

[image: Influence of landscape on the presence of Batrachochytrium dendrobatidis and Ranavirus in tadpoles in the southern Atlantic Forest of Brazil]
Influence of landscape on the presence of Batrachochytrium dendrobatidis and Ranavirus in tadpoles in the southern Atlantic Forest of Brazil





ORIGINAL RESEARCH

published: 15 August 2024

doi: 10.3389/famrs.2024.1433502

[image: image2]


Influence of landscape on the presence of Batrachochytrium dendrobatidis and Ranavirus in tadpoles in the southern Atlantic Forest of Brazil


Roseli Coelho dos Santos 1*, Diego Anderson Dalmolin 2†, Joice Ruggeri 3, Diego Brum 4, Mauricio Roberto Veronez 4, Elaine Maria Lucas 5 and Alexandro Marques Tozetti 1


1 Laboratório de Ecologia de Vertebrados Terrestres, Universidade do Vale do Rio dos Sinos, São Leopoldo, Rio Grande do Sul, Brazil, 2 Laboratório de Metacomunidades, Instituto de Biociências, Universidade Federal do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil, 3 Laboratório de História Natural de Anfíbios Brasileiros (LaHNAB), Instituto de Biologia, Universidade Estadual de Campinas, Campinas, São Paulo, Brazil, 4 Vizlab/X-Reality and GeoInformatics Lab – Universidade do Vale do Rio dos Sinos, São Leopoldo, Rio Grande do Sul, Brazil, 5 Departamento de Zootecnia e Ciências Biológicas, Universidade Federal de Santa Maria, Palmeira das Missões, Rio Grande do Sul, Brazil




Edited by: 

Gabriela Parra-Olea, National Autonomous University of Mexico, Mexico

Reviewed by: 

Adua Olvera, National Autonomous University of Mexico, Mexico

Raluca Ioana Bancila, Romanian Academy, Romania

*Correspondence: 

Roseli Coelho dos Santos
 roselicbio@gmail.com








†Deceased



Received: 16 May 2024

Accepted: 30 July 2024

Published: 15 August 2024

Citation:
Santos RCd, Dalmolin DA, Ruggeri J, Brum D, Veronez MR, Lucas EM and Tozetti AM (2024) Influence of landscape on the presence of Batrachochytrium dendrobatidis and Ranavirus in tadpoles in the southern Atlantic Forest of Brazil. Front. Amphib. Reptile Sci. 2:1433502. doi: 10.3389/famrs.2024.1433502






Introduction

Habitat loss, as well as infectious diseases, have been suggested as the main causes for the worldwide decline of amphibian populations. Thus, the search for biotic indicators is a useful tool for mapping priority demands in disease management.





Aims

Here we analyzed the prevalence of two pathogens, Batrachochytrium dendrobatidis (Bd) and Ranavirus (Rv), in anuran communities in southern Brazil. We explored the relationship between the prevalence of Bd and landscape class and used an indicator-species and indicator-community approach to identify which species and communities have the potential to indicate the presence of Bd.





Methods

We used histological analyses to access Bd and PCR for Rv in tadpole communities.





Key results

Our data, based on 26 anuran communities, revealed high Bd prevalence but absence of Rv. Three species, of the 26 communities studied, were found to be Bd indicators, including endemic species from southern Brazil and Argentina. Additionally, the analysis with an indicator-community approach revealed that communities from larger forest areas are Bd indicators.





Conclusions

Analyses at the community level, which relate landscape to pathogens, provide unprecedented and highly relevant information for fragmented Atlantic Forest landscapes. Based on our results, we argue that even communities in larger forest patches (apparently well-preserved) are susceptible to Bd and deserve attention regarding the possibility of incidence of chytridiomycosis. Implications. From our results, we consider that the use of Bd-indicator species and Bd-indicator communities is a useful approach for conservation and could be used to evaluate the threatened status of species and for proposals for landscape management.
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1 Introduction

Human-induced changes in natural habitats can indirectly increase the susceptibility of wild species to infectious diseases by disturbing the natural host-pathogen dynamics (Daszak et al., 2001; Preuss et al., 2020; Silva et al., 2022) and promoting the emergence of new pathogens or more virulent forms of pre-existing pathogens (Jones et al., 2008; Giam, 2017; Silva et al., 2022). The impact and severity of diseases over native species depend on the speed at which pathogens spread, combined with host susceptibility to infections (Fisher and Garner, 2020; Bates et al., 2023). Habitat modifications, such as deforestation, pollution, and microclimatic changes, are known to be associated with a high prevalence of infection in amphibian host species (Gillespie et al., 2005; Kärvemo et al., 2019; McMillan et al., 2020). This scenario is of special concern in tropical regions, which harbor high biodiversity (Mittermeier et al., 2005, 2011) and where a continuous landscape change is noted, in particular driven by economic development in some countries. Therefore, identifying species that are most affected by these changes is relevant for conservation purposes and may serve as a powerful tool for landscape management.

Emerging infectious diseases have been reported as important threats to amphibians (Latney and Klaphake, 2020), particularly chytridiomycosis and ranaviruses due to their lethality potential. Chytridiomycosis is a disease caused by the fungi Batrachochytrium dendrobatidis (Bd) and B. salamandrivorans (Bsal) (Longcore et al., 1999; Martel et al., 2013), where Bd, in particular, has caused population declines and extinction in more than 500 amphibian species (Scheele et al., 2019; Fisher and Garner, 2020) and is considered a major threat for amphibians worldwide (O’Hanlon et al., 2018). The chytrid Bd parasites all amphibian life stages (Rachowicz and Vredenburg, 2004), causing epidermal hyperplasia and hyperkeratosis and/or death in adults (Pessier et al., 1999; Nichols et al., 2001; Voyles et al., 2009) and, in tadpoles, dekeratinization of the mouthparts, which can result in deformities (Knapp and Morgan, 2006), and sublethal (Hanlon et al., 2015).

The impact of Bd in amphibian populations may vary depending on several aspects of the hosts, such as their biology, reproductive behavior and skin microbiome (Ruggeri et al., 2018; Sapsford et al., 2018), and is associated with environmental factors, including habitat integrity (Becker et al., 2010; Haddad et al., 2015) and temperature (Piotrowski et al., 2004; Sonn et al., 2017). Studies showed that a high prevalence of Bd infection is observed even in undisturbed habitats (Valencia-Aguilar et al., 2016; Delazeri et al., 2021; Lambertini et al., 2021). Many landscape features are known to facilitate Bd infection, such as shading and low temperatures, which seem to favor the fungus’ development (Valencia-Aguilar et al., 2016; Delazeri et al., 2021). Thus, we hypothesize that subtropical forests, such as those in southern Brazil, would be potential hotspots for Bd in the Neotropics due to their suitability for the fungus survival (Jenkinson et al., 2016). In fact, high prevalences of Bd infection have been recorded in the southern (subtropical) domain of the Atlantic Forest (Ernetti et al., 2020; Forti et al., 2020; Delazeri et al., 2021).

The Atlantic Forest encompasses high diversity and endemism of anuran species (Mittermeier et al., 2011; Haddad et al., 2013) and is, therefore, a biome of great concern for extinction risks. Even though Bd records are well documented in the Atlantic Forest of Southern Brazil (Preuss et al., 2016; Ernetti et al., 2020; Forti et al., 2020; Santos et al., 2020; Delazeri et al., 2021; Ruggeri et al., 2024), other pathogens remain understudied. For example, viruses in the genus Ranavirus (Rv) represent an important threat to amphibians (Miller et al., 2011; Ruggeri et al., 2019) as they spread quickly and can cause high mortality (Daszak et al., 1999; Green et al., 2002). These viruses, which affect not only amphibians but also fishes and reptiles, deserve special attention since a recent study revealed that they are also widely distributed in this region and may even be more prevalent than Bd (Ruggeri et al., 2024). Therefore, we expected to find a wide distribution of this pathogen in our sample sites.

Mortality by Bd is rare in tadpoles (Garner et al., 2009; Gervasi et al., 2013), but mortalities associated with Rv have been reported in many parts of the world (Duffus et al., 2015), including in Brazil (Mazzoni et al., 2009; Ruggeri et al., 2019). Thus, Bd and Rv seem to vary in terms of lethality among tadpoles and adults, where Rv usually represents a threat to the survival of tadpoles while Bd represents the same for adults (Rachowicz and Vredenburg, 2004; Grayfer et al., 2015). However, tadpoles are suggested to act as a reservoir and vector of Bd (Daszak et al., 2003; Rachowicz and Vredenburg, 2004; Blaustein et al., 2005; Narayan et al., 2014; Valencia-Aguilar et al., 2016). For this reason, the association of Rv and Bd can be highly problematic to the maintenance of amphibian populations due to their combined/complementary impact over all stages of their lifespan. Given that host-pathogen dynamics are associated with intrinsic features of hosts, such as life stage (Garner et al., 2009), and extrinsic factors (Lambertini et al., 2021), we analyzed the prevalence of Bd and Rv in tadpole communities in the subtropical Atlantic Forest of southern Brazil by exploring the relationship of pathogen prevalence and landscape configuration. Due to the variety of responses to pathogen infection among different species (i.e., susceptibility, tolerance and resistance; Woodhams et al., 2007; Hoverman et al., 2011), we used an indicator-community and indicator-species approach to Bd and Rv infections.




2 Study area

We conducted this study in the subtropical Atlantic Forest, southern Brazil, between coordinates 22°30’ N to 33°45’ S and 48°02’ E to 57°40’ W, which encompasses the states of Paraná, Santa Catarina and Rio Grande do Sul (Figure 1). This region was originally covered by different phytophysiognomy of Atlantic Forest: Mixed Ombrophilous Forest (Araucaria Forest), Seasonal Forest, and High-Altitude Grasslands (Veloso and Goés-Filho, 1982; https://www.sosmatatlantica.org.br). Currently, remnants of those phytophysiognomy share space with urban, livestock-raising, and agricultural areas (Ribeiro et al., 2009; Pillar and Vélez, 2010). The climate is subtropical, with annual air temperatures varying from 16°C to 24°C and rainfall varies from 1,600–2,200 mm annually (Alvares et al., 2013).




Figure 1 | Location of the sampling areas and Bd prevalence in the tadpole communities in southern Brazil (More details in Supplementary Table S1). Blue color shows the proportion of infected (Bd+) and red color non-infected (Bd−) tadpoles. The size of the graphs shows the number of tadpoles sampled in each community range 2 to 50.



We selected seven sampling areas using satellite images, based on the following criteria: (1) presence of well-preserved native forest; (2) similar climatic conditions; (3) elevation between 300 m and 900 m above sea level; (4) similar topography; and (5) presence of lentic and lotic waterbodies used as breeding sites by anurans. Next, we selected “in loco” waterbodies in these areas, which were the sampling sites. We sampled at least one lentic and one lotic waterbody in each one of the seven areas to assess a wide variety of habitats and tadpole communities (Melo et al., 2017). We sampled a total of 30 waterbodies and selected 26 for analysis, 12 of which are ponds (permanent or temporary) and 14 streams associated with the forest, with stretches of up to 100 m in length (see Supplementary Table S1). As a selection criterion, we exclusively analyzed tadpoles species that were found in at least three waterbodies. So, the waterbodies “2, 6, 18 and 25” was excluded.

In order to characterize the waterbodies sampled, we measured their areas and depth. The area of the ponds was recorded with polygons drawn in Google Earth, and, for streams, it was determined by width x length in a 100-m stretch in each stream. Water depth was measured at three points for each waterbody at the same location where tadpoles were sampled using a measuring tape. The streams sampled were of low order (width of 1.99 ± 0.79 m) and the polygon area of the ponds was 386.45 ± 307.39 m². Streams had a mean depth of 0.45 ± 0.12 m and ponds of 0.8 ± 0.40 m. The vegetation surrounding the waterbodies consisted of grasses, shrubs, and trees, having distinct compositions (see Supplementary Table S1).




3 Methods



3.1 Tadpole collection

We sampled waterbodies from October 2018 to March 2019 to include the period of highest temperatures and breeding season of the majority of species in southern Brazil (Preuss et al., 2020; Santos et al., 2021). The extent of sampled area is approximately 10,500,000 ha, thus each waterbody could be sampled just once. We performed tadpole sampling from 08:00 a.m. to 06:00 p.m., using a 3-mm²-mesh dip-net (Heyer, 1976). We used nets of various sizes and all of them were immersed with 2.5% sodium hypochlorite for 10 minutes at the end of each sampling, and rinsed with local water before use. We did the same with the boots. Due to the large distance among waterbodies, each one was considered as a source of a unique and independent tadpole community (see more details in Data Analysis session).

For tadpole collection, two people screened all available habitats in the waterbody for one hour, using the dip-net. Sweepings were systematized, considering the whole perimeter of the ponds’ margins (Vasconcelos and Rossa-Feres, 2005; Santos et al., 2007; Both et al., 2009; Bolzan et al., 2016; Marques et al., 2018) and, for streams, we additionally used smaller dip nets that allowed us to screen smaller spaces between rocks (adapted from Jordani et al., 2017). During the sampling, we conducted a rigorous inspection of the presence of dead or lethargic tadpoles. Afterward, the tadpoles were euthanized by immersion in a solution of 2% lidocaine (according to the Conselho Nacional para o Controle de Experimentação Animal – CONCEA, 2018) and later transferred to absolute ethanol (see Lambertini et al., 2013). We conducted the taxonomic identification of the specimens under a stereomicroscope (Yaxum/IX-AK02) using identification keys (e.g., MaChado and Maltchik, 2007; Gonçalves, 2014). Concurrently, we classified the tadpoles according to the stage of ontogenetic development following Gosner (1960).

Analysis of the presence zoosporangia of the 26 waterbodies selected, we analyzed 899 tadpoles in the developmental stages 26 to 40 (following Altig and Johnston, 1986) for histological analysis of Bd. We sectioned the mouthparts of each tadpole in order to obtain tissue samples of about 2 mm. We have considered an individual positive for Bd when we detected zoosporangia in the tissue samples (according to Neves-Da-Silva et al., 2021), which were observed by a detailed inspection in an optical microscope with a magnification of up to 400x for about 30 min for each tissue sample (Vieira et al., 2013). All analyses were conducted by the same person for standardization.




3.2 Ranavirus analysis

Only waterbodies with >50 sampled tadpoles were selected to ensure a sample size that is compatible to what is suggested for studies of viral infections (see DiGiacomo and Koepsell, 1986), totalling 24 waterbodies out of 30. We extracted samples of liver and kidneys from 1440 tadpoles (60 specimens from each waterbody) to analyze for the presence of Ranavirus spp. For that, we separated each tadpole’s liver and kidneys using a surgical scalpel and dissecting needle under the stereomicroscope, cut the tissues (liver and kidneys) into small fragments, and stored the samples in individual 1.5-ml microtubes with absolute ethanol. We then performed a pool of tissues from 60 individuals per waterbody, totalling 24 samples, and put up to 25 mg of each pool of tissues in 1.5-ml microtubes with absolute ethanol to proceed with DNA extraction using the DNeasy® Blood & Tissue kit following the manufacturer’s protocol. After DNA extraction, we measured the concentration of DNA in the samples using NanoDrop Lite (Thermofisher) and diluted all samples to 20 ng/µl.

We used PCR analysis for detecting the presence of the virus in the pool of tissues of the waterbody. We used specific primers for the genes MCP and Pol II described in Mazzoni et al. (2009), and we determined the optimal annealing temperature for these primers by gradient PCR (from 50 to 65°C). For each reaction, we used 12.5 µl of GoTaq® Colorless Master Mix, 1 µl of each primer at 10 µM, 5.0 µl of DNA template (100 ng/μl) and 5.5 µl of ultrapure water to complete 25 µl for each reaction. We adapted the amplification conditions for each set of primers (Mazzoni et al., 2009). Therefore, we performed an initial 2-min cycle at 95°C, followed by 40 cycle of 60 seconds at 95°C (denaturation), 60 seconds at 60°C (annealing), and 90 seconds at 72°C (MCP extension) followed by a final extension of 5 min at 72°C. The products of the amplification were transferred to agarose gel at 1%, dipped into TAE buffer solution (tris-acetate 40 mM, EDTA 1 mM), stained with 0.5 μg/ml of ethidium bromide, and visualized with UV transilluminator.




3.3 Microhabitat and land use analysis

We evaluated the canopy cover surrounding each water body using a spherical lens (Universal clip lens; 180°) coupled to a cell phone (Xiaomi MI). The images were taken at the central point at the tadpole-collection and later treated in the GapLight program, version 2.0 (Frazer et al., 1999) and presented as a percentage. We made a single measurement per waterbody (see Supplementary Table S2). For a broader range of evaluation, we described the land use type in which waterbodies are inserted. Analyses were based on satellite images (Landsat 8 multispectral images, sensor Operational Land Imager from the U.S. Geological Survey; https://earthexplorer.usgs.gov) captured between January and July 2019. We selected images with minimal cloud cover and without significant radiometric noise. We performed the following pre-processing steps of the images: 1) geometric corrections, due to the inherent geometric distortions in images collected at different times, through the georeferencing of these images; 2) atmospheric corrections to reduce the interference of atmospheric scattering on the images (Soares et al., 2015); and 3) mosaic and enhancement of the different images in each season to reduce possible seasonal effects on the visual aspect of the images. Pre-processing was conducted using software ENVI, version 5.51 (L3Harris Geospatial, Boulder, Colorado, USA). After the pre-processing stages, we defined the classes of land use and occupation from observations in loco, considering the predominant use of the areas. The categories were established as Canopy cover (in percentage), Forest (native forest formations in intermittent and advanced successional process), Agriculture (cultivated areas, with soybean, corn, or wheat), Livestock farming (extensive livestock farming), Urban area (buildings) and Aquatic environment (streams, artificial and natural ponds) (Supplementary Table S2). We classified the images based on their vectorization in ArcGIS software version 10.3 (Environmental Systems Research Institute Esri, Redlands, California, USA), considering the buffer with a 500-m radius for each waterbody. The buffer size was based on previous studies that describe the average habitat size for amphibians, ranging from 290 m (Semlitsch and Bodie, 2003) to 500 m (Canessa and Parris, 2013). We consider the central point of the buffer to be the pond or stream (collection points). The polygons for each type of cover were reprojected to the Geocentric Reference System for the Americas SIRGAS 2000, Universal Transverse Mercator (UTM) projection, zone 22S, and we calculated the areas in km².




3.4 Data analysis

We used Generalized linear mixed models (GLMMs) to evaluate the influence of the landscape variables (land use class; Supplementary Table S2) on Bd prevalence in tadpoles of 26 communities (waterbodies). This analysis allows us to test the contribution of fixed and random effects in the distribution of observed data of Bd prevalence. We included the landscape variables (such as Canopy cover, Forest, Agriculture, Livestock farming, Urban area and Aquatic environment) as fixed effects (predictor variables) and as random effects, the tadpole communities. To avoid collinearity of variables, we used the vif function in “car” package and removed the variable Forest (vif = 6.77) from the model. We applied a multi model inference approach (Burnham and Anderson, 2002) using all possible combinations of predictors (i.e., Canopy cover, Agriculture, Livestock farming, Urban area and Aquatic environment), and we used Akaike’s Information Criterion to select the best model(s). GLMMs were built using the ‘nlme’, ‘MuMIn’ and ‘lme4’ packages (Bates et al., 2015) in R software. We analyzed models using the “lme” function of the “lme4” package, and we evaluated the significance of each predictor using the anova function in the package “stats”.

We conducted an indicator-species analysis (see Cáceres et al., 2010; Severns and Sykes, 2020) to identify anuran species and communities most sensitive to the presence of Bd. To list the anuran species with the potential to indicate the presence of Bd, we conducted an indicator species analysis using the “indicspecies” package in R (Cáceres and Legendre, 2009). As the first step, we used the function “pruneindicators” to determine the best set of indicator species. This analysis works in stages. First, it selects the species with positive values of prediction, sensitivity, and indication. Then, a “speciescomb” object with confidence intervals is produced, and the lower limits are used to select “indicator species”, excluding species that show an occurrence pattern that is nested with other species. Finally, the function evaluates the coverage of the remaining set of species until the maximum indication values are reached to discriminate species with real indication potential (Cáceres and Legendre, 2009). Following this step, we used the “predict.indicators” function to determine the existence of communities that would be considered indicators of the presence of Bd. This function calculates the probabilities corresponding to the communities to construct the indicator object. We used the function “pruneindicators” to find the communities with the highest indicator values. The groups are defined by species, which act as group indicators. The main indicators are those found in only one group (specificity) and, if all members of the group are positive for Bd (coverage), this species would have “1” as its indication value. The specificity of a species is calculated considering the prevalence of the fungus and based on the number of individuals, while coverage only considers the fungus’ presence or absence. Finally, we performed a principal component analysis (PCA) to observe the association between landscape classes and Bd prevalence in the tadpole communities using the “prcomp” function in the package vegan of R software. Rv was not detected in our sampling and therefore not included in any models.





4 Results

All tadpoles analyzed for the presence of Rv (N = 1440) tested negative. For Bd analyses, the 899 tadpoles selected belonged to 10 anuran species distributed within four families (Table 1): Hylidae (Boana curupi, B. faber, Dendropsophus microps, D. minutus, Scinax fuscovarius, S. granulatus, S. perereca), Hylodidae (Crossodactylus schmidti), Leptodactylidae (Physalaemus cuvieri), and Phyllomedusidae (Phyllomedusa tetraploidea). Of the 899 tadpoles, 298 had zoosporangia in the mouthparts, representing an overall Bd prevalence of 32.04% (Table 2). All species and 96% of communities were infected with Bd. The prevalence of Bd-infected tadpoles in communities ranged from 0 to 60% (Table 2). Tadpoles of Boana faber presented the highest Bd prevalence (47.69%) among species and Scinax granulatus the lowest (16.67%). We did not find dead or lethargic tadpoles in any of the 26 communities analysed.


Table 1 | Anuran species, number of tadpoles in developmental stages 26 to 40 (Gosner, 1960) and prevalence of Batrachochytrium dendrobatidis in 26 waterbodies (streams and ponds) in forest remnants from October 2018 to March 2019 in southern Brazil.





Table 2 | Total number of tadpoles, number of tadpoles positive to Batrachochytrium dendrobatidis (Bd_positive) and prevalence of Batrachochytrium dendrobatidis prevalence per waterbody sampled (n = 26) from forest remnants in southern Brazil, from October 2018 to March 2019.




The GLMM showed that there is no significant influence of the land use on the Bd prevalence (contribution of fixed effects, R2m = 0.10; contribution of fixed effects + random effects, R2c = 0.89; see Supplementary Table S3). However, the analysis of indicator communities identified five tadpole communities as indicators of Bd presence (communities 15, 16, 21, 23, and 24; Table 3), these communities are formed mainly by Boana curupi species. The PCA showed that waterbodies from larger forested areas were the most associated with communities of infected tadpoles (Figure 2). Of the 10 species analysed, three functioned as indicators of the presence of Bd (Supplementary Table S4). Boana curupi (Forest Treefrog) and Crossodactylus schmidti (Schmidt’s Spinythumb Frog) had the greatest specificity values (close to 1) than Boana faber (Gladiator Treefrog; 0,86). Boana faber presented a greatest coverage value (0.33). Finally, the indication values were similar between the three species, ranging from 0.49 (C. schmidti) to 0.54 (B. faber).




Figure 2 | Principal component analysis (PCA) showing the association between landscape classes and Batrachochytrium dendrobatidis prevalence in the tadpole communities from waterbodies in reproductive sites of Atlantic Forest habitats in southern Brazil from October 2018 to March 2019.




Table 3 | Group of Bd-indicator communities (waterbodies) in forest remnants of southern Brazil.






5 Discussion

We did not detect the presence of Ranavirus spp. in the studied communities. However, Rv was recently reported for tadpoles from other communities in Southern Brazil (Ruggeri et al., 2024), including a site where a die-off of tadpoles of the invasive American bullfrog was observed (Ruggeri et al., 2019). As these viruses can persist in the environment without a host (Brunner and Yarber, 2018; Miaud et al., 2019), the non-detectability of Rv in the specimens sampled in this study could be due to spatial and temporal variation of the host-pathogen dynamics not yet investigated in the area. Further analysis using environmental DNA could be used as a tool to investigate the presence of Rv in these sites. Contrarily, if the virus is indeed absent in the sites investigated herein, it should still be regularly inspected as long-distance spread and Rv emergence are often associated with increased environmental stress and human activity (Duffus et al., 2015). As the region where we conducted our research is a highly fragmented landscape, these communities might as well be vulnerable to different pathogens, including Rv. We therefore argue that Rv is a potential threat to anuran species in this region and should be investigated regardless of our results having shown absence of the virus.

Differently from Rv, we detected high prevalence of Bd (32%) amongst tadpoles in the area and most communities (96%) were positive for the chytrid. This result is expected as different tadpole species and communities from the Southern portion of the Brazil’s Atlantic Forest are often found infected by Bd (Vieira et al., 2013; Carvalho et al., 2017; Ruggeri et al., 2018, 2020; Neves-Da-Silva et al., 2021). It is concerning that all species were infected. Because Bd infection is favored by colder climate regimes (Fernández-Loras et al., 2019), we suggest that such high Bd prevalence (this study) and infection loads observed in species from the Southern of Brazil (Preuss et al., 2016; Ernetti et al., 2020; Santos et al., 2020; Delazeri et al., 2021) is due to the subtropical climate in this region, indicating the southern portion of the Atlantic Forest as a hotspot for Bd. Future studies should investigate the anuran susceptibility to Bd infections considering the latitudinal components, such as environmental factors (i.e., temperature and rainfall) and the community diversity (e.g., Lambertini et al., 2021) as well as the existence of Bd-tolerant species in anuran communities from this region in order to detect reservoir species that would promote the survival and persistence of the fungus in these communities (see Valencia-Aguilar et al., 2016; Ruggeri et al., 2020; Neves-Da-Silva et al., 2021).

Although previous studies have found an association between the composition of anuran communities in the study area and the configuration of the landscape (Santos et al., 2021), we did not detect an association between landscape and Bd presence on the studied tadpole communities. Human changes of these environments seem not to affect the susceptibility of tadpoles to Bd infection, as we expected. In fact, based on our Bd-indicator communities evaluation, Bd was more associated with communities from larger forest areas. A possible explanation for this forest-Bd association is that there are more shading in forested habitats which likely generate microclimate conditions (as lower temperatures) that benefit Bd development (Beyer et al., 2015; Muletz-Wolz et al., 2019; Wanderley et al., 2019). In addition, the Bd suitability to infect anurans in forested areas has been associated with a genetic-driven decrease in immune resistance of forest specialist anurans when their habitats are disturbed (Belasen et al., 2022). We must consider that even the largest patches are remnants of a continuous forest and therefore, suffer or have already suffered some degree of disturbance. Hence, our data highlights the risks of Bd exposure for all tadpole communities in the area, but especially for those tadpoles inhabiting waterbodies from larger remnant forest patches. Finally, as the relationship between Bd infection and landscape features is complex, we insist that this theme must be investigated under a scenario of individual responses to landscape/habitat modifications (e.g., Silva et al., 2022).

The prevalence of Bd varied between communities, which could be explained by the differences in species composition among the sampled communities. For example, species would vary their response to Bd infection due to differences in aspects of their life history (Corey and Waite, 2008) and their reproductive mode (Lips et al., 2003). We have analyzed 10 different anuran species disproportionately distributed in the sampled communities. As a consequence of tadpole diversity in a community, we expected that the more species evaluated simultaneously in the same community, the higher variability of responses to infection the community would show, making it difficult to find a general pattern at a community level. For this reason, we have also analyzed responses to infection at a species level. Even so, our results corroborate that Bd-indicator communities are represented mainly by forest-specialist species (e.g., Belasen et al., 2022), such as Boana curupi and Crossodactylus schmidti.

We detected three Bd-indicator tadpole species: B. curupi, B. faber, and C. schmidti. This result is of high concern as B. curupi, and C. schmidti are endemic to the south of Brazil and Argentina (Frost, 2023), and are threatened are threatened in southern Brazil, in the states of Santa Catarina and Rio Grande do Sul (CONSEMA, 2011; FZRGS, 2014), and tadpoles of B. faber are suggested as reservoir for Bd (Ruggeri et al., 2020). Our findings corroborate previous studies in this region that have indicated adults of B. curupi and C. schmidti as species highly vulnerable to Bd infection, particularly B. curupi that showed high prevalence of infection and zoospore loads (Preuss et al., 2016; Delazeri et al., 2021). In addition, B. faber is a species of particular interest because females of B. faber lay their eggs on ponds in open areas, differently from the adults of B. curupi and C. schmidti, that lay their eggs in forested areas (Haddad et al., 2013; Oliveira et al., 2016; Frost, 2023). Thus, have a long period of larval development (8 to 12 months; Martins, 1993; Madalozzo et al., 2013), which can increase their time of exposure to Bd zoospores (Bradley et al., 2019; Ruggeri et al., 2020; Neves-Da-Silva et al., 2021) leading to a high prevalence of fungal infection in communities where the species is present (Neves-Da-Silva et al., 2021). Our results reinforce the relevance of using natural-history attributes to investigate the anuran suitability to Bd infection (Alvarado-Rybak et al., 2021).

The region where we conducted our study is a highly fragmented landscape, formed by forest patches of different sizes. Even the largest patches resulted from an intense fragmentation and deforestation process driven by human activities, such as agriculture, pastures, and urban areas (Wanderley et al., 2019; Ernetti et al., 2020; Preuss et al., 2020). Therefore, the association of landscape features (i.e. forest remnant patches, land use) and Bd that we found with this study, highlights that even communities from the last preserved forests (patches) are not Bd-free and deserve attention. We advocate for the use of Bd-indicator species and as a useful approach for conservation and landscape management proposals.
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