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Abstract Snake fungal disease, caused by Ophidi-
omyces ophidiicola, is recognized as a potential 
concern for North American snakes. We tested skin 
swabs from Northern Pine Snakes (Pituophis mel-
anoleucus melanoleucus) in the New Jersey pinelands 
for the presence of O. ophidiicola before emergence 
from hibernation. We used qPCR to test the collected 
swabs for the presence of O. ophidiicola, then deter-
mined pathogen prevalence as a function of sam-
pling year, sampling location (skin lesion, healthy 
ventral skin, healthy head skin) sex, and age. There 
were no temporal trends in O. ophidiicola detection 
percentages on snakes, which varied from 58 to 83% 

in different years. Ophidiomyces ophidiicola detec-
tion on snakes was highest in swabs of skin lesions 
(71%) and lowest in head swabs (29%). Males had 
higher prevalence than females (82% versus 62%). 
The fungus was not detected in hatchling snakes 
(age 0) in the fall, but 75% of juveniles tested posi-
tive at the end of hibernation (age 1  year). We also 
screened hibernacula soil samples for the presence of 
O. ophidiicola. Where snakes hibernated, 69% of soil 
samples were positive for O. ophidiicola, and 85% of 
snakes lying on positive soil samples also tested posi-
tive for the pathogen. Although a high proportion of 
snakes (73%) tested positive for O. ophidiicola during 
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our 4-year study, the snakes appeared healthy except 
for small skin lesions. We conclude that O. ophidii-
cola prevalence is high on hibernating Northern Pine 
Snakes and in the hibernacula soil, with a strong 
association between snakes and positive adjacent 
soil. This is the first demonstration that snakes likely 
become infected during hibernation.

Keywords Skin lesions · Snake disease · Disease 
prevalence · Sex differences · Hibernation sores · 
Transmission of SFD in soil

Introduction

Emerging infectious diseases represent a major threat 
to wildlife, as well as to humans. The emergence of 
fungal pathogens has already had devastating effects 
on global populations, for example, (1) white-nose 
syndrome in bats, caused by Pseudogymnoascus 
destructans (Blehert et al., 2009; Hoyt et al., 2018), and 
(2) chytridiomycosis in amphibians (caused by Batra-
chochytrium dendrobatidis and B. salamandrivorans) 
(Rachowicz et  al., 2005; Skerratt et  al., 2007Martel 
et  al., 2013). There are concerns that fungal diseases 
may cause local extinction in snakes, in concert with 
habitat fragmentation and perhaps climate change 
(Allender et  al., 2015a; Clark et  al., 2011). Snake 
fungal disease (SFD, also called ophidiomycosis) is 
caused by Ophidiomyces ophidiicola, which can cause 
severe disease and mortality in some species (Allender 
et al., 2015a, 2016; Latney & Wellehan, 2020; Lorch 
et  al., 2016). SFD has been identified in many snake 
species in the eastern USA. SFD often causes mild 
skin infections in snakes emerging from hibernation 
and is perhaps responsible for some or most lesions 
called “hibernation sores” (Lorch et al., 2016).

Laboratory experiments have confirmed that SFD is 
caused by O. ophidiicola and that snakes experimen-
tally infected develop the abnormalities and altered 
behavior seen in some wild snake species from which 
the fungus has been isolated (Allender et  al., 2015b; 
Lorch et  al., 2015; McKenzie et  al., 2020, 2021). 
Allender et  al. (2015a) demonstrated that O. ophidii-
cola can utilize many carbon sources and is capable 
of growth (albeit slower than optimal growth) at low 
temperatures consistent with what might be encoun-
tered in snake hibernacula. Paré and Sigler (2016) sub-
sequently hypothesized that hibernacula could serve as 

transmission sites for snakes and that mortality could 
be “substantial” in hibernacula where snakes congre-
gate. Indeed, suspected transmission of the fungus 
between snakes through direct and indirect contact 
has been reported (Britton et al., 2019; Stengle et al., 
2019). It has also been suggested that large, terrestrial 
snakes that overwinter communally are susceptible 
to SFD (Burbrink et  al., 2017; Chandler et  al., 2019; 
Lorch et  al., 2016; Paré & Sigler, 2016). Continuous 
monitoring of populations of vulnerable snake species 
is essential to understand the prevalence in individu-
als and population effects of the disease and to aid in 
forming conservation goals and designing manage-
ment strategies (Baker et  al., 2019; McKenzie et  al., 
2019). Yet, monitoring snakes is difficult for many 
species because they are secretive, often fossorial, and 
may be rare.

The Northern Pine Snake (Pituophis melano-
leucus  melanoleucus, family Colubridae) is an ideal 
model for monitoring O. ophidiicola in wild snakes 
because it can be located reliably while hibernating. 
It is a large constrictor that can reach nearly 2 m in 
length (Burger & Zappalorti, 2011). In New Jersey, 
the Northern Pine Snake’s population is disjunct from 
the core range by several hundred kilometers (Burger 
& Zappalorti, 2011, 2016; Golden et al., 2009). The 
Northern Pine Snake (hereafter referred to as Pine 
Snake) is the only North American snake known to 
always excavate its own nests and hibernation sites. 
Pine Snakes usually hibernate communally. They 
have high fidelity to these hibernation sites, and other 
species sometimes hibernate with them (Burger & 
Zappalorti, 2015). Often several Pine Snakes hiber-
nate in the same den and share side chambers, some-
times in contact with one another (Burger et  al., 
1988). Communal denning provides favorable con-
ditions for transmission of disease (Burbrink et  al., 
2017), and the snakes move in and out of the hiber-
nation entrance tunnels for several weeks in the fall, 
encountering one another both above and below 
ground (Burger, 2019). Campbell et  al. (2021) have 
previously shown that the soil of the hibernation dens 
in our study sites has a reservoir of O. ophidiicola, 
demonstrating the potential for environmental trans-
mission as well.

In this study, we examined the prevalence of O. 
ophidiicola (based on DNA detections by qPCR) in 
free-ranging Northern Pine Snakes near the end of 
hibernation in the New Jersey Pinelands from 2018 to 
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2021. We sampled snakes at the end of the hiberna-
tion period, just before spring emergence. In addition, 
we sampled some hatchlings in the fall, as well as in 
hibernation. Our objectives were to determine how O. 
ophidiicola prevalence on snakes varied by year, age, 
and sex, whether hatchling snakes enter hibernation 
with O. ophidiicola or acquire it during the hiberna-
tion period, and whether soil directly beneath hiber-
nating snakes contained O. ophidiicola. We thus test 
the hypotheses that (1) O. ophidiicola prevalence on 
snakes has no relationship to the soil on which they 
are hibernating; (2) infection rates have no differences 
by year, age class, or sex; (3) the snakes have no dif-
ferences among sampling sites; and (4) O. ophidiicola 
prevalence in hatchlings has no differences in the fall 
and spring. Our overall goal was to understand the 
epizootiology of SFD in hibernating Northern Pine 
Snakes. We were concerned that the fungus might be 
causing substantive morbidity and mortality among 
Pine Snakes, particularly in their communal hiber-
nation dens. Many snake species are in rapid decline 
because of many causes, including habitat loss, pol-
lution, predation, over-exploitation and poaching, 
road mortality, and diseases, particularly emerging 
infections. Such threats may be amplified by habi-
tat fragmentation, climate change, or other global 
changes (Gibbons et  al., 2000; Lorch et  al., 2016; 
Reading et al., 2010). The relative importance of dif-
ferent stressors likely varies among species and even 
in different populations within a species. Understand-
ing how diverse stressors affect populations is key to 
conservation and management.

Methods and materials

The population of Pine Snakes sampled for this work 
have been studied since the 1980s as part of a long-
term monitoring program (Burger & Zappalorti, 
2015, 2016). In New Jersey, Pine Snakes emerge from 
hibernation in late March–April, mate in April–May, 
and nest in late June–early July. Hatchlings typically 
emerge in early September, remain in vegetative cover 
and forage over the autumn, and then must find a place 
to hibernate in the late fall, which is usually a site used 
by older conspecifics (Burger & Zappalorti, 2011; 
Burger et al., 2018). A snake that hatched in Septem-
ber (either in the laboratory or in the wild) is desig-
nated age 0 in our dataset if encountered in the fall of 

its hatching year. The same snake, encountered in the 
hibernacula when they are excavated in early March, 
is designated as 1-year old. The following March, this 
snake (ca 18 months old) is designated a 2-year old. 
We report results separately for the 1-year-old snakes 
and for snakes that are designated 2  years or older  
(age 2 +).

We conducted this study at three “hibernacula 
complexes” that were excavated, modified, and sub-
sequently reconstructed. These hibernacula com-
plexes consisted of 3–5 dens each in Burlington and 
Ocean Counties, New Jersey. The exact locations are 
not divulged here to protect snakes from potential 
poaching (Burger & Zappalorti, 2016). Each active 
den had 1–15 Pine Snakes hibernating in it each year. 
This study was approved by the Rutgers University 
Animal Care and Use Committee (permit # E6-017), 
the New Jersey Department of Environmental Protec-
tion (Endangered and Nongame Species Program), 
the New Jersey Division of Parks and Forestry, and 
with permission from private landowners. The wel-
fare of the snakes was given greatest consideration in 
the design of our studies and timing of our activities.

We initiated a pilot study of SFD at our study 
sites in 2018 based on 12 individual snakes and con-
ducted a more detailed study from 2019 to 2021. 
We excavated snakes from the hibernacula once 
per year in late February to mid-March, depending 
upon weather conditions. At our study sites, Pine 
Snakes normally emerge from hibernation from 
mid-March to mid-April, and all excavations were 
performed prior to the animals emerging in spring. 
After sampling (see below) and removing all the 
snakes encountered, we reconstructed the hibernac-
ula by using cement blocks to form a main chamber 
for each den, with a wooden board for a roof. After 
a hibernaculum was rebuilt, snakes were released 
at the entrance the same day (Burger & Zappalorti, 
2011, 2015; Burger et al., 1988).

When snakes enter in the fall, they go into the main 
chamber and dig their own tunnels and then excavate 
side chambers in the hard-packed sand (Burger & 
Zappalorti, 2011). Figure 1 illustrates a typical hiber-
naculum that is rebuilt each year.

Field sampling

During excavation of the hibernacula, snakes were 
removed, and examined visually for the presence 
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of gross skin lesions, head lesions, or other abnor-
malities. They were swabbed for detection of O. 
ophidiicola, measured (snout-vent length, total 
length), weighed, and injected with a passive inte-
grated transponder (PIT) tag (AVID Identification 
Systems, Inc. Norco, California) if not previously 
marked. All persons handling the snakes wore dis-
posable nitrile examination gloves (VWR Interna-
tional, Radnor, Pennsylvania) and changed gloves 
after each snake. When SFD was first identified in 
New Jersey, we initiated practices to prevent cross-
contamination from one hibernaculum to another. 
All shovels, digging equipment, and our boots were 
washed with a 10% bleach solution when moving 
from one site to another.

Our protocol for sampling individual snakes 
included swabbing different parts of the body using a 
sterile polyester tipped swab (#MW113, MWE Medi-
cal Wire, Corsham, UK) premoistened with 20 µL 
of sterile deionized water. In 2018, single skin swab 
samples were collected from lesions and from the ven-
tral surfaces of 12 Pine Snakes as a pilot project. In 
2019–2021, we sampled the ventral surface of each 
snake by firmly swabbing downward from the neck to 
just anterior to the cloaca, using a single continuous 
pass and excluding any lesions present on the ventral 
surface. In 2019, 2020, and 2021, additional swabs 
were taken from the head (regardless of whether 

lesions were present) and from each individual lesion 
observed on the body. Lesions included discolored 
elevated scales, discolored ragged margins of ventral 
scales, abraded scales, and swollen or mounded scales 
(see Fig. 2). The sample of the head was collected by 
stroking the moistened swab over the top of the head 
and along the mandibles on both sites of the face. We 
targeted the head for sampling because SFD has pre-
viously been described as affecting the head in rattle-
snakes (McBride et al., 2015). Swabs were then stored 
in screwcap tubes (Thermo Scientific, Waltham, Mas-
sachusetts), placed on ice in the field, and stored fro-
zen at −30 °C in a freezer for later analysis.

In 2018, we collected samples from only 12 Pine 
Snakes. In 2019–2021, we sampled all Pine Snakes 
found in the study hibernacula (n = 72). In all, we sam-
pled 41 hatchlings (0-year old), 20 one-year olds, and 
84 snakes that were ≥ 2  years old. We swabbed the 
ventral surface of hatchlings located in the fall (prior 
to entering hibernacula, n = 41), and tested juveniles 
(n = 20) from the end of hibernation. We also swabbed 
the ventral surface of nesting gravid females (n = 4) and 
the surface of eggs (n = 18, eggs from females that had 
recently laid). Nesting females in June, and hatchlings 
in the fall, were swabbed ventrally (none had lesions).

In 2019 and 2020, soil samples were collected from 
the bottom of the main hibernation chamber (that 
we constructed, n = 8), and from beneath snakes that 

Fig. 1  Design of typical reconstructed hibernaculum showing locations of snakes and soil sample collection. All S represent a snake 
in a side chamber. All snakes were sampled, and in some years, soil was removed from beneath them
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excavated their own tunnels and chambers (n = 39, see 
Fig. 1). Soil samples were collected after snake removal, 
stored in plastic bags, and later frozen at −30 °C).

Sample sizes are also provided on all graphs 
and figures.

Detection of Ophidiomyces ophidiicola

Nucleic acid was extracted from swab samples and 
screened for the presence of Ophidiomyces ophi-
diicola using a specific qPCR targeting the internal 
transcribed spacer region of the fungus as described 
previously (Bohuski et  al., 2015). Soil samples were 
processed and screened using the qPCR as described 
in Campbell et al. (2021). We defined a sample as pos-
itive for O. ophidiicola if it had 15 or more copies of 
target DNA (as determined based on standard curves 
included on each PCR run) detected in a sample; this 
represents the limit of detection for the PCR assay. We 
considered a snake to be positive for O. ophidiicola if 
at least one of its swab samples was positive.

Statistical analysis

To determine if there was a significant relation-
ship between the detection of O. ophidiicola on a 
given snake and in soil collected directly under that 
snake, we used the non-parametric test Fisher’s exact 

(Siegel,  1956) which is a conservative test for small 
sample sizes (McDonald, 2022). We also used Fisher’s 
exact test to determine differences among years, sexes, 
and sampling sites. To determine the relative risk of a 
snake being positive if it was on top of qPCR-positive 
soil, we divided the proportion of detections in snakes 
found in contact with positive soil by the proportion 
of detections if the soil under the snake was negative. 
A value of 1 equals no additional risk. A probability 
level of p < 0.05 was considered significant. Graph-
ics were generated with DeltaGraph 7 (RedRock  
Software, 2013).

Results

Relationship between detection of O. ophidiicola in 
hibernacula soils and in snakes in those hibernacula

The snakes move through the main chamber at the 
beginning of hibernation to get to soil where they dig 
side chambers and remain in those side chambers for 
the rest of hibernation. The O. ophidiicola positivity 
percentage for soil samples in the main hibernaculum 
chamber (4 of 8 were positive, 50%) was lower than 
in the side chambers where snakes hibernated (27 of 
39 were positive, 69%).

Fig. 2  Examples of skin lesions or “hibernation sores” observed in Northern Pine Snakes at the study sites
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In the side chambers where snakes hibernated, the 
distribution of snake and soil positivity for O. ophidi-
icola were related: 23 of 27 snakes on a positive soil 
sample tested positive for the fungus, whereas only 
4 of 12 snakes collected from on top of negative soil 
samples were positive for O. ophidiicola; these dif-
fered from chance (Fisher’s exact p = 0.002). Overall, 
20% of the snakes were negative and on negative soil. 
Most snakes in chambers where the soil tested posi-
tive were also positive. However, some snakes located 
in chambers where the soil tested positive were them-
selves negative, and vice versa (Fig. 3). The relative 
risk of a snake being positive if it was lying in soil 

that tested positive for O. ophidiicola was 2.55 (95% 
confidence interval of 1.13 to 5.78). One-year-old 
snakes were not included in this analysis because they 
were often in soft sand without any obvious chamber; 
this made it difficult to collect soil that was in direct 
contact with the snakes.

Ophidiomyces ophidiicola prevalence in snakes based 
on collection year, sex, and location on snake

To test the hypothesis that prevalence of O. ophi-
diicola on snakes does not differ by year, we only 
included snakes ≥ 2  years of age because in some 
years there were few 1-year-old snakes. The overall 
prevalence of O. ophidiicola in Pine Snakes by sam-
pling year was 58% (2018), 72% (2019), 83% (2020), 
and 70% (2021) (Table 1). Because 2018 was a pilot 
year with few snakes and a slightly different sampling 
regime, they were not included in the statistical analy-
sis. There was no consistent temporal pattern in the 
overall positivity for ventral surface or head samples 
for 2019–2021. There was no statistical difference 
among or between years. We also tested for signifi-
cance of the difference between the year with the low-
est prevalence year (2018), and it did not differ sig-
nificantly from the year with the highest prevalence 
(2020) (Fisher’s exact p = 0.125).

It should be noted that in 2018, we analyzed only 
12 snakes, and they were swabbed slightly differ-
ently than the other snakes. They were swabbed along 
the ventral, including ventral skin lesions as well. In 
2019 to 2021, we followed a protocol of sampling the 
snake ventrally (avoiding the lesions), and then sam-
pled each lesion separately. Thus, when examining 

Fig. 3  Percentage of soil and snake paired samples test-
ing positive for Ophidiomyces ophidiicola (based on qPCR) 
in hibernating chambers. Breakdown (by percent) of snakes 
testing positive for O. ophidiicola relative to the detection of 
O. ophidiicola in the soil beneath those snakes. An asterisk 
indicates a significant relationship between the detection of 
the pathogen on a snake and in the soil directly underneath 
that individual snake. The dataset only includes snakes that 
were ≥ 2 years old (n = 39)

Table 1  Prevalence of Ophidiomyces ophidiicola as a function of sampling year and portion of the body targeted for sampling of 
Northern Pine Snakes ≥ 2 years of age sampled at the end of hibernation (from the New Jersey Pinelands)

a In 2018, only skin lesions/ventral samples were collected. Ventral is perhaps higher in 2018 because skin lesions on the ventral sur-
face were sampled with the ventral body swab. Note that the 20 hatchlings found in hibernation are not part of the above table

Sampling site 2018a 2019 2020 2021 Overall % for 
2 years and 
oldera

Sample size 12 25 24 23
Any sample positive (%) 7 (58%) 18 (72%) 20 (83%) 16 (70%) 73% (n = 84)
Ventral positive (%) 7 (58%) 6 (24%) 7 (29%) 9 (39%) 40% (n = 72)
Head positive (%) 4 (16%) 7 (29%) 4 (18%) 21% (n = 72)
Snakes with at least one positive 

skin lesion (%)
13(52%) 17(71%) 14 (61%) 61% (n = 72)
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temporal differences, we did not use the 2018 snakes 
(e.g., sample size was 72 snakes for yearly analysis).

We examined the differences in pathogen preva-
lence between males and females for snakes ≥ 2 years 
of age that were sampled from 2018 to 2021 (Fig. 4). 
Males had significantly higher prevalence of O. ophi-
diicola (82%) than females (62%) (Fig.  4; Fisher’s 
exact p = 0.014). Similarly, males had significantly 
higher prevalence of O. ophidiicola for ventral swabs 
(Fisher’s exact p = 0.005), and males had significantly 
more gross (i.e., obvious) skin lesions (Fisher’s exact 
p = 0.03) than did females.

Skin lesions were significantly more likely to test 
positive for O. ophidiicola (44 of 72 snakes) com-
pared with ventral samples (22 of 72 snakes; Fisher’s 
exact p < 0.0001) or head samples (15 of 72 snakes 
were positive; Fisher’s exact p < 0.0001). Many skin 
lesion swabs did not test positive by qPCR (i.e., 21%). 
The variation in detection of O. ophidiicola from 
different sites on the snakes indicates that swabbing 
lesions is more reliable to determine whether the fun-
gus is present on a snake. Almost all lesions detected 
were on the ventral surface (90%, 149/166), and not 
the head or dorsal surfaces.

Ophidiomyces ophidiicola prevalence in hatchling 
Northern Pine Snakes

The change in prevalence of O. ophidiicola in hatch-
ling (first year) snakes prior to entering hibernation 
and near the end of the hibernation season is signifi-
cant. In the fall, none of the 41 lab-raised and field 
hatchlings that were sampled were positive for the 
fungus. However, in March first year snakes (now 
considered 1-year olds, n = 20) had a prevalence of 
75%. Prevalence percentages by the end of the first 

hibernation season were like that found in adult 
snakes ≥ 2 years old (73%; n = 84 for all adult snakes).

Differences in Ophidiomyces ophidiicola prevalence 
of 1-year olds versus older snakes

The differences between 1-year olds (hatchlings 
from the previous August or September) and 
snakes ≥ 2  years old are shown in Fig.  5. Although 
there were no discernible differences in the overall 
prevalence from different sampling sites on the body, 
a significantly higher percentage of snakes ≥ 2 years 
old had skin lesions compared to 1-year-old snakes 
(Fisher’s exact p = 0.048). That is, snakes in their first 
year of life were less likely to be symptomatic than 
older snakes.

Female Pine Snakes and their eggs

We captured and swabbed four nesting females in 
early July (2019 and 2020). Ophidiomyces ophidii-
cola was not detected on these females at the time of 
egg-laying, although some had been positive months 
earlier in the hibernaculum. We also collected 18 
swab samples from eggs in nests, all of which tested 
negative for the presence of O. ophidiicola.

Other snakes in Pine Snake hibernacula

Although we did not concentrate on other species, 
corn snakes (Pantherophis guttatus), timber rattle-
snakes (Crotalus horridus), and North American 
Racers (Coluber constrictor) were found co-habiting 
hibernacula with Pine Snakes at our study sites and 
some of these species tested positive for O. ophidii-
cola without lesions.

Fig. 4  Prevalence of 
Ophidiomyces ophidii-
cola for male and female 
Northern Pine Snakes from 
the New Jersey Pinelands 
(n = 84 for “any positive” 
categories, n = 72 for 
head, ventral, and skin 
lesions categories). *Sig-
nificant difference between 
males and females for 
snakes ≥ 2 years of age
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Overall, our results indeed show a high prevalence 
of the fungus in Northern Pine Snakes from hiber-
nacula that we studied in three areas within Burling-
ton and Ocean Counties, NJ. Hatchlings did not test 
positive before entering hibernation but subsequently 
tested positive in spring prior to emergence from their 
first hibernation season. Prevalence in these first-year 
snakes was like that of older snakes. Despite the pres-
ence of skin lesions in hibernating snakes, we did not 
observe mortality or moribund animals. Snakes and 
lesions examined during this study looked similar to 
snakes we have been observing at these sites since 
the 1980s, and it is likely that these animals have 
been exposed to O. ophidiicola for quite some time 
(although officially testing for O. ophidiicola in this 
population did not occur until 2018).

Discussion

Prevalence

Classifying any Pine Snake with at least one qPCR-
positive swab sample (head, ventral, skin lesion) as 
positive, the prevalence of O. ophidiicola in our study 
populations, varied from 58 to 83% between sites 
and years. We did not observe any moribund or dead 
snakes during our work, indicating that Pine Snakes 
may tolerate infections by O. ophidiicola without 
being as severely affected as species such as the 
Eastern Massasauga (Sistrurus catenatus, Allender 
et  al., 2011). Such a high prevalence of O. ophidii-
cola has previously been reported in some wild snake 

populations. Specifically, McKenzie et  al. (2019) 
reported a prevalence of 66% in aquatic snake species 
at their study sites. Others have previously reported 
that pathogen prevalence is higher in snake popula-
tions than clinical signs of SFD. For example, in the 
abovementioned example, 42.3% of aquatic snakes 
sampled in the spring without clinical signs of SFD 
were PCR-positive for the fungus (McKenzie et  al., 
2019); similarly, Haynes et  al. (2020) reported that 
prevalence of lesions ranged up to 43% in several spe-
cies in Georgia. It is unclear whether the snakes test-
ing positive for O. ophidiicola without clinical signs 
in our study had subclinical infections. However, as 
noted above, several Pine Snakes in the present study 
that tested positive in one  year were recaptured and 
appeared healthy and tested negative in following 
years. We note that at the end of sampling in 2020, 13 
snakes that had tested positive in previous years were 
still alive and had returned to our hibernacula. Under-
standing the survival of infected snakes would benefit 
from further analysis and is planned as the subject of 
future studies.

Prevalence of O. ophidiicola on asymptomatic 
snakes is reportedly highest in spring (McKenzie et al., 
2019) after emergence from hibernation. Although 
infection with O. ophidiicola has been postulated to 
occur during hibernation (Paré & Sigler, 2016), data 
has previously been lacking to support this, primar-
ily because snakes are difficult to access and sample 
within hibernacula. The high prevalence of O. ophi-
diicola in asymptomatic Pine Snakes sampled in early 
spring and the presence of skin lesions in some of 
these animals provides the first direct evidence that 

Fig. 5  Prevalence of 
Ophidiomyces ophidiicola 
in 1-year old Pine Snakes 
(n = 20) compared to older 
(≥ 2 years old) snakes 
(n = 72). *Significant dif-
ference. The last two bars 
indicate the percent of 
snakes that had any gross 
skin lesion (“hibernation 
sore”)
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snakes are exposed to O. ophidiicola in winter and are 
infected during hibernation.

We found that O. ophidiicola was most com-
monly detected on swabs of skin lesions. The over-
all prevalence of O. ophidiicola among all lesions 
was 79%. Lesions occurred largely on the ventral 
scales (about 90%), and 40% of ventral swabs were 
positive. Ventral swabs avoided sores because the 
sores were swabbed separately. Swabs of the head 
skin of Pine Snakes also frequently tested positive 
for O. ophidiicola (21%), although fewer than 3% 
of the all sores were on the head. We sampled the 
head because others have found a high prevalence of 
lesions on the heads of snakes (McBride et al., 2015), 
and an infection on the head could greatly impact 
fitness by affecting feeding and predator detection. 
However, despite detection of O. ophidiicola on the 
head, lesions on the head were rare (< 5%). The rea-
sons why Pine Snakes do not develop clinical signs of 
infection on the head is unclear. The head and rostral 
scale of Pine Snakes is adapted for digging, and we 
hypothesize that the thicker and tougher head scales 
may be more resistant to infection.

Although skin lesions frequently tested positive for 
O. ophidiicola, swabs collected from lesioned skin 
occasionally tested negative in this study (specifically, 
21%). Whether lack of detections of O. ophidiicola 
from lesioned skin represent actual false negatives is 
difficult to discern. Other etiologies can result in clini-
cal signs of dermatitis that are similar to those clini-
cal signs caused by O. ophidiicola (Maas 3rd, 2013); 
thus, some of the skin lesions that tested negative for 
the fungus could have resulted from other causes. 
More likely, the technique of swabbing the surface 
of the skin overlooks fungus residing farther down in 
the epidermis. Swabbing multiple lesions on a single 
snake may therefore be necessary to detect O. ophidii-
cola on infected animals (Hileman et al., 2018).

Males and females may have different prevalence 
of infection due to sex differences in immune or hor-
monal function or in morphology, behavior, and ecol-
ogy (Chandler et  al., 2019; Dunlap & Schall, 1995; 
Lind et al., 2018; Long et al., 2019). Several studies, 
however, have reported no difference in prevalence 
by sex with respect to O. ophidiicola infection. For 
example, no sex, age-class, or body-size effects were 
noted for Eastern Indigo Snakes (Drymarchon cou-
peri) (Chandler et al., 2019); similarly, there was no 
effect of sex, body length, or body mass for North 

American Racers, Gray Ratsnakes (Pantherophis spi-
loides), and Eastern Gartersnakes (Thamnophis sirta-
lis sirtalis) studied in Ohio (Long et al., 2019). Lind 
et  al. (2018) reported that male Pygmy Rattlesnakes 
(Sistrurus miliarius) in Florida tended to have a 
higher prevalence of infection than females, although 
the differences were not significant. Ophidiomycosis 
may be related to seasonal patterns of reproduction, 
ecdysis, and thermoregulatory behavior. Our results 
showed that males had a significantly higher preva-
lence of O. ophidiicola than did females. Older male 
Pine Snakes may travel longer distances during the 
active season and have lower hibernation site fidelity 
(Burger, 2019; Burger & Zappalorti, 2015; Zappalorti 
et  al., 2015), potentially increasing the chances that 
they will come into contact with the pathogen.

Transmission in Pine Snake hibernacula

Snake hibernacula are potential transmission sites for 
O. ophidiicola because of the congregation of large 
numbers of hosts for long periods of time. In this 
study, O. ophidiicola was found in hibernacula soil at 
all dens sampled. The pathogen was more frequently 
detected in soil samples collected directly beneath 
hibernating snakes in chambers (69%), compared to 
soil in the main chambers (50%). Specifically, soil 
under snakes had a 1.4 times greater risk of test-
ing positive for the fungus than soil collected from 
parts of the hibernacula where there were no snakes 
(the main chamber). Thus, the fungus was less com-
monly detected in the main chamber where snakes 
pass through (but do not reside for long periods of 
time) compared to side chambers where the snakes 
spend ≥ 3 months.

The relationship between detection of O. ophidiicola 
on snakes and detection of the fungus in soil residing 
under snakes was significant. In our paired sampling 
study, qPCR results for snakes and their correspond-
ing soil samples matched 80% of time. The discord-
ant results for the remaining 20% of cases could be the 
result of snakes occasionally moving within the hiber-
naculum, snakes hibernating on top of other snakes 
(such that they were not in direct contact with the soil), 
fungus being established in the soil without establishing 
an infection on the snake, or limitations in the detec-
tion capabilities of the qPCR assay (especially in soil 
extracts where inhibitors may reduce the sensitivity of 
PCR). Several authors have suggested that hibernation 
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sites, including Gopher Tortoise (Gopherus polyphe-
mus) burrows, are characterized by stable tempera-
tures and high humidity, which is ideal for growth of 
O. ophidiicola (Campbell et al., 2021; Chandler et al., 
2019; Paré & Sigler, 2016). We cannot definitively 
conclude whether hibernacula soil serves as a reser-
voir to infect Pine Snakes during the winter or whether 
the presence of O. ophidiicola in soil is simply due to 
shedding of the fungus from infected animals. A previ-
ous study conducted at some of our study sites demon-
strated that O. ophidiicola is viable and has the capacity 
to grow in hibernacula soil (Campbell et al., 2021). In 
the same study, it was unclear whether the fungus could 
compete with the microbial community in the soil to 
replicate without a snake host; however, O. ophidiicola 
conidia were able to persist and likely remain infectious 
(Campbell et al., 2021). Furthermore, we observed that 
adult Pine Snakes do not usually have skin lesions prior 
to entering hibernation (n = 4), and that O. ophidiicola 
is detected for the first time on juvenile Pine Snakes at 
the end of their first hibernation season. Pine Snakes in 
our study also had lesions most frequently on the ven-
tral scales which are the part of the body in direct con-
tact with the soil. These findings strongly indicate that 
snakes become exposed to O. ophidiicola within the 
hibernaculum (most likely initiated by pathogen reser-
voirs residing in the soil). Snakes that become infected 
because of that exposure then likely shed O. ophidiicola 
back into the soil where the reservoir is re-established.

Our findings have important management implica-
tions for snakes that communally hibernate because 
they indicate that intervention strategies targeting 
hibernacula, or the hibernation period, could prevent 
or limit infections in snakes. Furthermore, these data 
indicate that movement of snakes between hiberna-
tion sites could facilitate spread of O. ophidiicola, 
similar to what has been described for white-nose 
syndrome in bats (Hoyt et  al., 2018). Pine Snakes 
have been observed moving between hibernation 
sites in proximity (sometimes within the same day) 
(Burger, 2019) or sites located up to 3  km away 
(Zappalorti et al., 2015).

Potential effects of O. ophidiicola infections on 
Northern Pine Snakes

We observed high prevalence of fungus detections in 
Pine Snakes over the 4-year study period, and we had 
noted clinical lesions now suggestive of SFD for nearly 

40 years prior to initiating this study. Those anecdotal 
observations are consistent with studies demonstrating 
that O. ophidiicola has been present in wild snake pop-
ulations in the USA for decades (Ladner et al., 2022; 
Lorch et al., 2021). Thus, it is likely that SFD is enzo-
otic at our study sites.

Despite high prevalence of positive detections, 
we saw no evidence that SFD was having an imme-
diate effect on the Pine Snake population. We did 
not observe severe manifestations of disease as has 
been reported by others (e.g., Allender et  al., 2011; 
McBride et al., 2015). Paré and Sigler (2016) pointed 
out the potential for mortality due to SFD to occur in 
snake hibernacula, but we have not found any dead 
or moribund snakes in our study due to SFD. Many 
snakes with O. ophidiicola positive lesions appear 
to recover (Chandler et al., 2019; Lorch et al., 2015, 
2016). Indeed, four female snakes that had skin 
lesions when sampled during hibernation, tested posi-
tive for O. ophidiicola, but were free of clinical signs 
when sampled 3 months later.

The reasons that O. ophidiicola infections appeared 
so mild in the populations we examined are unclear. 
Host susceptibility to SFD is likely highly variable 
taxonomically and geographically (Burbrink et  al., 
2017; Lorch, 2016). Thus, Northern Pine Snakes pos-
sibly exhibit lower susceptibility than some other 
snake species or perhaps populations in the New Jersey 
Pinelands experience environmental conditions that 
are inconducive to the development of severe disease. 
Studies exploring disease prevalence and severity of 
Pine Snake populations in other areas (e.g., Tennes-
see, Kentucky, North Carolina, and South Carolina) 
could lead to a better understanding of which factors 
influence disease outcome in this species. Variability 
in pathogenicity between strains of O. ophidiicola may 
also occur (Ladner et al., 2022). We did not character-
ize the strains or genetic lineages of O. ophidiicola that 
occur at our study sites. We should note, however, that 
pathogen strain characteristics or environmental factors 
seem to be the most plausible explanation for the pre-
dominantly mild infections we observed.

Conclusions

Northern Pine Snakes in the New Jersey Pinelands 
have a high prevalence of Ophidiomyces ophidiicola 
at the end of hibernation. In nearly 60% of the cases, 
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the snake and soil beneath it were both positive for 
the pathogen. Eggs and hatchlings all tested negative, 
but over the winter, about 75% of the hatchlings, then 
1-year olds, became positive. Other species found in 
the hibernacula with them have also tested positive, 
but the prevalence and fate in these other species are 
unknown. Sampling methods matter for Pine Snakes. 
Gross lesions have a higher positivity percentage than 
ventral surface or head swabs in Pine Snakes. This 
indicates, given the variability in methods and tech-
niques applied for different studies, that development 
of standard terminologies and methods would be ben-
eficial for futures studies. Although the positivity rate 
in Pine Snakes, even if using only ventral swabs, is 
over 30%, we found no evidence of obvious health 
effects beyond the presence of skin lesions. We did 
not observe dead or dying snakes linked to severe 
skin disease at our study sites in the over 35  years 
of working at these locations. Additionally, snakes 
found in summer usually have no “hibernation sores,” 
and those swabbed had no O. ophidiicola detected. 
The apparent high rate of SFD at the end of the Pine 
Snake hibernation period appears to have no discern-
ible effect, and skin lesions seem to heal quickly after 
shedding in the spring. The lack of apparent health 
effects (and mortality) indicates Pine Snakes may 
be tolerant to O. ophidiicola infection and that SFD 
is enzootic in these populations. The lack of severe 
disease could also be due to less virulent strains of 
O. ophidiicola occurring in the New Jersey Pinelands.
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