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Abstract
Understanding how ecological and evolutionary processes shape biodiversity across hierarchical levels is a central goal in 
ecology, and parasite communities provide a valuable model for investigating assembly rules because they are directly con-
strained by their hosts. In this study, we investigated how taxonomic (TD), functional (FD), and proxy phylogenetic diversity 
(PPD) of parasite communities vary across two congeneric fish hosts (Hypostomus hermanni and H. regani) collected from 
two rivers (Batalha River and Ivaí River). We quantified diversity at multiple organizational levels, including α-diversity 
within host individuals, β1 variation among host individuals within the same host species, β2 variation between host species, 
and γ-diversity across habitats. Parasite communities were more similar among host individuals sampled within the same 
river than between rivers. Alpha diversity differed primarily in TD and FD, with H. hermanni from the Batalha River show-
ing the highest values, whereas αPPD showed limited variation among host species. Beta diversity analyses revealed weak 
departures from random expectations within host species (β1) but strong differentiation between host species (β2) across TD, 
FD, and PPD. Overall, our findings indicate that host species remains a central driver of parasite diversity, while highlighting 
that taxonomic, functional, and phylogenetic facets respond differently to host and habitat-related factors.
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Introduction

An ecosystem is defined as a set of organisms and the abi-
otic and biotic environments in which they occur (Begon 
and Townsend 2021). Within an ecosystem, species inter-
act through shared environments and resources (Schoener 
1974); consequently, the search for biodiversity patterns 
across different spatial and temporal scales, as well as the 
mechanisms underlying these patterns, is a central goal in 
ecology (Pennisi 2005). An individual organism, such as 
a parasite, exists within its host, which in turn is part of 
a nested hierarchy ranging from the host to the ecologi-
cal community and ultimately to the broader ecosystem. 
In this context, parasitism can be viewed as a series of 
smaller systems embedded within larger ones, allowing 
parasites to serve as valuable ecological indicators of host 
biology and ecosystem interactions (Allen and Starr 1982; 
Horwitz and Wilcox 2005; Marcogliese 2003; Rynkiewicz 
et al. 2015). Many parasite species are inherited by their 
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current hosts from distant ancestors; therefore, closely 
related hosts may share similar parasite faunas (Lehun 
et al. 2024; Poulin 2010). However, over evolutionary 
time, parasite faunas can change through the acquisition of 
new species and the loss of others because of evolutionary 
processes (Vickery and Poulin 1998; Poulin 2007, 2014).

The genus Hypostomus Lacépède (1803) belongs to 
the family Loricariidae and is distributed from Central 
America to South America, with several species recorded 
in the tributaries of the Paraná, Paraguay, Uruguay, and 
Amazon basins, thus representing an important component 
of the Neotropical freshwater ichthyofauna. Members of 
this family are easily recognizable by their sucker-shaped 
mouth and body covered in bony plates (Montoya-Burgos 
2003; Rocha-Reis et al. 2021). The parasitic fauna asso-
ciated with Hypostomus species includes monopisthoc-
otyleans, digeneans, nematodes, and hirudinea, parasite 
groups commonly reported in freshwater fishes (Lehun 
et al. 2020; Takemoto et al. 2009). However, despite the 
wide distribution and ecological relevance of this genus, 
the structure of parasite communities and the characteris-
tics of host–parasite interactions in these species remain 
poorly understood (Pelegrini et al. 2022).

In recent years, ecological research has increasingly 
highlighted the complex and multidimensional nature of 
biodiversity, incorporating not only traditional taxonomic 
approaches but also functional and phylogenetic dimensions, 
an especially relevant perspective for parasite communities 
(Llopis-Belenguer et al. 2020). Taxonomic diversity, the 
most frequently employed metric, refers to the number of 
species found within a given area (Whittaker et al. 2001). 
Functional diversity, in turn, captures the range and vari-
ability of species’ functional traits within an assemblage 
(Petchey and Gaston 2006; Violle et al. 2007), while phy-
logenetic diversity reflects the evolutionary relationships 
among taxa (Faith 1992; Srivastava et al. 2012). Biodiversity 
can also be examined hierarchically at three complementary 
scales: within communities (α-diversity), between commu-
nities (β-diversity), and across broader regions (γ-diversity) 
(Crist and Veech 2006; Loreau 2000; Pavoine et al. 2016; 
Whittaker 1972).

Thus, all components of biodiversity must be considered 
to improve our understanding of ecosystem processes, as 
parasite species composition and host–parasite interaction 
patterns may not show congruent variation across differ-
ent environmental contexts (Runghen et al. 2021). In this 
study, we investigated whether taxonomic, functional, and 
phylogenetic measures of parasite diversity differ between 
host species of the genus Hypostomus. We focused on two 
phylogenetically close species, H. hermanni (Ihering 1905) 
and H. regani (Ihering 1905), collected from different riv-
ers (Montoya-Burgos 2003; Rocha-Reis et al. 2021). We 
hypothesized that the different facets of parasite diversity 

vary between host species (α- and β-diversity) and between 
habitats (γ-diversity).

Materials and methods

Study area, fish, and parasite collection

The Batalha River is an important tributary of the Tietê 
River, approximately 167  km long and responsible for 
about 40% of the water supply of Bauru, São Paulo state, 
Brazil. In recent decades, it has experienced intense 
anthropogenic pressures, particularly from agricultural 
and industrial activities, resulting in environmental deg-
radation, water pollution, and biodiversity loss (Secre-
taria Municipal do Meio Ambiente 2008). In this study, 
individuals of Hypostomus hermanni and H. regani were 
collected between 2014 and 2016 (SISBIO no. 40998-2; 
Ethics Committee CEUA/USC no. 3353050417) from two 
river stretches with distinct limnological characteristics: a 
lentic stretch used for water intake between Piratininga and 
Bauru (22° 24′ 46″ S; 49° 05′ 05″ W) and a lotic stretch 
in Reginópolis (21° 53′ 17″ S; 49° 13′ 31″ W), where the 
surrounding area, despite the presence of riparian forest, is 
strongly influenced by agricultural activities (Fig. 1). Gill 
nets with internode sizes ranging from 20 to 100 mm were 
set along the riverbanks or near the bottom overnight and 
retrieved before dawn, after approximately 10 h of exposure. 
Captured fish were removed from the nets, anesthetized with 
a eugenol solution (100 mg L−1 clove oil), and euthanized by 
spinal cord section. Each one was then placed in a separate 
plastic bag and frozen for subsequent laboratory analysis.

The Ivaí River is a left-bank tributary of the Paraná River 
in the state of Paraná, draining approximately 35,845 km2 
and extending about 685 km in length (Maack 1981). It orig-
inates in the municipality of Ivaí at the confluence of the 
Patos and São João rivers, both located within the Serra da 
Esperança State Park, along the boundary between the sec-
ond and third plateaus of Paraná state (Maack 1981; Santos 
et al. 2008). Specimens of H. hermanni and H. regani were 
collected in the Ivaí River between May 2019 and March 
2020 (SISBIO no. 66135-3; Ethics Committee CEUA/
UEM no. 5073090620) in the municipality of Engenheiro 
Beltrão (23° 40′ 15.4″ S 52° 09′ 36.6″ W, 23° 40′ 06.3″ S 
52° 09′ 31.5″ W, and 23° 38′ 57.7″ S 52° 09′ 52.7″ W) 
(Fig. 1). Sampling was conducted using gillnets with mesh 
sizes of 3.0, 5.0, 6.0, and 7.0 cm between knots, which 
were deployed for 12 h and checked every 6 h. Captured 
fish were anesthetized with benzocaine, and after the cessa-
tion of opercular movements, euthanasia was performed by 
cranial perforation to ensure brain destruction. Individuals 
were then stored separately in thermal boxes, transported to 
the laboratory, and frozen. The number of hosts analyzed, 
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as well as their standard length and weight, are presented 
in Table 1.

For necropsy of the hosts and collection of parasites, we 
followed the methodology proposed by Eiras et al. (2006). 
Immediately after the frozen fish arrived at the laboratory 
(the day after capture), the necropsy was started. First, the 
gill arches were carefully removed and examined with a ster-
eomicroscope in a Petri dish with water. Next, to collect the 
endoparasites, the visceral cavity of each fish was opened 
by making a longitudinal incision from the anal region to 
the anterior portion of the body. This exposed the internal 
organs, which were placed separately in Petri dishes con-
taining 70% alcohol for individual analysis. The surfaces of 
the intestine, stomach, gallbladder, heart, and swim bladder 
were analyzed in situ, then longitudinal cuts were made, 
and the internal contents were carefully sorted under a 

Fig. 1   Map of the location of the Batalha River and the Ivaí River, Brazil, and the sampling points

Table 1   Biometric data of Hypostomus hermanni and H. regani col-
lected from the Batalha River (São Paulo, Brazil) and the Ivaí River 
(Paraná, Brazil)

N number of host individuals analyzed, SL mean standard length 
(cm), W mean weight (g), SE standard error

N SL ± SE (cm) W ± SE (g)

Batalha River
 Hypostomus hermanni 31 15.64 ± 0.42 120.27 ± 10.67
 Hypostomus regani 60 17.72 ± 0.37 160.45 ± 10.03

Ivaí River
 Hypostomus hermanni 50 16.15 ± 1.64 128.65 ± 43.62
 Hypostomus regani 22 23.00 ± 5.15 303.09 ± 218.55
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stereomicroscope. The procedures for fixing and preparing 
the parasite slides followed the methodology described by 
Eiras et al. (2006). Identification followed Moravec (1998) 
for Nematoda; Santos et al. (2002), Thatcher (2006), Kohn 
et al. (2007), Zica et al. (2009, 2011), De Núñez (2017), and 
Franceschini et al. (2020) for Digenea and Monopisthocoty-
lea; and Damborenea et al. (2020) for Hirudinea.

Data analysis

Although sampling was conducted at different times in the 
two rivers, the objective of this study was strictly compar-
ative and spatial, aiming to assess differences in parasite 
community structure in the genus Hypostomus. Temporal 
variation was therefore not considered a primary factor in 
the analyses.

The prevalence, mean intensity, and mean abundance 
of each parasite species in each host species were calcu-
lated following Bush et al. (1997). Diversity analyses were 
conducted at different hierarchical levels: α-diversity refers 
to the diversity contained within a single sampling unit 
(i.e., an individual host); β-diversity captures the degree of 

dissimilarity between sampling units, where β1 represents 
differences between hosts within the same population, and 
β2 represents differences between hosts from distinct popu-
lations; and γ-diversity reflects the overall diversity of the 
system (Llopis-Belenguer et al. 2019, 2020) (Fig. 2).

For alpha diversity, we examined how different facets of 
diversity (taxonomic, functional, and phylogenetic) varied 
across host species. Taxonomic diversity (TD) was quanti-
fied using the parasite species abundance matrix. Functional 
diversity (FD) was estimated from a matrix of parasite func-
tional traits (Thioulouse et al. 2018), including five traits 
representing morphological, life-history, and behavioral 
characteristics, following Llopis-Belenguer et al. (2019) 
and subsequent applications (Krasnov et al. 2021a, b; Sara-
beev et al. 2024; Lehun et al. 2025). The traits considered 
were: (1) life cycle, (2) niche preference, (3) attachment, (4) 
feeding mode, and (5) body length (Table 2). We calculated 
interspecific functional distances using the Gower metric 
(Gower 1971). The resulting distance matrix was then trans-
formed into a Euclidean distance matrix and standardized by 
dividing all values by the maximum observed distance, con-
straining the range to 0–1, following Pavoine et al. (2009) 

Fig. 2   Representation of para-
site diversity across hierarchi-
cal levels in Hypostomus hosts 
from the Batalha River and Ivaí 
River: α represents parasite 
diversity within individual 
hosts; β1 represents variation 
among individuals within the 
same population; β2 represents 
variation among populations; 
and γ represents total parasite 
diversity of the system. Differ-
ent parasite and host colors indi-
cate distinct species occurring 
within and across habitats

Table 2   Functional traits of parasite species, including traits, type of trait, and type of measurement

Adapted from Llopis-Belenguer et al. (2019)

Trait Type of trait Type of measurement

Life cycle Ecological performance Qualitative (larval or adult)
Niche preference Ecological performance Qualitative (site of infestation)
Attachment Functional trait Quantitative (continuous standardized linear measurements: sclerotized parts of the haptor; ordinal: 

number of combs)
Feeding mode Functional trait Qualitative (presence or absence of a digestive system—which, although not directly related to the 

ecological functions of parasites in ecosystems, provides valuable insight into resource acquisition 
strategies and functional differentiation)

Body length Functional trait Quantitative (continuous linear measurements: mean body length)
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and Llopis-Belenguer et al. (2020). Diversity values were 
expressed as effective numbers of species, defined as the 
number of equally abundant species required to produce a 
given diversity index value (Jost 2006).

For proxy phylogenetic diversity (PPD), we built a tax-
onomic-based phylogenetic tree using the hierarchical Lin-
naean classification of each parasite species (species, genus, 
subfamily, family, suborder, order, and class). Taxonomic 
information was obtained from the Global Biodiversity 
Information Facility (GBIF) and World Register of Marine 
Species (WoRMS) and checked for consistency across taxa. 
The tree was constructed by converting the taxonomic hier-
archy into a phylogenetic framework, where taxa sharing 
more inclusive ranks were considered more closely related. 
Pairwise phylogenetic distances among parasite species 
were then computed by generating a Euclidean distance 
matrix using the taxa2dist function from the Vegan Package 
(Oksanen et al. 2020), and the resulting matrix was stand-
ardized to values between 0 and 1. This taxonomic proxy 
was adopted because a complete molecular phylogeny is not 
available for all parasite taxa in our dataset, and taxonomic-
based distances have been widely used as a surrogate to rep-
resent evolutionary relatedness in community-level analyses 
(see Llopis-Belenguer et al. 2020 for details).

To assess differences in α-diversity, we used linear 
models with residual randomization to generate empirical 
sampling distributions for subsequent analyses of variance 
(ANOVAs), following Collyer and Adams (2018). Uni-
variate α-diversity metrics (TD, FD, and PPD) were log-
transformed prior to the analyses. We then fitted one-way 
models using the lm.rrpp function in the RRPP package 
and performed type I ANOVAs on the basis of randomized 
F-statistic distributions, with host species as the grouping 
factor. When significant differences were detected among 
host species, we conducted post hoc pairwise comparisons 
of αTD, αFD, and αPPD among host species using the pair-
wise function implemented in the RRPP package.

We estimated β-diversity (β1 and β2) using the equivalent 
number approach (Ricotta and Szeidl 2009) on the basis of 
the third formulation of Rao’s quadratic entropy proposed 
by Pavoine et al. (2016). Calculations were performed with 
the EqRao function in the adiv package (Pavoine 2018) for 
taxonomic (TD), functional (FD), and proxy phylogenetic 
diversity (PPD). To test whether observed β1 and β1 val-
ues departed from random expectations, we generated 999 
permuted β-diversity values using the rtestEqRao function 
(adiv) and assessed significance at p < 0.05. When signifi-
cant deviations were detected, we compared observed and 
permuted values to determine whether parasite communities 
were more homogeneous than expected (observed < simu-
lated; higher similarity) or more heterogeneous than 
expected (observed > simulated; higher dissimilarity), 
following Llopis-Belenguer et al. (2020). We also used 

standardized β-diversity values (standardized effect sizes) 
provided by EqRao, calculated as (observed β − mean of ran-
domly simulated βs)/standard deviation of randomly simu-
lated βs, to infer the magnitude and direction of dispersion. 
Positive standardized values indicate clustering (greater 
similarity), whereas negative values indicate overdispersion 
(greater dissimilarity), either within levels of a factor (β1) or 
between levels of a factor (β2) (Head et al. 2018).

To assess parasite diversity, we applied Dual Principal 
Coordinate Analysis (DPCoA) (Pavoine et al. 2004) to char-
acterize taxonomic, functional, and phylogenetic diversity of 
parasite infracommunities associated with Hypostomus spp. 
from the Batalha River and the Ivaí River. To evaluate the 
effects of two cross-classified factors on parasite diversity, 
we used cross-DPCoA (Pavoine et al. 2013), defining host 
species as factor A and collection site (habitat) as factor B. 
This approach partitions the total variation in parasite diver-
sity into components uniquely attributable to each factor and 
their shared component. Cross-DPCoA produces an ordina-
tion space in which parasite species, infracommunities, and 
factor levels are represented along principal axes. First, the 
main ordination is computed considering only factor A (host 
species), while ignoring variation associated with factor B. 
Next, the first version removes the variation explained exclu-
sively by factor B (habitat) while retaining the shared vari-
ation between factors A and B. Finally, the second version 
removes all variation associated with factor B, including the 
shared component between factors A and B (i.e., their inter-
action), thereby isolating the diversity structure attributable 
exclusively to factor A (host species).

All analyses were conducted in R (R Core Team 2024) 
using the ade4 (Thioulouse et al. 2018), adiv (Pavoine 2020), 
RRPP (Collyer and Adams 2018), and vegan (Oksanen et al. 
2020) packages.

Results

A total of 163 Hypostomus spp. individuals were collected. 
Overall, 21 parasite species were recorded, with parasite 
assemblages showing broadly similar composition across 
host species, most being ectoparasites, particularly mono-
pisthocotyleans (Table 3). Fish sampled in the Batalha River 
exhibited greater parasite richness: H. hermanni hosted 11 
species, while H. regani harbored 12. In this river, the leech 
Oligobdella sp. was the most prevalent parasite in both 
host species. In contrast, Hypostomus spp. collected from 
the Ivaí River displayed lower richness, with H. hermanni 
hosting four parasite species and H. regani five. The most 
prevalent species in the Ivaí River were Austrodiplostomum 
compactum (Lutz 1928) in H. hermanni and Procamallanus 
(Procamallanus) annipetterae Kohn and Fernandes 1988 in 
H. regani.
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Taxonomic and functional α-diversity of parasites var-
ied significantly among Hypostomus species (ANOVA: TD: 
F = 7.833, p = 0.001; FD: F = 7.267, p = 0.001; Fig. 3). In 
contrast, phylogenetic α-diversity showed no significant 

differences between host species (ANOVA: PPD: F = 1.322, 
p = 0.274; Fig. 3).

For the β1 level, parasite communities of host individuals 
of the same species (within host species) tended to be more 

Table 3   Parasite species and parasitological indices recorded in Hypostomus hermanni and H. regani from the Batalha River (São Paulo, Brazil) 
and the Ivaí River (Paraná, Brazil)

P %, prevalence; MA, mean abundance; SE, standard error; MI, mean intensity

Batalha River Ivaí River

P % MA ± SE MI ± SE P % MA ± SE MI ± SE

Hypostomus hermanni
 Monopisthocotylea
  Trinigyrus sp. 61.3 10.9 ± 3.4 16.8 ± 5.0 – – –
  Trinigyrus anthus Franceschini, Acosta, Zago, Müller, and Silva 2020 – – – 42 1.08 ± 1.60 2.57 ± 1.50
  Unilatus anoculus (Price 1968) 3.2 0.1 ± 0.07 2 – – –
  Unilatus unilatus Mizelle and Kritsky 1967 35.5 1.9 ± 0.9 4.9 ± 2.0 – – –
  Phanerothecioides agostinhoi Kritsky, Vianna, and Boeger 2007 48.4 1.8 ± 1.05 3.7 ± 1.2 – – –
  Phanerothecium spinatoides Kritsky, Vianna, and Boeger 2007 6.4 0.1 ± 0.1 2 ± 1 – – –
  Phanerothecium spinatus Boeger, Kritsky, and Belmont-Jegu 1994 16.1 1.0 ± 0.5 5 ± 2.3 – – –
  Phanerothecium spinulatum Kritsky, Vianna, and Boeger 2007 6.4 0.3 ± 0.2 5 ± 2 – – –
  Phanerothecium deiropedeum Kritsky, Vianna, and Boeger 2007 3.2 0.1 ± 0.07 2 – – –

 Digenea
  Austrodiplostomum compactum (Lutz 1928) 74.2 2.7 ± 0.5 3.6 ± 0.5 76 10 ± 17.2 13.2 ± 18.7
  Tylodelphys sp. 3.2 0.03 ± 0.03 1 – – –

 Nematoda
  Procamallanus (Procamallanus) annipetterae Kohn and Fernandes 1988 – – – 74 2.38 ± 2.32 3.22 ± 2.14
  Pseudocapillaria sp. 9.7 0.1 ± 0.07 1.3 ± 0.3 – – –

 Hirudinea
  Oligobdella sp. 93.6 18.7 ± 3.1 20.6 ± 3.3
  Placobdella sp. – – – 66 2.02 ± 2.55 3.06 ± 2.59

Hypostomus regani
 Monopisthocotylea
  Trinigyrus sp. 80 23.7 ± 3.6 29.7 ± 4.1 – – –
  Trinigyrus anthus – – – 68 7.04 ± 8.75 10.3 ± 8.85
  Unilatus anoculus 5 0.3 ± 0.2 5.3 ± 1.5 – – –
  Unilatus unilatus 38.3 1.8 ± 0.4 4.7 ± 0.6 13 0.18 ± 0.5 1.33 ± 0.57
  Phanerothecioides agostinhoi 60 3.9 ± 0.9 6.4 ± 1.3 – – –
  Phanerothecium caballeroi Kritsky and Thatcher 1977 1.7 0.02 ± 0.01 1 – – –
  Phanerothecium deiropedeum 8.3 0.2 ± 0.1 1.8 ± 0.8 – – –
  Phanerothecium spinatoides 3.3 0.1 ± 0.07 3.5 ± 0.7 – – –
  Phanerothecium spinatus 11.7 0.4 ± 0.1 3.0 ± 0.6 – – –
  Phanerothecium spinulatum 10 0.3 ± 0.1 2.5 ± 0.6 – – –

 Digenea
  Austrodiplostomum compactum 33.3 0.6 ± 0.1 1.7 ± 0.3 68.2 3.5 ± 4.73 5.13 ± 4.95
  Austrodiplostomum mordax Szidat and Nani 1951 1.7 0.02 ± 0.01 1 – – –

 Nematoda
  Procamallanus (Procamallanus) annipetterae – – – 90.9 5.23 ± 4.83 5.75 ± 4.75
  Rhabdochona sp. 1.7 0.1 ± 0.06 4 – – –

 Hirudinea
  Oligobdella sp. 100 32.7 ± 3.8 32.7 ± 4 – – –
  Placobdella sp. – – – 72.7 4.5 ± 7.29 6.19 ± 7.96



Variation in taxonomic, functional, and phylogenetic diversity of parasites in Hypostomus… Page 7 of 14  53

Fig. 3   Parasite α-diversity in terms of taxonomic (TD), functional (FD), and proxy phylogenetic diversity (PPD) for each host individual of 
Hypostomus hermanni and H. regani sampled in the Batalha River and the Ivaí River

Table 4   Statistical results of β-diversity partitioning for taxonomic (TD), functional (FD), and proxy phylogenetic diversity (PPD) at two organi-
zational levels: β1 (variation among host individuals within the same host species) and β2 (variation between host species)

Obs. indicates the observed β value; p-value indicates the significance of the deviation from random expectations (p < 0.05); and Std. Obs. indi-
cates the standardized effect size, calculated from the distribution of simulated β values

β1 β2

TD FD PPD TD FD PPD

Obs 0.33 0.22 0.26 0.12 0.02 0.04
p-value 0.19 0.77 0.8 0.001 0.001 0.001
Std. Obs. −1.26 0.25 0.25 25.7 10.7 13.3



	 A. L. Lehun et al.53  Page 8 of 14

similar (Table 4), as positive values of β1-TD, β1-FD, and 
β1-PPD indicate that parasite species tended to be clustered 
within host species. At the β2-level (between host species), 
parasite communities differed significantly from random-
ness in TD, FD, and PPD, indicating that similarity between 
infracommunities was lower than simulated values (Table 4) 
and that community structure was clustered at this level of 
the organizational scale. Analyzing the cross-effect (host 
species and habitat), it was demonstrated that the largest 
proportion of the taxonomic, functional, and phylogenetic 
diversity of the entire parasite assemblage was associated 
with the effect of diversity in each infracommunity (i.e., host 
individual), followed by the cross-effect between the two 
factors and the host species (Table 5). The parasite com-
munities of the host species of Hypostomus spp. showed an 
overlap in taxonomic, functional, and proxy diversity for 
phylogeny. However, the host species and habitat are signifi-
cant predictors for the taxonomic and functional diversity of 
the parasite communities (Fig. 4).

Discussion

Parasite communities of Hypostomus spp. showed greater 
similarity among individuals collected within the same habi-
tat than among individuals from different habitats, indicat-
ing that spatial context contributes to parasite community 
structure. At the same time, the host species also played 
an important role, as α-diversity differed among host spe-
cies in both taxonomic (αTD) and functional (αFD) dimen-
sions. In contrast, proxy phylogenetic α-diversity (αPPD) 
showed little variation among hosts. Together, these results 
suggest that parasite assemblages vary across host species 
and habitats mainly through changes in species composition 
and functional strategies, while their phylogenetic structure 
remains more conserved.

The higher αTD observed for H. hermanni from the 
Batalha River was largely driven by ectoparasite-rich infra-
communities, particularly monopisthocotyleans of the fam-
ily Gyrodactylidae. Monopisthocotyleans are often host-
specific (Thatcher 2006), and host–parasite associations 

are expected to reflect long-term coevolutionary dynamics 
(Poulin 2004, 2010). Consequently, parasite assemblages 
may show limited species sharing among hosts, especially 
when infestations are dominated by highly host-specific 
taxa (Krasnov et al. 2012). In addition, parasites typically 
exhibit aggregated distributions, with a few hosts harboring 
many parasites while most hosts carry few or none (Poulin 
et al. 2013). Such aggregation can increase among-host het-
erogeneity within a given host species and habitat, thereby 
contributing to within-population variation in community 
composition.

Functional diversity helped clarify that differences 
between host species and between habitats can reflect not 
only taxonomic turnover but also shifts in the ecological 
strategies represented within parasite communities. The αFD 
patterns indicate that parasite communities can differ func-
tionally between hosts, which is consistent with the idea that 
traits related to transmission, attachment, microhabitat use, 
and resource acquisition influence parasite establishment and 
coexistence. Parasite assemblages within hosts may include 
functionally distinct taxa, even within the same host individ-
ual, suggesting that niche differentiation in microhabitat use 
and feeding strategies can reduce direct overlap and facilitate 
coexistence (Poulin 1997; Schluter 2000). Conversely, when 
communities show limited functional differentiation despite 
taxonomic variation, this suggests functional redundancy, 
whereby different species perform similar ecological roles 
(Moreno-García and Baiser 2021). Therefore, FD can pro-
vide mechanistic insights beyond TD by revealing that host- 
and habitat-associated changes involve shifts in functional 
strategies, rather than only changes in taxonomic diversity.

The characterization of functional diversity in parasi-
tology remains in its early stages (Llopis-Belenguer et al. 
2019). Parasite traits may be more informative than taxo-
nomic diversity in predicting performance within commu-
nities; however, trait-based approaches are still constrained 
by several limitations. First, the number of functional traits 
available in literature is restricted, and in this study, only 
five traits could be incorporated, which inevitably reduces 
the explanatory power and resolution of functional analy-
ses (Dallas et al. 2017). Thus, functional patterns should be 
interpreted cautiously, as limited trait coverage may reduce 
the sensitivity to detecting functional turnover among 
assemblages and may increase apparent functional redun-
dancy across communities. This limitation is compounded 
by the absence of standardized and comprehensive trait 
databases for parasites, unlike what is available for plants, 
birds, or fishes (see Cornelissen et al. 2003; Petchey and 
Gaston 2002; Stewart et al. 2022; Stuart-Smith et al. 2013; 
Villéger et al. 2010), making cross-study comparisons dif-
ficult and limiting the development of broader predictive 
frameworks. Moreover, many relevant functional traits, such 
as a reproductive organ, seasonality in reproduction, degree 

Table 5   Percentage contributions of taxonomic (TD), functional 
(FD), and proxy phylogenetic diversity (PPD) components of 
β-diversity in parasite infracommunities, partitioned among the 
effects of host individual (HI), host species (HS; Hypostomus her-
manni and H. regani), habitat (HA; Batalha River and Ivaí River), 
and their interaction (HS × HA)

Diversity HI HS HA HS ×  HA

TD 68.9 11.73 9.48 9.87
FD 71.05 4.99 2.34 21.6
PPD 71.04 5.3 3.37 20.27
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of sexual dimorphism, and geographic range size or range 
latitude (Llopis-Belenguer et al. 2019), remain challenging 
to quantify, as they often require experimental approaches or 
invasive observations that are not easily standardized. Addi-
tionally, some parasite groups exhibit low morphological 
variability, which may lead to functional redundancy and 
reduce the sensitivity of FD metrics to detecting differ-
ences among communities (Krasnov et al. 2024; Krasnov 

and Khokhlova 2025; Mouillot et al. 2013). Future research 
should therefore expand the range and quality of trait infor-
mation to advance our understanding of parasite community 
structure and better evaluate the ecological roles and eco-
system services associated with parasite diversity (Mouillot 
et al. 2013; Petchey and Gaston 2002).

Unlike αTD and αFD, αPPD did not vary substan-
tially among host species, suggesting that parasite 

Fig. 4   Centroid positions of parasite species in three diversity 
spaces: a taxonomic (TD), b functional (FD), and c proxy phyloge-
netic (PPD). Ordinations were generated using the first version of the 
crossed-DPCoA, with host species (Hypostomus hermanni and H. 
regani) and habitat (Batalha River and Ivaí River) included as cross-

classified factors. Ellipse width and height represent the variance of 
individual coordinates along each axis, and ellipse slope reflects the 
covariance between axes. Parameter d indicates the side length of the 
gray squares in the background grid
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infracommunities were broadly similar in their phyloge-
netic structure across hosts. This pattern may reflect turnover 
among closely related parasite taxa, consistent with phy-
logenetic conservatism in parasite lineages and traits, and/
or limited resolution inherent to taxonomic proxies when 
molecular phylogenies are incomplete. Even when phylo-
genetic differences are not detected at the α level, the inclu-
sion of proxy phylogenetic structure remains informative 
because many parasite traits and host–parasite associations 
are shaped by evolutionary history and often exhibit phy-
logenetic signal (Westoby et al. 1995; Luque et al. 2004; 
Poulin et al. 2011).

Beta diversity patterns further clarified how parasite 
communities changed across different levels of organiza-
tion. Within host species (β1), parasite assemblages tended 
to show relatively high similarity among individual hosts. 
In contrast, among host species (β2), parasite communi-
ties differed significantly from random expectations in 
taxonomic, functional, and proxy phylogenetic dimensions, 
indicating pronounced differentiation among host species 
at broader organizational scales. Thus, host-related attrib-
utes, together with spatial variation between habitats, were 
the most important factors explaining variation in parasite 
assemblages (Brian and Aldridge 2023; Martins et al. 2021). 
In general, several key factors and processes, which are not 
mutually exclusive, may drive variation in beta diversity 
(Astorga et al. 2014). These patterns are consistent with 
deterministic processes associated with host filtering and 
compatibility constraints, combined with spatial effects that 
influence transmission and dispersal opportunities (Astorga 
et al. 2014; Chase 2010; Legendre and De Cáceres 2013). 
In parasitic systems, especially for taxa with complex life 
cycles, spatial differences in host availability and environ-
mental conditions can strongly affect encounter rates and the 
persistence of parasites across habitats.

The cross-DPCoA analysis highlighted the combined 
influence of host species and habitat on parasite community 
structure. Most of the overall variation in parasite assem-
blages was associated with differences among individual 
infracommunities, indicating strong among-host heteroge-
neity. Importantly, the interaction between host species and 
habitat contributed substantially to the taxonomic, func-
tional, and phylogenetic structuring of parasite communities, 
suggesting that the effect of the host can vary depending on 
the environmental context (Dallas and Presley 2014). This 
habitat-dependent host effect indicates that host-related pro-
cesses operate in conjunction with spatial constraints that 
influence parasite transmission and local assembly dynamics 
(Blasco-Costa et al. 2015; Costa et al. 2021).

Although the initial objective of this study was to spa-
tially compare parasite communities of Hypostomus spp. in 
two Neotropical rivers, it is important to acknowledge the 
lack of environmental variables measured simultaneously 

with fish sampling, as well as the fact that sampling periods 
differed between rivers. Thus, interannual variation in envi-
ronmental conditions may have contributed to the observed 
differences in parasite community structure between habi-
tats, especially because most taxa recorded were ectopara-
sites (mainly monopisthocotyleans), which are often con-
sidered sensitive indicators of environmental conditions 
owing to their direct life cycle and high reproductive rates, 
allowing rapid responses to changes in aquatic environments 
(Jerônimo et al. 2022; Lafferty and Kuris 1999; Marcogliese 
2025). Unmeasured abiotic factors such as water tempera-
ture, turbidity, flow regime, dissolved oxygen, and habitat 
complexity may have differed between rivers and years and 
could have influenced parasite transmission, persistence, and 
encounter rates. Therefore, the higher similarity of parasite 
infracommunities within the same habitat and the differences 
observed between rivers may reflect not only spatial segre-
gation and host-related filters but also unmeasured environ-
mental variation across sampling years. In addition, host-
related attributes (e.g., length, weight, diet, behavior, and 
habitat use) may indirectly mediate environmental effects by 
altering exposure to infective stages and shaping transmis-
sion pathways (Lehun et al. 2024). Future studies should 
integrate abiotic and biotic components to better elucidate 
the mechanisms shaping infection patterns and to identify 
key determinants underlying taxonomic, functional, and 
phylogenetic structuring, even in seemingly homogeneous 
systems (Cohen et al. 2016; Bolnick et al. 2020; Vigneault 
et al. 2025).

Taken together, our results indicate that host species 
remains a central driver of parasite diversity, but we 
expand this pattern by demonstrating that taxonomic, func-
tional, and phylogenetic dimensions of diversity respond 
in distinct ways to both host- and site-related factors. By 
integrating TD, FD, and PPD within the same analytical 
framework, our study reveals that parasite assemblages 
are structured by a combination of host specificity, func-
tional niche differentiation, and shared evolutionary his-
tory (processes that cannot be detected when only taxo-
nomic information is considered). In general, hosts are 
expected to harbor an aggregated parasite fauna, and 
intrahost speciation or co-occurrence of parasites across 
different host species may contribute to clustering or coex-
istence patterns, reinforcing the role of deterministic pro-
cesses linked to host traits and environmental conditions 
in shaping infracommunity composition (e.g., Spickett 
et al. 2017). This multidimensional perspective provides 
a conceptual advance by indicating that the degree to 
which the host shapes parasite communities depends on 
the facet of diversity examined, highlighting that func-
tional and phylogenetic structure may remain stable even 
when taxonomic turnover is high. The acquisition or loss 
of parasites during periods of geographic isolation further 
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illustrates how host-related filters structure parasite com-
munities, emphasizing that hosts act as primary ecological 
filters determining parasite presence or absence (Poulin 
2007). More broadly, our findings underscore that integrat-
ing functional and phylogenetic information yields a more 
mechanistic understanding of how parasite communities 
assemble across space and closely related host species, 
contributing to a broader understanding of how parasite 
diversity varies across regions and host taxa.
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