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ABSTRACT

Batrachochytrium dendrobatidis (Bd), Perkinsea (Pr), and Ranavirus (Rv) are three leading pathogens linked to
amphibian declines, but much remains unknown about their origins and spread. Museum specimens are a critical
resource for resolving epidemiological patterns because they can elucidate infection dynamics and their rela-
tionship with disease outbreaks. Here, we established a timeline of Bd, Pr, and Rv presence in anurans in Florida,
USA, a region of high amphibian diversity. We measured pathogen prevalence and pathogen intensity in museum
specimens of the genus Rana, a widely infected host lineage. We also sequenced barcoding regions to determine
whether genetic lineages varied over time. Before this study, the first documented cases of Bd, Pr, and Ry in
Florida were in 2009, 2002, and 2002, respectively. We detected all three pathogens nearly a century earlier,
with the earliest Bd and Pr detections in 1928 and the earliest Ry detection in 1922. Prevalence and intensity
varied across host species, geographic regions, life stages, and decades, with unique patterns for each pathogen.
While we were unable to recover robust sequence data for Rv, the Bd and Pr sequence data showed no genetic
variation over time. We found significantly more co-detection of Pr and Rv compared to any other pathogen
combination, and to our knowledge, we also detected the first simultaneous tri-detection of Bd, Pr, and Rv.
Overall, this study represents considerable extension of the timing and understanding of amphibian pathogens in

the southeastern USA.

1. Introduction

Amphibians globally are experiencing mass mortality events and
population declines, and infectious diseases are linked to them (Alroy,
2015; Daszak et al., 1999; Green et al., 2002; Scheele et al., 2019).
Although numerous pathogens can infect amphibians, three have been
associated with global anuran population decline: the fungus Batracho-
chytrium dendrobatidis (hereafter Bd; Green et al., 2002; Scheele et al.,
2019), the protist Perkinsea (hereafter Pr; Isidoro-Ayza et al., 2017), and
the virus Ranavirus (hereafter Ry; Miller et al., 2011; While et al., 2006).
Extensive research on these pathogens has revealed mechanisms of
virulence, characterized global distributions, and described host-
pathogen dynamics (e.g., Berger et al., 2016; Cunningham, 2018; Duf-
fus et al., 2015; Isidoro-Ayza et al., 2017; Savage and Zamudio, 2011).
However, we still lack a comprehensive understanding of where these
pathogens arose and diversified, whether and when they spread to new
regions, and how they became pathogenic in natural systems (Farrer
etal., 2011; Isidoro-Ayza et al., 2017; Jancovich et al., 2005; Lips, 2011;
O’hanlon et al., 2018). Given the continuing decimation of amphibian
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populations around the world (Berger et al., 2016; Duffus et al., 2015;
Scheele et al., 2019; Skerratt et al., 2007) and these remaining knowl-
edge gaps, use of continually advancing molecular methods may be a
critical approach for gaining a comprehensive understanding of
amphibian diseases and preserving the inherent ecological value of
amphibians (Wake and Vredenburg, 2008; While et al., 2006).

Bd is a fungal pathogen that causes the disease chytridiomycosis and
primarily leads to mortality in metamorphosed anurans (Berger et al.,
1998; Longcore et al., 1999). The flagellated zoospore embeds in the
host’s skin and causes hyperkeratinization which can negatively affect
cardiac function, osmotic balance, and electrolyte balance (Berger et al.,
1998; Voyles et al., 2007). Bd can also impair lymphocyte responses
thereby evading the host immune response (Fites et al., 2013), which
may be one of the reasons the pathogen has been able to spread across
the globe so rapidly. Bd has been documented as a factor in many species
extinctions and population declines globally, particularly in North and
South America (Burrowes and De la Riva, 2017a; Carvalho et al., 2017;
Fisher et al., 2009; Green et al., 2002; Isidoro-Ayza et al., 2017), and
particularly in the Ranidae, Hylidae and Bufonidae families (La Marca

Received 5 September 2020; Received in revised form 16 March 2021; Accepted 21 March 2021

Available online 31 March 2021
0006-3207/© 2021 Elsevier Ltd. All rights reserved.


mailto:anna.savage@ucf.edu
www.sciencedirect.com/science/journal/00063207
https://www.elsevier.com/locate/biocon
https://doi.org/10.1016/j.biocon.2021.109088
https://doi.org/10.1016/j.biocon.2021.109088
https://doi.org/10.1016/j.biocon.2021.109088
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2021.109088&domain=pdf

E.E. Karwacki et al.

et al., 2005; Rothermel et al., 2008; Scheele et al., 2019; Van Rooij et al.,
2015; Watters et al., 2018). Pr is an emerging protist pathogen that
primarily infects larval and juvenile frogs in the family Ranidae (Cook,
2008; Davis et al., 2007). Based on limited genetic data, Pr is an alve-
olate that is most similar to the bivalve pathogen Perkinsus, but it re-
mains taxonomically undescribed (Chambouvet et al., 2015; Davis et al.,
2007; Isidoro-Ayza et al., 2017; Karwacki et al., 2018; Landsberg et al.,
2013). Pr has spore and zoospore life stages, the latter of which pene-
trates anuran embryos, hatchlings, and tadpoles, or is ingested through
the water column by pre- and post-metamorphic anurans (Cook, 2008;
Davis et al., 2007). The zoospore embeds in the host’s liver, spreads
throughout the internal organs, and degrades host tissue leading to
organ failure (Davis et al., 2007; Green et al., 2003). Ry is an iridovirus
that primarily affects larval amphibians and recent metamorphs, as well
as fish and reptiles (Gantress et al., 2003; Greer et al., 2005). Ry infects
the host’s internal organs and causes internal and external hemorrhag-
ing, edemas, and multi-organ necrosis (Greer et al., 2005; Miller et al.,
2008). Rv has caused numerous mass mortality events, mostly in North
America and Europe, usually with sudden onsets and high casualties
(Duffus et al., 2015; Green et al., 2002; Koo et al., 2017; Miaud et al.,
2016; Rijks et al., 2016; Smith et al., 2016). Similar to Bd and Pr, Rv
commonly infects species in the Ranidae and Hylidae families (Duffus
et al., 2015; Johnson and Hoverman, 2012; Smith et al., 2016; Watters
et al., 2018). Research on all three of these pathogens has led to a
growing concern about the loss of anuran populations due to infectious
diseases, and a need for more thorough epidemiological understanding.

Despite extensive global research on Bd, Pr, and Rv, few studies have
examined their infection dynamics in the state of Florida, USA, despite
this state harboring the second largest number of frog species in the
country (only behind Texas; Moriarty, 2017), including 8 native ranid
frogs and 14 native hylids (Ashton and Ashton, 1988). The earliest
documented cases of presence or infection by Bd, Pr, and Ry in any
anuran in Florida are 2009 (Rizkalla, 2009), 2002 (Rothermel et al.,
2008), and 2002 (Isidoro-Ayza et al., 2017) respectively. Bd has been
found in amphibian populations throughout the southeastern U.S.
(Green and Dodd, 2007; Ouellett et al., 2005; Rothermel et al., 2008)
though with little documented presence in Florida (Horner et al., 2017;
Rizkalla, 2009). Pr has been documented in southeastern U.S. anuran
populations (Isidoro-Ayza et al., 2017) and recent studies have shown Pr
present in northern and central Florida with high prevalence and
infection intensity in some ranid and hylid species (Isidoro-Ayza et al.,
2017; Karwacki et al., 2018; Landsberg et al., 2013), though limited
sampling has been conducted in southern Florida. Ry also infects ranid
and hylid species in the southeastern U.S. (Duffus et al., 2015; Gray
et al., 2009; Horner et al., 2017). To date, Rv has only been detected at
single sites in northern (Landsberg et al., 2013), central (Horner et al.,
2017), and southern Florida (Isidoro-Ayza et al., 2017). Considering the
lethality of these pathogens and the presence of many putatively sus-
ceptible host populations in Florida, this region merits further research
on amphibian disease presence and infection dynamics.

One way in which studies of pathogen origin, evolution, and spread
can be improved is by using historical museum specimens preserved in
formalin and housed in natural history museums and collections. By
leveraging new molecular techniques and applying them to preserved
specimens we can garner valuable information about species and pop-
ulations as well as genetic, host, and regional shifts throughout time in
relation to disease (Adams et al., 2017; Ouellett et al., 2005; Puschen-
dorf et al., 2006; Talley et al., 2015). Specifically, we can use existing
data such as climate records, pet trade routes, and industrialization
dates in combination with time series of specimens and their pathogens
to make new observations and discoveries on pathogen mechanics
(Burrowes & De La Riva 2017a; Burrowes and De la Riva, 2017b; Cheng
et al., 2011; Lips, 2011; Puschendorf et al., 2006). For example, Talley
et al. (2015) used museum specimens of anurans from three different
natural history collections to show that Bd had been present in ranid frog
populations in Illinois since at least 1888. Similarly, Burrowes and De la
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Riva (2017a) used museum specimens to show that Bd was present in
Bolivian anuran populations prior to the occurrence of any 21st century
mass mortality event. These studies highlight how collections-based
epidemiological studies can reveal pathogen presence in a population
much earlier than when disease outbreaks have been documented (La
Marca et al., 2005). By leveraging museum collections with data on
global distribution, historical climate, and mass mortality events, clearer
and broader epidemiological patterns can be formed and conservation
efforts can move forward (Burrowes and De la Riva, 2017a; Carvalho
et al., 2017; Cheng et al., 2011; Puschendorf et al., 2006; Zhu et al.,
2014). However, this can only happen when museum collections are
regularly curated, well managed, and well-funded (Burrowes and De la
Riva, 2017b; Heberling et al., 2019). The fires at the National Museum of
Natural History in New Delhi (India) in April of 2016 and the Museu
Nacional (Brazil) in September of 2018, and the subsequent loss of
biological and anthropological data, highlight the importance of
adequate management and funding in order to maintain and protect
natural history collections.

Ancient DNA sequencing of museum collections provides valuable
information about pathogen origins and evolutionary history. Sequence
data can show whether pathogen genomes have evolved over time and
can confirm minimum earliest dates of pathogen presence in certain
regions or host species. However, generating sequence data from spec-
imens is difficult if they are exceptionally old or have been formalin-
fixed, a standard procedure for amphibians until recently. Because
formaldehyde degrades DNA over time, typically only short (<200 base
pair) sequence fragments can be recovered (Schander and Halanych,
2003) or sequences may not be recoverable at all (Huss et al., 2014). Due
to the challenges inherent to sequencing short fragments of ancient DNA
and the high risk of contamination by modern DNA, the optimal
approach to obtain DNA from formalin-fixed specimens is to extract
DNA in a sterile environment that is physically isolated from any mod-
ern DNA, to use multiple controls in each stage of molecular work, and
to repeat experiments independently to minimize mistaking DNA
contamination for novel sequence data (Cooper and Poinar, 2000;
Wandeler et al., 2007). Despite these challenges, ancient DNA tech-
niques have advanced considerably (Burrowes and De la Riva, 2017b;
Seimon et al., 2015; Weldon et al., 2004) and should continue being
utilized for epidemiological studies.

Here we used museum collections and ancient DNA techniques to
establish geographic and temporal patterns of Bd, Pr, and Ry detections
in Florida anurans from 1922 to the present, including where, when, and
in which species and life stages disease detections were most prevalent
and intense. We focused on specimens in the genus Rana (family Rani-
dae) from the Florida Museum of Natural History (FMNH) collections
because this genus is widespread throughout Florida, and is also among
the most susceptible to all three pathogens (Duffus et al., 2015; Green
et al., 2002; Isidoro-Ayza et al., 2017; Landsberg et al., 2013). Addi-
tionally, two of the seven species studied are listed as vulnerable or
declining, while the other species are commonly threatened by further
urban development throughout the state (“The IUCN Red List of
Threatened Species,” 2020). Our study provides the first broad-scale
characterization of major amphibian pathogens present in Florida an-
urans over the past century.

2. Methods
2.1. Sample collection

Anuran specimens were sampled from the herpetology collection at
the Florida Museum of Natural History (Gainesville, Florida, USA)
because this museum harbors the world’s largest collection of native
Florida amphibians (https://www.floridamuseum.ufl.edu/herpetology/
). We sampled specimens within the frog genus Rana, each of which had
been formalin-fixed and stored in ethanol at the museum. All specimens
were collected in Florida, USA, from 60 of the 67 currently delineated
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counties (Fig. 1A-C) and no specimens had outward signs of disease at
the time of sampling. To broadly assess latitudinal patterns, given that
significant climate and ecological differences occur within Florida
(Fovell and Fovell, 1993), we combined counties into three regions:
north, central, and south Florida. Collection jars were organized by
species and county. Some jars contained single specimens, but more than
half contained two or more specimens. In most cases, all frogs from a jar
were swabbed however, when there were 50 or more in a jar, which
could introduce bias towards a certain county, decade, or species, only
half of those specimens were swabbed. Out of 130 total specimen jars,
two contained individuals from two different counties, three contained
two species, and the remaining 125 contained a single species from a
single county. Specimen collection dates ranged from 1922 to 2017. We
sampled pre- and post-metamorphic anurans because different life
stages can harbor distinct infection patterns (Carvalho et al., 2017).
Specimens were swabbed (Huss et al., 2014; Seimon et al., 2015) and
tested via quantitative (q)PCR for all three pathogens (Burrowes and De
la Riva, 2017a; Cheng et al., 2011), and those that had high pathogen
intensities were run independently via traditional PCR and the product
was Sanger sequenced. Recovered sequences were compared to modern
pathogen sequences to assess pathogen lineages in Florida, as well as to
confirm pathogen identity. In order to control for possible frog-to-frog
pathogen contamination during storage in the jars, swabs of each jar
were also taken by thoroughly running a sterile medical swab (Medical
Wire & Equipment Co., MW113) along the upper and middle part of the
inside wall three times. Though having multiple specimens in a jar does
not always mean contamination will happen (Richards-Hrdlicka, 2012),
we used these jar controls to be more conservative in our interpretation
of the results. Individual frog specimens were also swabbed using sterile
medical swabs following established amphibian pathogen practices
(Hyatt et al., 2007). Specifically, each post-metamorphic individual was
swabbed using 25 strokes (5 strokes on each rear foot, the abdomen, and
the inner thighs), and each pre-metamorphic individual was swabbed
using 20 strokes (5 strokes on each side of the tail, the mouth parts, and
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the abdomen; Soto-Azat et al., 2009). All swabs were immediately
placed in individual sterile dry 2 mL tubes and stored in a — 20 °C freezer
until extraction. Gloves were worn while swabbing and were changed
between each frog to prevent contamination with modern DNA, and
contamination between jars.

2.2. Quantitative (qQ)PCR

DNA was extracted from each swab using DNeasy Blood and Tissue
Kits (Qiagen) according to the manufacturer’s protocol, which is rec-
ommended for ethanol-preserved and formalin-fixed specimens (Adams
et al., 2015). We made one modification to improve extraction of DNA
from swabs: each swab was faced cotton-side up when moved into spin
columns to ensure the cotton didn’t block chemical flow-through. Each
extract was stored in a — 20 °C freezer until analysis. Each sample was
analyzed using pathogen-specific qPCR assays in order to determine
presence/absence and to quantify the pathogen intensity for Bd (Boyle
et al., 2004), Ry (Allender et al., 2013), and Pr (Karwacki et al., 2018).
All samples were run with a total reaction volume of 25 pL as follows: 8
pL of 1x concentration Supermix (Bio-Rad), 2 pL of each primer (10 pM;
Table S1), 5 pL of probe (1 pM; Table S1), 3 pL of molecular-grade water,
and 5 pL of template DNA. All qPCRs were run on a CFX96 Real-Time
System (Bio-Rad), and analyzed using Bio-Rad CFX Manager software.
Serial dilutions of gBlocks (Integrated DNA Technologies; Table S1)
specific for each pathogen’s target DNA region were run in duplicate on
every qPCR plate. Serial dilutions for Pr ranged from 2 x 108 to 2 x 10°
gene copies/pL, dilutions for Bd ranged from 2 x 10° to 2 x 107! gene
copies/jL, and dilutions for Rv ranged from 1 x 10° to 1 x 10° gene
copies/pL. Each plate included at least two negative controls (consisting
of molecular grade water) to ensure no contamination was present in the
reagents. All reactions were run with the following protocol: 95 °C for 5
min, followed by 40 cycles of 95 °C for 15 s, and 60 °C (for Bd and Rv) or
59 °C (for Pr) for 1 min. Each sample was run twice, and any samples
that amplified at significantly different (more than an order of
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Fig. 1. Map of Florida, USA showing A) Bd disease prevalence, B) Pr disease prevalence, and C) Rv disease prevalence. The state is separated into northern, central,
and southern regions by the red lines. Pie charts represent pathogen prevalence; white coloring represents negative samples while black coloring represents positive
samples, and pie charts are proportional to sample size from that county with the chart in the legend referencing population size. For each pie chart a central latitude
and longitude point were used for each county sampled. D) A one-hundred-year timeline representing positive cases. Bd-positive samples are indicated in purple at
the top, Pr-positive samples are indicated in yellow in the middle, and Rv-positive samples are in red at the bottom of the line. Stars represent the first documented
cases of each pathogen’s presence in Florida prior to this study (2002 for Pr and Rv, and 2009 for Bd), and black rectangles represent years when tri-detection
occurred (1928, 1975, and 1991). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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magnitude) cycles were run a third time. The two most similar values
were then averaged and multiplied by 40 to estimate the total pathogen
intensity in the entire 200 pL swab extraction. Conservatively, samples
were only considered true positives if they amplified before cycle 36 for
all three qPCR protocols.

If control jar swabs amplified during qPCR, then a specimen that
amplified from the same jar could not always confidently be considered
positive (instead, it could represent contamination from another spec-
imen in that jar). Thus, when a control sample amplified, only specimens
which amplified with a pathogen intensity at least an order of magnitude
higher than the jar swab were considered true positives. In these cases,
only the positive specimen collected most recently was used as the year
of the positive result to be conservative about dating how long ago these
pathogens were detected in each species and region.

2.3. Validation

To confirm pathogen identity, samples with >4000 gene copies from
gPCR analyses were PCR-amplified utilizing the same pathogen-specific
qPCR primers (Table S1). PCRs were run in 20 pL reactions as follows:
5.6 pL 1x concentration OneTaq Standard Buffer with MgCl, (New
England BioLabs), 1.6 pL of dNTP (10 mM), 0.4 uL. DMSO (10 mM), 0.4
pL of each primer (10 pM), 0.25 pL of OneTaq Polymerase (Applied
Biosystems), 2 pL of template DNA, and 9.35 pL of molecular grade
water. Bd reactions were run using the following protocol: 95 °C for
5:00, followed by 40 cycles of 95 °C for 0:15, 60 °C for 1:00, and 72 °C
for 1:00, with a final extension of 72 °C for 5:00. Pr reactions were run
using the following protocol: 95 °C for 1:30, followed by 40 cycles of
95 °C for 0:30, 52 °C for 0:30, and 72 °C for 1:30, with a final extension
of 72 °C for 5:00. Ry reactions were run using the following protocol:
95 °C for 2:00, followed by 40 cycles of 95 °C for 0:45, 56 °C for 0:45,
and 72 °C for 0:45, with a final extension of 72 °C for 5:00. Bd primers
amplified a 120 bp fragment of the rDNA internal transcribed spacer
(ITS-1) region (Boyle et al., 2004), Pr primers amplified a 126 bp
segment of the central region of the 18S ribosomal RNA gene (Karwacki
etal., 2018), and Ry primers amplified a 54 bp region of the major capsid
protein (MCP) of anuran-specific Rv (Allender et al., 2013). All PCR
products were visualized on a 2% agarose gel, and product of the correct
fragment size was sent for Sanger sequencing in both directions at
Eurofins Genomics Facility (Louisville, Kentucky, USA). After assem-
bling and cleaning forward and reverse sequence reads by eye, we used
BLAST (Basic Local Alignment Search Tool) implemented in Geneious
(BioMatters) to compare our resulting sequence data against existing
sequences in GenBank.

In addition to validation by sequencing, a subset of the initial sam-
ples (N = 48 specimens from 21 different jars) was re-swabbed at the
FMNH, along with control swabs of the jar, and again stored dry in
sterile 2.0 mL tubes in a — 20 °C freezer until analysis. These were taken
to further validate pathogen presence. To avoid possible contamination
from modern pathogen samples, the DNA from these samples was
extracted in a clean, DNA-free environment. Specifically, we used a
newly established pre-PCR room that had never been used for molecular
work before, that was separated from other laboratory areas by a
windowless locked door. Furthermore, all DNA extractions and qPCR
plate preparations were performed in a brand new AC600 PCR Work-
station with HEPA filter and UV irradiation (AirClean Systems) within
the pre-PCR room. We UV irradiated the entire workstation before each
procedure and sealed qPCR plates with optical lids before they were
removed from the workstation. Finally, the plates were run on a qQPCR
machine in a core facility separate from our main laboratory space as a
final precaution against contamination.

2.4. Statistical analyses

Using chi-square tests of independence, we tested for significant
differences in the prevalence of each pathogen based on the following
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variables: species, decade (1920s — 2010s), region (north, central, or
south Florida), and life stage (pre-metamorphic or post-metamorphic,
defined as tadpoles without limbs and frogs of any size with fully
developed limbs, respectively). We also tested for significant differences
in the proportions of pairwise pathogen co-detections (Bd-Rv, Pr-Ry, and
Bd-Pr co-detections), the proportion of total individuals positive for each
pathogen, and the proportion of re-swabs with consistent detection
status across species and pathogens. Chi-square tests were implemented
in RStudio version 3.6.1 using the chisq.test function in the base R stats
package in (R Core Team, 2019). For any grouping for which the
calculated expected value was less than one, that group was removed
from the global chi-square test and subsequent post-hoc analyses
(Campbell, 2007). After global chi-square tests, significant associations
were explored with pairwise comparisons between pairs of proportions
using the pairwise.prop.test function in the base R stats package in
RStudio version 3.6.1 (R Core Team, 2019) using false discovery rate P-
value correction to account for inflated Type I error rate due to multiple
comparisons.

We separately modeled prevalence and intensity of each pathogen as
a function of species, decade (1920s — 2010s), life stage (pre-meta-
morphic or post-metamorphic), and region (north, central, or south
Florida). Pathogen prevalence and intensity was modeled using fixed
effect generalized linear models and fixed effect linear models, respec-
tively. To explore these relationships, we modeled prevalence and in-
tensity first as a function of each variable independently, and then as a
function of all additive combinations of variables. Finally, given that the
sampled frog species are not evenly distributed throughout regions of
Florida, we also explored models with an interaction term between
species and region. We implemented these analyses in RStudio version
3.6.1 with the Im and glm functions in the base R stats package (R Core
Team, 2019). We used multiple combinations of covariates to model
pathogen prevalence and intensity, and compared models using AIC.
with the R package bbmle using the AICctab function (Bolker and Core
Team, 2017) to determine the most plausible models. To arrive at the
most plausible models explaining pathogen dynamics, we created a
confidence set of models by starting at the best performing model (i.e.
the highest AIC. weight) and proceeded down the list until the cumu-
lative Akaike weight exceeded 0.95 (Symonds and Moussalli, 2011).

3. Results

We swabbed seven ranid frog species (N = 806, Table 1), including
Rana catesbeiana (American bullfrog, N = 62), Rana clamitans (green
frog, N = 54), Rana grylio (pig frog, N = 97), Rana heckscheri (river frog,
N =201), Rana okaloosae (Florida bog frog, N = 18), Rana sphenocephala
(southern leopard frog, N = 345), Rana virgatipes (carpenter frog, N =
26), and three unidentified specimens where species was not recorded at
the time of capture (N = 3). Of the 131 jars swabbed as controls, two
were positive for Bd, 29 were positive for Pr, and 23 were positive for Ry.

Only specimens for which species, decade, region, and life stage in-
formation was available were retained in the following statistical ana-
lyses (N = 780). At least one of the three focal pathogens was detected in
282/780 (36.15%) of sampled specimens, including 31 Bd positive
specimens, 113 Pr positive specimens, and 194 Ry-positive specimens.
Among specimens with single pathogen detections, seven had Bd only,
60 had Pr only, and 136 had Rv only. Among specimens with two
pathogens, eight had Bd-Pr co-detections, 13 had Bd-Ry co-detections,
and 42 had Pr-Rv co-detections. Finally, three specimens had tri-
detection of all three pathogens. Pathogen prevalence differed signifi-
cantly among the three pathogens (Xz(dfzz, N=780) = 138, p < 0.001 with
higher Rv prevalence (0.25) compared to Pr (0.14; p < 0.001) or Bd
(0.04; p <0.001), and higher Pr prevalence compared to Bd (p < 0.001).

Bd was detected in 3.97% of swabbed specimens. Bd was detected in
multiple individuals from every region within Florida, including at least
two specimens from each decade (Table 1, Fig. 1A, 1D). The oldest
specimen positive for Bd was a R. heckscheri individual from north
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Table 1
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Number of Ranidae samples swabbed across decade and species tested. Positive pathogen proportions are listed below the total of each species. Additional samples with

no documented collection year total 24 individuals for a total N = 806.

Species Decade
Disease 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 Total
R. catesbeiana Total 0 2 2 17 12 8 7 7 2 1 58
Bd 0/0 0/2 0/2 0/17 0/12 0/8 0/7 1/7 0/2 0/1
Pr 0/0 1/2 0/2 4/17 4/12 1/8 4/7 1/7 0/2 0/1
Ry 0/0 1/2 0/2 8/17 1/12 5/8 4/7 1/7 1/2 0/1
R. clamitans Total 0 0 1 3 7 21 14 4 2 1 53
Bd 0/0 0/0 0/1 0/3 0/7 2/21 0/14 0/4 0/2 0/1
Pr 0/0 0/0 1/1 0/3 1/7 6/21 4/14 1/4 0/2 0/1
Rv 0/0 0/0 0/1 0/3 1/7 3/21 3/14 1/4 1/2 0/1
R. grylio Total 1 8 1 39 0 27 2 7 2 5 92
Bd 0/1 1/8 0/1 2/39 0/0 3/27 0/2 1/7 0/2 0/5
Pr 0/1 3/8 1/1 4/39 0/0 2/27 0/2 1/7 0/2 0/5
Rv 1/1 1/8 1/1 15/39 0/0 5/27 0/2 3/7 1/2 2/5
R. heckscheri Total 8 1 10 84 1 48 25 10 7 3 197
Bd 2/8 0/1 1/10 2/84 0/1 2/48 1/25 1/10 2/7 1/3
Pr 4/8 0/1 1/10 4/84 0/1 15/48 9/25 0/10 4/7 0/3
Ry 7/8 0/1 1/10 13/84 0/1 11/48 10/25 6/10 2/7 2/3
R. okaloosae Total 0 0 0 0 0 0 18 0 0 0 18
Bd 0/0 0/0 0/0 0/0 0/0 0/0 3/18 0/0 0/0 0/0
Pr 0/0 0/0 0/0 0/0 0/0 0/0 10/18 0/0 0/0 0/0
Ry 0/0 0/0 0/0 0/0 0/0 0/0 5/18 0/0 0/0 0/0
R. sphenocephala Total 1 32 16 45 38 92 25 26 26 37 338
Bd 0/1 1/32 1/16 2/45 0/38 0/92 0/25 0/26 0/26 2/37
Pr 0/1 13/32 0/16 0/45 0/38 8/92 0/25 2/26 2/26 1/37
Rv 0/1 6/32 3/16 11/45 11/38 20/92 4/25 6/26 3/26 5/37
R. virgatipes Total 0 0 0 0 2 20 4 0 0 0 26
Bd 0/0 0/0 0/0 0/0 0/2 0/20 0/4 0/0 0/0 0/0
Pr 0/0 0/0 0/0 0/0 0/2 1/20 0/4 0/0 0/0 0/0
Rv 0/0 0/0 0/0 0/0 0/2 9/20 0/4 0/0 0/0 0/0
Total 10 43 30 188 60 216 95 54 39 47 782

Florida collected in 1928 (Fig. 1D). Bd was detected in six of the seven
species tested, and in every decade except the 1960s. For chi-square
tests, R. okaloosae and R. virgatipes were removed and specimens
collected in the 1920s were removed due to insufficient expected value
size. Bd prevalence differed significantly across the remaining species
(Xz(df:4, N=736) = 11, p = 0.026), although no species pairs were
significantly different from one another in pairwise comparisons
(Table S2). Bd prevalence was not significantly different across decades
(% (df=8, N~770) = 5.1,p = 0.75), regions (x%s—2, N—780) = 0.97,p = 0.62),
or life stages (Xz(L N=780) < 0.001, p = 0.99). The confidence set of five
models that best explained Bd prevalence included species, region, life
stage, and in one model (weight = 0.018) decade (Table S7). The con-
fidence set of four models that best explained Bd intensity included re-
gion, life stage, and species (Table S8).

Pr was detected in 14.49% of swabbed specimens. Multiple in-
dividuals were found positive for Pr from every region within Florida,
and at least three specimens from each decade and species were positive
(Table 1, Fig. 1B, 1D). The oldest specimen positive for Pr was a
R. heckscheri from north Florida collected in 1928 (Fig. 1D). Pr preva-
lence was significantly different across species (Xz(dfzs’ N=780) = 53,p <
0.001; Table S2), decade (Xz(dfzg, N=780) = 61, p < 0.001), and region
(Xz(dfzz) N=780) = 19, p < 0.001). Furthermore, the proportion of pre-
metamorphic individuals detected with Pr (0.20) was significantly
higher than that of post-metamorphic individuals (0.13; xz(dle, N=780)
= 4.8, p = 0.029). Several species pairs differed significantly, with Pr
prevalence significantly lower in R. sphenocephala compared to most
other species (Fig. 2, Table S3). Pr prevalence was significantly higher in
the 1930s compared to most other decades, and significant differences
were found in several decade comparisons (Fig. 2, Table S4). Prevalence
was significantly different in all three Florida regions, with Pr preva-
lence lower in south (0.03) versus central (0.22; p < 0.001) and north
(0.13; p = 0.011) Florida, and lower in north versus central (p = 0.009)
Florida. The confidence set of five models that best explained Pr prev-
alence included species, region, life stage, decade, and the interaction

between species and region (Table S9). In contrast, Pr intensity was best
explained by a single model (AIC weight = 0.98) that included species,
region, life stage, and the interaction between species and region
(Table S10).

Rv was detected in 24.87% of swabbed specimens. Multiple in-
dividuals were found positive for Rv from every region within Florida,
and at least five specimens from each decade were positive (Table 1,
Fig. 1C, 1D). The oldest specimen positive for Rv was a R. grylio from
central Florida collected in 1922 (Fig. 1D). Rv prevalence was not
significantly different across region (Xz(dfzzy N=780) = 2.5, p = 0.290) or
life stage (Xz(dle, N=780) = 0.22, p = 0.640). In contrast, Ry prevalence
differed significantly across species (Xz(dfzﬁ, N=780) = 13, p = 0.040) but
no pairwise species comparisons were significant after correcting for
multiple comparisons (Table S5). Rv prevalence also differed signifi-
cantly across decade (Xz(dfzg) N=780) = 21, p = 0.011). Specifically, Rv
prevalence was significantly higher in the 1920s (0.80) than in every
other decade except the 1990s (Table S6). No variables clearly explained
Ry prevalence, as the confidence set included 15 models with different
combinations of all variables (Table S11). The confidence set of six
models that best explained Ry intensity included different combinations
of species, region, life stage, the interaction between species and region,
and in one model (weight = 0.049), decade (Table S12).

We recovered 63 individuals that were positive for two pathogens,
including eight individuals that were positive for Pr and Bd, 42 in-
dividuals that were positive for Pr and Ry, and 13 individuals that were
positive for Rv and Bd. Most of these individuals were R. heckscheri (N =
25) or R. sphenocephala (N = 10). The proportion of co-detections
differed significantly among pathogen combinations (Xz(dfzz, N=63) =
32, p < 0.001). Specifically, post-hoc pairwise comparisons found that
Pr-Rv co-detections (0.67) occurred significantly more often than either
Pr-Bd co-detections (0.13; p < 0.001) or Rv-Bd co-detections (0.21; p <
0.001), whereas the proportion of Pr-Bd and Rv-Bd co-detections were
not significantly different from each other (p = 0.280). We also detected
the presence of three pathogens simultaneously in three individual
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Fig. 2. Mean prevalence of Bd, Pr, and Rv (+95% Clopper-Pearson confidence intervals) shown across A) decades, B) regions of Florida, C) species, and D) life stages.

specimens: one R. heckscheri collected in 1928 from north Florida, one
R. heckscheri collected in 1975 from central Florida, and one
R. catesbeiana collected in 1991 from central Florida (Fig. 1D).

Clean sequence data was recovered from four Bd-positive specimens
out of six sent for sequencing, and from three Pr-positive specimens out
of 13 sent for sequencing, further suggesting that swabs are an effective
method of pathogen detection. Of the 12 Rv-positive specimens sent for
sequencing, all 12 were unsuccessful. Sequences recovered for Bd were
from frogs collected in 1971, 1973, 1983, and 1991 (Fig. S1). Sequences
recovered for Pr were from frogs collected in 1928, 1936, and 1956
(Fig. S2). BLAST searches demonstrated that our Bd sequences were
93-100% identical to other Bd sequences in GenBank, specifically those
in the Global Pandemic Lineage (Bd-GPL; Mutnale et al., 2018; Schloegel
et al., 2012; Schoch et al., 2014; Wang et al., 2018; Fig. S1) and Pr se-
quences were 95-100% identical to other Pr sequences in GenBank
(Isidoro-Ayza et al., 2017; Karwacki et al., 2018; Fig. S2).

The subset of specimens that were re-swabbed and run in the clean
room matched the initial qPCR results at different rates for each path-
ogen. Of this set of specimens, ten were R. catesbeiana, 18 were
R. clamitans, 19 were R. grylio, and one was R. heckscheri, and all but one
of these specimens were post-metamorphic (Table 2). For Bd, samples
matched the original amplifications 94.20% (65/69) of the time, and
there were no significant differences across species in re-swab consis-
tency (Xz(dle, N=37) < 0.001, p = 1). For the four samples that incon-
sistently amplified for Bd, all were negative for the initial swab and
positive for the reswab. For Pr, samples matched 57.97% (40/69) of the

Table 2
Proportion of positive samples that were also positive when re-swabbed and re-
run, separated by species and pathogen.

Species Reswab matches

Bd Pr Rv
R. catesbeiana 10/10 9/10 6/10
R. clamitans 17/18 13/18 12/18
R. grylio 17/19 6/19 6/19
R. heckscheri 1/1 0/1 0/1
Total 45/48 28/48 24/48

time, and there were significant differences across species in re-swab
consistency (Xz(dfzz’ N=47) = 11.22, p = 0.004), with R. catesbeiana
(0.90; p = 0.028) and R. clamitans (0.72; p = 0.048) showing signifi-
cantly higher reswab consistency compared to R. grylio (0.32;
R. heckscheri was excluded due to expected size <1). The 29 samples that
inconsistently amplified for Pr included eight that were positive initially
and 21 that were negative initially. Finally, for Rv, samples matched
50.72% (35/69) of the time, and there were no significant differences
across species in reswab consistency (Xz(dfzz’ N=47) = 4.96, p = 0.080).
For the 34 samples that did not match for Rv, 26 were positive initially
and eight were negative initially.
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4. Discussion

This study represents the first state-wide geographic and historic
analysis of amphibian pathogens in Florida frog populations. By using
ranid specimens housed at the FMNH collected from 1922 to 2017, we
were able to determine the minimum earliest pathogen detections of Bd,
Pr and Rv. We found that Bd and Pr have been present in Florida ranid
populations since at least 1928, and Ry has been present since at least
1922 (Fig. 1D), extending the previous earliest records by almost one
hundred years for all three pathogens (Isidoro-Ayza et al., 2017; Riz-
kalla, 2009; Rothermel et al., 2008). We also found more frequent in-
stances of co-detection than previously noted among these pathogens
(Landsberg et al., 2013; Love et al., 2016; Stutz et al., 2018; Watters
etal., 2018; Whitfield et al., 2013). Our study demonstrates that all three
pathogens have been present in Florida for decades longer than previ-
ously documented, raising questions about the timing of original path-
ogen introductions and drivers of pathogenicity.

Across all pathogens, we found a trend towards higher prevalence
during the 1920s and/or 1930s (Fig. 2), although prevalence was only
significantly higher for Rv in the 1920s and Pr in the 1930s. We specu-
late these prevalence spikes could be due to the land boom that occurred
until 1928, when large plots of land were developed throughout Florida,
and/or the spread of pathogens from the non-native Cuban tree frog
(Osteopilus septentrionalis) which first appeared in Florida in the 1920s
(Meshaka, 2001). However, further epidemiological studies of speci-
mens collected from other regions in the early 1900s are needed to assess
whether this pattern is unique to Florida or may arise from other global
trends. Environmental and anthropogenic factors have been implicated
in numerous amphibian population declines linked to disease (Farrer
et al., 2011; Jancovich et al., 2005; Kiesecker et al., 2001; North et al.,
2015; Schloegel et al., 2009). We also know that anthropogenic factors
can have drastic effects on population disease dynamics (Jancovich
et al., 2005; North et al., 2015; Youker-Smith et al., 2018), though un-
derstanding to what extent historical events have influenced amphibian
disease epidemiology requires further analyses. The lack of significant
change in Bd prevalence or intensity over time detected from our dataset
is particularly noteworthy, as this suggests that the strain(s) in Florida
are likely endemic and that the global wave of epizootic Bd in the latter
20th century (Wake and Vredenburg, 2008) did not cause disease spikes
in Florida. Furthermore, the persistence of ranid populations in Florida
despite ongoing presence of three major pathogens for nearly a century
highlights the distinction between infections and disease, and the po-
tential that these pathogens only cause sub-lethal effects in at least some
the species examined. However, we caution that Florida ranids having
survived pathogen threats over the last century does not guard against
negative impacts of subsequent pathogen increases or novel
introductions.

Despite extensive research into the global distributions of amphibian
pathogens, few studies have focused on Florida or other parts of the
southeastern US, an area of extremely high amphibian biodiversity
(Ashton and Ashton, 1988). Analysis of museum specimens throughout
Canada and the U.S. from 1895 to 2001 showed no Bd presence in
Florida (Ouellett et al., 2005), but the pathogen has been detected in
more recent sampling events (Horner et al., 2017; Rizkalla, 2009).
Although Bd prevalence in this study was low (< 0.21) across all com-
parisons (Fig. 2), our consistent detection of this pathogen over time,
space and species highlights the importance of large sample sizes for
documenting pathogen dynamics. While recent Pr and Ry studies in
Florida have detected high pathogen prevalence, they have mostly been
restricted to north and central Florida, with limited sampling conducted
in the southern part of the state (Isidoro-Ayza et al., 2017; Karwacki
etal., 2018; Landsberg et al., 2013). Here, we found that Pr and Rv occur
throughout the state with high average pathogen intensities (Figs. 1B,
1C, and 3), which likely indicates actual infections with these pathogens
and suggests the presence of diseased individuals. Ry prevalence was
significantly higher than either Bd or Pr, consistent with other studies in
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other parts of the US (e.g., Isidoro-Ayza et al., 2017). This is particularly
interesting given our sampling method is skin swabbing, which is not the
primary tissue that Rv colonizes (Miller et al., 2011). However, repro-
ducibility for Ry results was lower than both Bd and Pr, so this finding
requires further validation before we can draw any definitive conclu-
sions. Regardless, our study highlights considerable presence of all three
pathogens and underscores the need for more amphibian pathogen
characterization, monitoring, and mitigation in Florida.

We found slightly higher Rv and Pr prevalence in metamorphosed
(post-metamorphic) individuals compared to tadpoles (pre-meta-
morphic), despite previously published studies that typically found
higher prevalence in pre-metamorphic individuals (Fig. 2D; Cook, 2008;
Greer et al., 2005; Karwacki et al., 2018; Miller et al., 2008; Robert et al.,
2005). While life stage differences were not significant for either Rv or Pr
prevalence, the modeling results indicate that life stage (as well as
species and region) is important for explaining Pr prevalence and in-
tensity. Particularly given our limited knowledge on worldwide Pr
infection dynamics across species, regions, and life stages, elucidating Pr
infection dynamics in metamorphosed frogs across the anuran tree of life
should be the focus of future research. In contrast to Pr, neither of the
best models explaining Ry prevalence or intensity, and only a few of 95%
confidence set models, included life stage. Because we measured path-
ogen burden from skin swabs and Ry primarily colonizes internal organs
(Miller et al., 2011), our dataset is likely not reflective of functional
differences in intensity. Nonetheless, the eqivalent rates of pathogen
detection across life stages suggests that Rv may impact metamorphosed
frogs more than anticipated. Similar to our findings for Pr and Ry,
prevalence and intensity of Bd was slightly higher in post-metamorphic
individuals (Figs. 2D and 3D). While this trend was not significant, this
pattern is consistent with numerous other studies documenting higher
Bd occurrence and disease severity in metamorphosed frogs (e.g., Berger
et al., 2016; Laurance et al., 1996; Marantelli et al., 2004; Scheele et al.,
2015), and aligns with the fact that Bd infections are typically restricted
to keratinized mouthparts of tadpoles until metamorphosis (Berger
et al., 1998; Marantelli et al., 2004). The modeling results also suggest
that life stage is an important component of both Bd prevalence and
intensity. Thus, our historic data are consistent with findings from more
recent studies conducted post-worldwide pathogen spread that suggest
that Bd infection impacts post-metamorphic more than pre-
metamorphic anurans (Berger et al., 2016).

We found that pathogen prevalence across species varied for all three
pathogens. All of our sampled species had some level of detection of all
three pathogens with the lone exception that R. virgatipes harbored no Bd
(and our total sample size for this species was only 28 individuals).
Variation in prevalence is unsurprising for Bd based on numerous pre-
vious studies documenting that infection and susceptibility vary within
and among populations and species (e.g., Berger et al., 2016; Savage and
Zamudio, 2011; Scheele et al., 2019). Likewise, widespread presence
and variation in Rv prevalence is also consistent with other studies
documenting infections and mortalities across a broad taxonomic range
of host species (Duffus et al., 2015; Miller et al., 2011; Smith et al.,
2016). Pr was the only pathogen with significant pairwise differences
among our species comparisons, and surprisingly, R. sphenocephala had
significantly lower Pr prevalence compared to the other species, despite
it being one of the most common species documented with Pr infections
(Davis et al., 2007; Isidoro-Ayza et al., 2017; Karwacki et al., 2018). Of
note is the fact that this study represents the first time R. heckscheri has
been documented with either Bd or Pr, the first time R. virgatipes has
been documented with either Pr or Ry, the first time R. grylio has been
documented with Pr, and the first time R. okaloosae has been docu-
mented with Bd, Pr, or Rv. The oldest R. okaloosae detected with any
pathogens is from 1982, however the museum did not have any speci-
mens older than this. Considering the species was only formally
described in 1985 and has a small host range (Moler, 1985), it is un-
surprising there were so few specimens present in the collection. Of
particular concern is that Bd can rapidly spread across populations once
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Fig. 3. Box plots of the pathogen detection intensity of Bd, Pr, and Rv compared across A) decades, B) regions of Florida, C) species, and D) life stages.

infections begin and could lead to population extinctions within a few
years (Lips et al., 2006; Vredenburg et al., 2010). As R. okaloosae is rare
and a species if special concern (Moler, 1985), this information helps
inform land and wildlife managers about disease concerns within and
among populations. Our documentation of all three pathogens in this
threatened species highlights how museum specimens offer critical in-
sights about host susceptibility for species that researchers may be un-
able to readily sample in the field, or unable to obtain permits to capture
any for further study.

The seven species examined in our study vary in their current and
historical distributions, conservation status, and disease susceptibility.
Rana sphenocephala and R. grylio are the first and second most abundant
frogs in Florida, respectively, and neither species is threatened across
their ranges throughout the southeastern U.S. (Ashton and Ashton,
1988; Bartlett and Bartlett, 1999). Similarly, R. catesbeiana remain
abundant throughout their native U.S. distribution and are successful
invaders globally (Ficetola et al., 2007), and R. clamitans are not
declining or threatened anywhere except for Kansas, where they are
listed as threatened (Collins, 1993). Bd, Ry and Pr have each been
documented in R. catesbeiana (Brunner et al., 2019; Eskew et al., 2015;
Isidoro-Ayza et al., 2017), R. clamitans (Ouellett et al., 2005), and
R. sphenocephala (Davis et al., 2007) and Pr has been documented in
R. grylio (Karwacki et al., 2018). Similarly, we detected all three path-
ogens in all four of these species in our Florida specimens. Cumulatively,
we can therefore say that R. sphenocephala, R. grylio, R. catesbeiana, and
R. clamitans have remained relatively stable despite many decades of

pathogen presence. In contrast to these four abundant and widespread
species, R. virgatipes and R. heckscheri have patchy distributions that are
poorly characterized (Ashton and Ashton, 1988), and R. heckscheri may
be extirpated from North Carolina where it has not been seen since 1975
(Beane, 1998). Finally, R. okaloosae is endemic to Florida and is
considered a species of special concern due to its severely narrow range
in the northwestern region of the state and small estimated population
sizes (Moler, 1985; Neto et al., 2014). These latter three species are the
most likely candidates for historical declines due to disease, but we
know extremely little about their historical demographics and pathogen
susceptibilities. No previous studies have investigated Bd, Rv or Pr in
R. virgatipes or R. okaloosae, and our only disease knowledge of
R. heckscheri is a single study documenting Rv mortality in wild pop-
ulations (Miller et al., 2011). Thus, our detection of all three pathogens
in R. okaloosae and R. heckscheri, and of Ry or Pr in R. virgatipes, provide
critical documentation that these threatened species may have been
infected with most or all three pathogens for many decades and that
disease may play a role in their declines. In particular, our finding that
R. okaloosae had the highest observed prevalence of Bd and Pr compared
to all other species we tested (Fig. 2C) highlights the possibility that
disease contributes to the threats faced by this endemic species.

To our knowledge, this study represents the first documentation of
tri-detection in an individual with Bd, Pr, and Ry. Bd suppresses host
immunity (Fites et al., 2013), and could make it easier for co- or tri-
infections to occur (Longo et al., 2019). Consistent with this hypothe-
sis, multiple studies have found Bd and Ry co-infecting individuals (e.g.,
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Love et al., 2016; Stutz et al., 2018; Watters et al., 2018; Whitfield et al.,
2013), including studies showing that Bd presence increases the likeli-
hood of Rv infection and vice versa (Love et al., 2016; Miller et al., 2008;
Stutz et al., 2018; Watters et al., 2018). One previous study found Pr and
Ry co-infecting R. catesbeiana individuals (Landsberg et al., 2013), a
species that we found positive for multiple Pr-Rv co-detections. Simi-
larly, we found that Rv was involved in the two most common co-
detections (Pr-Rv and Rv-Bd) in our samples. However, Pr-Rv co-
detections occurred significantly more frequently than Rv-Bd, suggest-
ing that Pr may play an important role in amphibian pathogen co-
infections that may be under-reported given that few studies to date
have characterized Pr (Chambouvet et al., 2015; Isidoro-Ayza et al.,
2017; Karwacki et al., 2018). Given the number of different pathogen
infections within an individual is positively correlated with mortality
(Johnson and Hoverman, 2012; Whitfield et al., 2013), and that many
locations with these species also tend to contain multiple micro- and
macro-parasites capable of infecting a host (Stutz et al., 2018), the
extent of multi-infection with these three pathogens warrants consid-
erable further study.

As with all studies of ancient DNA and preserved specimens, our
findings have several important caveats. In particular, unequal sampling
across species, decades, regions, and life stages due to limitations of the
museum database decreases the statistical power of our modeling
approach, particularly the binomial models used to explain pathogen
prevalence. Despite these limitations, our model results present useful
hypotheses and suggestions for avenues of future research, particularly
for Pr disease ecology dynamics. Taken with our chi-squared results,
which are robust to differences in sample sizes, we have identified
several major variables impacting prevalence and intensity of Bd, Pr,
and Rv. Importantly, we confirmed Bd and Pr pathogen presence within
our specimens using Sanger sequencing. Given that no Rv-positive
samples were successfully sequenced, and that repeatability was only
50%, some uncertainty remains regarding whether the qPCR amplifi-
cations represent true Ry positives. However, the high Ry pathogen in-
tensities recovered from numerous specimens using a sensitive and
specific TagMan qPCR assay suggests that these pathogen detections are
real, and that the lack of sequencing success and inconsistent qPCR
amplifications result from degraded museum DNA template rather than
false positives. Successful sequencing of Bd and Pr barcoding regions
from museum specimens revealed no unique genetic variation in sam-
ples from the 1970s to 2018 for Bd, nor from the 1920s to 2018 for Pr
(Figs. S1 and S2). Given that the sequenced regions represent short,
conserved loci ideal for qPCR, it is unsurprising that no unique genetic
variants were detected. Future studies should focus on increasing sample
sizes across species and using genome-wide genetic analysis using short-
read technology in order to characterize pathogen evolution over the
past century and beyond. While older and formalin-preserved DNA
specimens are often difficult to work with (Cooper and Poinar, 2000;
Schander and Halanych, 2003), our study adds to the body of literature
demonstrating the inherent value of data generated from museum
specimens. Our pathogen prevalence and intensity data represent con-
servative estimates because of our stringent requirements for deter-
mining qPCR positives, and because sampling from time series
specimens tends to increase the likelihood that mass mortality events are
missed (Burrowes and De la Riva, 2017b) given the incompleteness of
these records (Wandeler et al., 2007). Collections must also be contin-
uously augmented for robust research to continue (Burrowes and De la
Riva, 2017b; Lips, 2011) partly because specimens collected prior to
extinction events or massive population losses could later lead to con-
firmations or new discoveries of their causes (Burrowes and De la Riva,
2017b; Carvalho et al., 2017; Puschendorf et al., 2006; Talley et al.,
2015). For example, specimens collected in 1986 in Monteverde, Costa
Rica prior to a widespread amphibian extinction event later confirmed
the presence of Bd, implicating the disease as a contributing factor
(Puschendorf et al., 2006; Wake and Vredenburg, 2008). Likewise, we
were only able to detect significant spikes of Pr and Ry in the 1920s and
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1930s due to the numerous Rana specimens collected in Florida in the
early 20th century before amphibian disease was a recognized concern.
An effective way to ensure important pathogen data is not missed is to
include a large number of specimens whenever possible, and to use
repeated sampling and specific TagMan qPCR protocols, as we have
done here.

Overall, our results expand the spatial and temporal range of
detection of three global pathogens in frog populations from the
southeastern U.S. far beyond what has previously been recognized,
including 70 more years of Pr presence than previously documented
anywhere in the world (Chambouvet et al., 2015; Isidoro-Ayza et al.,
2017; Karwacki et al., 2018). These data provide critical knowledge on
the pathogen landscape experienced by Florida frog populations over
the last century, informing conservationists and disease ecologists about
whether newly documented infections and mortality events likely
represent endemic versus epizootic processes. Importantly, this knowl-
edge will also enable wildlife managers and researchers to predict when,
where, and in which species pathogen infections are likely to be most
severe (Miller et al., 2018), informing conservation activities ranging
from translocation efforts to controlled burns.
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