi-
menter to observe the fly’s response. Trials ended
when a fly larviposited upon a cicada or the fly no lon-
ger showed interest in the cicada(s) in the cage. To
avoid overly stressing the animals, trials were also usu-
ally terminated after a fly made several attempts to at-
tack a cicada even if larviposition was not observed. If
the infection status of a cicada could not be deter-
mined by visual inspection immediately after a trial,
the cicada was not used in further trials for at least
48 h in order to verify whether it had become infected.
No single female fly was used to infect more than two
cicadas. Whenever a fly larviposited on a cicada, I
attempted to immediately count the number of larvae
deposited. This was not always possible, though, and in
these cases, the total number of larvae was determined
by rearing the parasitoids or dissecting the host.

All cicadas used for this part of the study were mature
adult male T. dorsatus that were captured directly in the
field. Captured cicadas were maintained outdoors in
large cloth mesh cages placed over live branches of
green ash (Fraxinus pennsylvanica), which provided the
cicadas with a suitable food source. After capture, and
before exposing them to parasitoids, all cicadas were
closely monitored for up to 9 days to determine whether
they had already been parasitized in the field by E. erro.
Only unparasitized cicadas were used for studying cicada/
fly interactions. Adult female E. erro were obtained by
broadcasting the model call of 7. dorsatus in the field,
as described above, and collecting attracted female flies
by hand. Flies were kept in small mesh cages in the labora-
tory and provided with sucrose and water ad libitum.
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Life history of E. erro

The timings of key life history events for E. erro were es-
timated by rearing parasitoids from hosts that were nat-
urally infected in the field, infected during the behavior
studies described above, or artificially infected in the lab.
To artificially infect cicadas in the laboratory, a female E.
erro was first anesthetized by chilling the insect at ap-
proximately 4°C for several minutes. The fly was then
decapitated, placed on a piece of moistened filter paper
on a watch glass, and live first-instar larvae were care-
fully dissected from the fly’s abdomen. Individual larvae
were transferred to uninfected adult 7. dorsatus cicadas
using the moistened tip of a fine artist’s brush. Most lar-
vae were placed on the intersegmental membrane at the
base of the cicada’s wings, but some were placed at the
lateral junction of the metathorax and mesothorax or
the junction of the metathorax and the first abdominal
tergum. A fine insect pin was sometimes used to make a
small puncture in the membrane at the wing base in
order to facilitate the larvae’s entry into the host’s body.
Larvae from a single female fly were never used to infect
more than two cicadas.

All infected cicadas were kept in outdoor, mesh cages
as described above. Cicadas were checked several times
daily, and any individuals that died or appeared mori-
bund were moved indoors into small plastic emergence
containers to capture emerging fly larvae. Once a host
was moved to a larval emergence container, video re-
cording was used to capture the precise time and loca-
tion of larval egress from the host. If no larvae were
observed in an emergence container approximately 48 h
after host death, or if only undersized larvae emerged,
the dead cicada was dissected to check for additional fly
larvae.

Parasitoid larvae that emerged from their host were
provided with fine sand in which to burrow and pupari-
ate. Once pupariation was complete, bits of moist paper
towels were placed in the emergence containers to help
maintain suitable humidity, and the puparia were kept at
room temperature (generally 24°C to 28°C) and exposed
to the approximate natural daily photoperiod. The emer-
gence containers were fitted with screen tops to capture
any eclosing adult flies.

To better understand how biotic and abiotic factors in-
fluence larval development, I evaluated the effects of
two key variables - effective clutch size (the number of
larvae from a clutch that successfully develop inside a
host) and the ambient temperature experienced by the
host - on the total time larval parasitoids spent inside
their host (the ‘larval residence time’). These variables
were chosen because temperature affects the develop-
ment and growth rates of insects in general (Harrison
et al. 2012), and the number of larvae inside a host
might influence how rapidly the host is consumed. For
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this analysis, larval residence time was calculated as the
total elapsed time, in hours, from the moment a larva
was deposited on a cicada until the larva emerged from
its host. Effective clutch size was taken as the total num-
ber of larvae that emerged from a host (because the host
cicadas for this analysis were infected in the behavior
studies or in the lab, all larvae inside a host were known
to be from the same clutch). Temperature was calcu-
lated as the mean ambient air temperature experienced
by each parasitized host. Temperature data were taken
from the Daymet 1-km daily surface weather dataset
(Thornton et al. 1997, 2014). The overall mean ambient
air temperature experienced by a parasitized cicada was
estimated by averaging the daily minimum and max-
imum temperatures for each day that the cicada was in-
fected up to the time of larval egress from the host. The
relationship among these three variables was analyzed
using multiple linear regression with effective clutch size
and temperature as the explanatory variables. To avoid
potential non-independence problems caused by related
larvae sharing the same host cicada, the data were sum-
marized at the level of the host cicada; that is, for each
host with multiple parasitoid larvae, the mean residence
time for all larvae from the host was used in the analysis
instead of the residence time for each parasitoid larva.
Diagnostic plots of the standardized residuals were used
to verify the fit of the regression model. This, and all
other statistical analyses, was conducted in R version
3.1.1 (R Core Team 2014). Note that larvae from parasit-
ized cicadas captured in the field could not be included
in this analysis because it was not known when these lar-
vae were deposited on their hosts.

Host parasitism rates and parasitoid loads

To obtain population samples for estimating host para-
sitism rates, adult T. dorsatus were surveyed by walking
through the habitat at a study site and attempting to
capture all T. dorsatus that were observed perched in the
vegetation or disturbed into flight. Teneral or recently
emerged cicadas were excluded because male cicadas do
not develop full calling capabilities or begin sexual acous-
tic behaviors until several days after eclosion (Maier 1982;
B. Stucky, unpublished data). Captured cicadas were
maintained in captivity to rear the parasitoids from all in-
fected cicadas, determine the total number of infected ci-
cadas in each sample, and determine the parasitoid load of
each host, following the methods described above.

Cicada population surveys were conducted at the six
primary study sites in July, August, or early September
of 2011 to 2014, although not all sites were sampled all
3 years (Table 1). The survey dates were limited by when
adult T. dorsatus were actually present in the field,
which varied from year to year. In 2012, for example,
adult T. dorsatus were abundant in central KS by July 1,
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but they did not reach similar abundance in 2013 until
the latter half of July.

By the time the first population samples were collected
in 2011, I had established that the male cicada’s calling
song was a critical cue used by female parasitoids to lo-
cate their hosts. Consequently, surveys from 2011 to
2013 focused on male cicadas only (females do not pro-
duce sound) in order to use the limited space available
for housing these large insects as efficiently as possible.
In 2014, both female and male cicadas were sampled at
the field sites in Harvey, McPherson, and Reno counties
in central Kansas.

Logistic regression (generalized linear models with
binomial-distributed response and logit link function)
was used to evaluate whether host parasitism rates var-
ied among the field sites and whether sample year or
sample date also influenced parasitism rates. The pro-
portion of parasitized cicadas in population samples was
modeled with field site, year, and ordinal sample date as
possible predictor variables. Both field site and year were
treated as categorical variables. To test the effects of in-
dividual predictors and decide which variables to retain
in the model, nested models were compared using the
difference of their deviance statistics (i.e., likelihood-ratio
tests) (Dobson and Barnett 2008). Standardized residuals
plots were examined to check for any problems with
model specification. To further assess the final model
fit, the likelihood-ratio (also known as McFadden) pseudo
R? was calculated (McFadden 1974; Menard 2000).

Early in this study, it became clear that parasitoid
loads varied among the population samples. One pos-
sible cause of such variation is superparasitism, which,
for gregarious parasitoids such as E. erro, is expected to
occur more often when unparasitized hosts are rare
(Godfray 1994). Unparasitized hosts are rare when para-
sitism rates are high, so to test for this causal relation-
ship, I used simple linear regression to evaluate whether
high host parasitism rates corresponded with high para-
sitoid loads. For this analysis, each data point was the es-
timated mean host parasitoid load and parasitism rate
for a single study site in a given year. Yearly population
samples for which fewer than three parasitized cicadas
were available to estimate the mean parasitoid load were
excluded from the analysis. Parasitism rate was used as
the explanatory (i.e., x-axis) variable, and because para-
sitism rates were estimated from population samples,
some of which were small, there was the possibility of
substantial measurement error. Consequently, the re-
gression analysis was likely to suffer from slope attenu-
ation bias, in which the slope estimator is biased to be
less than the true slope (Bulmer 1979; Smith 2009). To
compensate for this, I used the sizes of each population
sample to estimate the mean measurement error variance
across all population samples. I then used this estimate of
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Table 1 Observed parasitism rates of male T. dorsatus in the field
Study site Dates Infected Uninfected Total % infected 95% CI
McPherson Co. Site summary (2012 to 2014) 3 45 48 63 2.1t016.8
2012: July 2, 4 0 12 12 0.0
2013: Aug. 2, 20 0 10 10 00
2014: Aug. 3, 12 3 23 26 1.5
Prowers Co. Site summary (2013 to 2014) 27 9 36 750 589 to 86.2
2013: Aug. 22, 28 1" 4 15 733
2014: Aug. 21, Sept. 4 16 5 21 76.2
Hamilton Co. Site summary (2013 to 2014) 10 3 13 769 49710918
2013: Aug. 22, 28 6 3 9 66.7
2014: Aug. 21 4 0 4 100.0
Harvey Co. Site summary (2011 to 2014) " 51 62 17.7 10.2 to 29.0
2011: Aug. 12 1 9 10 10.0
2012: July 7, 12 5 13 18 27.8
2013: Aug. 5, 12 3 14 17 176
2014: Aug. 9, 12 2 15 17 1.8
Reno Co. Site summary (2011 to 2014) 8 65 73 11.0 5.7 to 20.2
2011: Aug. 14, 15 1 3 4 250
2012: July 16, Aug. 17 1 13 14 7.1
2013: July 23 0 15 15 0.0
2014: Aug. 4, 11 6 34 40 15.0
Ellsworth Co. Site summary (2011 to 2013) 1 23 34 324 19.1 to 49.2
2011 Aug. 11 5 3 8 62.5
2012: Aug. 19 2 1 3 66.7
2013: Aug. 10, 17 4 19 23 174
Overall 70 196 266 26.3 21410 319

Observed parasitism rates are given for each study site for all sample years combined, with the yearly observations for each site given below the site summary
rows. The overall totals for all sites and years combined are given at the bottom of the table. ‘Infected’ is the number of parasitized cicadas that were captured,
‘Uninfected’ is the number of unparasitized cicadas, ‘Total’ is the total number of cicadas captured, and ‘95% CI’ is the Wilson 95% confidence interval for the
population estimate of the percentage of infected male cicadas. Refer to Figure 3 for study site locations.

the error variance with the method of moments estimator
(MME) of the bias correction factor (Carroll and Ruppert
1996; Smith 2009) to calculate an attenuation-corrected
slope estimate. Diagnostic plots of the standardized resid-
uals were used to verify the fit of the simple linear regres-
sion model.

Additional statistical methods

All confidence intervals (Cls) for population proportion
estimates were calculated using the Wilson method (also
known as the score confidence interval) because of its
good performance across a broad range of sample sizes
(Wilson 1927; Agresti and Coull 1998). CIs for the esti-
mates of population means were constructed using the
standard t-distribution method when possible (Whitlock
and Schluter 2009), but in cases where the population
distribution appeared to be non-normal (as determined
by examining plots of sample distributions), CIs were
calculated using the bootstrap-t resampling method with

1,000,000 replicates (Efron and Tibshirani 1993; Carpenter
and Bithell 2000). Bootstrap-¢ resampling with 1,000,000
replicates was also used to compare the means of non-
normally distributed populations. Throughout this paper,
‘s’ is used to indicate the sample standard deviation.

Results

Host locating and larviposition behaviors of E. erro

Host locating behavior

Field and laboratory observations of cicada/fly interac-
tions and field broadcasts of the T. dorsatus call all con-
firmed that E. erro uses the calling songs of male cicadas
as the primary cue for locating potential hosts. In the
field, I was able to observe, at relatively close range, the
interactions between 14 T. dorsatus cicadas and E. erro
flies. All of the cicadas involved in these interactions
were males, 13 of which were acoustically active while I
observed them. Seven individual flies were observed in
the process of locating a perched cicada (either by flight
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or walking), and in every case, the perched cicada was
calling while the fly was moving toward it. In the other
observed cicada/fly interactions, the flies were already
perched near the cicada when I first saw them and I did
not observe how, or when, the flies actually arrived near
these cicadas. I never saw flies near perched female cica-
das, which cannot produce sound.

During the infection behavior trials in outdoor cages
in 2012 and 2013, female flies in the experiment cages
typically showed an immediate, strong phonotactic re-
sponse to calling cicadas. When a cicada in the cage
began to call, a fly would either walk towards the calling
cicada, fly to within several centimeters of the cicada
and then walk towards it, or, in some cases, fly directly
to, and land on, the calling cicada. Thus, both field and
laboratory observations of cicada/fly interactions pro-
vided strong circumstantial evidence that E. erro use the
acoustic calls of cicadas to locate their hosts, but such
observations cannot definitively rule out the possibility
that some other source of information was actually being
used, such as visual or olfactory cues.

Field broadcasts of the model T. dorsatus calling song
furnished unambiguous evidence that acoustic cues, by
themselves, are sufficient to attract female flies. The model
T. dorsatus calling song was broadcast at least once at all
six primary field sites. E. erro were attracted to the broad-
cast speaker at every location. Flies often arrived within a
few seconds of the start of a broadcast, and it was not un-
common to see multiple flies perched on the top of the
speaker box at the same time. At least two or more flies
were collected at each primary field site, and more than
60 E. erro in total were captured during this study. Often,
many more flies arrived at the broadcast speaker than
could be captured by hand. I did not attempt to quantify
the number of flies that arrived and were not captured,
however, because individual flies will sometimes arrive
at and leave the speaker multiple times during a single
broadcast (B. Stucky, personal observation), making
any such counts unreliable. The broadcast apparatus
never attracted any flies when the loudspeaker was not
operating.

Larviposition behavior
Acoustic cues and phonotaxis are clearly critical for E.
erro to locate its hosts, but the calling song by itself
never induced E. erro to larviposit in the absence of a
host. Despite the large numbers of flies that were attracted
to the calling song broadcasts, no fly larvae were ever
found on the speaker or surface of the speaker box follow-
ing a broadcast of the model 7. dorsatus call.
Furthermore, laboratory observations of infection be-
haviors revealed that, even when a potential host was
present, the cicada’s calling song was still not the stimu-
lus that ultimately triggered larviposition. Although
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cicadas often called during the infection behavior trials
in 2012 and 2013, in no case did this directly result in lar-
viposition by a female fly. Instead, once a fly had moved to
within a few centimeters of a calling cicada by orienting to
the cicada’s calling song, it would typically remain more or
less stationary next to the cicada with its head facing to-
ward the cicada’s body. At this point, repeated calls from
the cicada usually resulted in relatively little additional
movement from the fly. However, if the cicada moved ei-
ther by walking or flight, the fly usually attempted to
maintain its proximity to the potential host. Thus, if the
cicada began walking, the fly would typically follow it from
a short distance (e.g., 2 to 3 cm away). If the cicada took
flight, the fly almost always immediately took flight as well
and attempted to follow the cicada in the air.

Sometimes, cicada locomotion resulted in a larviposi-
tion attack by the fly, and all evidence suggested that at
least some movement by the cicada was essential for lar-
viposition. Seventeen incidents of successful larviposi-
tion were obtained during the infection behavior trials in
2012 and 2013, and in every case, larviposition was only
observed when cicadas were in motion. I was able to de-
termine the moment of larviposition for 15 of these at-
tacks. Of these, five (33.3%) occurred while the cicada
was in flight; the remaining ten attacks (66.7%) occurred
while the cicada was either walking, flapping its wings,
or both. In a few cases, the cicadas that were attacked
never called at all during the time the fly was in the
cage. These cicadas were ‘discovered’ by the flies purely
due to their physical movement in the cage, further indi-
cating that movement by a potential host, not sound,
provides the visual cues that ultimately trigger larviposi-
tion. As a further example, in 2012, I experimented with
releasing a female T. dorsatus (which cannot produce
sound at all) in the air in front of a female fly. The fly
eventually followed the cicada and larviposited on it in
flight.

Successful larviposition attempts resulted in the depos-
ition of one or more tiny first-instar larvae directly upon
the exterior of the cicada’s body (Figure 4). A sticky secre-
tion also usually accompanied the larvae, presumably to
help them adhere to the host. Flies appeared to briefly
contact the cicada with their abdomens during larviposi-
tion, but high-speed video recording would be needed to
reveal the exact mechanics of this process. After larviposi-
tion, the larvae immediately began searching for an area
of intersegmental membrane through which to burrow
and enter the host’s body. The larvae typically entered the
host quite rapidly, disappearing after anywhere from a
matter of seconds to a few minutes.

Although the location of larvae deposition could not
be determined in all cases because the larvae sometimes
disappeared into the host’s body before they could be
observed, the evidence suggests that flies prefer to attack
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by blue arrow). The cicada’s head and foreleg are at top center.

Figure 4 Larviposition by E. erro. A first-instar larva of E. erro on the right fore wing of a T. dorsatus moments after larviposition (larva indicated

J

the base of a host’s wings. Of 15 attacks for which the
exact location of larviposition was determined (out of 17
total successful attacks), 1 (6.7%) was on the base of a
fore leg, 2 (13.3%) were on the abdomen, and 12 (80%)
were either directly on the wings (usually near the base)
or on the pterothorax or the first two abdominal seg-
ments next to the base of the wings. Left/right orienta-
tion was recorded for 14 of the 15 attacks, and of these,
9 (64.3%) were on the left side of the cicada’s body, 3
(21.4%) were on the right side, and 2 (14.3%) were ap-
proximately medial. In their studies of the infection be-
haviors of E. auditrix, Schniederkotter and Lakes-Harlan
(2004) discovered that E. auditrix preferentially attacked
the left side of potential hosts. Most laterally oriented at-
tacks by E. erro also occurred on the left side of the cica-
da’s body (9 of 12, or 75%), but this asymmetry was not
statistically significant for this sample size (exact bino-
mial test, p = 0.146).

The number of larvae deposited by a single female fly on
a host cicada during the infection behavior trials (i.e., the
clutch size) varied from a minimum of one to a maximum
of six, but more than 80% of the time, flies (14 of 17) de-
posited three or fewer larvae. The mean clutch size was
2.53 (95% bootstrap-¢ CI: 1.85 to 3.45 larvae/host, s = 1.50,
n = 17 hosts) and the median was 3.

Observations of fly behavior in the field appeared to
corroborate the infection behaviors in the lab. I observed
eight male T. dorsatus that each produced one or more
complete calling songs (as many as five in one case)
while an E. erro was perched next to the cicada. In no

case did the calling song appear to trigger an attempt at
larviposition. Just as in the laboratory, flies often waited,
nearly motionless, next to calling cicadas, and if a cicada
in the field crawled up or down the vegetation it was
perched on, the fly usually followed it. If the cicada took
flight, the fly usually also took flight and followed the ci-
cada in the air.

As in the cage infection behavior trials, flies in the
field only seemed to attack a cicada if the cicada was in
motion or had just moved, and most apparent attacks
occurred when the cicada was in flight. On two such oc-
casions, cicadas that were evidently struck in the air by
E. erro had their flight disrupted to such an extent that
the cicadas crashed to the ground. Unfortunately, I
could not determine with absolute certainty whether any
of the flies I observed in the field actually larviposited on
the attacked cicadas. I was able to capture eight cicadas
shortly after their interactions with E. erro, but I was un-
able to locate first-instar fly larvae on any of them. Con-
sidering how rapidly larvae can burrow into their host’s
body, it is likely that they had already disappeared from
view by the time I was able to look for them. Parasitoids
were reared from all eight cicadas, though, so it is very
likely that at least some became infected during the ob-
served cicada/fly interactions.

Life history of E. erro

From the moment of larviposition until they completely
exited the host’s body, E. erro larvae spent, on average,
88.0 h residing inside their host (95% CI: 81.19 to
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94.76 h, s =17.1, n =27 larvae from 13 host cicadas and
10 female flies, range = 61.3 to 116.0). Multiple regression
analysis of these data revealed that both temperature
and effective clutch size had significant effects on lar-
val residence time. Together, these two variables ex-
plained more than 93% of the observed variation in
residence times (R?=0.934; p values for the coeffi-
cients of both explanatory variables were <0.002). In-
creases in either ambient temperature or the number
of larvae in a host were associated with a decrease in
residence time (the estimated relationship was residence_
time =211.2 - 4.14  temperature — 550 effective_clutch_
size) (Figure 5). By the time all larvae left an infected host,
it was common to find all soft tissues inside the cicada’s
body entirely consumed so that nothing but the exoskel-
eton remained.

To exit their host, larvae used their oral hooks to bur-
row through intersegmental membrane, and they usually
emerged by squeezing between one of the cicada’s oper-
cula and its abdomen (Figure 6). The exact location of
egress was observed for 83 larvae from 28 T. dorsatus
hosts, and of these, 64 (77.1%) exited from behind one
of the cicada’s opercula. Of the remaining larvae, 16
(19.3%) exited next to the pygofer or terminal abdominal
segments at the apex of the abdomen, and 3 (3.6%) bur-
rowed through the membrane between the head and
prothorax.

After leaving their host, larvae immediately burrowed
into the soil (or sand, in the case of the emergence
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Figure 5 Relationship of effective clutch size and temperature
to larval residence time. Each data point represents the mean
residence time of the parasitoid larvae inside a single host cicada
along with the effective clutch size (number of larvae emerging
from the host) and the mean air temperature experienced by the
host during parasitoid development. The planar surface represents
the multiple linear regression model of the effects of temperature
and effective clutch size on larval residence time. Lines connected to
the data points indicate the vertical distance of each data point
from the regression surface (i, the residuals).
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containers) to pupariate. Although more than 300 E. erro
larvae were obtained from infected T. dorsatus speci-
mens during the course of this study, relatively few of
these were successfully reared to the adult stage. Fifty-
three flies survived to adulthood, and the times of both
larval egress from the host and adult eclosion were ob-
tained for 31 of these flies. Adult flies eclosed 18.4 days,
on average, after leaving their host (95% CI: 18.02 to
18.69 days, s=0.91, n =31 flies from 15 host cicadas,
range = 16 to 20 days). The lifespan of adult flies in the
field is unknown. Adult flies maintained in the labora-
tory survived as long as 92 days.

The lifetime reproductive potential of female E. erro
was not determined, but I did dissect 14 gravid female
flies that were collected at audio broadcasts of the T.
dorsatus calling song in 2013 and 2014 and counted all
larvae contained within their abdomens. These flies car-
ried as few as 3 and as many as 174 larvae in their incu-
batory pouches, with a mean of 60.7 larvae per fly (s=
57.5). The observed distribution of larvae counts was
strikingly bimodal: Three flies had more than 150 larvae,
while all of the rest had fewer than 80. The larvae of the
four flies with the largest larvae counts were noticeably
smaller than those from the remaining flies and gener-
ally had less well-developed bristles. Remnants of egg-
shell were still visible in the incubatory pouches of three
of these flies, suggesting that the larvae had recently
hatched.

Host parasitism rates and parasitoid loads

Parasitism rates

The results of the 7. dorsatus population surveys for the
prevalence of E. erro infection are presented in Table 1.
Parasitized T. dorsatus were collected at all six of the
primary study sites, although infected cicadas were not
detected in all population surveys. All parasitoids that
were reared to the adult stage were identified as E. erro,
and the morphologies of all other larvae and puparia
that were obtained were also consistent with E. erro. No
hyperparasitoids of E. erro were observed.

Across all four sampling years (2011 to 2014) and all
six primary study sites, the overall observed parasitism
rate for T. dorsatus males was 26.3% (95% CI: 21.4 to
31.9%, n =266 cicadas). The surveys in 2014 also in-
cluded a sample of 28 female 7. dorsatus from the cen-
tral KS field sites (in Harvey, McPherson, and Reno
counties), and of these, one female cicada was infected
with E. erro larvae (3.7%; 95% CI: 0.7% to 18.3%).

There was substantial variation in observed parasitism
rates among the population samples (summarized in
Table 1). The results of the logistic regression analysis
suggested that much of this variation was due to differ-
ences among field sites, with sampling year possibly also
having a small effect (likelihood-ratio tests of field site
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deceased male T. dorsatus from Prowers Co., CO.

Figure 6 Emergence of E. erro from its host. A mature larva of £ erro emerges from between the left operculum and the abdomen of a

and year as predictors: p <0.00001 and p =0.0663, re-
spectively). The model including these two predictor
variables seemed to explain the data reasonably well,
with pseudo R” = 0.549. Nevertheless, this result must be
interpreted with caution. The westernmost field sites
often had the highest sample parasitism rates, but be-
cause of logistical constraints, these sites were always
surveyed later in the summer than the other field sites
(Table 1). Thus, the variable field site was at least par-
tially collinear with sample date. Consequently, the high
parasitism rates observed at these sites could have been
due, at least in part, to seasonal effects rather than in-
herent site differences.

Parasitoid loads

The mean parasitoid load of all field-collected infected
cicadas was 4.97 larvae/host (95% bootstrap-¢ CI: 4.23 to
5.92 larvae/host, s =3.95, n =91 hosts, range = 1-19 lar-
vae/host) and the median was 4, reflecting the strong
right skew of the distribution (Figure 7).

The parasitoid loads of field-collected infected cicadas
were often much higher than the clutch sizes of larviposit-
ing females in the laboratory infection trials. A bootstrap-¢
comparison of means confirmed that the mean clutch size
of female parasitoids (2.53 larvae/host) was significantly
less than the mean parasitoid load of hosts in the field
(4.97 larvae/host) (95% bootstrap-t CI: 1.32 to 3.52 fewer
larvae/host, p < 0.0001).

Overall, there was a strong, positive relationship be-
tween host cicada parasitism rates and mean parasitoid
loads per host (Figure 8), with parasitism rate explaining
about 65% of the variation in mean parasitoid load
(simple linear regression: b = 8.29, R = 0.650, p = 0.0048).
The estimated slope of the relationship was 8.29, but the

imprecision of the parasitism rate estimates meant that
this slope estimate likely suffered from attenuation bias.
The estimated bias correction factor was approximately
1.117, giving an attenuation-corrected slope estimate
of 9.25.

Discussion

The results of this study provide the first detailed infor-
mation about the infection behaviors and life history of
any species of Emblemasoma besides E. auditrix. Both
laboratory and field observations reveal that E. erro find
their hosts by eavesdropping on the sexual communica-
tion signals of male cicadas. When a female E. erro lo-
cates a calling cicada, she waits to attack until the host
is in motion, and larviposition on flying cicadas is not
uncommon. The results also show that male T. dorsatus
are commonly parasitized by E. erro and that there can
be substantial variation in population parasitism rates
and parasitoid loads. I next discuss the behavior and life
history of E. erro, especially in comparison to other
acoustic parasitoids and other sarcophagid parasitoids;
assess possible host defenses; and discuss possible causes
of variation in host parasitoid loads and parasitism rates.

Host locating and infection behaviors of E. erro

E. erro’s use of phonotaxis to locate potential hosts is
similar to that reported for other acoustically hunting
parasitoids (Soper et al. 1976; Lehmann 2003; Lakes-
Harlan and Lehmann 2015), but E. erro’s preference for
attacking moving targets is apparently unique among
known acoustic parasitoids. For example, E. auditrix, the
only other Emblemasoma for which larviposition behav-
iors are known, will aggressively attack stationary or
restrained cicadas. Upon finding a male cicada, female E.
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Figure 7 The distribution of parasitoid loads (larvae per host) of infected cicadas in the field.
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auditrix exhibit a stereotyped behavioral sequence in
which the female fly immediately attempts to squeeze
underneath the perched cicada’s wings to gain access to
the cicada’s timbal region. She then uses specialized ter-
minal abdominal sternites to cut through the cicada’s
timbal membrane and injects larvae directly into the
host’s body (Schniederkotter and Lakes-Harlan 2004).
Female E. erro lack any comparable abdominal modifica-
tions, but larvipositing through the host’s timbal would
likely be impossible for E. erro anyway, because male
Tibicen dorsatus have timbals that are fully protected by
well-developed timbal covers. In contrast, E. auditrix’s
host cicada, O. rimosa, lacks timbal covers entirely.
Tachinid acoustic parasitoids of the tribe Ormiini will
also attack stationary hosts, and they will even larviposit
without visual or tactile confirmation of a host’s location.
For example, Homotrixa alleni Barraclough, Ormia
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Figure 8 Relationship between host parasitism rate and mean
parasitoid load per host. Each data point represents 1 year of host
population sampling data for a single study site. The solid line (blue
in the color figure) represents the linear regression model for

the data.

depleta (Wiedemann), and O. ochracea (Bigot) will all
deposit larvae at a sound source regardless of whether
or not a potential host insect is actually present (Cade
1979; Fowler 1987; Allen et al. 1999). For E. erro, the
host’s calling song was never sufficient by itself to trigger
larviposition, even when a potential host was present. In
contrast to E. erro, ormiine tachinids are all nocturnal
parasitoids of Orthoptera, and their willingness to larvi-
posit in the absence of a host probably reflects an almost
total reliance on acoustic cues at night. For acoustic par-
asitoids such as E. erro that are active during the day,
requiring visual confirmation of a suitable host prior to
larviposition allows for more precise placement of larvae
and undoubtedly decreases the number of larvae that
are wasted by the female fly.

In comparison to the larviposition behaviors of other
acoustic parasitoids, E. erro’s tendency to attack flying ci-
cadas is especially striking. One third of the successful
attacks observed in the experiment cages took place
while the cicada was in flight, but this is almost certainly
an underestimate of the true frequency of flight-based
attacks in nature. Due to the size of the cages used in
the trials, most attempts by flies to follow cicadas in the
air resulted in failure because the cicada crashed into a
side of the cage before the fly could approach and orient
itself to the flying cicada. It was hoped that the large’-
flight cage’ would alleviate this problem, but even it ap-
peared to be too small for most aerial attacks to succeed.
Nevertheless, flies seemed much more reluctant to attack
potential hosts that were not in flight.

This conclusion is further supported by observations
in the field, where nearly all apparent larviposition at-
tacks occurred while cicadas were in flight. Flies some-
times even followed a single cicada from perch to perch,
waiting patiently next to the cicada each time it landed,
but never attempting to attack while the cicada was not
flying. As an example, in 2013, I observed a male T. dor-
satus calling from a grass flowering culm with a female
E. erro perched on the opposite side of the stalk near the
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cicada’s abdomen. The fly was nearly motionless until
the cicada backed a short distance down the stalk, caus-
ing the fly to move with him nearly in unison, but the
fly made no move to attack the cicada. When the cicada
flew a short distance (approximately 1 to 2 m) to a new
perch, the fly closely followed him in the air, landed next
to the cicada, and again remained nearly motionless
while the cicada began calling. The cicada flew twice
more, with the fly following both times, and after the
final flight of at least 30 m, I captured the cicada and
later reared two E. erro larvae from it.

While E. erro’s behavior of larvipositing on hosts while
they are in flight or otherwise in motion might be different
from E. auditrix and tachinid acoustic parasitoids, it is
remarkably similar to the larviposition behaviors reported
for some sarcophagid parasitoids of the genus Blaesoxipha
that parasitize acridid grasshoppers. B. aculeata (Aldrich),
B. caridei (Brethes), B. kellyi (Aldrich), B. redempta
(Pandellé), and B. reversa (Aldrich), among others, have
all been reported to attack grasshoppers while in flight
(Coquillett 1892; Kelly 1914; Aldrich 1916; Lloyd 1951;
Rees 1973; Povolny and Verves 1997). Kelly (1914) pro-
vided a detailed description of the larviposition behaviors
of B. kellyi, reporting that grasshoppers were attacked ei-
ther on the wing or on the ground, and that grasshoppers
were only attacked when they were in motion (but see
Smith 1915). Furthermore, both B. kellyi and B. reversa
typically place larvae near the base of a host’s wings, much
like E. erro (Kelly 1914; Rees 1973).

It is worth noting that early last century, Beamer
(1928) and Kelly (1914), both working in Kansas, reported
seeing cicadas pursued by flies while in flight. Beamer
noted that ‘the flies follow but a few inches away, and
sometimes seem almost to alight on the body of the ci-
cada.’ Although their observations were largely adventi-
tious and incidental, and neither author identified the
flies involved, it seems plausible in retrospect that their
papers might have been the first published records of E.
erro’s host infection behavior.

Infection of female hosts

Given E. erro’s primary host-finding mechanism, male ci-
cadas are clearly the primary targets of infection by this
parasitoid. However, the observation of a fly larvipositing
on a female cicada in the laboratory, along with the 2014
survey of female T. dorsatus in the field, confirms that
female cicadas are also sometimes attacked.

Since female cicadas are silent, how are they discov-
ered by E. erro in the field? One possibility is that, sim-
ply by chance, they happen to fly within the visual range
of a perched female E. erro. Perhaps more likely, though,
female T. dorsatus and female E. erro might sometimes
encounter one another while seeking male cicadas. Like
E. erro, female cicadas perform phonotaxis in response
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to males’ calls, so female cicadas could become parasit-
ized if they were attracted to the same calling male as a
female E. erro. In any case, despite many hours spent
observing cicadas in the field, I never witnessed any inter-
actions between female E. erro and female T. dorsatus, so
such encounters must be rare in comparison to encoun-
ters between male cicadas and female E. erro. However, E.
erro’s occasional use of female hosts is not unique. Several
other species of acoustic parasitoids that primarily attack
male hosts are also known to sometimes parasitize females
(Soper et al. 1976; Lehmann 2003).

Phenology and fecundity of E. erro

Little is known of the seasonal phenology of E. erro. In this
study, adult flies were observed in the field as early as June
13 (in 2012) and as late as September 4 (in 2014), and
these were also the earliest and latest dates that I
attempted to find them. The rearing data strongly suggest
that E. erro is multivoltine in the geographic area covered
by this study. With a total development time from larvipo-
sition to adult eclosion of about 22 days, it seems possible
that there could be at least three generations per year. E.
auditrix, in contrast, is apparently univoltine (Soper et al.
1976; de Vries and Lakes-Harlan 2005).

Female E. erro were observed with as many as 174
first-instar larvae, nearly 3.5 times the maximum of 50
observed for E. auditrix (De Vries and Lakes-Harlan
2005). The apparently large difference in fecundity be-
tween these two species might be at least partially ex-
plained by their larviposition behaviors and life histories.
E. auditrix deposits larvae directly inside a host’s body,
one larva per host, and all available evidence suggests that
E. auditrix is a solitary parasitoid (Soper et al. 1976). By
injecting larvae into its hosts, E. auditrix likely ‘wastes’
relatively few larvae during larviposition, and as a solitary
parasitoid, it is plausible that multiple larvae inside a sin-
gle host would physically attack one another (Godfray
1994). Under these conditions, females might benefit by
producing fewer, larger larvae to increase their chances of
survival. In contrast, because E. erro deposits its larvae on
the exterior of a host, it is likely that some percentage of
these larvae never manage to make it inside the host’s
body. Moreover, E. erro is a gregarious parasitoid, and as
such, larvae probably face little direct physical aggression
from conspecifics (Godfray 1994). For E. erro, then, invest-
ing fewer resources in more larvae might increase a
female’s lifetime reproductive success. Some tachinid
acoustic parasitoid species, which deposit their larvae even
more haphazardly, also have large larval complements
(Wineriter and Walker 1990; Allen et al. 1999; Kolluru
and Zuk 2001), and although behavioral data for other sar-
cophagid parasitoids is extremely limited, at least some
parasitoid species in the genus Blaesoxipha also appear to
follow this pattern (Middlekauff 1959).
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Host defenses and mortality

Once discovered by a female E. erro, male T. dorsatus
appeared to have relatively few viable options to defend
themselves. When approached by a parasitoid fly, calling
male T. dorsatus cicadas responded either by flying, im-
mediately terminating their call and remaining motion-
less on their perch (hereafter referred to as ‘hiding’), or
simply continuing their calling behavior. The latter
seemed to be the most common. Cicadas often called re-
peatedly and walked freely about the walls of the experi-
ment cages despite being followed by a fly only a few
centimeters away. Cicadas sometimes even called with a
fly perched right on top of them. However, stationary ci-
cadas that were directly contacted by a fly would often
vigorously flick their wings to try to repel the parasitoid.
Unfortunately, given the relatively small space inside the
cages, evaluating the effectiveness of any of these behav-
iors was nearly impossible because a cicada could never
truly escape from the fly.

Nevertheless, observations in the field suggested that
both the flight and hiding strategies do sometimes work.
In at least one case, a fly lost interest in a hiding cicada
and left before the cicada resumed calling, and in an-
other, a cicada that was contacted by an approaching fly
managed to escape by flying away. Most of the time,
though, flies simply waited until a hiding cicada became
active again, and they usually had little difficulty in fol-
lowing a flying cicada from one perch to another. As a
defensive strategy, flying seems especially risky given E.
erro’s aptitude for aerial larviposition.

After being larviposited upon, cicadas had yet another
option for defending themselves. I repeatedly observed
cicadas perform ‘wing flipping’ behavior immediately
after being attacked, characterized by rapidly flapping
their wings several times while perched. In this way, one
cicada managed to completely dislodge the single larva
that had been deposited on the cicada’s right fore wing,
thus avoiding infection completely. This was the only
case for which I confirmed that a cicada was able to re-
move all larvae from its body, but it is possible that
some larviposition events were not detected during the
behavioral experiments. Wing flipping by 7. dorsatus ap-
pears to be functionally similar to the grooming behav-
iors used by the cricket Gryllus texensis Cade and Otte
to prevent infection by the larvae of Ormia ochracea
(Vincent and Bertram 2010).

Although the hosts of some other sarcophagid parasit-
oids have been reported to occasionally survive parasit-
ism (Spencer and Buckell 1957; Danyk et al. 2000),
infection by E. erro appears to be invariably fatal for T.
dorsatus. In most cases, hosts died several hours before
the parasitoid larvae emerged. Host death was usually
preceded first by loss of wing function, then loss of leg
function beginning with the hind legs and ending with
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the fore legs. Prior to death, a cicada’s antennae were
typically the last appendages to display a visible response
to external touch. After a cicada died, small, rhythmic
movements of the legs or head capsule were often visible
as the parasitoid larvae used their oral hooks to scrape
muscle and other soft tissue from the integument.

Sometimes, though, when a cicada was infected with
only a single larva, the larva emerged before the cicada
died, leaving the host in a severely weakened, moribund
state. Cicadas in this condition usually succumbed after
a few hours. In one exceptional case, a large male 7. dor-
satus from the Prowers Co., CO site that was infected
with a single E. erro larva survived for more than 24 h
following parasitoid emergence. Although sluggish, it
was still able to cling to and crawl on a perch, weakly
flutter its wings (but not fly), and was even observed
attempting to feed before its movements became unco-
ordinated and it, too, died. Overall, E. erro must be a
major cause of mortality for adult male T. dorsatus, es-
pecially considering the very high parasitism rates ob-
served in some cicada populations.

Variation in host parasitism rates among study sites

Host populations at the two westernmost field sites ap-
peared to have consistently higher parasitism rates than
sites further east (Table 1, Figure 3). The biogeography
of potential host cicadas might offer one explanation for
this pattern. The western sites were located on the semi-
arid High Plains, where there are fewer species of large
cicada present than on the more mesic midgrass prairies
of the study sites further east. E. erro parasitizes other ci-
cada species besides T. dorsatus (B. Stucky, in prep.), so
higher parasitism rates of T. dorsatus on the High Plains
could be a consequence of local differences in the com-
munities of potential host species.

However, as noted in the ‘Results’ section, because
these western sites were also sampled later in the sea-
son than the eastern sites, higher parasitism rates
could have also been caused by seasonal effects rather
than intrinsic differences among the sites. One might
expect parasitism rates to increase throughout the sea-
son as E. erro populations reach their peak and host
populations decline, as has been observed for several
other species of dipteran parasitoids, including some
acoustic parasitoids (e.g., Tamaki et al. 1983; Allen
1995; Lehmann 2008). It seems likely that this ac-
counts for at least some of the among-site differences
in parasitism rates found in this study. Furthermore,
both host and parasitoid population sizes undoubtedly
also play a role in determining parasitism rates. As evi-
denced by some of the small population sample sizes,
host cicadas were uncommon and difficult to collect
for some years at some field sites, which suggests that
there was variation in host population sizes from year
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to year. Future studies that estimate host and parasitoid
population sizes and sample both High Plains and cen-
tral Plains sites multiple times throughout the season
will be needed to fully disentangle the effects of these
variables on host parasitism rates.

Superparasitism by E. erro

The strong, positive relationship between parasitism rate
and parasitoid load (Figure 8), as well as the significant
difference between the mean parasitoid load of field-
collected hosts and the mean clutch size of larvipositing
females (4.97 and 2.53 larvae/host, respectively), can
both be explained as a consequence of superparasitism
in the field. If at least some host cicadas are superparasi-
tized in the field, then we should expect the mean para-
sitoid load of host cicadas to be larger than the mean
clutch size of individual female flies. Furthermore, for
gregarious parasitoids such as E. erro, superparasitism is
expected to be more common when unparasitized hosts
are rare, simply because female parasitoids have a harder
time finding hosts that have not already been infected
(Godfray 1994). Unparasitized hosts are rare when para-
sitism rates are high, so higher parasitism rates should
correspond with increasing rates of superparasitism. In-
creased superparasitism would, in turn, likely result in
larger parasitoid loads per host, which means that higher
population parasitism rates should correspond with higher
parasitoid loads. This prediction matches the pattern of
the data quite well (Figure 8).

Additionally, anecdotal evidence of superparasitism
was found in the relative sizes of larvae emerging from
some of the most heavily parasitized hosts. In some
cases, two distinct larval size classes were evident, pre-
sumably due to the smaller larvae having been deposited
on the host later than the larger larvae. In other cases,
though, all larvae emerging from heavily parasitized
hosts were approximately the same size, suggesting that
either a single female deposited all of the larvae at once,
or more likely, that two (or more) female flies discovered
an uninfected host at nearly the same time.

Conclusions

E. erro is a widespread, common parasitoid of the cicada
T. dorsatus on the grasslands of the Great Plains in the
central United States. Female flies locate potential hosts
by eavesdropping on the acoustic mating calls of male
cicadas, then use visual cues to larviposit on the host
while it is in motion. Larviposition often occurs while
the cicada is in flight. Parasitization by E. erro is always
fatal for T. dorsatus, which seems to have few consist-
ently effective defenses against attack. Parasitism rates
for male T. dorsatus can exceed 70% in some host popu-
lations. Parasitoid loads of infected cicadas average about
five larvae per host but can be as high as 19 larvae per
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host. At least some variation in parasitoid loads is likely
due to superparasitism in host populations with high
parasitism rates.

Even though E. erro is, like E. auditrix, an acoustically
orienting parasitoid of cicadas, the close-range infection
behaviors of these two species are highly divergent, and
the infection behaviors of both species are very different
from tachinid acoustic parasitoids of the tribe Ormiini.
Indeed, the infection behavior of E. erro is unlike that
known for any other acoustic parasitoid. There are im-
portant life history differences between E. erro and E.
auditrix as well: E. auditrix is apparently a solitary, univol-
tine parasitoid with relatively low larval production per fe-
male; E. erro is a gregarious, multivoltine parasitoid with
high larval production per female. Given the marked dif-
ferences between E. erro and E. auditrix, the results of this
study suggest that more work is needed to characterize
the diversity of Emblemasoma parasitoids. An improved
understanding of sarcophagid acoustic parasitoids would
make it possible to more meaningfully compare sarcopha-
gid and tachinid acoustic parasitoid lineages, and it would
also allow for more robust inferences about eavesdropping
parasitoids in general.
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