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Abstract Pyrethroid insecticides containing deltamethrin
provide broad spectrum insect control that can adversely
affect food supplies of insectivorous birds. I hypothesized
that this could result in lowered nest survival for a
ground-nesting insectivorous bird, the Mountain Plover
(Charadrius montanus), which preferentially nests on
prairie dog colonies. I studied Mountain Plover nest sur-
vival in 2003-2010 at a small cluster of black-tailed prairie
dog (Cynomys ludovicianus) colonies in north-central
Montana. Three colonies were treated with deltamethrin to
control fleas and limit the spread of plague; four untreated
colonies served as controls. I monitored 412 plover nests
during the 8 year study (264 on treatment colonies and 148
on control colonies) and found a strong negative effect of
deltamethrin treatments on nest survival (Bpys = —1.24,
95 % CI was —2.00 to —0.48) in the years following the
actual treatment (2004—2006). I conclude that the observed
treatment effect most likely occurred because of changes in
insect (food) availability for the plover, and this in turn
lowered nest survival because adults spent more time off
nests or switched to less desirable insect prey. These results
lend support to the need to consider the indirect effects of
insecticide treatments on non-target species and suggest a
potential conflict in current plague management strategies
for prairie dogs.
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Introduction

The impacts of commercial insecticides on target species
have been well studied, in contrast to the relatively few
studies of indirect impacts to non-target species. Many
popular insecticides are highly effective, affect a range of
insect Orders, and can have effects that last beyond the actual
treatment through disruption of population cycles (Karhu and
Anderson 2000; Moreby et al. 2001). There is a long history
of the use of organocholrine, organophosphate, and carba-
mate insecticides to control insects; evidence of direct tox-
icity to birds includes the well-known effects of DDT
(Douthwaite 1995). To reduce toxicity to non-target verte-
brates, including birds, a class of pyrethroid insecticides
was developed with substantially lower toxicity levels
compared to organophosphates and carbamates (Extoxnet
1995; Perry et al. 1998). The LDs levels of these of pyre-
throid insecticides for birds are generally between 1,000 and
10,000 mg kg~ of body weight (Elliot et al. 1978; Hudson
et al. 1984; Extoxnet 1995), which is substantially higher
than those for many organophosphate and carbamate insec-
ticides. The pyrethroid insecticide deltamethrin is a broad
spectrum insecticide that is highly toxic to a wide range of
terrestrial insects and aquatic organisms (Extoxnet 1995). Its
broad control of terrestrial insects has led to concerns about
indirect effects to insectivorous birds, whose food supplies
may be depleted by deltamethrin treatments (Pascual and
Peris 1992; Martin et al. 1998; Moreby et al. 2001; Pendleton
and Baldwin 2007). Insecticides containing deltamethrin
were linked to lower hatching success in Chestnut-collared
Longspur nests in Alberta (Martin et al. 1998) but had no
effect on reproductive output by the same species in a dif-
ferent study (Martin et al. 2000), declines of Gray Partridge
in England (Rands 1985), and local declines in some insec-
tivorous birds in Botswana (Pendleton and Baldwin 2007).
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In the North American Great Plains, black-tailed prairie
dog (Cynomys ludovicianus) colonies provide habitat for
other species as a result of burrowing activity and vege-
tation change (Miller et al. 2007). The prairie dog is
sometimes described as a keystone species (Stapp 1998;
Kotliar 2000) and its activities are an important source of
soil and vegetation disturbance. Prairie dogs are susceptible
to plague, a flea-borne disease caused by the bacterium
Yersinia pestis (Gage and Kosoy 2005; Collinge et al.
2005). Plague mortality in infected prairie dogs can exceed
99 % (Cully 1997; Cully and Williams 2001) and result in
widespread loss of colonies across large regions. Loss of
prairie dog colonies poses a threat to many species of high
conservation concern such as the black-footed ferret and
may pose greater threats to the Great Plains ecosystem as a
whole (Biggins and Kosoy 2001). On the basis of these
threats, several methods have been investigated to control
the spread of plague in prairie dogs. One of the most
promising involves the application of commercial insecti-
cides directly to active prairie dog burrows, where it is
transferred to the occupants to control fleas. Early appli-
cations involved carbaryl (Barnes et al. 1972) or per-
methrin (Beard et al. 1992; Karhu 1999) dust, both of
which were highly effective at killing fleas but had rela-
tively short half-lives (<3 months). The desire for longer-
lasting flea control led to the development of DeltaDust
(0.05 % active ingredient deltamethrin; Aventis Environ-
mental Health, Montvale, NJ), which is waterproof and
lasts up to 10 months post-application (Seery et al. 2003;
Biggins et al. 2010). Such a product is appealing because a
single application can provide effective flea control to limit
the spread of disease for an entire transmission season
(Seery et al. 2003).

The Mountain Plover (Charadrius montanus) is one of a
suite of vertebrate species that preferentially occupies
active prairie dog colonies (Knowles et al. 1982; Knowles
and Knowles 1984). Colonies provide important nesting
areas because they contain a mix of short vegetation and
abundant insects preferred by the plover (Graul 1975;
Knopf and Wunder 2006). The plover is a ground nester,
has a typical clutch of three eggs, and occupies colonies in
Montana during the April to September breeding season
(Dinsmore et al. 2002). It is insectivorous and feeds pri-
marily on insects in the Orders Coleoptera and Orthoptera,
although it is known to consume insects outside these
groups (Baldwin 1971; Knopf 1998). In north-central
Montana, the loss of prairie dog colonies to plague poses
a serious threat to the plover because of habitat loss
(Dinsmore 2000; Dinsmore et al. 2005; Augustine et al.
2008a) and the control of fleas that carry plague is a short-
term conservation measure. There, an estimated 74 % of
plovers nest on active black-tailed prairie dog colonies at
densities approaching 7 birds/km? which is the highest
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density recorded in the species’ breeding range (Childers
and Dinsmore 2008). Plague history plays an important
role in determining how and when plovers utilize prairie
dog colonies (Dinsmore and Smith 2010) and could also
affect their local dispersal patterns (Skrade and Dinsmore
2010). Thus, plague is an important driver of Mountain
Plover population dynamics in this region, and attempts to
manage plague (e.g. on-going efforts to develop an oral
plague vaccine for prairie dogs) should seek to minimize
negative impacts to non-target species, including the plover.

Here I describe the impacts of DeltaDust application to
nesting Mountain Plovers at a small cluster of black-tailed
prairie dog colonies in Phillips County, Montana. I moni-
tored seven colonies during an 8 year study and measured
responses by plovers as the number of nests per colony and
nest survival. I hypothesized that DeltaDust might have
broader impacts to the insect community that might neg-
atively affect nesting Mountain Plovers.

Methods
Study area

Mountain Plover responses to DeltaDust treatments were
studied on a small complex of black-tailed prairie dog
colonies in southern Phillips County, Montana, during a
8 year period (2003-2010; Fig. 1). These colonies are
located approximately 1 km south of the Dry Fork Road
and 26 km east of its junction with U.S. Highway 191. All
of the colonies are in public ownership with the Bureau of
Land Management (BLM, Malta Field Office). The study
site contains habitat typical of this region, including mixed-
grass prairie with flat-topped ridges dissected by shallow
coulees and sagebrush flats (Knowles et al. 1982; Olson
and Edge 1985; Dinsmore et al. 2002).

Study design

DeltaDust treatments were applied to active black-tailed
prairie dog colonies as part of an experimental study of
enzootic plague effects on black-footed ferrets (Mustela
nigripes), a highly endangered mammal that preys on live
prairie dogs (Campbell et al. 1987; Augustine et al. 2008b;
Matchett et al. 2010). Specifically, DeltaDust is used to
control fleas that carry the flea-borne bacterium Yersinia
pestis, which causes plague (Collinge et al. 2005). The loss
of prairie dogs to plague reduces the food supply and
habitat for the ferret, limiting its’ recovery and reducing
nesting habitat for the Mountain Plover. This scenario
offered a rare opportunity to monitor possible indirect
effects of a broad spectrum insecticide on a terrestrial non-
target bird, the Mountain Plover. DeltaDust, a pyrethroid
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Fig. 1 Spatial arrangement of
experimental treatment and
control black-tailed prairie dog
(Cynomys ludovicianus)
colonies in southern Phillips
County, Montana. This figure
depicts the colonies in 2004;
boxes show colony numbers and
size (ha) referred to in the text

V//A Control
| Treatment

insecticide containing 0.05 % deltamethrin active ingredi-
ent, was applied in a powdered dust form directly to prairie
dog burrows, where it came in contact with the animal’s fur
as it passed through the burrow entrance. Although I did
not monitor insects, I predicted that DeltaDust would
reduce plover food supplies (insects) and negatively affect
nest survival, which is an important measure of reproduc-
tive output (Martin et al. 1998; 2000). DeltaDust is known
to affect insects in the Orders Coleoptera, Hemiptera,
Lepidoptera, and Orthoptera, many of which are food items
of the plover. The loss of food could translate into lowered
nest survival by forcing adults to spend more time foraging
(Cooper et al. 1990; Holmes 1998), switch their diet to less
preferred prey items (Sample et al. 1993; Martin et al.
1998), or experience a decline in body condition that could
reduce egg production or nest attentiveness (Hunter et al.
1984; Whitmore et al. 1993; Holmes 1998). Mountain
Plover chicks are precocial and leave the nest within hours
of hatching. I was unable to monitor chick survival and
acknowledge that this information would add greatly to an
understanding of possible indirect effects of DeltaDust on
Mountain Plovers.

The experimental design included a balance of three
treatment colonies and four control colonies. The six pri-
mary study colonies were chosen by first identifying three
pairs of colonies of roughly equal size and topography and
with similar densities of prairie dog burrows (Matchett
et al. 2010). Within each pair of colonies, one was ran-
domly selected for treatment in 2003-2005 and the other
served as a control. Colony B-041 (177 ha, treated) was
paired with B-072 (171 ha), B-069 (75 ha, treated)
was paired with B-043 (58 ha), and B-045 (28 ha, treated)
was paired with B-042 (27 ha, colony sizes from GPS

mapping in 2004, Fig 1). Colony B-047 (19 ha) was
included as another control colony because it did not vis-
ibly differ from other study colonies, was located 1,500 m
from the nearest treatment colony (B-041), and brought the
total area of non-dusted experimental control colonies to
275 ha compared to the 280 ha treated with deltamethrin.

DeltaDust was applied to treatment colonies during the
weeks of 4 August 2003, 19 July 2004, and 17 July 2005.
Treatments consisted of a direct application of 4-6 g of
DeltaDust per burrow. Treatments were applied using
special pressurized dusters (Technicide, Inc.) mounted to
ATVs. Each treatment colony was covered in 30 m wide
strips, with a follow-up pass on each to ensure complete
burrow coverage. DeltaDust was applied to all burrows and
as far into the burrow entrance as possible. In part, the
timing of dusting in late summer was to reduce impacts to
nesting birds, including the plover, and dusting should not
have affected nests during the year it was applied because
most plover nesting activity is complete by mid-July
(Dinsmore et al. 2002). However, I hypothesized that the
residual effects of the treatment would affect nesting plo-
vers in the succeeding nesting season(s). Seery et al.
(2003), Biggins et al. (2010) documented reduced flea
populations at least 10 months post-treatment with delta-
methrin, so I assumed that the late summer DeltaDust
treatments had a carryover effect the next year and that the
first meaningful treatment effect (from a plover perspec-
tive) occurred during the 2004 nesting season. This carry-
over effect assumes that the treatment reduced insect
populations such that they did not fully recover until almost
a year later. I chose to include 2003 as a pre-treatment year,
but did not include earlier years because sample sizes of
plover nests were generally low (Table 1). The 2000-2002
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Table 1 Number of Mountain Plover (Charadrius montanus) nests on treatment (dusted with deltamethrin) and control black-tailed prairie dog
(Cynomys ludovicianus) colonies in Phillips County, Montana, 2003-2010

Colony 2003 2004 2005 2006 2007 2008 2009 2010
Treatment
B-041* 26 (77) 5(0) 11 (9) 17 (6) 47 (62) 27 (44) 18 (61) 8 (13)
B-045° 1 (100) 6 (50) 3 (33) 2 (100) 5 (40) 9 (56) 3(0) 3(33)
B-069° 8 (100) 9 (22) 4 (0) 11 (64) 15 (53) 13 3D 10 (30) 3 (67)
TOTAL 35 (83) 20 (25) 18 (11) 30 (33) 67 (58) 49 (43) 31 (45) 14 (29)
Control
B-042° 7 (86) 2 (50) 6 (83) 4 (75) 1 (100) 3 (67) 5 (100) 2 (50)
B-043% 3 (0) 1 (0) 1 (0) 1 (100) 2 (50) 2 (0)
B-047° 3 (100) 1 (100) 4 (75)
B-072° 30 (83) 24 (63) 13 (54) 1 (100) 2 (50) 8 (75) 17 (59) 5 (20)
TOTAL 43 (79) 28 (61) 24 (63) 5 (80) 4 (75) 11 (73) 24 (67) 9 (22)

Totals reflect only nests for which the fate was known; the number in parentheses is the proportion of nests where at least one egg hatched (%)

b Colonies with different superscript letters had nest survival rates with non-overlapping 95 % confidence intervals

nesting seasons had unusually low nest totals for these
colonies, and only colonies B-041 and B-072 exceeded
three nests in any of these years. Thus, I limited my pre-
treatment analysis to a single year (2003) that contained
good samples of nests.

Plover and prairie dog monitoring

I monitored plover nesting activity annually between mid-
May and late July at each colony from 2003 to 2010.
Prairie dog colony boundaries were mapped after the plo-
ver nesting season (July—October) with a Trimble Geo XT®
handheld GPS unit running TerraSync software (Trimble
Navigation Limited Sunnyvale, CA). To do this, I con-
nected straight-line distances between active burrows along
the colony perimeter. I later differentially corrected field
data using Pathfinder Office Software (Trimble Navigation
Limited Sunnyvale, CA) in Montana State Plane (NADS3)
units and converted mapping data to shapefiles to calculate
the area of each colony in hectares. I used mapping data
and field observations of prairie dog activity to infer
whether a colony suffered from a plague outbreak during
each year of the study.

I visited each colony >3 times between mid-May and
late July each year to monitor Mountain Plover activity
(Dinsmore et al. 2002). On each visit I systematically
searched for nests, which I located by following behavioral
cues of incubating adults. If I located a nest I returned at
3-5 day intervals to monitor its fate. I floated eggs on each
visit to determine nest age (Westerskov 1950; Dinsmore
et al. 2002) and trapped and color banded the tending adult.
I collected contour feathers from the nest-tending adult and
sent them to Avian Biotech International (Tallahassee, FL)
to determine gender using molecular techniques described
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by Dinsmore et al. (2002); sex is not otherwise readily
distinguishable in the field in this monomorphic species.

Statistical analyses

I used the nest survival model (Dinsmore et al. 2002) in
Program MARK (White and Burnham 1999) to model
Mountain Plover nest survival in response to DeltaDust
treatments. This model has no goodness-of-fit test, so I
relied on model assumptions (Dinsmore et al. 2002) to use
this approach; this included assumptions about correctly
ageing nests and determining their fates, the independence
of nest fates, and minimizing the effects of nest discovery
and subsequent visits on nest fate. Previous work with
plovers in Phillips County (Dinsmore et al. 2002) found
that nest survival was affected by the sex of the nest-
tending adult (sex; male-tended nests survive better), daily
nest age (age; older nests have greater daily survival), and
within-season variation (TT; a quadratic trend was the best
fitting model, with survival dropping to a low in mid-June).
I combined these factors additively in a baseline model, to
which I later added three additional effects, singly and
additively:

(1) A dusting effect (Dust). I included this as a nest- and
year-specific binary covariate for whether or not the
nest was on or off a colony that was dusted. The
baseline model was one where this covariate was used
in the years 2004-2006 because the treatments were
applied after the plover nesting season in 2003—-2005.
I also considered variations of this dusting effect by
including models where the covariate applied to the
actual years of the treatments (2003-2005) and to
dusted colonies in all years of the study (2004-2010).
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(2) Colony effects (Colony). Inasmuch as the sample of
colonies was small (n = 7 total), I wanted to also
consider possible colony-specific patterns in plover
nest survival. Such differences could arise from many
factors including subtle habitat differences, variable
food resources for a plover, differences in the risk of
nest predation (e.g. the presence of black-footed
ferrets), and possibly others.

(3) A year effect (Year). 1 included this effect because
many studies have shown annual variation in nest
survival of birds, although an earlier 6 year study of
Mountain Plover nest survival at this site did not find
evidence for year effects (Dinsmore et al. 2002). In
the present study, year was important because of
possible temporal effects in nest survival arising from
the DeltaDust treatments.

I first added the effects of year and colony, and then
built three models to account for possible dusting effects
last. Competing models were ranked by AIC (Akaike
1973), adjusted for small sample sizes (AICc; Burnham
and Anderson 2002). I report model-averaged estimates of
effects in the results to account for possible model selection
uncertainty (Burnham and Anderson 2002), and then used
these estimates to predict nest survival responses.

Results

Mountain Plovers occupied all treatment and control prai-
rie dog colonies before and after treatment with DeltaDust,
although not all control colonies were continuously occu-
pied post-treatment. The size and occurrence of plague on
treated and control prairie dog colonies differed during the
study period. All of the treated colonies slowly increased in
size (Fig 2A) while all of the control colonies suffered
plague events and had recovered to variable degrees by
2010 (Fig 2B). Suspected plague events occurred on col-
onies B-072 (2005), B-047 (2005), B-042 (2006 and 2008),
and B-043 (2008) during the study.

During the 8 year period I monitored 412 Mountain
Plover nests that were usable for nest survival analyses on
the seven study prairie dog colonies (Table 1). Most nests
were on treatment (n = 264) rather than control (n = 148)
colonies. Nests were tended by male (n = 193), female
(n = 187), or unknown sex (n = 32) plovers across all
years. In general, plovers nested more often but with lower
apparent hatching success on treated prairie dog colonies
than on control colonies (Table 1).

The best model explaining patterns of plover nest survival
in response to dusting included the effects of sex of the
tending adult, nest age, year, a quadratic seasonal pattern
within year, colony, and a dusting treatment on three colonies
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Fig. 2 Black-tailed prairie dog (Cynomys ludovicianus) colony area
(ha) for three treated (a) and four control (b) colonies, by year, in
Phillips County, Montana, 2003-2010

in 2004-2006 (Table 2). Models that included a dusting effect
for all but the treatment year (2004—2010; AAICc = 2.98) or
the actual years of the treatments (2003-2005; AAICc =
3.17) were not well supported. Model-averaged coefficients
suggested that there was a strong negative effect of dusting on
nest survival (Bpys: = —1.24, 95 % CI was —2.00 to —0.48)
and a weak sex effect (Byjale = —0.16,95 % CI was —0.32 to
0.01) where male-tended nests had lower survival than
female-tended nests. There was also evidence of colony
variation in nest survival with colonies B-041 and B-043
having lower survival than all other colonies (Table 1). Using
model-averaged coefficients for each effect, I predicted the
yearly probability that male- and female-tended Mountain
Plover nests initiated on 1 June (the median long-term nest
initiation date; Dinsmore et al. 2002) would survive the
29 day incubation period on treated and control colonies
(Fig. 3). Figure 3 illustrates the lack of a pre-treatment effect
in 2003, the strong treatment effect in 2004-2006, and the
patterns of yearly variation in nest survival.

Discussion

In this study there was no evidence for direct toxicity by
DeltaDust on nesting Mountain Plovers. The high LDsq
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Table 2 Model selection results to explain patterns of Mountain Plover (Charadrius montanus) nest survival on treatment and control black-
tailed prairie dog (Cynomys ludovicianus) colonies, Phillips County, Montana, 2003-2010

Model AAICc wj K
Sex + Age + Year + TT + Colony + Dust (2004-2006) 0.00 0.69 19
Sex + Age + Year + TT + Colony + Dust (2004-2010) 2.98 0.16 19
Sex + Age + Year 4+ TT + Colony + Dust (2003-2005) 3.17 0.14 19
Sex + Age + Year + TT + Colony 8.20 0.01 18
Sex 4+ Age + Year + TT 38.39 0.00 12
Sex + Age + TT 77.15 0.00 5

S () 83.84 0.00

Models are ranked by ascending AAICc values with the model weight (w;) and number of parameters (K). Model effects include the sex of the
nest-tending adult (Sex), the daily age of the nest (Age), yearly differences (Year), a quadratic pattern of within-season variation in survival (TT),
colony difference (Colony), the effects of deltamethrin treatments (Dust), and a model with no effects (.)

4 The AIC value of the top model was 954.39

Nest survival

Nest survival

) > o © A % ) o
N N $ N $ N N S
N S ) S S

Year

Fig. 3 Predicted probabilities of a Mountain Plover (Charadrius
montanus) nest surviving the 29 day incubation period (1-29 June) on
treated (a) and untreated (b) black-tailed prairie dog (Cynomys
ludovicianus) colonies in Phillips County, Montana, 2003-2010. The
effects are illustrated for colony B-069 (treated colony) and B-072
(control colony). Gray bars indicate male-tended nests and black bars
indicate female-tended nests. Error bars indicate the upper limit of
symmetrical 95 % confidence intervals

levels of pyrethroid insecticides such as DeltaDust on birds
(Elliot et al. 1978; Hudson et al. 1984; Extoxnet 1995)
suggests that direct toxicity to the plover should be rare or
absent, and this was at least partly confirmed because I
found no dead adult plovers on or near nests. Plovers could
have consumed dying Coleopterans (60 % of diet) or other
affected insects, but again I found no evidence that this
translated into direct mortality of adults.
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The indirect effects of prairie dog flea control on other
vertebrates have not been previously studied. After the
appearance of sylvatic plague in the Great Plains in the
1980s (Barnes 1982), flea control increased when it was
identified as a possible means of reducing the spread of
plague and protecting prairie dog colonies (Barnes 1993;
Hinkle et al. 1997). Some early control efforts acknowl-
edged the possible negative impacts of deltamethrin to
invertebrates (Karhu and Anderson 2000; Moreby et al.
2001), but there was little speculation about how this could
impact higher trophic levels such as insectivorous birds.

The few studies of the indirect effects of deltamethrin
treatments in insectivorous birds have produced mixed
results. Martin et al. (1998) studied Chestnut-collared
Longspur nesting success in response to experimental
treatments of deltamethrin in Alberta. They found no
decline in nesting success in response to deltamethrin
treatments, but did find that diet composition of adults
changed post-treatment from >85 % grasshoppers to a
more diverse diet. In their study, treatments were applied
directly to sites with active longspur nests, and nest success
included both the incubation and nestling stages in this
altricial species. Pendleton and Baldwin (2007) found
evidence for declines in some insectivorous birds in
Botswana as a result of spraying deltamethrin for tsetse fly
control. Other insecticides have also been shown to nega-
tively impact food availability and foraging rates of
insectivorous birds (Cooper et al. 1990; Sample et al. 1993)
or to have minimal impacts (Holmes 1998). Collectively,
these studies illustrate the potential that insecticides,
including deltamethrin, have important negative effects on
insectivorous birds.

Links to Mountain Plover nest survival

There are several explanations for the differences in
plover nest survival between the treated and control
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colonies. I acknowledge that the sample of experimental
colonies was small and may not be representative of plover
nesting habitat, although these seven colonies have
accounted for 33 % of the nests found in a long-term study
(1995-2011) of plovers in Phillips County, Montana (pers.
obs.). Regardless, I found clear patterns in plover nest
survival between colonies, as well as a strong difference in
nest survival between experimental and control colonies.
Models where the treatment effect existed in the actual
treatment years (2003—-2005) or for all years of the study
were poorly supported, further supporting a genuine treat-
ment effect in the years 2004—2006. This is strong evidence
that there was an effect of deltamethrin on the nest survival
of Mountain Plovers using these colonies. These observed
patterns could be the result of food depletion from colony
treatments by deltamethrin, or from other causes. Below I
discuss the most likely interpretation of my results and
contrast it with three alternatives.

The most likely cause of treatment effects in this study
is that deltamethrin substantially reduced plover food
supplies on treated colonies, somehow resulting in lowered
nest survival. The plover is an insectivore with a diverse
diet, although it generally feeds on insects in the Orders
Orthoptera, Lepidoptera, Hymenoptera, and Coleoptera
(Knopf 1998). Foraging occurs during the day, although a
recent study in Montana demonstrated that nesting plovers
are active and probably feeding at night (Skrade and
Dinsmore 2012). Their specific nighttime activities are
largely unknown, but the duration of off-bouts (many
>1 h) suggest that they were feeding forays and not for
predator distraction or courtship. An examination of
nighttime video of incubating plovers in Montana revealed
that many of the birds simply stepped off the nest and
immediately began feeding (P. D. B. Skrade, pers. comm.).
The few food habits studies of the plover have not found
nocturnal burrowing insects in the diet, but this could be
hampered by the timing of data collection (daytime only)
and the knowledge that food passes through the digestive
system quickly (within a few hours). In the only other
nesting season study (Baldwin 1971) about 60 % of the diet
was Coleopterans (beetles), which are active at night and
take refuge during the day belowground or under litter
(pers. obs.). The application of deltamethrin significantly
reduced numbers of several families of nocturnal burrow-
ing insects in a Utah study, although other families
increased and most showed no change (Biggins et al.
2003). If these insects are important food for the plover,
their disappearance could increase foraging time for the
adult and result in increased nest predation risk. Delta-
methrin treatments were applied directly into prairie dog
burrows, and thus are expected to impact only the insect
community that utilizes these refugia. Documented nest
predators of the plover in Montana include coyote (Canis

latrans) and Black-billed Magpie (Pica hudsonia), both of
which could locate nests visually and would better cue in
on nests where the adults were departing more frequently.

There are at least four possible alternative explanations
for my findings, none of which is as plausible as food
depletion. One alternative is that there were inherent dif-
ferences between colonies that caused the appearance of
responses to deltamethrin treatments. The potential for this
problem is enhanced because of the small sample of col-
onies. Nest survival did not differ between treatment and
control colonies in the pre-treatment year (2003), differed
as hypothesized during post-treatment years (2004—2006),
and then were similar for the final 4 years of the study. A
second alternative is that plover nests on treated colonies
were subject to increased predation by reintroduced black-
footed ferrets. There is no direct evidence to support this
claim, although ferrets did tend to cluster on treated colo-
nies for much of this study because plague had eliminated
most of their habitat and prey on control colonies
(M. R. Matchett, pers. comm.). The ferret is primarily a
predator of prairie dogs, although its diet also includes other
mammals (Campbell et al. 1987). Bird’s eggs have not
been noted in the ferret’s diet, and it seems unlikely that
nest losses could be explained solely by the presence of
ferrets on these colonies. Thirdly, deltamethrin may have
increased prairie dog survival on treated colonies, resulting
in greater densities of prairie dogs that attracted predators
that also took plover nests. The principle predators of
black-tailed prairie dogs in this part of Montana include the
black-footed ferret, badger, coyote, Ferruginous Hawk, and
Golden Eagle (pers. obs.). The mammals are all potential
predators of plover nests, although it seems unlikely that
their low population densities and the lower potential
energy gain from a clutch of plover eggs when compared to
a prairie dog would provide enough incentive for them to
selectively prey on plover nests. There is a potential for
density dependent predator—prey interactions that might
influence nest predations rates differentially on treated and
untreated colonies. For example, if prairie dog density is
greater on treated colonies, this could attract more preda-
tors like the ferret that might opportunistically take bird’s
eggs. However, there are no data on prairie dog density for
these colonies, and I have assumed that colony area is more
important than prairie dog density per se. Lastly, the
treatments of deltamethrin may have altered predator—prey
relationships and caused a shift to preying on birds’ eggs.
Prairie dogs have been suggested as a potentially important
bird nest predator, but published literature of prairie dog
diet during summer has shown they feed almost exclu-
sively on plant material,; they will take arthropods and
other insects occasionally (Summers and Linder 1978;
Uresk 1984). Other rodents such as ground squirrels are
important bird nest predators (Sargeant et al. 1987) and
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may have increased in response to deltamethrin treatments.
Other known predators of birds’ nests such as long-tailed
weasel (Mustela frenata) and bull snake (Pituophis cate-
nifer), both of which occur in the study area, may have
increased in response to changes in prairie dog abundance
and taken some plover nests.

Regardless of the cause, it is clear that there were dif-
ferences in Mountain Plover nest survival on this prairie
dog colony complex in Montana, and that those differences
were associated with patterns of DeltaDust treatments. Nest
survival was lower on colonies in the years following
DeltaDust treatments; such differences were absent from
untreated colonies and from treated colonies in years other
than post-treatment years.

Conservation implications

The Mountain Plover is a species of conservation concern
in the U.S. (Brown et al. 2001; U.S. Department of the
Interior 2010, 2011) and is a focal species for conservation
efforts in the Great Plains (Dinsmore 2000). In Montana
and elsewhere in the Great Plains they nest on active prairie
dog colonies (Knowles et al. 1982; Dinsmore et al. 2002)
and are sometimes considered a prairie dog associate. Their
attraction to active prairie dog colonies may stem from a
combination of low vegetation interspersed with bare
ground (Knopf and Wunder 2006), abundant insects that
comprise a majority of their diet (Baldwin 1971; Knopf
1998), and possibly predator avoidance.

Deltamethrin is a waterproof insecticide that remains
active for up to 10 months after application. It is lethal to a
wide range of insects, including ants, beetles, and some
winged insects, all of which are included in the diet of the
plover. The dust is applied directly into prairie dog bur-
rows, which enhances its possible effects on some of these
non-target insects. Nothing in the product label suggests it
has direct impacts to the plover, but substantial indirect
impacts could arise if food sources are depleted. The length
of possible impacts to food supplies is unknown, primarily
because only short-term lethal effects of deltamethrin have
been well studied. The control of fleas to reduce the
impacts of sylvatic plague is an important tool to aid
recovery of prairie dogs and associated species like the
Mountain Plover (Dinsmore et al. 2005; Dinsmore and
Smith 2010) and black-footed ferret (Matchett et al. 2010).
Left unmanaged, plague threatens to eliminate prairie dogs
from portions of their current range. However, colony
treatments with insecticides may have negative impacts on
non-target species such as the Mountain Plover. This
highlights a potential conflict between managing plague
with insecticides to preserve viable prairie dog populations
and maintaining healthy invertebrate populations on prairie
dog colonies that provide benefits to the entire community.
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