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Abstract

Sarcoptic mange, a skin infestation caused by the mite Sarcoptes scabiei, is an emerg-
ing disease for some species of wildlife, potentially jeopardizing their welfare and
conservation. Sarcoptes scabiei has a near-global distribution facilitated by its forms
of transmission and use of a large diversity of host species (many of those with broad
geographic distribution). In this review, we synthesize the current knowledge con-
cerning the geographic and host taxonomic distribution of mange in wildlife, the
epidemiological connections between species, and the potential threat of sarcoptic
mange for wildlife conservation. Recent sarcoptic mange outbreaks in wildlife ap-
pear to demonstrate ongoing geographic spread, increase in the number of hosts
and increased virulence. Sarcoptic mange has been reported in at least 12 orders,
39 families and 148 species of domestic and wild mammals, making it one of the
most generalist ectoparasites of mammals. Taxonomically, the orders with most spe-
cies found infested so far include Perissodactyla (67% species from the entire order),
Artiodactyla (47%), and Diprotodontia (67% from this order). This suggests that new
species from these mammal orders are likely to suffer cross-species transmission and
be reported positive to sarcoptic mange as surveillance improves. We propose a new
agenda for the study of sarcoptic mange in wildlife, including the study of the global
phylogeography of S. scabiei, linkages between ecological host traits and sarcoptic
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diseases.

KEYWORDS

1 | INTRODUCTION

There are more than 55,000 known species of mites, with at least 50 of
them causing different types of mange diseases (Kraabgl et al., 2015;
OIE, 2016). Sarcoptes scabiei, the causative agent of sarcoptic mange,
is arguably the most important mite species in terms of number of do-
mestic and wildlife species affected (Gortazar et al., 2007). Sarcoptic
mange (also termed ‘scabies’ in humans) is a highly contagious skin
disease of mammals that can form acute or chronic infections de-
pending on factors such as host immunity and mite lineage (Bornstein
et al., 2001). Nevertheless, many aspects driving the severity of dis-
ease among species are yet to be fully understood (Astorga, Carver,
et al., 2018; Kumar et al., 2018). Previous studies have suggested that
sarcoptic mange could represent a threat for wildlife, considering its
potential severity, morbidity, the wide range of host species affected
and its global distribution (Gortazar et al., 2007; Tompkins et al., 2015).
Even though S. scabiei is categorized as a multi-host parasite, there
is still debate concerning host specificity (Arlian et al., 1988; Fazal
et al., 2016; Matsuyama et al., 2019), which could be an important
baseline to predict its virulence in novel hosts and explore potential
cross-species transmission dynamics. Our understanding of the pan-
zootic (i.e. a pandemic in animals) nature of sarcoptic mange, includ-
ing epidemiology, host specificity and spillover potential in wildlife, is
limited (Arlian et al., 2016; Astorga, Carver, et al., 2018). The goal of
this review is to synthesize our current understanding of S. scabiei in
wildlife at a global scale, particularly concerning its host range, cross-
species transmission events (i.e. parasite spillover) and potential threat

for wildlife conservation.

2 | LITERATURE SEARCH

We developed a literature search to detect all susceptible species and
the first record of each one of them, collect data concerning cross-
species transmission events and review relevant aspects of sarcop-
tic mange in wildlife. As a first step for collecting literature, we used
the terms ‘Sarcoptes AND wild’ and ‘Sarcoptes AND transmission’ for
all available publications in Scopus and in Google Scholar, limiting re-

sults from 2016 to 2019. Then, we manually listed in two separated

mange susceptibility, immunology of individuals and species, development of control
strategies in wildlife outbreaks and the effects of global environmental change in
the sarcoptic mange system. The ongoing transmission globally and sustained spread
among areas and wildlife species make sarcoptic mange an emerging panzootic in
wildlife. A better understanding of sarcoptic mange could illuminate the aspects of

ecological and evolutionary drivers in cross-species transmission for many emerging

panzootic, Sarcoptes, spillover, wildlife conservation, wildlife disease

spreadsheets all studies that reported cross-species transmission, and
the oldest study that reported susceptible hosts, excluding duplicate
reports. We defined a susceptible host as any animal species in which
S. scabiei was reported to be infested by the parasite. In addition to the
studies published within our filter (2016-2019), we included reports
beyond this period by (i) searching for the first available report of each
of the host species described and (ii) reviewing the references cited in
the manuscripts collected in the first search. We merged the list of all
reported host susceptible species and retain the oldest study register-
ing the year, the free-ranging or in-captivity (e.g. zoo, laboratory) status,
the geographic location and the source of data (i.e. scientific literature,
book, grey literature). Host species were characterized according to
their updated taxonomy using the Integrated Taxonomic Information
System (ITIS, 2020), their conservation status (IUCN, 2019), their do-
mestic or wild status, and their solitary or gregarious behaviour.

The literature search included the identification and registration
of all available studies describing transmission of sarcoptic mange
between different host species (i.e. cross-species transmission), ac-
counting for the type of transmission (i.e. experimental or observa-
tional; detailed data of transmission links are available in Table S1
and Material S1). We included also those studies that suggest no
transmission (e.g. based on distant genetic clustering of the S. scabiei
populations), or those experimental studies that failed in generating
cross-species transmission. These data were used to identify trans-
mission linkages among host species to reconstruct host-parasite
interactions. Finally, we developed a scoping study concerning cur-
rent knowledge of sarcoptic mange in wildlife and assessed the neg-
ative impacts of S. scabiei infestation at the individual, population,
community and species levels, and potential effects for biological
conservation. Findings of this review are expected to help identify
gaps of knowledge in sarcoptic mange research and to propose fu-

ture research directions.

3 | HOST DIVERSITY, GEOGRAPHICAL
DISTRIBUTION AND SPATIAL SPREAD

Our sarcoptic mange review revealed that hosts include 12 orders,

39 families and 148 species of domestic and wild mammals, with a



ESCOBARET AL.

near-global distribution (Figures 1 and 2, Material S2). This list posi-
tions sarcoptic mange among the terrestrial ectoparasites with the
widest host range (Currier et al., 2012; Pence & Ueckermann, 2002).
The search of the first scientific records of infestation among
animal hosts revealed that S. scabiei was first reported in sheep
(Ovis aries) in 1809 (Walz, 1809), that wolf (Canis lupus) was the
first wild host reported in captivity (Bourguignon, 1851), and that
the first free-ranging wildlife host was the red fox (Vulpes vulpes;
Furstenberg, 1861). Our review complements and updates a previ-
ous list of sarcoptic mange hosts published by Bornstein et al. (2001).
We include new species described in the last two decades confirm-
ing the large host range of S. scabiei and the consistent identification
of new hosts (Figure 3), with an average of nine new hosts described
by decade since 1970. All of the recently reported species are free-
ranging wildlife.

In addition, recent studies describe new locations of mange out-
breaks. For example, S. scabiei in red foxes is endemic in specific
areasin Europe, but recent outbreaks are increasingly being reported
in new locations, depicting spatial spread (Soulsbury et al., 2007).
Similar geographical expansions have been described in wildlife
in North America (Niedringhaus et al., 2019), Asia (Makouloutou
etal.,, 2015) and South America (Montecino-Latorre et al., 2020). The
spatial spread of sarcoptic mange during introduction into naive host
populations ranges from speeds of 0.7 km/year (Martin et al., 2018)
to 20 km/year (Fuchs et al., 2000). Sarcoptic mange spread gener-
ally mirrors the distribution, population structure and dispersal be-
haviour of host species infected (Lindstréom & Mérner, 1985; Pence &
Windberg, 1994; Rossi et al., 2007), consistent with other wildlife dis-
eases (Astorga, Escobar, et al., 2018). Possible explanations of these

geographical expansions include transmission to populations lacking
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immune resistance (Peltier et al., 2017; Pence & Windberg, 1994;
Soulsbury et al., 2007). Host and geographical areas affected by
S. scabiei can be biased towards species and regions well monitored
(e.g. of conservation concern), improved detection and reporting
of wildlife diseases, more frequent contact between humans and
wildlife, and other elements already described for wildlife diseases
(Ryser-Degiorgis, 2013; Woods et al., 2019). Spatial spread and novel
severe outbreaks of sarcoptic mange have also been associated with
S. scabiei lineages that may present higher virulence (Makouloutou
et al., 2015; Pence & Windberg, 1994). Therefore, S. scabiei may be
described as a widespread ectoparasite, with a consistent increase in

geographic distribution and number of host species infested.

4 | HOST SPECIFICITY

Some authors have considered S. scabiei as a single species, with
lineages associated with different host species—for example S.
scabiei var. hominis in humans, var. canis in dogs (Canis lupus famil-
iaris) and var. vulpes in red foxes (Arlian et al., 1996). Nevertheless,
the accuracy of S. scabiei lineages to denote host specificity is un-
clear (Fraser et al., 2016). Sarcoptes scabiei lineages have been his-
torically named based on the host where they were collected, with
contradictory evidence concerning features to categorize S. scabiei
groups. In fact, S. scabiei variants have shown little to nil morpho-
logical differences (Fain, 1968). According to Arlian et al. (1988),
there is biological evidence supporting physiologically differences
among S. scabiei lineages expressed as differences in transmission
success (Arlian et al., 1988). For example, experimental exposures

of S. scabiei from humans (i.e. var. hominis) and pigs (var. suis) failed

FIGURE 1 Geographic distribution of sarcoptic mange in wildlife. Sarcoptic mange has been reported in at least 148 species on six
continents, with evidence of ongoing host and spatial expansion. (a) Examples of localities recovered from the literature of outbreaks of
sarcoptic mange in wildlife species (yellow points). Examples of species affected include wolf (Canis lupus) in North America and Europe (b),
Alpine Ibex (Capra ibex) in Europe (c), Southern chamois (Rupicapra pyrenaica) (d), bare-nosed wombat (Vombatus urcinus) in Australia (e), red
fox (Vulpes vulpes) in multiple continents (f) and American black bear (Ursus americanus) in North America (g)
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In general, cross-species parasite transmission in a naive host is

associated with its likelihood of exposure to the parasite and its suit-
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ability to sustain an infection by allowing the parasite to overcome
physical or physiological barriers. Additionally, the parasite should
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naive host in the extent at which the naive host is ecologically and
genetically similar to the original host. Alternatively, parasite col-
FIGURE 3 Cumulative discovery of novel hosts susceptible

to Sarcoptes scabiei. Temporal distribution of discovery of novel
Sarcoptes scabiei host species between 1810 and 2018. Left axis

onization could be explained by the availability of new resources

allowing the parasite to adapt to a new host species. These mecha-

(blue): number of species reported infested with S. scabiei for the nisms denote the complexity of cross-species parasite transmission
first time. Right axis (red): cumulative number of species infested and, therefore, the expected limitations for its understanding and
with S. scabiei. Note that the trend line (grey line) suggests that predictability.

more novel species are expected to be reported as susceptible
to S. scabiei in the future. Research effort and potential bias by
taxonomical group were not accounted for

Cross-species transmission of S. scabiei can be explored
via experimental exposure to the parasite, epidemiological
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studies, and molecular tools (Martin, Fraser, et al., 2018; Renteria-
Solis et al., 2014). We found that S. scabiei cross-species transmis-
sion has been reported for 38% (n = 56) of the known host species
(Figure 4, Table S1). Cross-species transmission of S. scabiei is more
frequent in some host orders compared with others. For example,
we found that 42% of host species in the Artiodactyla Order have
reports of cross-species transmission, 28.8% in Carnivora and 11.5%
in Rodentia, mainly from natural transmissions (Table S1).

Numerous molecular markers have been used to understand
S. scabiei host specificity, parasite cross-species transmission and
geographic origin. For example, based on microsatellite markers
Walton et al. (2004) suggested human-to-human transmission as
the most important epidemiological pathway for scabies, and a
minor relevance of zoonotic transmission from dogs. These stud-
ies concerning the degree of host specificity are important for the
development of effective control measures. For example, recent
phylogenetic analyses have identified genetic exchange among S.
scabiei populations collected in different sympatric hosts living in
geographicisolation; thatis, analyses revealed specific parasite hap-
lotypes related to spatial units among different hosts. Therefore,
categorizing S. scabiei populations according to their hosts (i.e.
var) could be misleading when parasite genetic structure does not
support host differentiation, and instead, S. scabiei lineages may
follow biogeographic rules (Alasaad, Oleaga, et al., 2011; Amer
et al., 2014; Gakuya et al., 2011; Makouloutou et al., 2015; Rasero
etal.,, 2010).

FIGURE 4 Network of cross-species
transmission of Sarcoptes scabiei. Nodes
represent hosts, while size nodes
represent the connection degree as a
proxy of number of spillover (connections)
of S. scabiei among nodes. Green: wildlife
species. Blue: domestic species (humans
are excluded). Light blue: domestic
species with free-ranging sub-species or
populations. Note that research effort and
potential bias by taxonomical group were
not accounted for

'}-§ 733

Transboundary and Emeiging Disegses!”

Molecular markers have been also used to explore geographic
origin of S. scabiei populations, to reconstruct transmission, and to
trace evolutionary patterns. For example, based on molecular mark-
ers dogs and humans have been found to be the original source of S.
scabiei in native wildlife in Australia, culminating into a current en-
demicinfestation (Fraser, Holme, et al., 2018; Skerratt et al., 2002). At
a coarse scale, human-mediated movements have facilitated S. sca-
biei expansion across geographic barriers (Makouloutou et al., 2015),
with multiple cross-species transmission events to wildlife occurring
during multiple periods (Peltier et al., 2017). Therefore, recurrent
S. scabiei introductions by humans may explain outbreaks and sar-
coptic mange endemicity in wildlife populations, creating mixed-
mite populations with genetic structure not entirely explained by
host variants (Fraser et al., 2016).

Sarcoptes scabiei diversity detected by molecular tools is strongly
dependent upon the marker used with different nuclear, ribo-
somal and mitochondrial genes providing different signals (Fraser
et al., 2017). It is possible that optimal molecular markers are yet to
be identified, or that mite adaptation to the host is instead epigen-
etic. A future frontier in S. scabiei research should include whole-
genome sequencing, detection of a set of target sequences for more
accurate lineage identification and genetic characterization to de-
velop tools for understanding host specificity, spillover mechanisms,
mite population dynamics, sources of infestation and geographical
origin (Alasaad, Oleaga, et al., 2011; Fraser, Holme, et al., 2018;
Peltier et al., 2017; Rasero et al., 2010; Walton et al., 1999).

aegagrus
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The phylogenetic structure of S. scabiei is still inconsistent. In
Europe, microsatellite studies revealed that S. scabiei mites presented
mostly a host taxon-specific structure, clustering into three groups:
herbivore-derived, carnivore-derived and omnivore-derived (Alasaad,
Oleaga, et al., 2011; Rasero et al., 2010). This pattern has also been
described among wildlife in Asia (Matsuyama et al., 2019). Alternatively,
S. scabiei genetic structure has also followed a prey-predator cluster,
suggesting that this ecological interaction could facilitate contact op-
portunity and therefore explain S. scabiei spillover among wildlife. For
example, S. scabiei populations obtained from cheetah (Acinonys juba-
tus) and ngu (Connochaetes taurinus) presented an isolated cluster in
Africa (Gakuya et al., 2011). Stephens et al. (2019) found similar struc-
ture in a series of parasites in Europe, suggesting that predator-prey
spillover may represent a general rule in disease ecology.

The structure of host specificity of both macro- and microparasites
may follow patterns based on host phylogenetic distance (i.e. taxon-
derived), host ecology (i.e. predator-prey) and geography (i.e. spatial
overlap), where the latter two are associated with contact opportuni-
ties. Nevertheless, these contact opportunities could be induced by
humans. For example, many reports of cross-species transmission in
wildlife are derived from unnatural encounters generated in laboratory
experiments, captivity of diverse species (e.g. zoos), and artificially
large distribution and high density of domestic animals. This trans-
mission potential may not be homogenous among S. scabiei lineages
with some studies describing that specific S. scabiei lineages could be
more host-specific than others (Andriantsoanirina et al., 2015; Skerratt
et al., 2002; Zhao et al., 2015). Therefore, S. scabiei lineages could be
related to host, taxa, specific ecological interactions or a locality.

Cross-species S. scabiei transmission has a complex structure.
According to our literature review, cross-species transmission
patterns suggest that a network of S. scabiei has clusters of semi-
isolated groups of host species (Figure 4, Gephi Software, Bastian
et al., 2009). In this network (Figure 4), the nodes represent host
species, and the node size resembles connection degree as a proxy
of number of S. scabiei transmission to other host species, differ-
entiating wild (green) and domestic (blue) hosts, the latter including
free-ranging populations of domestic hosts (light blue). Our over-
view revealed that domestic species are more connected (i.e. higher
connectivity) and may have a key role on S. scabiei transmission path-
ways to wildlife hosts. The role of domestic animals in cross-species
transmission to wildlife has been suggested for viruses based on
molecular data (e.g. Wells et al., 2018) and epidemiological studies
(Acosta-Jamett et al., 2011). Thus, domestic animals, such as dogs,
would act as reservoirs of S. scabiei facilitating the parasite's global
spread and may contribute to cross-species transmission to wildlife.
From a conservation perspective, the S. scabiei transmission network
suggests that the free-ranging behaviour of dogs and other domestic
species is a threat for wild species of conservation concern (Werner
& Nunn, 2020). Because dogs are widely distributed and occur at
high densities, they have been identified as ‘bridge hosts’ of infec-
tious diseases among humans, other domestic animals and wildlife
(Pedersen et al., 2007; Poo-Mufioz et al., 2016).

Beyond wildlife hosts, S. scabiei represents a parasite of emerging
interest in the human-wildlife-domestic animal interface. Sarcoptes
scabiei spillover events from wildlife have been linked to outbreaks
in livestock, pets and humans (Pisano, Ryser-Degiorgis, et al., 2019;
Rabinowitz & Gordon, 2004). As with other pathogens such as West
Nile virus, wildlife species may serve as ‘sentinel animals’ for human
health (Lerner, 2019). For livestock, wildlife may become an addi-
tional source for sarcoptic mange, which may be derived in economic
losses (Gortazar et al., 2007).

5 | TRANSMISSION DYNAMICS

Sarcoptes scabiei transmission is associated with biotic and abiotic
factors (Table 1, Material S3), and depends on direct and indirect
exposure (Arlian & Morgan, 2017; Arlian et al., 1988). Biotic factors
such as host behaviour (e.g. gregarious species) and demography
(e.g. host density) facilitate direct transmission. Indeed, behaviours
that facilitate contact, including allogrooming, mating and territorial
fights, are linked to sarcoptic mange infestations (Pérez et al., 1997;
Rossi et al., 2007) and seasonality (Table 1 and Material S3). Abiotic
factors, such as environmental change, may lead to overcrowding
of single or multiple host species (Carricondo-Sanchez et al., 2017
Corriale et al., 2013). In solitary species, non-social transmission
mechanisms may become relevant. For example, solitary species
may have predator-prey encounters (Fuchs et al., 2016; Gakuya
et al., 2011), intraguild predation (Kolodziej-Sobocinska et al., 2014;
Linnell et al., 1998) or carrion consumption (Alasaad, Ndeereh,
et al., 2012; Andrews, 1983).

Sarcoptes scabiei transmission also occurs by indirect contact
(i.e. environmental transmission). In environmental transmission,
the off-host survival of S. scabiei is a key factor determined by
environmental conditions (Arlian et al., 1984, 1989; Niedringhaus
et al., 2019). At fine scale, environment transmission may be fa-
cilitated by adequate microclimate of resting areas, dens and bur-
rows used by foxes, badgers and wombats (Kolodziej-Sobocinska
et al.,, 2014; Kraabgl et al., 2015; Martin et al., 2019; Montecino-
Latorre et al., 2019; Skerratt et al., 1998). Nevertheless, the under-
standing of resting areas for S. scabiei transmission is still not well
understood (Beeton et al., 2019; Montecino-Latorre et al., 2019). At
coarse scale, environmental transmission is suspected to depend
on S. scabiei off-host survival in fomites (e.g. cattle straw beds,
concrete, wood; Bornstein & de Verdier, 2010), which explains sea-
sonality of sarcoptic mange outbreaks (Pérez et al., 1997; Vander
Haegen et al., 2013). Under this scenario, climate change is expected
to impact sarcoptic mange incidence, which has been proposed for
human infectious diseases (IPCC, 2007). In practice, it is difficult to
determine when S. scabiei infectinfestations occur via direct or in-
direct transmission (Fuchs et al., 2000; Kraabgl et al., 2015). Under
unsuitable environmental conditions for S. scabiei (e.g. snow), direct
transmission may be the most parsimonious explanation (Kraabgl
et al., 2015).
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TABLE 1 Summary of factors associated with Sarcoptes scabiei transmission and severity

Feature

1. Host density and
social structure

2. Age and sex-
related features:
contradictions

3. Environmental
conditions

Description

In general, social species (with higher densities) are more vulnerable to sarcoptic mange outbreaks (i.e. density-dependent
transmission; Sugiura et al., 2018), and transmission tends to be associated with higher densities of hosts (Kido
et al.,, 2013). Nevertheless, other studies have shown no effect of host density (Samelius et al., 2016). Prey densities
(that indirectly may induce predator-host density) have also been suggested as influential for sarcoptic mange outbreaks
(M&rner, 1992)

Higher susceptibility in juveniles camels (Zahid et al., 2015) and lower susceptibility in juvenile capybaras (Corriale
et al., 2013) have been described. Meanwhile, higher susceptibility has been reported in male Iberian Ibex (Lopez-Olvera
et al., 2015) and in female camels (Feyera et al., 2017). Other studies show no differences between sexes (Almberg
et al, 2015)

Seasonality has been described as a relevant feature for sarcoptic mange outbreaks (Kotb & Abdel-rady, 2015), in particular,
in those conditions that may favour Sarcoptes survival (Pérez et al., 1997). In fact, in seasons with unsuitable conditions for
mite survival, sarcoptic mange prevalence tends to be lower (Carricondo-Sanchez et al., 2017). Stressful environments for

the host (e.g. harsh winters) have also been associated with sarcoptic mange outbreaks (Skerratt et al., 1998)

4. Host ecology
and behaviour

Mating behaviour (that increases host density and physical contact due to reproduction and fights) may favour sarcoptic
mange transmission (Ledn-Vizcaino et al., 1999). Spatial dispersal of mites is facilitated by migration or other exploration

behaviours of infected hosts, describing some vectors or super-spreaders (Devenish-Nelson et al., 2014). On the other
hand, opportunities for indirect transmissions are given by the use of dens, burrows (Martin et al., 1998; Montecino-
Latorre et al., 2019) and pens (in domestic animals; Smith, 1986)

5. Host-parasite
interaction

Naive populations (with poorer immune response) may present more severe consequences when confronted to a novel
pathogen (Pence & Windberg, 1994; Rossi et al., 1995). Poor immune response (with higher susceptibility, lethality) is also

present in debilitated animals. Some authors suggest that emerging outbreaks result from changes in virulence of the

S. scabiei population (Vander Haegen et al., 2018)

6 | HOST-PARASITE INTERACTIONS AND
CLINICAL SEVERITY

At the host individual level, S. scabiei impacts are associated with
host-parasite interactions (i.e. immune response), which are re-
flected in the clinical presentation of sarcoptic mange. Clinical signs
of sarcoptic mange result from the burrowing process of S. scabiei
into the skin and the exaggerated immune response of the host
(Bhat et al., 2017; Davidson et al., 2008). Common sarcoptic mange
clinical signs include intense pruritus, crusty dermatitis, erythema
and papule formation (Bornstein et al., 2001; OIE, 2016). In the first
stages of the infestation, S. scabiei mites are able to suppress the
host immune response (Arlian & Morgan, 2017). Later on, the skin
may become hyperkeratotic, with diverse levels of hair loss, excoria-
tion and fissuring of skin (Skerratt et al., 1999). Immune hypersensi-
tivity causes rash and pruritus in domestic dogs (Bhat et al., 2017;
Bornstein et al., 2001), but presents differently in red foxes, lynx
(Lynx lynx) and coyotes (C. latrans; Little et al., 1998), where sarcop-
tic mange is observed with limited pruritus and alopecia (Pence &
Ueckermann, 2002). In general, the clinical presentation varies
among species but after several weeks, as S. scabiei proliferate and
its population is established, inflammatory immune responses are
stimulated, and clinical signs are manifested. This immune response
causes physiological and behavioural changes in the host. Signs in
wildlife species are described in detail in Material S4.

Different levels of resistance to the infestation, including dif-
ferent severity of symptoms and immune response, have been
observed among species, populations and individuals (Pence &

Windberg, 1994). For example, sarcoptic mange impacts are variable

among populations of wolves (Almberg et al, 2012; Kolodziej-
Sobocinska et al., 2014) and among individuals of Iberian ibex (Capra
pyrenaica) from the same population (Pérez et al., 2019). Specific in-
dividuals may have genetic predisposition to more intense sarcoptic
mange, including crusted mange, referred to as Norwegian or crusted
scabies in humans (Bhat et al., 2017). Crusted mange has been de-
scribed in cats (Malik et al., 2006), wombats (Skerratt, 2003) and
dogs (Kaltsogianni et al., 2017), but monitoring in other animal spe-
cies is needed. In general, wildlife populations are considered more
susceptible to develop clinical signs of sarcoptic mange compared
with domestic animals due to an observed reduction in resistance
to infestation, and environmental stress (e.g. harsh winters, drought;
Martin et al., 1998). Risk factors for S. scabiei transmission and sar-
coptic mange severity in wildlife have contradictory results, which
we discuss in detail in Material S3. Briefly, some studies suggest
that sex and age influence sarcoptic mange susceptibility and sever-
ity; meanwhile, others have found no relation (Corriale et al., 2013;
Feyera et al., 2017; Lépez-Olvera et al., 2015). Other studies high-
light the relevance of disease pre-existence, body condition of the
host and stressing environmental conditions on the development of
immune response. For example, unusual mortality due to sarcoptic
mange was reported in debilitated giraffes during a drought period in
Kenya (Alasaad, Ndeereh, et al., 2012). Thus, climate change, beyond
facilitating transmission, may also play a role increasing severity of
sarcoptic mange infestations by affecting the host immunity.
Sarcoptic mange symptoms and impacts are not limited to the
skin and may also generate metabolic, physiological and behavioural
change (Material S4). Sarcoptes scabiei infestation triggers a chain

of host metabolism changes due to the costs of immune response
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cia and dysfunctional integument characteristics (Martin, Fraser,
et al., 2018; Serrano et al., 2007; Simpson et al., 2016). This inap-
propriate control of body temperature may be critical in wildlife ex-
posed to extreme weather events (Simpson et al., 2016). Infested
individuals often have altered haematological and serum biochem-
ical parameters due to anaemia, protein loss, hypoglycaemia and
internal organs undergo metabolic alterations (Arlian et al., 1990;
Skerratt et al., 1999). Similarly, experimental infestations reveal that
juvenile individuals have slower growing rates, lower body weight,
delayed ossification and smaller bones (Rehbein et al., 2003; Serrano
et al., 2007). Sarcoptic mange may also lead to reduced feeding, food
consumption and resting, resulting in poorer efficiency of food con-
version (Fentanew et al., 2018; Suthersr, 1987). Secondary bacterial
infections may also impact internal organs and systemic function
(Chandler & Fuller, 2018). Finally, sarcoptic mange may progress to
a debilitating and multisystemic disease that affects fitness and may
provoke death (Martin, Fraser, et al., 2018; Skerratt et al., 2004). In
wildlife, reduction in fitness may significantly impact the short-term
survival of a population.

Long-term studies suggest a host-parasite co-evolutionary
force that decreases sarcoptic mange presentation by reducing the
exaggerated immune response of hosts, even though the S. sca-
biei infestation remains (Davidson et al., 2008). In fact, sarcoptic
mange outbreaks may include a large proportion of asymptomatic
individuals (Davidson et al., 2008; Fuchs et al., 2016). Based on ex-
perimental evidence, some species may gain resistance to S. scabiei
reinfestation or clinical sarcoptic mange (Arlian et al., 1984; Bhat
et al., 2017; Skerratt, 2003), while others do not gain such resis-
tance (Almberg et al., 2015). The little information regarding wildlife
immune response to S. scabiei is that naive hosts have exaggerated
anti-inflammatory, anti-immune and anti-complement responses,

generating severe sarcoptic mange (Arlian & Morgan, 2017).

7 | SARCOPTIC MANGE DETECTION:
NOVEL APPROACHES

The gold standard sarcoptic mange diagnosis is based on clinical
signs and morphological identification of S. scabiei by microscopic
observation of skin scrapings (OIE, 2016). Modern diagnostic meth-
ods include enzyme-linked immunosorbent assay (ELISA) used to
detect IgG antibodies against S. scabiei, which can be useful in
serological surveys to identify exposed individuals with asymp-
tomatic or resolved infestations (Peltier et al., 2018; Raez-Bravo
et al., 2016; Rambossi et al., 2004). Molecular diagnostic tests have
been used in both humans and animals for direct S. scabiei detection
(Angelone-Alasaad et al., 2015; Makouloutou et al., 2015; Peltier
et al.,, 2018; Zhao et al., 2015). Indeed, comparative diagnostics
have revealed that polymerase chain reaction (PCR) assays on skin
scraping are an advancement method to detect S. scabiei compared
with traditional microscopy, clinical diagnoses and other methods

(Fraser, Holme, et al., 2018). The most frequent gene used for S.

scabiei detection is the internal transcribed spacer (ITS)-2 region
in nuclear ribosomal DNA (Peltier et al., 2018). Angelone-Alasaad
et al. (2015) reported universal conventional and real-time PCR di-
agnosis tools for S. scabiei detection from skin scrapings based on
mitochondrial DNA.

Non-invasive techniques are particularly relevant when moni-
toring wildlife diseases present in free-ranging animals. In particular,
infestations with S. scabiei may present visible lesions that enable
non-invasive and observational diagnoses. Some studies have used
citizen science approaches (e.g. questionnaires; Gakuya et al., 2012)
and camera traps (i.e. photo trapping), based on the identification
of classic external lesions resembling sarcoptic mange (Arenas
et al., 2002; Brewster et al., 2017; Fraser, Carver, et al., 2018;
Sugiura et al., 2018). Citizen science represents a feasible method
to complement quantitative methods in which hunters, farmers,
game wardens and park rangers provide epidemiological informa-
tion (Gakuya et al., 2012; Montecino-Latorre et al., 2020; Pisano,
Ryser-Degiorgis, et al., 2019, Pisano, Zimmermann, et al., 2019;
Ryser-Degiorgis, 2013; Skelton et al., 2019). Other non-invasive
methods include infrared thermal imaging (Figure 5) and detector
dogs. Infrared thermal imaging is particularly innovative and may
also generate data concerning the body condition and thermoregu-
lation impacts in infested individuals (e.g. Cross et al., 2016). Finally,
detector dogs have been reported as successful, using trained dogs
to follow the scent of Sarcoptes-infested animals and to find car-
casses, even under snow (Alasaad, Permunian, et al., 2012). Future
efforts should include the development of standardized diagnostic
methods for sarcoptic mange cases and outbreaks including collec-
tion of metadata (e.g. species, location, date, genetic sequences) to
build a repository of the global burden of sarcoptic mange in wildlife
(Alasaad, Walton, et al., 2011).

8 | WILDLIFE CONSERVATION
8.1 | General effects in wildlife

Sarcoptic mange not only may have impacts at individual level (e.g.
clinical presentations and severity) but also may have impacts at
community, population and species level. The introduction of viru-
lent pathogens and parasites to naive host populations can result in
significant population declines and localized extinctions (Gonzalez-
Astudillo et al., 2018; Tompkins et al., 2015), scaling from isolated
outbreaks that may become epizootics (Carvalho et al., 2015;
Table 2). A series of studies propose sarcoptic mange as a threat
to susceptible wildlife populations (e.g. Martin, Fraser, et al., 2018;
Montecino-Latorre et al., 2020; Mérner, 1992; Smith et al., 2009;
Tompkins et al., 2015) (but see Pence & Ueckermann, 2002). For in-
stance, sarcoptic mange is one of the few diseases, along with rabies,
canine distemper and canine parvovirus, known to affect the popu-
lation dynamics of wild canids (Gortazar et al., 1998).

There are reports of sarcoptic mange causing extirpation of

entire wildlife populations (Gonzalez-Astudillo et al., 2018; Pence
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FIGURE 5 Telediagnoses of sarcoptic mange via infrared
thermal imagining and photo trapping. Thermal imagery of field

(a) and captive (b) wolves showing hair loss due to sarcoptic mange
and shaved patches, respectively. BKOL, back outer leg; BKIL,
back inner leg; FROL, front outer and inner leg;. Panels a and c

are wolves infested with sarcoptic mange. Modified from Cross
etal. (2016)

& Ueckermann, 2002). For example, populations of the common
wombat (Vombatus ursinus) present periodic sarcoptic mange out-
breaks with drastic (>94%) local declines (Gray, 1937; Martin, Fraser,
et al., 2018). Similarly, sarcoptic mange caused ~80% population de-
cline of the Northern chamois (Rupicapra r. rupicapra) in the Eastern
Alps (Buzan et al., 2013), and ~70% decline in coyotes populations in
Northern Texas (Pence & Windberg, 1994), with similar levels of mor-
tality reported in red foxes and grey wolves (Lindstrom et al., 1994;
Little et al., 1998; Mdérner, 1992; Pence & Windberg, 1994).

Studies of sarcoptic mange epizootics in wildlife generally focus

onasingle host species, neglecting the potential impacts of outbreaks
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at a community level (but see Kolodziej-Sobocinska et al., 2014). It
is expected that infestations of naive susceptible host populations
with drastic declines (>70%) can trigger cascading effects on the
ecosystem and modify the assemblage of the community, while
demographic and ecological variations in one wildlife species can
indirectly affect other species. For example, extended outbreaks
of sarcoptic mange in red fox, a predator, may benefit populations
of roe deer (Capreolus capreolus) and black grouse (Lyrurus tetrix),
among other preys (Alsaker, 2017; Lindstrom et al., 1994; Thulin
et al., 2015). In addition, sarcoptic mange-induced cascading effects
may increase the prevalence of other parasites and pathogens circu-
lating in prey populations. In urban areas of North America, the mor-
tality of wild canids due to sarcoptic mange is suspected to increase
the risk of Lyme disease for humans due to the increased abundance
and contact of rodents (Miller et al., 2018). On the other hand, red
fox declines due to sarcoptic mange were potentially beneficial for
the arctic fox (Alopex lagopus) by reducing apparent competition be-
tween the two fox species (Kraabgl et al., 2015). Thus, S. scabiei can
be a keystone species that modulates wildlife species assemblages
and interactions.

Sarcoptic mange effects on wildlife may be underestimated con-
sidering that available data on outbreaks in wildlife often come from
anecdotal reports and grey literature. In regions of Latin America,
reports of wildlife sarcoptic mange outbreaks are usually restricted
to unpublished records, biodiversity non-governmental organi-
zations, and natural resources agencies (CONAF, 2014; Grimberg
Pardo, 2010). Despite its deleterious effects, sarcoptic mange is
not considered to be a notifiable disease by the World Organization
for Animal Health (OIE, 2019a). Sarcoptic mange is, however, in-
cluded in the list of human-wildlife diseases from the World
Animal Health Information System-Wildlife Interface (OIE, 2019b),
acknowledged as a neglected tropical disease of humans by the
World Health Organization (WHO, 2018), and considered risk
by the Intergovernmental Panel of Climate Change (IPCC, 2007).
Institutional and scientific reports could also be biased to wildlife
species close to urban settlements (e.g. red fox, coyotes), species
under intense effort for conservation and research (e.g. wombats),
or species of economic importance in farming (e.g. camels) or sport
hunting (e.g. cervids and mountain-dweling caprines). Similarly, our
current understanding of sarcoptic mange could be biased towards
species suffering high prevalence and more severe symptoms, ex-
cluding asymptomatic wildlife species that may be contributing to
S. scabiei maintenance, disperse and spillover. Therefore, a more de-
tailed understanding of the geographic and host range distribution
of sarcoptic mange and variation in its virulence among species could
help to reconstruct S. scabiei evolutionary biology and epidemic

potential.

8.2 | Threat for conservation

Sarcoptic mange is considered to be one of the ten most threat-

ening wildlife diseases associated with population decline for
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TABLE 2 Sarcoptic mange as a threat for wildlife: four potential scenarios and examples

Conservation

Species Status Description

Reference

1) Threatened species with no confirmed reports of sarcoptic mange infestation but with reports in closely related/sympatric species

Tatras chamois (R. CE
rupicapra tatrica)

In mountainous areas across southern Europe,
sarcoptic mange is among the most common causes
of mortality in chamois (Rupicapra spp.)

No reports in this wombat species yet; however, the
other two close wombat species highly susceptible
to sarcoptic mange with periodic outbreaks

Northern hairy-nosed CE
wombat (L. krefftii)

2) Threatened species with previous reports of sarcoptic mange (i.e. known to be susceptible hosts)

Cheetah (A. jubatus) VU Sarcoptic mange being placed among the leading

causes of death

Mountain gorilla (G. CE
beringei beringei)

A report of a sarcoptic mange outbreak in Uganda
in a free-ranging family group that provoke fatal
cases in juveniles. Unpredictable outcomes if new
outbreaks occur

Epizootic of sarcoptic mange reported in central
Africa, where highly fragmented populations of
chimpanzees occur

Common chimpanzee (P. EN
troglodytes)

Fernandez-Moran et al., 1997; Pence and
Windberg (1994)

Martin, Burridge, et al. (2018))

Gakuya et al. (2011); Mwanzia
et al. (1995)

Kalema-Zikusona et al. (2002)

Fain (1968); Pence and
Ueckermann (2002)

3) Not necessarily a threatened species, but in which a few affected individuals could affect specific populations

Arctic fox (A. lagopus; LC Sarcoptic mange outbreaks in a small local population
V. lagopus according to of arctic foxes required capture/ treatment/ release
IUCN)

Mérner (1992)

4) Not necessarily a threatened species, but a susceptible host with decreasing populations, external pressures and/or in which sarcoptic mange

have generated strong effects

A decline of an invasive population was attributed
to sarcoptic mange outbreaks in New Zealand
(introduced). Until now, this has not been the case in
its native range in Europe.

Hedgehog (E. europaeus) LC

Sarcoptic mange is an endemic disease, causing
occasional declines on infested populations (up
to 94%). Additional conservation pressures could
enhance the effect of sarcoptic mange outbreaks.

Bare-nosed or common LC
wombat (V. ursinus)

Alpine ibex (C. ibex) LC Sarcoptic mange outbreaks have reduced their
population in the eastern Alps, Europe, particularly
in Italy. The assemble of susceptible host herbivores
in the area and the increasing conservation
pressures could enhance the effects of those

outbreaks.

Kolodziej-Sobocinska et al. (2014);
Kriechbaum and Pomroy (2018)

Martin, Burridge, et al. (2018)); Tompkins
et al. (2015)

Reviewed in De Danieli and
Sarasa, (2015)

Note: Four scenarios in the assessment of sarcoptic mange as a threat for wildlife species, considering its susceptibility, current risk of transmission
and conservation category (IUCN, 2019). IUCN categories: CE: critically endangered; EN: endangered; VU: vulnerable, NT: near threat, LC: least

concern.

some species, and recognized as a new challenge in biodiversity
conservation (Ciliberti et al., 2015; Cypher et al., 2017; Martin,
Burridge, et al., 2018; Montecino-Latorre et al., 2020; Pence &
Ueckermann, 2002; Tompkins et al., 2015). Nevertheless, in some
host species sarcoptic mange may not necessarily represent a
major pressure compared with other wildlife diseases. Our litera-
ture review reveals that 27% of the current species described as
hosts (40/148) are in some suboptimal conservation status ac-
cording to the International Union for Conservation of Nature
Classification (IUCN, 2019). Among those, two S. scabiei host spe-
cies are listed as Critically Endangered (CE), 11 are Endangered
(EN), 18 are Vulnerable (VU), and nine are Near Threatened (NT).

Nevertheless, only 2% of the overall mammal species under subop-
timal conservation status are described as susceptible to sarcoptic
mange, having large differences among orders. For instance, 14%
(15/108) of the species under suboptimal conservation status of
Carnivora are considered susceptible to sarcoptic mange, 13%
(1/8) in order Philosa and 8% (13/157) in Artiodactyla. Therefore,
sarcoptic mange could represent an important additional pressure
to be considered within carnivore species that are already of con-
servation concern. In addition, according to Pedersen et al. (2007),
S. scabiei is one of the three arthropods identified as causing popu-
lations declines or reduced host fitness in mammals listed in the
IUCN Red List as ‘Threatened’.
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Most S. scabiei host species categorized as CE and EN have sar-
coptic mange reports from captivity (7/13), especially in zoos and
laboratories, depicting susceptibility at least under unnatural con-
ditions. In free-ranging conditions, S. scabiei monitoring is challeng-
ing. For example, some infected Iberian lynxes (L. pardinus) do not
show alopecia, limiting capacity for early S. scabiei detection (Oleaga
et al., 2019). In gorillas (Gorilla berengei), a sarcoptic mange outbreak
was reported in 30% of individuals of a free-ranging family group,
including lethal cases in juveniles (Graczyk et al., 2001). In this out-
break, gorillas were habituated to human presence (e.g. tourists and
local communities; Graczyk et al., 2001). The identification of res-
ervoir species that may be favouring S. scabiei transmission may be
relevant to control and prevent outbreaks, especially when spatial
overlap exists with threatened species. A proper management of
biosecurity in tourism and preventive strategies with local communi-
ties could have a protective impact on the endangered wildlife, which
could also protect wildlife from other human-derived diseases.

There is an increased interest in the role of emerging infec-
tious disease in wildlife, defined as diseases recently discovered,
with increased occurrence, geographical extension or host range
(Daszak, 2013). Baseline data on wildlife diseases are frequently
unknown and are usually described only after an outbreak occurs
(Lange et al., 2014). According to Pedersen et al. (2007), diseases
associated with species decline tend to affect a wide range of host
species, have a wide range of transmission modes and also tend to
affect domestic animals. Wildlife diseases, however, may have mild
presentations or have less long-term impacts. For example, density-
dependent diseases may have endemic cycles, in which popula-
tions may cope and recover from outbreaks (Anderson, 1991; Rossi
et al., 2007). This could be the case of sarcoptic mange outbreaks
with drastic population decline in red foxes, followed by an endemic
phase with progressive recovery (Pisano, Zimmermann, et al., 2019).
In contrast, the disease may truly have unpredictably and threat-
ening impacts in other wild species (Martin, Fraser, et al., 2018).
Therefore, the impact of sarcoptic mange in wildlife depends on sev-
eral features and their specific contexts.

To predict the potential risk of sarcoptic mange in a specific pop-
ulation, researchers should consider the characteristics of previous
outbreaks. Nevertheless, considering the scarce understanding of
factors associated with sarcoptic mange severity, the assessment of
risks should consider other general scenarios. As a general frame for
assessing and prioritizing the potential impact of sarcoptic mange
in wild species, wildlife epidemiologists could consider four scenar-
ios: (a) threatened species with no confirmed reports of sarcoptic
mange infestation but infestations have occurred in closely related/
sympatric species; (b) threatened species with previous reports of
sarcoptic mange (i.e. considered susceptible host); (c) not necessarily
a threatened species but susceptible hosts, in which a few affected
individuals could have serious impacts on specific populations; and
(d) susceptible host species not of current conservation concern but
with decreasing populations, under external pressures, or where sar-
coptic mange has generated long-term effects in past infestations

(see details and examples of these four scenarios in Table 2).

WILEY-L-2

The active intervention to control sarcoptic mange spread among
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wildlife has been explored at length with contradictory results.
Methods have included treatment of individuals, populations, envi-
ronmental disinfection and culling (Lunelli, 2010; Martin et al., 2019;
Rowe et al., 2019). The use of drugs for sarcoptic mange treatment
has not been consistently successful in wildlife, and the develop-
ment of vaccines for wildlife species remains in its infancy (Martin
et al., 2019). Nevertheless, interventions should be based on specific
assessments, which may include the goal of intervention (e.g. elimi-
nation or control), the role of other species in the transmission, the
impact of outbreaks at individual, population and community lev-
els, and the influence of environmental conditions on transmission
and the severity of the infestation. As with other wildlife diseases,
the same strategies for disease control are not suitable for all host
species, and control may be feasible for some species or geographic

contexts but infeasible for others.

9 | FINAL REMARKS

The impact of wildlife diseases is increasingly considered for
biodiversity conservation. Diseases that affect humans, wild-
life and domestic animals require multidisciplinary research
approaches. Sarcoptic mange has a global distribution and af-
fects a wide range of host species including humans, present-
ing uneven impacts. Recent studies report increased severity,
novel host species and expanded geographic range of sarcoptic
mange in wildlife. Thus, sarcoptic mange could be categorized
as an emerging global wildlife disease with active transmis-
sion, and a novel threat for biodiversity conservation. Future
research efforts should include the development of control
strategy guidelines, explore a potential link of host traits with
disease susceptibility, and host specificity. A global repository of
S. scabiei data in wildlife is urgently needed for a more compre-
hensive monitoring among taxa and geographies. Additionally, the
economic costs of S. scabiei in livestock and pets and the public
health impacts of S. scabiei in endemic areas should be revisited
in future research. In conclusion, evidence suggests that sarcoptic

mange in wildlife could be considered an emerging panzootic.
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