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opossums Didelphis virginiana, and invasive domes-
tic cats Felis catus), and tested for effects of predator 
activity and density on piping plover nest and brood 
survival. Following the loss of red foxes, northern 
raccoon and Virginia opossum activity remained rela-
tively unchanged, while cat activity increased. The 
cat population grew from 14 to 42 individuals across 
the three study areas, and cats later became the most 
frequently detected mammalian predator. The loss of 
red foxes was associated with increased plover nest 
survival (β ± SD = 1.08 ± 0.55), though the increase of 
cats in later years was associated with a strong, nega-
tive decline in nest survival (β ± SD = −3.08 ± 1.28). 
Plover brood interval survival was negatively cor-
related with cat density (β ± SD = −0.50 ± 0.14) but 
not with red foxes. We underscore the importance 
of monitoring invasive predators during periods 

Abstract  Along U.S. Atlantic and Gulf Coast bar-
rier islands, red foxes (Vulpes vulpes) are top preda-
tors that are thought to impact smaller mesopredators 
and depredate beach-nesting birds. Starting in 2015, 
sarcoptic mange epizootics among red foxes led to 
their eventual temporary extirpation from most of 
Fire Island, NY, USA. We monitored the subsequent 
changes to the mammalian predator community on 
this barrier island and explored the impacts to piping 
plovers (Charadrius melodus), a federally threatened 
shorebird. We deployed trail cameras and quantified 
detection rates of four common shorebird predators 
(red foxes, northern raccoons Procyon lotor, Virginia 
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of trophic downgrading, which may have delayed 
impacts to native fauna.

Keywords  Barrier island · Charadrius melodus · 
Domestic cat · Felis catus · Invasive island predator · 
Piping plover

Introduction

Globally, top predators are in decline (Estes et  al. 
2011; Ripple et  al. 2014). When top predators are 
extirpated, the loss of top-down consumptive (i.e. 
predation) and non-consumptive effects (e.g., per-
ceived predation risk, competition) can reverberate 
through food webs (Ripple et  al. 2016). Following 
the disappearance of a top predator, populations of 
smaller predators within the community may expe-
rience population growth, and the resulting change 
in predatory pressures can lead to prey population 
declines (Soulé et al. 1988; Crooks and Soulé 1999). 
In extreme cases, increased predation by multiple 
competing mesopredators may result in species extir-
pations (Crooks and Soulé 1999).

Predator–prey interactions are especially complex 
in island systems with invasive species (Courchamp 
et al. 1999). Invasive mammals are one of the greatest 
threats to insular biodiversity (Blackburn et al. 2004; 
Medina et  al. 2011; Doherty et  al. 2016) and they 
often are targets for predator control or eradication 
programs (Jones et al. 2016; Spatz et al. 2022). How-
ever, asymmetric management, where one species in 
a multi-predator system is the focus of predator con-
trol, can lead to unintended consequences (Zavaleta 
et al. 2001). For example, predator control programs 
solely focused on managing a top predator may ena-
ble smaller mesopredators to expand their dietary 
niche (Rayner et al. 2007; Stantial et al. 2021), while 
the reduction of a mesopredator as prey may lead to 
increased predation pressures elsewhere in the sys-
tem (Murphy and Bradfield 1992). Thus, it is vital to 
understand the complex nature of predator guilds for 
holistic wildlife management (Zavaleta et  al. 2001; 
Doherty and Ritchie 2017).

Barrier islands provide important foraging and 
nesting habitat ground-nesting birds, including migra-
tory shorebirds. In these systems, predator control 
commonly is used in shorebird management (Hunt 
et al. 2019). Wild canines, such as the red fox (Vulpes 

vulpes), sometimes are top predators in barrier island 
communities and are thought to contribute to the 
regulation of bird and mammal populations (Patter-
son et al. 1991; Radford et al. 2018; Hunt et al. 2019; 
Stantial et  al. 2021; Robinson et  al. 2024). There is 
some evidence that red foxes suppress smaller preda-
tors (e.g., Stantial et  al. 2021), including domestic 
cats (Felis catus; Rees et  al. 2023). In areas where 
red foxes and feral cats co-occur, domestic cats appar-
ently avoid core parts of red fox territories (Molsher 
1999; Glen and Dickman 2005).

From 2015–2018, the red fox population at Fire 
Island, NY experienced a multi-year epizootic of sar-
coptic mange (Black 2021; Wails et al. 2024). Sarcop-
tic mange is a parasitic disease that creates high mor-
tality rates among wild canids (Niedringhaus et  al. 
2019) and red foxes were subsequently extirpated 
from part of this barrier island system (Black 2021; 
Wails et  al. 2024). Here, we evaluate evidence that 
the reduction of red foxes, which were the top preda-
tor at Fire Island prior to the mange-caused extirpa-
tion (Black 2021), was associated with a subsequent 
change in the mammalian predator community, which 
affected a federally threatened shorebird (Robinson 
et al. 2024). We first tested whether the mange-related 
decline in red foxes resulted in a release within the 
mesopredator community by comparing the relative 
activity rates of four mammalian shorebird predators 
using data from a trail camera study. We then focused 
on the dynamics between red foxes and domestic 
cats, as cats were the only predator with a consist-
ent increase in their activity across all study areas. 
We identified cats and estimated their abundance and 
survival before and after the extirpation of red foxes. 
We then contrasted the demographic association of 
the mange-induced changes of red foxes and cats on 
the nest and brood survival rates of piping plovers 
(Charadrius melodus) while controlling for density-
dependence (Catlin et al. 2015; Robinson et al. 2024).

Methods

Study system and fieldwork

Fire Island, NY, USA (40°39′ N, 73°05′ W) is a 
c. 2,360  ha barrier island off the southern shore 
of Long Island, NY, and consists of residential 
villages, county and state parks, and a federally 
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designated wilderness area (Fig.  1). In October 
2012, Hurricane Sandy breached Fire Island and 
separated a 10-km eastern portion from the 40-km 
western portion (Hapke et  al. 2013). This breach 
was left to undergo accretion and erosion processes, 
likely preventing movements of terrestrial mam-
mals between the eastern and western portions of 
the island (Black 2021) until the breach closed in 
November 2022.

The mammal community on Fire Island is a mix 
of native, naturalized, and invasive species (Con-
nor 1971; McElroy et al. 2009). The most abundant 
shorebird predators include red foxes, northern rac-
coons (Procyon lotor), Virginia opossums (Didel-
phis virginiana), and domestic cats (Patterson et al. 
1991; Houghton 2005; Doherty and Heath 2011; 
Black 2021; Stantial et al. 2021). Red foxes, north-
ern raccoons, and Virginia opossums have native 
ranges within eastern North America, though there 
is some debate whether the arrivals of red foxes and 
Virginia opossums to Long Island and the nearby 
barrier islands resulted from natural range expan-
sion or introductions (cf. Connor 1971; Statham 
et  al. 2012). Red foxes on Fire Island are likely a 
naturalized population, as individuals have a mixed 
background of wild native and fur trade ancestry 
(Black 2021). Domestic cats are an invasive species 
(Medina et  al. 2011) and the population is a mix 
of purposefully released individuals, free-roaming 

pets, and escapees from the interior villages on Fire 
Island and nearby Long Island.

Fire Island supports an important breeding popu-
lation of piping plovers (Weithman et al. 2019; Rob-
inson et al. 2020). In 1986, the Atlantic coast piping 
plover population was listed as threatened under the 
U.S. Endangered Species Act following range-wide 
population declines (USFWS 1985, 1996). Reducing 
predation is a common management goal for piping 
plover conservation (USFWS 1996, 2020; Hunt et al. 
2019; Robinson et al. 2024). We monitored the mam-
malian predator community and nesting piping plov-
ers in three focal study areas consisting of county, 
state, and federal parks, including the Otis Pike 
Fire Island High Dune Wilderness managed by the 
National Park Service (Walker et al. 2019; Robinson 
et al. 2020; Black 2021) (Fig. 1).

Predator monitoring

We used automated trail cameras to facilitate moni-
toring of the predator community. From Sept–Mar 
of 2015–2018, we deployed 96–100 unbaited camera 
stations across the entire study site (typically 28–40 
camera stations per study area) with camera stations 
placed c. 300 ± 50 m apart (Black 2021). Each cam-
era station consisted of two motion-triggered cam-
eras (Moultrie M880c and M880 Gen 2; Moultrie 
Feeders, Calera, AL) attached to T-posts and placed 

Fig. 1   Study areas on Fire 
Island, NY, USA moni-
tored 2013–2023. Predator 
and shorebird monitoring 
occurred in three areas 
(from east to west): (1) 
east of the Old Inlet breach 
(dark gray), (2) central Fire 
Island just west of the Old 
Inlet breach (hashed), and 
(3) west Fire Island (black)
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1–3  m apart along opposite sides of game trails or 
clearings to photograph both sides of an animal. We 
programmed cameras to take three sequential photos 
when triggered by motion with a 5  s delay between 
triggers.

To inform estimates of red fox abundance, we con-
ducted transect surveys six times per year 2015–2019 
(three in spring–summer, three in autumn–winter; 
Black 2021) and 1–2 times per year (summer only) in 
2021 and 2022. We established 96 north–south tran-
sects that were spaced c. 300 m apart and overlapped 
camera station locations. During transect surveys, we 
recorded observations of predators, predator evidence 
(tracks, scat, den locations), and signs of breeding 
(e.g., variation in track and scat sizes at dens, recent 
prey items present at dens, observations of red fox 
kits; Black 2021). From 2015–2018, we derived esti-
mates of red fox abundance by monitoring marked 
individuals (GPS-collars or ear tags) or were other-
wise distinguishable (e.g., unmarked adults within 
breeding groups) by Black (2021). In 2019–2022, we 
estimated red fox abundance from transect surveys, 
opportunistic sightings, and reports from land manag-
ers, adhering to standardized sampling protocols from 
Black (2021).

Plover monitoring

To assess the demography of nesting piping plovers 
(hereafter, ‘plovers’), we monitored plovers in con-
cert with local land managers from April–August 
2013–2019 and 2021–2023. We searched for plover 
nests by surveying potential nesting habitat and 
observing adult plover behavior. We estimated the 
date of nest initiation by backdating 1.5 days per egg 
for partial clutches (Robinson et al. 2020) or by float-
ing eggs to determine the number of days of incuba-
tion if the nest was found at full clutch (Westerskov 
1950). We assumed 28  days for incubation after 
clutch completion (Elliott-Smith and Haig 2004). 
Land managers determined whether a nest received 
an exclosure (i.e. metal cages that physically pre-
vent medium to large predators from accessing nests; 
Melvin et  al. 1992; Black et  al. 2023). We checked 
nests at regular intervals and we noted evidence of 
predator activity (e.g., tracks). We considered nests to 
be successful when ≥ 1 egg hatched.

We attempted to capture and band all plover 
chicks from monitored nests, issuing either a unique 

combination of four Darvic color bands to the tibio-
tarsus or a uniquely coded alphanumeric Darvic 
flag (Interrex, Łódź, Poland) with an engraved Dar-
vic color band on the opposite tibiotarsus. We then 
surveyed for plover broods approximately every 
1–7  days until chicks reached 30  days old. We con-
sidered chicks fledged at 25 days of age (Hunt et al. 
2013; Catlin et al. 2015; Robinson et al. 2024).

Aerial imagery

To account for spatial heterogeneity in plover nest site 
selection within estimates of plover nesting density 
(Walker et al. 2019; Dorsey 2023), we quantified the 
area of nesting habitat within 20 discrete segments of 
beach (mean ± SE = 15.2 ± 0.6 ha) that were relatively 
homogenous in geomorphological characteristics 
(Wails et al. 2023). We collected high-resolution (15-
cm) imagery and LiDAR elevation data (NAD 1983 
State Plane NY Long Island, FIPS 3104 [feet]; Axis 
Geospatial, Easton, MD) in April for 2013–2023. In 
ArcMap (vers. 10.3–10.8; Esri Inc., Redlands, CA, 
USA) and ArcGIS Pro (ver. 3.1.3; Esri Inc.), we pro-
jected all spatial layers to WGS 1984 and calculated 
the annual total land area (ha) of each study area. We 
used supervised classification of land cover to calcu-
late the area of contiguous dry sand patches ≥ 1 m2 
above the mean hightide line (Walker et  al. 2019; 
Robinson et al. 2021).

Statistical analyses

Assessing predator community changes

We quantified detection rates of red foxes, north-
ern raccoons, Virginia opossums, and cats per 100 
trap nights using independent detections of each 
species. We considered detections to be independ-
ent when individuals of the same species were 
detected > 30  min apart (Brook et  al. 2012; Rovero 
and Zimmermann 2016). We then tested for changes 
in the predator community from 2015–2018 by ana-
lyzing the detection rates of the four predators using 
generalized linear mixed-effects models with a nega-
tive binomial error distribution via the R package 
glmmTMB (Brooks et al. 2017) in the statistical com-
puting environment R, ver. 4.3.1 (R Core Team 2023). 
We used the frequency (count) of independent detec-
tions per camera station as the dependent variable and 
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included an offset of trap nights (ln(trap nights/100)) 
in all candidate models to standardize frequencies. 
We included predator species and year relative to the 
sarcoptic mange epizootics (0 = first year sarcoptic 
mange observed in the study area) as independent 
variables. The global model included both additive 
terms and their interaction. Our candidate model set 
included a null model (intercept-only), two singular 
term models, a model with species and year relative 
to the sarcoptic mange epizootics as additive effects, 
and the global model. Because we deployed camera 
stations at approximately the same locations in mul-
tiple years but in slightly different combinations, we 
included study area and camera station location as 
nested random effects in all candidate models. We 
checked for collinearity of covariates and excluded 
combinations when |r|≥ 0.7. We checked all standard 
model assumptions (e.g., distribution of residuals), 
including tests for temporal and spatial autocorrela-
tion, via the R package DHARMa (Hartig 2022). We 
ranked candidate models via Akaike’s information 
criterion (Akaike 1974) corrected for sample size 
(AICc; Hurvich and Tsai 1989) and used ΔAICc and 
AICc weights (ωi) to evaluate model support (Burn-
ham and Anderson 2002; Johnson and Omland 2004).

Identifying cats and estimating their abundance and 
survival

We identified cats photographed at camera stations 
during the 2015–2018 camera study to estimate their 
minimum population size. We did not attempt to esti-
mate the abundance of northern raccoons or Virginia 
opossums, as their activity rates were largely unaf-
fected by the change in red fox abundance and activ-
ity. To identify individual cats, we examined distinct 
pelage patterns on the head and face, body, and legs, 
and recorded any other characteristic features (e.g., 
‘ear tipping,’ wherein the tip of one ear is surgically 
removed during trap-neuter-return programs; Dal-
rymple et  al. 2022). We then compared whole body 
images of cats to those where only part of a cat was 
visible to match visible pelage patterns. Each cat 
identification was reviewed by two individuals to 
check for misidentifications.

We estimated apparent survival (ϕ) of adult cats 
using data from the 2015–2018 camera study, using 
a Cormack-Jolly-Seber model (Lebreton et  al. 1992) 
via the R package marked (Laake et  al. 2023). We 

tested for effects of time, subpopulation (i.e. study 
area), and their interaction on apparent survival; we 
included time and subpopulation but excluded their 
interaction on detection probability (p). We mod-
eled all combinations of structures, including con-
stant rates, resulting in a candidate set of 12 models. 
We ranked models by Akaike’s information criterion 
(Akaike 1974) and used ΔAIC and AIC weights (ωi) 
to evaluate model support (Burnham and Anderson 
2002; Johnson and Omland 2004).

We estimated cat abundance in 2019–2022 after 
the camera study concluded and when red foxes 
were largely extirpated. We estimated subpopulation 
size of cats in each of the three study areas using a 
density-dependent ordinary differential equation for 
logistic growth:

where N is the population starting size, r is the per 
capita growth rate, and α is the per capita effect of an 
individual on the growth rate, expressed as:

where K is the carrying capacity. We used the mini-
mum subpopulation size of cats from 2015 in each 
of the three study areas as the starting subpopulation 
size (i.e. year 0) and used the rate of change in iden-
tifiable cats observed during the 2015–2018 camera 
study as the subpopulation growth rate. We assumed 
a carrying capacity of 0.079 cats/ha, which was gen-
erated from studies of feral cats on islands with no 
or small human populations by Flockhart and Coe 
(2018). Because barrier islands can vary substan-
tially between years, we used the average land area 
for all years prior to the Old Inlet breach closing 
(2013–2022) to estimate carrying capacity for each 
study area. We then used the ode function via the R 
package deSolve (Soetaert et al. 2010) to numerically 
solve the differential equation.

Quantifying predator impacts on plover demography

We used a logistic exposure model (Rotella et  al. 
2004; Shaffer 2004; Robinson et al. 2020) to test for 
correlates of ecological covariates on plover nest sur-
vival in 2013–2023. Covariates included presence of 

dN

dt
= rN(1 − �N)

� =
1

K
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predator exclosure (0 = not exclosed, 1 = exclosed), 
nest age, ordinal date of nest observation, clutch size, 
nesting density (pairs/ha of nesting habitat), timing of 
the sarcoptic mange epizootics (i.e. number of months 
before or after mange signs first observed in the study 
area where 0 = first month of sarcoptic mange), year, 
and presence of predator activity at the nest (0 = no 
activity detected, 1 = tracks or other evidence present) 
for red foxes and cats separately. We included interac-
tions between year and predator activity of red foxes 
and cats. We included a random effect to account for 
repeat observations of the same nest. We then calcu-
lated age-specific daily survival rate as:

where i represents day, j is the jth covariate, and βj 
is the coefficient of covariate j (Rotella et  al. 2004). 
We then calculate annual nest survival as the product 
of year- and age-specific estimates of DSR (Weiser 
2021) for ages 1–34 (i.e. the typical exposure period 
for a four-egg plover clutch; Catlin et al. 2015; Robin-
son et al. 2020).

We quantified plover brood survival (ϕ) to fledg-
ing using a modified Dail-Madsen model (Dail and 
Madsen 2011), which is a Bayesian implementation 
of the Lukacs young survival from marked adults 
model (Lukacs et  al. 2004), as described by Rob-
inson et  al. (2020). We estimated survival over a 
25-day period using 5-day detection intervals. We 
developed a model to test whether interval survival 
was correlated with ordinal hatch date, nesting den-
sity (pairs/ha plover nesting habitat), observed red 
fox density (individuals/ha total land area), and pro-
jected cat density (individuals/ha total land area) 
using estimates from the ordinary differential equa-
tion for logistic growth. In this analysis, we limited 
data to 2016–2022 to coincide with years of red fox 
observations and projected cat estimates. We calcu-
lated interval survival rate as:

where ϕw,v is the survival probability for brood w 
and detection interval v, and �t,w,v is the coefficient 
of brood, year, or occasion-specific covariates. We 
used the product of the four 5-day intervals as brood 
survival.

DSRi =
e�0 +

∑

j �j�ji

1 + e�0+
∑

j �j�ji

logit
(

ϕw,v

)

= ϕ� + �t,w,vXt,w,v

We used Bayesian Markov chain Monte Carlo 
(MCMC) analysis with JAGS (Plummer 2003) via 
the R package jagsUI (Kellner and Meredith 2021) 
for both plover nest and brood survival. We scaled all 
continuous covariates by two standard deviations to 
facilitate comparison of parameter estimates between 
continuous and unscaled binary covariates (Gelman 
2008). We used normally distributed vague priors 
(μ = 0, τ = 0.001) for all estimated parameters and a 
uniform prior for random effects. For each analy-
sis, we implemented 3 MCMC chains with 100,000 
iterations, burn-in and adapt periods of 25,000 itera-
tions each, and a thinning rate of 2 (Robinson et  al. 
2020), resulting in posterior samples of 112,500. We 
assessed model diagnostics by visually inspecting 
chains and checking for convergence ( ̂R ≤ 1.05 ; Gel-
man and Rubin 1992). We report estimates using the 
mean of the posterior distribution, the correspond-
ing 85% Bayesian credible intervals (CRIs; Arnold 
2010), and f, which represents the proportion of the 
posterior distribution that is above or below 0. We 
inferred parameter importance when the 85% CRIs 
did not overlap 0 (Payton et al. 2003).

Results

Predator community changes

We recorded 42,361 total independent detections of 
wildlife at camera stations, with 13,734 detections 
(32.4%) composed of the four mammalian predators 
of interest (red foxes = 19.4% of all wildlife detec-
tions, northern raccoons = 10.3% of all wildlife detec-
tions, cats = 2.6% of all wildlife detections, Virginia 
opossums = 0.1% of all wildlife detections; Table 1). 
The global model was the top-ranked model in our 
candidate set and received > 99.9% of model weight 
(Table  S1). Before the sarcoptic mange epizootics, 
red foxes were the most frequently detected preda-
tor (Fig.  2). Shortly after the epizootics were first 
observed, detection rates of northern raccoons briefly 
exceeded that of red foxes, though remained fairly 
stable through the camera study. Cat detection rates 
increased slowly throughout the camera study and 
exceeded that of the other predators three years post-
mange. Virginia opossums seldom were detected dur-
ing the camera study.
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Red fox abundance across the three study areas 
was greatest in 2016 (min. 35 individuals/study 
area) and declined through 2017 (min. 29 individu-
als/study area) and 2018 (min. 5 individuals/study 
area; Table  2). We detected intermittent presence 

of red foxes from 2019–2022 (0–2 individuals/
study area annually), and there was no evidence 
of red foxes breeding within the three study areas 
since the sarcoptic mange epizootics.

Table 1   Detection rates (detections/100 trap nights) of the 
four mammalian predators (red foxes Vulpes vulpes, domestic 
cats Felis catus, northern raccoons Procyon lotor, and Virginia 

opossums Didelphis virginiana) on Fire Island, NY, USA dur-
ing the 2015–2018 camera trapping study

Camera 
trapping 
session

Dates of 
operation

Camera sta-
tions

Trap nights Total detec-
tions

Red fox Domestic cat Northern 
raccoon

Virginia 
opossum

2015/2016 26 Oct–04 
Feb

100 4,794 8,642 2,559 
(29.6%)

202 (2.3%) 904 (10.5%) 0 (0.0%)

2016/2017 04 Oct–30 
Jan

99 5,076 10,587 2,962 
(28.0%)

190 (1.8%) 1,131 
(10.7%)

4 (< 0.1%)

2017/2018 29 Sep–16 
Mar

96 6,886 13,882 2,354 
(16.9%)

190 (1.4%) 1,552 
(11.2%)

17 (0.1%)

2018/2019 26 Sep–23 
Jan

96 5,493 9,250 338 (3.7%) 515 (5.6%) 789 (8.5%) 29 (0.3%)

Total 22,271 42,361 8,211 
(19.4%)

1,097 (2.6%) 4,376 
(10.3%)

50 (0.1%)

Fig. 2   Detection rates 
(per 100 trap nights) of the 
four mammalian predators 
(red foxes Vulpes vulpes, 
northern raccoons Procyon 
lotor, Virginia opossums 
Didelphis virginiana, and 
domestic cats Felis catus) 
on Fire Island, NY, USA 
in 2015–2018. Detection 
rates are presented rela-
tive to the first year of the 
sarcoptic mange epizootic 
in the study area; negative 
values indicate years prior 
to observations of sarcoptic 
mange, and positive values 
indicate years after sarcop-
tic mange was detected
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Cat abundance and survival

We captured 3,125 images of cats, and 2,852 
(91.3%) of those images were of sufficient quality to 
identify individuals. We identified 59 different cats 
during the 2015–2018 camera study, and there was 
evidence of breeding (visibly pregnant and lactating 
females). During the 2015 and 2016 camera study 
periods, we identified 14 cats across the three study 
areas, increasing to 27 individuals in 2017, and 42 
individuals in 2018, when the camera study con-
cluded (Table 2). Cats were photographed at 65 of 
the 100 camera stations (2015 = 23 stations [23.0% 
of stations], 2016 = 14 stations [14.1% of stations], 
2017 = 33 stations [34.4% of stations], 2018 = 56 
stations [58.3% of stations]). There was no evidence 
that cats moved between the three study areas.

Apparent survival and detection rates of adult 
cats did not differ between study areas or with time 
(Table  S2). Annual apparent survival of adult cats 
was high (ϕ ± SE = 0.78 ± 0.06) and our annual detec-
tion rate was similarly high (p ± SE = 0.90 ± 0.06). 
Estimates of cat carrying capacity ranged 30.3–47.7 
individuals per study area, and subpopulations within 
each study area were predicted to reach carrying 
capacity within 10–20 years (Fig. 3).

Predator impacts on plover demography

Plover nest survival

From May–July 2013–2023, we located and moni-
tored 649 plover nests in collaboration with land 
managers. The average number of visits to monitored 

Table 2   Predator 
abundances of red foxes 
(Vulpes vulpes) and 
domestic cats (Felis catus) 
within the three study areas 
on Fire Island, NY, USA 
in 2015–2022. Estimates 
of red foxes 2015–2018 are 
from Black (2021)

Study area Year Red foxes Domestic cats

Newly 
marked 
foxes

Previously marked 
and unmarked foxes

Active 
breeding 
dens

Mini-
mum 
foxes

Minimum cats

East 2015 4 – – – 4
2016 0 0 4 0 6
2017 0 1 4 1 12
2018 0 1 0 1 15
2019 0 0 0 0 –
2020 0 0 0 0 –
2021 0 0 0 0 –
2022 0 1 0 1 –

Central 2015 3 – – – 3
2016 6 29 4 35 2
2017 7 6 2 13 4
2018 0 1 0 1 7
2019 0 0 0 0 –
2020 0 0 0 0 –
2021 0 2 0 2 –
2022 0 1 0 1 –

West 2015 9 – – – 7
2016 6 19 0 25 6
2017 10 9 0 29 11
2018 3 2 0 5 20
2019 0 0 0 0 –
2020 0 0 0 0 –
2021 0 1 0 1 –
2022 0 1 0 1 –
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nests was 9.43 (SE =  ± 0.24, range = 2–31 visits) 
with an average interval of 2.73  days (SE =  ± 0.03, 
range = 1–35, n = 5,507 intervals). Plover clutch size 
averaged 3.65 eggs (SE ± 0.03, range = 1–6). More 
than half of monitored nests hatched at least one egg 
(407 of 649 nests [62.7%] hatched at least one egg, 
range = 24.3–79.4% annually). Suspected causes of 
nest failure varied annually and included abandon-
ment (n = 98, 40.5% of failed nests; Fig.  S1a), pre-
dation (n = 87, 36.0% of failed nests; Fig. S1b), van-
dalism and unknown causes (n = 37, 15.3% of failed 
nests), and weather events (n = 20, 8.3% of failed 
nests).

Nest survival increased with the presence 
of a nest exclosure (β = 0.90, SD = 0.17, 85% 
CRI = 0.65–1.14, f = 1.00) and increased with clutch 
size (β = 0.51, SD = 0.14, 85% CRI = 0.30–0.71, 
f = 1.00), but declined with plover nesting density 
(β = −0.44, SD = 0.18, 85% CRI = −0.70 to −0.19, 
f = 0.99) and nest age (β = −0.51, SD = 0.20, 85% 

CRI = −0.80 to −0.23, f > 0.99; Fig. S2a). There 
was no effect of date on nest survival (β = −0.06, 
SD = 0.15, 85% CRI = −0.28–0.15, f = 0.66). 
Plover nest survival was positively associated 
with red foxes following the mange epizootics 
(red fox activity × mange β = 1.08, SD = 0.55, 85% 
CRI = 0.31–1.89, f = 0.98) but negatively associ-
ated with cats (cat activity × mange β = −3.08, 
SD = 1.28, 85% CRI = −4.98 to −1.33, f > 0.99).

Nest survival typically was high in the absence 
of mammalian predator activity (baseline, Fig.  4). 
When red fox activity was observed, nest survival 
probabilities for exclosed and unexclosed nests did 
not differ from the baseline nest survival, as the 85% 
credible intervals for all three scenarios overlapped 
(Fig.  4a). Cat activity at plover nests was associ-
ated with an apparent reduction in nest survival 
at exclosed and unexclosed nests from 2018–2023 
(Fig. 4b).

Fig. 3   Projected subpopu-
lation growth of domestic 
cats (Felis catus), starting 
from 2015 (year 0), for the 
a east, b central, and c west 
study areas on Fire Island, 
NY, USA. Carrying capac-
ity (K, equivalent to 0.079 
cats/ha; Flockhart and Coe 
2018) is shown
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Plover brood survival

From May–August 2016–2022, we located and moni-
tored 256 plover broods. Plover brood size at hatch 
averaged 3.38 chicks (SE =  ± 0.05, range = 1–4). 
On average, 1.85 chicks per brood fledged annually 
(SE =  ± 0.09, range = 0–4, 194 of 256 broods [75.8%] 
fledged at least one chick).

Brood interval survival increased with chick age 
(β = 0.35, SD = 0.04, 85% CRI = 0.29–0.42, f = 1.00), 
but decreased with later hatching dates (β = −0.60, 
SD = 0.13, 85% CRI = −0.78 to −0.41, f = 1.00) and 
high plover nesting density (β = −0.40, SD = 0.14, 
85% CRI = −0.60 to −0.21, f > 0.99; Fig. S2b). Brood 
interval survival was unaffected by red fox den-
sity (β = 0.05, SD = 0.14, 85% CRI = −0.15–0.25, 
f = 0.62; Fig. S2b) and ranged from 0.84 (85% 
CRI = 0.75–0.91) when red foxes were absent to 0.82 
(85% CRI = 0.78–0.86) at the greatest red fox den-
sity (0.091 red foxes/ha; Fig. 5a). Brood interval sur-
vival declined with projected cat density (β = −0.50, 
SD = 0.14, 85% CRI = −0.70 to −0.30, f > 0.99; Fig. 
S2b) and was predicted to decline approximately 
5% for every 7–8 additional cats in a subpopulation 

(approximating a 0.004 increase in cat density; 
Fig.  5b). At the lowest cat density (0.002 cats/ha), 
we estimate brood interval survival was 0.80 (85% 
CRI = 0.76–0.84). Brood interval survival was 0.63 
(85% CRI = 0.57–0.68) when cat density reached 
0.016 cats/ha.

Discussion

Through our monitoring set up, we detected an 
increase in the cat population at Fire Island that 
occurred following a multi-year sarcoptic mange 
epizootic among red foxes. In the absence (or near-
absence) of red foxes, plover nest and brood survival 
rates were negatively correlated with the activity and 
projected population density of cats. We did not find 
negative correlates of red foxes on plover survival.

Prior to their extirpation, red foxes likely reduced 
cat activity in plover nesting areas, though it remains 
unclear whether red foxes depressed cat subpopula-
tions. Although red foxes may depredate cats (Glen 
and Dickman 2005), cats were not detected in analy-
ses of Fire Island red fox diet in 2011–2012 (Peterson 

Fig. 4   Piping plover (Charadrius melodus) nest survival esti-
mates on Fire Island, NY, USA in 2013–2023. Survival esti-
mates are from a logistic exposure model while other covari-
ates are held at the mean. Baseline nest survival (i.e. annual 
survival in the absence of predators and without nest exclo-

sures) is shown in black. Annual nest survival for exclosed 
(blue) and unenclosed (orange) nests when a red foxes (Vulpes 
vulpes) are present and b when domestic cats (Felis catus) 
are present. Solid error bars depict 85% credible intervals and 
opaque error bars depict 95% credible intervals
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et al. 2021) and were a negligible component of red 
fox diet in 2015–2018 (Black 2021). Instead, the 
increase in cat abundance following the sarcoptic 
mange epizootics may have resulted from a release 
of density-dependence. As red foxes declined, cats 
were no longer excluded from territories previously 
occupied by red foxes (Molsher 1999; Glen and Dick-
man 2005), which generally overlapped with areas of 
high plover nesting density (Walker et al. 2019, 2020; 
Black 2021).

Our estimation of cat population size is predicated 
on the assumption that the demographic processes 
driving the population growth rates from 2015–2018 
have not changed. Natural immigration of cats from 
Long Island is likely rare but not impossible. Feral 
or free-roaming cats originating from Long Island 
could cross bridges or sections of the Great South 
Bay that freeze during winter to reach Fire Island. 
However, it is more likely that cats are moved to Fire 

Island by humans. At the west and east study areas, 
we observed ear tipping among multiple cats, which 
is indicative of trap-neuter-release (TNR) operations 
(Dalrymple et al. 2022). TNR efforts did not stop all 
cats from breeding, as evidenced by periodic pho-
tos of pregnant females and their kittens. If the rate 
of human-mediated cat ‘immigration’ to Fire Island 
TNR colonies increased after our trail camera study 
concluded in 2018, the cat population growth will dif-
fer from what we predicted here. Moreover, regular 
supplemental feeding at TNR colonies could raise 
cat carrying capacity above the low estimate that we 
used here. We used 0.079 cats/ha, an estimate of car-
rying capacity from islands with no to small human 
populations where cats likely have limited access to 
anthropogenic subsidies (Flockhart and Coe 2018). 
Feral and free-roaming cats may have comparatively 
greater access to feeding and shelters on Fire Island, 
as the island is a popular vacation destination and 

Fig. 5   Piping plover (Charadrius melodus) brood interval 
survival in relation to a observed red fox (Vulpes vulpes) den-
sity and b projected domestic cat (Felis catus) density at Fire 
Island, NY, USA in 2016–2022. Survival estimates are from a 

modified Dail-Madsen model while other covariates are held at 
the mean. Solid line depicts mean brood survival. Dark gray 
ribbon depicts 85% credible intervals and light gray ribbon 
depicts 95% credible intervals
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supports multiple residential villages within its inte-
rior. Our simple estimation of cat population does not 
account for density-dependent declines that could be 
driven by diseases within this system (e.g., sarcoptic 
mange). While field researchers have not yet observed 
sickly cats or other evidence of cats nearing carrying 
capacity, future study is needed to examine cat popu-
lation dynamics.

Robinson et al. (2024) examined the effect of pred-
ator detection rates on plover brood survival using 
data from this camera trapping study and detected 
a negative correlation with red fox detection rates, 
but not cats, from 2015–2018. The negative correla-
tions of cats on plover nest and plover brood survival 
we find here are explained by an increase in cats in 
later years (2019–2022) of this study. Red foxes were 
more abundant than cats in most study areas from 
2015–2017 and cats only began to outnumber red 
foxes in 2018. Although possible in earlier years, we 
first documented cat depredation of a piping plover 
in 2018, when field researchers located a scat sample 
that contained a uniquely-coded plover band that had 
belonged to a nesting adult (Black 2021). The scat 
sample containing the plover band was from a cat, as 
confirmed using molecular methods (Black 2021).

The effects of cats are likely not limited to plover 
nest and brood survival. We did not attempt to quan-
tify associations of either predator on the survival 
of adult plovers, and the risk of adult mortality may 
further vary with the use of nest exclosures (Murphy 
et al. 2003; Barber et al. 2010; Stantial et al. 2024, cf. 
Anteau et al. 2022). Depredation of adult plovers can 
be difficult to detect, though other multi-year stud-
ies have confirmed that adult mortality in plovers is 
correlated with apparent nest abandonment (Neuman 
et  al. 2004; Barber et  al. 2010; Roche et  al. 2010). 
At Fire Island, suspected abandonment was the lead-
ing cause of nest loss and since the extirpation of red 
foxes, 18 marked adult plovers from 17 abandoned 
nests (21.8% of abandoned nests 2019–2023) were 
not seen again (Wails et  al. 2023). Even if cat dep-
redation is rare, indirect effects via landscape of fear, 
such as dispersal of nesting adults following preda-
tor disturbance (e.g., Stantial et al. 2024) and altered 
behavior of pre-fledged chicks (e.g., Laundré et  al. 
2010; Robinson et  al. 2024), will impact population 
vital rates.

The plover population at Fire Island has grown 
considerably following the habitat creation events of 

Hurricane Sandy (Robinson et al. 2019, 2020; Walker 
et  al. 2019). Immigration and reproduction drive 
growth in this population (Robinson et  al. 2020). 
While we report strong, negative correlations of cats 
on plover reproduction (nest and brood survival), 
predator activity can further influence avian dispersal 
and recruitment decisions (Lima 2009). Breeding site 
fidelity in plovers may decline following poor produc-
tivity, nest abandonment, or mate loss (Rioux et  al. 
2011; Roche et  al. 2012; Stantial et  al. 2024). Pro-
spective recruits to a breeding population tend to use 
reproductive and environmental cues to inform future 
nesting site selection (Pärt et  al. 2011; Davis et  al. 
2017) and the loss of reproductive output may dis-
courage future recruitment into the Fire Island plover 
population. In general, piping plovers are thought to 
be habitat limited (Robinson et  al. 2019, 2020), but 
it is possible that very high levels of predation could 
limit this population. Additional study is needed to 
develop a more comprehensive understanding of 
changing plover demography, including changes to 
adult survival.

Domestic cats are efficient predators that have siz-
able impacts on native bird populations, depredat-
ing an estimated 1.3–4 billion birds annually in the 
US and extirpating 33 bird species globally from 
oceanic islands (Loss et  al. 2013; Hernandez et  al. 
2018; Trouwborst et  al. 2020). Cats are one of the 
most damaging invasive predators (Lowe et al. 2000) 
and the removal of feral and free-roaming individu-
als substantially benefits native wildlife (Campbell 
et al. 2011; Jones et al. 2016) and human health (de 
Wit et  al. 2019). Yet, many outdoor cat populations 
remain unmanaged, even when natural resource man-
agers recognize cats and TNR colonies as an unad-
dressed threat to conservation (Hunt et  al. 2019; 
Trouwborst et  al. 2020; Lepczyk et  al. 2022). Here, 
we have shown cats have a strong, negative associa-
tion with the nest and brood survival of piping plov-
ers, a species protected under the U.S. Endangered 
Species Act (USFWS 1985). Further, plovers are pre-
sent for about four months on the landscape, and Fire 
Island supports other sensitive wildlife populations 
(Connor 1971; McElroy et  al. 2009). The effects of 
cats are likely felt in more than just the plover popu-
lation, as cats are opportunistic generalist predators 
(Bonnaud et  al. 2011; Medina et  al. 2011; Lepczyk 
et al. 2023) that depredate native wildlife even when 
receiving supplemental feeding at TNR colonies 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Responses of a federally threatened shorebird to trophic downgrading and expansion of domestic… Page 13 of 16     78 

Vol.: (0123456789)

(Cove et al. 2018; Fieseler 2021). Management action 
to remove invasive cats from Fire Island – specifi-
cally, humanely relocating feral cats, returning free-
roaming cats to indoor homes, and preventing future 
cat population establishment by enforcing state ani-
mal abandonment prohibitions and launching com-
munity campaigns that promote indoor ownership – is 
needed to ensure the stability of the plover population 
and limit the potential effects to other taxa.

Acknowledgements  We thank D. Fraser, C. Helmke, K. 
Johnson, M. Kynoch, C. Kupferman, R. Moylan, C. Robertson, 
S. Smith, J. Velasquez, and W. Wei for their assistance dur-
ing fieldwork. S. T. Papa, R. J. Smith, P. Weppler, and Rob-
ert Moses State Park, Fire Island National Seashore, Suffolk 
County Parks staff, and seasonal Virginia Tech technicians for 
field and logistical support. CNW thanks indoor housecats Rio, 
Rorschach, Patch, Mommy2, and Bouncer whose photos were 
used to trial cat identification techniques. Fieldwork for this 
project took place on the ancestral lands of the Massapequas, 
Secatogue, Unkechaug, and Shinnecock nations; analysis and 
writing took place on the ancestral lands of the Tutelo/Mona-
can nations.

Author contributions  Conceptualization: CNW; SOP devel-
opment: CNW, KMB, SMK, HAB, ADW, SSD, KWO, SJR, 
SGR, HLV, DHC, JDF; Fieldwork supervision and data col-
lection: CNW, KMB, SMK, HAB, ADW, SSD, KWO, SJR, 
SGR, HLV; Formal analysis and investigation: CNW; Writing–
original draft preparation: CNW; Writing–review and editing: 
CNW, KMB, SMK, HAB, ADW, SSD, KWO, SJR, SGR, HLV, 
DHC, JDF; Project supervision: SMK, DHC, JDF.

Funding  This project was funded by the U.S. Army Corps 
of Engineers via the U.S. Fish and Wildlife Service under the 
Fire Island to Moriches Inlet Biological Opinion and by Vir-
ginia Tech.

Data availability  The data that support the findings of this 
study are available from the corresponding author upon reason-
able request.

Declarations 

Competing interests  The authors have no competing inter-
ests to disclose. The findings and conclusions in this article are 
those of the authors and do not represent the official views of the 
U.S. Fish and Wildlife Service.

Ethical approval  All field methods were approved by Vir-
ginia Tech’s Institutional Animal Care and Use Commit-
tee (11-027-FIW, 14-003, 15-119, 16-244, 19-248, 22-190). 
Fieldwork was conducted under USGS Bird Banding permit 
#21446, USFWS Endangered Species permits (#TE-697823 
and #ESPER0033920), NPS Scientific Research and Collect-
ing permits (FIIS‐2013‐SCI‐002, FIIS‐2015‐SCI‐0011, FIIS-
2015-SCI-0020, FIIS‐2016‐SCI‐0003, FIIS‐2017‐SCI‐0004, 
FIIS‐2018‐SCI‐0004, FIIS-2021-SCI-0003, FIIS-2022-

SCI-0005, FIIS-2023-SCI-0003), New York Department of 
Environmental Conservation (licenses 126 and 314), New York 
State Office of Parks, Recreation and Historic Preservation 
(permit # 15-0700, 16-0379, 16-0393, 17-0637, 17-0753/0755, 
18-0168, 19-0128, 21-0131, 22-0040, 23-0058), and with 
approval from Suffolk County Parks.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Akaike H (1974) A new look at the statistical model identifica-
tion. IEEE Trans Automat Contr 19:716–723. https://​doi.​
org/​10.​1109/​TAC.​1974.​11007​05

Anteau MJ, Swift RJ, Sherfy MH et  al (2022) Experimental 
evaluation of predator exclosures on nest, chick, and adult 
survival of piping plovers. J Wildl Manag 86:e22139. 
https://​doi.​org/​10.​1002/​jwmg.​22139

Arnold TW (2010) Uninformative parameters and model selec-
tion using Akaike’s Information Criterion. J Wildl Manag 
74:1175–1178. https://​doi.​org/​10.​1111/j.​1937-​2817.​2010.​
tb012​36.x

Barber C, Nowak A, Tulk K, Thomas L (2010) Predator 
exclosures enhance reproductive success but increase 
adult mortality of piping plovers (Charadrius melo-
dus). Avian Conserv Ecol 5:6. https://​doi.​org/​10.​5751/​
ACE-​00419-​050206

Black KM (2021) Red fox ecology and interactions with piping 
plovers on Fire Island, New York. Department of Fish and 
Wildlife Conservation, Virginia Tech, Blacksburg

Black KM, Karpanty SM, Robinson SG et  al (2023) Using 
GPS location data to assess red fox responses to predator 
exclosure setup and hatching at shorebird nests. Wildl Soc 
Bull 47:e1420. https://​doi.​org/​10.​1002/​wsb.​1420

Blackburn TM, Cassey P, Duncan RP et  al (2004) Avian 
extinction and mammalian introductions on oceanic 
islands. Science 305:1955–1958. https://​doi.​org/​10.​1126/​
scien​ce.​11016​17

Bonnaud E, Medina FM, Vidal E et  al (2011) The diet of 
feral cats on islands: A review and a call for more stud-
ies. Biol Invasions 13:581–603. https://​doi.​org/​10.​1007/​
s10530-​010-​9851-3

Brook LA, Johnson CN, Ritchie EG (2012) Effects of preda-
tor control on behaviour of an apex predator and indirect 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 C. N. Wails et al.   78   Page 14 of 16

Vol:. (1234567890)

consequences for mesopredator supression. J Anim Ecol 
49:1278–1286. https://​doi.​org/​10.​1111/j.​1365-​2664.​2012.​
02207.x

Brooks ME, Kristensen K, van Benthem KJ et al (2017) glm-
mTMB balances speed and flexibility among packages 
for zero-inflated generalized linear mixed modeling. R J 
9:378–400. https://​doi.​org/​10.​3929/​ethz-b-​00024​0890

Burnham KP, Anderson DR (2002) Model selection and 
multimodel inference: a practical information-theoretic 
approach. Springer, New York

Campbell KJ, Harper G, Algar D, et al (2011) Review of feral 
cat eradications on islands. In: Island Invasives: eradica-
tion and management, pp 37–46

Catlin DH, Fraser JD, Felio JH (2015) Demographic responses 
of piping plovers to habitat creation on the Missouri 
River. Wildl Monogr 192:1–42. https://​doi.​org/​10.​1002/​
wmon.​1016

Connor PF (1971) The mammals of Long Island, New York. 
The University of the State of New York, Albany

Courchamp F, Langlais M, Sugihara G (1999) Cats protecting 
birds: Modelling the mesopredator release effect. J Anim 
Ecol 68:282–292. https://​doi.​org/​10.​1046/j.​1365-​2656.​
1999.​00285.x

Cove MV, Gardner B, Simons TR et  al (2018) Free-rang-
ing domestic cats (Felis catus) on public lands: esti-
mating density, activity, and diet in the Florida Keys. 
Biol Invasions 20:333–344. https://​doi.​org/​10.​1007/​
s10530-​017-​1534-x

Crooks KR, Soulé ME (1999) Mesopredator release and 
avifaunal extinctions in a fragmented system. Nature 
400:563–566. https://​doi.​org/​10.​1038/​23028

Dail D, Madsen L (2011) Models for estimating abundance 
from repeated counts of an open metapopulation. Biom-
etrics 65:577–587. https://​doi.​org/​10.​1111/j.​1541-​0420.​
2010.​01465.x

Dalrymple AM, MacDonald LJ, Kreisler RE (2022) Ear-tip-
ping practices for identification of cats sterilized in trap-
neuter-return programs in the USA. J Feline Med Surg 
24:e302-309. https://​doi.​org/​10.​1177/​10986​12X22​11058​
43

Davis KL, Schoenemann KL, Catlin DH et  al (2017) Hatch-
year piping plover (Charadrius melodus) prospecting and 
habitat quality influence second-year nest site selection. 
Auk 134:92–103. https://​doi.​org/​10.​1642/​AUK-​16-​80.1

de Wit LA, Croll DA, Tershy B et  al (2019) Potential public 
health benefits from cat eradications on islands. PLoS 
Negl Trop Dis 13:e0007040. https://​doi.​org/​10.​1371/​journ​
al.​pntd.​00070​40

Doherty PJ, Heath JA (2011) Factors affecting piping plover 
hatching success on Long Island, New York. J Wildl 
Manag 75:109–115. https://​doi.​org/​10.​1002/​jwmg.​16

Doherty TS, Ritchie EG (2017) Stop jumping the gun: A call 
for evidence-based invasive predator management. Con-
serv Lett 10:15–22. https://​doi.​org/​10.​1111/​conl.​12251

Doherty TS, Glen AS, Nimmo DG, Ritchie EG, Dickman CR 
(2016) Invasive predators and global biodiversity loss. 
Proc Natl Acad Sci 113:11261–11265. https://​doi.​org/​10.​
1073/​pnas.​16024​80113

Dorsey SS (2023) Factors affecting piping plover (Charadrius 
melodus) nest site selection following landscape and 

predator community changes. Department of Fish and 
Wildlife Conservation, Virginia Tech, Blacksburg

Elliott-Smith E, Haig SM (2004) Piping plover (Charadrius 
melodus). In: Poole AF (ed) Birds of the world. Cornell 
Lab of Ornithology, Ithaca

Estes JA, Terborgh J, Brashares JS et al (2011) Trophic down-
grading of planet Earth. Science 333:301–306. https://​doi.​
org/​10.​1126/​scien​ce.​12051​06

Fieseler AC (2021) The effects of urbanization on the diets of 
colony cats: a tail of six colonies. Department of Biology, 
Hofstra University, Hempstead

Flockhart DTT, Coe JB (2018) Multistate matrix population 
model to assess the contributions and impacts on popu-
lation abundance of domestic cats in urban areas includ-
ing owned cats, unowned cats, and cats in shelters. PLoS 
ONE 13:e0192139. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01921​39

Gelman A (2008) Scaling regression inputs by dividing by two 
standard deviations. Stat Med 27:2865–2873. https://​doi.​
org/​10.​1002/​sim.​3107

Gelman A, Rubin DB (1992) Inference from iterative simula-
tion using multiple sequences. Stat Sci 7:457–511. https://​
doi.​org/​10.​1214/​ss/​11770​11136

Glen AS, Dickman CR (2005) Complex interactions among 
mammalian carnivores in Australia, and their implication 
for wildlife management. Biol Rev 80:387–401. https://​
doi.​org/​10.​1017/​S1464​79310​50067​18

Hapke CJ, Brenner O, Hehre R, Reynolds BJ (2013) Coastal 
change from Hurricane Sandy and the 2012–13 winter 
storm season: Fire Island, New York. U.S. Geological 
Survey press, Reston

Hartig F (2022) DHARMa: Residual diagnostics for hierarchi-
cal (multi-level/mixed) regression models. R package ver-
sion 0.4.6

Hernandez SM, Lloyd KAT, Newton AN et al (2018) The use 
of point-of-view cameras (Kittycams) to quantify preda-
tion by colony cats (Felis catus) on wildlife. Wildl Res 
45:357–365. https://​doi.​org/​10.​1071/​WR171​55

Houghton LM (2005) Piping plover population dynamics and 
effects of beach management practices on piping plovers 
at West Hampton Dunes and Westhampton Beach, New 
York. Department of Fish and Wildlife Conservation, Vir-
ginia Tech, Blacksburg

Hunt KL, Catlin DH, Felio JH, Fraser JD (2013) Effect of cap-
ture frequency on the survival of piping plover chicks. J 
Field Ornithol 84:299–303. https://​doi.​org/​10.​1111/​jofo.​
12028

Hunt KL, Karpanty SM, Davis KL et al (2019) Guidance and 
best practices for coordinated predation management to 
benefit temperate breeding shorebirds in the Atlantic Fly-
way. U.S. Fish and Wildlife Service and National Fish and 
Wildlife Foundation, New York

Hurvich CM, Tsai C-L (1989) Regression and time series 
model selection in small samples. Biometrika 76:297–
307. https://​doi.​org/​10.​1093/​biomet/​76.2.​297

Johnson JB, Omland KS (2004) Model selection in ecology 
and evolution. Trends Ecol Evol 19:101–108. https://​doi.​
org/​10.​1016/j.​tree.​2003.​10.​013

Jones HP, Holmes ND, Butchart SHM et  al (2016) Invasive 
mammal eradication on islands results in substantial 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Responses of a federally threatened shorebird to trophic downgrading and expansion of domestic… Page 15 of 16     78 

Vol.: (0123456789)

conservation gains. Proc Natl Acad Sci 113:4033–4038. 
https://​doi.​org/​10.​1073/​pnas.​15211​79113

Kellner K, Meredith M (2021) jagsUI: A wrapper around 
‘rjags’ to streamline ‘JAGS’ analyses. R package ver. 
1.5.2

Laake J, Johnson D, Conn P (2023) marked: Mark-recapture 
analysis for survival and abundance estimation. R package 
version 1.2.8

Laundré JW, Hernández L, Ripple WJ (2010) The landscape of 
fear: ecological implications of being afraid. Open Ecol J 
3:1–7

Lebreton JD, Burnham KP, Clobert J, Anderson DR (1992) 
Modeling survival and testing hypotheses using marked 
animals: a unified approach with case studies. Ecol Mon-
ogr 62:67–118. https://​doi.​org/​10.​2307/​29371​71

Lepczyk CA, Duffy DC, Bird DM et  al (2022) A science-
based policy for managing free-roaming cats. Biol 
Invasions 24:3693–3701. https://​doi.​org/​10.​1007/​
s10530-​022-​02888-2

Lepczyk CA, Fantle-Lepczyk JE, Dunham KD et al (2023) A 
global synthesis and assessment of free-ranging domestic 
cat diet. Nat Commun 14:7809. https://​doi.​org/​10.​1038/​
s41467-​023-​42766-6

Lima SL (2009) Predators and the breeding bird: Behavioral 
and reproductive flexibility under the risk of predation. 
Biol Rev 84:485–513. https://​doi.​org/​10.​1111/j.​1469-​
185X.​2009.​00085.x

Loss SR, Will T, Marra PP (2013) The impact of free-ranging 
domestic cats on wildlife of the United States. Nat Com-
mun 1:1396. https://​doi.​org/​10.​1038/​ncomm​s2380

Lowe S, Browne M, Boudjelas S, De Poorter M (2000) 100 of 
the world’s worst invasive alien species: A selection from 
the Global Invasive Species Database. Invasive Species 
Specialist Group, IUCN, Gland

Lukacs PM, Dreitz VJ, Knopf FL, Burnham KP (2004) Esti-
mating survival probabilities of unmarked dependent 
young when detection is imperfect. Condor 106:926–931. 
https://​doi.​org/​10.​1093/​condor/​106.4.​926

McElroy A, Benotti M, Edinger G, et al (2009) Assessment of 
natural resource conditions: Fire Island National Seashore. 
Natural Resource Report NPS/NRPC/NRR-2009/139. 
National Park Service, Fort Collins, CO

Medina FM, Bonnaud E, Vidal E et al (2011) A global review 
of the impacts of invasive cats on island endangered verte-
brates. Global Change Biol 17:3503–3510. https://​doi.​org/​
10.​1111/j.​1365-​2486.​2011.​02464.x

Melvin SM, MacIvor LH, Griffin CR (1992) Predator exclo-
sures: A technique to reduce predation at piping plover 
nests. Wildl Soc Bull 20:143–148

Molsher RL (1999) The ecology of feral cats (Felis catus) in 
open forest in New South Wales: interactions with food 
resources and foxes. School of Biological Sciences, Uni-
versity of Sydney, Sydney

Murphy E, Bradfield P (1992) Change in diet of stoats follow-
ing poisoning of rats in New Zealand forest. NZ J Ecol 
16:137–140

Murphy RK, Michaud IMG, Prescott DRC et al (2003) Preda-
tion on adult piping plovers at predator exclosure cages. 
Waterbirds 26:150–155. https://​doi.​org/​10.​1675/​1524-​
4695(2003)​026[0150:​POAPPA]​2.0.​CO;2

Neuman KK, Page GW, Stenzel LE et al (2004) Effect of mam-
malian predator management on snowy plover breeding 
success. Waterbirds 27:257–263. https://​doi.​org/​10.​1675/​
1524-​4695(2004)​027[0257:​EOMPMO]​2.0.​CO;2

Niedringhaus KD, Brown JD, Sweeley KM, Yabsley MJ (2019) 
A review of sarcoptic mange in North American wildlife. 
Int J Parasitol Parasites Wildl 9:285–297. https://​doi.​org/​
10.​1016/j.​ijppaw.​2019.​06.​003

Pärt T, Arlt D, Doligez B et  al (2011) Prospectors combine 
social and environmental information to improve habitat 
selection and breeding success in the subsequent year. J 
Anim Ecol 80:1227–1235. https://​doi.​org/​10.​1111/j.​1365-​
2656.​2011.​01854.x

Patterson ME, Fraser JD, Roggenbuck JW (1991) Factors 
affecting piping plover productivity on Assateague Island. 
J Wildl Manag 55:525–531. https://​doi.​org/​10.​2307/​38089​
85

Payton ME, Greenstone MH, Schenker N (2003) Overlapping 
confidence intervals or standard error intervals: What do 
they mean in terms of statistical significance? J Insect Sci 
3:34. https://​doi.​org/​10.​1093/​jis/3.​1.​34

Peterson M, Baglieri M, Mahon K et al (2021) The diet of coy-
otes and red foxes in southern New York. Urban Ecosyst 
24:1–10

Plummer M (2003) JAGS: A program for analysis of Bayes-
ian graphical models using Gibbs sampling. In: Hornik K, 
Leisch F and Zeileis A (eds) 3rd International workshop 
on distributed statisical computing (DSC 2003). Austrian 
Association for Statistical Computing, Vienna, Austria, pp 
20–22

R Core Team (2023) R: A language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna, Austria

Radford JQ, Woinarski JCZ, Legge S et al (2018) Degrees of 
population-level susceptibility of Australian terrestrial 
non-volant mammal species to predation by the intro-
duced red fox (Vulpes vulpes) and feral cat (Felis catus). 
Wildl Res 45:645–657. https://​doi.​org/​10.​1071/​WR180​08

Rayner MJ, Hauber ME, Imber MJ et al (2007) Spatial hetero-
geneity of mesopredator release within an oceanic island 
system. Proc Natl Acad Sci 104:20862–20865. https://​doi.​
org/​10.​1073/​pnas.​07074​14105

Rees MW, Pascoe JH, Le Pla M et  al (2023) Mesopredator 
release among invasive predators: Controlling red foxes 
can increase feral cat density and alter their behavior. J 
Appl Ecol 60:1100–1114. https://​doi.​org/​10.​1111/​1365-​
2664.​14402

Rioux S, Amirault-Langlais DL, Shaffer F (2011) Piping plov-
ers make decisions regarding dispersal based on personal 
and public information in a variable coastal ecosystem. J 
Field Ornithol 82:32–43. https://​doi.​org/​10.​1111/j.​1557-​
9263.​2010.​00305.x

Ripple WJ, Estes JA, Beschta RL et al (2014) Status and eco-
logical effects of the world’s largest carnivores. Science 
343:1241484. https://​doi.​org/​10.​1126/​scien​ce.​12414​84

Ripple WJ, Estes JA, Schmitz OJ et al (2016) What is a trophic 
cascade? Trends Ecol Evol 31:842–849. https://​doi.​org/​
10.​1016/j.​tree.​2016.​08.​010

Robinson SG, Fraser JD, Catlin DH et  al (2019) Irruptions: 
Evidence for breeding season habitat limitation in piping 

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



	 C. N. Wails et al.   78   Page 16 of 16

Vol:. (1234567890)

plover (Charadrius melodus). Avian Conserv Ecol 14:19. 
https://​doi.​org/​10.​5751/​ACE-​01373-​140119

Robinson SG, Gibson D, Riecke TV et al (2020) Piping plover 
population increase after Hurricane Sandy mediated by 
immigration and reproductive output. Condor 122:1–20. 
https://​doi.​org/​10.​1093/​condor/​duaa0​41

Robinson SG, Bellman HA, Walker KM et al (2021) Adult pip-
ing plover habitat selection varies by behavior. Ecosphere 
12:e03870. https://​doi.​org/​10.​1002/​ecs2.​3870

Robinson SG, Black KM, Catlin DH et al (2024) Red fox trap 
success is correlated with piping plover chick survival. J 
Wildl Manag 88:e22538. https://​doi.​org/​10.​1002/​jwmg.​
22538

Roche EA, Arnold TW, Cuthbert FJ (2010) Apparent nest 
abandonment as evidence of breeding-season mortality 
in Great Lakes piping plovers (Charadrius melodus). Auk 
127:402–410. https://​doi.​org/​10.​1525/​auk.​2009.​09034

Roche EA, Gratto-Trevor CL, Goossen JP, White CL (2012) 
Flooding affects dispersal decisions in piping plovers 
(Charadrius melodus) in prairie Canada. Auk 129:296–
306. https://​doi.​org/​10.​1525/​auk.​2012.​11196

Rotella JJ, Dinsmore SJ, Shaffer TL (2004) Modeling nest-sur-
vival data: A comparison of recently developed methods 
that can be implemented in MARK and SAS. Anim Biodi-
vers Conserv 27:187–205

Rovero F, Zimmermann F (2016) Camera trapping for wildlife 
research. Pelagic Publishing Ltd, Exeter

Shaffer TL (2004) A unified approach to analyzing nest suc-
cess. Auk 121:526–540. https://​doi.​org/​10.​1642/​0004-​
8038(2004)​121[0526:​AUATAN]​2.0.​CO;2

Soetaert K, Petzoldt T, Setzer RW (2010) Solving differential 
equations in R: Package deSolve. J Stat Softw 33:1–25. 
https://​doi.​org/​10.​18637/​jss.​v033.​i09

Soulé ME, Bolger DT, Alberts AC et al (1988) Reconstructed 
dynamics of rapid extinctions of chaparral-requiring birds 
in urban habitat islands. Conserv Biol 2:75–92. https://​
doi.​org/​10.​1111/j.​1523-​1739.​1988.​tb003​37.x

Spatz DR, Holmes ND, Will DJ et al (2022) The global con-
tribution of invasive vertebrate eradication as a key island 
restoration tool. Sci Rep 12:13391. https://​doi.​org/​10.​
1038/​s41598-​022-​14982-5

Stantial ML, Cohen JB, Darrah AJ et  al (2021) The effect 
of top predator removal on the distribution of a meso-
carnivore and nest survival of an endangered shore-
bird. Avian Conserv Ecol 16:8. https://​doi.​org/​10.​5751/​
ACE-​01806-​160108

Stantial ML, Cohen JB, Darrah AJ, Maslo B (2024) Predator 
exclosures increase nest success but reduce adult survival 
and increase dispersal distance of piping plovers, indicat-
ing exclosures should be used with caution. Ornith Appl 
126:duad047. https://​doi.​org/​10.​1093/​ornit​happ/​duad0​47

Statham MJ, Sacks BN, Aubry KB et  al (2012) The ori-
gin of recently established red fox populations in 
the United States: Translocations or natural range 

expansions? J Mammal 93:52–65. https://​doi.​org/​10.​1644/​
11-​MAMM-A-​033.1

Trouwborst A, McCormack PC, Martínez Camacho E (2020) 
Domestic cats and their impacts on biodiversity: a blind 
spot in the application of nature conservation law. People 
Nat 2:235–250. https://​doi.​org/​10.​1002/​pan3.​10073

U.S. Fish and Wildlife Service [USFWS] (1985) Determination 
of threatened and endangered status for the piping plover. 
Fed Reg 50:50726–50734

U.S. Fish and Wildlife Service [USFWS] (1996) Piping plover 
(Charadrius melodus) Atlantic coast population revised 
recovery plan. USFWS, Hadley, MA

U.S. Fish and Wildlife Service [USFWS] (2020) Piping plover 
(Charadrius melodus) 5-year review: Summary and evalu-
ation. USFWS, Hadley, MA

Wails CN, VanDerwater HL, Bellman HA et al (2023) Effec-
tiveness monitoring and targeted studies in support of 
FIMI conservation measures. Annual Report prepared 
by the Virginia Tech Shorebird Program. Virginia Tech, 
Blacksburg

Wails CN, Helmke CC, Black KM et al (2024) Epidemiology 
of sarcoptic mange in a geographically constrained insular 
red fox population. Parasite Vector 17:248. https://​doi.​org/​
10.​1186/​s13071-​024-​06330-5

Walker KM, Fraser JD, Catlin DH et  al (2019) Hurricane 
Sandy and engineered response created habitat for a 
threatened shorebird. Ecosphere 10:e02771. https://​doi.​
org/​10.​1002/​ecs2.​2771

Walker KM, Robinson SG, Black KM et  al (2020) Effective-
ness monitoring and targeted studies in support of FIMI 
conservation measures. Annual Report prepared by 
the Virginia Tech Shorebird Program. Virginia Tech, 
Blacksburg

Weiser EL (2021) Fully accounting for nest age reduces bias 
when quantifying nest survival. Ornith Appl 123:duab030. 
https://​doi.​org/​10.​1093/​ornit​happ/​duab0​30

Weithman CE, Robinson SG, Hunt KL et  al (2019) Growth 
of two Atlantic coast piping plover populations. Condor 
121:duz037. https://​doi.​org/​10.​1093/​condor/​duz037

Westerskov K (1950) Methods for determining the age of game 
bird eggs. J Wildl Manag 14:56–67. https://​doi.​org/​10.​
2307/​37959​78

Zavaleta ES, Hobbs RJ, Mooney HA (2001) Viewing invasive 
species removal in a whole-ecosystem context. Trends 
Ecol Evol 16:454–459. https://​doi.​org/​10.​1016/​S0169-​
5347(01)​02194-2

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”),
for small-scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are
maintained. By accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use
(“Terms”). For these purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or
a personal subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or
a personal subscription (to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the
Creative Commons license used will apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data
internally within ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking,
analysis and reporting. We will not otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of
companies unless we have your permission as detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that
Users may not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to

circumvent access control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil

liability, or is otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by

Springer Nature in writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer

Nature journal content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates
revenue, royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain.
Springer Nature journal content cannot be used for inter-library loans and librarians may not upload Springer Nature journal
content on a large scale into their, or any other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any
information or content on this website and may remove it or features or functionality at our sole discretion, at any time with or
without notice. Springer Nature may revoke this licence to you at any time and remove access to any copies of the Springer Nature
journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express
or implied with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or
warranties imposed by law, including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be
licensed from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other
manner not expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

