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Abstract 33 

Riparian forests are essential for structure and dynamic of head streams performing an important role in maintaining 34 

biodiversity in fragmented forests. Integrity condition influences the stream quality and the distribution of amphibians 35 

and their responses to infections. To investigate this premise, we evaluated parasite infection parameters in amphibians 36 

through six riparian areas with different integrity levels (low, intermediate and high) in an Atlantic Forest ecosystem. We 37 

hypothesized that more preserved forest fragments (high integrity) sustain a high diversity, low abundance, and large 38 

proportion of parasite species with complex life cycles. To test this hypothesis, we described the parasite community in 39 

Proceratophrys avelinoi populations and modeled the forest traits and water abiotic factors as predictor variables on 40 

parasite parameter responses. Although the amphibians’ populations exhibited a total parasite richness of eight species, 41 

our multivariate analysis revealed that only Physalopterinae nematodes showed significant differences between forest 42 

fragments; moreover, the overall parasite abundances were affected by abiotic factors. We found that high-integrity 43 

fragments not only support parasites with complex life cycles but also improve the host body condition. This contributes 44 

to the development of host populations with more energetic investments which are essential to resist and tolerate 45 

infections. On the contrary, the concurrent high parasite loads, and reduced body conditions observed in intermediary-46 

integrity areas may lead to a metabolic collapse that threatens long-term population decline. Our results highlight the 47 

importance of ecosystem integrity in the riparian forests for providing better resources for amphibians and in overcoming 48 

the risk of diseases by helminth parasites. 49 
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1. Introduction 64 

The riparian forests are associated with water bodies that include parts of terrestrial and aquatic ecosystems and they are 65 

essential to regulate the inputs into these environments (Naiman and Décamps, 1997; Turunen et al., 2021; Costa et al., 66 

2026). These forests function as filters for the substances and energy supplied by the surrounding regions (Naiman et al., 67 

1988). Vegetation quality (e.g., composition of plant species) as well as the forest strip width (distance from riverside and 68 

forest border) could affect or determine the environmental conditions and local biodiversity (Rodríguez-Mendoza and 69 

Pineda, 2010; Kowalska et al., 2021). Thus, these factors are related to the forest integrity and could also affect the water 70 

quality, which is essential for maintaining a high biodiversity of species in fragmented forests (Rodríguez-Mendoza and 71 

Pineda, 2010; Turunen et al., 2021).    72 

Forest fragmentations have been one of the main disturbances in natural environments which generate cascading 73 

events affecting biodiversity and organisms’ health (Blaustein et al., 2012; Newbold et al., 2015; Tan et al., 2023). For 74 

instance, many amphibian species depend on the riparian forest integrity and the connection between aquatic and 75 

terrestrial habitats to complete their life cycles (Becker et al., 2010; Oropeza-Sánchez et al., 2022; Volkmer et al., 2025). 76 

In this context, the effects of habitat loss and agrochemical drainage in water bodies have been extensively studied by 77 

ecologists and ecotoxicologists using amphibians as models (Blaustein et al., 2012; Bahl et al., 2024; Salinas et al., 2024). 78 

For the latest decades, the decline of amphibian populations and their skin sensitivity have gained attention due to the 79 

impacts of deforestation, pollutants, and risk of diseases (Blaustein et al., 2012). Then, the environmental changes and 80 

their impacts on animal health are the main triggers for the risk of infection diseases such as chytrid fungus, Ranavirus, 81 

and macroparasites which can promote population decline in amphibians by direct and indirect effects (Koprivnikar et 82 

al., 2012; Carvalho et al., 2017; Luedtke et al., 2023; Carvalho et al., 2025). In a recent global amphibian assessment, the 83 

authors found that diseases and habitat loss drove 91% of declines for the world’s amphibians (Luedtke et al., 2023). 84 

In this way, studies suggest that parameters of parasite communities could reveal habitat integrity and host 85 

population health, since parasites as well as the top predators are the first to indicate populational changes (Marcogliese 86 

and Cone, 1997; Laurence et al., 2002; Lafferty et al., 2008). Thus, in a pristine environment with high biological diversity 87 

it is also expected to have high parasite diversity in low loads (i.e., parasite abundance or intensity of infection) 88 

(Marcogliese and Cone, 1997). The biological diversity found in riparian habitats contributes to the success of parasites 89 

with complex life cycles such as trematodes which need two or more specific hosts to complete their cycle (Gibb and 90 

Hochuli, 2002; Poulin and Cribb, 2002). On the other hand, in areas with low diversity, the intermediate hosts (e.g., 91 

different species of invertebrates) may be scarce and the dependent parasites could not complete their cycles resulting in 92 

the decrease of parasite competition (Gibb and Hochuli, 2002; Aguiar et al., 2015). In this scenario, generalist parasite 93 

species with fewer ecological requirements tend to be more abundant and prevalent, thereby increasing the risk of 94 
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infectious diseases in host populations (Marcogliese and Cone, 1997). The changes in the community composition from 95 

specialist species to generalist ones result in biotic homogenization that may occur in all communities due to deforestation 96 

and other anthropogenic activities (Olden et al., 2004; Laliberté and Tylianakis, 2010). 97 

Herein, we aim to evaluate whether riparian ecosystem factors (abiotic factors of water, forest integrity, and forest 98 

strip width) and host traits (size and body condition) can affect richness, diversity, abundance, and community 99 

composition of helminth parasites infecting amphibians in an Atlantic Forest region experiencing intense agricultural 100 

fragmentation in southern Brazil. To test these effects, we predicted that riparian forest fragments with high integrity 101 

would exhibit high diversity, low loads of infection, and increased proportion of parasites with complex life cycle; 102 

whereas forest fragments with lower integrity are expected to negatively affect parasite parameters and potentially 103 

increase the risk of infectious diseases in amphibian populations.          104 

 105 

2. Materials and methods  106 

2.1. Study area and collection of amphibians  107 

Northern Paraná State, in southern Brazil, is characterized by extensive agricultural landscapes dominated by soybean, 108 

corn, and wheat cultivation, resulting in intense habitat fragmentation, with the remaining forest cover mostly restricted 109 

to small riparian fragments (IPARDES, 2018). However, the original forest cover was Seasonal Semideciduous Forest, a 110 

derivation of Atlantic Forest, a hotspot with great biological diversity and water sources (Torezan, 2002; Mittermeier et 111 

al., 2005). 112 

During fieldwork, we sampled the “Smooth Horned Frog”, Proceratophrys avelinoi (Odontophrynidae), from six 113 

riparian forest fragments ranked by three integrity levels (high, intermediate, and low integrity) according to the mean of 114 

forest strip width and Rapid Ecological Assessment (REA) based on data from Cavalheiro (2018). For conducting the 115 

REA and the forest strip width measurements we established four points (P1, P2, P3, and P4) in the stream where P1 is 116 

the headwater and the other points are 50 m, 100 m, and 150 m, respectively from the headwater (Fig. 1b). From each 117 

point, two perpendicular transects (right and left riverside) were taken in direction to forest edge; additionally, from P1 a 118 

third transect was taken upriver, resulting in nine transects towards the edge of each riparian fragment (Fig. 1b). The 119 

distances were measured in loco, except for those longer than 100 m which were estimated using Google Earth Pro. Then, 120 

we calculated the mean distances for each point considering the three distances from P1 (right, left, and upriver) and the 121 

two distances (right and left) from the other points. Thus, the mean of these nine transects represent the forest strip width 122 

of a given fragment. Rapid Ecological Assessment (REA) was conducted by Cavalheiro (2018) based on Medeiros and 123 

Torezan (2013) to evaluate forest quality considering 11 ecological variables of plant communities which were ranked 124 

from 0 to 4 (Table S1). Then, the REA was applied following the nine transects mentioned before (Fig. 1b). 125 
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To determine the water quality of the streams, we measured the physical-chemical properties of water such as 126 

concentrations of nitrate and phosphate, dissolved oxygen, electrical conductivity, and temperature (Table S2). Nitrate 127 

(NO3–N) and phosphate (PO4–P) were quantified using a portable photometer (Macherey-Nagel, model PF-12 Plus) and 128 

the analyzing kits (Visocolor Eco) 5-84 test for phosphate (detection limits 0.2 mg L−1 e 5.0 mg L−1) and 5-41 test for 129 

nitrate (detection limits 1.0 mg L−1 e 14.0 mg L−1); values below the detection limit were considered as a half of it (i.e., 130 

0.1 mg L−1 for phosphate and 0.5 mg L−1 for nitrate) (Dinelli et al., 2012). Dissolved oxygen, electrical conductivity, 131 

and temperature were measured with Multi-Parameter YSI 85. 132 

The six riparian fragments house headwaters which belong to the Tibagi River basin (França, 2002), in the region 133 

of Londrina municipality, Paraná State, and they are sparse in the agriculture matrix (Fig. 2); the geographic location of 134 

fragments and their traits are given in the Table 1 according to prior research conducted by Cavalheiro (2018). The high-135 

integrity forest fragments are nominated H1 and H2; intermediate-integrity fragments are I1 and I2; and forest fragments 136 

with low-integrity are L1 and L2 (Figs. 1a, 2). 137 

The voucher specimens of P. avelinoi are deposited in the Coleção Célio F. B. Haddad (CFBH 48941 – 49042), 138 

Department of Biodiversity, Institute of Biosciences, São Paulo State University, UNESP campus Rio Claro, São Paulo, 139 

Brazil. 140 

2.2. Parasites procedures 141 

Amphibian necropsy was conducted after an overdose of lidocaine (5 mg/g), and then the organs were separated into petri 142 

dishes for searching helminth endoparasites. Parasites were collected and cleaned with saline solution (0.9%) and then 143 

they were fixed according to specific protocols for each parasite group. Nematodes were fixed using hot ethanol 70%, 144 

whereas platyhelminths as digeneans and cestodes were fixed between slides with slight pressure using 90% ethanol or 145 

AFA (solution with alcohol, formalin and acetic acid) (Amato et al., 1991). Subsequently, parasite specimens were 146 

conserved in bottles with 70% ethanol for posterior slides mounting for morphological analyses and identification. In 147 

slides, nematodes were clarified with lactic acid or lactophenol, and digeneans and cestodes were stained with chloridric 148 

carmine followed by eugenol in temporary slides (Amato et al., 1991). These slides were analyzed under microscopy 149 

using computerized image system Zeiss Axio Shat AX10 for recording and morphometric measurements.   150 

 151 

2.3. Data analysis 152 

The parasite communities associated with populations of P. avelinoi were described by the richness (number of taxa), 153 

diversity (Brillouin index according to Magurran, 2004), prevalence, mean abundance, and mean intensity of infection 154 

(load parasite) (Bush et al., 1997). The diversity and richness were also estimated for each host individual 155 

(infracommunity) and then as the means for the host population (component community). We also analyze the presence 156 
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of parasite species that exhibit a complex life cycle which use two or more hosts (heteroxenic cycles) as well as their 157 

developmental stage (cyst or adult) found in these frogs.   158 

Body condition was measured according to scaled mass index (SMI) (Peig and Green, 2009; Brodeur et al., 2020) 159 

as a health indicator of the amphibians from the six forest fragments. To determine the SMI, we used the formula: SMI = 160 

Wi (L0/Li)bSMA. First, we log-transformed the body weight and snout-vent length (SVL) to estimate the β coefficient 161 

of the regression, and then calculated Wi and Li as the weight and SVL of each frog specimen, respectively; L0 is the 162 

average SVL of the population; and bSMA is the β coefficient (Peig and Green, 2009). We used generalized linear mixed 163 

model (GLMM) with a gaussian distribution to compare the SMI among the riparian forest fragments. Before running the 164 

GLMM, we combine the two sites of the same fragment level (i.e., low, intermediate and high) to improve the 165 

representative of the sample and statistical power. 166 

We also used generalized linear mixed models (GLMMs) with a negative binomial (NB) distribution to examine 167 

the relationship between the parameters of parasite infections (i.e. response variables: mean abundance, richness, 168 

diversity, life cycles, and developmental stage) as a function to host health (SMI), integrity levels of fragments (i.e., REA 169 

and forest width), and abiotic factors (i.e. temperature, dissolved oxygen, electrical conductivity, nitrate, and phosphate). 170 

As an alternative distribution to NB, we also used a Conway–Maxwell–Poisson distribution to count data over- (dispersion 171 

parameter < 1) or under-dispersion (dispersion parameter > 1) (Sellers and Premeaux, 2021). Previously, we tested for 172 

collinearity among predictors using a variance inflation factor (VIF), with the threshold set to VIF < 10, which represents 173 

high multicollinearity among predictors (Borcard et al., 2011; Shrestha 2020). The model with the lowest Akaike 174 

Information Criterion score and small sample size correction (AICc) was used to select the best model among competing 175 

models (Tredennick et al., 2021). All GLMM analyses were conducted in R version 4.4.1 (R Development Core Team 176 

2024), using the lme4 package (Bates et al., 2015). 177 

To verify the similarity among the parasite community compositions of P. avelinoi from the six forest fragments 178 

and test whether the differences are significant we used nonmetric multidimensional scaling (NMDS) with Bray-Curtis 179 

index and ANOSIM (Analysis of Similarities) in PAST (Hammer et al., 2001). Beyond the multivariate distance-based 180 

analysis, we also used the manyglm function (mvabund package), which fits a separate GLM to each parasite species, 181 

using a common set of explanatory variables (i.e. SMI, forest width, REA and abiotic factors). This analysis uses 182 

resampling-based hypothesis tests to infer which exploration variables are associated with parasite species abundance 183 

(Wang et al., 2024). For all analyses, we used negative binomial distribution and the results were considered significant 184 

at α = 0.05 using a Likelihood Ratio Test (LRT). 185 

Maps were created using QGIS version 3.34.3 (QGIS Development Team 2024), and graphics were generated 186 

with the ggplot2 package (Wickham, 2011). 187 
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 188 

3. Results 189 

We collected 98 specimens of P. avelinoi from six forest fragments in the north of Paraná State, Brazil (Table 2). The 190 

parasite community associated with these populations was composed predominantly by nematodes (Cosmocercidae, 191 

Physalopterinae, Raillietnema sp., Raillietnema spectans, and Rhabdias sp.); however, we found two species of digenetic 192 

trematodes (Gorgoderina sp. 1 and Gorgoderina sp. 2) and an encysted cestode (Spirometra sp.) (Table 3). Nonetheless, 193 

the parasite richness and diversity varied across the fragments as did other overall parameters of parasitism, such as 194 

prevalence, mean abundance, and mean intensity of infection (Table 2). Both intermediate forest fragments, I1, and I2, 195 

presented respectively the highest richness (six parasite taxa) and the highest diversity (Brillouin index 0.71). The overall 196 

prevalences of parasitism were similar among the six fragments ranging from 83.33% (I2) to 100% (H1 and L1); the 197 

highest mean abundance was in I1 (8.88 ± 0.77) followed by H1 (8.33 ± 3.18), while intensity of infection was higher in 198 

I2 (9.40 ± 2.25) followed by I1 (9.06 ± 0.77) (Table 2). 199 

Nematodes cosmocercids were present in all frog populations in the present study (Table 3); since only female 200 

cosmocercids with similar morphological characteristics were recovered, species-level identification was not possible. 201 

Larvae of Physalopterinae were found in three frog populations (H2, I1, and I2), as well as Raillietnema sp. (I1, I2, and 202 

L1) and the encysted cestode Spirometra sp. (H2, I1, and L1) (Table 3). Raillietnema spectans (I1), Rhabdias sp. (L1), 203 

Gorgoderina sp. 1 (I1), and Gorgoderina sp. 2 (L2) were exclusive of their respective frog population. Cosmocercids 204 

showed high infection intensity values in most frog populations, ranging from 8.36 ± 0.78 (I1) to 3.17 ± 0.75 (L2); 205 

however, Raillietnema sp. (I2) and Gorgoderina sp. 2 (L2) also have considerable mean infection intensity values, 15 and 206 

7 (± 6.00), respectively (Table 3). 207 

We found a lower significant difference on the scaled mass index (SMI) in individuals of low habitat integrity 208 

(GLMM: estimate ± SE: 2.27 ± 0.070: p < 0.001), compared to individuals of high habitat integrity (GLMM: estimate ± 209 

SE: 2.63 ± 0.071; p < 0.001; Fig. 3). 210 

Results of generalized linear mixed models describing the relationship between parasite abundance, parasite 211 

richness, and parasite diversity (Brillouin index) are described in Table 4. Our models retained predictors with VIFs < 10 212 

only (i.e. forest width, NO3-N, and PO4-P were excluded). Of three analyzed models, parasite abundance showed a 213 

significant difference in relation to temperature (GLMM: estimate ± SE: –1.109 ± 0.384, p = 0.003), dissolved oxygen 214 

(GLMM: estimate ± SE: –0.512 ± 0.206, p = 0.012), and electrical conductivity (GLMM: estimate ± SE: –0.013 ± 0.004, 215 

p = 0.005). Significant effects of the predictors were not found on the model of parasite richness and diversity (Table 4), 216 

life cycle (GLMM: estimate ± SE: –0.022 ± 0.258, p = 0.930), and developmental stages (GLMM: estimate ± SE: 2.23 ± 217 

1.69, p = 0.188). Abiotic factors of water stream (Table S2) such as temperature ranged from 21.05 ºC (H1 – high integrity) 218 
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to 22.70 ºC (L1 – low integrity), while dissolved oxygen ranged from 5.61 mg L-1 (L1 – low integrity) to 9.60 mg L-1 219 

(I2 – intermediary integrity), and electrical conductivity ranged from 36.05 µS (H1 – high integrity) to 164,0 µS (L1 – 220 

low integrity).   221 

Multivariate distance-based analysis revealed that the conditions of habitat integrity could explain the variation of 222 

the parasite community (Fig. 4). First, the structure of NMDS space (Stress = 0.1916; i.e., < 0.2 provides a good 223 

representation in reduced dimensions) showed some differences in parasite species distribution among the six frog 224 

populations, and the differences were confirmed by ANOSIM (R = 0.116; p = 0.0404). Overall, our multivariate model-225 

based analysis also showed differences in the parasite community composition on different forest fragments (LRT = 226 

53.24, p = 0.011). In addition, we found that only a species of nematode, Physalopterinae gen. sp., showed significant 227 

differences in relation to forest fragments (LRT = 14.76, p = 0.038). 228 

 229 

4. Discussion 230 

Overall, our findings reveal that riparian forest integrity affects helminth parasite communities in the anuran 231 

Proceratophrys avelinoi across six forest fragments in southern Brazil's Atlantic Forest. Our analyses have shown 232 

significant differences in the composition of parasite communities from these forest fragments. We found that 233 

Physalopterinae nematodes differ significantly across fragments. These nematodes were not observed in low-integrity 234 

forest fragments since their complex life cycle requires a high diversity of hosts (invertebrates and vertebrates as birds, 235 

reptiles, or mammals), a condition not expected in degraded habitats. Our results also show that the abiotic factors 236 

influence parasite abundances, and that high-integrity fragments are associated with complex life cycle parasites and 237 

better host body condition, while intermediate-integrity areas show the worst combination of high parasite loads and poor 238 

host condition. 239 

However, according to our models, temperature, dissolved oxygen, and electrical conductivity were the only 240 

factors that negatively affected parasite abundance, while richness and diversity of parasites were not influence of the 241 

predictor tested (i.e., abiotic factors, Rapid Ecological Assessment, and frogs’ SMI – Scaled Mass Index). In the low-242 

integrity fragments, higher temperatures and reduced parasite abundance could be related to an increased feeding rate on 243 

the parasites' free-living stages by their predators. According to Thieltges et al. (2008), parasite numbers decreased as the 244 

temperature increased with the presence of predators of parasites' free-living stages; on the other hand, parasite numbers 245 

increased under the same conditions when the predators were absent. The authors argued that high temperatures increase 246 

predators' feeding rates, resulting in reduced parasite numbers. Low concentration of dissolved oxygen may stem from 247 

high temperature, intense light, and ultraviolet radiation due to forest cover loss, which promotes eutrophication and 248 

biodiversity loss. These combined factors reduce the viability of free-living stages of parasites. The increased electrical 249 
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conductivity observed in water bodies within low-integrity fragments may be attributed to the runoff of agrochemicals, 250 

which easily reaches the streams due to the reduced buffering capacity of narrowed riparian forests (Allan, 2004; Sweeney 251 

and Newbold, 2014). Numerous pollutants are known to disrupt host-parasite dynamics through diverse routes, as well 252 

as the survivals of free-living stages of parasites (Poulin, 1992; Pietrock and Marcogliese, 2003). These results reinforce 253 

that parasite communities and host-parasite dynamics are shaped by both environmental conditions and local biodiversity 254 

acting in concert. For instance, one would expect increased numbers of infective stages as temperatures rise if other biotic 255 

factors were absent, as typically found in natural environments (Thieltges et al., 2008).   256 

Contrary to our predictions, parasite richness and diversity were not highest in the high-integrity forests. Moreover, 257 

frogs from high- and intermediary-integrity forests exhibited the highest parasite loads compared to frogs from low-258 

integrity fragments. Additionally, the highest proportions of parasites with heteroxenous life cycle (i.e., Physalopterinae 259 

gen. sp., Spirometra sp., Gorgoderina spp.) were observed in parasite communities from high-integrity forests (2/3 260 

species – 67%), followed by intermediary-integrity forests (3/6 species – 50%), and low-integrity forests (2/5 species – 261 

40%) (Table 3). These results highlight the importance of considering both the species composition in the parasite 262 

communities and the life cycle attributes of parasites. Parasites with heteroxenous life cycle require more than one specific 263 

host to complete their development, necessitating high levels of biodiversity among invertebrates (usually as intermediate 264 

hosts) and vertebrates—such as birds, reptiles, and mammals—that serve as definitive hosts (Anderson, 2000; Aguiar et 265 

al., 2021). In contrast, parasites with monoxenous life cycles (i.e., Cosmocercidae, Raillietnema spp. and Rhabdias sp.) 266 

require only a single host and are generally considered generalist species (Smyth, 1994; Anderson, 2000). The frogs in 267 

this study act as intermediate hosts for Physalopterinae species and Spirometra sp., which complete their cycles in other 268 

vertebrates (Anderson, 2000; Mueller, 1974). These findings corroborate our premise regarding the presence of 269 

heteroxenous parasites in areas of high biological diversity and reinforce previous studies (e.g., Marcogliese and Cone, 270 

1997; McKenzie, 2007; Rohr et al., 2020).  271 

Areas of greater biodiversity not only support parasites with complex life cycles but also enhance host health (e.g., 272 

body condition) by providing better natural resources. This fosters the development of host populations with greater 273 

energetic reserves, which are essential for resisting and tolerating infections (Read et al., 2008; Rohr et al., 2010). 274 

Resistance comprises host mechanisms—such as immune response—that decrease parasite fitness and prevent infection 275 

establishment, while tolerance reduces the damage caused by infection without affecting parasite fitness (Read et al., 276 

2008; Medzhitov et al., 2012; Knutie et al., 2017). Frogs from the high-integrity areas exhibited significantly greater body 277 

condition (i.e., SMI) than those from other areas and harbored high parasite loads, which could be sustained by tolerant 278 

mechanisms given their presumably superior energetic condition. Similarly, mechanisms of resistance to colonization by 279 

parasites may explain the low richness and diversity of parasites found in these frogs. Hosts with better body condition 280 
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in the infection inception exhibit reduced parasite loads due to their capacity to invest energy in immune responses that 281 

resist infection (Read et al., 2008). Once infection is established, these hosts can tolerate higher parasite loads, as 282 

supporting metabolic damage is more energetically feasible than resisting, which requires high energetic demands (Knutie 283 

et al., 2017). According to Boots et al. (2009), the type of host defense (resistance or tolerance) and its associated costs 284 

are linked to traits of both the host and the parasite, thereby influencing this ecological dynamic.   285 

Although resistance and tolerance are context-dependent mechanisms (Medzhitov et al., 2012; McCarville and 286 

Ayres, 2018), these findings highlight the risk of infectious diseases and consequent population declines in intermediary 287 

and low-integrity forests. In intermediate-integrity areas, the concurrent high parasite loads and reduced body conditions 288 

(SMI) may lead to metabolic collapse, endangering population declines in long-term. In contrast, in the low-integrity 289 

fragment, frogs' reduced body condition renders them unable to tolerate high parasite loads, which would be fatal. 290 

Therefore, the surviving populations—and thus our field samples—consist predominantly of individuals with low parasite 291 

burdens. 292 

In conclusion, our study demonstrates that changes in forest fragmentation and abiotic factors influence host–293 

parasite interactions and host body condition, and that the consequences of these alterations may be detrimental, 294 

potentially leading to severe impacts on amphibian populations. Many threats (deforestation, pollution, pesticides, habitat 295 

loss) have been reported to biodiversity, especially to amphibians, highlighting the importance to understanding and 296 

anticipating the potential effects on the risk of infection diseases (Thieltges et al., 2008; Johnson et al., 2013; McCallum, 297 

2015; Rohr et al., 2020). Moreover, other studies (e.g., Baxter et al., 2005; Bowler et al., 2012; Turunen et al., 2021) 298 

advocate the importance of riparian forests in the ecosystem dynamics and mitigating ecological degradation. Therefore, 299 

the present study reinforces these predictions and shows consistently through field findings the outcomes on amphibian 300 

populations and their parasites under changes of habitat integrity in riparian forests. 301 
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Figure captions 495 

 496 

Fig. 1 a) Diagram of forest fragments representing the three integrity levels (high, intermediate, and low) where 497 

amphibians were collected and analyzed for helminth parasites. Riparian forests are the green area in an agriculture 498 

matrix (beige area) from the present study, north of Paraná state, Brazil. Blue dashed lines mean the streams with 499 

headwater (H). b) Diagram representing the nine transects (dark dashed lines) from the points (P1, P2, P3, and P4) from 500 

the riverside right (R) and left (L) to determine the mean of forest strip width. P1 is the headwater, and the following 501 

points are 50 m from each other to downstream in the river’s course (blue dashed line). 502 

 503 

Fig. 2 Map of South America and the region north of Paraná State, Brazil, showing the six sites of riparian forest 504 

fragments. Dots refer to sites in high integrated forests (H1 and H2), triangles refer to intermediate forests (I1 and I2), 505 

and diamonds refer to low integrity level (L1 and L2).   506 

 507 

Fig. 3 Variation of the scaled mass index (SMI) among the low-integrity (L1 and L2), intermediate-integrity (I1 and I2), 508 

and high-integrity fragments (H1 and H2). Box-and-whisker plots represent the median, interquartile range, and minimum 509 

and maximum values. 510 

 511 

Fig. 4 Non-parametric multidimensional scaling (NMDS) ordinations of parasite communities of P. avelinoi frogs from 512 

the six forest fragments. Forest fragments: high integrity - H1 (dark green) and H2 (light green), intermediate integrity - 513 

I1 (purple) and I2 (light blue), and low integrity - L1 (orange) and L2 (yellow).          514 
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Fig. 2 564 
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Fig. 3 585 
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Fig. 4 620 
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Table 1 Geographic location and traits of riparian forest fragments from north of Paraná State, Brazil. Forest strip width 647 

is given as mean and meters (m), and REA (Rapid Ecological Assessment) represents the scores of the quality forest. 648 

Forest fragments are L1 and L2 (low-integrity), I1 and I2 (intermediate-integrity), and H1 and H2 (high-integrity).   649 

 650 

Forest 

fragments 

Geographic 

coordinates 
Surrounding 

Forest strip 

width (m) 
REA 

L1 
23°30'59,07"S; 

51° 4'58,60"O 
agricultural 0 0 

L2 
23°31'4,28"S; 

51° 4'29,56"O 
agricultural 1 1 

I1 
23°24'11,00"S; 

51°18'31,47"O 
agricultural 31 17 

I2 
23°26'6,21"S; 

51°16'21,87"O 
agricultural 32 16 

H1 
23°24'6,84"S; 

51°19'29,91"O 
forest 647 25 

H2 
23°27'5,13"S; 

51°15'17,81"O 
forest 1284 35 
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Table 2 Overall parasite parameters of Proceratophrys avelinoi populations from the six riparian forest fragments, North 670 

of Paraná State, Brazil. Number of anurans (n), prevalence (P%), mean abundance (AM), range, mean intensity of 671 

infection (MII), standard error (SE), richness and diversity (Brillouin index) of parasite taxa.   672 

  673 

Integrity 

level 
Fragments P (%) 

AM 

(±SE) 

Range 

(min-max) 

MII 

(±SE) 
Richness 

Diversit

y 

High 

H1  

(n= 3) 
100 

8.33          

(± 3.18) 
2–12  

8.33          

(± 3.18) 
1 0 

H2  

(n= 17) 
94.12 

4.53          

(± 1.11) 
1–20 

4.81          

(± 1.14) 
3 0.58 

Intermediat

e 

I1  

(n= 51) 
98.04 

8.88          

(± 0.77) 
1–29 

9.06          

(± 0.77) 
6 0.63 

I2  

(n= 6) 
83.33 

7.83       

(± 2.41) 
3–15 

9.40          

(± 2.25) 
3 0.71 

Low 

L1  

(n= 14) 
100 

4.43          

(± 0.78) 
1–11 

4.43          

(± 0.78) 
4 0.48 

L2  

(n= 7) 
100 

4.71          

(± 1.49) 
1–13 

4.71          

(± 1.49) 
2 0.62 
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Table 3 Parasites and infection parameters of Proceratophrys avelinoi populations from the riparian forest fragments, 693 

North of Paraná State, Brazil. Forest fragments are H1 and H2 (high-integrity), I1 and I2 (intermediate-integrity), and L1 694 

and L2 (low-integrity). Prevalence (P%), mean abundance (AM), mean intensity of infection (MII), standard error (SE), 695 

range and site of infection per parasite. BR (brain), CAV (body cavity muscle), LE (leg muscle), LI (large intestine), LU 696 

(lungs), MES (mesentery), SI (small intestine), ST (stomach), and UB (urinary bladder). #Monoxenic life cycle; 697 

*Heteroxenic life cycle.    698 

Fragments Parasites P% AM (±SE) MII (±SE) 
Range 

(min-max) 

Site of 

infection 

H1 Cosmocercidae gen. sp.# 100 8.33 (± 3.18) 8.33 (± 3.18) 2–12 LI 

H2 

Cosmocercidae gen. sp. # 76.47 3.53 (± 1.15) 4.61 (± 1.37) 1–20 LI, SI 

Physalopterinae gen. sp. 

(larvae)* 
35.29 0.82 (± 0.33) 2.33 (± 0.56) 1–5 ST 

Spirometra sp. 

(encysted)* 
11.76 0.18 (± 0.13) 1.5 (± 0.5) 1–2 BR, LE 

I1 

Cosmocercidae gen. sp. # 88.24 7.37 (± 0.79) 8.36 (± 0.78) 1–29 LI, SI 

Physalopterinae gen. 

sp.* (larvae) 
3.92 0.08 (± 0.06) 2.00 (± 1.00) 1–3 ST 

Raillietnema sp. # 9.80 0.80 (± 0.36) 8.2 (± 1.02) 5–11 LI, SI 

Raillietnema spectans# 1.96 0.06 (± 0.06) 3 1 LI, SI 

Gorgoderina sp. 1* 3.92 0.12 (± 0.08) 3.00 (± 0.00) 3 UB 

Spirometra sp.* 

(encysted) 
17.65 0.45 (± 0.20) 2.56 (± 0.82) 1–7 

LE, MES, 

CAV 

I2 

Cosmocercidae gen. sp. # 66.67 5.00 (± 1.97) 7.50 (± 1.85) 3–12 LI, SI 

Physalopterinae gen. 

sp.* 
16.67 0.33 (± 0.33) 2 2 ST 

Raillietnema sp. # 16.67 2.50 (± 2.50) 15 15 LI, SI 

L1 

Cosmocercidae gen. sp. # 85.71 3.71 (± 0.86) 4.33 (± 0.88) 1–11 LI, SI 

Raillietnema sp. # 14.29 0.57 (± 0.44) 4.00 (± 2.00) 2–6 SI 

Rhabdias sp. # 7.14 0.07 (± 0.07) 1 1 LU 

Spirometra sp.* 7.14 0.07 (± 0.07) 1 1 CAV 

L2 
Cosmocercidae gen. sp. # 85.71 2.71 (± 0.78) 3.17 (± 0.75) 1–5 LI, SI 

Gorgoderina sp. 2* 28.57 2.0 (± 1.84) 7.00 (± 6.00) 1–13 UB 

 699 

 700 

 701 

 702 

 703 

 704 

 705 

 706 
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Table 4 Results of generalized linear mixed models describing the relationship between parasite abundance, parasite 707 

richness, and parasite diversity (Brillouin index) as a function of host health (SMI), integrity levels of fragments (i.e. 708 

REA: Rapid Ecological Assessment), and abiotic factors (i.e. temperature, dissolved oxygen: DO, and electrical 709 

conductivity: EC). Parameter estimates, standard error (SE), Wald z-values, and P-value, 95% confidence interval (Lower 710 

and Upper) are provided for each predictor and model. Bold values and the confidence intervals (CI) that exclude zero 711 

indicate significant variables (n = 98)  712 

 713 

 714 

 715 

 716 

 717 

Model 
 Parameter 

estimate 

 
SE 

 Wald z-

value 

 P-

value 

 95% CI 

     Lower Upper 

Parasite abundance            

Intercept  31.287  9.133  3.425  0.001  13.385 49.189 

SMI  0.224  0.233  0.961  0.336  -0.233 0.683 

REA  0.023  0.054  0.425  0.670  -0.083 0.130 

Temperature  -1.109  0.384  -2.889  0.003  -1.863 -0.356 

DO  -0.512  0.206  -2.485  0.012  -0.915 -0.108 

EC  -0.013  0.004  -2.788  0.005  -0.023 -0.004 

Parasite richness            

Intercept  -0.917  12.692  -0.072  0.942  -25.794 23.958 

SMI  0.167  0.295  0.567  0.571  -0.411 0.746 

REA  0.007  0.078  0.090  0.929  -0.146 0.160 

Temperature  0.073  0.534  0.137     0.891  -0.974 1.121 

DO  -0.098  0.292  -0.336      0.737  -0.672 0.475 

EC  -0.002  0.006  -0.392  0.695  -0.015 0.010 

Parasite diversity            

Intercept  0.157  2.222  0.071  0.944  -4.198 4.512 

SMI  0.060  0.055  1.095  0.274  -4.790 1.691 

REA  0.010  0.014  0.717  0.473  -1.821 3.923 

Temperature  0.001  0.094  0.009  0.993  -1.839 1.857 

DO  -0.021  0.048  -0.445  0.657  -1.170 7.379 

EC  -0.001  0.001  -0.683  0.494  -2.958 1.429 


