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LETHAL EFFECTS ON FLEA LARVAE OF FIPRONIL IN HOST FECES:

POTENTIAL BENEFITS FOR PLAGUE MITIGATION
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ABSTRACT: Plague, caused by the bacterium Yersinia pestis, is a zoonotic disease of mammalian hosts
and flea vectors. Fipronil baits have been used to suppress adult fleas for plague mitigation. The
degree and duration of flea control may increase if fipronil also kills other stages in the flea life cycle.
We fed grain treated with 0.005% fipronil by weight, or nontreated grain, to black-tailed prairie dogs
(Cynomys ludovicianus), which excrete fipronil and metabolites in their feces after consuming
fipronil in their diet. We presented prairie dog feces to 331 larval Oropsylla montana (Siphonaptera:
Ceratophyllidae). When exposed to feces lacking fipronil or metabolites, 84% of larvae survived for 24
h. In contrast, survival declined to 42% for larvae contacting feces from fipronil-treated prairie dogs.
Just 7% of larvae consuming feces from fipronil-treated prairie dogs survived. Fipronil and
metabolites may persist in host feces for several months or longer in prairie dog burrows where flea
larvae dwell and forage. The lethal effects of fipronil on adult and larval fleas (and perhaps other life
stages) may help to explain why fipronil baits are capable of suppressing fleas on prairie dogs for �12
mo.

Key words: Black-footed ferret, Cynomys, fipronil, fleas, insecticide, Mustela nigripes, Oropsylla
montana, Siphonaptera, Yersinia pestis.

INTRODUCTION

The plague bacterium Yersinia pestis is well
known for causing almost global human
morbidity and mortality (Barbieri et al.
2020). The pathogen is mostly sylvatic,
circulating among rodent hosts and flea
vectors, and spilling over to other mammals
when conditions allow (Biggins and Kosoy
2001). In killing mammals, plague causes
widespread ecological disruptions (Eads and
Biggins 2015). Therefore, a One Health view
of plague, recognizing that human, animal,
and environmental health are linked, is
encouraged (Vallès et al. 2020), and effective
plague mitigation is an important goal (D’Or-
tenzio et al. 2018).

Adult fleas, the primary plague vectors, are
relatively inefficient at transmitting Y. pestis
(Lorange et al. 2005). Consequently, rates of
Y. pestis transmission are expected to be low if
adult fleas are scarce (Lorange et al. 2005;
Eisen et al. 2009). In some studies, flea-borne
Y. pestis transmission was reduced or elimi-
nated in areas where rodent burrows were

treated with insecticides for flea control
(Biggins et al. 2010; Matchett et al. 2010;
Goldberg et al. 2021). Yet, no particular
insecticide has been revealed as a panacea to
plague mitigation (Miarinjara and Boyer 2016;
Eads et al. 2018; Goldberg et al. 2022).
Continued study is needed to optimize
treatments on a case-by-case basis (Tripp et
al. 2016).

Fipronil, a phenylpyrazole insecticide, can
be applied systemically to hosts via consum-
able baits. Fipronil and resulting metabolites
(e.g., fipronil sulfone in mammals) are
sequestered in host fat and released over
time into blood, where the residues are
available to hematophagous adult fleas until
hosts have eliminated the chemicals (dos
Santos et al. 2020). The chemicals block
GABAA receptors and desensitize sensitive
glutamate-gated chloride channels, thereby
causing hyperexcitation, paralysis, and death
(Page 2008). Host-fed fipronil has proven
effective in controlling adult fleas on multiple
occasions, suggesting that the chemical might
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be used for plague mitigation (Poché et al.
2017, 2020; Rajonhson et al. 2017; Eads et al.
2019, 2020, 2021).

Prairie dogs (Cynomys spp., PDs) are
colonial sciurids highly susceptible to Y. pestis,
and insecticides are commonly used to protect
PDs, as well as nearby human populations,
against plague, especially at reintroduction
sites for black-footed ferrets (Mustela nig-
ripes), which are endangered obligate preda-
tors of PDs (Matchett et al. 2010; Eads and
Biggins 2015, 2019). During multiyear, repli-
cated field experiments, fipronil bait treat-
ments suppressed adult fleas on PDs for 12–24
mo (Eads et al. 2019, 2020, 2021; Matchett et
al. 2023). Fipronil grain bait is now being used
for plague management at multiple black-
footed ferret reintroduction sites. Continued
study is underway to optimize treatments and
assess potential effects on target and nontarget
species.

Fipronil kills adult fleas, which usually
comprise 1–5% of flea populations (Beck and
Pfister 2004). The insecticide and metabo-
lites might also kill other life stages. Flea
larvae, which can comprise .35% of flea
populations (Beck and Pfister 2004), develop
in rodent nests and feed on organic matter,
including host feces (Krasnov 2008). Prairie
dogs commonly defecate in their nests
(Hoogland 1995), and after consuming fi-
pronil-laced baits, PDs excrete fipronil and
fipronil sulfone in feces (Gunasekara et al.
2007). In the confines of PD nests (including
chambers sometimes referred to as ‘‘la-
trines’’; Hoogland 1995, p. 28), flea larvae
might contact or consume fipronil residue in
feces, potentially resulting in larval mortality
(Hinkle et al. 1997; Davis 1999; Rust et al.
2014). Suppression of two life stages may
severely diminish flea densities and dampen
population recruitment (Mehlhorn et al.
1999), with attendant benefits for plague
mitigation.

We compared 24-h survival rates for flea
larvae exposed to feces from PDs treated or
not treated with fipronil bait. We hypothe-
sized that survival rates would be reduced for
larvae contacting or consuming fipronil resi-
due in feces.

MATERIALS AND METHODS

We studied black-tailed PDs (C. ludovicianus,
BTPDs) under animal use and care guidelines of
the American Society of Mammalogists (Sikes and
Animal Care and Use Committee of the American
Society of Mammalogists 2016). We collected
fecal pellets from six BTPDs in captivity (Wang et
al. 2019). The BTPDs had been live trapped in
Colorado from a colony treated with 0.05%
deltamethrin dust to suppress fleas (DeltaDustt,
Bayer Environmental Science, North Carolina,
USA). All BTPDs were treated with fluid
insecticide upon capture to kill fleas (Pyranhat

0.55% pyrethrin, 5.50% piperonyl butoxide,
1.10% permethrin; Pyranha Incorporated, Hous-
ton, Texas, USA). The BTPDs were transported to
the US Fish and Wildlife Service’s National
Black-Footed Ferret Conservation Center, Carr,
Colorado, US, where they were housed individ-
ually in secure housing bins in a climate-
controlled room. Each bin was furnished with
1.3-cm-deep pine shavings as bedding material
and was treated with DeltaDust to kill any
remaining fleas and to inhibit flies. The BTPDs
had access to clean water and timothy hay
(Phleum pretense) ad libitum, and a nest box
and plastic tubing as refuge (Wang et al. 2019).
Before feeding the BTPDs fipronil (or non-
treated) grain, all BTPD fecal pellets were
removed from the housing bins.

During a feeding trial, BTPDs had been
presented with either nontreated grain (wheat)
or fipronil-treated grain (0.005% fipronil by
weight; Scimetrics Ltd. Corp., Wellington, Colo-
rado, USA; EPA registration number 72500-28),
in a ceramic dish. Two BTPDs received non-
treated grain and four BTPDs received fipronil
grain. Individual BTPDs may have consumed a
mean of 10.5 g of grain per day (Wang et al. 2019).
The four animals provided with fipronil-treated
grain had consumed a maximum of 35–63 g grain
(mean 48 g) or 0.00175–0.00315 g of fipronil
(mean 0.002 g) (Wang et al. 2019). During each
day of the trial, BTPD fecal pellets were collected,
stored in sealable plastic bags, labeled by date and
treatment, and frozen at �18 C.

Fecal pellets collected starting 24 h after the
feeding trial began were placed in 1.5-mL
centrifuge tubes, ground into morsels and powder
(fine particles for the flea larvae to eat; Bland et al.
2017) with a disposable polypropylene pestle,
separated as 0.5-mg subsamples into prelabeled
centrifuge tubes, and frozen. Grinding of the fecal
pellets simulated breaking of fecal pellets by
BTPDs (with their paws, for instance) as they
move within nesting chambers. Fipronil and
sulfone metabolite concentrations in fecal pellets
from the fipronil-treated BTPDs (four pellets per
day from each of the 4 d starting 24 h after treated

EADS ET AL.—FIPRONIL, FECES, AND FLEA LARVAE 85

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 10 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



grain was provided) were quantified by liquid
chromatography-mass spectrometry at the Ana-
lytical Toxicology Laboratory, Colorado State
University, Fort Collins, Colorado, USA. They
contained mean 296.20 ng/g fipronil and 158.19
ng/g fipronil sulfone.

We used the flea species Oropsylla montana
(Siphonaptera: Ceratophyllidae) as a proxy for
Oropsylla hirsuta and Oropsylla tuberculata
cynomuris. The latter two flea species parasitize
BTPDs under natural conditions but have not
been successfully maintained in captivity (Eisen et
al. 2009; Miarinjara et al. 2022). Oropsylla
montana, an important vector of Y. pestis (Eisen
et al. 2009), parasitizes a variety of ground
squirrels, albeit not BTPDs (Eisen et al. 2009).
In captivity, O. montana reproduces readily,
providing large numbers of eggs, larvae (Fig. 1),
pupae, and adults for experimentation (Bland et
al. 2017). There is no evidence in the literature to
suggest insecticidal efficacy would vary consider-
ably among these species.

The O. montana were colonized and cared for
as described (Eisen et al. 2007). We used flea
larvae with empty alimentary canals (guts) and
larvae that appeared to be first or second stage.
Testing small, young larvae helped to reduce the
probability of larvae pupating during assays
(McTier et al. 2003). Multiple types of assays
were evaluated. Herein, we concentrate on two
experiments, each conducted under methods
similar to Chen et al. (2017), although we present
some supplemental information from additional
experiments to facilitate inference.

Flea larvae were assayed in Corningt 6-well
microplates (first experiment) or 12-well micro-
plates (second experiment). Small holes were
made in the microplate caps, immediately above
each well, to allow for air exchanges. Each well
contained sterilized fine sand substrate (~1/4 to 1/
2 of well depth) for larvae locomotion and refuge.
During each day, wells in some of the test plates
received fipronil residue in BTPD feces and wells
in the remaining plates received nontreated feces
(0.50 mg/well).

We collected flea larvae by pouring substrate
from colony jars into a sieve, capping the sieve,
and shaking the sieve to eliminate substrate. Soft
paintbrushes were used to transport individual
flea larva from the sieve to unique wells in the
microplates. The O. montana larvae have limited
or no exposure to light during their development
in rodent burrows (Bland et al. 2017). Thus, in our
study, the microplates were lidded, loosely
covered with aluminum foil, and stored in a dark
location for 24 h at approximately 23 C and 85%
relative humidity.

After 24 h, the microplates were uncovered and
opened. Probes were used to prod each larva for 2
s. Live larva responded by coiling (Byron 1987)

and moving away from the prod. Larvae that did
not respond within 2 s were prodded for an
additional 5 s and considered ‘‘dead’’ if no
movement was observed (Panella et al. 2005).
During preliminary trials (before those reported
herein), some ‘‘dead’’ larvae were held in vials for
12–24 h to see if they would recover, and none
recovered (suggesting they were indeed dead). A
60–1203 pocket microscope was used to deter-
mine if each larva consumed BTPD feces
(yes¼visible meal, colored like BTPD scat, in the
gut; no¼no visible meal in the gut). At the end of
each experiment, larvae were placed in ethanol to
ensure mortality and transferred to a biohazard
waste container.

We used logistic regression to examine the
effect of fipronil residue in feces on 24-h survival
of flea larvae (glm function in stats package, R x64
version 4.1.2, R Core Team 2021). Day of feces
collection (on feeding Days 2, 3, 4, or 5) had no
detectable effect on experimental outcomes and
the variable was excluded from analysis. We
concentrated on an interaction between categor-
ical predictor variables for treatment and evi-
dence of feces consumption (a¼0.050).
Consumption of fipronil residue in feces was
expected to be more lethal than consumption of
feces from BTPDs that had consumed nontreated
grain. Data generated during this study are
available as a US Geological Survey data release
(Eads 2022).

RESULTS

Individual larva in treatment wells may
have been exposed to mean 0.15 ng fipronil
and 0.08 ng fipronil sulfone. On posttreatment
inspection, most flea larvae were found
submerged in substrate adjacent to the edges
of wells. No larva escaped from the well plates
and pupation was not observed. Overall, 59%

FIGURE 1. Larval flea, Oropsylla montana. Food is
visible in the larva’s alimentary canal (gut). Photo
credit: B. J. Hinnebusch, National Institute of Allergy
and Infectious Diseases, National Institute of Health.
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(n¼196) of larvae exhibited evidence of
consuming BTPD feces. Fipronil treatment
had no detectable effect on the proportion of
larvae with meals, of any size, in their guts (v2

test, P¼0.728). For those larvae with evidence
of fecal consumption, qualitative observations
suggested that ,25% of the gut was filled for
most larvae that had consumed feces from
fipronil-treated BTPDs, whereas .50% of the
gut was commonly filled for larvae that had
consumed feces from BTPDs fed nontreated
grain.

In the first experiment, the two-way statis-
tical interaction between treatment and evi-
dence of fecal consumption was influential
(P,0.016). Of the larvae exposed to control
feces, 48/60 (80%) survived, with no statistical
difference between larvae that had consumed
or not consumed BTPD feces (Fig. 2). Among
the larvae contacting but not consuming
fipronil residue in feces, 22/45 (49%) survived.
Only 6/76 (8%) larvae consuming fipronil
residue in feces survived (Fig. 2).

In the second experiment, the two-way
statistical interaction was influential (P,0.001).
Of the larvae exposed to control feces, 44/50
(88%) survived, with no statistical difference

between larvae that had consumed or not
consumed BTPD feces. Among larvae contact-
ing but not consuming fipronil residue in feces,
14/41 (34%) survived. Only 4/59 (7%) larvae
consuming fipronil residue in feces survived.

DISCUSSION

We found that feces from BTPDs treated
orally with fipronil insecticide (in this case,
grain with 0.005% fipronil by weight) were
lethal to larval O. montana if the larvae
contacted the feces and especially if the larvae
consumed the feces. Although larval mortality
was assessed 24 h postexposure, during side
experiments not detailed above, scat from
fipronil-treated BTPDs killed flea larvae in an
even shorter time: some of the treated O.
montana larvae were killed within 2 h, further
illustrating potential lethal effects on flea
larvae of fipronil residue in host feces. The
LD50 of fipronil or metabolites is unknown for
adult or larval O. montana fleas. Rust et al.
(2014) suggested the LD50 of fipronil, alone, is
0.11 to 0.40 ng per adult cat flea (Ctenoce-
phalides felis); they cited multiple studies,
including their own, that suggest fipronil and
other insecticides are more lethal to larval
than to adult insects.

The BTPD feces in these two experiments
might have been contaminated by DeltaDust
and Pyranha. During other experiments, in
which we fed flea larvae a normal rearing diet
(e.g., powdered blood, powdered milk, mouse
chow, and adult flea feces), 24-h survival rates
were typically .95%. During our experiments
in which flea larvae were fed feces from
BTPDs not treated with fipronil, 24-h survival
rates were slightly lower, averaging 84%; this
might reflect (weak) lethal effects of Delta-
Dust and/or Pyranha residues on flea larvae.
Given that all BTPDs and housing bins in this
study were treated similarly, any potential
effect of DeltaDust or Pyranha residues
should have been similar among larvae
exposed to feces from fipronil-treated and
nontreated BTPDs; thus, the relative compar-
isons and inference on fipronil were valid.
Additionally, if any fecal pellets excreted by

FIGURE 2. Survival rates (95% confidence inter-
vals) for larval fleas (Oropsylla montana) that contact-
ed but did not visibly consume, or contacted and
visibly consumed, feces from black-tailed prairie dogs
(Cynomys ludovicianus, BTPDs) treated with plain,
nontreated grain, or grain treated with 0.005% fipronil
by weight. Survival was assessed 24 h after the larvae
were exposed to feces in well plates. Survival was
estimated using logistic regression, with an interaction
between type of prairie dog feces and meal status.
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BTPDs before treatment remained in the bins
occupied by BTPDs treated with fipronil
grain, we may have underestimated potential
lethal effects of fipronil residue in BTPD feces
on flea larvae.

The behaviors of larval O. montana in this
study were consistent with prior investigations
of flea larvae. The tendency for flea larvae to
submerge into sand adjacent to the edges of
wells is consistent with positive geotaxis (Rust
and Dryden 1997), positive thigmotaxis (Yinon
et al. 1967), and negative phototaxis (Crum et
al. 1974; though light was limited in our
experiment). Approximately 60% of flea larvae
exhibited evidence of consuming BTPD feces,
lending support to the hypothesis that host
feces are a food source for flea larvae (Krasnov
2008). Qualitative observations suggested that
larvae consumed less feces when exposed to
scat from fipronil-treated than nontreated
BTPDs, presumably due to morbidity and
mortality caused by fipronil and metabolites in
feces from fipronil-treated BTPDs. We did
not detect evidence of larvae avoiding feces
from BTPDs, fipronil-treated or not.

Traditionally, biologists and wildlife man-
agers have attempted to mitigate plague on
BTPD colonies by infusing insecticide dusts
into burrows, with deltamethrin dust being
the standard for the last 20þ yr (Seery et al.
2003; Biggins et al. 2010; Matchett et al. 2010;
Tripp et al. 2016; Eads and Biggins 2019).
Typically, BTPD burrows are deep and
convoluted (Wilcomb 1954). Deltamethrin
dust may not transfer to the depth of BTPD
nests where young fleas develop (although
BTPDs may carry dust on their paws and
bodies to nesting chambers). In contrast, with
fipronil bait treatments, BTPDs may ferry and
deposit fipronil and metabolites directly into
their nest and latrine chambers (in scat and
perhaps urine), a potential benefit of oral
insecticide treatments. This expectation prob-
ably applies to other species of PDs (e.g.,
Cynomys gunnisoni, Cynomys leucurus, and
Cynomys parvidens).

Our results suggest that the degree and
duration of flea control observed with fipronil
grain treatments and PDs (e.g., Eads et al.
2019) may stem in part from lethal effects of

fipronil and metabolites on adult fleas feeding
on PD blood, but also to larval fleas contacting
and consuming host feces in burrows. The
effects on adult fleas are rapid (in the wild,
adult flea control is evident within days; Eads
et al. 2019) and may extend over 2–6 wk or
more (until BTPDs have fully excreted
fipronil and its metabolites).

The effects on larvae may be more pro-
longed. Fipronil and its metabolites remain
relatively stable in the dark (Simon-Delso et
al. 2015) and BTPD burrows, being dark
(Wilcomb 1954), may function as ‘‘light
shields’’ (Gunasekara et al. 2007). Fipronil
products might persist for 200 d or more in
BTPD burrows (Gunasekara et al. 2007). Such
persistence within burrows may facilitate
long-term flea control.

The fate of fipronil and its metabolites in
burrow soils may be helpful for flea control.
For example, fipronil can bind to soil particles,
increasing retention rates and limiting pene-
tration into the soil (Bonmatin et al. 2015).
Flea larvae congregate at shallow depths in
soils (Bland et al. 2017), a behavior that would
presumably increase exposure to fipronil and
metabolites. Organic matter such as PD feces
and shed hair also help to reduce fipronil
mobility in soils (Bonmatin et al. 2015),
potentially increasing fipronil contact rates
for flea larvae.

We hypothesize that nearly all flea life
stages may be exposed to fipronil and
metabolites in BTPD burrows in multiple
ways. Young flea larvae, such as those we
studied, might encounter these residues when
contacting or consuming host feces (and
perhaps urine, though mammals excrete little
fipronil or associated metabolites in urine).
Flea larvae might also encounter fipronil and
metabolites when feeding on host skin and
blood (Hinkle et al. 1991) or contacting host
hair or skin (Mehlhorn et al. 1999). Older
larvae may contact fipronil residues when
using substrate to construct cocoons for
pupation; some pupae are unable to spin
cocoons and these ‘‘naked’’ pupae (Dryden
and Smith 1994) would presumably be
exposed to fipronil and metabolites in host
feces. Adult fleas might excrete fipronil and
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metabolites in their feces before death.
Larvae might consume those feces (Silverman
and Appel 1994; Hinkle et al. 1997; Davis
1999) or even scavenge adult fleas killed by
fipronil (Wimsatt and Biggins 2009). Flea
larvae feed on live and dead larvae (Krasnov
2008; Bland et al. 2017), providing additional
routes of exposure. Adult fleas, some of which
feed daily to avoid desiccation, are exposed to
fipronil residues when feeding on host blood
and could be exposed when moving through
host hair and contacting host skin (e.g., via
absorption through thin intersegmental mem-
branes; Mehlhorn et al. 1999).

In contrast to other flea life stages, the egg
stage may be somewhat protected against
fipronil and metabolites in BTPD nests. The
lethal effects of these compounds on flea
larvae may reduce a significant source of
mortality for flea eggs, because larvae may
consume .20 flea eggs before pupation
(Lawrence and Foil 2000); thus, fipronil
treatments may allow more flea eggs to survive
and transition to the larval stage. Regardless,
because interference and exploitative compe-
tition, larvae survival is reduced at higher
larval densities (Krasnov 2008). Moreover,
larval fleas hatch within days of egg laying
(Bland et al. 2017).

By reducing survival rates for adult, larval,
and (perhaps) pupal fleas, fipronil treatments
designed to control adult fleas systemically may
dampen or eliminate flea population recruit-
ment over prolonged periods (perhaps even
after fipronil is effectively eliminated from the
environment, for instance, via hydrolysis; Fent
2014). In doing so, fipronil may reduce future
generations of adult fleas that are the primary
vectors of plague bacteria, a potential long-
term benefit for plague mitigation and conser-
vation of many wildlife species.

In this study, we concentrated on scat from
BTPDs fed grain laced with 0.005% fipronil
by weight. Scat collected from treated BTPDs
on Day 2 of grain consumption was lethal to
flea larvae. After 24 h of access to treated
grain, the treated BTPDs had consumed a
mean of 5.5 g of grain, or 0.0003 g of fipronil
(Wang et al. 2019). Fipronil has also been
incorporated into bait pellets (‘‘FipBits’’) that

effectively suppress BTPD fleas for �12 mo
(Eads et al. 2021). FipBits in current form
each contain a mean of 0.0008 g fipronil,
nearly three times more fipronil than BTPDs
had consumed by Day 2 in the current study
of fipronil grain. We suspect some BTPDs
consume .1 FipBit under natural conditions.
Thus, scat from FipBit-treated BTPDs also
may kill several flea life stages, including
larvae, helping to explain long-term flea
control with FipBits (Eads et al. 2021;
Matchett et al. 2023).

With fipronil grain or FipBits, biologists
may choose to treat PDs annually. Repeated
treatments might lead to accumulation of
fipronil residues in PD burrows, potentially
facilitating long-term flea control. Testing
fleas and soils from PD burrows over time,
on colonies with differing numbers of treat-
ments, could assess this hypothesis. Prolonged
insecticide exposure places strong selective
pressure on fleas to evolve insecticide resis-
tance. As an example, deltamethrin resistance
has been detected among PD fleas at some
sites treated annually (Eads et al. 2018). Thus,
long-term persistence (and perhaps accumu-
lation) of fipronil residues in PD burrows may
not necessarily be beneficial in all contexts. To
date, evidence of flea resistance to fipronil is
scarce; some evidence suggests potential
cross-resistance between dieldrin and fipronil,
but the degree of fipronil resistance was
relatively weak (Payne et al. 2001; Schenker
et al. 2001; Bass et al. 2004; Rust 2016).

There have been questions about fipronil
and metabolite bioaccumulation in hosts, with
implications for predators, given repeated
exposures may lead to acute toxicity or
mortality in some vertebrates (Gunasekara et
al. 2007). Bioaccumulation seems most prob-
able for chemicals that persist in animals with
little to no elimination, or animals repeatedly
consuming fipronil over time. On BTPD
colonies, fipronil baits are typically applied
once annually and depleted within 3–7 d
(Eads et al. 2019). The BTPDs and other
mammals eliminate fipronil and metabolites
over time, with full (or nearly full) elimination
expected within 2 mo or less (and perhaps
faster in mammals with higher metabolic

EADS ET AL.—FIPRONIL, FECES, AND FLEA LARVAE 89

Downloaded From: https://complete.bioone.org/journals/Journal-of-Wildlife-Diseases on 10 Jul 2025
Terms of Use: https://complete.bioone.org/terms-of-use



rates, such as the black-footed ferret). Thus,
bioaccumulation in the context of fipronil
baits and mammalian hosts is not expected
with infrequent treatments and relatively
rapid elimination rates, perhaps especially
for relatively short-lived species. Both BTPDs
and black-footed ferrets are considered to be
short-lived, and the life spans of other ferret
prey species, such as Peromyscus spp., are
even shorter (Forrest et al. 1988; Hoogland
1995). Potential accumulation of fipronil
residues in longer-lived BTPD predators
(such as raptors) warrants investigation.

Deltamethrin treatments on PD colonies
may reduce survival rates for some species
(e.g., Peromyscus spp.) because of direct
lethality or effects on arthropod prey (Gold-
berg et al. 2022). Fipronil bait treatments are
thought to be more precise by delivering the
insecticide directly to fleas on target hosts and
may comparatively reduce impacts on nontar-
get organisms by reducing exposure for some
animals (Eads et al. 2019, 2020, 2021).
However, a variety of animals may encounter
fipronil residues when exposed to host feces,
and PDs excrete their feces both in burrows
and aboveground. Fipronil bait treatments
might influence a variety of organisms that
move among and consume host feces in both
environments. For example, effects on scarab
beetles (e.g., Onthophagus spp.), some of
which eat and nest in PD feces, seem probable.

Our results may inform conservation efforts
for PDs and black-footed ferrets and, more
broadly, inform efforts to mitigate plague in
other areas where burrowing or ground-
nesting rodents and their fleas play a signif-
icant role in maintaining the disease in nature.
Continued study is needed to optimize
fipronil bait treatments and minimize poten-
tial negative effects on nontarget species. We
continue to evaluate fipronil safety with PDs
and associated species, including a variety of
arthropods, amphibians and small mammals,
and the endangered black-footed ferret. As
with any plague-mitigation approach, results
may be evaluated in the context of how plague
continues to disrupt ecosystem functions and
limits endangered black-footed ferret conser-
vation (Eads and Biggins 2015).
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