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ABSTRACT Mounting scientific evidence indicates that pathogens can regulate insect populations.
However, limited dispersal and sensitivity to abiotic conditions often restricts pathogen regulation of host
populations. While it is well established that arthropod biological vectors increase pathogen incidence in
host populations, few studies have examined whether arthropod mechanical vectors (an organism that
transmits pathogens but is not essential to the life cycle of the pathogen) influence host–pathogen dynam-
ics. The importance of mechanical dispersal by ant scavengers, Formica fusca (L.), in a grasshopper–fungal
entomopathogen system was investigated. We examined the ability of ants to mechanically disperse and
transmit the pathogen, Entomophaga grylli (Fresenius) pathotype 1, to its host, the pest grasshopper Cam-
nula pellucida (Scudder), in a series of laboratory experiments. Fungal spores were dispersed either exter-
nally on the ant’s body surface or internally through fecal deposition. In addition, a third of all grasshoppers
housed with fungal-inoculated ants became infected, indicating that ants can act as mechanical vectors of
E. grylli. The effect of ant mechanical vectors on E. grylli incidence was also examined in a field experi-
ment. Ant access to pathogen-exposed experimental grasshopper populations was restricted using organic
ant repellent, thereby allowing us to directly compare mechanical and natural transmission. Ants increased
grasshopper pathogen mortality by 58%, which led to greater pathogen reductions of grasshopper survival
than natural transmission. Taken together, our results indicate that ants enhance E. grylli reduction of grass-
hopper pest numbers. Therefore, mechanical transmission of pathogens may be an important overlooking
component of this grasshopper–fungal pathogen system.
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Introduction

Although it is well documented that arthropod bio-
logical vectors are key components of many pathogen
life cycles, the role arthropod mechanical vectors play
in the dispersal and transmission of pathogens remains
poorly understood (Foil and Gorham 2000). Unlike bi-
ological vectors, mechanical vectors disperse pathogens
without affecting pathogen development or replication
(Graczyk et al. 2001). This transportation can be either
external, when the agent is located on the surface of an
organism’s body (Bird et al. 2004), or internal, when
the agent passes through the digestive tract and is via-
ble when excreted (Graczyk et al. 2001). These me-
chanical vectors may have important, but often
overlooked implications, for humans (Sulaiman et al.
1988, Graczyk et al. 2005), livestock (Foil and Gorham
2000), wildlife (Asgari 1998, MacPhee and Greenwood
2013), and insect populations (Baverstock et al. 2010).

For instance, outbreaks of human diarrheal diseases
are closely linked to seasonal increases in filth flies that
mechanically transmit the pathogens (Sulaiman et al.
1988; Graczyk et al. 2001, 2005). Unfortunately, most
of these findings are correlative or based on observa-
tions. Little experimental work has examined the im-
portance of mechanical transmission to overall disease
dynamics in comparison to natural transmission.

In this study, we examine the importance of arthro-
pod mechanical vectors in limiting host populations
using a model system of a grasshopper–fungal entomo-
pathogen and an ant mechanical vector. Entomopatho-
gens are common pathogens of insects that are often
dispersed through wind, water, or soil movement (Wild-
ing 1970, Hajek and St. Leger 1994) and sometimes
mechanically via arthropods (Evans 1989, Carruthers
et al. 1997, Dromph 2003). Biocontrol studies suggest
that arthropod mechanical vectors can increase entomo-
pathogen mortality rates of pest insects (Bruck and
Lewis 2002, Renker et al. 2005, Meyling et al. 2006,
Meyling and Eilenberg 2007, Baverstock et al. 2010).
However, it remains unclear if these mechanically
driven increases in pathogen mortality can strengthen
entomopathogen reduction of natural host populations.

The pest grasshopper, Camnula pellucida (Scudder)
(Orthoptera: Acrididae), can be limited by the
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entomopathogen, Entomophaga grylli (Fresenius) path-
otype 1 (Entomophthoramycota: Entomophthorales),
whose dispersal is primarily through forcible ejection,
as well as wind or water movement (MacLeod et al.
1966, Carruthers et al. 1988a). This fungal entomopath-
ogen has evolved two modes of infection: conidia and
resting spores (Supp Fig. 1 [online only]). Resting
spores remain dormant in the soil, overwinter and ger-
minate in the spring under suitable environmental con-
ditions. Following germination, resting spores may
infect a grasshopper by direct contact. Once inside the
host hemocoel, the fungus multiplies rapidly (MacLeod
et al. 1966). The infection leads to death within 7–10 d
(Carruthers et al. 1997). Just before dying, the infected
grasshopper climbs to the top of a plant where it dies
grasping the foliage. This posture, known as summit
disease, is characteristic of grasshopper mortality from
E. grylli (Pickford and Riegert 1964, Hajek and St.
Leger 1994). This infected cadaver can produce either
conidia under cool, humid conditions, or resting spores
under hot, dry conditions (Carruthers et al. 1997).
Unlike resting spores, conidia can produce multiple
disease cycles per season if moist conditions persist
(MacLeod et al. 1966).

Consequently, epizootics vary spatially and tempo-
rally, given the limitations of both modes of infection

(Carruthers et al. 1997). Conidia experience high mor-
tality rates from heat, desiccation and ultraviolet expo-
sure (Carruthers et al. 1988b). Unlike other fungal
entomopathogens, E. grylli aerial conidia carry only a
few meters in still air (Wilding 1970, Macleod and
Müller-Kögler 1973). Likewise, resting spores may only
be dispersed by initial forced projection and water
movement in the soil (Carruthers et al. 1997). Given
these points, we suspect that transmission may be en-
hanced via mechanical transport (Evans 1989, Foil and
Gorham 2000) and a likely mode is scavenging by ants
that are responsible for the rapid removal of grasshop-
per cadavers. For instance, ants removed 71% of grass-
hoppers cadavers placed on the ground (n¼ 30) and
31% of cadavers elevated in the canopy (n¼ 30) within
24 h at our site (E.J.K., unpublished data). Further-
more, ants have been documented to mechanically
transmit entomopathogens to targeted insect pests
(Gracia-Garza et al. 1998, Bird et al. 2004). Therefore,
we conducted laboratory experiments to determine
whether ants disperse and transmit E. grylli resting
spores/conidia, and field experiments to determine
whether ants strengthen the pathogen’s negative impact
on grasshopper populations.

First, we tested the hypothesis that ants can mechan-
ically disperse and transmit E. grylli. In laboratory ex-
periments, we measured ant external transport (on
body surface) of conidia, ant internal (fecal deposition)
dispersal of resting spores, and grasshopper infection
rates when exposed to E. grylli-inoculated ants. E.
grylli conidia are coated with a sticky residue that al-
lows it to adhere to any object it contacts (Macleod and
Müller-Kögler 1973), while resting spores have thick
cell walls (Carruthers et al. 1997) that should retain via-
bility after passing through an ant’s digestive tract. If
ants can mechanically vector E. grylli, we would expect
to find viable spores on their bodies, as well as their fe-
ces, and healthy grasshoppers to become infected
when exposed to ants carrying the pathogen. Second,
we examined the contribution of ant-aided transmission
to overall pathogen reduction of grasshopper popula-
tions by comparing mechanical transmission (ant aided)
to natural transmission (pathogen ejection, wind, and
water) in a field experiment. Ant presence in repli-
cated, enclosed field populations of the host grasshop-
per was reduced with the use of an organic ant
repellent. We also manipulated pathogen exposure
(resting spores, conidia, and absent) given that ant dis-
persal of E. grylli may vary by pathogen spore type
(Supp Fig. 1 [online only]). The combined effects of
ant presence and pathogen exposure on pathogen mor-
tality and grasshopper survival rates were measured. If
mechanical vectors are an important component of the
E. grylli life cycle, we would expect that grasshoppers
experience lower pathogen mortality rates and exhibit
increased survival when ant presence is restricted.

Materials and Methods

Study Site and Organisms. We conducted our
field study at the National Bison Range, MT
(47�21.040 N, 114�10.190 W), at an elevation of 832 m.

Fig. 1. Average number of resting spores (6SE)
recovered from (a) ant feces and (b) ant crops of ants
(n¼ 240) fed E. grylli-killed grasshoppers. Columns bearing
the same letter were not significantly different within
treatments (Tukey HSD test, P> 0.05).
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This site is primarily Palouse prairie dominated by C3

grasses. Poa pratensis (L.) and Elymus smithii (Rydb.)
A. Love were the dominant grasses. Dominant forbs
include Aster falcatus (Lindl.) G. L. Nesom, Achillea
millefolium (L.), and Erigeron (L.) spp. The graminivo-
rous clear-winged grasshopper C. pellucida is common
at the site and is univoltine, overwintering as eggs that
hatch in late May through early June (Pfadt 1994). This
grasshopper is often considered a pest species and
undergoes fluctuating population sizes capable of very
high densities (Pfadt 1994). E. grylli pathotype 1
(Entomophthoramycota: Entomophthorales), unoffi-
cially known as Entomophaga macleodii (Casique-
Valdez 2012), is one member of a complex of obligate
grasshopper fungal entomopathogens (Goettel et al.
1995, Carruthers et al. 1997). E. grylli pathotypes 1
and 2 are both endemic to North America, but have
different life histories. Pathotype 2 only infects individ-
uals of the subfamily Melanopline and produces resting
spores that have one disease cycle per season. In con-
trast, pathotype 1 infects certain members of the sub-
family Oedipodinae (Goettel et al. 1995, Carruthers
et al. 1997) and can produce both resting spores and
conidia, resulting in multiple disease cycles in a single
season (Supp Fig. 1 [online only]). Periodically, this
pathogen is known to dramatically decrease C. pellu-
cida populations and is common at this site (Kistner
and Belovsky 2013, 2014). Formica fusca (L.) (Hyme-
noptera: Formicidae) ants are the most abundant scav-
enger of grasshopper cadavers at this site (Belovsky
et al. 1990). F. fusca are common in grasslands across
Europe and North America (Tuzzolino and Brown
2010). These ants are active throughout the day and
can remove as much as 59–100% of dead arthropod
material from the ground within a 24-h time span
(Retana et al. 1991, Bestelmeyer and Wiens 2003).
While F. fusca ants mainly forage on the ground, work-
ers were also observed removing grasshopper cadavers
from the lower canopy (�0.3 m in height) at our site
(E.J.K., personal observation).

Laboratory Experiments. Worker ants were col-
lected from identified F. fusca ant mounds at the
National Bison Range (D.C., unpublished data) in July
2012. In July, E. grylli incidence at this site was low
with <2% of sampled C. pellucida grasshoppers testing
positive for infection (E.J.K., unpublished data). There-
fore, ants used in study were unlikely to have contacted
E. grylli before experimentation. We collected ants at
the base of an ant mound using a handheld insect aspi-
rator attached to a collecting vial (BioQuip, Rancho
Dominquez, CA). Ants were then stored in a cooler
and transported to the laboratory. Ants were cooled in
a refrigerator for 5 min and then examined under a dis-
secting microscope before assignment to treatments to
ensure all experimental individuals were uninjured
worker ants (Wallis 1962).

Internal Pathogen Retention and Dispersal. Twenty
worker ants were placed in 0.3-� 0.2-m ant farms
made of a plaster of Paris base and clear acrylic top
(Interplay UK, Buckinghamshire, UK). Only ants from
the same mound were housed together to avoid aggres-
sive behavior between different colony members

(Tuzzolino and Brown 2010). Plastic cap covers over
the acrylic top allowed for easy access. Experimental
ants were allowed to acclimate to their new environ-
ment for 48 h and were fed honey mixed with multivi-
tamins (Bird et al. 2004). Ants were randomly assigned
to grasshopper cadaver treatments with four replicates
per treatment level, for a total of 16 ant farms. E.
grylli-killed grasshoppers were collected from Moiese,
MT, in July 2012 and examined under a dissecting
microscope to determine whether the cadavers con-
tained resting spores (Carruthers et al. 1997). Ants
were fed either a single: E. grylli-killed third instar,
E. grylli-killed fifth instar, or E. grylli-killed adult. All
cadavers were female grasshoppers to minimize size
differences. Control ant farms (fed E. grylli-free fifth
instars) were kept in a separate room from treatment
ant farms. After 2 wk, experimental ants were frozen,
dissected, stained with lacto fuchsin (AEML, Inc.,
Pompano Beach, FL), and examined under a com-
pound microscope to count the number of spores
inside their crops. In addition, ant feces were collected
from ant farms, stained, and examined for spores under
a compound microscope.

External Pathogen Transport and Transmission.
E. grylli conidia were obtained from E. grylli-killed
grasshoppers collected from Moiese, MT, in July 2012.
Cadavers were stored in individual petri dishes and
soaked with deionized water until conidiophores devel-
oped (Macleod and Müller-Kögler 1973). Sporulating
cadavers were then placed in a desiccator jar for 12 h.
Newly formed conidia were collected in deionized
water from the bottom of the desiccator jar (Carruthers
et al. 1988b). Individual ants were inoculated with
E. grylli conidia (�100 conidia in 0.1 ml of water) with
a sterile loop on the surface of the dorsal abdomen.
Inoculated ants were then placed in glass containers
(99 mm in diameter by 177 mm in depth) with a mois-
tened paper towel before treatment assignment.
E. grylli conidia were easily distinguished from other
particles by their unique pear shape (Macleod and
Müller-Kögler 1973). We tested for the effect of self
and allo-grooming on conidia dispersal by housing an
inoculated ant in the glass container alone or with a
second E. grylli-free ant marked with nail polish (Wallis
1962, Baverstock et al. 2010). In addition, we placed a
single E. grylli conidia-inoculated ant with a single E.
grylli-free third instar grasshopper to estimate mechan-
ical transmission rates. Inoculated ants were stained
with lacto fuchsin and examined under a compound
microscope for conidia at 0, 6, 12, 18, and 24 h with 10
replicates per time interval. Grasshoppers were trans-
ferred to a sterile glass container after 6, 12, 18, and
24 h of exposure to inoculated ants, where they were
fed a diet of grass for 7 d. After 1 wk, grasshoppers
were dissected and examined for the presence of E.
grylli infection.

Field Experiment. Grasshopper populations were
established in aluminum screen cages placed over natu-
ral vegetation (basal area: 0.5 m�2; height: 1 m). Cages
were originally installed in August 2011. Each cage was
buried in the ground and secured with stakes (Belovsky
and Slade 1995). Cages were spaced about 1.5 m apart
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with attempts to place cages over areas of similar vege-
tation. Prior to stocking cages with grasshoppers, all
cages were treated with diluted VIREX II 256 Germici-
dal Cleaner (Diversey Inc., Surtevant, WI), and PT
Infuse Systemic Fungicide (Bonide Products Inc., Oris-
kany, NY) to control for level of pathogen exposure.

Two treatments were used: ant presence (two levels:
restricted and unrestricted) and pathogen exposure
(three levels: resting spores, conidia, and absent). We
used a 2� 3 factorial design with six replicates of each
treatment for a total of 36 cages. Experimental grass-
hoppers were reared from eggs laid by captive individ-
uals collected from Moiese, MT, in the previous year to
insure that they were not exposed to the fungal patho-
gen before stocking into experimental cages (Kistner
and Belovsky 2014). Ten laboratory-reared second to
third instar grasshoppers were stocked in each cage.
Fungal pathogen exposure in field cages was conducted
in a manner that mimics E. grylli life history (Car-
ruthers et al. 1997). Resting spore exposure was insti-
gated by placing fifth instar cadavers containing
E. grylli resting spores (one per cage) on the ground a
year prior to stocking. Trace amounts of water (100 ml
per cage) was applied on the ground of resting spores-
exposed cages once a week in June 2012, a month prior
to stocking, to help facilitate resting spore germination.
For conidia exposure, sporulating fifth instar cadavers
(one per cage) were tied on a wire 0.6 m above the
ground, which mimics the effects of E. grylli summit
disease (Kistner and Belovsky 2014).

Ants move freely in and out of these enclosures via
small cracks in the ground at the base of each cage.
These ants often scavenge grasshopper cadavers within
experimental cages (Belovsky et al. 1990). To prevent
ants from entering cages while not disturbing natural
ant densities at the study site, we applied an organic
repellent (Orange Guard Inc., Carmel Valley, CA)
around each cage of the “ants restricted” treatments.
This repellent contains the citrus-based terpene,
d-limonene, a proven plant-based repellent to ants
(Vogt et al. 2002). A month prior to the start of the field
experiment, we assessed the efficacy of the organic ant
repellent. In five randomly chosen experimental cages,
we estimated ant abundance with and without ant
repellent. All counts were conducted during the after-
noon when ant activity was high. For 5-min intervals,
ants passing by a landmark point inside the cage bot-
tom were counted. After the initial ant survey was con-
ducted, organic ant repellent was applied to the five
cages. Twenty-four h after applying the repellent, we
repeated the ant count survey. A paired t-test indicated
that organic repellent application reduced ant abun-
dance within cages by 67% (t¼ 4.22; df¼ 4; P< 0.01).
Throughout the course of the field experiment, ant
repellent was applied to cages every day and after any
rainfall event.

The experiment ran from July to August 2012 (42 d
total) until senescence and cold nights began to kill
grasshoppers. Laboratory-reared grasshoppers were
stocked in July when ants are most active (Bestelmeyer
and Wiens 2003, Tuzzolino and Brown 2010). Individ-
ual grasshoppers were counted every 2 d. Any

grasshopper cadavers found clinging to the vegetation
or cage screening in the characteristic summit disease
position (Carruthers et al. 1997) were categorized as
pathogen-induced mortality and left in the cages to
maintain natural disease transmission (Kistner and
Belovsky 2013, 2014). All other cadavers found within
cages were frozen, later thawed, dissected and samples
of internal tissues stained with lacto fuchsin. Stained
samples were then examined under a compound micro-
scope to determine whether they died of E. grylli infec-
tion (Macleod and Muller-Kogler 1973, Sánchez Peña
2005). The majority of cadavers removed from cages
(97%) were not infected with E. grylli, indicating that
this cadaver removal did not affect overall transmission
rates. Only individuals whose cause of death could be
determined (11% of all experimental individuals were
never recovered) were included in the mortality analy-
sis. Mortality due to E. grylli infection was the sum of
elevated cadavers plus the number of other cadavers
found to be infected, and is presented as a proportion
relative to all accounted for deaths.

Statistical Analysis. Generalized linear models
(GLM) with quasi-Poisson distributions and log link
functions were conducted to 1) determine differences
in average resting spore number in ant crops and feces
across ant farm treatments, and 2) the effect of time
and treatment on average number of conidia present
on conidia-inoculated ants across pairing treatments
(Wilson and Grenfell 1997). Significant differences
between treatment means were identified with Tukey
honestly significant difference (HSD) tests (Torsten
et al. 2008). A Kruskal–Wallis test was performed to
test the effect of time on pathogen incidence of grass-
hoppers housed with conidia-inoculated ants. For the
field experiment, analyses were conducted on the first
42 d. We used GLM with a binomial distribution and a
logit link function to assess whether the proportion of
pathogen mortality varied with ant presence and fungal
pathogen exposure. Differences in grasshopper survi-
vorship were analyzed using parametric survival models
with a Weibull distribution and the following predictive
factors: ant presence and pathogen exposure (Therneau
2013). To directly compare differences in grasshopper
survival of ant restricted and ant unrestricted treat-
ments across pathogen exposure treatments, we used
Kaplan-Meier survivorship analysis and the Breslow–-
Gehan test. We choose to use the Breslow–Gehan test
because it gives more weight to early deaths which
coincide with the timing of the majority of E. grylli
mortality; 78% of fungal deaths occurred in the first 2
wk (Crawley 2013). All analyses were conducted in R
3.0.1 (R Development Core Team 2013).

Results

Ant Retention and Deposition of Resting
Spores. E. grylli resting spores were only recovered
from the crops and feces of ants fed E. grylli-killed
grasshoppers, indicating that the sampled ants were not
acting as a reservoir for the pathogen before the start
of the experiment (Fig. 1). Ants fed E. grylli-killed
adults yielded two times more resting spores in their
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feces than the third and fifth instar fed ants
(v2¼ 24.15; df¼ 2,9; P< 0.0001; Fig. 1a). The mean
number of resting spores in the adult treatment was
significantly different from both third and fifth instars
treatments (P¼ 0.005; P¼ 0.002; respectively), while
third and fifth instars treatments did not differ
(P¼ 0.96). The same trend was seen in the ant crop
analysis with ants fed E. grylli-killed adults yielding the
highest resting spore numbers (v2¼ 75.63; df¼ 2,177;
P< 0.0001; Fig. 1b). Pair-wise comparisons revealed
significant differences between the mean number of
resting spores in adult treatments compared with both
third and fifth instars treatments (P¼ 0.03 and
P¼ 0.04; respectively). There was no difference in
the mean number of resting spores recovered from
ants in the third and fifth instars treatments (P¼ 0.92).
No conidia were recovered from ants housed in experi-
mental ant farms, which suggest that only resting
spores may pass through an ant’s digestive tract intact.

Ant Dispersal of Conidia and Ant to
Grasshopper Transmission. Conidia-inoculated ants
(n¼ 30) retained 92 6 4% of applied conidia when
examined immediately after inoculation (t¼ 0), indicat-
ing that conidia readily adhere to the body surface of
ants (Fig. 2). Conidia persistence on inoculated
ants varied between treatments (v2¼ 522; df¼ 2,147;
P< 0.001), across time (v2¼ 40073; df¼ 4,143;
P< 0.001), and the time� treatment interaction was
significant (v2¼ 837; df¼ 8,135; P< 0.001). The major-
ity of applied conidia were dislodged within 6 h of
application and this effect varied across treatments
(Fig. 2) Inoculated ants paired with grasshoppers lost
73% of their conidia after 6 h compared with the 48%
loss experienced by ants housed alone (P¼ 0.038) or
with a second ant (P¼ 0.032). While there was no
difference in conidia retention between solitary inocu-
lated ants and paired inoculated ants (P¼ 0.98), trace
amounts of conidia (2 6 0.04 conidia) were found
on 43% of all unexposed ants. A third of all experi-
mental grasshoppers (0.33 6 0.05) housed with

conidia-inoculated ants became infected with E. grylli
(Fig. 3). Length of exposure time to conidia-inoculated
ants had no effect on the proportion of grasshoppers
that became infected (Kruskal–Wallis¼ 1.22; df¼ 3;
P¼ 0.75).

Effects of Ant Treatments on Experimental
Cages. In experimental field cages, grasshopper mortal-
ity from E. grylli peaked in late July and was no longer
detected by mid-August. Only one grasshopper (<1%)
died from the pathogen in cages where the pathogen
was absent. Grasshoppers in cages treated with ant
repellent (ants restricted) exhibited a 58% reduction in
pathogen mortality than those in cages where ants were
not restricted (F¼ 5.12; df¼ 1,20; P¼ 0.03; Fig. 4).
Only 20% of grasshoppers in pathogen-exposed cages
treated with ant repellent died of disease (24 deaths),
while 32% of grasshoppers in pathogen-exposed cages
with unrestricted ant access died of disease (38 deaths).
The type of pathogen exposure (resting spores vs.
conidia) had no effect on overall pathogen mortality
rates (F¼ 3.83; df¼ 1,20; P¼ 0.65) and the ant
presence� pathogen exposure interaction term was not
significant (F¼ 0.95, df¼ 1,20; P¼ 0.34).

Over the entire 42 d of the experiment, pathogen-
exposed grasshoppers exhibited shorter survival times
compared with pathogen absent grasshoppers
(v2¼ 29.99; df¼ 2,341; P< 0.001; Fig. 4) Conidia and
resting spore exposure decreased grasshopper survival
time by 54% and 47%, respectively. Ants restriction,
through the use of a citrus-based ant repellent,
increased overall grasshopper survival time by 32%
(v2¼ 5.94; df¼ 1,340; P< 0.05). The ant presence�
pathogen exposure interaction was not significant
(v2¼ 0.21; df¼ 2,338; P¼ 0.90). While ant restriction
increased grasshopper survival in conidia-exposed treat-
ments, this trend was not significant (Breslow–-
Gehan¼ 0.67; df¼ 1; P¼ 0.41; Fig. 5a). Survival of
grasshoppers exposed to resting spores increased
when ants were restricted (Breslow–Gehan¼ 6.38;
df¼ 1; P¼ 0.01; Fig. 5b). Survival of pathogen-free

Fig. 2. Average number of conidia (6SE) recovered
from inoculated solitary ants, inoculated ants housed with E.
grylli-free ants and inoculated ants housed with E. grylli-free
grasshoppers over time.

Fig. 3. Proportion of grasshoppers that became infected
when exposed to E. grylli-inoculated ants (6SE) under
laboratory conditions. Length of exposure time had no effect
on ant to grasshopper transmission success.
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grasshoppers was not affected by ant presence
(Breslow–Gehan¼ 0.20; df¼ 1; P¼ 0.66; Fig. 5c).

Discussion

Experimental results from this study support the
view that arthropod mechanical vectors can increase
fungal entomopathogen incidence in grasshopper host
populations and may enhance pathogen reduction of
insect pest populations. We found that ants can
mechanically transmit fungal entomopathogens and
that ant-aided transmission resulted in greater reduc-
tions of grasshopper numbers than natural transmission
(wind, soil, and water) alone. These results reinforce
the findings of past biocontrol studies (Evans 1989,
Gracia-Garza et al. 1998, Bruck and Lewis 2002,
Dromph 2003, Bird et al. 2004, Meyling and Eilenberg
2007), and suggest that ant mechanical vectors may
play a larger role in host–entomopathogen dynamics
than previously suggested (Evans 1989).

Our results suggest that ants are capable of transmit-
ting E. grylli to grasshopper hosts through external
transport of conidia and fecal deposition of resting
spores. Ants fed E. grylli-killed adult grasshoppers
retained and excreted more resting spores because
larger adult bodies provide more nutrients for pathogen
reproduction than smaller juvenile cadavers. Resting
spores remained intact inside ant crops and ant feces,
whereas conidia did not. This is unsurprising given that
resting spores have thick cell walls and can remain in
the soil for several years, whereas conidia are highly
sensitive to abiotic stressors (Carruthers et al. 1997).
Although, conidia readily adhere to the bodies of ants,
conidia retention time is short with only 2% of total
applied conidia remaining on the ants after 24 h. We
suspect that the conidia died, fell off, or were forcibly
removed through self-grooming (Wallis 1962) or allo-
grooming (Baverstock et al. 2010). However, conidia-
free ants did pick up conidia off the ground or from
contact with the conidia-inoculated ants (Bird et al.
2004). It is plausible that conidia more readily adheres

to grasshopper hosts than non-host organisms by recog-
nizing chemical cues on the cuticle surface, given that
a third of all E. grylli-free grasshoppers housed with
inoculated ants became infected (Hajek and St. Leger
1994). Combined, these laboratory experiments indi-
cate that ants can mechanically transmit E. grylli to
grasshoppers by physically dispersing conidia, or
through internal transportation of resting spores via
fecal deposition.

Our field experiment results are in agreement with
our laboratory findings, with the effect of ant-aided
transmission on grasshopper pathogen mortality and
survivorship varying by spore type (conidia vs. resting
spore). Clearly, ants can affect grasshopper pathogen

Fig. 4. Proportion of grasshoppers exposed to E. grylli
that died from the pathogen (6SE) for ant presence and
pathogen exposure treatment combinations. Columns bearing
the same letter were not significantly different within
treatments (Tukey HSD test, P> 0.05).

Fig. 5. Grasshopper survival (6SE) over time according
to ant presence and pathogen exposure treatment
combinations. (a) conidia exposed. (b) resting spore exposed.
(c) pathogen absent.
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mortality rates through the mechanical vectoring of this
virulent entomopathogen and these increases in mortal-
ity rates are comparable to similar biocontrol studies
(Gracia-Garza et al. 1998, Bird et al. 2004).

Survival time of pathogen-exposed grasshoppers is
reduced more when ant presence is unrestricted
(mechanical transmission) compared with when ant
presence is restricted (natural transmission). However,
ant-aided increases in pathogen mortality rates do not
always lead to greater reductions in overall grasshopper
survival. For instance, ants did not significantly
decrease grasshopper survival time in conidia-exposed
treatments (Fig. 5a). Furthermore, while ants did
decrease grasshopper survival time in resting spore-
exposed treatments, the effect was not dramatic and
resulted in only a 10% additional decrease in overall
survival time (Fig. 5b). This outcome makes intuitive
sense when considering the life history of both the fun-
gal entomopathogen and mechanical vector. E. grylli
conidia are short-lived and sensitive to changing abiotic
conditions (Carruthers et al. 1988b). F. fusca ants for-
age more frequently on the ground than in the canopy
(E.J.K., personal observation), where they would likely
encounter E. grylli-killed grasshoppers (Sawyer et al.
1997). Yet, even a small decrease in grasshopper sur-
vival may help reduce damage to rangeland forage or
crops by reducing grasshopper consumption rates
within a growing season and by decreasing the number
of breeding adults (Belovsky and Joern 1995, Branson
et al. 2006). For example, ant restriction does increase
the final number of surviving grasshoppers by 17% in
the conidia-exposed treatments. Ants did not signifi-
cantly decrease survival time of pathogen-free grass-
hopper (Fig. 5c) and this outcome supports past work
indicating that ant predation has little effect on overall
grasshopper numbers at this site (Belovsky et al. 1990).
Taken together, our findings suggest that ant-aided
transmission of E. grylli may enhance fungal entomo-
pathogen reduction of grasshopper populations if favor-
able abiotic conditions for E. grylli development
coincide with high ant abundance and activity.

Our results should, however, be approached with
some caution because we could not completely exclude
all ants from our experimental cages. In addition, ants
at our site are fairly dense with 7.8 (60.4) mounds per
1,000 m�2 (D.C., unpublished data), each containing
about 1,000 workers (Tuzzolino and Brown 2010).
These high ant densities make contact with E. grylli-
killed grasshoppers far more likely than in areas where
ants are less abundant. Finally, the viability of resting
spores excreted by experimental ants or conidia applied
topically to ants was never confirmed. Future studies
should consider examining ant mechanical transmission
across an ant density gradient, directly measuring ant
to grasshopper contact rates and testing the viability of
the pathogens transported by these mechanical vectors.
Moreover, ant, grasshopper, and entomopathogen
abundance vary temporally, which necessitates multi-
year experiments to confirm the importance of
mechanical transmission in this system over time.

Despite these limitations, this study suggests that
ants can mechanically transmit E. grylli and may be

able to vector other entomopathogens including bio-
control agents to target pest species (Gracia-Garza
et al. 1998, Bird et al. 2004). Ant-aided transmission of
biocontrol agents would be most advantageous when
ants are both abundant and active. For example, peak
ant activity (June–July) coincides with high grasshopper
densities and E. grylli emergence in our system
(Kistner and Belovsky 2013). However, concern over
grasshopper damage often occurs in rangelands
(Branson et al. 2006), where cattle grazing may
decrease ant abundance and diversity (Tuzzolino and
Brown 2010, Schmidt et al. 2012). In addition, insecti-
cides commonly used for grasshopper control could
negatively affect sensitive fungal entomopathogens and
ant vectors (Branson 2006, St. Leger and Hejek 1994).
Thus, insecticide application and cattle grazing should
be altered in conjunction with the use of fungal ento-
mopathogens and ant vectors for grasshopper control.

Our results indicate that both natural and ant-aided
transmission of E. grylli reduced grasshopper survival
time. However, mechanical transmission resulted in
greater reductions of grasshoppers than natural trans-
mission alone. While arthropod mechanical vectors
have been shown to be important in some disease out-
breaks (Sulaiman et al. 1988, Asgari et al. 1998, Foil
and Gorham 2000, Graczyk et al. 2005, MacPhee and
Greenwood 2013), our study provides empirical evi-
dence that mechanical transmission may be an impor-
tant overlooked component in entomopathogen
systems like E. grylli pathotype 1 (Carruthers et al.
1997). As such, arthropod mechanical vectors may
need to be considered when examining the effects of
pathogens on host population dynamics (Graczyk et al.
2005). Nevertheless, our results are tentative given that
our experiment was temporally and spatially limited.
Further research is needed to clarify the effect of
arthropod mechanical vectors on grasshopper popula-
tion dynamics.

Supplementary Data

Supplementary data are available at Environmental
Entomology online.
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