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Rheophilic freshwater environments are aquatic ecosystems characterized by flow-dominated hydrodynamic
conditionthat impose strong selective pressures on aquatic organisms while generating structurally complex
microhabitats. In these systems, Podostemaceae act as key habitat-forming macrophytes, increasing spatial
heterogeneity and supporting diverse biological assemblages. Despite their ecological relevance, the diversity of
heterotrophic protists associated with Podostemaceae remains virtually unexplored, particularly in subtropical
South America. In this study, we characterize for the first time the community of heterotrophic protists associated
with Podostemaceae in rheophilic freshwater environments of Misiones Province, northeastern Argentina.
Analyses were based on the examination of preserved herbarium material and fresh samples collected from high-
flow river systems. Through in vivo observations and standardized taxonomic criteria, a total of eleven protist
genera were recorded, including six ciliates and five testate amoebae, belonging to different lineages within
Amoebozoa, Cercozoa, and Ciliophora. The occurrence of these organisms under strong hydraulic stress suggests
that Podostemaceae communities generate structurally complex microhabitats that facilitate the establishment
and persistence of heterotrophic protists. These findings reveal an unexpected level of microbial diversity in high-
energy fluvial ecosystems and highlight the role of rheophilic vegetation as a key substrate and refuge for microbial
components of aquatic food webs. This study provides baseline information for future ecological, taxonomic, and
biogeographical research and underscores the importance of incorporating heterotrophic protists into biodiversity
assessments and conservation strategies for rheophilic ecosystems in northeastern Argentina.
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VIDA EN LA CORRIENTE: PROTISTAS HETEROTROFOS ASOCIADOS CON
PODOSTEMACEAE EN AMBIENTES REOFILOS DEL NORDESTE DE ARGENTINA

RESUMEN

Los ambientes redfilos dulceacuicolas son ecosistemas acuaticos que se caracterizan por condiciones hidrodinamicas
dominadas por la corriente que imponen fuertes presiones selectivas sobre los organismos acuaticos, al mismo tiempo que
generan microhabitats estructuralmente complejos. En estos sistemas, las Podostemaceae actian como macrdfitas clave en
la formacion del habitat, aumentando la heterogeneidad espacial y sustentando diversos ensambles biologicos. A pesar de
su relevancia ecolégica, la diversidad de protistas heterétrofos asociados con las Podostemaceae permanece practicamente
inexplorada, particularmente en Sudamérica subtropical. En este estudio, se caracterizd por primera vez la comunidad de
protistas heterodtrofos asociados con Podostemaceae en ambientes redfilos dulceacuicolas de la provincia de Misiones, en
el nordeste de la Argentina. Los analisis se basaron en el examen de material de herbario preservado y muestras frescas
recolectadas en sistemas fluviales de alto flujo. Mediante observaciones in vivo y criterios taxondémicos estandarizados, se
registré un total de once géneros de protistas, incluyendo seis ciliados y cinco amebas tecadas, pertenecientes a diferentes
linajes dentro de Amoebozoa, Cercozoa y Ciliophora. La ocurrencia de estos organismos bajo condiciones de fuerte estrés
hidraulico sugiere que las comunidades de Podostemaceae generan microhabitats estructuralmente complejos que facilitan
el establecimiento y la persistencia de los protistas heterétrofos. Estos hallazgos revelan un nivel inesperado de diversidad
microbiana en ecosistemas fluviales de alta energia y destacan el papel de la vegetacion redfila como sustrato clave y refugio
para los componentes microbianos de las redes tréficas acuaticas. Este estudio proporciona informacién base para futuras
investigaciones ecoldgicas, taxondmicas y biogeograficas, y subraya la importancia de incorporar a los protistas heterétrofos en
las evaluaciones de biodiversidad y las estrategias de conservacion de los ecosistemas redfilos del noreste de Argentina.

Palabras clave: angiospermas acuéticas, ciliados, aguas de flujo rapido, provincia de Misiones, amebas tecadas.
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INTRODUCTION

Rheophilic environments are aquatic ecosystems
characterized by fast-flowing waters that create highly
dynamic habitats and distinctive ecological niches for
organisms adapted to strong hydraulic stress. These
systems combine ecological advantages, such as redu-
ced predation pressure and enhanced foraging efficien-
cy, with intense selective pressures associated with
substrate instability and downstream displacement
(Chertoprud et al., 2018). The heterogeneity of substra-
tes, ranging from rocks and macrophytes to fine sedi-
ments, promotes the formation of complex microhabi-
tats, including riffles and waterfalls, which support
specialized assemblages with morphological, behavio-
ral, and physiological adaptations to high-flow condi-
tions (Clayton & Pearson, 2016; Chertoprud et al.,
2018).

Species distribution within these environments is
further shaped by gradients of current velocity and tem-
perature (Becquet et al., 2023). Despite their high bio-
diversity, rheophilic systems are especially vulnerable to
anthropogenic disturbances, such as dam construction
and flow regulation, which can severely alter habitat
structure and threaten flow-dependent biota (Shevock
et al., 2017). In this context, northeastern Argentina,
and particularly the province of Misiones, stands out as
a region of exceptional relevance for the study of
rheophilic ecosystems. Located within the Paranaense
Province, Misiones harbors one of the highest levels of
biodiversity in the country, despite covering less than
1% of the national territory (Arana et al., 2021), and
contains numerous river systems with well-developed
rheophilic habitats.

Podostemaceae are a family of highly specialized
aquatic angiosperms restricted to rheophilic freshwater
environments, where they colonize hard substrates in
rapids and waterfalls under conditions of strong hydrau-
lic stress. Commonly known as “river-weeds”, these
plants exhibit remarkable morphological and physiologi-
cal adaptations that allow them to adhere firmly to wa-
ter-worn rocks and complete most of their vegetative
growth submerged during the rainy season, flowering
and fruiting when water levels decrease (Koi et al.,
2012). Their growth forms are highly variable, ranging
from ribbon-like or crustose roots to finely divided,
flexible leaves, reflecting adaptations to intense cu-
rrents and mechanical disturbance (Tavares et al., 2006;
Fontana, 2014). Podostemaceae communities play a
key ecological role in rheophilic systems by increasing
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habitat complexity and spatial heterogeneity in otherwi-
se oligotrophic environments. By forming dense mats
on rocky substrates, they provide shelter, feeding
areas, and reproductive sites for a wide range of aqua-
tic organisms, particularly macroinvertebrates such as
insects, crustaceans, and mollusks, as well as juvenile
fish (Odinetz-Collart et al., 2001; Fontana, 2014).

From a biogeographical perspective, Podostemaceae
are distributed throughout tropical and subtropical re-
gions worldwide, with major centers of diversity in Sou-
th America, Africa, and Asia (Cook & Rutishauser, 2007;
Koi et al., 2015). In South America, Podostemaceae
reach their highest diversity in the Amazon basin and
northeastern Argentina, where fast-flowing rivers with
rocky substrates and marked hydrological seasonality
provide optimal conditions for their establishment
(Odinetz-Collart et al., 2001; Fontana, 2014). These
regions constitute key biogeographical areas for the family
and represent priority systems for understanding ecologi-
cal processes in rheophilic freshwater environments.

Protists are among the most abundant and diverse
eukaryotic organisms in aquatic ecosystems, playing a
central role in microbial food webs by regulating bacte-
rial and algal populations and mediating energy transfer
across trophic levels (Sherr & Sherr, 2002; Azam & Mal-
fatti, 2007; Esteban & Fenchel, 2020). Among hetero-
trophic protists, ciliates and testate amoebae stand out
for their high morphological and ecological diversity and
their ability to exploit a wide range of food resources,
including bacteria, algae, other protists, and small me-
tazoans (Sherr & Sherr, 2002). Ciliates are typically
small (10-1000 pm), highly abundant, and physiologi-
cally versatile, which allows them to respond rapidly to
environmental gradients such as oxygen concentration,
temperature, and pH (Corliss, 2002; Berger & Foissner,
2003; Payne, 2013). Testate amoebae, in turn, are cha-
racterized by the presence of a protective shell whose
morphology and composition constitute key taxonomic
traits (Adl et al., 2019). Due to their rapid response to
environmental variation and sensitivity to physicoche-
mical conditions, heterotrophic protists, particularly ci-
liates and testate amoebae, have been widely used as
bioindicators of environmental change and contamina-
tion (Berger & Foissner, 2003; Foissner, 2004; Dias et
al., 2008; Shi et al., 2012; Hamza-Chaffai, 2014).

In Argentina, studies on freshwater heterotrophic
protists have a long but geographically uneven history.
Research has traditionally focused on central and sou-
thern regions of the country, including the Rio de la
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Plata basin, Pampean environments, mountain lakes,
and Patagonian systems, where taxonomic diversity,
ecological patterns, and functional aspects of protist
communities have been investigated across a variety of
freshwater habitats (Klppers & Claps, 2012; Kippers et
al., 2016; de Paggi et al., 2023). More recently, studies
have begun to address the diversity of heterotrophic
protists associated with aquatic vegetation in wetlands
of northeastern Argentina, highlighting their ecological
relevance in structurally complex environments (Monti
Areco et al., 2024). In contrast, subtropical freshwater
systems of northeastern Argentina remain largely un-
derrepresented in protistological research, despite
their high biodiversity and environmental heterogenei-
ty, with only a single report available from Misiones
Province (Peso et al., 2015; Kippers & Claps, 2016).
This limited body of information underscores a signifi-
cant gap in knowledge for one of the country’s most
biodiverse regions.

Although ecological interactions between Podoste-
maceae and associated biological groups have been in-
vestigated in several regions, most studies in Central
and South America have emphasized the role of Podos-
temaceae as key structural components of rheophilic
ecosystems (Tur, 1999; Odinetz-Collart et al., 2001; Ta-
vares et al., 2006; Bethin et al., 2022). In Argentina,
however, available information remains scarce and is
largely restricted to the province of Misiones, where re-
search has focused primarily on vertebrates and ma-
croinvertebrates associated with Podostemaceae, parti-
cularly aquatic insects such as Ephemeroptera,
Trichoptera, and Diptera (Chatellenaz, 2007; Fontana,
2014; Zambiasio et al., 2019). Despite these contribu-
tions, the understanding of biological interactions within
rheophilic plant communities of northeastern Argentina
remains limited, with several ecological components sti-
[l poorly documented or entirely unexplored. Notably,
studies addressing heterotrophic protists, such as cilia-
tes and testate amoebae, associated with Podostema-
ceae communities are currently nonexistent in Argenti-
na. This lack of information represents a significant gap
in our understanding of rheophilic ecosystems, as these
microorganisms play fundamental roles in microbial
food webs, nutrient recycling, and energy transfer, and
are likely to respond sensitively to the structural com-
plexity provided by rheophilic vegetation.

Given the ecological importance of Podostemaceae
as habitat-forming species in high-energy fluvial envi-
ronments, and the recognized role of heterotrophic
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protists as key components of aquatic ecosystems, in-
vestigating the association between these plants and
microbial eukaryotic communities is essential. Addres-
sing this gap will contribute to a more comprehensive
understanding of the structure and functioning of
rheophilic ecosystems and provide baseline information
relevant for biodiversity conservation and ecosystem
management in one of the most biodiverse regions of
Argentina. The aim of this study was to characterize the
community of heterotrophic protists, with particular
emphasis on ciliates and testate amoebae, associated
with Podostemaceae in rheophilic freshwater environ-
ments of Misiones Province, northeastern Argentina.
By focusing on these largely unexplored biological inte-
ractions, this work seeks to contribute to the unders-
tanding of microbial diversity and ecological functio-
ning in high-flow river systems and to fill a critical
knowledge gap in subtropical South American rheophi-
lic ecosystems.

METHODOLOGY

The record of testate amoebae and ciliates associa-
ted with Podostemaceae emerged as a significant fin-
ding during studies originally focused on the taxonomy
and ecology of this family of rheophilic-adapted plants.
Although initial sampling was not specifically designed
to investigate heterotrophic protist communities, the
analyzed material revealed the recurrent presence of
these organisms, prompting their systematic analysis
and the application of standardized taxonomic criteria.
This exploratory approach is particularly valuable in
rheophilic environments, where information on microor-
ganisms associated with macrophytes is virtually
non-existent.

Analysis of herbarium material

In an initial phase, specimens of Podostemaceae
from the collection of the Herbarium Humboldtianum
(CTESN), preserved in 70% alcohol, were examined.
The species Podostemum muelleri Warm., Tristicha tri-
faria (Willd.) Spreng., and Apinagia yguazuensis Chodat
& Vischer were analyzed, all originating from Misiones
Province and collected at three locations: (i) Arroyo Pi-
ray Guazl (26°28’33.20” S, 54°22'02.91” W), (ii) Arro-
yo Yazd (27°22'15.26” S, 55°02’26.00” W), and (iii)
Saltos del Mocona (27°09'12.66" S, 53°54'07.68” W)
from 2003 to 2007 (Figure 1). To record testate amoe-
bae, each specimen was subjected to scraping of the
plant tissue followed by agitation in distilled water, in
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order to detach organisms adhering to the surface of
the macrophytes. The resulting material was rinsed
with distilled water prior to examination under a ste-
reoscopic microscope (Leica EZ4, Germany). Detected
organisms were isolated and mounted on slides with
glycerin for taxonomic identification under a light mi-
croscope (Motic BA210, China), using magnifications of
100x, 400x%, and 1000x for the measurement of mor-
phometric characters and the evaluation of diagnostic
morphological attributes (Velho et al., 1996, 2000; Vel-
ho & Lansac-Toha, 1996; Adl et al., 2019; Gonzalez-
Miguéns et al., 2022, 2023).

56"'.0‘0"W 55°O;0"W

Field sampling and in vivo observations

In a second phase, a field sampling campaign was
conducted in September 2019 at Salto Krysiuk (Ober3,
Misiones Province, 27°34'09.15” S, 55°09'41.39” W),
with the aim of obtaining fresh material associated with
Podostemaceae communities (Figure 2). Podostema-
ceae samples were manually collected in rheophilic en-
vironments and transported to the laboratory in plastic
bags containing water from the site, to preserve the
associated biological community.

Given the exploratory nature of the study and the
inherent challenges of direct sampling in high-velocity

54°0'0"W 53°0'0"W
1 -

SRR ON

]
o,

Arroyo Yaza

}—UALA

N

A

L26:00's
=~ Arroyo Piray Guazu
) e
\Q\g 2{
L27°00'

Saltos de Mocona

0 10 20 40 60 80
- — s Vliles {53200

Figure 1. Geographic location of the study area, corresponding to streams and waterfalls in Misiones Province, Argentina.
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Figure 2. Salto Krysiuk (Misiones Province, Argentina). September, 2019. ®F.M. Monti Areco (photographs and composition).
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waters, the recovery of heterotrophic protists was per-
formed using material associated with and detached
from the plants. In the laboratory, the samples were
processed by gently washing the plant thalli with water
from the sampling site, promoting the passive detach-
ment of associated organisms.

From these samples, in vivo observations were con-
ducted, focusing on documenting diagnostic characteris-
tics relevant for the identification of ciliate and testate
amoeba genera. These observations followed classical
and modern taxonomic literature for the group (Kahl,
1930-1935; Foissner et al., 1992, 1994, 1995, 1999;
Foissner & Berger, 1996; Velho et al., 1996, 2000; Velho
& Lansac-T6ha, 1996; Adl et al., 2019; Gonzalez-Mi-
guéns et al., 2022, 2023).

RESULTS AND DISCUSSION

A total of six testate amoeba taxa were recorded
across the studied localities (Figure 3A-C), correspon-
ding to different lineages within Amoebozoa and Cerco-
zoa. In herbarium material from Saltos del Mocona, Di-
fflugia oblonga Ehrenberg (family Difflugiidae) and
Centropyxis aculeata (Ehrenberg) Stein (family Centro-
pyxidae.) were identified. At Arroyo Piray Guazu, C. acu-
leata and Galeripora discoides Ehrenberg (family Arcelli-
dae) were recorded, while at Arroyo Yaza, G. discoides
and Centropyxis sp. were observed.

50 um

At Salto Krysiuk, examined from fresh material, Eu-
glypha acanthophora Ehrenberg (family Euglyphidae)
and Trinema lineare Penard (family Trinematidae) were
recorded, both belonging to Cercozoa. In addition, six
ciliate genera were exclusively recorded at Salto Krysiuk
from live samples (Figure 3D-F): Vorticella, Parame-
cium, Lembadion, Urocentrum (U. turbo), Euplotes, and
Stylonychia, belonging to the classes Oligohymenopho-
rea and Spirotrichea.

These families recorded in this work are the most
representative and highly diverse in continental waters
of South America (Modenutti & Vucetich, 1987; Velho &
Lansac-T6ha, 1996; Velho et al., 2000; Gomes & Souza
Dabés, 2005; Mitchell et al., 2008; Fernandez et al.,
2015; Da Rosa et al., 2017). In some of these studies
analyzing the influence of macrophytes on testate
amoeba communities, a high number of taxa were re-
corded (Monti Areco et al., 2024). This is due to the high
productivity and heterogeneity of aquatic plants, which
can provide diverse functional resources for these orga-
nisms (Hardoim & Heckman, 1996; Gomes et al., 2001;
Alves et al., 2010; Lansac-Toha et al., 2014).

Although the initial research focused on taxonomic
studies of Podostemaceae, the incidental identification of
testate amoebae in fixed herbarium samples proved cru-
cial. This allowed for the expansion of the genera identi-
fied through in vivo observations of samples from Salto

Figure 3. Genera of testate amoebae (A-C) and ciliates (D-F) recorded in rheophilic environments associated with Podostemaceae communities in Misiones
Province, Argentina. (A) Galeripora discoides; (B) Detail of an agglutinated exogenous test on the organic matrix of Centropyxis aculeata; (C) Centropyxis
sp.; (D) Euplotes sp.; (E) Paramecium sp.; and (F) Vorticella sp. Scale bar= 100 um. °F.M. Monti Areco (photographs and composition).
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Krysiuk in 2019. Consequently, the record of eleven ge-
nera of heterotrophic protists in rheophilic aquatic envi-
ronments within Podostemaceae communities repre-
sents a significant scientific finding, revealing a certain
complexity that reflects a previously unknown and inte-
resting biological diversity in these ecosystems. The in-
tricate architecture of Podostemaceae, combined with
the accumulation of fine detritus and microorganisms,
could create favorable microhabitats for heterotrophic
protist communities, even under high-flow conditions.

To date, no studies have examined the association
between heterotrophic protists and Podostemaceae, nor
the diversity of these organisms in rheophilic environ-
ments dominated by this plant family. Regarding cilia-
tes, Ramzan et al. (2025) noted that high flow velocities
suppress active dispersal while promoting passive
downstream drift, favoring colonization through advec-
tive transport. The exclusive registration of all six ciliate
genera at Salto Krysiuk is consistent with this, as the
high-flow conditions of this environment likely support
passive transport and resuspension of ciliate communi-
ties. Whether these genera display specific adaptations
to rheophilic conditions remains an open question.

While the ecological importance of heterotrophic
protists as key components of freshwater aquatic envi-
ronments is recognized, a gap in knowledge persists re-
garding the diversity of testate amoebae and ciliates
associated with Podostemaceae communities. The pre-
sent work represents the first contribution to unders-
tanding the diversity of heterotrophic protists, specifica-
lly testate amoebae and ciliates, in rheophilic
environments within Podostemaceae communities. Fur-
ther collection campaigns are needed to obtain samples
for both qualitative and quantitative analyses. This will
enable diversity estimations and assessments of the
seasonal and temporal dynamics of testate amoeba and
ciliate communities. Such efforts will provide crucial in-
formation on the influence of Podostemaceae communi-
ties and ecosystem functioning in our region. In this
context, the records presented here substantially ex-
pand current knowledge of the distribution of these or-
ganisms in northeastern Argentina.

Furthermore, it is important to emphasize that Po-
dostemaceae are sensitive to pollution in aquatic en-
vironments. Any alteration in their morphology,
structural deterioration, or even localized disappea-
rance could indicate broader changes related to the

water's physicochemical properties (Quiroz et al.,
1997). Consequently, these macrophytes are conside-
red biological indicators of water contamination, playing
a crucial role as a tool for monitoring environmental im-
pact (Quiroz et al., 1997; Fontana, 2014).

Likewise, studying the responses of heterotrophic
protists to environmental changes, alongside variations
in the physicochemical parameters of their habitat,
emerges as a fundamental tool for assessing aquatic
ecosystems. Therefore, the synthesis of this information
may contribute to environmental monitoring, thereby
contributing to the conservation of biodiversity in the
fast-flowing rivers and waterfall habitats of tropical re-
gions where these macrophytes are predominant.

CONCLUSIONS

This study reports for the first time the presence of
eleven genera of heterotrophic protists, including cilia-
tes and testate amoebae, associated with Podostema-
ceae communities in rheophilic environments of Misio-
nes Province, Argentina. This initial record represents a
significant contribution to the knowledge of microbial
biodiversity in high-energy fluvial ecosystems, which
have traditionally been underexplored from a protistolo-
gical perspective. The identification of these organisms,
belonging to distinct lineages and exhibiting a diversity
of functional strategies, in an environment characteri-
zed by strong hydrodynamic conditions, suggests that
Podostemaceae communities create structurally com-
plex microhabitats that facilitate the establishment and
persistence of heterotrophic protists. In this regard, the
results broaden the understanding of the biological
structure associated with rheophilic vegetation and hi-
ghlight the importance of these macrophytes as subs-
trate, refuge, and structural support for microbial com-
ponents of aquatic food webs. Furthermore, this work
establishes a fundamental foundation for future studies
incorporating ecological, taxonomic, and biogeographi-
cal approaches, including qualitative and quantitative
analyses. Such research will enable a deeper investiga-
tion into the dynamics, functionality, and spatial and
temporal variation of heterotrophic protist communities
associated with Podostemaceae. In this way, the need
to integrate the study of heterotrophic protists into the
assessment, monitoring, and conservation of rheophilic
ecosystems in northeastern Argentina is reinforced.
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