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Abstract

Background Sarcoptic mange is a skin disease caused by the contagious ectoparasite Sarcoptes scabiei, capable

of suppressing and extirpating wild canid populations. Starting in 2015, we observed a multi-year epizootic of sar-
coptic mange affecting a red fox (Vulpes vulpes) population on Fire Island, NY, USA. We explored the ecological factors
that contributed to the spread of sarcoptic mange and characterized the epizootic in a landscape where red foxes are
geographically constrained.

Methods We tested for the presence of S. scabiei DNA in skin samples collected from deceased red foxes with lesions
visibly consistent with sarcoptic mange disease. We deployed 96—100 remote trail camera stations each year to cap-
ture red fox occurrences and used generalized linear mixed-effects models to assess the affects of red fox ecology,
human and other wildlife activity, and island geography on the frequency of detecting diseased red foxes. We rated
the extent of visual lesions in diseased individuals and mapped the severity and variability of the sarcoptic mange
disease.

Results Skin samples that we analyzed demonstrated 99.8% similarity to S. scabiei sequences in GenBank. Our top-
ranked model (weight=0.94) showed that diseased red foxes were detected more frequently close to roadways, close
to territories of other diseased red foxes, away from human shelters, and in areas with more mammal activity. There
was no evidence that detection rates in humans and their dogs or distance to the nearest red fox den explained

the detection rates of diseased red foxes. Although detected infrequently, we observed the most severe signs of sar-
coptic mange at the periphery of residential villages. The spread of visual signs of the disease was approximately

7.3 ha/weekin 2015 and 12.1 ha/week in 2017.

Conclusions We quantified two separate outbreaks of sarcoptic mange disease that occurred >40 km apart

and were separated by a year.  Sarcoptic mange revealed an unfettered spread across the red fox population. The
transmission of S. scabiei mites in this system was likely driven by red fox behaviors and contact between individu-

als, in line with previous studies. Sarcoptic mange is likely an important contributor to red fox population dynamics
within barrier island systems.

TChristy N. Wails and Claire C. Helmke have contributed equally to this work.

*Correspondence:

Christy N. Wails

wailscn@vt.edu

Full list of author information is available at the end of the article

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection may apply 2024. Open
Access This article is licensed under a Creative Commons 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 Creative 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://creativeco
mmons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13071-024-06330-5&domain=pdf

Wails et al. Parasites & Vectors (2024) 17:248

Page 2 of 10

Keywords Barrier island, Camera trapping, Ectoparasites, Epizootic outbreak, Red fox, Remote detection, Sarcoptes

scabiei, Sarcoptic mange, Vulpes vulpes, Wildlife disease

Background

Sarcoptic mange is a skin disease caused by the micro-
scopic mite Sarcoptes scabiei, which parasitizes mammals
[1, 2]. Sarcoptes scabiei burrows into the skin of the host,
causing intense itching, skin discoloration and rashes,
hair loss, and thickening of the skin [2—4]. As the mange
disease progresses, the host may experience secondary
infections, sepsis, and eventually death [3, 5]. High mor-
tality rates are frequently seen following sarcoptic mange
infection in wildlife, especially among wild canids [6—8].
While sarcoptic mange is an enzootic disease fully estab-
lished in some species, novel outbreaks are still periodi-
cally reported [9, 10].

Over 150 mammal species from 12 orders are known
to be infected with sarcoptic mange globally [5, 10, 11].
Outbreaks of infection in North America occur in a few
host species, with canids being the primary host taxa [2].
Sarcoptes scabiei mites were likely purposefully intro-
duced to control North American gray wolf (Canis lupus)
and coyote (C. latrans) populations in the early 1900s in
Montana, USA and Alberta, Canada [12, 13] and became
endemic in this region with subsequent spread across the
continent.

Sarcoptic mange is likely an important population
driver among red foxes (Vulpes vulpes) [14, 15], which are
highly susceptible to the disease due to their physiology,
ecology, and behavior [16—18]. Sarcoptes scabiei mites
can survive off-host for multiple days in the soil of red
fox dens [19, 20], facilitating mite transmission between
individuals that occupy the same dens through time
[19-23]. Mortality among red foxes is typically observed
2—4 months after infection, with mortality rates ranging
from 21 to 100% in infected populations [24—26], some-
times resulting in population extirpation [27]. Epizoot-
ics of sarcoptic mange are often followed by an enzootic
phase where the disease can remain present in the popu-
lation until another epizootic phase is reached, leading to
apparent cycles of the disease [10, 13, 18].

As part of a larger study of barrier island red fox ecol-
ogy [28, 29], we reconstructed the epidemiology of a
sarcoptic mange epizootic in a red fox population. Our
monitoring setup, developed to quantify red fox abun-
dance and occupancy, allowed us to observe the spatio-
temporal dynamics of the sarcoptic mange epizootic in
a barrier island system. Unlike longer-term studies from
continental systems (e.g., [15]), movements of red foxes
on Fire Island are constrained geographically by the sur-
rounding water and the narrow, elongated shape of the

island, which could influence the epidemiology of sarcop-
tic mange. Our objectives were to (1) confirm sarcoptic
mange in the study system, (2) evaluate the ecological
factors that contributed to the spread of sarcoptic mange,
and (3) characterize, for the first time, the spread of sar-
coptic mange on a barrier island system.

Methods

Study site

Fire Island (40°39" N, 73°05" W) is an approximately
50-km-long barrier island (width: 150-1000 m) off the
southern shore of Long Island, New York, bordered
by Moriches and Fire Island inlets to the east and west,
respectively (Fig. 1). Land use varies across the island
and includes commercial districts, residential neighbor-
hoods, county and state parks, and federally designated
wilderness with ocean beach, sandy and vegetated dunes,
maritime forest, saltwater marsh, and intertidal flat habi-
tats [30]. In 2012, Hurricane Sandy breached Fire Island
in two locations [31]. One of the breaches (Old Inlet) was
left open, and the easternmost 10 km of the island was
isolated from the 40-km western portion (Fig. 1), though
bridges connected both sections of Fire Island to Long
Island.

Field methods

We monitored red foxes across the three study areas and
received reports of red foxes around the interior villages
from project collaborators (Fig. 1). From 2015 to 2018 we
fitted up to six individuals per study area per year with
Global Positioning System (GPS) tracking collars (Quan-
tum 4000E, medium size; Telemetry Solutions, Concord,
CA, USA). When we observed signs of sarcoptic mange,
we wore disposable Tyvek suits (DuPont, Wilmington,
DE, USA), sanitized all capture and handling equipment
between captured individuals, and did not reuse traps
within the same trapping period to prevent the spread of
S. scabiei mites between red foxes. Approximately every
2 weeks, we remotely downloaded location data from
GPS tracking collars. For full collaring and location mon-
itoring methods, see [28, 29]. We recovered carcasses of
deceased GPS-collared red foxes. Carcasses were indi-
vidually contained and stored in a —20 °C freezer until
diagnostic testing.

We used remote cameras to survey for the presence
of red fox for approximately 4-5.5 months during the
boreal autumn and winter of 2015-2018. Each year, we
deployed 28-40 unbaited camera stations in each of
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Fig. 1 Study areas on Fire Island, NY. Research efforts were focused in three areas (from east to west): (1) east of Old Inlet breach (gray), (2) central

Fire Island (hashed), and (3) west Fire Island (black)

the three study areas, where stations consisted of two
motion-triggered cameras (Moultrie M-880c and M-880
Gen 2; Moultrie Feeders, Calera, AL, USA) mounted on
T-posts. The placement of camera stations was deter-
mined using a grid overlay of each study area generated
in ArcMap 10.3 (Esri Inc., Redlands, CA, USA), and cam-
era stations were spaced 300 m (+50 m) apart [28]. The
two cameras within a station were separated by 1-3 m
and placed along opposite sides of game trails, clearings,
or other natural travel ways. Cameras were not placed on
the open beach, in deep marsh, or on pavement in order
to limit water-related damage and theft. Cameras were
programmed to trigger when motion was detected and
to take three pictures per trigger followed by a delay of
5 s. We visited each camera station approximately every
2 weeks to replace batteries and memory cards, and clear
obstructing vegetation from the field of view.

Additionally, we conducted transect surveys six times
per year (three in boreal spring—summer [April/May,
June, July/August], three in boreal autumn—winter [Octo-
ber/November, December, January/February]). We tra-
versed 96 latitudinal transects, ranging up to 1000 m in
length, across the three study areas and overlapped with
the placement of camera stations. We recorded den loca-
tions and signs of red fox (e.g., tracks, scat), and oppor-
tunistically observed red foxes during transect surveys
[28].

Identifying sarcoptic mange in the system

We employed molecular methods to test for the pres-
ence of S. scabiei DNA from two GPS-collared red fox
carcasses [32]. We collected skin samples from lesions
(one sample per fox) and stored the samples in 70%
ethanol until analysis. We extracted DNA using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions. The second
internal transcribed spacer (ITS-2) of the ribosomal
RNA (rRNA) gene was amplified by polymerase chain
reaction (PCR) using primers RIB-18 (GGG CTG CAG
TAT CCG ATG GCT TCG T) and RIB-3 (CGG GAT
CCT TCR CTC GCC GYT ACT) [33]. PCR was carried
out in a 50 pl volume, using Platinum™ PCR SuperMix
High Fidelity (Invitrogen, Carlsbad, CA, USA), with an
initial step at 94 °C for 60 s, 35 amplification cycles at
94 °C for 60 s, 60 °C for 30 s, and 72 °C for 90 s, and a
terminal extension step at 72 °C for 5 min. PCR prod-
ucts (c. 450 base pairs [bp]) were purified using the
QIAquick PCR purification kit (Qiagen) and Sanger
sequenced in both the forward and reverse directions.
At least two independent PCR amplifications were
performed from each sample. The resulting sequences
were aligned using Geneious Prime 2021 (https://genei
ous.com) to construct the consensus sequences and
then compared with the reference sequences from the
GenBank database.
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Ecological associations with sarcoptic mange

We examined the effects of abiotic and biotic variables on
the detection rates of apparently healthy (i.e., no visible
signs of sarcoptic mange) and diseased red foxes (i.e., vis-
ible signs of sarcoptic mange; Appendix 1) during the sar-
coptic mange outbreaks. Although we conducted camera
trapping in additional years, we were primarily interested
in elucidating the initial spread of sarcoptic mange. Thus,
we limited our camera trapping dataset to include the
eastern portion of Fire Island in 2015-2016 and the west-
ern portion of Fire Island in 2017-2018 when the sarcop-
tic mange outbreaks first occurred in each area.

For each camera station, we calculated detections of
apparently healthy and diseased red foxes. Additionally,
we recorded detections of white-tailed deer (Odocoileus
virginianus), feral cats (Felis catus), northern raccoons
(Procyon lotor), and human recreationists and their dogs
(Canis familiaris). We calculated independent detection
rates per 100 trap nights for each mammal species. We
considered detections at a given camera station to be
independent when species were detected >30 min apart
[34, 35] and we did not attempt to account for mammal
abundance or their activity periods cf. [36].

We calculated the Euclidean distances from each cam-
era station to the nearest red fox den that was active the
previous breeding season, territory of a known diseased
GPS-collared red fox, human structures (recreational
vehicle [RV] parks and campgrounds, commercial dis-
tricts, and residential neighborhoods), and paved roads.
We digitized features from aerial imagery (15-cm resolu-
tion [37, 38]), calculated distances via the Euclidean Dis-
tance tool, and projected distance measurements to m in
ArcMap 10.8 (Esri, Redlands, CA, USA). We quantified
the territory of six diseased GPS-collared red foxes as
the minimum convex polygons (i.e., the smallest polygon
that contains all sampling points with no internal angle
exceeding 180°) using all high-quality (> 3 satellites) GPS
locations [28, 29].

We fit generalized linear mixed-effect models
(GLMMs) with a negative binomial error distribution via
the package glmmTMB [39] in the statistical computing
environment R, ver. 4.1.3 [40]. The frequency (count) of
red fox detections per station was used as the depend-
ent variable, and we included visible signs of sarcoptic
mange (apparently healthy=0, disease=1) as a covariate
in all models, including the null. We examined the effects
of human subsidies (e.g., shelters, refuse) present at park
facilities and along roadways [7, 28], red fox behaviors
[18, 21, 22], and activity of other mammals ([41-44], but
see [2, 8]) on the detection rates of diseased red foxes.
We considered eight candidate GLMMs, where visible
signs of sarcoptic mange interacted with distances to the
nearest human structure, nearest paved road, nearest
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den that was active the previous boreal spring—summer,
and nearest territory of a diseased GPS-collared red fox
(distances measured in meters); and detection rates of
other abundant mammals (combined detections of feral
cats, white-tailed deer, northern raccoons) and humans
and their dogs (detection rates expressed per 100 trap
nights). The global model included all two-way interac-
tions and their constituent (additive) terms. We scaled
all continuous covariates by two standard deviations to
facilitate comparison of parameter estimates between
continuous and unscaled binary covariates [45]. Trapping
session (2015/2016 and 2017/2018) and location of cam-
era stations were included as random effects to adjust for
repeated measures. We included an offset of log-trans-
formed trap nights in all candidate models to standard-
ize counts. We checked for collinearity (r>0.7) among
all covariates and verified that the global model could
meet all standard model assumptions, including spa-
tial autocorrelation [46], via the package DHARMa [47].
We ranked candidate models via the Akaike information
criterion [48] corrected for sample size (AIC, [49]), and
used AAIC, and AIC, weights (w,) to evaluate model sup-
port [50, 51]. We selected the top-ranked model for infer-
ence when w;>0.90 [51].

Spatio-temporal spread of sarcoptic mange

We approximated the spatial extent of the two sarcoptic
mange outbreaks. We first ranked photographs of red
foxes that were apparently healthy (rank 0; Appendix 1)
and diseased (ranks 1-5; Appendix 1). For each week in
the camera trapping session, we identified camera sta-
tions where a red fox with visible signs of sarcoptic mange
was detected, and quantified the area of the minimum
convex polygon for each week when sarcoptic mange was
detected at>5 camera stations. Minimum convex poly-
gons were then clipped to the outline of Fire Island to
remove portions that overlapped water, using the pack-
age adehabitatHR [52]. We then visualized the severity
(maximum mange rank per camera station; Appendix 1)
and variability (interquartile range of mange ranks per
camera station) in sarcoptic mange signs observed from
camera trap images.

Results

Timeline of visible signs of sarcoptic mange

In September 2015, we first observed signs of sarcoptic
mange in the red fox subpopulation east of the Old Inlet
breach (Fig. 2). By March 2016, red foxes were extir-
pated east of the Old Inlet breach and were not detected
there again until March 2017. We did not observe signs
of sarcoptic mange at the westernmost portion of Fire
Island until May 2017, when a second outbreak of sar-
coptic mange occurred at the west and central study
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Fig. 2 Timeline of red fox (Vulpes vulpes) monitoring activity and observations of apparently healthy (orange) and diseased (turquoise)

red foxes during each month of the study period across the three study areas at Fire Island (top to bottom corresponds to the east to west
longitudinal gradient). Camera trapping periods are identified with bold boxes and indicate start (S) and end (E) months. 1 =diseased red fox first
observed at the site, 2 =first known death of a diseased red fox, 3 =extirpation of red foxes, 4 =return of red foxes. Hashing illustrates months
where both apparently healthy and diseased red foxes were seen, and periods when red foxes were extirpated and later returned

areas. We continued to observe infected red foxes as the
entire Fire Island population declined through February
2019. Excluding one instance of a northern raccoon with
mange-like hair loss at the base of its tail, the visible signs
of sarcoptic mange were limited to red fox.

Identifying sarcoptic mange in the system

Seven of the 36 (19.4%) GPS-collared red foxes were
later found deceased with visible signs of sarcoptic
mange. Sequences from the two collected red foxes
had 100% similarity, and the consensus sequence we
obtained had 99.8% similarity to S. scabiei isolate
Fox23c (National Center for Biotechnology Information
[NCBI] Accession AF387730.1), with a single nucleotide

variation at position 362. The sequence generated
also showed>99.5% similarity to S. scabiei sequences
AF387717.1 and AF387727.1.

Ecological associations with sarcoptic mange

The global model was the top-ranked model in our
candidate set and received 94.4% of model weight
(Appendix 2). Diseased red foxes were more frequently
detected away from human structures (Fig. 3a, b) and
close to roadways (Fig. 3a, ). Diseased red foxes were
also more frequently detected close to the territory of
a diseased GPS-collared red fox (Fig. 3a, d) and in areas
with frequent detection of other mammals (Fig. 3a,
e). We found no evidence that the detection rates of
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Fig. 3 Results of the top-ranked (global) generalized linear mixed-effects model. a Beta estimates and 95% confidence intervals (Cls) for covariates
included in the top-ranked model. Predicted probability of detecting apparently healthy (orange) and diseased (turquoise) red foxes (Vulpes vulpes)
in relation to b distance to human structures, ¢ distance to a paved road, d distance to a diseased GPS-collared red fox territory, and e detection
rates of other mammals. All covariates were standardized by two standard deviations. The solid line illustrates the mean estimate and ribbons depict
95% Cls



Wails et al. Parasites & Vectors (2024) 17:248

humans and their dogs or distance to previously active
red fox dens affected the detection rates of diseased red
foxes (Fig. 3a).

Spatio-temporal spread of sarcoptic mange

The first outbreak of sarcoptic mange observed east
of the Old Inlet breach coincided with our 2015/2016
camera trapping session (26 October 2015-4 Febru-
ary 2016). Red fox detections in this area were low (276
red fox detections, 15.8 red fox detections/100 trap
nights, 12.0% of all animal detections), and 70.4% of
those detections were of diseased individuals (Fig. 4a).
The area where diseased red foxes were photographed
increased slowly from 63.8 ha (9.8% of the moni-
tored area), peaked 3 weeks later at 85.7 ha (spreading
approximately 7.3 ha per week to 13.2% of the moni-
tored area, a 34.3% increase), then declined to 60.9 ha
(9.3% of the monitored area). The median visual sever-
ity of diseased red foxes was greatest in the interior of
the eastern segment of Fire Island (Fig. 5a) and was
fairly stable throughout the camera trapping session
(median + interquartile range =3 + 1, max=5).

The second sarcoptic mange outbreak at the western
portion of Fire Island overlapped with the 2017/2018
camera trapping session (29 September 2017-16 March
2018). Red fox detections during the second outbreak
were high relative to the outbreak that occurred east
of the Old Inlet breach (2302 red fox detections, 43.0
red fox detections/100 trap nights, 19.9% of all animal
detections) and only 19.0% of red fox detections were
of diseased individuals (Fig. 4b, c). The second sarcop-
tic mange outbreak appeared to spread from west to
east. At the westernmost end of Fire Island, the visual
severity of diseased red foxes increased throughout the
camera trapping session (median +interquartile range
late November=2+1, medianz+interquartile range
late January=3+0; max=5), and the area where dis-
eased red foxes were photographed peaked at 212.2 ha
(51.2% of the monitored area) in late December, with
a gradual decrease to 87.3 ha over the next 2 weeks
(21.3% of the monitored area, a 58.9% decrease). In the
center of Fire Island immediately west of the Old Inlet
breach, the visual severity of diseased red foxes was
lowest of all three study areas (median +interquartile
range =0+ 0, max=4), and the area where diseased red
foxes were photographed increased from 0.3 ha (<0.1%
of the monitored area) to 96.8 ha 8 weeks later (spread-
ing approximately 12.1 ha per week to 20.5% of the
monitored area and a>300-fold increase). The severity
and variability of sarcoptic mange during the second
outbreak were greatest around human infrastructure
(Fig. 5b, ¢).
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Discussion

The sarcoptic mange outbreak in the red fox population
on Fire Island led to the temporary extirpation of red
foxes on the smaller, eastern portion of the island and
reduced abundance of red foxes on the larger, western
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Fig. 5 Visual severity of sarcoptic mange in red fox (Vulpes vulpes)
during the boreal autumn and winters of (a) 2015/2016 in the study
area east of the Old Inlet breach, (b) 2017/2018 at central Fire

Island immediately west of the Old Inlet breach, and (c) 2017/2018
at the westernmost study area. Black points illustrate locations

of fox dens from the previous summer and colored points illustrate
locations of camera stations. The size of camera location points
reflects the severity (maximum) and color reflects variability
(interquartile range)

portion. No other skin disease with comparable vis-
ible signs (e.g., fungal infections) was observed or diag-
nosed in red foxes at the time of our study, and our
molecular methods revealed high similarity to known
S. scabiei sequences. Thus, our study reflects a con-
servative evaluation for the spread of sarcoptic mange.
Based on the severity of disease and frequency of red
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fox detections, we suspect that we captured the initial
outbreak of sarcoptic mange in central Fire Island, mid-
stage spread at the westernmost area of Fire Island, and
the late stage of the disease and subsequent subpopula-
tion extirpation east of the Old Inlet breach.

Because sarcoptic mange does not spread linearly
across a population or ecosystem, tracking the preva-
lence of disease does not necessarily yield obvious
patterns [53]. Moreover, individuals infected with
S. scabiei mites may not present visible signs of the
mange disease for several weeks post-exposure, further
obscuring patterns of sarcoptic mange spread [3, 25,
44]. Our analyses suggest that sarcoptic mange trans-
mission was driven by red fox movement, in line with
Devenish-Nelson et al. [54], who found no evidence for
environmental transmission in red foxes. We detected
diseased red foxes more frequently when close to loca-
tions of other diseased GPS-collared red foxes. Sar-
coptes scabiei mites likely spread between red foxes,
perhaps by a few transient individuals [28].

Red foxes with advanced stages of sarcoptic mange
were photographed closer to developed areas, likely
because diseased red foxes increased their reliance on
anthropogenic subsidies [24, 55]. Those same red foxes
with advanced stages of sarcoptic mange likely suc-
cumbed to the disease, possibly explaining the appar-
ent negative relationship between detection rates of
diseased red foxes and distance to human structures.
Additionally, our camera trapping study occurred dur-
ing the boreal autumn and winter, when there are fewer
beach recreationists relative to boreal summer months
and only certain parts of the park are accessible, result-
ing in fewer areas across the landscape where red foxes
may find anthropogenic subsidies. In response to sea-
sonal changes in anthropogenic subsidies, diseased red
foxes may have used roadways for travel and remained
close to open park facilities as their disease worsened.

It remains unknown exactly how S. scabiei mites
arrived at Fire Island, and our current understanding of
S. scabiei genetic structure, combined with their appar-
ent slow evolution, may be insufficient for high-resolu-
tion host differentiation [10, 56]. Although the ITS-2
sequence has been demonstrated to be genetically poly-
morphic [33, 57], we found a single nucleotide variation
at position 362 when our sequence was compared with
the S. scabiei isolate Fox23c from northern Italy [57].
The S. scabiei sequence we obtained exhibited a nucleo-
tide substitution at position 298 (T instead of an A) that
allows us to genetically discriminate S. scabiei mites
collected in red foxes from those collected from cham-
ois (Rupicapra sp.) [57], though any further inference is
limited. It is possible that S. scabiei mite lineages could
be revealed using whole-genome sequencing [10].
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The spatio-temporal nature of the two sarcoptic mange
outbreaks we observed separated by>40 km and over a
year suggests that S. scabiei mites could have been trans-
ferred to Fire Island during two separate emigration
events from Long Island. The two red fox subpopulations
we monitored were isolated by the strong currents of the
Old Inlet breach [28], though each section of Fire Island
is accessible from Long Island by bridge and when sec-
tions of the Great South Bay freeze during the winter.
We frequently detected white-tailed deer, feral cats, and
northern raccoons across the study area, which were an
important predictor in our analyses. Each of these spe-
cies is a potential sarcoptic mange vector ( [41-43], but
see [2]) that could transfer S. scabiei mites from Long
Island, and clinical signs of the disease may not be visible
[11, 41].

In continental systems, sarcoptic mange epizootics can
occur every 20—40 years and are typically followed by a
longer c. 50-year enzootic phase as the red fox popula-
tion develops immunity [8, 15]. While it is possible that
sarcoptic mange existed in an enzootic phase around the
interior villages at Fire Island, this would not explain the
epizootic at the eastern study area. East of Old Inlet, red
foxes were extirpated by March 2016, with intermittent
presence of a few red foxes believed to use a bridge that
connects Fire Island to Long Island. It may be that the
Fire Island red fox population is part of a larger metap-
opulation with red foxes on Long Island, where sarcop-
tic mange could exist in an enzootic phase. Transient red
foxes from Long Island, like those believed to visit the
east study area in 2017 and 2018, could potentially trans-
fer S. scabiei mites to the relatively “naive” Fire Island red
fox subpopulation. Regardless of how S. scabiei mites
arrived on Fire Island, outbreaks of sarcoptic mange are
likely an important driver of red fox population dynamics
in this system.

Conclusions

Monitoring for sarcoptic mange outbreaks among red
fox is important for land managers, as the efficacy of
lethal predator control (e.g., to protect co-occurring
threatened and endangered species) could vary with
the red fox population size [58]. Remote cameras are a
valuable, noninvasive tool to detect and monitor out-
breaks of sarcoptic mange in red fox populations (e.g.,
[18, 41]). However, we caution against the sole use of
remote cameras to diagnose suspected sarcoptic mange
outbreaks without concomitant diagnostic sampling
(e.g., mite identification from skin scrapings [2], molec-
ular methods [32]) as visible signs can be misidenti-
fied [41]. Once verified through laboratory diagnostics,
the degree of visual signs can be observed with remote
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cameras to monitor the severity and spread of the
mange disease. Land managers should be aware of and
understand the parasitology of sarcoptic mange and
barrier island ecology to observe the spatio-temporal
spread and progress of clusters around human devel-
opment for public health and safety (e.g., [8]). Future
research quantifying population responses to sarcoptic
mange epizootics may be able to use unique patterns of
alopecia and hyperkeratosis, similar to pelage patterns
that are used to identify individuals of other wildlife
taxa (e.g., [59]), to identify individuals to better under-
stand movement and activity patterns.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-024-06330-5.

[ Supplementary Material. 1 }

Acknowledgements

We thank seasonal technicians M. Kynoch, C. Kupferman, R. Moylan, and C.
Robertson for their assistance during fieldwork. We thank D. Fraser, S. Papa, S.
Ritter, R. Smith, P Weppler, and Robert Moses State Park, Fire Island National
Seashore, and Suffolk County Parks staff for field and logistical support. L.
Escobar provided feedback on earlier versions of this manuscript. 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/Monacan nations.

Author contributions

CNW developed software, conducted formal analyses, and wrote the manu-
script. CCH performed fieldwork, conducted investigatory analyses, and wrote
the manuscript. KMB developed field methodology, led fieldwork, and edited
the manuscript. RRB developed laboratory methodology, analyzed molecular
data, and edited the manuscript. SMK, DHC, and JDF supervised research,
provided project administration, acquired funding, and edited the manuscript.

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 Virginia Tech.

Availability of data and materials

The data that support the findings of this study are available from the cor-
responding author upon reasonable request. Sequences have been deposited
in the NCBI database under accession numbers PP795437 and PP795438.

Declarations

Ethics approval and consent to participate

All field methods were approved by Virginia Tech’s Institutional Animal Care
and Use Committee (14-003, 15-119, and 16-244) and adhered to the Associa-
tion of Fish and Wildlife Agencies'Best Management Practices for Trapping
Red Foxes in the United States [60]. Fieldwork was conducted under permits
from the New York Department of Environmental Conservation (license 126),
New York State Office of Parks, Recreation and Historic Preservation (permit #
16-0379, 17-0637), and National Park Service (permit # FIIS-2015-5CI-0020),
and with approval from Suffolk County Parks.

Consent for publication
Not applicable.

Competing interests
The authors have no competing interests to declare.


https://doi.org/10.1186/s13071-024-06330-5
https://doi.org/10.1186/s13071-024-06330-5

Wails et al. Parasites & Vectors

(2024) 17:248

Author details

'Department of Fish and Wildlife Conservation, Virginia Tech, Blacksburg, VA,
USA. 2Department of Biomedical Sciences and Pathobiology, Virginia Tech,
Blacksburg, VA, USA.

Received: 27 February 2024 Accepted: 22 May 2024
Published online: 06 June 2024

References

1.

Currier RW, Walton SF, Currie BJ. Scabies in animals and humans: history,
evolutionary perspectives, and modern clinical management. Ann NY
Acad Sci. 2011;1230:E50-60. https://doi.org/10.1111/j.1749-6632.2011.
06364 .x.

Niedringhaus KD, Brown JD, Sweeley KM, Yabsley MJ. A review of
sarcoptic mange in North American wildlife. Int J Parasitol Parasites Wildl.
2019,9:285-97. https://doi.org/10.1016/jijppaw.2019.06.003.

Bornstein S, Zakrisson G, Thebo P. Clinical picture and antibody response
to experimental Sarcoptes scabiei var. vulpes infection in red foxes (Vulpes
vulpes). Acta Vet Scand. 1995;36:509-19.

Bates P. Sarcoptic mange (Sarcoptes scabiei var vulpes) in a red fox (Vulpes
vulpes) population in north-west Surrey. Vet Rec. 2003;152:112-4.

Pence DB, Ueckermann E. Sarcoptic mange in wildlife. Rev Sci Tech.
2002;21:385-98.

Willebrand T, Samelius G, Walton Z, Odden M, Englund J. Declining sur-
vival rates of red foxes Vulpes vulpes during the first outbreak of sarcoptic
mange in Sweden. Wildlife Biol. 2022,e01014. https://doi.org/10.1002/
wlb3.01014.

Baker PJ, Funk SM, Harris S, White PCL. Flexible spatial organization of
urban foxes, Vulpes vulpes, before and during an outbreak of sarcoptic
mange. Anim Behav. 2000;59:127-46. https://doi.org/10.1006/anbe.1999.
1285.

Soulsbury CD, lossa G, Baker PJ, Cole NC, Funk SM, Harris S. The impact of
sarcoptic mange Sarcoptes scabiei on the British fox Vulpes vulpes popula-
tion. Mamm Rev. 2007,37:278-96. https://doi.org/10.1111/j.1365-2907.
2007.00100x.

Astorga F, Carver S, Aimberg ES, Sousa GR, Wingfield K, Niedringhaus KD,
et al. International meeting on sarcoptic mange in wildlife, June 2018,
Blacksburg, Virginia, USA. Parasit Vectors. 2018;11:449.

Escobar LE, Carver S, Cross PC, Rossi L, Almberg ES, Yabsley MJ, et al.
Sarcoptic mange: an emerging panzootic in wildlife. Transbound Emerg
Dis. 2022;69:927-42. https://doi.org/10.1111/tbed.14082.

Bornstein S, Morner T, Samuel WM. Sarcoptes scabiei and sarcoptic mange
(2nd ed). In: Samuel WM, Pybus MJ, Kocan AA, editors. Parasitic diseases
of wild mammals. Ames: lowa State University Press; 2001. p. 107-19.
Knowles MF. Mange in coyotes. Breeder’s Gazette. 1909;55:130.

Pence DB, Windberg LA, Pence BC, Sprowls R. The epizootiology and
pathology of sarcoptic mange in coyotes, Canis latrans, from south Texas.
J Parasitol. 1983;69:1100-15. https://doi.org/10.2307/3280873.
Forchhammer MC, Asferg T. Invading parasites cause a structural shift in
red fox dynamics. Proc R Soc Lond B. 2000;267:779-86. https://doi.org/10.
1098/rspb.2000.1071.

Lindstrom E, Mérner T. The spreading of sarcoptic mange among Swed-
ish red foxes (Vulpes vulpes L.) in relation to fox population dynamics. Rev
Ecol. 1985;40:211-6.

Cavallini P. Variation in the social system of the red fox. Ethol Ecol Evol.
1996,8:323-42. https://doi.org/10.1080/08927014.1996.9522906.
Soulsbury CD, lossa G, Baker PJ, White PCL, Harris S. Behavioral and spatial
analysis of extraterritorial movements in red foxes (Vulpes vulpes). J Mam-
mal. 2011;92:190-9. https://doi.org/10.1644/09-MAMM-A-187.1.

Pisano SRR, Zimmermann F, Rossi L, Capt S, Akdesir E, Burki R, et al.
Spatiotemporal spread of sarcoptic mange in the red fox (Vulpes

vulpes) in Switzerland over more than 60 years: lessons learnt from
comparative analysis of multiple surveillance tools. Parasit Vectors.
2019;12:521. https://doi.org/10.1186/513071-019-3762-7.

Loredo Al, Rudd JL, Foley JE, Clifford DL, Cypher BL. Climatic suitability

of San Joaquin kit fox (Vulpes macrotis mutica) dens for sarcoptic mange
(Sarcoptes scabiei) transmission. J Wildl Dis. 2020;56:126-33. https://doi.
0rg/10.7589/2019-02-035.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 9 of 10

Arlian LG, Runyan RA, Achar S, Estes SA. Survival and infestivity of
Sarcoptes scabiei var. canis and var. hominis. J Am Acad Dermatol.
1984;11:210-5. https://doi.org/10.1016/50190-9622(84)70151-4.
Gerasimov Y. Mange in wild foxes. Translation of Russian Game Reports.
Ottawa, Ontario, Canada: Canadian Department of Northern Affairs
National Resources; 1958. p. 1-5.

Montecino-Latorre D, Cypher BL, Rudd JL, Clifford DL, Mazet JAK, Foley JE.
Assessing the role of dens in the spread, establishment and persistence
of sarcoptic mange in an endangered canid. Epidemics. 2019,27:28-

40. https://doi.org/10.1016/j.epidem.2019.01.001.

Browne E, Driessen MM, Ross R, Roach M, Carver S. Environmental suit-
ability of bare-nosed wombat burrows for Sarcoptes scabiei. Int J Parasitol
Parasites Wildl. 2021;16:37-47. https://doi.org/10.1016/j.ijppaw.2021.08.
003.

Carricondo-Sanchez D, Odden M, Linnell JDC, Odden J. The range

of the mange: spatiotemporal patterns of sarcoptic mange in red

foxes (Vulpes vulpes) as revealed by camera trapping. PLoS ONE.
2017;12:e0176200. https://doi.org/10.1371/journal.pone.0176200.

Stone WB, Parks E, Weber BL, Parks FJ. Experimental transfer of sarcoptic
mange from red foxes and wild canids to captive wildlife and domestic
animals. NY Fish Game J. 1972;19:1-11.

Newman TJ, Baker PJ, Harris S. Nutritional condition and survival of red
foxes with sarcoptic mange. Can J Zool. 2002;80:154-61. https://doi.org/
10.1139/201-216.

Henriksen P, Dietz HH, Henriksen SA, Gjelstrup P. Sarcoptic mange in red
fox in Denmark. A short report. Dansk Veterinartidskrift. 1993;76:12-3.
Black KM. Red fox ecology and interactions with piping plovers on Fire
Island, New York. Blacksburg, VA: Virginia Tech; 2021.

Black KM, Karpanty SM, Robinson SG, Bellman HA, Walker KM, Catlin DH,
et al. Using GPS location data to assess red fox responses to preda-

tor exclosure setup and hatching at shorebird nests. Wildl Soc Bull.
2023;47:€1420. https://doi.org/10.1002/wsb.1420.

Klopfer SD, Olivero A, Sneddon L, Lundgren J: NPS vegetation mapping
project at Fire Island National Seashore. Conservation Management
Institute. Blacksburg, VA: Virginia Tech; 2002.

Hapke CJ, Brenner O, Hehre R, Reynolds BJ: Coastal change from Hur-
ricane Sandy and the 2012-13 winter storm season: Fire Island, New York.
Reston, VA: U.S. Geological Survey; 2013. https://doi.org/10.3133/0fr20
131231.

Peltier SK, Brown JD, Ternent MA, Fenton H, Niedringhaus KD, Yabsley MJ.
Assays for detection and identification of the causative agent of mange
in free-ranging black bears (Ursus americanus). J Wildl Dis. 2018;54:471—
9. https://doi.org/10.7589/2017-06-148.

Zahler M, Essig A, Gothe R, Rinder H. Molecular analyses suggest mono-
specificity of the genus Sarcoptes (Acari: Sarcoptidae). Int J Parasitol.
1999;29:759-66. https://doi.org/10.1016/50020-7519(99)00034-X.
Rovero F, Zimmermann F. Camera trapping for wildlife research. Exeter,
UK: Pelagic Publishing Ltd; 2016.

Brook LA, Johnson CN, Ritchie EG. Effects of predator control on behav-
jour of an apex predator and indirect consequences for mesopredator
suppression. J Anim Ecol. 2012;49:1278-86. https://doi.org/10.1111/j.
1365-2664.2012.02207 X.

Peral C, Landman M, Kerley GIH. The inappropriate use of time-to-inde-
pendence biases estimates of activity patterns of free-ranging mammals
derived from camera traps. Ecol Evol. 2022;12:9408. https://doi.org/10.
1002/ece3.9408.

Walker KM, Fraser JD, Catlin DH, Ritter SJ, Robinson SG, Bellman HA, et al.
Hurricane Sandy and engineered response created habitat for a threat-
ened shorebird. Ecosphere. 2019;10:e02771. https://doi.org/10.1002/ecs2.
2771,

Robinson SG, Bellman HA, Walker KM, Catlin DH, Karpanty SM, Ritter SJ,
et al. Adult piping plover habitat selection varies by behavior. Ecosphere.
2021;12:e03870. https://doi.org/10.1002/ecs2.3870.

Brooks ME, Kristensen K, van Benthem KJ, Magnusson A, Berg CW, Nielsen
A, et al. gImmTMB balances speed and flexibility among packages for
zero-inflated generalized linear mixed modeling. R J. 2017;9:378-400.

R Core Team. R: A language and environment for statistical computing.
Vienna: R Foundation for Statistical Computing; 2022.

Brewster K, Henke SE, Hilton C, Ortega-S A. Use of remote cameras to
monitor the potential prevalence of sarcoptic mange in southern Texas,
USA. JWildl Dis. 2017;53:377-81. https://doi.org/10.7589/2016-08-180.


https://doi.org/10.1111/j.1749-6632.2011.06364.x
https://doi.org/10.1111/j.1749-6632.2011.06364.x
https://doi.org/10.1016/j.ijppaw.2019.06.003
https://doi.org/10.1002/wlb3.01014
https://doi.org/10.1002/wlb3.01014
https://doi.org/10.1006/anbe.1999.1285
https://doi.org/10.1006/anbe.1999.1285
https://doi.org/10.1111/j.1365-2907.2007.00100.x
https://doi.org/10.1111/j.1365-2907.2007.00100.x
https://doi.org/10.1111/tbed.14082
https://doi.org/10.2307/3280873
https://doi.org/10.1098/rspb.2000.1071
https://doi.org/10.1098/rspb.2000.1071
https://doi.org/10.1080/08927014.1996.9522906
https://doi.org/10.1644/09-MAMM-A-187.1
https://doi.org/10.1186/s13071-019-3762-7
https://doi.org/10.7589/2019-02-035
https://doi.org/10.7589/2019-02-035
https://doi.org/10.1016/S0190-9622(84)70151-4
https://doi.org/10.1016/j.epidem.2019.01.001
https://doi.org/10.1016/j.ijppaw.2021.08.003
https://doi.org/10.1016/j.ijppaw.2021.08.003
https://doi.org/10.1371/journal.pone.0176200
https://doi.org/10.1139/z01-216
https://doi.org/10.1139/z01-216
https://doi.org/10.1002/wsb.1420
https://doi.org/10.3133/ofr20131231
https://doi.org/10.3133/ofr20131231
https://doi.org/10.7589/2017-06-148
https://doi.org/10.1016/S0020-7519(99)00034-X
https://doi.org/10.1111/j.1365-2664.2012.02207.x
https://doi.org/10.1111/j.1365-2664.2012.02207.x
https://doi.org/10.1002/ece3.9408
https://doi.org/10.1002/ece3.9408
https://doi.org/10.1002/ecs2.2771
https://doi.org/10.1002/ecs2.2771
https://doi.org/10.1002/ecs2.3870
https://doi.org/10.7589/2016-08-180

Wails et al. Parasites & Vectors (2024) 17:248

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kontos V, Sotiraki S, Himonas C. Two rare disorders in the cat: demodectic
otitis externa and sarcoptic mange. Feline Pract. 1998;26:18-20.
Fitzgerald SD, Cooley TM, Murphy A, Cosgrove MK, King BA. Sarcoptic
mange in raccoons in Michigan. J Wildl Dis. 2004;40:347-50. https://doi.
0rg/10.7589/0090-3558-40.2.347.

Samuel WM. Attempted experimental transfer of sarcoptic mange (Sar-
coptes scabiei, Acarina: Sarcoptidae) among red fox, coyote, wolf and dog.
JWildl Dis. 1981;17:343-7. https://doi.org/10.7589/0090-3558-17.3.343.
Gelman A. Scaling regression inputs by dividing by two standard devia-
tions. Stat Med. 2008;27:2865-73. https://doi.org/10.1002/sim.3107.
Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH,

et al. Generalized linear mixed models: a practical guide for ecology and
evolution. Trends Ecol Evol. 2009;24:127-35. https://doi.org/10.1016/].
tree.2008.10.008.

Hartig F: DHARMa: Residual diagnostics for hierarchical (multi-level/
mixed) regression models. R package version 0.4.6. 2022.

Akaike H. A new look at the statistical model identification. [EEE Trans
Automat Contr. 1974;19:716-23. https://doi.org/10.1109/TAC.1974.11007
05.

Hurvich CM, Tsai C-L. Regression and time series model selection in small
samples. Biometrika. 1989;76:297-307. https://doi.org/10.1093/biomet/
76.2.297.

Burnham KP, Anderson DR. Model selection and multimodel inference: A
practical information-theoretic approach. New York, NY: Springer-Verlag;
2002.

Johnson JB, Omland KS. Model selection in ecology and evolution. Trends
Ecol Evol. 2004;19:101-8. https://doi.org/10.1016/j.tree.2003.10.013.
Calenge C. The package adehabitat for the R software: a tool for the
analysis of space and habitat use by animals. Ecol Modell. 2016;197:516—
9. https://doi.org/10.1016/j.ecolmodel.2006.03.017.

Devenish-Nelson ES. Sarcoptic mange and the demography of the red
fox, Vulpes vulpes. Durham, UK: Durham University; 2012.
Devenish-Nelson ES, Richards SA, Harris S, Soulsbury C, Stephens PA.
Demonstrating frequency-dependent transmission of sarcoptic mange in
red foxes. Biol Lett. 2014;10:20140524. https://doi.org/10.1098/rsbl.2014.
0524.

Murray M, Edwards MA, Abercrombie B, St Clair CC. Poor health is associ-
ated with use of anthropogenic resources in an urban carnivore. Proc
Royal Soc B. 2015;282:20150009. https://doi.org/10.1098/rspb.2015.0009.
Fraser TA, Charleston M, Martin A, Polkinghorne A, Carver S. The emer-
gence of sarcoptic mange in Australian wildlife: an unresolved debate.
Parasit Vectors. 2016;9:1-11. https://doi.org/10.1186/513071-016-1578-2.
Berrilli F, D’Amelio S, Rossi L. Ribosomal and mitochondrial DNA
sequence variation in Sarcoptes mites from different hosts and geo-
graphical regions. Parasitol Res. 2002;88:772-7. https://doi.org/10.1007/
500436-002-0655-y.

Robinson SG, Black KM, Catlin DH, Wails CN, Karpanty SM, Bellman H,

et al. Red fox trap success is correlated with piping plover chick survival. J
Wildlife Manage. 2023;88:€22538.

Nipko RB, Holcombe BE, Kelly MJ. Identifying individual jaguars and oce-
lots via pattern-recognition software: comparing HotSpotter and Wild-ID.
Wildl Soc Bull. 2020;44:424-33. https://doi.org/10.1002/wsb.1086.
Association of Fish and Wildlife Agencies. Best management practices
for trapping red fox in the United States. Association of fish and Wildlife
Agencies: Washington D.C,; 2014.

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

Page 10 of 10


https://doi.org/10.7589/0090-3558-40.2.347
https://doi.org/10.7589/0090-3558-40.2.347
https://doi.org/10.7589/0090-3558-17.3.343
https://doi.org/10.1002/sim.3107
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1016/j.tree.2008.10.008
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1109/TAC.1974.1100705
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1093/biomet/76.2.297
https://doi.org/10.1016/j.tree.2003.10.013
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1098/rsbl.2014.0524
https://doi.org/10.1098/rsbl.2014.0524
https://doi.org/10.1098/rspb.2015.0009
https://doi.org/10.1186/s13071-016-1578-2
https://doi.org/10.1007/s00436-002-0655-y
https://doi.org/10.1007/s00436-002-0655-y
https://doi.org/10.1002/wsb.1086

	Epidemiology of sarcoptic mange in a geographically constrained insular red fox population
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study site
	Field methods
	Identifying sarcoptic mange in the system
	Ecological associations with sarcoptic mange
	Spatio-temporal spread of sarcoptic mange

	Results
	Timeline of visible signs of sarcoptic mange
	Identifying sarcoptic mange in the system
	Ecological associations with sarcoptic mange
	Spatio-temporal spread of sarcoptic mange

	Discussion
	Conclusions
	Acknowledgements
	References


