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ABSTRACT  38 

 39 

The conversion of natural habitats to agriculture results in the structural, physical and chemical 40 

degradation of ecosystems; and microbial communities respond to change with shifts in diversity 41 

and environmental function. Because the structure of amphibian-associated microbiome depends 42 

partially on the dynamics of microorganisms in the habitat, we hypothesized that land use would 43 

affect the tadpole skin microbiota structure of populations inhabiting water bodies in agricultural 44 

lands. To study this, we sampled microbial communities of water bodies and skin of larval 45 

amphibian across a gradient of land use intensification represented by cerrado, pastures and 46 

soybean fields. We used 16S rRNA high-throughput gene sequencing to characterize the 47 

microbial communities. Land use had a strong effect on both host and habitat bacterial 48 

communities. Bacterial ASVs richness and diversity in water bodies decreased from pristine 49 

habitat to soybean plantations, with the cerrado community differing from pasture and soybean 50 

fields. The aquatic microbial community composition and structure were different across the 51 

gradient, showing a robust effect of land use on this habitat. The richness and diversity of 52 

amphibian-associated bacterial community was lowest in cerrado and highest in pasture 53 

populations. The soybean plantation exhibited the most distinct composition and structure of 54 

amphibian microbiota while the pasture and cerrado communities were similar. Bacterial ASVs, 55 

candidates for biomarkers of the land use effect on both host and water bodies communities, were 56 

indicated. Our results highlight the effects of land use intensification as a driver for amphibian 57 

microbiome and offer information on the functionality of agro-industrial environments. 58 

 59 
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 81 

INTRODUCTION 82 

 Many amphibians have characteristics that make them particularly sensitive to 83 

environmental changes, which is why they are often proposed as indicators of habitat quality [1]. 84 

These vertebrates are characterized by a humid skin in which they shelter a microbial community 85 

in a commensal relationship. Hosted microorganisms seem to benefit from the moisture and 86 

nutrition produced by the host's dermal glands and help prevent colonization by foreign 87 

microorganisms [2]. A general profile of amphibian skin microbiota is given by the host's 88 

taxonomic position, but the environment also contributes to composition and maintenance [3]. 89 

 Given the environmental transmission of bacteria, the dynamics of microorganism 90 

populations in a given habitat is consequential for the amphibian skin microbiota [4], possibly 91 

affecting health-related issues. For example, certain physiological disorders are associated with 92 

disturbances of the natural structure of the microbiome (Dysbiosis [5]). Changes in the structure 93 

of the cutaneous microbiota of the amphibian can lead to greater susceptibility to 94 

chytridiomycosis, a major disease in this group [6].   95 

 Considerations about environmental influences on skin microbiota must include the 96 

impact of ecosystem degradation because this process can modify pathogen-host interactions. 97 

This may happen because the habitat degradation causes the loss of regulation of population 98 

abundances, which is made by the local biological diversity [7]. 99 

For example, the conversion of native habitats into agricultural areas involves transforming areas 100 

of diverse vegetation physiognomies, such as savanna and forest, into homogeneous herbaceous 101 

counterparts. Land use alters the physical (abiotic) conditions of the environment to which 102 

individual amphibians are exposed, expectedly influencing both host ecological performance, the 103 

dominant microbial communities, and the interaction among these two components. Relevant 104 

variables include, among others, incident solar radiation, temperature, dissolved oxygen, pH, 105 

conductivity, water hardness, turbidity, nutrients, and pesticides [8–10]. Soil bacterial 106 

communities clearly respond to changes in land use with shifts in composition and abundance 107 

[11]. An important consequence of changes in the structure of soil microbial communities is the 108 

alteration of their ecological functions, as carbon and nitrogen cycling [12]. However, little is 109 

known about the consequences of such shifts in the environmental microbial communities on 110 

vertebrates. 111 

 Soybean plantations and cattle pastures are widespread agro-industrial activities in Brazil, 112 

and involve not only drastic land management but also agrochemical use and soil degradation [9]. 113 

Pasture has a lower environmental impact than soybean fields and the conversion of pastures to 114 

soybean fields usually involves fire, tilling and liming [9]. Following conversion, yearly land 115 

management involves sowing, applying fertilizers and pesticides. Although the response of the 116 

environmental microbiome to the impact of forest-pasture and forest-soybean conversions is 117 
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poorly understood, it does seem that the implementation of pasture tends to homogenize soil 118 

microbial communities [13]. The conversion of Amazon rainforest into large-scale soybean 119 

plantation promotes changes in the abundance and composition of soil bacterial community [14]. 120 

The responses of amphibians to such changes could be anticipated as drastic; indeed, many 121 

species and populations are intolerant of human-dominated landscapes. However, there are also 122 

resilient species, able to thrive in harshly modified environments [15]. The Amazonian Arc of 123 

Deforestation poses yet one additional question because it is rainfed. In other words, most land 124 

management practices coincide with amphibian reproduction so that larval phases occur in 125 

severely affected water bodies. Pesticides can affect larval amphibian physiology, behaviour, 126 

development and survivorship [16]. 127 

  The skin microbiota of amphibians is part of the environment-organism interface and a 128 

recent review argues that the disruption of microbial diversity associated with vertebrates is a 129 

"serious threat to wild populations" and should be recognized as an "essential component" of 130 

conservation practices and management practices [17]. A previous study showed that the 131 

agriculture implementation may disrupt the gut microbiota of amphibians [18]. This reveals a 132 

strong influence of the environment on the amphibian microbiome, given that the intestinal 133 

microbiome tends to have greater resilience and stability, due to the selective chemical 134 

environment [19].  135 

 Some main premisses validated by current literature are a) the amphibian skin microbiota 136 

is partially dependent on environmental microbiota; and b) the environmental microbial 137 

communities are affected by the conversion of native habitats to agriculture. Based on these 138 

premisses, this study investigates how a context of land use intensification influences microbial 139 

communities associated to amphibians. We hypothesize a link between land use effects and 140 

amphibian skin microbiota structure, and assume that such a link would be corroborated by effects 141 

on the skin microbiota along a gradient of environmental degradation. We focused on land use in 142 

soybean fields and pastures within the Cerrado domain, the original habitat [9] , and compared 143 

the skin microbiota of tadpoles in water bodies along a land-use gradient. This is the first study 144 

to test the effect of environmental changes on the amphibian host microbiome in a gradient of 145 

land use intensification; it also provides information on the functionality of agro-industrial 146 

environments linked to microbial communities associated with amphibians. 147 

 148 

METHODS 149 

  150 

Study region 151 

 This study was conducted in the Upper Xingu River Basin in the townships of Canarana, 152 

Querência and Água Boa, State of Mato Grosso, Brazil. It is a region of socio-environmental 153 

relevance where 20 Indigenous Lands and 10 Protected Areas are in contact with an aggressive 154 
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frontier of agricultural expansion known as the ´Amazonian Arc of Deforestation´ [20]. Land use 155 

is dominated by extensive cattle ranching and intensive grain production, notably soybean [9, 20]. 156 

Apart from protected areas, fragments of native vegetation are found within private land under 157 

the protection of the Brazilian Forest Code (Law 4771/1965). Original vegetation cover is a 158 

closed-canopy, evergreen seasonal forest that is transitional between the ombrophilous rainforests 159 

in the north and the cerrados in the south of the Xingu Basin [21]. 160 

 In Água Boa, fieldwork was conducted at Campo Alegre Ranch (14˚04’43.52’’ S, 161 

53˚01’19.60’’ W), an 85,000-ha ranch that comprises ~30,000 ha of pastures and 55,000 ha of 162 

cerrado sensu stricto, i.e., an open-canopy shrubby savanna. For local standards, Campo Alegre 163 

Ranch is considered a semi-intensive cattle production system, with a stocking density of one 164 

head/ha.  In Querência and Canarana, fieldwork was conducted at São Luis Ranch (12°41'29.6''S, 165 

52° 23'04.6''W), an intensive soybean producer, and in the INCRA (National Institute of 166 

Colonization and Agrarian Reform; 13˚08'19.5'' S, 52˚20' 50.4'' W) settlement, where cattle are 167 

raised in a series of adjacent small properties totalling ~3,500 ha. 168 

 169 

Host species  170 

 The snouted treefrog Scinax fuscovarius (Anura: Hylidae) was selected as host species in 171 

the present study. S. fuscovarius is widespread in southern, south-eastern and central Brazil as 172 

well as in eastern Bolivia, eastern Paraguay, northern Argentina, and northern Uruguay. The 173 

species is an open area generalist found in habitats ranging from preserved savannas and 174 

shrublands to pastures, crop fields and cities [22]. Its widespread distribution, local abundance 175 

and evident tolerance to environmental conditions makes S. fuscovarius an ideal model species 176 

for assessing how environmental change affects patterns of association among habitat, host and 177 

microbial communities. The species presents the typical biphasic pattern of amphibian 178 

development with aquatic eggs and larvae and terrestrial adults. We focused on larval phases 179 

because water bodies are discrete, clearly defined, and relatively homogeneous habitat patches.  180 

 181 

Sampling design 182 

 The gradient in land use intensification in our study was represented by a Cerrado stricto 183 

sensu (i.e., a shrub savanna), two pastures, and one soybean field. Sampling occurred between 184 

January and February 2014. Sampling of the larval amphibian skin microbiota was replicated at 185 

two levels. First, multiple tadpoles were sampled in each waterbody. The actual number of 186 

tadpoles sampled per waterbody depended on availability at the time of collection but was usually 187 

> 10 (see below). Second, multiple (>5) waterbodies were sampled in each land use. Waterbodies 188 

were ponds and puddles covering a surface area of tens to a few hundred square meters (Figure 189 

S1, Supplementary material). Previous studies demonstrated that waterbodies < 120 m2 in 190 

analogous agricultural landscapes are embedded in the terrestrial environment and therefore under 191 
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the direct effect of land management practices [10]. Waterbodies in each land use were randomly 192 

selected among those found to contain S. fuscovarius larvae in a pilot survey. We sampled 51 193 

tadpoles in 6 waterbodies in the cerrado (8.5 ± 1 individuals per waterbody), 68 tadpoles in 5 194 

waterbodies in the pasture at Água Boa (13.6 ± 7.5), 109 tadpoles in 6 waterbodies in the pasture 195 

at Canarana (18.2 ± 5.3) and 117 tadpoles in 6 waterbodies in the soybean plantation (19.5 ± 196 

10.2). Water was collected from all water bodies the same day.  197 

 We decided to sample two pastures – at Canarana and Água Boa – because of the 198 

biogeographic scenario of our study region, which is at the edge of the Amazon Forest. S. 199 

fuscovarius is an open-area species that does not occur in closed-canopy forests. Therefore, the 200 

appropriate reference condition for S. fuscovarius and associated microbiota is the cerrado, whose 201 

northernmost limit starts ~20km south. Due to extensive land cover change in the region, a 202 

preserved cerrado patch was found in Água Boa, which is ~100km south. Pastures are a land use 203 

type that is common to both localities and therefore were used as a control for regional effects on 204 

bacterial communities.   205 

 206 

Microbiota sampling 207 

 Sterile gloves and one disinfected aquarium net, per water body, were used to capture and 208 

handle S. fuscovarius tadpoles, which were put in sterile Whirl-Pak® (Nasco) bags for 209 

transportation. The skin microbiota was sampled after rinsing the animals individually in 30 ml 210 

Milli-Q water to remove the transient microbiota. For each tadpole, a swab was passed five times 211 

along the lengths of the dorsum and venter, placed in 1 ml GTE buffer (20% Glucose – 1 M Tris‐212 

HCL pH 7.4 – 0.5 M EDTA pH 8.0), and stored immediately in a freezer at − 20°C. The time 213 

between amphibian capture and microbiota sampling did not exceed one hour. 214 

 Sterile Whirl-Pak® bags (Nasco) were used to collect 1L of pond water at a depth of 0-215 

10, immediately after the capture of tadpoles. Pond water was transported to the laboratory and 216 

filtered a 0.20 μm pore cellulose acetate filter (Sartorius Stedim Biotech) using a vacuum pump. 217 

Membranes were individually preserved in a GTE buffer solution and stored in a freezer at -20 ° 218 

C. The time between the collection of water and its total filtration was no longer than three hours. 219 

 220 

DNA extraction e 16s rRNA high-throughput sequencing 221 

The total DNA of each microbial community sample (water or amphibian skin) was 222 

extracted using the Power Soil ™ DNA Isolation kit (MoBio Laboratories), following 223 

manufacturer's instructions. After extraction, the DNA of all individual skin microbiota of a given 224 

waterbody was pooled in a composite sample. This resulted in one pair of microbial samples per 225 

waterbody, one composite tadpole microbiota total DNA sample and one water microbiota total 226 

DNA sample for each waterbody. The hypervariable region V4 of the 16s rRNA gene (515F, 227 

806R) was amplified using the primers: F: GTGYCAGCMGCCGCGGTAA / R: 228 
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GGACTACNVGGGTWTCTAAT. The libraries were prepared using the Earth Microbiome 229 

Project protocol (www.earthmicrobiome.org) but using 20 μL PCR reactions and dual barcodes 230 

instead. The sequencing was done using Illumina MiSeq platform (2 × 300 bp paired-end 231 

sequences), 100k reads / sample. 232 

 233 

Sequence Analyses 234 

Raw reads were processed using the DADA2 pipeline version 1.16 [23] in the software 235 

Microsoft R Open v 4.0.0 [24]. Briefly, the reads were denoised, filtered and clustered as 236 

Amplicon Sequence Variants (ASVs) based on the DADA2 algorithm [23]. Reads were truncated 237 

at 160 and 150 positions, based on the quality profile observation, using the function 238 

plotQualityProfile. After quality filtering, the average read depth was 12,395.6 ± 4,184.6 across 239 

samples. Taxonomy was assigned to the ASVs table using the Naïve Bayesian classifier [25] 240 

comparing against SILVA reference database v138 [26]. The ASVs sequences were aligned in 241 

the platform Qiime 2 v2020.2 [27], using the MAFFT algorithm [28]. The phylogenetic tree was 242 

built up with FastTree [29]. ASVs classified as Archaea, chloroplast, mitochondria, or with less 243 

than 1000 reads, were discarded, using the Phyloseq v1.32.0 package [30].   244 

 245 

Data Analyses 246 

Data analyses were done in the software Microsoft R Open v 4.0.0 [24]. Alpha diversity 247 

was assessed with package BAT – Biodiversity Assessment Tools – v 2.1.1 [31]. Differences in 248 

microbial alpha diversity according to land use and microbiomes – tadpole skin or water body – 249 

were tested using the function anova followed by Tukey HDS pairwise comparisons, with 250 

significance level at 0.05: packages vegan and agricolae, respectively [32, 33]. Tests on alpha 251 

diversity were conducted after rarefaction by the minimum ASV abundance among all samples. 252 

Analyses of microbial community composition and structure were based on two data 253 

transformations. The Compositional Data (CoDa) transformation converts the ASV read count 254 

data into compositional data and is based on a centered log-ratio transformation [34]. The 255 

codaSeq.clr function was used to run CoDa transformation in the CoDaSeq v0.99.6 package [35]. 256 

The Phylogenetic Isometric Log-Ratio (PhILR) transformation consists in an Isometric Log Ratio 257 

transform combined with the phylogenetic tree to provide evolutionary information. It is based 258 

on the phylogenetic relationship among the ASVs, which is equivalent to the Unifrac metric, but 259 

considering the compositional nature of the data [36]. To run PhILR the function philr was used 260 

in the Philr v1.14.0 package [36]. Neither of the procedures accept zero values, so a pseudocount 261 

of one was previously added. Using CoDa and PhILR transformations, data rarefaction becomes 262 

unnecessary [34].  263 

Data transformed by CoDa and PhILR methods were used to build the Euclidean 264 

distance matrices and run the Principal Component Analysis (PCA) to visualize the relationships 265 
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among samples, using Phyloseq v1.32.0 package [30]. Differences in bacterial community 266 

composition and structure among the three land uses and between aquatic and host microbiome 267 

were tested by Permutational Multivariate Analysis of Variance (PERMANOVA), using distance 268 

matrices, in package vegan with the adonis2 function [32]. Pairwise comparisons between the 269 

groups were conducted using PERMANOVA with the adonis.pair function in the EcolUtils v0.1 270 

package [37]. For these analyses, the Euclidean distance matrices obtained by the CoDa and 271 

PhILR data transformation were used. 272 

The Random Forest algorithm was used to identify the best predictors, i.e., ASVs, 273 

explaining differences observed between groups (i.e., between habitat and host, and among land 274 

uses; [38]. This classifier estimates the importance of each predictor based on the Gini criterion, 275 

using the best abundance threshold among a subset of predictors randomly selected. Random 276 

forest is a machine learning method that consists in creating a set of decision trees based on 277 

training data. For that, 100 decision trees were performed by each analysis using the default 278 

settings of the randomForest v4.6-14 R package [39]. The importance of each ASV was ranked 279 

using the Mean Decrease Gini values and the first highest values were plotted and identified 280 

taxonomically.  281 

 282 

RESULTS 283 

 284 

Land use effects on habitat microbiota 285 

Land use had an effect on the richness (P = 0.0001; ANOVA) and diversity (P = 0.0002; 286 

ANOVA) of microbes inhabiting water bodies occupied by S. fuscovarius. ASVs richness and 287 

diversity declined from Cerrado to pastures and to soybean fields, although the latter two were 288 

not different from each other (Table 1). By contrast, no differences among land uses were 289 

observed in the phylogenetic diversity metric (P = 0.072; ANOVA).  290 

Land use had, in addition, effects on water body bacterial communities both in terms of 291 

taxonomic (Adonis - CoDA, F = 3.98, R² = 0.31, P = 0.001; Figure 1a) and phylogenetic 292 

composition and structure (Adonis - PhILR, F = 3.44, R² = 0.27, P = 0.001; Figure 1b). In both 293 

cases, pairwise comparisons indicated that all land uses were different from each other (Table 2). 294 

When analysing Canarana and Água Boa pastures separately (Table S1, Supplementary material), 295 

microbial communities in cerrado and pasture water bodies were globally similar to each other 296 

but distinct from those in soybean fields; bacterial communities from the two pastures were 297 

different from each other in taxonomic (i.e., CoDA) but similar in phylogenetic (i.e., PhILR) 298 

community composition and structure.  299 

The random forest analysis indicated 7 bacterial phyla, from 20 ASVs, as the most 300 

important predictors to distinguish the water body microbial communities among land uses. Those 301 

with highest abundance in cerrado the cerrado were Acidobacteriota, Actinobacteriota, 302 
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Bacteroidota and Proteobacteria. The total abundance of these phyla was 4 and 2-fold their 303 

abundance in pastures and the soybean field, respectively. Among them, Acidobacteriota was 304 

absent in soybean fields, as predictor. By contrast, phyla Bdellovibrionota, Cyanobacteria and 305 

Verrucomicrobiota were more abundant in soybean fields, corresponding to a total abundance 10 306 

and 3-fold their abundances in pastures and the cerrado.  Cyanobacteria was absent in cerrado and 307 

pasture, as predictor (Figure 2a). 308 

 309 

Land use effects on host microbiota 310 

 Land use had an effect on the richness (p = 0.014; ANOVA) of bacteria colonizing S. 311 

fuscovarius skin. Larvae from the cerrado and pastures had respectively the lowest and highest 312 

ASV richness; richness from larvae from soybean fields was not different from that of other land 313 

uses (Table 3). Land use also had effect on the diversity (P = 0.013; ANOVA) of S. fuscovarius 314 

bacterial community; been more diverse in pastures than in the cerrado or the soybean field, which 315 

did not differ from each other. No effect of land use was observed for phylogenetic diversity (P 316 

= 0.070; ANOVA). 317 

 Land use also had an effect on the taxonomic (Adonis - CoDA, F = 2.71, R² = 0.24, P = 318 

0.001; Figure 3a) and phylogenetic (Adonis - PhILR, F = 3.19, R² = 0.27, P = 0.001; Figure 3b) 319 

composition and structure of bacterial communities hosted by S. fuscovarius. Pairwise 320 

comparisons demonstrate that, in both cases, soybean communities stand out from pastures and 321 

the cerrado, which do not differ from each other (Table 4). When analysed separately, the skin 322 

bacterial communities from Canarana and Água Boa pastures could not be differentiated from 323 

each other by either the CoDa or PhILR metrics. The general pattern of soybean microbiota 324 

differing from those of the cerrado and pastures was maintained (Table S1, Supplementary 325 

material). 326 

 The 20 most important ASVs explaining the observed effects of land use on the S. 327 

fuscovarius skin microbiota belonged to 6 bacterial phyla. Among these, Proteobacteria 328 

predominated in the host microbiota of the cerrado population, with a 4 and 23-fold increase in 329 

abundance relative to pastures and soybean fields, respectively. Phyla Bacteroidota, 330 

Desulfobacterota and Cyanobacteria were more abundant in the soybean field. Together, these 331 

phyla showed an 8 and 90-fold increase in abundance in soybean fields relative to pastures and 332 

cerrado, respectively. Elusimicrobiota and Firmicutes were more abundant in the pasture, with 333 

total abundances 9 and 80-fold higher than in the soybean field and the cerrado (Figure 2b). 334 

 335 

Comparison between host and habitat microbiota 336 

 The microbiota hosted by S. fuscovarius differs from the microbiota of their habitat (i.e., 337 

the water body). The community analysis revealed that the host and habitat bacterial communities 338 

are distinct both in terms of taxonomic (Adonis - CoDA, F = 12.3, R² = 0.24, P = 0.001; Figure 339 
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4a) and phylogenetic composition and structure (Adonis - PhILR, F = 16.36, R² = 0.29, P = 0.001; 340 

Figure 4b). 341 

 342 

DISCUSSION  343 

The patterns found in this research indicate that anthropogenic changes of habitat may 344 

influence the amphibian-associated skin microbiome. Our reported changes along a gradient of 345 

environmental degradation include diversity, structure and composition of microbial 346 

communities. The results highlight the effects of land use intensification as a driver for shifts in 347 

host microbiomes. We also report drastic results for water bodies, which suggests that impacts 348 

may be stronger in aquatic microbial communities than host associated communities.  349 

The literature reports that land transformation into agricultural systems often increases 350 

the bacterial alpha diversity and changes the composition of soil microbiome [11]. We show a 351 

reduction in water bacterial alpha diversity, in ponds and puddles of agricultural lands. 352 

Importantly, the water bodies samples lacked sediments, so that results may be context specific. 353 

Independently of this, we assume that changes in the diversity, composition and structure of 354 

microbiota in water bodies relate to changes in the physicochemical and biological conditions 355 

across environmental gradient. A previous study indicated that biological water bodies properties 356 

– as conductivity and turbidity – and the communities of algae, tadpoles, predators and fish are 357 

consistently affected by intensity of land use [10]. We observed differences in environmental 358 

variables; soybean plantations water bodies had a distinct pattern compared to the water bodies 359 

from pastures and cerrado. The latter two were similar for the same variables (Table S2, 360 

Supplementary material).  361 

The skin microbiota of S. fuscovarius larvae may be shaped by variables intrinsic to 362 

individuals, including physiological traits affecting the skin milieu [40]. However, these traits 363 

may modulate skin microbiota within the major microbiome shifts that seem induced by habitat 364 

modification due to agricultural practices. Pastures display higher local diversity and richness of 365 

amphibian bacterial community compared to soybean fields, which maintain the richness and 366 

diversity typical of preserved Cerrado. However, regarding the composition and structure, this 367 

pattern changes dramatically. We interpret these results as evidencing that soybean plantation 368 

produces the greatest changes in the microbiota of larval S. fuscovarius. It is not yet possible to 369 

generalize these findings, not even to compare with previous results, given the nature of our study 370 

design. Yet, the study by Lammel et al. [41] shows that the intensity of land use – based on pH, 371 

C, litter degradability, pesticides, and nutrient levels – determines the structure of soil bacterial 372 

community, in which the soil microbial community of soybean plantation presents the most 373 

distinct composition, compared to pasture and cerrado soil communities. 374 

Exposure of the frog Lithobates pipiens to a broadspectrum sulfonamide antibiotic, 375 

commonly used in livestock, and deposited in pasture soils and aquatic systems, does not alter 376 
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alpha diversity, but does change the composition of the skin microbiota [42]. Also, and as already 377 

mentioned, the sediment of water bodies may be important. In aquatic systems, sediments act as 378 

repositories for materials from anthropogenic activities [43] and are a likely source for tadpole 379 

skin microbiota. Which could explain the parallel effects observed in soil [41] and amphibian 380 

microbiota in this study. 381 

 A collateral finding in this study involves a set of bacterial ASVs that may constitute 382 

proper biomarkers of the effect of land use on amphibian and water bodies microbial 383 

communities. The phylum Acidobacteriota has already been suggested as a bioindicator of the 384 

effects of agricultural management on Amazonian soils [14]. Acidobacteriota, Actinobacteriota 385 

and Verrucomicrobiota respond to management practices aimed at soil fertilization in sugarcane 386 

plantations [44]. Cyanobacteria is a phylum known as an indicator of freshwater quality, as it 387 

clearly responds, in terms of its diversity, to anthropogenic influences and agricultural 388 

management [45]. For example, increasing its abundance with phosphorus fertilizer applications  389 

[46]. Changes in abundances of members of Bacteroidota and Proteobacteria on amphibian skin 390 

were observed after exposition to sulfonamide antibiotic, used in livestock [42]. The prevalence 391 

of Firmicutes phylum in pasture soils is a common pattern, probably because of the high carbon 392 

availability and resistance to temperature variation and desiccation [47]. 393 

 This study has demonstrated that the structure of S. fuscovarius tadpoles skin microbiota 394 

stands out from the microbiota of their habitat. The literature describes that on the skin of 395 

amphibians, peptides and microbiota act as complementary systems in their protection against 396 

pathogenic microorganisms [48]. These two systems are self-regulated and must act as a filter, 397 

preventing colonization by certain environmental microorganisms sensitive to the framework of 398 

molecules present on the skin [49, 50]. The findings of this study corroborate a view, in which 399 

the structure of the microbiota is given by the physical and physiological characteristics of the 400 

organism. Thus, the host species offers a microenvironment that may select microbes that can 401 

adapt to it [50]. 402 

In summary, the intensification of land use impacts environmental microbial 403 

communities, as observed in this and some previous studies, and these findings seem extendable 404 

to microbial communities associated with amphibians. In this context, the forest-soybean 405 

conversion, relative to forest-pasture counterparts, has greater local impact for amphibian 406 

microbial communities. We suggest that changes in habitat may directly affect the biology of 407 

amphibian populations; and shifts in host physiology could also modulates its microbiome. We 408 

do not address the consequences of observed changes in the amphibian skin microbiota, but we 409 

assume functional changes and interactions with host, rooting from shifts in the microbial 410 

communities. Therefore, environmental impact may change critical aspects of amphibian biology. 411 

Also, the study of microbial communities can lead to valuable indicators of the viability of 412 

ecosystems, agricultural productivity and human and animal health. 413 



12 

 

 414 

ACKNOWLEDGEMENTS 415 

 We thank landowners from Campo Alegre Ranch, São Luis Ranch and the INCRA 416 

settlement for granting access to their lands, and the Instituto de Pesquisa Ambiental da Amazônia 417 

– IPAM for logistical support. We also thank Daniel Din Betin Negri for field assistance. 418 

Permission for amphibian sampling was obtained from the Instituto Chico Mendes de 419 

Conservação da Biodiversidade (ICMBio; license number 17559). 420 

 421 

FUNDING 422 

 This study was supported by São Paulo Research Foundation to Carlos Navas and Luís 423 

Schiesari (FAPESP 2011/50079- 7 and 2008/57939-9, respectively) and by funds from Conselho 424 

Nacional de Desenvolvimento Científico e Tecnológico to Luís Schiesari (CNPq 458796/2014-425 

0). 426 

 427 

CONFLICT OF INTEREST  428 

 The authors declare that they have no conflicts of interest. 429 

 430 

DATA AVAILABILITY  431 

 The 16S rRNA gene sequences were deposited at MG-RAST version 4.0.3 under the 432 

accession numbers mgm4921536. through mgm4921549.3 433 

 434 

REFERENCES  435 

 436 

1.  Duellman WE, Trueb L (1994) Biology of amphibians. Johns Hopkins University Press, 437 

Baltimore/London 438 

2.  Colombo BM, Scalvenzi T, Benlamara S, Pollet N (2015) Microbiota and mucosal 439 

immunity in amphibians. Front Immunol 6:111. 440 

https://doi.org/10.3389/fimmu.2015.00111 441 

3.  Kueneman JG, Parfrey LW, Woodhams DC, et al (2014) The amphibian skin-associated 442 

microbiome across species, space and life history stages. Mol Ecol 23:1238–1250. 443 

https://doi.org/10.1111/mec.12510 444 

4.  Muletz CR, Myers JM, Domangue RJ, et al (2012) Soil bioaugmentation with amphibian 445 

cutaneous bacteria protects amphibian hosts from infection by Batrachochytrium 446 

dendrobatidis. Biol Conserv 152:119–126. https://doi.org/10.1016/j.biocon.2012.03.022 447 

5.  Hoffmann AR (2017) The cutaneous ecosystem: the roles of the skin microbiome in 448 

health and its association with inflammatory skin conditions in humans and animals. Vet 449 

Dermatol 28:60-e15. https://doi.org/10.1111/vde.12408 450 

6.  Becker MH, Harris RN (2010) Cutaneous bacteria of the redback salamander prevent 451 

morbidity associated with a lethal disease. PLoS One 5:e10957. 452 

https://doi.org/10.1371/journal.pone.0010957 453 

7.  Epstein PR, Dobson A, Vandermeer J (1997) Biodiversity and emerging infectious 454 

diseases: integrating health and ecosystem monitoring. In: Grifo F, Rosenthal J (eds) 455 

Biodiversity and Human Health. Island Press, Washington, D C, pp 60–86 456 

8.  Macedo MN, Coe MT, DeFries R, et al (2013) Land-use-driven stream warming in 457 

southeastern Amazonia. Philos Trans R Soc B Biol Sci 368:. 458 



13 

 

https://doi.org/10.1098/rstb.2012.0153 459 

9.  Schiesari L, Waichman A, Brock T, et al (2013) Pesticide use and biodiversity 460 

conservation in the Amazonian agricultural frontier. Philos Trans R Soc B Biol Sci 461 

368:20120378. https://doi.org/10.1098/rstb.2012.0378 462 

10.  Schiesari L, Corrêa DT (2016) Consequences of agroindustrial sugarcane production to 463 

freshwater biodiversity. GCB Bioenergy 8:644–657. https://doi.org/10.1111/gcbb.12279 464 

11.  Petersen IAB, Meyer KM, Bohannan BJM (2019) Meta-Analysis reveals consistent 465 

bacterial responses to land use change across the tropics. Front Ecol Evol 7:391. 466 

https://doi.org/10.3389/fevo.2019.00391 467 

12.  Paula FS, Rodrigues JLM, Zhou J, et al (2014) Land use change alters functional gene 468 

diversity, composition and abundance in Amazon forest soil microbial communities. Mol 469 

Ecol 23:2988–2999. https://doi.org/10.1111/mec.12786 470 

13.  Rodrigues JLM, Pellizari VH, Mueller R, et al (2013) Conversion of the Amazon 471 

rainforest to agriculture results in biotic homogenization of soil bacterial communities. 472 

Proc Natl Acad Sci U S A 110:988–993. https://doi.org/10.1073/pnas.1220608110 473 

14.  Navarrete AA, Kuramae EE, de Hollander M, et al (2013) Acidobacterial community 474 

responses to agricultural management of soybean in Amazon forest soils. FEMS 475 

Microbiol Ecol 83:607–621. https://doi.org/10.1111/1574-6941.12018 476 

15.  Wells KD (2007) The ecology and behavior of amphibian. The University of Chicago 477 

Press, Chicago 478 

16.  Ilha P, Schiesari L (2014) Lethal and sublethal effects of inorganic nitrogen on Gladiator 479 

Frog tadpoles (Hypsiboas faber, Hylidae). Copeia 221–230. https://doi.org/10.1643/OT-480 

13-117 481 

17.  Trevelline BK, Fontaine SS, Hartup BK, Kohl KD (2019) Conservation biology needs a 482 

microbial renaissance: A call for the consideration of host-associated microbiota in 483 

wildlife management practices. Proc R Soc B Biol Sci 286: 20182448. 484 

https://doi.org/10.1098/rspb.2018.2448 485 

18.  Huang BH, Chang CW, Huang CW, et al (2018) Composition and functional specialists 486 

of the gut microbiota of frogs reflect habitat differences and agricultural activity. Front 487 

Microbiol 8:2670. https://doi.org/10.3389/fmicb.2017.02670 488 

19.  Lozupone CA, Stombaugh JI, Gordon JI, et al (2012) Diversity, stability and resilience 489 

of the human gut microbiota. Nature 489:220–230. https://doi.org/10.1038/nature11550 490 

20.  Brando PM, Coe MT, DeFries R, Azevedo AA (2013) Ecology, economy and 491 

management of an agroindustrial frontier landscape in the southeast Amazon. Philos. 492 

Trans. R. Soc. B Biol. Sci. 368: 20120152 493 

21.  Velasquez C, Queiroz H, Bernasconi P (2010) Fique por dentro: A bacia do rio Xingu 494 

em Mato Grosso. Instituto Socioambiental, São Paulo 495 

22.  Frost DR (2021) Amphibian species of the world: an Online Reference Version 6.1. In: 496 

Am. Museum Nat. Hist. New York, USA. 497 

https://amphibiansoftheworld.amnh.org/index.php. Accessed 10 Dec 2020 498 

23.  Callahan BJ, McMurdie PJ, Rosen MJ, et al (2016) DADA2: High-resolution sample 499 

inference from Illumina amplicon data. Nat Methods 13:581–583. 500 

https://doi.org/10.1038/nmeth.3869 501 

24.  R Core Team (2020) R: A language and environment for statistical computing. R 502 

Foundation for Statistical Computing. Vienna, Austria 503 

25.  Wang Q, Garrity GM, Tiedje JM, Cole JR (2007) Naïve Bayesian classifier for rapid 504 

assignment of rRNA sequences into the new bacterial taxonomy. Appl Environ 505 

Microbiol 73:5261–5267. https://doi.org/10.1128/AEM.00062-07 506 

26.  Quast C, Pruesse E, Yilmaz P, et al (2013) The SILVA ribosomal RNA gene database 507 

project: Improved data processing and web-based tools. Nucleic Acids Res 41:D590–508 

D596. https://doi.org/10.1093/nar/gks1219 509 

27.  Bolyen E, Rideout JR, Dillon MR, et al (2019) Reproducible, interactive, scalable and 510 

extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37:852–857 511 

28.  Katoh K, Standley DM (2013) MAFFT multiple sequence alignment software version 7: 512 

Improvements in performance and usability. Mol Biol Evol 30:772–780. 513 



14 

 

https://doi.org/10.1093/molbev/mst010 514 

29.  Price MN, Dehal PS, Arkin AP (2010) FastTree 2 - Approximately maximum-likelihood 515 

trees for large alignments. PLoS One 5: e9490. 516 

https://doi.org/10.1371/journal.pone.0009490 517 

30.  McMurdie PJ, Holmes S (2013) phyloseq: An R Package for reproducible interactive 518 

Analysis and Graphics of Microbiome Census Data. PLoS One 8:e61217. 519 

https://doi.org/10.1371/journal.pone.0061217 520 

31.  Cardoso P, Rigal F, Carvalho JC (2015) BAT – Biodiversity Assessment Tools, an R 521 

package for the measurement and estimation of alpha and beta taxon, phylogenetic and 522 

functional diversity. Methods Ecol Evol 6:232–236. https://doi.org/10.1111/2041-523 

210X.12310 524 

32.  Oksanen J, Blanchet FG, Friendly M, et al (2019) vegan: Community ecology package. 525 

R package version 2.5–6 526 

33.  Mendiburu F (2020) agricolae: Statistical procedures for agricultural research. R package 527 

version 1.3-3 528 

34.  Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ (2017) Microbiome datasets 529 

are compositional: And this is not optional. Front Microbiol 8:2224. 530 

https://doi.org/10.3389/fmicb.2017.02224 531 

35.  Gloor GB, Reid G (2016) Compositional analysis: A valid approach to analyze 532 

microbiome high-throughput sequencing data. Can J Microbiol 62:692–703. 533 

https://doi.org/10.1139/cjm-2015-0821 534 

36.  Silverman JD, Washburne AD, Mukherjee S, David LA (2017) A phylogenetic 535 

transform enhances analysis of compositional microbiota data. Elife 6:. 536 

https://doi.org/10.7554/eLife.21887 537 

37.  Salazar G (2020) EcolUtils: Utilities for community ecology analysis. R package version 538 

0.1 539 

38.  Breiman L (2001) Random forests. Mach Learn 45:5–32. 540 

https://doi.org/10.1023/A:1010933404324 541 

39.  Liaw A, Wiener M (2002) Classification and regression by randomForest. R News 2:18–542 

22 543 

40.  Assis AB, Santos C, Dutra FP, et al (2016) Assessing antibacterial potential of 544 

componentes of Phyllomedusa distincta skin and its associated dermal microbiota. J 545 

Chem Ecol 42:139–148. https://doi.org/10.1007/s10886-016-0665-3 546 

41.  Lammel DR, Nüsslein K, Tsai SM, Cerri CC (2015) Land use, soil and litter chemistry 547 

drive bacterial community structures in samples of the rainforest and Cerrado (Brazilian 548 

Savannah) biomes in Southern Amazonia. Eur J Soil Biol 66:32–39. 549 

https://doi.org/10.1016/J.EJSOBI.2014.11.001 550 

42.  Hernández-Gómez O, Wuerthner V, Hua J (2020) Amphibian host and skin microbiota 551 

response to a common agricultural antimicrobial and internal parasite. Microb Ecol 552 

79:175–191. https://doi.org/10.1007/s00248-019-01351-5 553 

43.  Chapman PM (1990) The sediment quality triad approach to determining pollution-554 

induced degradation. Sci Total Environ 97–98:815–825. https://doi.org/10.1016/0048-555 

9697(90)90277-2 556 

44.  Navarrete AA, Diniz TR, Palma Perez Braga L, et al (2015) Multi-analytical approach 557 

reveals potential microbial indicators in soil for sugarcane model systems. PLoS One 10: 558 

e0129765. https://doi.org/10.1371/journal.pone.0129765 559 

45.  Douterelo I, Perona E, Mateo P (2004) Use of cyanobacteria to assess water quality in 560 

running waters. Environ Pollut 127:377–384. 561 

https://doi.org/10.1016/j.envpol.2003.08.016 562 

46.  Spencer DF, Linquist BA (2014) Reducing rice field algae and cyanobacteria abundance 563 

by altering phosphorus fertilizer applications. Paddy Water Environ 12:147–154. 564 

https://doi.org/10.1007/s10333-013-0370-6 565 

47.  Pedrinho A, Mendes LW, Merloti LF, et al (2019) Forest-to-pasture conversion and 566 

recovery based on assessment of microbial communities in Eastern Amazon rainforest. 567 

FEMS Microbiol Ecol 95:236. https://doi.org/10.1093/femsec/fiy236 568 



15 

 

48.  Myers JM, Ramsey JP, Blackman AL, et al (2012) Synergistic inhibition of the lethal 569 

fungal pathogen Batrachochytrium dendrobatidis: the combined effect of symbiotic 570 

bacterial metabolites and antimicrobial peptides of the frog Rana muscosa. J Chem Ecol 571 

38:958–65. https://doi.org/10.1007/s10886-012-0170-2 572 

49.  Mangoni ML, Miele R, Renda TG, et al (2001) The synthesis of antimicrobial peptides 573 

in the skin of Rana esculenta is stimulated by microorganisms. FASEB J 15:1431–2 574 

50.  Walke JB, Becker MH, Loftus SC, et al (2014) Amphibian skin may select for rare 575 

environmental microbes. ISME J 8:2207–2217. https://doi.org/10.1038/ismej.2014.77 576 

 577 

 578 

FIGURE LEGENDS 579 

 580 

Fig. 1 Principal Components Analysis (PCA) plots of water puddle microbiome by land use. The 581 

ordinations are based on Euclidian distance matrices for the taxonomic (a) and phylogenetic (b) 582 

bacterial composition; by CoDA and PhILR transformed data, respectively.  583 

 584 

Fig. 2 Amplicon sequence variants (ASVs) selected by a Random Forest classification model as 585 

predictors best distinguishing water body (a) and S. fuscovarius (b) microbiota of cerrado, pasture 586 

and soybean fields. The heatmap displays the relative abundances of each predictive bacterial 587 

ASV across land uses 588 

 589 

Fig. 3 Principal Components Analysis (PCA) plots of S. fuscovarius skin microbiome by land 590 

use. The ordinations are based on Euclidian distance matrices for the taxonomic (a) and 591 

phylogenetic (b) bacterial composition; by CoDA and PhILR transformed data, respectively.  592 

 593 

Fig. 4 Plots of the tadpole skin and water microbiomes. Ordinations are Principal Component 594 

Analysis of Euclidian distance matrices for the taxonomic (a) and phylogenetic (b) bacterial 595 

composition; by CoDA and PhILR transformed data, respectively.  596 
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TABLES 622 

 623 

 624 

 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

Diversity metric Cerrado Pasture Soy

ASV richness 224.5 ± 19a 149.5 ± 34.5b 138.1 ± 21.1b

Shannon 4.45 ± 0.2a 3.64 ± 0.36b 3.35 ± 0.42b

Faith’s phylogenetic diversity 15.28 ± 1.01a 12.24 ± 2.51a 13.42± 2.48a

TABLE 1 Alpha diversity of water puddle bacterial communities  across land uses. 

Values are given as mean ± standard deviation. Comparisons by means of Tukey 

at significance level of 0.05.

Land use

For each diversity metric,  land uses with the same letter are not significantly different. 

F R² P -value F R² P -value F R² P -value

PhILR 2.903 0.182 0.024 6.122 0.404 0.012 2.619 0.157 0.018

CoDa 3.921 0.231 0.003 6.805 0.430 0.012 2.557 0.154 0.003

TABLE 2 Permutational multivariate analysis of variance (PERMANOVA) for testing the 

effect of land uses on water bodies microbiota taxonomic (CoDa transformed matrix) and 

phylogenetic (PhILR transformed matrix) composition.

Forest <-> Pasture Forest <->  Soy Pasture <->  Soy

Obs.: Bonferroni-adjusted P -values for multiple comparisons. 

Diversity metric Cerrado Pasture Soy

ASV richness 136.2 ± 34.3a 232.8 ± 70.3b 186.7 ± 25.4ab

Shannon 3.49 ± 0.15a 4.17 ± 0.48b 3.46 ± 0.44a

Faith’s phylogenetic diversity 14.42 ± 2.26a 18.64 ± 4.11a 15.58 ± 2.88a

For each diversity metric,  land uses with the same letter are not significantly different. 

TABLE 3 Alpha diversity of Scinax  skin bacterial communities  across land uses. 

Values are given as mean ± standard deviation. Comparisons by means of Tukey 

at significance level of 0.05.

Land use

F R² P -value F R² P -value F R² P -value

PhILR 1.867 0.134 0.117 6.237 0.409 0.009 3.190 0.197 0.003

CoDa 1.958 0.140 0.066 5.086 0.361 0.006 2.503 0.161 0.003

Pasture <->  Soy

TABLE 4 Permutational multivariate analysis of variance (PERMANOVA) for testing the 

effect of land uses on S. fuscovarius  skin microbiota taxonomic (CoDa transformed matrix) 

and phylogenetic (PhILR transformed matrix) composition.

Obs.: Bonferroni-adjusted P-values for multiple comparisons. 

Cerrado <-> Pasture Cerrado <->  Soy



Figures

Figure 1

Principal Components Analysis (PCA) plots of water puddle microbiome by land use. The ordinations are
based on Euclidian distance matrices for the taxonomic (a) and phylogenetic (b) bacterial composition;
by CoDA and PhILR transformed data, respectively.



Figure 2

Amplicon sequence variants (ASVs) selected by a Random Forest classi�cation model as predictors best
distinguishing water body (a) and S. fuscovarius (b) microbiota of cerrado, pasture and soybean �elds.
The heatmap displays the relative abundances of each predictive bacterial ASV across land uses



Figure 3

Principal Components Analysis (PCA) plots of S. fuscovarius skin microbiome by land use. The
ordinations are based on Euclidian distance matrices for the taxonomic (a) and phylogenetic (b) bacterial
composition; by CoDA and PhILR transformed data, respectively.



Figure 4

Plots of the tadpole skin and water microbiomes. Ordinations are Principal Component Analysis of
Euclidian distance matrices for the taxonomic (a) and phylogenetic (b) bacterial composition; by CoDA
and PhILR transformed data, respectively.


