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1.  INTRODUCTION 

Globally, over 40% of amphibian species are in 
decline and estimated to be threatened with extinc-
tion (Gratwicke et al. 2012, IUCN 2021). A major 
driver of these declines is the emergence of a chy -
trid fungal pathogen, Batrachochytrium dendroba-
tidis (Bd), which causes the disease chytridiomycosis 
(Berger et al. 1998, Longcore et al. 1999). Bd has led 
to the declines or extinctions of over 500 frog species 
(Scheele et al. 2019) and poses a serious threat to 
amphibian biodiversity worldwide (Skerratt et al. 
2007, Fisher & Garner 2020). Bd was first diagnosed 
in Australia and Panama (Berger et al. 1998) and 
infects the keratinized skin of all amphibian orders, 
disrupting osmotic regulation and depleting elec-
trolytes, resulting in cardiac arrest (Voyles et al. 

2009, Wu et al. 2019). The prevalence and infection 
intensity of Bd is affected by many environmental 
factors; increased Bd prevalence and mortality are 
associated with low temperatures (Kriger & Hero 
2007), high elevations (Sapsford et al. 2013), high lat-
itudes (Kriger & Hero 2007), closed canopy (Beyer et 
al. 2015), greater species richness (Olson et al. 2013), 
higher precipitation (Longo et al. 2010), higher pH 
(Kärvemo et al. 2018), and wetland permanence 
(Beyer et al. 2015). 

Recent research has indicated that land cover and 
habitat structure affect Bd transmission and occur-
rence. Because Bd growth and survival are influ-
enced by abiotic factors, changes to surrounding 
land cover may alter the microclimate to conditions 
that do not favor Bd, such as warmer temperatures 
with more UV light. For example, Becker & Zamudio 
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(2011) found a negative relationship between habitat 
loss and Bd prevalence and infection intensity in 
Costa Rica and Australia, and similarly, Saenz et al. 
(2015) found lower Bd occurrence at urban sites com-
pared to forested sites in Texas, USA. Both studies 
suggested warmer and drier conditions in frag-
mented areas as causes for reduced Bd prevalence. 
Several studies support that Bd prevalence increases 
with greater extent of natural habitat (Becker et al. 
2012, Scheele et al. 2015), although others have 
found the opposite (Kärvemo et al. 2018), indicating a 
need for further research in this area. 

Because Bd is transmitted primarily through motile 
zoospores in water and direct contact with infected 
individuals (Berger et al. 2005, Rachowicz & Briggs 
2007, Rowley & Alford 2007), areas with higher rates 
of dispersal and movement may have more disease 
transmission between populations. Landscapes that 
facilitate host movement through connectivity are 
often more susceptible to higher risks of infection 
(Ostfeld et al. 2005). Sapsford et al. (2013) found that 
the common mistfrog Litoria rheocola had a higher 
Bd prevalence at low-elevation sites that were con-
nected to high-elevation sites compared to noncon-
tiguous low-elevation sites, indicating that aquatic 
connectivity is a factor in Bd transmission. Likewise, 
proximity to other sites, even without direct aquatic 
connectivity, may increase Bd prevalence. Padgett-
Flohr & Hopkins (2010) found that Bd occurrence 
was spatially autocorrelated; sites within 1000−
1500 m of known Bd-positive sites were more likely 
to also test Bd-positive than isolated sites. Other 
studies have corroborated these findings (Becker et 
al. 2017, Costa et al. 2021), indicating that landscape 
connectivity may alter Bd prevalence, with highly 
connected sites having a higher Bd prevalence. 

Although connectivity and extent of natural habitat 
may facilitate the spread of Bd, both may be essential 
for the persistence of frog populations affected by Bd. 
Epidemiological theory for metapopulations pro-
posed by Hess (1996) suggests that for obligate pa -
thogens, the benefits of connectivity are outweighed 
by the detriments of increased disease transmission, 
but this hypothesis does not account for patch char-
acteristics (Heard et al. 2015) nor does it necessarily 
apply to pathogens that can survive without a host 
for a period of time (Gog et al. 2002). Over 11 yr of 
monitoring, Heard et al. (2015) found that growling 
grass frog L. raniformis populations declining from 
Bd were sustained through connectivity to patches 
that did not support Bd due to environmental condi-
tions, such as warmer or more saline wetlands. Simi-
larly, Bell et al. (2020) found that upland populations 

of rainforest frogs in Australia that had previously 
been extirpated by Bd were recolonized when con-
nected to lowland sites that acted as refuges from Bd. 
Because Bd is influenced by environmental condi-
tions such as temperature (Sonn et al. 2019, Turner et 
al. 2021), connectivity between areas with differing 
environmental conditions (such as upland and low-
land sites) may be significant for the persistence of a 
population, despite increased transmission. How ever, 
both Heard et al. (2015) and Bell et al. (2020) focused 
on connectivity across large elevation gradients, sug-
gesting a need for research on connectivity in areas 
that do not have this clear gradient of disease risk. 

Although Bd has been present in the northeastern 
USA since at least the early 1960s (Ouellet et al. 
2005) and models predict that the northeast is highly 
suitable habitat for Bd (Olson et al. 2021), mass die-
offs and major species declines due to Bd have not 
been reported in this region. This pattern may be 
attributed to a lack of long-term monitoring of Bd and 
frog populations in the northeast (Windstam & Olori 
2014), or to less pathogenic native strains of Bd com-
bined with a degree of resistance in specific north-
eastern species (Gahl et al. 2012). Previous surveys 
for Bd in the northeastern USA have found occur-
rences in Connecticut (Richards-Hrdlicka et al. 2013), 
New York (Windstam & Olori 2014), Massachusetts, 
Maine, New Hampshire, and Vermont (Long core et 
al. 2007). Prevalence is species-specific; in Connecti-
cut, Richards-Hrdlicka et al. (2013) found no Bd 
occurrence in spring peeper Pseudacris crucifer, a 
14% prevalence in wood frog Lithobates sylvaticus, 
and a 38% prevalence in green frog L. clamitans and 
northern leopard frog L. pipiens. The northeastern 
USA has a relatively high prevalence of Bd, but 
increased monitoring and research in this region is 
needed to accurately assess the impacts on amphib-
ian populations. 

Bd research relies on the accurate detection of 
Bd from environmental samples, most commonly 
through skin swabs and quantitative polymerase 
chain reaction (qPCR) (Kriger et al. 2006). This assay 
has high specificity (few false positives) when proper 
measures to reduce contamination are taken, but has 
a higher likelihood of false negatives, leading to an 
underestimation of Bd presence (DiRenzo et al. 
2018). Sources of false negatives can include de -
graded samples or inhibition of the PCR assay, both 
of which can arise from contaminating environmen-
tal material, including microorganisms on field sam-
ples (Kriger et al. 2006, Hyatt et al. 2007). Inhibition 
can be detected by spiking samples with an exoge-
nous internal control (Hyatt et al. 2007) or reduced by 

98



Hulting et al.: Wetland cohesion and B. dendrobatidis infection

diluting the DNA template (Boyle et al. 2004) or 
adding a carrier protein such as bovine serum albu-
min (BSA) (Garland et al. 2010). However, neither of 
these methods assesses the integrity of the template 
DNA in the sample. Using host DNA, which should 
be present in every sample and have the same level 
of degradation as Bd DNA, as an endogenous inter-
nal control should provide evidence that the tem-
plate DNA is not degraded or inhibited through the 
entire process of sample collection, DNA extraction, 
and testing with qPCR (Mittelberger et al. 2020). 
Moreover, such endogenous controls can also be 
used to normalize the quantification of the template 
DNA (Mittelberger et al. 2020); for example, the 
quantity of pathogen target DNA in a sample can be 
normalized to the endogenous gene to account for 
sample-to-sample variation. In the commonly used 
Bd assay (Boyle et al. 2004), exogenous controls can 
be used (Hyatt et al. 2007), but no endogenous gene 
control is used, which would improve the sensitivity 
of this analysis by detecting false negatives and 
removing them from the analysis. 

Here, we studied the impacts of land use and con-
nectivity on the infection prevalence and intensity of 
Bd in northeastern Massachusetts. We expected that 
land use would alter Bd occurrence and infection 
intensity due to microclimate changes and changes 
in species interactions, which may limit Bd survival 
and transmission. We further expected that highly 
connected sites would have higher infection intensi-
ties due to increased host and zoospore movement. 
Because changing land use, a loss of connectivity, 
and Bd are all major threats to amphibians, under-
standing the interaction between these threats is 
vital for predicting Bd dynamics in amphibian popu-
lations. Furthermore, we expected Bd to be wide-
spread in this region of Massachusetts and its preva-
lence to vary between our 4 focal species: P. crucifer, 
L. pipiens, L. sylvaticus, and L. clamitans. Last, we 
designed an endogenous internal control that ampli-
fies the host DNA of our focal species to ensure Bd 
DNA integrity and normalize Bd infection intensity 
between samples. 

2.  MATERIALS AND METHODS 

2.1.  Study sites and site selection 

Our study area was in Essex County, Massachu-
setts, USA, bounded by the UTM coordinates 19T 
4722041 N, 342565 E; 4714396 N, 349990 E; 47208
75 N, 364458 E; and 4714762 N, 349986 E. This region 

is composed of extensive wetlands, deciduous and 
coniferous forest, agricultural fields, and residential 
and suburban development (Fig. 1), with elevation 
ranging from approximately 10−50 m. Average tem-
perature April−May 2021 was 10.1°C, with a maxi-
mum of 17.2°C and a minimum of 6.1°C, and total 
rainfall was 24.5 cm (NOAA 2022). 

Wetland habitat comprised approximately 18% of 
the landscape and included vernal pools, tidal estu-
aries near the coast (not included in this study), 
lacustrine wetlands, and palustrine emergent, fo -
rested, and scrub-shrub wetlands. Sites were sur-
rounded by forest, with overstory trees including 
white pine Pinus strobus, eastern hemlock Tsuga 
canadensis, oak Quercus spp., red maple Acer ru -
brum, American beech Fagus grandifolia, birch Be -
tula spp., shagbark hickory Carya ovata, horse chest-
nut Aesculus hippocastanum, and cherry Pru nus spp. 
Understory was composed of seedlings and saplings 
of overstory trees, in addition to Japanese barberry 
Berberis thunbergii, Japanese honeysuckle Lonicera 
japonica, multiflora rose Rosa multiflora, flowering 
dogwood Cornus florida, poison ivy Toxicodendron 
radicans, sassafras Sassafras albidum, winterberry 
Ilex verticillata, and viburnum Viburnum spp. Com-
mon herbaceous species in cluded broadleaf cattail 
Typha latifolia, purple loosestrife Lythrum salicaria, 
jewelweed Impatiens capensis, sedges Carex spp., 
broadleaf arrowhead Sagittaria latifolia, buttonbush 
Cephalanthus occidentalis, sweet pepperbush Cle -
thra alnifolia, and common duckweed Lemna minor. 

Sites were selected in partnership with a study con-
sidering landscape-scale effects on frog popu lation 
and community trends. Within our study area, we 
identified 29 sites using the Natural Heritage and En-
dangered Species Program vernal pool data and the 
National Wetlands Inventory map (https://www.mass.
gov/orgs/massgis-bureau-of-geographic-information). 
Sites were chosen systematically, focusing on accessi-
ble locations and selecting sites with a range of land-
scape-level characteristics. From these 29 sites, we 
selected 24 (at least 250 m apart) to sample for Bd 
based on accessibility and the presence of focal spe-
cies detected by auditory surveys (Fig. 1). We re -
ceived permission from conservation organizations to 
sample on their property, or we placed sampling sites 
in areas accessible to the public. 

2.2.  Bd sampling 

To sample for Bd, we swabbed individuals of our 
focal 4 species (P. crucifer, L. pipiens, L. sylvaticus, 
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and L. clamitans) at these 24 sites between 5 April 
and 8 May 2021. Each site was visited once to collect 
samples for an average of 62 min between sunset and 
4 h after sunset. Prior to sampling, we recorded air 
temperature using a regional weather app, estimated 
cloud cover and wind speed, and recorded whether it 
had rained within 24 h prior to the survey. Sampling 
was conducted by an experienced lead researcher 
and additional trained volunteers. 

Focal species were located by sound or sight and 
captured by hand or a dip net. We handled each indi-
vidual with a new pair of nitrile gloves to avoid cross-
contamination and identified the sex and species of 
each individual using external characteristics. Using 
a cotton swab (Puritan® Cotton Tipped Applicator), 
we swabbed each individual 5 times on either side of 
the abdomen, inner thigh of each leg, and bottom of 
each foot, for a total of 30 strokes ind.−1 (Hyatt et al. 
2007). After swabbing, each individual was kept in a 

separate plastic bag to avoid repeat sampling, then 
returned to its original location after sampling at that 
site was complete. Swabs were stored at −20°C 
within 2 h of sampling, and all equipment was steril-
ized using 3% bleach to prevent cross-contamination 
between sites (Hyatt et al. 2007). 

2.3.  DNA extraction 

To extract DNA from the samples, we added 80 μl 
of PrepMan Ultra (Applied Biosystems) to each swab 
and incubated the swab vials for 10 min at 100°C 
(Hyatt et al. 2007). After cooling for 2 min, we cen-
trifuged the swabs at 19 083 × g for 3 min. About 25 μl 
of extract was transferred to a 1.5 ml Eppendorf tube, 
then 5 μl of extract was diluted 1:10 in 0.25× TE 
buffer to minimize PCR inhibition. Extracts were 
stored at −80°C until testing (Hyatt et al. 2007). 
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2.4.  Primer and probe design 

To assess the integrity of our samples and account 
for potential differences in swabbing pressure and 
frog body size, we designed an endogenous control 
to detect the mitochondrial 12S rRNA gene of our 4 
focal species (GenBank accession nos. AY843735 
[P. crucifer], DQ283123 [L. pipiens], NC_027236 [L. 
sylvaticus], and DQ283185 [L. clamitans]). The 12S 
rRNA gene sequence is highly conserved among 
amphibian species, making it a suitable candidate for 
endogenous control design (Yang et al. 2014). We 
used BLASTn analysis (https://blast.ncbi.nlm.nih.
gov/Blast.cgi) to align the gene sequences of our 
focal species, then selected locations for a forward 
primer FrogF (5’-ACA AAC TGG GAT TAG ATA 
CCC C-3’) and reverse primer FrogR (5’-TCA ART 
CCT TTG GGT TTT AAG C-3’) to amplify a 103 bp 
region of the 12S rRNA gene of our focal species 
(Fig. 2). Within this amplicon, we developed a HEX-
labeled locked nucleic acid probe (5’- /5HEX/ TT+G 
CT+C GTA RTT +CCC +TGG /3IABkFQ/ -3’) (Fig. 2). 
We used the primers ITS-1 Chtyr3 (5’-CCT TGA 
TAT AAT ACA GTG TGC CAT ATG TC-3’) and 5.8S 
(5’-TCG GTT CTC TAG GCA ACA GTT T-3’) 
and the FAM-labeled minor groove binding probe 

Chytr MBG2 (5’-/56-FAM/ CGA GTC GAA CAA 
AAT /3MBG-NFQ/-3’) to detect the internal tran-
scribed spacer (ITS) 1–5.8S rRNA gene of Bd (Boyle 
et al. 2004). All primers and probes were purchased 
from Integrated DNA Technologies. 

To ensure the endogenous control primers and host 
DNA amplification did not interfere with Bd detec-
tion, we performed a parallel set of 5-fold dilutions of 
our Bd-positive control (106 to 102 ITS copies), one 
with and one without additional host DNA template 
added. This host DNA template was from a sample 
that was previously shown to be negative for Bd. 
Both sets of dilutions contained both primer sets, and 
the dilutions were compared to ensure the amplifica-
tion of the host DNA did not interfere with the ampli-
fication of Bd. 

2.5.  Real-time qPCR assay 

We conducted the duplex real-time qPCR assay 
using the CFX96 real-time system (Bio-Rad Labora-
tories). Our 20 μl reaction mixture contained 10 μl of 
2× Luna Universal Probe qPCR Master Mix (New 
England BioLabs), Bd primers (ITS-1 Chytr3, and 
5.8S) at a concentration of 0.4 μM, Bd probe (Chytr 
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A. P. crucifer
L. pipiens
L. sylvatica
L. clamitans

FrogF 

AGAAACCCAAAAACGAAAGTTACTATATTTCTAACAACTTGAATCCACGACAGCTAGAGC 
AGAAACACACAAACGAAAGTTATCCTATTT-ATAAGCTTGAATACACGACAGCTAGGAAG 
AGAAACCCATAAACGAAAGTTACCCTAATAA--ATACTTGAATACACGACAGCTAGGAAA
AGAAATCCATAAACGAAAGTTACCCTAATTATTATACTTGAATACACGACAGCTAGGAAA 
*****  ** ************   ** *    *    *  *  *           ** 

FrogP FrogR

ACAAACTGGGATTAGATACCCCAGTATGTCTAGCCGNAAACTTTTAATT-ACACCCACTT 
ACAAACTGGGATTAGATACCCCACTATGCCTAGCCGTAAACAATTAATTTACACCCATCA
ACAAACTGGGATTAGATACCCCACTATGCCTAGCCGTAAACAATTAATTTACACCCATCA 
ACAAACTGGGATTAGATACCCCACTATGCCTAGCCGTAAACAATTAATTTACACCAATAA
*********************** **** ******* ****  ****** ***** * 

B. Sequences 
22 bases 

22 bases 

Endogenous control forward primer: FrogF 
5’- ACA AAC TGG GAT TAG ATA CCC C -3’

CTGCCAGGGAACTACGAGCAAAGCTTAAAACCCAAAGGACTTGACGGTACCCCACATCCG 
GCGCCAGGGAACTACGAGCAATGCTTAAAACCCAAAGGATTTGACGGTGTCCCA--CCCA
GCGCCAGGGAATTACGAGCAATGCTTAAAACCCAAAGGATTTGACGGTGTCCCA--CCCC
GCGCCAGGGAATTACGAGCAATGCTTAAAACCCAAAGGATTTGACGGTGTCCCA--CCCC

********* ********* ***************** ************   ** 

Endogenous control reverse primer: FrogR 
5’- TCA ART CCT TTG GGT TTT AAG C -3’

Locked nucleic acid probe: FrogP  14 bases 
5’- /5HEX/TT+G CT+C GTA RTT +CCC +TGG /3IABkFQ/ -3’

Fig. 2. (A) BLASTn alignment of mitochondrial 12S rRNA gene sequences of Pseudacris crucifer (GenBank accession no. 
AY843735), Lithobates pipiens (GenBank accession no. DQ283123), L. sylvaticus (GenBank accession no. NC_027236), and 
L. clamitans (GenBank accession no. DQ283185). (B) Primer and probe sequences of the endogenous control. FrogF: forward  

primer; FrogR: reverse primer; FrogP: probe
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MGB2) at a concentration of 0.2 μM, endogenous 
control primers (FrogF and FrogR) at a concentration 
of 0.4 μM, endogenous control probe at a concentra-
tion of 0.2 μM, 400 ng μl−1 BSA, 5 μl of 1:10 diluted 
DNA template, and 3.4 μl of nuclease-free water 
(Boyle et al. 2004, Garland et al. 2010). Each sample 
was prepared in duplicate, along with a duplicate 
negative control (nuclease-free water) and a 7-fold 
dilution of Bd-positive control DNA (107 to 101 ITS 
copies). Our cycling conditions were 95°C for 10 min 
followed by 40 cycles of 95°C for 15 s and 58°C for 
1 min (Blooi et al. 2013). If only one of the duplicate 
reactions amplified, the sample was retested and 
considered positive if 2 of the 3 replicates amplified 
with a quantification cycle [Cq] < 40) (Skerratt et al. 
2011). Cq, also known as threshold cycle (Ct), is the 
first cycle in which the sample signal rises above 
background (Bustin et al. 2009). Samples where the 
endogenous control did not amplify were considered 
degraded and were excluded from the analysis. Two 
samples that had initially tested positive in the pro-
cess of designing the endogenous control were also 
excluded from analysis due to a loss of the Bd signal 
after multiple freeze−thaw cycles. 

We normalized Bd quantity (i.e. Bd intensity) rela-
tive to the endogenous control using the 2−ΔΔCq 
method (Livak & Schmittgen 2001) to adjust for dif-
ferences in sample collection due to frog body size 
and swab pressure. The first ΔCq is the difference 
between the target gene and the control gene and 
the ΔΔCq is the difference between ΔCq and a cali-
brator. We chose to use the sample with the highest 
ΔCq (lowest Bd quantity relative to the endogenous 
control) as the calibrator. Because this method 
requires that the primer efficiencies are approxi-
mately equal, we compared primer efficiencies using 
a standard curve. Our primer efficiencies were 
within 3% (ITS-1 Chtyr3 and 5.8S = 98.68%; FrogF 
and FrogR = 101.61%). We log transformed our final 
2−ΔΔCq values prior to statistical analysis. 

2.6.  Landscape analysis 

Using ArcGIS 10.4.1 (ESRI) and FRAGSTATS 4.2.1 
(McGarigal et al. 2012), we quantified connectivity 
and land use surrounding our sites. We chose to 
measure 3 land-use metrics and 1 wetland connectiv-
ity metric within a 500 m radius of each site, a spatial 
scale at which frogs frequently respond (Price et al. 
2005, Eigenbrod et al. 2008, Simon et al. 2009). Our 
land-use metrics were (1) forested area (deciduous, 
coniferous, mixed), (2) developed land area (i.e. resi-

dential, suburban, and urban), and (3) paved road 
density. Our connectivity metric was wetland-patch 
cohesion. Wetland in this study included vernal pools 
and palustrine and lacustrine wetlands. 

We used 2016 Land Cover/Land Use data to meas-
ure land cover surrounding our sites (https://www.
mass.gov/info-details/massgis-data-2016-land-cover
land-use). This vector data layer was developed from 
1 m2 2016 raster land cover classification and is the 
most recent land cover classification available for our 
study area. Land cover surrounding our sites was 
visually assessed to ensure accuracy. Because some 
small wetland patches were not delineated as wet-
land in the 2016 Land Cover/Land Use layer, we 
manually edited this layer to accurately reflect these 
patches based on site visits. We summed forested 
area and developed land area within a 500 m radius 
of our sites. Paved road density within 500 m was 
quantified using the linear road length from the 2021 
TIGER/Line Shapefile downloaded from the US 
 Census Bureau website (https://www.census.gov/
geographies/mapping-files/time-series/geo/tiger-
line-file.html). 

We used FRAGSTATS to calculate wetland-patch 
cohesion, which measures the physical aggregation 
of wetland at the landscape scale. The patch cohe-
sion equation is: 

  
(1) 

where pij is the perimeter of the patch ij in the focal 
class (wetland), aij is the area of the patch ij, and A 
is the total number of cells in the landscape (McGa -
rigal et al. 2012). We used the patch cohesion index 
as a measure of connectivity because previous re -
search has found that this metric is correlated with 
dispersal success in simulated models (Schumaker 
1996, Tischendorf 2001). 

2.7.  Statistical analysis 

We understood our response variable to be gener-
ated by 2 separate biological processes. In order for 
Bd intensity to be quantified (non-zero), the individ-
ual must first have been infected. We modeled this 
system using a gamma hurdle probability framework 
as defined below: 

     (2) 

When our response variable, y, is zero (no Bd 
detected) the conditional probability of y is equal to 

COHESION = [1 – ] [1 – ]   × 100%
n
j = 1 pij

n
j = 1 pij aij

–1

A

ƒ(y; , ) = { 1 – gbinominal (y = 0; ) × ,   when y > 0

    when y = 0

1 – Hgamma (y = 0; ) 

hgamma (y; ) 
gbinominal (y = 0; ),
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gbinominal(y = 0; α), where gbinominal( ) is the binomial 
probability mass function and α is a vector of logit-
linked regression parameters that predicts π, the 
probability of observing y = 0. Once infected with Bd, 
y > 0, and the conditional probability of y is equal to 
the joint probability of 1 – π and the zero-truncated 
gamma probability where β is a vector of log-linked 
regression parameters. Note that hgamma ( ) is the prob-
ability density function and Hgamma ( ) is the cumula-
tive distribution function. 

Using this framework, we fit a single hierarchical 
model to evaluate the relative effects of road density, 
developed area, and wetland cohesion on Bd infec-
tion. We included a random site intercept in both 
model processes to accommodate baseline differ-
ences in infection among sites. Wetland cohesion and 
forest area, another predictor of interest, were lin-
early correlated (Pearson’s r = −0.71). To mitigate the 
inferential complexities associated with multicol -
linearity, we did not include forest area in the model 
(Graham 2003, Harrison et al. 2018). We reasoned 
that the cohesion variable, which increases as wet-
land patches in the surrounding landscape become 
larger and more aggregated, is more ecologically rel-
evant to the life histories of both frogs and Bd. Simu-
lated quantile residuals (Hartig 2021) plotted against 
forest area showed little evidence of model misspec-
ification in the absence of this predictor. Because Bd 
infection may be affected by differences in physiol-
ogy and habitat use among species, we interacted all 
landscape predictors with species in both processes 
of our model. Only P. crucifer and L. clamitans infec-
tion were analyzed due to small sample size for our 
other focal species. 

We fit our model using the ‘brm’ function from the 
R package ‘brms’ v.2.16.3 (Bürkner 2021). We used 

default uninformative priors on all model parame-
ters. The model was run on 4 chains, each with 5000 
iterations where 2500 iterations were burn-in itera-
tions. All chains converged with 0.99 < Rhat < 1.01 
and posterior draws were combined. We visually 
inspected the suitability of our model by comparing 
the observed distribution of y with 10 y vectors gen-
erated from the posterior distribution. All analysis 
and visualization was completed in R v.4.1.1 (R Core 
Team 2021). 

3.  RESULTS 

In total, we detected Bd at 17 of our 24 sites 
(70.8%). Of 187 skin swabs from our 4 focal 
species combined, 30.6% tested positive for Bd. 
Pseudacris crucifer was the most commonly sam-
pled species, with 35 of 146 individuals testing 
positive (24.0%). Lithobates clamitans had a higher 
infection prevalence, with 15 of 29 individuals 
testing positive (51.7%) (Table 1). L. sylvaticus (4 
out of 8 positive) and L. pipiens (3 out of 3 
positive) did not have large enough sample sizes 
to include in analyses. 

3.1.  Bd occurrence and infection intensity 

Bd occurrence, defined as the probability of an 
individual frog testing positive, varied with wetland 
cohesion. We found evidence that Bd occurrence 
in L. clamitans increased with wetland cohesion, 
whereas wetland cohesion did not covary with Bd 
occurrence in P. crucifer (Fig. 3, Table 2). Evidence 
for directional associations between occurrence and 
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Species                                  Sex                            Prevalence                                ITS copy                                 Bd intensity 
                                                                           infected/total (%)                     median (range)                         median (range) 
 
Pseudacris crucifer               Male                      34/138 (24.6%)                        834 (7−91682)                          4.46 (0.60−8.96) 
                                               Female                     1/8 (12.5%)                                     16                                             0.89 

Lithobates clamitans             Male                         2/4 (50.0%)                           784 (47−1521)                          2.94 (1.89−3.99) 
                                               Female                   13/25 (52.0%)                     2951 (140−538935)                     3.91 (<0.00−5.87) 

Lithobates sylvaticus            Male                         3/5 (60.0%)                         3249 (161−8379)                        5.99 (1.02−6.16) 
                                               Female                     1/3 (33.3%)                                  41062                                          7.91 

Lithobates pipiens                Male                        2/2 (100.0%)                    68627 (1196−136058)                    4.14 (2.74−5.54) 
                                               Female                    1/1 (100.0%)                                 50107                                          3.66 

Total                                                                     57/186 (30.6%)                      1335 (7−538935)                       4.16 (<0.00−9.96)

Table 1. Batrachochytrium dentrobatidis (Bd) infection results from skin swabs sampled from frogs in northeastern Massachu-
setts in April−May 2021. Internal transcribed spacer (ITS) copy number is unadjusted for the endogenous control, and Bd  

intensity is adjusted for the endogenous control using the 2−ΔΔCq method (Livak & Schmittgen 2001)
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all other landscape variables was low. Bd infection 
intensity, defined as the infection load of an individ-
ual frog, was not associated with any land-use or 
connectivity metrics. The estimated standard devia-
tion of the site-level random slope for the binomial 
processes was more than double the intercept for 
either species, indicating high variability in the log-
odds of Bd occurrence among study sites that is not 
attributable to species differences or the variation in 

our landscape predictors (Table 2). By contrast, log 
Bd intensity did not vary as much among sites. 

3.2.  Endogenous control 

Our endogenous control primers and probe suc-
cessfully amplified and detected DNA from all 4 focal 
species. The serial dilution of the Bd ITS copies 
amplified consistently with the serial dilution where 
both the Bd ITS copies and endogenous control were 
amplified, although the highest dilution did not 
amplify Bd (Fig. 4). This result indicates that amplifi-
cation of the endogenous control did not interfere 
with the amplification of Bd except at the lowest 
infection intensities of Bd. The endogenous control 
amplified in all samples except one P. crucifer 
 sample. 

4.  DISCUSSION 

Our survey indicated that Bd infection is wide-
spread in northeastern Massachusetts. Surveys for 
Bd in local amphibian populations in the northeast-
ern USA are lacking (Windstam & Olori 2014), and to 
our knowledge, this is the first survey of Bd in north-
eastern Massachusetts (Olson et al. 2021). The over-
all 30.6% Bd-positivity prevalence detected in our 
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                               Parameter                                                                    Estimate                  Est. error                     90% CI 
 
Bd absence            sd(site-level random effect)                                           2.70                         0.95                       (1.46, 4.49) 
                               Intercept                                                                          1.13                         0.98                      (−0.36, 2.84) 
                               Species (Pseudacris crucifer)                                        −0.10                         0.96                      (−1.76, 1.36) 
                               Road density                                                                  −0.62                         1.05                      (−2.37, 0.99) 
                               Wetland cohesion                                                         −2.90                         1.00                    (−5.73, −0.60) 
                               Developed area                                                             −0.12                         1.06                      (−1.84, 1.61) 
                               Species (P. crucifer) × road density                              −0.32                         0.98                      (−1.94, 1.23) 
                               Species (P. crucifer) × wetland cohesion                     2.45                         1.43                       (0.37, 5.00) 
                               Species (P. crucifer) × developed area                          0.78                         0.92                      (−0.60, 2.38) 

Bd intensity           sd(site-level random effect)                                           0.24                         0.16                       (0.02, 0.53) 
                               Intercept                                                                          1.32                         0.23                       (0.96, 1.71) 
                               Species (P. crucifer)                                                        0.16                         0.26                      (−0.28, 0.57) 
                               Road density                                                                   0.09                         0.25                      (−0.28, 0.52) 
                               Wetland cohesion                                                           0.14                         0.51                      (−0.63, 1.03) 
                               Developed area                                                             −0.09                         0.28                      (−0.56, 0.36) 
                               Species (P. crucifer) × road density                              −0.14                         0.28                      (−0.62, 0.29) 
                               Species (P. crucifer) × wetland cohesion                      −0.23                         0.54                      (−1.17, 0.61) 
                               Species (P. crucifer) × developed area                          0.23                         0.31                      (−0.27, 0.74)

Table 2. Hurdle model summary for the effects of land use on Batrachochytrium dendrobatidis (Bd) absence and intensity, in-
cluding the mean (estimate), standard deviation (est. error), and 90% Bayesian credible intervals (CI). Bold indicates evidence 
for directional estimates. Full model formula used for both components of the hurdle model was ~ (1|Site) + Species × Road  

Density + Species × Developed Area + Species × Wetland Cohesion

Fig. 3. Log odds of Batrachochytrium dentrobatidis (Bd) in-
fection absence at sites differing in patch cohesion of wet-
land (scaled and centered) within a 500 m radius in north-
eastern Massachusetts. Shaded regions: 90% Bayesian  

credible intervals
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study area is comparable to other Bd surveys in the 
northeastern USA; for example, Richards-Hrdlicka et 
al. (2013) found a 28% infection prevalence in Con-
necticut during May−November, and Windstam & 
Olori (2014) found a 30% infection prevalence in 
New York State during April−November. Despite 
this high prevalence of Bd, we did not observe any 
clinical signs of infection in any sampled individual, 
suggesting that these populations may have some 
degree of resistance or tolerance to Bd (Gahl et al. 
2012, Robinson et al. 2018). Because of this lack of 
clinical infection, further research is needed to eval-
uate seasonal chytridiomycosis incidence in this 
region and identify the rate of positivity relative to 
the rate of clinical infection and mortality. 

4.1.  Bd occurrence and infection intensity 

The spatial distribution of Bd occurrence was 
affected by wetland-patch cohesion. Greater wet-
land cohesion was associated with higher Bd occur-
rence in Lithobates clamitans, with little effect on Bd 
occurrence in Pseudacris crucifer. The aggregation 
of wetlands in a landscape measured by the patch 
cohesion index may increase Bd occurrence through 
physical connectedness of the wetlands, providing 
an opportunity for host and zoospore movement. 
Sapsford et al. (2013) found that aquatic connectivity 
increased infection prevalence in Australia, indica-
ting zoospore movement between sites as a potential 
mechanism for this increased infection. Similarly, 

Padgett-Flohr & Hopkins (2010) found that ponds 
within 1000−1500 m of a Bd hotspot had a higher 
probability of also testing positive in central Califor-
nia. An increased aggregation of wetland area may 
increase the chances of physical or functional con-
nection to other Bd-infected sites. Infection in L. 
clamitans may be more influenced by wetland 
aggregation than P. crucifer; given the extensive dis-
persal distances of L. clamitans (Schroeder 1976), 
they may potentially transmit Bd between breeding 
sites at a higher rate. 

In our study area, where wetland and forest area 
are the 2 dominant cover types surrounding our 
study sites, a high wetland cohesion necessitates 
decreased forest area (Pearson’s r = −0.71), con-
founding these 2 variables. We might therefore con-
sider that the observed association between cohesion 
and Bd occurrence could be driven, in part, by the 
ecological implications of reduced forest area in 
addition to the connectivity considerations discussed 
above. This potential forest effect contrasts other 
studies that found that an increased forest area 
resulted in higher Bd occurrence, suggesting the 
cooler microclimate provided by forest area as an 
explanation (Pauza et al. 2010, Becker & Zamudio 
2011, Saenz et al. 2015, Scheele et al. 2015). These 
studies, however, were sampling in regions with 
warmer average spring temperatures than our study 
area (e.g. Texas, California). The optimal tempera-
ture range for Bd growth is 17−25°C (Piotrowski et al. 
2004). So although the cooler microclimate provided 
by increased forest area may lower the temperature 
in warmer climates into this optimal range, it may 
reduce the temperature below the optimal range in 
cooler climates (Kärvemo et al. 2018). Although our 
analysis cannot resolve the effects of wetland con-
nectivity and forest area, we suggest that both should 
be considered as reasonable explanations for the 
observed relationship between wetland cohesion 
and Bd occurrence in L. clamitans. 

Bd occurrence was associated with landscape vari-
ables, but patterns in infection intensity were not. We 
expected the effect of landscape context to be similar 
in both processes of infection occurrence and in -
tensity because of previous research that has found 
that natural land cover and connectivity drive infec-
tion intensity (Becker & Zamudio 2011, Sapsford et 
al. 2013). However, these studies found landscape 
effects on Bd intensity when accounting for other 
 factors like elevation or weather, suggesting that in 
our study, where we did not model these factors, 
landscape associations may have been missed. Addi-
tionally, although land use and connectivity may 
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Fig. 4. Comparison between two 5-fold serial dilutions of 
 Batrachochytrium dentrobatidis (Bd) internal transcribed 
spacer (ITS) copies. Solid line and points: Bd ITS copy ampli-
fication without the endogenous control amplified; dashed 
line and triangles: Bd ITS copy amplification with the en- 

dogenous control amplified
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impact whether Bd is transmitted to or persists at a 
site, other factors, such as skin microbiome (Wood-
hams et al. 2007), may have a stronger control on 
infection intensity. 

Infection prevalence varied widely between spe-
cies. The most commonly sampled species, P. cru-
cifer, had a lower infection prevalence (24%) than 
other species. This P. crucifer infection prevalence, 
however, is higher than previous surveys in the 
northeastern USA have detected, with many finding 
no infection in P. crucifer (Longcore et al. 2007, 
Richards-Hrdlicka et al. 2013). In contrast, L. clami-
tans, L. sylvaticus, and L. pipiens all had a higher 
Bd infection prevalence (Table 1). A high infection 
prevalence in L. clamitans and L. pipiens is a com-
mon trend in past Bd surveys; both species have 
been identified as potential Bd reservoirs (Wood-
hams et al. 2008, Gahl et al. 2012). Infection preva-
lence in L. sylvaticus is typically lower than detected 
in our survey (Longcore et al. 2007), although both L. 
sylvaticus and L. pipiens results should be inter-
preted with caution because of small sample sizes. 

These differences in infection prevalence between 
species may be attributed to differences in habitat 
use. P. crucifer is a more terrestrial species, using 
water primarily for breeding, which may reduce the 
amount of contact that this species has with Bd-cont-
aminated water (Longcore et al. 2007). In contrast, L. 
clamitans and L. pipiens are both more aquatic spe-
cies, spending more time in water that may be Bd-
contaminated. Lips et al. (2003) found that species in 
Central America that were more dependent on 
aquatic habitat experienced the greatest Bd-related 
declines, suggesting that habitat use and contact 
with water may be important for explaining species 
differences in infection prevalence. 

4.2.  Endogenous control 

Our endogenous control successfully amplified 
host DNA from all 4 of our focal species. Because this 
control was designed from the mitochondrial 12S 
rRNA gene sequence, which is highly conserved 
among amphibian species (Yang et al. 2014), it has 
potential for use beyond our focal species. However, 
because the control slightly interfered with Bd detec-
tion (Fig. 4), low Bd loads may be missed, suggesting 
the need for further optimization of this control. 

Bd research relies on accurate detection of both 
infection occurrence and intensity; however, in the 
commonly used Bd assay, there is no method to 
assess the integrity of the DNA template. Our endo -

genous control design provides confidence that the 
samples used in our analysis were not degraded or 
inhibited at any stage in Bd detection and lowers the 
chance of false negatives. Although only one of our 
samples was excluded as a false negative, Bd sam-
pling in remote regions with less optimal sample col-
lection and storage conditions may have higher rates 
of false negatives (Van Sluys et al. 2008). DiRenzo et 
al. (2018) estimated that Bd prevalence is underesti-
mated by up to 71% due to false negatives, support-
ing the importance of an endogenous control. 

Another advantage of including an endogenous 
control is that it may be used to normalize infection 
intensity between samples. Bd quantity sampled by a 
swab may vary with differences in swabbing tech-
nique or pressure (Retallick et al. 2006), and because 
there is no standardized swabbing technique in Bd 
research (Richards-Hrdlicka et al. 2013), infection 
intensity comparison between studies may be incon-
sistent. Furthermore, differences in body size be -
tween individuals may also skew infection intensity 
detection unless Bd quantity is normalized against 
host DNA. This normalization, however, assumes 
that the quantity of Bd and the endogenous control 
vary proportionally with swab pressure and frog size, 
which requires further testing to confirm. Addition-
ally, individuals with high infection loads often expe-
rience a higher rate of skin sloughing (Ohmer et al. 
2015), which may also affect the quantity of the 
endogenous control. Nevertheless, the universal use 
of an endogenous control in the Bd assay would facil-
itate comparison between studies. 

4.3.  Conclusions 

We detected a high infection prevalence of Bd in 
northeastern Massachusetts, although prevalence 
varied widely between species. Because of this high 
prevalence, we recommend long-term monitoring of 
Bd in the northeastern USA to evaluate mortality 
rates and Bd-driven population changes. Addition-
ally, we found that wetland-patch cohesion was asso-
ciated with Bd occurrence in L. clamitans, highlight-
ing the potential influence that landscape context 
has on disease dynamics. Our results indicate that Bd 
risk is non-randomly distributed across a gradient of 
land use; some land-use compositions may provide 
suitable environmental conditions for Bd, as well as 
altering host movement and density. Because of the 
high correlation between forest and wetland-patch 
cohesion, we recommend further research to disen-
tangle their relative effects on the spatial distribution 
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of Bd. Understanding factors that alter Bd occurrence 
and intensity is critical for evaluating the susceptibil-
ity of a population to Bd and developing plans to con-
serve at-risk populations. 
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