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Abstract 20 

Chytridiomycosis, an emerging infectious disease caused by the fungal Batrachochytrium dendrobatidis 21 

(Bd), is causing sharp declines in amphibian populations around the globe. A substantial research effort 22 

has been made to study the disease, including treatments against Bd, but most treatments have been 23 

applied to captive amphibians only. We report a study aimed at clearing wild populations of the Common 24 

Midwife toad Alytes obstetricans. We removed all larvae from natural breeding sites (cattle troughs) and 25 

conducted two types of severe breeding habitat manipulation (complete drying and fencing for the whole 26 

breeding season). While larval removal followed by drying was a successful method of Bd elimination, 27 

the effect was only temporary. Since terrestrial habits of adult A. obstetricans prevent them from infection, 28 

our findings suggest that, even in simple breeding habitats where all aquatic amphibian stages can be 29 

handled and extreme habitat intervention is possible, Bd cannot be eliminated without controlling other 30 

potential Bd reservoirs in the surroundings of breeding sites. 31 

 32 

Keywords: Environmental manipulation, Alytes obstetricans, drying natural breeding points, 33 

chytridiomycosis.  34 
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Emerging infectious diseases represent a major threat to global biodiversity, as they can cause 35 

severe declines or extinctions of local populations (Daszak et al., 1999; Kilpatrick et al., 2009). Some 36 

well-known examples in animals are the White Nose Syndrome in bats, caused by the fungus Geomyces 37 

destructans; the highly deleterious crayfish plague driven by the fungus Aphanomyces astaci; and the 38 

Chytridiomycosis, caused by the pathogenic chytridiomycete fungus Batrachochytrium dendrobatidis 39 

(hereafter Bd), which has been linked to extinctions and dramatic declines of hundreds of amphibian 40 

species worldwide (Scheele et al., 2019). Batrachochytrium dendrobatidis is listed as one of the top 100 41 

world’s worst invasive alien species and has been identified as the main culprit of the greatest loss of 42 

vertebrate biodiversity attributable to disease in recorded history (Skerratt et al., 2007). 43 

Disease ecology depends on interactions between hosts, pathogens and their environment, the 44 

three elements being key determinants of infection transmission and persistence, host susceptibility and 45 

pathological effects. Thus, besides direct interventions towards the pathogen, the vector or the host, 46 

environmental management could also be potentially used to control disease, even if results may take 47 

longer to be measurable (Delahay et al., 2009). For example, habitat manipulation has been used to 48 

decrease infection rates and influence of water-borne disease development (Wobeser, 1994). Some studies 49 

suggest that air temperature, water temperature, soil moisture, and even the action of microscopic aquatic 50 

predators could be important extrinsic risk factors driving Bd infection dynamics (Raffel et al., 2010; 51 

Forrest and Schlaepfer, 2011; Heard et al., 2014; Schmeller et al., 2014; Fernández-Beaskoetxea et al., 52 

2015), and others advocate for habitat manipulation as a possible strategy to minimize the impact of the 53 

disease on amphibian populations (Raffel et al., 2010; Daskin et al., 2011; Geiger et al., 2011; 54 

Puschendorf et al., 2011; Becker et al., 2012; Heard et al., 2014; Scheele et al., 2014). Given that Bd 55 

growth, reproduction and infection prevalence and intensity are negatively affected by high air and water 56 

temperature (Piotrowski et al., 2004; Stevenson et al., 2013), some studies propose reducing canopy cover 57 

to increase solar insolation and thus warm patches where temperature would be above Bd upper optimal 58 

threshold, acting as amphibian thermal refuges in the water (Raffel et al., 2010; Geiger et al., 2011; 59 

Becker et al., 2012; Heard et al., 2014) or ground (Daskin et al., 2011; Puschendorf et al., 2011). 60 

There has been great investment in studying the biology and dynamics of chytridiomycosis and 61 

implementing treatments to clear amphibian populations from the pathogen. However, the vast majority 62 
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of treatments have consisted of applying high temperatures (Woodhams et al., 2003; Chatfield and 63 

Richards-Zawacki, 2011; Geiger et al., 2011) or antifungal products, such as itraconazole (Garner et al., 64 

2009; Tobler and Schmidt, 2010; Brannelly et al., 2012; Jones et al., 2012), chloramphenicol (Bishop et 65 

al., 2009), thiophanate-methyl (Hanlon et al., 2012) or voriconazole (Martel et al., 2011), to captive 66 

amphibian collections under monitored conditions. While the treatment of captive amphibians has been 67 

successful, translating this knowledge into safe, reliable, transferable, cost-effective and long-term 68 

solutions to manage chytridiomycosis in the wild remains a challenge. 69 

Four different strategies have been used to try mitigate the impacts of the disease in natural 70 

habitats (Garner et al., 2016), with no or partial success: (1) translocations or reintroductions; (2) 71 

bioaugmentation of the host microbiome; (3) treatment of individuals with antifungals; and (4) the 72 

combination of antifungal treatments with environmental disinfection using chemicals. Other potential 73 

mitigation strategies, such as obtaining resistant amphibians through genetic manipulation and selective 74 

breeding, remain untested. Here we report a management study aimed at mitigating the effects of 75 

chytridiomycosis on a wild population of the Common Midwife toad (Alytes obstetricans). A distinctive 76 

natural history trait of this species is its extremely long larval stage (up to several years), which is 77 

associated with the persistence and transmission of the disease (Bosch et al., 2001). We used a 78 

combination of two methods, avoiding the use of chemicals in the environment: (1) the removal of 79 

overwintering larvae, which are responsible for maintaining and producing large amounts of fungal 80 

infective zoospores (Fernández-Beaskoetxea et al., 2016); and (2) habitat intervention, which consisted of 81 

either drying or fencing the breeding sites to avoid the entrance of metamorphosed individuals. 82 

We conducted the study in twelve cattle troughs located in a forested mountain area (mean 83 

altitude of 1550 m.a.s.l.) in the Teruel province (Aragón, Spain). These cattle troughs, which are used as 84 

natural breeding sites by A. obstetricans, were selected following three years of sample collection (2010-85 

2012) from a wide range of breeding sites, which showed high variation in Bd loads (S1). Each site was 86 

randomly assigned to one of the following experimental groups, comprised of three sites each: control 87 

(Blanca, Juan and Milano sites); removal only (Jorcas, Reguero and Torreta sites); removal and fencing 88 

(Blandina, Cuerda and Molino sites); and removal and drying (Abrevador, Cebo and Gil sites). All larvae 89 

were removed from the sites in all cases; in the control group, larvae were immediately returned to their 90 
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original sites; in the fencing group, larvae were removed and then the site was isolated using a fence that 91 

was left there during the whole breeding season (45 days), to avoid the entrance of metamorphosed 92 

individuals; in the drying group, larvae were removed and then the site was completely dried out and kept 93 

it dry for at least 20 days, during which no rain occurred and no other persisting sources of moisture were 94 

present. Habitat interventions were conducted in May 2012, immediately after the collection of larvae, 95 

which were taken to a close captive facility and used in other studies, except for larvae from the control 96 

group. 97 

We collected twenty samples per site before habitat intervention and ten samples per site 98 

annually for three consecutive years after intervention. We took samples from the mouthparts of 99 

overwintering (OW) larvae using cotton swabs (MW100 rayon tipped dry swabs from MWE Medical 100 

Wire), extracted the DNA with PrepMan Ultra, and amplified the DNA using a BIO-RAD CFX96 Real-101 

Time PCR Detection System following Boyle et al., (2004). Each 96-well assay plate included a negative 102 

control and four different standards containing DNA from 100, 10, 1 and 0.1 Bd genome equivalents 103 

(GE). We tested all the samples, as well as the negative control and the standards, in duplicate. We 104 

considered samples with greater than 0.1 GE in both replicates, and the expected sigmoidal shaped curve, 105 

positive for Bd. We transformed Bd loads to the log10(x+1) to reach normality and used a general linear 106 

model to analyse variation before and after intervention. We considered treatment and year as fixed 107 

factors and site as fixed factor nested within treatment, and used post-hoc Tukey’s honest significance 108 

tests to compare pairs of Bd load means for the treatment by year interaction (S2). 109 

The Bd loads varied across treatments, sites within treatments and years (Fig. 1, S3), and the 110 

treatment by year interaction was also significant (p<0.05 in all cases), explaining the model 54% of the 111 

observed variation. While complete clearance of Bd was not achieved in any of the experimental groups 112 

(Fig. 1, S3), the drying group remained Bd-clean for two years. In the control group, infection load levels 113 

remained constant at Blanca and decreased at Milano in 2013 and 2104; we found no larvae at Juan in 114 

2013 and 2014, or in any control site in 2015. In the removal group, we found <10 larvae in 2013 and 115 

2014, and no larvae in 2015 at Jorcas (which prevented comparisons), and Bd loads remained similar or 116 

increased after habitat intervention at Reguero and Torreta. Similar results were found in the fencing 117 

group, with increased Bd loads at Blandina in 2014 and 2015, and no larvae in 2013 and 2015 at Cuerda 118 
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and in 2014 at Molino. In contrast, Bd loads were null at all sites in the drying group for two years (2013 119 

and 2014), although infected larvae were collected again in 2015 at Cebo (with extremely low Bd loads) 120 

and Gil; Abrevador did not present overwintering larvae in 2015, but ten non-overwintering larvae 121 

resulted Bd-negative (data not shown). 122 

This study shows how some types of habitat intervention, but not others, are able to affect the 123 

dynamics of chytridiomycosis in natural habitats by reducing Bd loads. In particular, we achieved the 124 

elimination of Bd after removing larvae of A. obstetricans from their natural breeding sites, and then 125 

completely drying out the sites and keeping them dry for at least 20 days. As a result of this intervention, 126 

Bd remained absent for at least two years (three in one site), which contrasted with other interventions 127 

(i.e., larval removal only, or larval removal plus site fencing), which rendered no significant or consistent 128 

effects on Bd loads. Other authors had suggested that drying out the natural habitat could be a viable way 129 

of suppressing Bd in the wild, given the high sensitivity of Bd zoospores to desiccation as shown in 130 

laboratory conditions (Woodhams et al., 2011). However, Bosch et al. (2015) failed to eradicate Bd in 131 

wild populations of Alytes muletensis populations after completely drying out the aquatic habitat until a 132 

chemical was applied. Our study supports those results and emphasizes the need of using chemicals to 133 

completely and permanently eradicate Bd from the environment. 134 

Mitigation strategies (including direct mitigation actions) have proven ineffective in order to 135 

obtain long-term control of chytridiomycosis in the wild. The only exception is Bosch et al. (2015), who 136 

successfully eradicated Bd in 2013, with no reappearance to date (JB, unpublished results). For example, 137 

the use of antifungals for in-situ treatment of amphibian adults (Hudson et al., 2016) or larvae, using a 138 

capture-treat-release approach (Geiger et al., 2017), has only obtained short-term success, similar to the 139 

one described here. Still, in-situ antifungal treatments have been shown to reduce disease prevalence, 140 

infection loads and mortality of post-metamorphic juveniles, which is helpful when coping with an 141 

epidemic wave of chytridiomycosis (Garner et al., 2016; Hudson et al., 2016; Geiger et al., 2017) but not 142 

for critically endangered species with reduced distributions. Reducing Bd loads and preventing critical 143 

infection thresholds can avoid mass mortality episodes and extinctions (Vredenburg et al., 2010), 144 

allowing some individuals to persist and populations to overcome the epidemic (Briggs et al., 2010). 145 

Drastic population reductions are never desirable for amphibians, which are critically affected by many 146 
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other anthropogenic factors. Even when some studies have shown that Bd has no negative effects on 147 

populations of vulnerable species when it reaches an enzootic stage (Tobler et al., 2012; Spitzen-van der 148 

Sluij et al., 2014; Kieran et al., 2018), long surveying programs have indicated that other populations are 149 

not able to recover even decades after the outbreak disease (Bosch et al., 2018). Within this context, our 150 

results demonstrate that even drastic habitat interventions (i.e., drying out natural breeding sites) can 151 

reduce Bd infection loads but cannot be considered an eradication method. 152 

There are two possible ways of reinfection of dried habitats that may have occurred in our study, 153 

namely the arrival of infected amphibians and the existence of potential reservoirs in the surroundings of 154 

breeding sites. Data are insufficient to completely discard the arrival of infected individuals, even when 155 

A. obstetricans is the only amphibian species present in the area. The persistence of infection in 156 

postmetamorphic A. obstetricans could explain why water bodies were reinfected after two complete 157 

years being utterly cleared of Bd. However, this explanation could also be deemed unlikely, since A. 158 

obstetricans adults are fully terrestrial and generally live far away from the water, being rarely infected by 159 

the chytrid fungus (Allain and Goodman 2018; JB, unpublished results; but see Spitzen-van der Sluij et 160 

al., 2014). Thus, the existence of terrestrial Bd reservoirs in the surroundings of breeding sites could be 161 

considered as a more plausible explanation for habitat reinfection. If such environmental reservoirs of Bd 162 

were confirmed by field studies, then the use of chemicals in the surroundings of water bodies could be 163 

one of the best methods, already proved as efficient, in order to remove the chytrid fungus from the 164 

environment (Bosch et al., 2015). Obviously, environmental disinfectant application would need to be 165 

coupled with appropriate management of adult recolonization for those species with aquatic or 166 

semiaquatic adults. The use of chemicals in natural habitats has been criticized for its potential damage on 167 

aquatic organisms and ecosystems, but this mostly applies to the massive use of pesticides in agriculture 168 

(Köhler and Triebskorn, 2013). In contrast, using biocides for specific conservation purposes often has 169 

more advantages than disadvantages (Martín-Sánchez et al., 2012, Peay et al., 2019), and should be 170 

considered as a viable option to eradicate the chytrid fungus from natural habitats. 171 

 172 



8 

 

Acknowledgements  173 

Animal handling procedures were approved by the Instituto Aragonés de Gestión Ambiental 174 

(Gobierno de Aragón, Spain). We thank all the workers of Servício Provincial de Medio Ambiente de 175 

Teruel, and specially Miguel Ángel Martín, Fran Osses, Óscar Bailón, Antonio Fortea and Jaime Lahoz 176 

for their crucial collaboration on this study helping through field work and habitat manipulation 177 

interventions. We thank also people of Fortanete (Teruel) for logistic support during this study. An 178 

anonymous reviewer provided helpful comments and suggestions. This work was funded by Fundación 179 

General CSIC and Banco Santander (Zero projects, PI: J. Bosch). LB was supported by Basque 180 

Government funds (IT951-16) to the Stream Ecology Group at UPV/EHU led by J. Pozo.  181 

 182 

References 183 

Allain, S.J.R., Goodman, M.J. (2018): The absence of the amphibian chytrid fungi in the common 184 

midwife toad (Alytes obstetricans) from an introduced population in Cambridge, UK. Herpetol. 185 

Notes 11: 451-454. 186 

Becker, C.G,. Rodriguez, D., Longo, A.V., Talaba, A.L., Zamudio, K.R. (2012): Disease risk in temperate 187 

amphibian populations is higher at closed-canopy sites. PlosOne 7:e48205. 188 

Bishop, P.J., Speare, R., Poulter, R., Butler, M., Speare, B.J., Hyatt, A., Olsen, V., Haigh, A. (2009): 189 

Elimination of the amphibian chytrid fungus Batrachochytrium dendrobatidis by Archey’s frog 190 

Leiopelma archeyi. Dis. Aquat. Organ. 84: 9–15. 191 

Bosch, J., Martínez-Solano, I., García-París, M, (2001): Evidence of a chytrid fungus infection involved 192 

in the decline of the common midwife toad (Alytes obstetricans) in protected areas of central 193 

Spain. Biol. Conserv. 97: 331–337. 194 

Bosch, J., Sanchez-Tomé, E., Fernández-Loras, A., Oliver, J.A., Fisher, M.C., Garner, T.W.J. (2015): 195 

Successful elimination of a lethal wildlife infectious disease in nature. Biol. Lett. 11: 20150874. 196 

Bosch, J., Fernández-Beaskoetxea, S., Garner, T.W.J., Carrascal, L.M. (2018): Long-term monitoring of 197 

an amphibian community after a climate change- and infectious disease-driven species 198 



9 

 

extirpation. Glob. Change Biol. 24:2622-2632. 199 

Brannelly, L.A., Richards-Zawacki, C.L., Pessier, A.P. (2012): Clinical trials with itraconazole as a 200 

treatment for chytrid fungal infections in amphibians. Dis. Aquat. Org. 101: 95–104. 201 

Briggs, C.J., Knapp, R.A., Vredenburg, V.T. (2010): Enzootic and epizootic dynamics of the chytrid 202 

fungal pathogen of amphibians. Proc. Natl. Acad. Sci. USA 107: 9695-9700. 203 

Chatfield, M.W.H., Richards-Zawacki, C.L. (2011): Elevated temperature as a treatment for 204 

Batrachochytrium dendrobatidis infection in captive frogs. Dis. Aquat. Org. 94: 235–238. 205 

Daskin, J.H., Alford, R.A., Puschendorf, R. (2011): Short-term exposure to warm microhabitats could 206 

explain amphibian persistence with Batrachochytrium dendrobatidis. PLoS ONE 6: e26215. 207 

Daszak, P., Berger, L., Cunningham, A.A., Hyatt, A.D., Green, D.E., Speare, R. (1999): Emerging 208 

infectious diseases and amphibian population declines. Emerg. Infect. Dis. 5: 735-748. 209 

Delahay, R.J., Smith, G.C., Hutchings, M.R. (2009): Management of disease in wild mammals. New York, 210 

Springer. 211 

Fernández-Beaskoetxea, S., Carrascal, L.M., Fernández-Loras, A., Fisher, M.C., Bosch, J. (2015): Short 212 

term minimum water temperatures determine levels of infection by the amphibian chytrid fungus 213 

in Alytes obstetricans tadpoles. PLoS ONE 10:e0120237. 214 

Fernández-Beaskoetxea, S., Bosch, J., Bielby, J. (2016): Infection and transmission heterogeneity of a 215 

multi-host pathogen (Batrachochytrium dendrobatidis) within an amphibian community. Dis. 216 

Aquat. Org. 118: 11-20. 217 

Forrest, M.J., Schlaepfer, M.A. (2011): Nothing a hot bath won’t cure: infection rates of amphibian 218 

chytrid fungus correlate negatively with water temperature under natural field settings. PLoS 219 

ONE 6: 1–9. 220 

Garner, T.W.J., Garcia, G., Carroll, B., Fisher, M.C. (2009): Using itraconazole to clear Batrachochytrium 221 

dendrobatidis infection, and subsequent depigmentation of Alytes muletensis tadpoles. Dis. 222 

Aquat. Org. 83: 257–260. 223 

Garner, T.W.J., Schmidt, B.R., Martel, A., Pasmans, F., Muths, E., Cunningham, A.A., Weldon, C., Fisher, 224 

M.C., Bosch, J. (2016): Mitigating amphibian chytridiomysoses in nature. Phil. Trans. R. Soc. B 225 



10 

 

371: 20160207. 226 

Geiger, C.C., Küpfer, E., Schär, S., Wolf, S., Schmidt, B.R. (2011): Elevated temperature clears chytrid 227 

fungus infections from tadpoles of the midwife toad, Alytes obstetricans. Amphibia-Reptilia 32: 228 

276-280. 229 

Geiger, C.C., Bregnard, C., Maluenda, E., Voordouw, M.J., Schmidt, B.R. (2017): Antifungal treatment of 230 

wild amphibian populations caused a transient reduction in the prevalence of the fungal pathogen, 231 

Batrachochytrium dendrobatidis. Sci. Rep. 7: 5956. 232 

Hanlon, S.M., Kerby, J.L., Parris, M.J. (2012): Unlikely remedy: fungicide clears infection from 233 

pathogenic fungus in larval southern leopard frogs (Lithobates sphenocephalus). PLoS ONE 7: 234 

1–8. 235 

Heard, G.W., Scroggie, M.P., Clemann, N., Ramsey, D.S.L. (2014): Wetland characteristics influence 236 

disease risk for a threatened amphibian. Ecol. Appl. 24: 650–662. 237 

Hudson, M.A., Young, R.P., Lopez, J., Martin, L., Fenton, C., McCrea, R., Griffiths, R.A., Adams, S-L., 238 

Gray, G., Garcia, G., Cunningham, A.A. (2016): In-situ itraconazole treatment improves survival 239 

rate during an amphibian chytridiomycosis epidemic. Biol. Conserv. 195: 37-45. 240 

Kieran, A.B., Clare, F.C., O’Hanlon, S., Bosch, J., Brookes, L., Hopkins, K., Mclaughlin, E., Daniel, O., 241 

Garner, T.W.J., Fisher, M.C., Harrison, X.A. (2018): Amphibian chytridiomycosis outbreak 242 

dynamics are linked with host skin bacterial community structure. Nat. Commun. 9: 693. 243 

Köhler, H.R., Triebskorn, R. (2013): Wildlife ecotoxicology of pesticides: can we track effects to the 244 

population level and beyond? Science 341: 759-765. 245 

Jones, M.E.B., Paddock, D., Bender, L., Allen, J.L., Schrenzel, M.D., Pessier, A.P. (2012): Treatment of 246 

chytridiomycosis with reduced-dose itraconazole. Dis. Aquat. Org. 99: 243–249. 247 

Kilpatrick, A.M., Briggs, C.J., Daszak, P. (2009): The ecology and impact of chytridiomycosis: an 248 

emerging disease of amphibians. Trends Ecol. Evol. 25:.109-118. 249 

Martel, A., Van Rooij, P., Vercauteren, G., Baert, K., Van Waeyenberghe, L., Debacker, P., Garner, T.W.J., 250 

Woeltjes, T., Ducatelle, R., Haesebrouck, F., Pasmans, F. (2011): Developing a safe antifungal 251 

treatment protocol to eliminate Batrachochytrium dendrobatidis from amphibians. Med. Mycol. 252 



11 

 

49: 143–149. 253 

Martín-Sánchez, P.M., Nováková, A., Bastian, F., Alabouvette, C., Saíz-Jiménez, C. (2012): Use of 254 

biocides for the control of fungal outbreaks in subterranean environments: the case of the 255 

Lascaux cave in France. Environ. Sci. Technol. 46: 3762–3770. 256 

Peay, S., Johnse, S.I., Bean, C.W., Edsman, L. (2019): Biocide treatment of invasive signal crayfish: 257 

successes, failures and lessons learned. Diversity 11: 29. 258 

Piotrowski, J.S., Annis, S.L., Longcore, J.E. (2004): Physiology of Batrachochytrium dendrobatidis, a 259 

chytrid pathogen of amphibians. Mycologia 96: 9–15. 260 

Puschendorf, R., Hoskin, C.J., Cashins, S.D., Mcdonald, K., Skerratt, L.F., Vanderwal, J., Alford, R.A. 261 

(2011): Environmental refuge from disease-driven amphibian extinction. Conserv. Biol. 25: 956–262 

964. 263 

Raffel, T.R., Michel, P.J., Sites, E.W, Rohr, J.R. (2010): What drives chytrid infections in newt 264 

populations? associations with substrate, temperature, and shade. Ecohealth 7: 526–536. 265 

Scheele, B.C., Hunter, D.A., Grogan, L.F., Berger, L., Kolby, J.E., McFadden, M.S., Marantelli, G., 266 

Skerratt, L.F., Driscoll, D.A. (2014): Interventions for reducing extinction risk in 267 

chytridiomycosis-threatened amphibians. Conserv. Biol. 28: 1195–1205. 268 

Scheele, B.C., Pasmans, F., Skerratt, L.F., Berger, L., Martel, A., Beukema, W., Acevedo, 269 

A.A., Burrowes, P.A., Carvalho, T., Catenazzi, A., De la Riva, I., Fisher, M.C., Flechas, 270 

S.V., Foster, C.N., Frías-Álvarez, P., Garner, T.W.J., Gratwicke, B., Guayasamin, J.M., 271 

Hirschfeld, M., Kolby, J.E., Kosch, T.A., La Marca, E., Lindenmayer, D.B., Lips, K.R., 272 

Longo, A.V., Maneyro, R., McDonald, C.A., Mendelson III, J., Palacios-Rodriguez, P., 273 

Parra-Olea, G., Richards-Zawacki, C.L., Rödel, M.O., Rovito, S.M., Soto-Azat, C., 274 

Toledo, L.F., Voyles, J., Weldon, C., Whitfield, S.M., Wilkinson, M., Zamudio, K.R., 275 

Canessa, S. (2019): Amphibian fungal panzootic causes an ongoing loss of 276 

biodiversity. Science 363: 1459-1463. 277 

Schmeller, D.S., Blooi, M., Martel, A., Garner, T.W.J., Fisher, M.C., Azemar, F., Clare, F.C., 278 

Leclerc, C., Jäger, L., Guevara-Nieto, M., Loyau, A., Pasmans, F. (2014): Microscopic 279 



12 

 

aquatic predators strongly affect infection dynamics of a globally emerged pathogen. 280 

Current Biol. 24: 176-180. 281 

Skerratt, L.F., Berger, L., Speare, R., Cashins, S., McDonald, K.R., Phillott, A.D., Hines, H.B., Kenyon, N. 282 

(2007): Spread of chytridiomycosis has caused the rapid global decline and extinction of frogs. 283 

Ecohealth 4: 125-134. 284 

Spitzen-van der Sluijs, A,, Martel, A., Hallmann, C.A., Bosman, W., Garner, T.W.J., Van Rooij, P., Jooris, 285 

R., Haesebrouck, F., Pasmans, F. (2014): Environmental determinants of recent endemism of 286 

Batrachochytrium dendrobatidis infections in amphibian assemblages in the absence of disease 287 

outbreaks. Conserv. Biol. 28: 1302-1311. 288 

Stegen, G., Pasmans, F., Schmidt, B.R., Rouffaer, L.O., Van Praet, S., Schaub, M. et al. (2017): Drivers of 289 

salamander extirpation mediated by Batrachochytrium salamandrivorans. Nature 544: 353-356. 290 

Stevenson, L.A., Alford, R.A., Bell, S.C., Roznik, E.A., Berger, L., Pike, D.A. (2013): Variation in 291 

thermal performance of a widespread pathogen, the amphibian chytrid fungus Batrachochytrium 292 

dendrobatidis. PLoS ONE 8:.e73830. 293 

Tobler, U., Schmidt, B.R. (2010): Within- and among-population variation in chytridiomycosis-induced 294 

mortality in the toad Alytes obstetricans. PLoS ONE 5: e10927. 295 

Tobler, U., Borgula, A., Schmidt, B.R. (2012): Populations of a susceptible amphibian species can grow 296 

despite the presence of a pathogenic chytrid fungus. PLoS ONE 7: e34667. 297 

Vredenburg, V.T., Knapp, R.A., Tunstall, T.S., Briggs, C.J. (2010): Dynamics of an emerging disease 298 

drive large-scale amphibian population extinctions. Proc. Natl. Acad. Sci. USA 107: 9689–9694. 299 

Wobeser, G.A. (1994): Investigation and management of disease in wild animals. New York, Plenum 300 

Press. 301 

Woodhams, D.C., Alford, R.A., Marantelli, G. (2003): Emerging disease of amphibians cured by elevated 302 

body temperature. Dis. Aquat. Org. 55: 65–67. 303 

Woodhams, D.C., Bosch, J., Briggs, C.J., Cashins, S., Davis, L.R., Lauer, A., Muths, E., Puschendorf, R., 304 

Schmidt, B.R., Sheafor, B., Voyles, J. (2011): Mitigating amphibian disease: strategies to 305 

maintain wild populations and control chytridiomycosis. Front. Zool. 8: 1–23.  306 



13 

 

Fig. 1. Box plots of Bd load (log10 x+1 transformed) of overwintering Alytes obstetricans larvae at the 307 

twelve study sites immediately before (2012) and after habitat intervention (2013-2015). NA: no 308 

overwintering larvae present. 309 
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S1. Box plots of Bd load (log10 x+1 transformed) of overwintering Alytes obstetricans 
larvae at different breeding sites sampled in 2010, 2011 and 2012 before habitat 
intervention. 
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S2. Tukey’s post-hoc tests comparing pairs of means of Bd loads for the treatment by year interaction. 
Letters not connected by the same letter are significantly different. 

 

Level         Least Sq Mean 

 
REMOVAL, 2015 A        3.764 

REMOVAL, 2013 A B       3.314 

FENCING, 2015  B C      2.309 

FENCING, 2014   C D     1.905 

DRYING, 2012   C D E    1.523 

CONTROL, 2012   C D E    1.395 

REMOVAL, 2012   C D E F   1.296 

CONTROL, 2014   C D E F G  1.161 

CONTROL, 2015 A B C D E F G H  

DRYING, 2015    D E F G  1.116 

REMOVAL, 2014   C D E F G  1.107 

FENCING, 2012     E F G  0.915 

CONTROL, 2013      F G H 0.429 

FENCING, 2013       G H 0.2876 

DRYING, 2014        H 3.442e-15 

DRYING, 2013        H -5.898e-16 
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S3. Bd load (logarithmic scale) and prevalence of infection (mean +/- 95% CI) across the 
four experimental groups (control, before (2012) and after habitat intervention (2013-
2015). There is no data from the control group in 2015 because no overwintering larvae 
were found. 

 

 


