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Abstract

An understanding of anthropogenic factors influencing wildlite invasions is
crucial to development of comprehensive prevention and management strate-
gies. However, little attention has been paid to the role religious practice plays
in biological invasions. The tradition of wildlife release is prevalent in many ar-
eas around the world where Asian religions are influential and is hypothesized
to promote species invasions, although quantitative evidence is lacking. We
used an information-theoretic approach to evaluate the influence of Buddhist
wildlife release events on establishment of feral populations of American bull-
frogs (Lithobates catesbeianus) in Yunnan province, southwestern China, from
2008 to 2009. We identified frequency of release events and lentic water con-
ditions as factors that promote establishment of bullfrog populations, whereas
hunting activity likely helps to prevent establishment. Our study provides the
first quantitative evidence that religious release is an important pathway for
wildlife invasions and has implications for prevention and management on a
global scale.
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Introduction

Invasive species are a growing threat to global biodiver-
sity and there is an urgent need for effective strategies
to cope with this ecological issue (Ricciardi 2007). Bio-
logical invasions are a complex, multiphase process in-
cluding initial introduction, establishment of a reproduc-
ing population, and dispersal into the recipient habitat
(Williamson 2006). An understanding of factors promot-
ing success early in the establishment phase is important
for prevention of and rapid response to new invasions
(Wilson et al. 2009).

Factors affiliated with human activities have been em-
phasized as key determinants of establishment success
among nonindigenous species (Gravuer et al. 2008). Re-
lease of wildlife for religious purposes is prevalent in
many Asian countries, especially those with substantial
Buddhist influence (Severinghaus & Chi 1999), but is also
well documented in Australia, Canada, and the United

States (Table 1) and could contribute to wildlife inva-
sions on a global scale. Reports of religious releases in
scientific literature and the popular media span nearly
two decades, and indicate that numerous taxa have
been released, predominantly by Buddhists and Taoists
(Table 1).

Although the influence of religious releases on species
invasions has been discussed (Agoramoorthy & Hsu
2005), to our knowledge, there has been no quantitative
evaluation of the role of religious release in establishment
of introduced species. In response to this paucity of data,
we used the American bullfrog (Lithobates catesbeianus)
as a model species and evaluated the influence of orga-
nized, Buddhist release events on establishment of breed-
ing populations of bullfrogs in Yunnan Province, China.
The bullfrog is native to eastern North America but has
been introduced in many countries and is listed among
the “100 of the World’s Worst Alien Invasive Species” by
the International Union for Conservation of Nature.
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Table 1 Evidence for global occurrence of religious wildlife release: Results of a search of literature and news reports
Taxa released® Religion®
Source? Location | F A R B M U B T C P o
Sherwood (2001) Australia (] (] (] (] .
Rutledge (2005) Australia (]
Severinghaus & Chi (1999) Cambodia o [}
Shiu & Stokes (2008) Canada (Vancouver) °
Shiu & Stokes (2008) Canada (Toronto) ]
Shi et al. (2009) China (Mainland) ° °
Shiu & Stokes (2008) China (Tibet) . .
Anonymous (2007) Hong Kong ° °
Chan (2006) Hong Kong ° ° °
Severinghaus & Chi (1999) Hong Kong . (]
Severinghaus & Chi (1999) Malaysia °
Lim & Lim (1992) Singapore (]
Agoramoorthy & Hsu (2005) Taiwan ° °
Agoramoorthy & Hsu (2007) Taiwan (] (] (]
Chen & Lue (1998) Taiwan °
Liao et al. (2010) Taiwan °
Ling (1972) Taiwan ° °
Severinghaus & Chi (1999) Taiwan ° ° ° ° ° ° ° °
I-chia (2011) Taiwan . .
Kastner (2011) Taiwan ° ° ° °
Harvey (2007) Thailand . .
Severinghaus & Chi (1999) Thailand . [
Anonymous (1993) USA (California) ° °
Zimmerman & Herrmann (1996) USA (lllinois) o
Anonymous (2004) USA (Maryland) °
Guilfoil (2011) USA (Massachusetts) .
West (1997) USA (New Jersey) ° o
Fuoco (2001) USA (Pennsylvania) ° °
Severinghaus & Chi (1999) Vietnam ° °
Anonymous (2003) Vietnam ° °

@Bibliographic results of a search of literature and news reports, see Appendix S4.
bTaxa released: | = invertebrates; F = fish; A = amphibians; R = reptiles; B = birds; M = mammals; U = unspecified.
“Religions: B = Buddhism; T = Taoism; C = Catholicism; P = Protestantism; O/U = other/unspecified.

Large release events organized by Buddhist temples
are commonplace and temple organizers keep records
of these events. According to the Buddhist doctrine of
equality of all beings, temples do not designate species for
release; rather, they purchase for release all live species
available in local markets (Chen 2005). Aquaculture has
made bullfrogs widely available in live markets across
China (Liu & Li 2009), thus, bullfrogs are likely to be
selected for most release events. In addition to their
widespread market availability, bullfrogs are also large
bodied, frequently highly vocal, and easily identifiable,
making this an ideal model species for our study.

Methods

During the bullfrog breeding season (i.e., late April to
July) of 2008 and 2009, we conducted intensive sur-

veys in Yunnan province (Figure 1), an area of nearly
400,000 km~' that encompasses a wide range of geo-
graphic, economic, and social conditions and diverse reli-
gious practices representative of China (Yang ef al. 1991;
Zhao 2001). Yunnan is also situated at the convergence
of the Indo-Burma (Myanmar) and South-Central China
biodiversity hotspots, a region of global conservation pri-
ority (Myers et al. 2000).

Temple interviews

In each region (n = 28), we visited all Buddhist temples
(n = 95, regional mean + SD = 3.4 £ 2.4; range = 2-12)
listed by the administrative department of religious af-
fairs and interviewed the designated release event orga-
nizer at each temple using a questionnaire (Appendix S1)
designed to minimize known biases of interview surveys
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Figure 1 Distribution of surveyed temples (n = 95) and of documented breeding populations of bullfrogs among surveyed water bodies (n = 90) in our
study area. Circles represent water bodies where release events were documented and squares represent control water bodies; filled symbols indicate
detection of bullfrog breeding populations. Crosses (X) indicate sampled temples. Some points are superimposed.

in ecological and conservation research (White et al.
2005). This designated individual is solely responsible for
raising funds, purchasing animals for release, and record
keeping for events sponsored by the temple. We showed
bullfrog photos to organizers to promote accurate identi-
fication and asked them whether bullfrogs were released
in events organized by their temple. Recent research has
shown that the general public often cannot recognize in-
vasive species without prior education (Somaweera et al.
2010). However, this was not a concern in our study be-
cause we were in essence asking organizers to identify
whether or not they have purchased a familiar, widely
available food species, and no similar species of frogs are
commonly sold in live markets. If a release event orga-
nizer reported purchasing bullfrogs, we asked them to
identify local water bodies that served as release sites.
Because propagule pressure influences establishment
of invasive species (Lockwood et al. 2009), we sought to
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quantify bullfrog propagule pressure resulting from reli-
gious release events. Temple organizers did not record the
number of bullfrogs released per event or per year, but re-
ported that the frequency of sponsored release activities
at each water body remains constant from year to year
because events coincide with sacred days. Temple orga-
nizers (12.5%) that did not recall the exact date when
they began to release bullfrogs indicated that they began
to release bullfrogs as soon as they became available in
local markets; we were able to obtain data on timing of
bullfrog availability from regional aquatic culture depart-
ments. We calculated the cumulative number of bullfrog
release events per water body as a proxy for propagule
pressure among water bodies; some water bodies served
as release sites for multiple temples. Previous studies
have recommended this method of estimating propagule
pressure by proxy (Lockwood et al. 2009; Tingley et al.
2011).
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Water body surveys

We surveyed 45 water bodies identified by temple orga-
nizers as release sites used for organized events and sur-
veyed another 45 randomly selected control water bodies
that had no reports of release activity. Because bullfrogs
frequently escape from bullfrog farms and invade water
bodies within 1 km (Liu & Li 2009), which could easily
confound results, we consulted regional aquatic culture
departments and surveyed local farmers to identify the lo-
cation of farms currently or historically used to raise bull-
frogs and excluded water bodies with a history of bullfrog
farming within a 1-km radius. Because genetic evidence
indicates that bullfrog migration may also occur over long
distances (Austin et al. 2004), we also included distance to
the nearest bullfrog farm as a factor in our analysis. Af-
ter selecting control water bodies, we revisited temples to
confirm that these water bodies had never been used for
religious release events. We were able to survey every ac-
tive temple in each region except for in Kunming, where
we surveyed 10 of 12 temples.

We used a handheld GPS (Magellan eXplorist210,
Santa Clara, CA, USA) to record the location of each
water body and mapped the location using ArcGIS Ver-
sion 9.1 (ESRI, Redlands, CA, USA). We estimated maxi-
mum water depth of each water body and quantified per-
cent vegetative coverage based on surveys of a 1-m wide
swath of shoreline adjacent to frog survey transects (Li et
al. 2006). We described shading as the average of four cli-
nometer measurements (i.e., in each cardinal direction)
of the angle from the center of each water body to the
top of the tree line or horizon (Pearl et al. 2005). We
categorized water bodies dichotomously as permanent-
lentic (i.e., conditions favorable for bullfrogs) or other,
based upon direct observations. Previous studies of bull-
frog physiological requirements indicate that permanent,
lentic waters are a key requirement for bullfrogs (Li et al.
2006; Maret et al. 2006; Liu & Li 2009).

We used visual encounter surveys along shoreline
transects (Jaeger 1994) at each water body to investi-
gate the presence of bullfrog breeding populations and
evaluate species richness of native frogs. We divided the
accessible shoreline of each water body into 2-5 seg-
ments (<100 m/segment) based on the shoreline length
after excluding inaccessible areas (Li et al. 2006), and
randomly located a line transect within each segment.
Transects (2 m x 10 m) followed the shoreline with
half the width (i.e., 1 m) in the water and half on the
shore. Two observers simultaneously searched line tran-
sects for bullfrogs at night (19:00-22:00) with the aid
of an electric torch (12-V DC lamp, Qingtianzhu 201,
Northwestern light Industry Company, Xi’an, China) for
three consecutive nights (Jaeger 1994). We also used a
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0.5-cm dip net to sample the water along the shore-
line to evaluate evidence of successful bullfrog breed-
ing, such as the presence of eggs, tadpoles, or subadults
(Jaeger 1994); we made 50, 2-m sweeps with the
dip net per transect. Because only adults were avail-
able in the market and only adults were released by
temples, the presence of eggs, tadpoles, or subadults
is unequivocal evidence of reproduction in the wild.
We identified native frog species by appearance and/or
vocalizations with the help of a guidebook (Fei 1999),
and collected specimens to confirm identifications when
necessary. We also recorded any observations of humans
hunting bullfrogs to validate and augment farmer reports
of hunting activity.

Farmer interviews

We randomly selected two local farmers near sur-
veyed water bodies (n = 90) during field surveys and
interviewed them using a standardized questionnaire
(Appendix S2). Farmers are generally well informed
about organized release events, which are special oc-
casions; therefore, we used farmer interviews to verify
temple organizer reports of release events (accordance
rate = 98.6%) and confirm absence of organized release
activities at control water bodies. We also used farmer
interviews to classify the degree of bullfrog hunting pres-
sure at each surveyed water body dichotomously as fre-
quent (1) or nonexistent to minimal (0). Responses for
each site were highly consistent between farmers, and
were also highly consistent with our own direct observa-
tions (accordance rate = 99.3%). We also asked farmers
to identity the location of current or historical bullfrog
farms in the vicinity. Farmer responses were consistent
with records from regional aquatic culture departments
(accordance rate = 100%).

Additional data

We estimated the area of each water body from satellite
images using ArcGIS. We obtained elevation and climate
information for each water body from the WorldClim
database (http://www.worldclim.org/), including aver-
age (1950-2000) temperature of the coldest quarter and
warmest quarter and annual precipitation data. We se-
lected climate variables based on bullfrogs’ requirements
for thermal energy and water availability (Ficetola et al.
2007). Previous studies suggest that human-modified
landscapes can facilitate bullfrog invasions (Ficetola et al.
2007); therefore, we also obtained human footprint index
(http://www.ciesin.columbia.edu/wild_areas/) as a factor
in our analysis.
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Table 2 Characteristics of release and control water bodies surveyed in
Yunnan province, China. Values are proportions or means + 1 SE

Water body type
Characteristic Release Control
Proportion with bullfrog 21/45 1/45
breeding populations
Logyo (release frequency) 2.09 +£0.07 0
Proportion with permanent 32/45 32/45
lentic water conditions®
Logyo (water area; m?) 4.44+0.17 4.46+0.18
Water depth (m) 3.09 +£0.40 2.41+024
Shading 31.27+£1.93 30.73+£1.97
Distance to nearest bullfrog 2.45+0.09 2534+0.13
farm (km)
Vegetation cover? 3.2940.22 3.2440.19
Proportion with frequent 22/45 26/45
hunting
Native frog species richness 4.31+0.13 433+0.14
Altitude (m) 1640.5 £+ 63.89 1620.33 + 65.48
T, (°C) 22.09 £0.32 22.18 £0.39
T, (°0) 11.50 & 0.42 11.3440.39
Annual precipitation (mm) 1033.53 +21.93 1055.16 4+ 25.20
Human footprint index 44.69 + 2.69 44.64 £ 2.51
Region 28 28

@Water condition was included in the model as a dichotomous variable
(i.e., permanent-lentic or other type).

bVegetation coverage category of each water body as follows: 1 = 0%,
2 =1-10%, 3 = 11-20%, etc.

Statistical analysis

Before analysis, we (log;o(n + 1)) transformed data for
water body area and propagule pressure to improve nor-
mality of data distribution. We used a chi-square test
to evaluate differences in proportion of water bodies
with bullfrog breeding populations between release and
control sites. We used multivariate analysis of variance
(MANOVA) to compare characteristics (Table 2) between
release and control water bodies. We conducted general-
ized linear mixed models (GLMM) using the Ime4 pack-
age in R (Version 2.13.1, function Imer, R Development
Core Team 2011), with establishment of bullfrog breed-
ing populations as the binary response variable, and in-
cluded the following thirteen explanatory variables: rela-
tive propagule pressure (i.e., total bullfrog release events;
range = 0-36), hunting pressure category, human foot-
print index, distance to nearest bullfrog farm, water area,
water depth, water condition (i.e., permanent-lentic or
other), vegetation percentage, shading, temperature, pre-
cipitation, and native frog species richness. Because there
may be considerable regional similarity in prevalence of
release activities and distribution of temples and wa-
ter bodies are nonindependent, we also included region
identity as a random effect in our analyses to control for

Religious release promotes species invasions

potential spatial pseudoreplication (Bolker et al. 2009).
Before regression analysis, we found most predictor vari-
ables to be free of multicolinearity (i.e., Pearson correla-
tion coefficient, r > 0.85; Berry & Feldman 1985), except
between altitude and temperature (i.e., T, and T,,). Be-
cause altitude influences temperature, we eliminated al-
titude and retained temperature variables. We, then, used
the information-theoretic approach and applied a model
averaging procedure to make a more reliable inference
from an entire set of models rather than selecting a sin-
gle best model (Whittingham et al. 2006). We also used all
possible combinations of the thirteen variables (i.e., 21°~1
= 8,191 models) and compared alternative models using
the Akaike’s information criterion (AIC.), corrected for
small sample size (Burnham & Anderson 2002; Appendix
S3) using the dredge and model averaging functions in
package MuMIn in R.

Results

We found evidence of bullfrog breeding (i.e., presence
of multiple life stages) in 22 surveyed water bodies in
Yunnan Province (Figure 1); bullfrog-breeding popula-
tions were present at a significantly greater proportion
of release water bodies (21/45) than control water bod-
ies (1/45) where release events had not occurred (x? =
24.06, P < 0.001). However, characteristics did not dif-
fer significantly between release and control water bodies
(i.e., all P > 0.1; Table 2).

The multimodel inference based on the information-
theoretic approach revealed that release frequency, pres-
ence of permanent, lentic water, and hunting activities
had the greatest relative importance for the establishment
of bullfrog breeding populations (Table 3). Establishment
of bullfrog breeding populations was negatively related to
the intensity of hunting activities and positively related to
the other two variables (Table 3).

Discussion

Our study provides the first quantitative evidence that
release of wildlife for religious ceremonial purposes
can promote establishment of nonindigenous species.
Human-mediated propagule pressure is a key factor in-
fluencing species invasions (Lockwood et al. 2009). In-
creased frequency of release events increases propagule
pressure and was related to increased likelihood of bull-
frog establishment in our study. Human footprint, a com-
posite factor integrating urbanization, population den-
sity, transportation networks, and other human activities
(Sanderson 2002), has been implicated in bullfrog estab-
lishment on a global scale (Ficetola et al. 2007), but our
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Table 3 Model-averaged parameter estimates of generalized linear
mixed model (GLMM) with the presence of bullfrog breeding populations
at surveyed water bodies (n = 90) in Yunnan province, China as the re-
sponse variable. Parameters were estimated based on model averaging
over all 8,191 models. The relative importance of a predictor variable was
calculated by summing the Akaike weights across all of the models for the

variable

Explanatory Relative Parameter

variables importance estimate Variance

Logyo (release frequency) 0.995673 6.23 1.65

Proportion with permanent 0.834278 2.77 1.27
lentic water conditions?

Logy, water area (m?) 0.193244  —0.0527 0.205

Water depth (m) 0.278109 0.0441 0.118

Shading 0.134540 —0.000552  0.0143

Distance to nearest bullfrog 0.124770 0.013 0.237
farm (km)

Vegetation cover category® 0.151901 0.0293 0.182

Proportion with frequent 0.991654 —1.63 1.21
hunting

Native frog species richness 0.117850 —0.00763 0.17

T, (°C) 0.164322 0.0211 0.151

Tw (°C) 0.203136 —0.0354 0.133

Annual precipitation (mm) 0.131988 —0.000228 0.00147

Human footprint index 0.160991 0.00272 0.0133

Water condition was included in the model as a dichotomous variable
(i.e., permanent-lentic or other type).

bVegetation coverage category of each water body as follows: 1 = 0%,
2 =1-10%,3 = 11-20%, etc.

results suggest that human footprint exerts little influ-
ence on bullfrog establishment in our study area. How-
ever, hunting pressure, a human activity that is not con-
sidered in the composite human footprint factor, was
negatively related to bullfrog occurrence, suggesting that
this human activity may serve to limit bullfrog invasions
(Li et al. 2006; Ficetola et al. 2007).

Our finding that bullfrog breeding populations are sig-
nificantly more likely to occur at sites with permanent,
lentic waters is consistent with previous studies that iden-
tified these water conditions as a critical physiological re-
quirement of bullfrogs (Maret et al. 2006). Climate vari-
ables were not significant in our study, suggesting that
suitable conditions for bullfrog invasion existed at all wa-
ter bodies; this is consistent with predictions based on
ecological niche models (Ficetola et al. 2007). Although
high native species richness often confers a higher resis-
tance to biological invasions (Shea & Chesson 2002), we
found no significant effect of native amphibian species
richness on establishment of invasive species. This re-
sult is consistent with numerous previous studies (Fridley
et al. 2007); however, other factors, such as predator
abundance, could influence establishment (Adams et al.
2003) and may warrant investigation.

X. Liuetal.

Bullfrog farms are a well-known source of bullfrog in-
vasions in China, and we previously found that bullfrogs
frequently invade water bodies within <1 km of these
facilities (Liu & Li 2009). We controlled for this by ex-
cluding water bodies within 1 km of known farms from
our study, and also included distance to nearest known
bullfrog farm as a factor in our analysis. The lack of sig-
nificance of this proximity factor confirms that, although
bullfrogs are capable of long distance overland move-
ments (Austin et al. 2004), bullfrog presence at our sites
was likely the result of religious release rather than farm-
ing activity.

Conservation and management
recommendations

We found that bullfrogs have invaded numerous water
bodies in Yunnan province through the religious release
pathway. Bullfrogs are large, generalist predators and dis-
ease vectors for chytrid fungus (Batrachochytrium dendro-
batidis; Bd; Garner et al. 2006), a major cause of global
amphibian decline (Wake & Vredenburg 2008). Invasive
bullfrogs could have significant negative impacts on na-
tive amphibians in Yunnan through predation (Wu et al.
2005) and larval competition (Kupferberg 1997), and
may have already been instrumental in causing the ex-
tinction of one salamander species (He 1998). Moreover,
we previously detected Bd in feral bullfrog populations in
Yunnan (Bai et al. 2010), and caution that invasive bull-
frogs pose a significant threat to native amphibians that
should not be underestimated.

As a result, it is essential to explore all possible av-
enues for development of comprehensive prevention
plans. Although we cannot support public promotion of
bullfrog hunting as a management tool, government-
regulated hunting programs could provide professionals
with species identification knowledge and offer permits
for hunting bullfrogs at water bodies where they are fre-
quently released (Somaweera et al. 2010). Moreover, we
suggest that prohibition of live sale of certain high-risk
species may be warranted, and prohibition of nonindige-
nous wildlife release and monitoring of aquaculture facil-
ities is critical. Prevention of invasions requires not only
enactment and strict enforcement of appropriate laws and
regulations but also requires that regulations be widely
publicized.

Our findings indicate that religious wildlife release can
play an integral role in the establishment of breeding
populations of nonindigenous species. Release of animals
for religious purposes is ancient practice in several reli-
gions of Asian origin, especially Buddhism and Taoism,
mainstream religions practiced around the world (Sever-
inghaus & Chi 1999), and is unlikely to be abandoned.
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Religious wildlife releases are well documented across
Asia, are already considered problematic in Canada and
Australia, and are likely much more widespread than is
known (Shiu & Stokes 2008). Reports of religious wildlife
release from around the world span more than a decade
(Table 1), and this invasion pathway is hypothesized to be
responsible for several species invasions, including the es-
tablishment of Asian swamp eels (Monopterus albus) in the
United States (Nico et al. 2011). The significance of this
pathway, both for promoting and preventing invasions,
should not be taken lightly. Our study shows that the
large number of propagules introduced during organized,
religious events is highly conducive to establishment of
the introduced species when the introduced habitat pro-
vides appropriate conditions. However, Buddhist ethics
include deep respect for the environment (Nasr 1996;
Shiu & Stokes 2008; Dudley et al. 2009; Bhagwat et al.
2011) and Buddhists would not likely knowingly release
invasive species that are detrimental to the native ecosys-
tem. Our survey results suggest that such releases could
be prevented through education, and through promotion
of responsible religious release activities (e.g., for con-
servation purposes). Government or NGOs could spon-
sor breeding programs for imperiled, native species and
coordinate with local temples to hold ceremonial release
or reintroductions events at designated water bodies as
a means of reducing species introductions and establish-
ment. Our findings are widely applicable and provide a
scientific basis for timely efforts to address preventable
species invasions on a global scale.
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