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Cryptic connections illuminate pathogen 
transmission within community networks
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Understanding host interactions that lead to pathogen transmission 
is fundamental to the prediction and control of epidemics1–5. 
Although the majority of transmissions often occurs within social 
groups6–9, the contribution of connections that bridge groups and 
species to pathogen dynamics is poorly understood10–12. These 
cryptic connections—which are often indirect or infrequent—
provide transmission routes between otherwise disconnected 
individuals and may have a key role in large-scale outbreaks 
that span multiple populations or species. Here we quantify 
the importance of cryptic connections in disease dynamics 
by simultaneously characterizing social networks and tracing 
transmission dynamics of surrogate-pathogen epidemics through 
eight communities of bats. We then compared these data to the 
invasion of the fungal pathogen that causes white-nose syndrome, 
a recently emerged disease that is devastating North American 
bat populations13–15. We found that cryptic connections increased 
links between individuals and between species by an order of 
magnitude. Individuals were connected, on average, to less than 
two per cent of the population through direct contact and to only 
six per cent through shared groups. However, tracing surrogate-
pathogen dynamics showed that each individual was connected to 
nearly fifteen per cent of the population, and revealed widespread 
transmission between solitarily roosting individuals as well as 
extensive contacts among species. Connections estimated from 
surrogate-pathogen epidemics, which include cryptic connections, 
explained three times as much variation in the transmission of the 
fungus that causes white-nose syndrome as did connections based 
on shared groups. These findings show how cryptic connections 
facilitate the community-wide spread of pathogens and can lead to 
explosive epidemics.

Pathogens have repeatedly spilled over from wildlife to humans and 
caused epidemics at local to global scales16. Social behaviour often con-
strains the transmission of pathogens, with network structure increas-
ing transmission within social groups1,7,12 but limiting the spread to 
solitary individuals, other social groups, and between species8,10,17. 
Contacts that bridge species and social groups are usually infrequent or 
indirect—for example, via the environment—but they can lead to unex-
plained cases and outbreaks18 including the 2014 Ebola epidemic in 
West Africa19, Nipah virus transmission in Bangladesh18, transmission 
of Mycobacterium bovis in badgers20 and Mycoplasma in tortoises21. For 
white-nose syndrome, an emerging infectious disease of bats, impacts 
are exceedingly high in some species that roost solitarily14, which raises 
the important question of how solitary individuals acquire infections.

Cryptic connections are important because they can determine 
whether transmission is constrained to single-species, local outbreaks 
or spans multiple populations and species. However, the extent of 
cryptic connections among social groups and their influence on path-
ogen dynamics is poorly known, in part, because of the difficulty in 
measuring these types of contacts. Prospective studies of contact rates 

often take place over short time periods, are usually designed to cap-
ture direct connections among individuals and can miss infrequent 
or indirect connections3,22–24. Retrospective methods such as contact 
tracing23,24 and model estimation of contact rates17 sometimes uncover 
cryptic connections, but determining the general importance of these 
connections in transmission is often limited by epidemic-specific 
details25.

Here we examine how cryptic connections between social groups 
and species influence pathogen transmission in replicated epidemics 
in multiple populations of hibernating bats. As with many other spe-
cies20,26, hibernating bats spend the majority of their time in relatively 
small groups14. However, individual bats arouse from hibernation for 
short periods (1–3 h every 2–3 weeks, or <0.5% of winter27) and may 
leave these groups and contact individuals in other groups or areas 
of the environment14. North American hibernating bats have recently 
been affected by white-nose syndrome, a disease caused by the fungal 
pathogen Pseudogymnoascus destructans13,28. We hypothesized that 
cryptic connections among species and individuals may be important 
in the transmission dynamics of white-nose syndrome, because the 
spread of the pathogen that causes this syndrome occurs rapidly within 
multiple species and some solitarily roosting species have suffered steep 
declines14. More generally, understanding the contribution of contacts 
outside social groups in pathogen transmission remains an important 
question in epidemiology.

We characterized connections among individuals using three meth-
ods to compare networks with and without cryptic contacts. We first 
measured direct physical contacts among bats, as well as links through 
membership of shared groups (a group of bats hibernating together), 
at eight sites at which bat communities were comprised of four species 
(Supplementary Table 1). For both measures, we included the addi-
tional connections bats made when switching between groups over 
the winter during periodic arousals from hibernation (see Methods). 
We simultaneously quantified the importance of cryptic connections 
in these communities by tracing epidemics of a surrogate pathogen, 
ultraviolet-fluorescent (UVF) dust (Extended Data Fig. 1), through 
each population. We estimated connections through physical contact, 
shared groups and UVF dust as the percentage of each species at each 
site that a given focal bat was connected to over the winter. By rep-
licating epidemics within each population, we were able to account 
for variation in epidemic outcomes due to differences among indi-
viduals and species29. The fungus that causes white-nose syndrome 
subsequently invaded all eight sites at which we studied UVF-dust 
epidemics (Extended Data Fig. 2a–h). This enabled us to compare the 
transmission of P. destructans to connections within each community, 
as measured through UVF dust and shared group connections.

For hibernating bats, networks created from physical contact and 
shared groups substantially underestimated connections within 
populations, compared to epidemic networks of UVF dust (Fig. 1, 
Extended Data Fig. 3). Connections within species revealed by the 
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transmission of UVF dust were threefold higher among individuals 
than was apparent from direct physical contact or shared groups for two 
of the three focal species (Myotis lucifugus and Myotis septentrionalis; 
Fig. 2, Extended Data Fig. 4, Supplementary Tables 2–4). Over 92% 
of M. septentrionalis individuals roosted alone (average group size of 

1.34 ± 0.068 individuals; range 1–3; Extended Data Fig. 5) and were 
connected to only 7.3 ± 0.2% of other M. septentrionalis individuals by 
physical contact and 8.1 ± 0.2% by shared groups (Fig. 2b, left and mid-
dle, red columns; Supplementary Table 5, line 19). Despite the solitary 
roosting behaviour of this species, each M. septentrionalis individual 
was connected to 24.7 ± 4.3% of other M. septentrionalis individuals 
at each site by UVF dust (Fig. 2b, right, red column; Supplementary 
Table 5, lines 26, 27). For the most gregarious species—M. lucifugus 
(average group size 3.25 ± 0.34 individuals, range 1–53; Fig. 1, Extended 
Data Figs. 3, 5)—individuals were only in direct physical contact with 
5.0 ± 0.1%, and in shared groups with 20.0 ± 0.2%, of the M. lucifugus 
population at each site (Fig. 2a, left and middle, light-blue columns; 
Supplementary Table 6, line 12), whereas UVF dust originating from 
each individual bat was transmitted to 28.6 ± 5.5% of the M. lucifugus  
individuals at each site (Fig. 2a, right, light-blue starred column, 
Supplementary Table 6, lines 1, 2). By contrast, for Perimyotis subflavus— 
another solitary species (99% of individuals roosted individually, 
n = 62; Fig. 1, Extended Data Figs. 3, 6)—there were few additional  
connections among individuals as detected by the UVF dust, when com-
pared with physical contact or shared groups (Fig. 2c, orange columns;  
Supplementary Table 7).

The extent of environmental contamination with UVF dust for P. 
subflavus (533 ± 163 mm2) was not substantially lower than for the 
other species (929 ± 245 mm2 and 1,100 ±170 mm2 for M. lucifugus 
and M. septentrionalis, respectively) and therefore was not sufficient to 
explain differences in connections (Extended Data Fig. 7a). However, 
the spatial overlap of UVF-dust colours in the environment was sig-
nificantly lower for P. subflavus individuals (63.3 ± 5.8%) compared 
to M. septentrionalis and M. lucifugus (86.2 ± 3.7% and 86.8 ± 3.7%, 
respectively; Extended Data Fig. 7b), which suggests that spatial segre-
gation may limit both indirect and direct transmission for P. subflavus.

Connections between species were underestimated even more by 
measurements of physical contact and shared groups than were con-
nections within species (for example, see Fig. 2a). Overall, the spillover 
of UVF dust among species was 17- and 12-fold higher than expected 
based on physical contact and shared groups, respectively (Fig. 2). For 
example, M. lucifugus was—on average—in direct contact with only 
0.0–0.1% of the M. septentrionalis, P. subflavus or Eptesicus fuscus pop-
ulations (Fig. 2b; Supplementary Table 6, lines 14, 17, 20), and was only 
in shared groups with 0.0–1.7% of individuals for these three species 
(Fig. 2b; Supplementary Table 6, lines 24, 27, 30). However, inclusion 
of cryptic connections revealed through UVF-dust epidemics showed 
that each individual M. lucifugus was connected to an average of 22% 
of E. fuscus, 14% of M. septentrionalis and 1% of P. subflavus individuals 
at each site (Figs. 1, 2, Extended Data Fig. 3; Supplementary Tables 2, 6,  
lines 3, 6, 9).

For M. lucifugus, group size affected among-species and with-
in-species transmission differently. The probability of an M. lucifu-
gus individual having UVF dust from another M. lucifugus individual 
increased with group size, whereas UVF dust from M. septentrionalis 
was more likely to be found on solitary-roosting M. lucifugus individ-
uals (Extended Data Fig. 8). This suggests that transmission of UVF 
dust within a site was density-dependent for M. lucifugus, and that M. 
septentrionalis—which are solitary—preferentially transmit UVF dust 
to solitary-roosting M. lucifugus.

The UVF-dust epidemics suggested that P. destructans, the fungus 
that causes white-nose syndrome, would spread rapidly through pop-
ulations of some species of bats but not others (Fig. 2), and the subse-
quent invasion of P. destructans supported this prediction. Prevalence of 
P. destructans on M. lucifugus (Fig. 3a) and M. septentrionalis individu-
als (Fig. 3b) increased rapidly over the winter hibernation period (mean 
84%, range 55–100%) at all sites. By contrast, transmission was much 
lower in P. subflavus; prevalence at three of the four sites remained 
below 25% at the end of winter (Fig. 3c). Across all species, UVF-dust 
transmission explained 3.5 times as much variation in P. destructans 
transmission as connections estimated using shared groups, and the 
similarity in transmission patterns between P. destructans and UVF 
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Fig. 1 | Observed physical contact and surrogate-pathogen epidemic 
networks for four communities of hibernating bats. a–h, Each row 
shows two networks—one based on physical contact and one based on the 
spread of UVF dust—for one of four sites (labelled WI-SP, WI-SJ, MI-BC 
and MI-MC). Each circle (node) represents an individual bat, and colour 
indicates species. Larger numbered circles (1–7) are bats that were UVF-
dusted with unique colours in early winter. Lines (edges) between nodes 
indicate physical contact among bats in shared groups at the end of winter 
(a–d) or UVF dust that originated from a UVF-dusted bat (large circle) in 
epidemic networks (e–h). Each UVF-dust epidemic network in e–h shows 
seven simultaneous replicate epidemics, with each epidemic originating 
from a single, numbered UVF-dusted bat. For example, in d and h the 
arrow indicates a M. septentrionalis bat roosting solitarily (d) that was  
re-sighted with UVF dust from four different epidemics (from bats 1, 3, 4 
and 7; h). Locations of nodes (bats) in the two networks are identical, so 
the spread of UVF dust within and between clusters of touching bats can 
be visualized in the UVF-dust networks.
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dust demonstrates the importance of cryptic connections in driving 
epidemics (Fig. 3d, e).

Observing cryptic connections among individuals and groups via 
UVF-dust epidemics provides insight into the transmission patterns 
of P. destructans, which are difficult to understand from patterns of 
contact among species. M. septentrionalis and P. subflavus were both 
primarily observed as solitary-roosting individuals, which should limit 
transmission in both species relative to M. lucifugus, which roosts in 
larger groups (Extended Data Fig. 5). Although transmission rates 
in P. subflavus were indeed lower, transmission of P. destructans was 
equally high in M. septentrionalis and M. lucifugus (Fig. 3a, b). The 
UVF-dust epidemics suggested that this was because extensive cryptic 
connections link M. septentrionalis individuals with each other and to 
M. lucifugus. By contrast, P. subflavus had few observable or cryptic 
connections, and the lack of connections resulted in much lower rates 
of transmission. These results show that cryptic connections were not 
simply proportional to observed contacts, but vary among species and 
individuals. Cryptic connections uncovered by these data can also 
inform conservation actions that aim to reduce the effect of white-
nose syndrome on bat populations (see ‘Conservation implications’ 
in Supplementary Information).
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Fig. 2 | Contact, group and UVF-dust epidemic connections among 
individuals. Per cent of individuals of each species at each site observed in 
physical contact, in a shared group or with UVF dust that originated from a 
single focal individual. a, M. lucifugus (n = 3,362 physical contact estimates, 
n = 3,345 shared group estimates, n = 74 UVF-dust estimates).  
b, M. septentrionalis (n = 413 physical contact estimates, n = 426 shared group 
estimates, n = 51 UVF-dust estimates). c, P. subflavus (n = 204 physical contact 
estimates, n = 199 shared group estimates, n = 45 UVF-dust estimates). Each 
point indicates the percentage of the population of a single species at a site that is 
connected to a single focal individual. For example, the arrow in the right section 
of a shows the percentage of M. septentrionalis individuals at each site with each 
colour of UVF dust that originated from a UVF-dusted M. lucifugus. The arrow 
in the middle section of a shows the percentage of M. septentrionalis individuals 
at each site that were in a shared group with each individual M. lucifugus over 
the winter. Connection estimates for physical contact and shared social groups 
include connections that the bats made when switching positions in the network 
during arousals (see Methods). Letters above bars indicate groups for which 
95% high posterior density intervals for pairwise differences did not include 0 
(Supplementary Tables 5–7), and stars indicate within-species connections. The 
lower and upper hinges of the box plots show the first and third quartiles, and 
the black lines indicate the mean. The upper and lower whiskers extend to the 
largest and smallest value 1.5 times the interquartile range.

0

0.25

0.50

0.75

1.00

Change in shared group connections

C
ha

ng
e 

in
 p

at
ho

ge
n 

p
re

va
le

nc
e

0

0.25

0.50

0.75

1.00

0.00 1.00

Change in UVF–dust prevalence

C
ha

ng
e 

in
 p

at
ho

ge
n 

p
re

va
le

nc
e

Myotis lucifugus Myotis septentrionalis Perimyotis subflavus

Nov

0

0.4

0.8

Month

P
. d

es
tr

uc
ta

ns
 p

re
va

le
nc

e

MI-BC

MI-GA

MI-MC

MI-TM

WI-SB

WI-SJ

WI-SP

WI-ST

Myotis lucifugus

R2 = 0.19

a b c

d e

R2 = 0.66

MarFebJanDec Nov MarFebJanDec Nov MarFebJanDec

0.750.500.250.00 1.000.750.500.25

Perimyotis subflavusMyotis septentrionalis

Fig. 3 | Pathogen and surrogate-pathogen transmission dynamics. 
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invasion, at the eight sites at which UVF-dust epidemics were studied for three 
species. a, M. lucifugus (n = 207 bats sampled). b, M. septentrionalis (n = 116 
bats sampled). c, P. subflavus (n = 125 bats sampled). Points show pathogen 
prevalence ( ± 1 s.e.m.) for a species at a site and lines show fitted models for 
the change in pathogen prevalence over time; generalized linear mixed-effects 
model, binomial distribution with logit link and site as a random effect  
(a, M. lucifugus, −3.71 ( ± 0.80) + 1.43 ( ± 0.20) × month, P = 3.14 × 10−13;  
b, M. septentrionalis, −1.14 ( ± 0.20) + 0.41 ( ± 0.27) × month, 
P = 1.11 × 10−12; and c, P. subflavus, 0.50 ( ± 1.18) + −0.75 ( ± 0.30) × month, 
P = 0.003). d, Pathogen transmission (transmission = (PdMarch − PdNovember)/
(1 − PdNovember), in which Pd is P. destructans prevalence) plotted against 
the change in shared-group connections, including movement between 
groups over winter (n = 15 species–site estimates). The curves show 
the nonlinear-mixed-model fitted relationship, with site as a random 
effect (pathogen transmission = 1/(1 + e(−1.93 ( ± 1.32) × (change in shared-group 

connections − 0.03 ( ± 0.29)))); P = 0.19). e, Pathogen transmission plotted against 
UVF-dust transmission (n = 15 species–site estimates). The line shows the 
fitted linear-mixed-model relationship, with site as a random effect, and the 
grey region shows the 95% confidence interval of the regression (pathogen 
transmission = 0.13 ( ± 0.12) + 0.825 ( ± 0.15) × UVF-dust transmission, 
P = 0.0006). The dashed line shows the 1:1 line for comparison. All P values 
are two-tailed.
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Characterizing all connections among individuals is vital to under-
standing, predicting and controlling outbreaks of infectious dis-
eases3,6,30. We have shown that cryptic connections among groups 
and species have a key role in transmission dynamics and explain why 
transmission is far more intense in some species than others. Cryptic 
connections not only link social groups within species but also create 
bridges among species, resulting in highly connected communities and 
explosive epidemics. Characterizing the locations, frequencies and var-
iation in cryptic connections is needed to more accurately predict and 
prevent future epidemics.

Online content
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MEthodS
Study sites and sampling for P. destructans. We studied contact rates, social 
networks and fungal infection with P. destructans in bats at eight abandoned 
mines in Wisconsin and Michigan over five winters (Extended Data Fig. 2a–h, 
Supplementary Table 1; winters of 2012/2013–2016/2017). Sampling to measure 
pathogen transmission was conducted over all five winters and surrogate-path-
ogen tracing (UVF dust) occurred over two winters (2013/2014 and 2014/2015; 
Extended Data Fig. 2a–h). There were 183 ± 72 (range 18–624) total bats of three 
or four species hibernating at each site (Supplementary Table 1). Bats in this region 
begin hibernating in September–October and leave hibernacula in April–May. 
We visited each site twice during each winter in all five years. In November and 
March, we counted all bats by species and sampled bats to test for the presence 
of P. destructans, the fungus that causes white-nose syndrome (Extended Data 
Fig. 2a–h). We sampled up to 20 individuals of each species for P. destructans, using 
a previously described swab-sampling technique during each visit31,32. Samples 
were placed in RNAlater (Thermo Fisher Scientific) and subsequently tested for 
P. destructans by qPCR31,33. A power analysis was used to predetermine sample 
size for pathogen data collection. At six sites, P. destructans invasion occurred after 
the UVF-dust study was conducted (1–3 winters later; Extended Data Fig. 2). At 
two sites, P. destructans was detected during the UVF-dust study (Extended Data 
Fig. 2b, c). However, there were no observable declines over the winter at these 
two sites and observable white-nose syndrome symptoms were largely absent in 
the first year, as has been observed at other sites15.
Quantifying direct contact, shared groups and UVF-dust transmission. We 
quantified connections among hibernating bats in three ways: (1) bats that were 
physically touching each other, (2) bats hibernating in groups (a group of bats 
touching each other) and (3) bats sharing a surrogate pathogen (a unique colour 
of UVF dust). The first two measures of social interactions—physical contact and 
shared social groups—are commonly used to characterize human, livestock and 
wildlife communities6,10. Transmission of UVF dust mirrors the transmission ecol-
ogy of P. destructans, which is an epidermal fungal pathogen that is transmitted by 
direct or indirect contact among bats and the environment.

In November, we applied a unique colour of UVF dust randomly to each of 
4–7 individual male bats at each site (with one exception; see below). To deter-
mine potential sample sizes for field experiments, we assessed the ability of four 
independent observers to distinguish and re-sight colours of UVF dust. Both large 
patches and trace amounts of dust were spread on rock surfaces and then examined 
to determine which colours could be distinguished from each other. We initially 
compared 10 colours of UVF dust and found that with a combination of UV and 
visible light, seven could be reliably distinguished from each other. The seven 
unique colours included in the study were: ECO-11 Aurora Pink, ECO-15 Blaze 
Orange, 16 Arc Yellow, ECO-17 Saturn Yellow, ECO-18 Signal Green, ECO-19 
Horizon Blue (Day-Glo Colour); and DFSB-C0 Clear Blue (Risk Reactor).

We randomly applied one gram of a single colour of UVF dust to each individ-
ual bat. Each bat was dusted over a clean bag to ensure that there was no transfer 
of UVF-dust colours between bats (Extended Data Fig. 1a). The UVF dust was 
applied by spreading the dust along the entire dorsal and ventral surface of the bat, 
and limiting the application of dust to the face and head (Extended Data Fig. 1b, 
c). We used the same quantity of dust for all three species because they broadly 
overlap in body size (M. lucifugus: 222–269 mm (wing span), 60–102 mm (length); 
M. septentrionalis: 230–260 mm (wing span), 78 mm (length); and P. subflavus; 
220–250 mm (wing span), 77–89 mm (length)34–36). We also placed a unique wing 
band on each bat for identification.

We returned to each site during March and searched the environment and 
inspected all bats for UVF dust using UV flashlights (395 nm; Hayward) and visible 
light. The high reflectance of the UVF dust made dusted areas in the environment 
and on bats easily visible. We carried a colour key that consisted of small amounts 
of the seven colours of UVF dust fixed to black construction paper to help to con-
firm colour identification. Each colour of UVF dust observed on each bat was 
recorded (Extended Data Fig. 1d, e) and observers were blinded during resighting 
to the original species colour combination at each site. To aid in identification of 
the colour of small patches of dust, a piece of clear tape was used to collect a sample 
of the dust. This tape was affixed to a plastic microscope slide, and analysed under 
a dissecting microscope in the laboratory to confirm the colour. The number of 
individuals detected with each UVF-dust colour was used as an estimate of the 
total epidemic size resulting from a single (dusted) individual and includes both 
direct bat-to-bat contacts in and outside shared hibernating groups, and indirect 
bat–environment–bat contacts.

We also quantified the area of each patch of UVF dust, by colour, in the hiber-
nacula environment to the nearest square centimetre (Extended Data Fig. 1f) and 
mapped all environmental contacts to the nearest metre location using a metre 
tape. For sites with branching passages or passages wider than 2 m, we indicated 
the location of each environmental contact on a map of the hibernaculum. A  
team of 2–3 people visually inspected the entire surface area of the site using UV 

flashlights. Each patch of UVF dust (Extended Data Fig. 1f) was measured using a 
fine-scale (mm) ruler to estimate the size of each patch of UVF dust. If there was 
any uncertainty in the colour of a patch of dust, we collected a sample of the dust 
as described above.

We dusted individuals of three species of bats, M. lucifugus, M. septentrionalis 
and P. subflavus. We refer to M. lucifugus as the more social species because it 
often (>50%) occurred in groups of more than one bat. By contrast, over 90% of 
individuals of the two other species roosted alone, and thus we refer to them as 
solitary. A fourth species (E. fuscus) was present at six of the eight sites. We did 
not dust individuals of this species, but we did inspect them for UVF dust. At six 
sites, we dusted three individuals of one species and four individuals of another 
(Supplementary Table 1). At one site, we only dusted four individuals of P. subflavus 
because the abundance of other species was too low (Supplementary Table 1). At 
an eighth site, we dusted five M. septentrionalis with five unique colours and five 
M. lucifugus with a single colour. For analyses for this site, we divided the total 
number of individuals receiving dust from M. lucifugus by five and included this 
estimate as a single data point in relevant analyses (Fig. 2, Supplementary Table 1).

To quantify direct connections among bats, we recorded groups of bats in phy-
sical contact and in shared groups in March. Bats spend ~99.3% of winter in these 
groups, making them similar to social groups in other systems27. However, bats 
do sometimes switch among groups during winter. To quantify direct connections 
among bats via shared groups, we performed simulations to estimate the number 
of direct contacts and shared connections when the bats periodically aroused from 
hibernation in between our visits to the site in November and March. We used 
several datasets to examine variation in group sizes, cluster mate fidelity within a 
winter and UVF-dust transmissibility to help to guide simulations.

First, we investigated whether the group size (clustering behaviour) of hiber-
nating bats differed over the winter period. We analysed data collected over a 
five-year period on the group sizes of the four species of bats mentioned above. 
We compared social-group size between early and late winter using generalized 
linear mixed-effects models with a Poisson distribution and a log-link. We found 
no significant difference in behaviour, range and frequency of group size, over the 
winter across the three UVF-dusted species (Extended Data Fig. 6a). Group sizes 
of E. fuscus slightly increased over the winter, but the probability of roosting with 
other species did not change (logistic regression with site as a random effect: early 
winter, intercept: −3.23 ± 0.59; late winter, coefficient −0.66 ± 0.93, P = 0.476) 
and within-species transmission was not estimated for E. fuscus, because we did 
not apply UVF dust to this species. Our analyses of group-size data also indicated 
that there were no significant differences in roosting behaviour between the two 
winters during which the UVF-dust data were collected and the winters during 
which the pathogen data were collected (Extended Data Fig. 6b), which suggests 
that group sizes were relatively consistent over time before populations declined 
from white-nose syndrome14.

Second, we examined the probability that bats were found in groups with  
the same bats in November and March using data from individually banded  
bats observed within a single winter. These data indicate that for 24 pairs of  
bats that roosted in a group together in November, only 2 pairs were found 
together in March (despite both members of the pair being observed in both 
November and March). Nine of these bats became solitary between November 
and March, and ten individuals roosting solitarily in early winter were found in 
shared groups in March. These data suggest that only some bats remain with 
the same roost-mates over winter, and that many bats re-assort among groups 
during hibernation.

Finally, we conducted an experiment to assess the number of transmission 
chains through which UVF dust spreads (for example, primary, secondary trans-
mission and so on). We initially captured 18 M. lucifugus individuals. We dusted 
three bats and placed them individually in 38 × 38 × 61-m mesh terrariums  
(Restcloud, via Amazon). After one hour, we added a single individual male  
M. lucifugus to each enclosure with a single dusted bat to examine transmission 
from a dusted bat to a primary contact. After 60 s, we removed the primary-con-
tacted bats and inspected them for UVF dust, as described above. We then placed 
the primary-contacted bats individually into clean cages. After 60 min, we placed 
one non-dusted individual male bat into each of the enclosures with each primary 
contacted bat for 60 s, to examine secondary transmission. We repeated this pro-
cess for dusted bats, primary bats and secondary bats four hours later, for a total 
of nine measurements of transmission between primary-contacted bats and sec-
ondary-contacted bats, and six measurements of transmission between originally 
dusted bats and primary bats. We found that all of our primary contacted bats  
(6 out of 6) had UVF dust immediately following interaction with the originally 
UVF-dusted bats, and this dust remained visible for the duration of the experi-
ment (6 h). Three of the nine secondary-contacted bats initially had UVF dust 
after their interactions with the primary-contacted bats, but none of these three 
bats retained the UVF dust 2–5 h later (Supplementary Table 8; UVF dust was 
probably removed by bats grooming the small amounts of dust they obtained 
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during secondary contact). This experiment suggests that UVF dust observed 
on bats in March most probably came from primary contacts between originally 
dusted bats or from the environment, and not from secondary or tertiary contacts 
among individuals.

We used these data to guide simulations to estimate the number of bats at each 
site with which a focal bat was likely to have shared direct physical and social-group 
connections, between our visits to the site. We used the observed contact networks 
of bats observed in March (Fig. 1, Extended Data Fig. 3), and randomly rearranged 
bats within each site while maintaining the same distribution of connections for 
each rearrangement using R packages ‘igraph’(http://igraph.org) and ‘picante’37, 
keeping track of all primary connections. We performed six rearrangements, 
which reflects the average arousal frequency of hibernating bats (16 days38,39) and 
the duration between our visits to examine the spread of the UVF dust (90 days; 
range: 88–93 days), resulting in approximately 5.6 rearrangements over our study. 
Each site adjacency matrix was divided into within- and among-species blocks for 
each species combination (M. lucifugus–M. lucifugus (block 1), M. lucifugus–M. 
septentrionalis (block 2) and so on). We randomized within each block six times, 
maintaining the total number of edges or connections for each combination from 
the original social network. Symmetry was maintained for within-species connec-
tions in the matrix. We allowed each individual to contact the same individuals or 
return to the same position in the network. We then calculated the total number 
of unique direct connections per individual by summing across all six randomly 
generated matrices or rearrangements.

We performed simulations for shared-group rearrangement in a similar manner. 
Individuals were randomly rearranged among positions held by the same species 
within the network, while maintaining the edge distribution within blocks and 
including the possibility of an individual remaining a member of the same group. 
We summed the unique number of individuals that a focal individual was con-
nected to over the six rearrangements.

We divided the total number of connections for each individual, made through 
physical contacts and social-group sharing, by the total population of that species at 
a site to calculate the percentage of each species connected to a focal individual. The 
percentages represent the total direct connections made by bats over the winter. A 
comparison of connections from the snapshot data to connections estimated using 
six rearrangements is provided in Extended Data Fig. 4.
Analyses. We quantified the percentage of bats of each species at a site that were 
connected to each focal bat either through physical contact, shared social group 
membership or sharing a colour of UVF dust. For the connection estimates using 
the first two measures (physical contact and shared groups), every bat in the site 
served as a focal bat and all other bats were Bernoulli trials in a binomial sam-
ple. For UVF-dust connections, each bat originally dusted in November served 
as a focal bat, and all other bats were a Bernoulli trial in a binomial sample. We 
compared the number of connections among connection types (physical con-
tact, shared group member and UVF dust) and species (including within- versus 
between-species) by fitting a binomial hierarchical model with Bayesian methods 
using the no-U-turn sampler, an extension of Hamiltonian Markov chain Monte 
Carlo, with site as a random effect. We fit models and estimated the posterior distri-
butions for all parameters using the R package ‘brms’40, which uses the programing 
language Stan via the ‘rstan’ package (https://cran.r-project.org/web/packages/
rstan/index.html). We included weakly informative priors for all parameters (nor-
mal distribution with mean of zero and standard deviation of five). We ran a total 
of 4 chains for 2,000 iterations each, with a burn-in period of 1,000 iterations per 
chain resulting in 4,000 posterior samples, which—given the more efficient no-U-
turn sampler40—was sufficient to achieve adequate mixing and convergence. All Rˆ 
values were less than or equal to 1.01 indicating model convergence.

We assessed differences in connections between species and by connection type 
(direct contact, shared social group and UVF dust) by determining whether the 
95% credible intervals for pairwise comparisons between any two groups included 
zero (for example, physical contact between M. lucifugus and P. subflavus and UVF-
dust connections between M. lucifugus and M. septentrionalis). We used Bayesian 
methods in this analysis to account for issues of complete separation for some 
species and data-type combinations. For example, P. subflavus was never in phys-
ical contact with M. septentrionalis, and the parameter estimating the difference 
between this binomial probability in a logistic regression and one in which there 
are some connections or non-zero values (for example, M. lucifugus in contact 
with M. lucifugus) would be undefined in a frequentist analysis. The inclusion of 
(weak) prior information in the Bayesian approach makes it possible to handle 
these complete separation issues.

We assessed potential biases in re-sighting different colours of UVF dust by 
comparing models including both site and UVF-dust colour as random effects to 
models with only site as a random effect, using Bayesian methods identical to those 
described above. These models were only fit to the UVF-dust connection dataset 
because differences between UVF-dust colours do not apply to other connection 
types. The coefficient estimates and credible intervals for each species connection 

were similar among analyses including and excluding colour as a random effect 
(Supplementary Table 9).

We also examined whether the probability of having UVF dust increased with 
group size for M. lucifugus. For each origin species (M. lucifugus, M. septentrionalis 
and P. subflavus), we examined correlations between M. lucifugus cluster size and 
the probability of having UVF dust from any dusted individual, using generalized 
linear mixed-effects models with a binomial distribution and a logit link with site 
and individual bat as random effects, and group size as a fixed effect, using the 
‘lme4’ package41. Individual bat was included as a random effect because some 
individuals were re-sighted with multiple colours of UVF dust, and thus are rep-
licated in the analyses. One site (MI-GA) was excluded from the within-species 
M. lucifugus analysis because five individuals were dusted with the same colour 
at this site.

We examined differences among species in the probability of becoming infected 
with P. destructans over the winter at the same sites, using a generalized linear 
mixed-effects model with a binomial distribution and logit link, with species inter-
acting with date as fixed effects, and site as a random effect. We examined the 
correlation between P. destructans transmission and both UVF-dust transmission 
and shared-group connections. We regressed the change in P. destructans prev-
alence over the winter during the first year of fungal invasion on the change in 
UVF-dust prevalence over the winter, or the change in shared-group connections 
over the winter for the same dusted individuals at each site using linear and non-
linear mixed-effects models with site as a random effect using the ‘nlme’ package42.

We examined differences among species in the total surface area of the environ-
ment covered with UVF dust, using a linear mixed-effects model with species as 
a fixed effect, and site as a random effect. Finally, we examined the differences in 
spatial segregation within hibernacula for each bat originally dusted in November. 
The ‘home range’ or area within each hibernaculum used by an individual was 
calculated by using locations in the environment in which UVF dust from each of 
our originally dusted bats was detected, as described above. We estimated home 
range overlap for each focal bat by computing the proportion of the home range 
of one focal bat that is overlapped by another focal bat using the ‘kerneloverlap’ 
function in the R package ‘adehabitatHR’18. This function uses the kernel utilization 
distribution, which is a bivariate function giving the probability density that an 
animal is found at a point according to its geographical coordinates. We removed 
10% of the outlying points, and restricted analyses to individuals with >10 dust 
locations detected in each site18. To estimate a kernel utilization distribution for 
sites at which dust locations were taken with a single coordinate (length along 
the mine tunnel), we created an additional coordinate location (tunnel width) by 
drawing 100 times from a uniform distribution between 0 and 2 (the approximate 
width of the mine tunnel, 2 m), and averaging percentage overlap values for each 
individual. We then compared the percentage overlap of areas used by each spe-
cies using a linear mixed-effects model with species as a fixed effect, and site as a 
random effect. All statistical tests were carried out using R 3.3.2.

We complied with all relevant ethical regulations and all work was approved and 
performed under protocol FrickW1106, approved by the University of California, 
Santa Cruz IACUC.
Code availability. Supporting code and the comma separated value data files are 
available via GitHub at https://github.com/hoytjosephr/cryptic-connections.git.
Reporting summary. Further information on research design is available in 
the Nature Research Reporting Summary linked to this paper.

Data availability
All raw data points are contained within the main-text Figs. and Extended Data 
Figs. All other data are available from the corresponding author upon reasonable 
request.
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Extended Data Fig. 1 | Application and re-sighting of UVF dust on bats 
and in the environment. a, Applying UVF dust to P. subflavus. b, A dusted 
P. subflavus shortly after release. c, M. septentrionalis after UVF-dust 
application. d, A group of eight M. lucifugus roosting together in March. 

Each bat in the group had UVF dust. e, A dusted M. lucifugus in a group of 
three bats during March. At least three of the bats in the photo can be seen 
with UVF dust. f, Location in the environment with patches of UVF dust 
in March next to a hibernating P. subflavus.
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Extended Data Fig. 2 | Trends of population counts and timing of 
UVF-dust and disease data collection. The grey bar shows the winter 
period when the UVF-dust study was conducted and the red bar shows the 

year the P. destructans arrived. Temporal patterns of social group size are 
provided in Extended Data Fig. 6a.
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Extended Data Fig. 3 | Social and epidemic networks for four additional 
communities of hibernating bats. a–h, Each row shows two networks 
(physical contact and UVF dust) for each of four sites (WI-ST, WI-SB, 
MI-TM and MI-GA). Each circle (node) represents an individual bat, 
with colour indicating species; larger numbered circles (1–7) are bats that 
were dusted with UVF dust with unique colours in November at each 
site. Lines (edges) between nodes indicate physical contact among bats in 
social networks (a–d) or UVF dust that originated from the UVF-dusted 
bat (large circle) in epidemic networks (e–h). Each UVF-dust epidemic 
network in e–h shows seven replicate epidemics, with each epidemic 
originating from a single, numbered UVF-dusted bat. Locations of nodes 
(bats) in the two networks are identical, so the spread of UVF dust within 
and between groups of touching bats can be visualized in the UVF-dust 
network.
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Extended Data Fig. 4 | Comparison of observed data from late-winter 
and total shared-group connections including group rearrangements. 
The y axes show the percentage of individuals of each species at each  
site observed in direct physical contact, in shared groups or with  
UVF dust originating from a single focal individual. a, M. lucifugus.  
b, M. septentrionalis. c, P. subflavus. Small points show the observed 
(grey) data and augmented (coloured) connections, including group 
rearrangements. The black open points show the mean late winter estimate 
of direct contact and social-group connections based on a single time 

point of the populations without group switching (Fig. 1, Extended Data 
Fig. 3; left panels). The large coloured points (means in Fig. 2) show the 
mean number of connections from simulations in which bats rearranged 
during six arousals over the winter (also shown in Fig. 2). Where the 
large coloured points are within the black open points, there were no 
differences between the observed and augmented data including group 
rearrangements. The connections observed in UVF-dust epidemics are 
shown for comparison, but do not differ.
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Extended Data Fig. 5 | Shared-group (cluster) size for four species of 
hibernating bats. Different letters above bars indicate mean group sizes 
that differ significantly; generalized linear model with negative binomial 
distribution with site as a random effect and species as a fixed effect  
(E. fuscus, n = 202 observed groups, intercept: 0.020 ± 0.11; M. lucifugus, 
n = 1,011 observed groups, coefficient 0.450 ± 0.08; M. septentrionalis, 

n = 151 observed groups, coefficient: −0.03 ± 0.12; P. subflavus, n = 263 
observed groups, coefficient, −0.058 ± 0.11). The lower and upper hinges 
of the box plot show the first and third quartiles. The upper and lower 
whiskers extend to the largest and smallest value 1.5 times the interquartile 
range.
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Extended Data Fig. 6 | Distributions of shared-group sizes for four 
species of hibernating bats in early (November) and late (March) winter 
and during the collection of UVF-dust and fungal infection data.  
a, Across all species, there was no significant change in social-group size 
over the winter using season (early versus late winter) as a fixed effect, and 
site and species as random effects (early winter, intercept: 0.38 ± 0.21; late 
winter, coefficient: 0.01 ± 0.03, P = 0.716, n = 1,956 bat groupings). We 
also investigated changes in social-group size for M. lucifugus, using an 
identical model but dropping species as a random effect. Again, we found 
no significant change in social group size over the winter (early winter, 
intercept: 0.84 ± 0.17, n = 457; late winter, coefficient: −0.008 ± 0.04, 

n = 528, P = 0.84). Neither model was significantly better than a null-
intercept model. For E. fuscus, shared-group sizes increased slightly 
over the winter (early winter, intercept: 0.11 ± 0.11, n = 79; late winter, 
coefficient: 0.28 ± 0.14, n = 100, P = 0.040). b, We compared social-group 
size (n = 1,328) between the disease-arrival year and the dust-study year 
using a generalized linear mixed-effects model with a Poisson distribution 
and a log link. We found no significant difference in social-group sizes 
among years using study year as a categorical fixed effect (dust or disease) 
and site and species as random effects (disease study, intercept: 0.32 ± 0.16; 
UVF-dust study, coefficient: −0.04 ± 0.04, P = 0.33).
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Extended Data Fig. 7 | Environmental contamination and spatial 
overlap of UVF-dusted individuals. a, Total surface area of the 
hibernacula walls and ceilings with UVF dust originating from different 
species (n = 51 measurements). Small black points show the summed total 
surface area with each colour of dust. Large points show the mean and 
95% confidence intervals of the three species that were originally dusted in 
November (generalized linear mixed-effects model with site as a random 
effect and species as a fixed effect; M. lucifugus, intercept: 2.71 ± 0.15; M. 
septentrionalis, coefficient: 0.14 ± 0.17, t = 0.79; P. subflavus, coefficient: 
−0.21 ± 0.18, t = −1.16; species effect, P = 0.30). b, Percentage overlap 
of hibernacula areas used by individual bats compared to areas used by 

other individuals (n = 172 individual overlap estimates). The home range 
was calculated for each individual UVF-dust colour based on locations 
in the environment at which bats deposited their unique colour of 
UVF dust (see Methods). The points show an overlap estimate for each 
individual dusted bat compared to another dusted bat at that same site 
with larger points showing the mean and 95% confidence intervals for 
each species (generalized linear mixed-effects model with site as a random 
effect and species as a fixed effect; M. lucifugus, intercept: 0.88 ± 0.05; 
M. septentrionalis, coefficient: −0.03 ± 0.05, t = −0.50; P. subflavus, 
coefficient: −0.21 ± 0.07, t = −2.86; species effect, P = 0.02). Points are 
jittered in b to show overlapping data.

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 8 | The probability of an individual being re-
sighted with UVF dust by group size. a, The probability of M. lucifugus 
(n = 1,697 individuals re-sighted for all dust colours) individuals having 
UVF dust that originated from another M. lucifugus increased with group 
size (generalized linear mixed-effects model with site and individual bat 
as random effects, and group size as a fixed effect; group size, coefficient: 
0.017 ± 0.005; intercept, −0.596 ± 0.201, P = 0.0015). b, The probability of 
M. lucifugus (n = 4,164 individuals re-sighted for all dust colours) having 

UVF dust that originated from dusted M. septentrionalis decreased with 
M. lucifugus group size (group size coefficient, −0.013 ± 0.004; intercept, 
−1.973 ± 0.221, P = 0.0003). This suggests that M. septentrionalis were 
more likely to contact M. lucifugus roosting solitarily than in groups, 
whereas M. lucifugus roosting in groups were more likely to be contacted 
by other M. lucifugus than were M. lucifugus individuals that roosted 
solitarily.

© 2018 Springer Nature Limited. All rights reserved.
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main 
text, or Methods section).

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND 
variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Clearly defined error bars 
State explicitly what error bars represent (e.g. SD, SE, CI)

Our web collection on statistics for biologists may be useful.

Software and code
Policy information about availability of computer code

Data collection No software was used to collect the data. 

Data analysis Analyses were conducted in program R (R Development Core Team, 2008). Packages used include igraph (Csardi & Nepusz 2006), ggplot2 
(Wickham 2009), reshape2 (Wickham 2007), brms (Burkner 2017), nlme (Pinheiro 2018), lme4 (Bates 2015), and picante (Kembel 2010).  
   
1. R Development Core Team (2008). R: A language and environment for statistical computing. R Foundation for Statistical Computing, 
Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org. (RStudio v. 1.0.143).  
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upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

All raw contact network data is contained within the manuscript figures including Figure 1 and Figure S1. Infection prevalence raw data are shown in Figure 3.  
Supporting code and the comma separated value data files are available via GitHub https://github.com/hoytjosephr/cryptic-connections.git.
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Ecological, evolutionary & environmental sciences study design
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Study description We quantified connections among hibernating bats in three ways: bats physically touching each other, bats hibernating in groups, 
and bats sharing a surrogate pathogen (a unique color of UVF-dust). In addition, we quantified the fungal invasion with 
Pseudogymnoascus destructans in bats at these same eight abandoned mines in Wisconsin and Michigan over five winters.

Research sample For surrogate pathogen tracing 4-7 bats of two species at 8 sites were dusted with a unique color of dust so individual epidemics 
could be traced through the population. Our sample sizes were limited by the number of unique colors that could be distinguished. 
For measuring the UVF-dust, shared group, and physical contact connections  the entire community of 4 species of bats (M. 
lucifugus, M. septentrionalis, P. subflavus and E. fuscus) at all 8 sites was surveyed. This represents the entire population at each of 
these 8 sites. Four of the sites were in Wisconsin, USA and the other 4 sites were in Michigan, USA. Individual site locations are not 
provided to protect sensitive species and habitat (Federally listed). This sample is meant to be representative of the the three focal 
species: M. lucifugus, M. septentrionalis, and P. subflavus.

Sampling strategy Sample sizes of individual dusted bats were limited by the number of uniquely discernible colors of UVF-dust, and availability of 
mines in which all bats could be re-sighted in late winter. Resighting occurred on every individual in the population so no calculations 
were needed. A power analysis was conducted to determine the number of sample need to accurately estimate prevalence for 
pathogen testing.

Data collection In all cases, data were recorded by a dedicated note taker.  We visually inspected each bat for UVF-dust using a UV-flashlight and 
visible light. We carried a color key that consisted of small amounts of the seven colors of UVF-dust fixed to black construction paper 
to help confirm color identification. Each color of UVF-dust observed on each bat was recorded. For connections through shared 
group and physical contact all bats in groups and physical contact were manually recorded within the site by assigning each bat in 
each site a unique id and recording who each bat was in contact with. A team of 2–3 people visually inspected the entire surface area 
of the site using UV flashlights. Each patch of UVF-dust (Fig. S5f) was measured using a fine scale (mm) ruler to estimate the size of 
each patch of UVF-dust.

Timing and spatial scale The start and stop dates for the surrogate pathogen tracing were November 3-14th to March 3-14th for the winters 2013/14 & 
2014/15. We monitored for the invasion of the fungus that causes white-nose syndrome from 2012/13–2016/17 and bats were 
sampled in both November and March during each of the 5 winters sampled. Data was collected at two time points over the winter 
roughly around 90 days apart, which is relevant for both bat hibernation and when infection with P. destructans occurs. This study 
was conducted across Michigan and Wisconsin in the Upper Midwest, USA. Sites were distributed across 388 of miles. 
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Data exclusions At one site, we dusted five M. septentrionalis with five unique colors and five M. lucifugus with a single color. To include M. lucifugus 
from this site, we divided the total number of dusted M. lucifugus by five and included this as a single data point in Figure 2. In figure 
S8, we excluded all contacts made by M. lucifugus as there was no way to determine from which of the five individuals the dust 
originated.

Reproducibility Each color of UVF-dust represented the invasion of a single pathogen on one individual. We replicated the surrogate pathogen 
epidemics 52 times at 8 sites across three species (M. lucifugus - 21, P. subflavus - 14, M. septentrionalis - 17). Dynamics of surrogate 
pathogen invasion predicted the change in pathogen prevalence of P. destructans at  eight sites, suggesting the findings are 
reproducible across sites and species. 

Randomization Only male bats were dusted to control for differences in sex across individuals. Individuals selected for dusting were randomly 
assigned by navigating to a random meter position within each hibernaculum and selecting the first male individual nearest that 
location. UVF-dust colors were randomly assigned to selected bats. No randomization in contact measuring was necessary as all 
individuals within hibernacula were resighted for all contact types and UVF-dust. All individuals were randomly chosen for  pathogen 
sampling.

Blinding Prior to field experiments, we assessed the ability of four independent observers to distinguish and resight colors of UVF-dust, and 
observers were blinded to the true dust colors. Both large patches and trace amounts of dust were spread on rock surfaces and then 
examined to determine which colors could be distinguished from each other. We initially compared 10 colors of UVF-dust and found 
that with a combination of UV and visible light, seven could be reliably distinguished from each other in a dark area. Observers 
resighting UVF-dust during the  March visit were also blinded as to which colors originated from each species. 

Did the study involve field work? Yes No

Field work, collection and transport
Field conditions The study was conducted in the winter when bats hibernate and are affected by the disease, white-nose syndrome. All mines 

where this study was conducted were relatively stable in temperature and humidity and range between 4-9C and are 100% 
humidity. Outside temperatures and rainfall are not relevant for this study since mines are stable environments relatively 
protected from the outside elements.

Location The study was conducted in Wisconsin and Michigan. Due to the sensitive nature of cave/mines and areas where these animal 
aggregations occur, precise locations are not provided.

Access and import/export At the time the surrogate pathogen study was conducted, none of the species were federally protected. One species, Myotis 
septentrionalis, was listed after the surrogate pathogen tracing was conducted and the relevant USFWS E&T federal permit was 
obtained (TE64081B; obtained in fall 2015 following the species being listed for the first time) to conduct swab sampling for the 
pathogen Pseudgymnoascus destructans in the years following the surrogate pathogen tracing. This study was conducted under 
Wisconsin state permit #886 issued in the summer of 2012. Research in Michigan was conducted in accompaniment by state 
biologists and permits were not required. 

Disturbance Disturbance to hibernating bats was minimized by reducing time spent underground in mines where the bats were hibernating. 
A group of 5-7 people divided into two teams surveyed the entire site, collecting all data before bats began to arouse. 

Reporting for specific materials, systems and methods

Materials & experimental systems
n/a Involved in the study

Unique biological materials

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The study did not involve any laboratory animals

Wild animals For the surrogate pathogen tracing only male bats of three species (M. lucifugus (n=25), M. septentrionalis(n=17), and P. 
subflavus(n=15)) were used to control for differences in sex. Resighting occurred on all bats in each of the 8 sites. Sex for each of 
the resighted bats was not recorded because bats were visually inspected on the wall to minimize disturbance to the colonies of 
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hibernating bats. Age of bats is indistinguishable during the winter from morphological characteristics, so age could not be 
determined, but male bats were randomly selected to help control for age biases. Animals were not brought into captivity and all 
animals were released unharmed in the location where they were captured during the study. 

Field-collected samples Epidermal swab samples to test for the fungal pathogen, Pseudogymnoascus destructans, were collected in the field and stored 
in RNAlater salt buffer to stabilize the DNA. Samples were kept cold but not frozen to avoid freeze/thaw damage and shipped to 
the laboratory where they were then kept frozen until DNA extraction.
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