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ABSTRACT

Human actions are caused by multiple ecological stresses that affect native biotas. River biofilms are large aggregates composed of
a wide range of organisms. In water resources, biofilms are subject to hydrological vatiations, which can influence colony processes.
This study aimed to verify the state of the art on the relationship between hydrological variables and natural river biofilms, through
a literature review. The results show that the most recurrent hydrological variable in studies was discharge/fluxes, while for biofilms,
biomass formation was the most frequent variable. Because they represent a portion of the beginning of the trophic chain, there is an
urgent need to verify the synergistic effects to which biofilms are subjected in natural environments. It is expected that this review will
show the approaches used to understand these relationships, and also expand the current research scenario, to elucidate gaps to be filled.
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RESUMO

As a¢bes humanas tém causado multiplos estresses ecoldgicos que afetam as biotas nativas. Os biofilmes de rios sio grandes agregados
compostos por uma ampla gama de organismos. Nos recursos hidricos, os biofilmes estdo sujeitos as variagoes hidrologicas, que podem
influenciar os processos das colonias. Este estudo teve como objetivo verificar o estado da arte sobre a relagio entre varidveis hidrologicas
e biofilmes naturais de rios, por meio de uma revisdo de literatura. Os resultados mostram que a variavel hidrolégica mais recorrente
em estudos foi a vazio/fluxos, enquanto para o biofilme a formacio de biomassa foi a variavel mais frequente. Por representarem uma
parcela do inicio da cadeia trofica, hd urgéncia em verificar os efeitos sinérgicos aos quais os biofilmes estdo submetidos em ambientes
naturais. Espera-se que esta revisao mostre as abordagens utilizadas para compreender estas relagoes, e ainda, amplie o cenario atual
de pesquisas, para a elucidagao de lacunas a serem preenchidas.

Palavras-chave: Fluxo; Nivel de 4gua; Monitoramento ambiental; Biofilme; Biomassa.
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The influence of hydrological variables on river biofilms: a review of relationships and environmental implications

INTRODUCTION

The advancement of industrial activities and the intensification
of urbanization processes have contributed to the degradation
of water bodies and water quality indexes and the surrounding
ecosystem, bringing risks to future generations, to the native
biota of rivers and bringing reflection on mitigation and recovery
strategies for these systems (Montagner et al., 2019; Palmer &
Ruhi, 2019; Boger et al., 2021; Cui et al., 2023; Shi et al., 2024).

Anthropogenic changes in ecosystems, along with the
worsening of extreme hydrological events such as droughts and
prolonged rains, caused by the climate change scenario, have affected
the hydrology of rivers and streams, altering the frequencies and
durations of such events, impacting the environment in countless
ways (Palmer & Ruhi, 2019; Smeti et al., 2019; Pereda et al., 2021;
B-Béres et al., 2022; Bertrans-Tubau et al., 2023). In the context
of water resources, these changes are related to changes in flow
dynamics, basal temperatures, water quality, water chemistry,
and extreme events (Myrstener et al., 2020; Pereda et al., 2021;
Ramoneda et al., 2021; Flemming et al., 2023), causing changes in
living organisms and their relationships and functioning (Palmer
& Ruhi, 2019; Pan et al., 2020).

Biofilms are complex communities composed of aggregates
of various microbial cells together with several other organisms with
heterotrophic and autotrophic characteristics inside, surrounded by
an external matrix of polysaccharides and proteins (Sabater et al.,
2007; Chaumet et al., 2019; Pu et al., 2019).

Due their heterogeneous nature, biofilms have a great
capacity to respond to ecosystem conditions, mainly due to the
fast growth and development capacity of colonies, in addition
to the diversity and variety of species in the composition and
consequent physiology of such organisms (Sabater et al., 2007).
This internal variety can be significantly influenced by natural
factors, as well as by external physical and chemical stressors,
often related to anthropogenic activities (Villeneuve et al., 2011;
Calapez et al., 2020).

These external factors, individually, act on the internal
dynamics of the biofilm. However, it is the synergistic actions
of these aspects that can promote an effect different from that
expected when considering only the parameters in isolation,
depending on the environment in which they are inserted
(Calapez et al., 2020). In this sense, hydrological variables and
environmental quality act as major stressors, which may or may
not be favorable to the formation and maintenance of biofilms,
in addition to influencing the characteristics of species richness
in aquatic ecosystems (Adame et al., 2018; Romero et al., 2019).

Biofilms have become interesting in the eyes of science
because they represent one of the pillars of the food chain in the
environment and, therefore, constitute an extremely important
part of the trophic levels (McKay & King, 2006; Alam et al., 2020,
Bowen, 2022). They also act in compound biodegradation processes
(Chen et al., 2022) and participate in the planet’s biogeochemical
processes, therefore, it is necessary to better understand how they
work, the impacts to which they are subjected and the complex
relationships between both sciences (Fernandes et al., 2020;
Guo et al,, 2020; Hou et al., 2022).

In view of the forecast of new environmental challenges
arising from the effects of imminent climate change and, based on
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the scenario of research already carried out on biofilms formed in
rivers and the influence of hydrology on these ecosystems (Palmer
& Ruhi, 2019), the goal of this study is to verify the state of the art
through a literature review, whose central theme was the influence
of hydrological variables on river biofilms. This strategy highlights
the techniques and contexts used for evaluation of biofilms and
hydrological variables, as well as to understand the effects that
such hydrological variables have on the dynamics of natural river
biofilms and the perception of the literature in qualifying such
beings as a possible environmental matrix for ecosystem diagnosis,
expanding the range of possibilities for future research.

METHODOLOGY

The published literature on the relationship between
hydrological variables and river biofilms, for this narrative review,
was retrieved from the Scopus database, with peer-reviewed articles
related to the topic being considered for evaluation.

For a better understanding of the information obtained
on the subject presented, this review was fragmented into topics
of interest, so that the surrounding context of the relationships
between biofilms and hydrological variables can be better understood.
Figure 1 illustrates, in an integrated manner, the approach and
strategy of the review.

This review was then consolidated into topics that
address the general characteristics of biofilms, especially from an
environmental perspective. The existence of biofilms in natural
environments, such as rivers, was then discussed, as well as the
different global environments and strategies used by researchers
to address hydrological variables in biofilm studies. Furthermore,
the types of samplers used to form colonies, sampling strategies,
incubation times or exposure of biofilms in rivers, and biofilm
variables used for evaluation and comparison in relation to the
environment were discussed. Finally, the relationships found
between the characteristics of biofilms influenced by hydrological
variables and the environmental consequences of these effects
and relationships were discussed.

Table 1 presents the references of the most relevant
aspects addressed in this narrative review, presented in temporal
order of publication.

General characteristics of biofilms

The study of biofilms began in the 20th century and,
since then, the ability of marine bacteria to adhere, survive
and multiply on different surfaces has been observed, forming
colonies as organic matter in the environment became available
(Costerton et al., 1995).

With scientific evolution, biofilms were recognized as
highly complex colonies, with a diverse internal composition and
consisting of numerous classes of organisms in addition to bacteria,
such as algae, fungi, protozoa, among others. These organisms
produce an external layer of polymers that provides stability
and mechanical integrity, facilitating adhesion to substrates and
surfaces (Marshall et al., 1971; Huerta et al., 2016; Pu et al., 2019;
Barral-Fraga et al., 2020; Fernandes et al., 2020; Valdés et al., 2021).
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Natural River
Biofilm

Figure 1. Integration of the review strategy. Natural river biofilm as the central object, surrounded by the elements with which it can

be related: biofilm internal characteristics and heterogeneity (green circle on the right), exposure time of colonies in the environment

(purple circle on the right), variety of sampler types such as stones, logs, artificial samplers (pink circle at the bottom), metrics related

to biofilm characteristics such as weight, hydrological issues (green circle on the left), the different environments around the world,

with different characteristics, in which biofilms can be found and evaluated (purple circle on the left) and the consequences for the

environment (pink circle at the top).

Biofilms act in the sphere of major biogeochemical
processes, carrying out the cycling of nutrients and carbon
(Mai et al., 2020; Valdés et al., 2021; Hou et al., 2022; Zhou et al.,
2024), being one of the predominant forms of biomass in rivers
and, therefore, has gained notoriety in the scientific community
(Fernandes et al., 2020).

The formation process of these colonies begins with the
adhesion stage of microbial cells, followed by the increase and
continuous growth from structural changes that occur inside
(Sabater et al., 2007). Then, the colonies reach the maturation
period and, finally, dispersion.

Internally, microorganisms, especially bacteria, release
substances through excretion processes, which are the product of
cell destruction and hydrolysis of macromolecules (Sheng et al.,
2010; Fernandes et al., 2020). These substances make up the
extracellular polymeric matrix and can be from a wide range of
macromolecules such as polysaccharides, proteins, nucleic acids,
lipid compounds and may or may not be in direct contact with
the bacterial cells that produce the released substances, also being
a source of carbon, nutrients and energy for the colony itself, in
the absence of substrates (Sheng et al., 2010; Zhang et al., 2018;
Karygianni et al., 2020).

This layer is responsible for adhesion, colony fixation
and structural stability on different substrates, and also provides
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protection against predators, antimicrobial chemical agents and
other vatiables that pose a risk to the integrity of the cluster
(Costerton et al., 1995; Karygianni et al., 2020).

The increase in biomass occurs from the colonization
by distinct classes of beings such as small animals, fungi, algae,
bacteria, in addition to the organic and inorganic availability of
the environment, while the losses of formed biomass can occur
due to intrinsic and diffusive phenomena such as respiration,
excretion or removal of organic matter (Moschini-Carlos et al.,
2000). These processes are combined with external factors linked
to the ecosystem where biofilms live, such as the quality of the
environment, grazing and shear forces resulting from water flows
(Casartelli et al., 2016).

Because they are highly resilient and demonstrate the
ability of microbial communities to adapt, they are successful in
occupying distinct habitats, becoming ubiquitous and establishing
colonies with a high variety of beings in the formation of biomass
(Costerton et al., 1995; Bowen, 2022). The ease of adaptation
is also related to the ability of colonies to break down organic
molecules and synthetic compounds, enabling the colonization of
natural ecosystems in non-ideal and challenging quality conditions
for the colony, also having characteristics of compound sorption
as aresponse to the environment (Sheng et al., 2010; Borges et al.,
2016; Valdés et al., 2021).
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Table 1. References of the aspects covered in the review

Approach Description Related articles
General characteristics Main articles related to general Costerton et al. (1995), Marshall et al. (1971), Sabater et al. (2007),
of biofilms information on biofilms such Sheng et al. (2010), Sabater (2017), Chaumet et al. (2019),

Internal diversity of
biofilm colonies

as composition and formation
of the extracellular polymeric
matrix, internal characteristics of
biofilms and majority composition,
formation processes and kinetics
Main articles presenting
information on the taxonomic

Karygianni et al. (2020)

Andrus et al. (2013), Villeneuve et al. (2011), Adame et al. (2018),
Borges et al. (2016), Zhang et al. (2018), Pu et al. (2019), Qu et al. (2019),

composition of colonies in
different water resources

Smeti et al. (2019), Alam et al. (2020), B-Béres et al (2022), Pan et al. (2020),
Bagnoud et al. (2020), Bighiu et al. (2020), Mai et al. (2020), Pan et al. (2020),

Ramoneda et al. (2021), Vlaicevi¢ et al. (2021), Bondar-Kunze et al. (2021),

Biomass assessment

General effects of high
river flows on biofilms

Main articles evaluating biofilm
biomass of various water resources
as a metric

Main articles that present as their
scope the effects of high flows
on the characteristics of natural

biofilms, formed and collected in

rivers

Vincent et al. (2022), Vlaicevi¢ et al. (2022), Bagra et al. (2023),
Gionchetta et al. (2023), Lin et al. (2020), Madge Pimentel et al. (2024),
Zhou et al. (2024)

Moschini-Catlos et al. (2000), Robinson et al. (2004), McKay & King. (20006),

Leandtini et al. (2008), Villeneuve et al. (2011), Proia et al. (2013),
Andrus et al. (2013), Osorio et al. (2015), Arroita et al. (2016),
Casartelli et al. (2016), Smeti et al. (2019), Chaumet et al. (2019),
Romero et al., (2019), Colls et al. (2019), Salis et al. (2019), Skovsholt et al.
(2020), Myrstener et al. (2020), Guo et al. (2020), Pan et al. (2020),
Bondar-Kunze et al. (2021), Huang et al. (2021), Pereda et al. (2021),
Valdés et al. (2021), Vlaicevi¢ et al. (2021), Vlaicevi¢ et al. (2022),
Weitere et al. (2021), Vincent et al. (2022), Bertrans-Tubau et al. (2023),
Gionchetta et al. (2023)

Moschini-Carlos et al. (2000), Robinson et al. (2004), McKay & King. (2000),

Leandrini et al. (2008), Romani et al. (2008), Villeneuve et al. (2011),

Osorio et al. (2015), Andrus et al. (2013), Arroita et al. (2016), Colls et al. (2019),

Qu et al. (2019), Salis et al. (2019), Smeti et al. (2019), Alam et al. (2020),
Guo et al. (2020), Myrstener et al. (2020), Skovsholt et al. (2020),
Bondar-Kunze et al. (2021), Pereda et al. (2021) Valdés et al. (2021),
Huang et al. (2021), Ramoneda et al. (2021), Weitere et al. (2021),
Coulson et al. (2022), B-Béres et al. (2022); Gionchetta et al. (2023),

Bertrans-Tubau et al. (2023), Madge Pimentel et al. (2024), Mai et al. (2020),

Effects of water
pollution on biofilms

Main articles presenting pollution
relationships between polluted
water resources and natural
biofilms

Zhou et al. (2024)

Romani et al. (2008), Villeneuve et al. (2011), Andrus et al. (2013),
Proia et al. (2013), Osorio et al. (2015), Borges et al. (2016), Huerta et al. (2016),
Aubertheau et al. (2016), Chaumet et al. (2019), Pu et al. (2019), Qu et al. (2019),
Romero et al. (2019), Salis et al. (2019), Smeti et al. (2019), Alam et al. (2020),

Bighiu et al. (2020), Guo et al., (2020), Mai et al. (2020), Pereda et al. (2021),

Weitere et al. (2021) Ramoneda et al. (2021), Valdés et al (2021),

B-Béres et al. (2022), Coulson et al. (2022), Vincent et al (2022), Cui et al. (2023),

Bertrans-Tubau et al. (2023), Gionchetta et al. (2023),
Madge-Pimentel et al. (2024), Zhou et al. (2024).

Internal complexity allows biofilms to act not only as a
community, but also as a place where several micro-niches of beings
can coexist, cooperate or compete simultaneously for survival, given
their internal processes, such as the possibility of predominance
in the autotrophic or heterotrophic characteristics of colonies
(Sabater, 2017; Barral-Fraga et al., 2020). This heterogeneity of
beings plays different roles within the collective and allows distinct
responses to external stressors (Sabater, 2017).

In this sense, the colonization and maintenance of biofilms
on natural or artificial substrates also come down to a relationship
with a series of external variables that act together. This is the
case of hydrological variables such as ambient temperature, light
incidence, current flow and hydrodynamics, which permeate river
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stretches and interfere with water quality (Moschini-Carlos et al., 2000;
Casartelli et al., 2016). This scenario has raised curiosity about the
possibility of using biofilms as a biological and chemical marker for
diagnostics and monitoring (Cui et al., 2023) of aquatic ecosystems.

Biofilms in natural water bodies

Resilience allows biofilms to adapt to water resources with
the most diverse hydrological, climatological and topographic
characteristics. Several natural environments have been explored
considering the responses of biofilms to hydrological stressors in
the environment. In this regard, river dam regions (Robinson et al.,

RBRH, Porto Alegte, v. 30, e11, 2025
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2004), rivers and streams in forested and mountainous basins
(McKay & King, 2006; Arroita et al., 2016; Zhou et al., 2024),
or subjected to agricultural impacts (Villeneuve et al., 2011;
Andrus et al,, 2013), as well as temporary or intermittent streams
(Colls et al., 2019; Coulson et al., 2022), floodplain regions related
to large rivers (Leandrini et al., 2008; Guo et al., 2020) and urban
rivers (Osorio et al., 2015; Cui et al., 2023; Madge Pimentel et al.,
2024), are some examples of environments that can be evaluated.

Of the total number of articles in this narrative review,
30 specifically addressed the relationships between hydrological
variables and biofilms in rivers, of which 57% covered the
European region, 17% the Americas and 13% the Asian region.
The other 13% were divided between Africa, Antarctica and
Oceania. The remaining articles covered lakes, reservoirs, artificial
environments and literature reviews.

From this same perspective, the climatic differences across
the globe were also not an impediment to the evaluation of biofilms.
A diverse range of regions with distinct climatic varieties such as
temperate (Robinson et al., 2004; Guo et al.,, 2020; B-Béres et al.,
2022; Coulson et al., 2022), tropical (Zhou et al., 2024); subtropical
(Leandrini etal., 2008), arctic (Skovsholt et al., 2020) and Mediterranean
(Osorio et al.,, 2015; Colls et al., 2019) were evaluated and found
to be capable of promoting the formation of these individuals in
natural environments, regardless of the differences and particularities.

Arctic and subarctic climates, covered in two articles in
this collection, mainly addressed issues related to the melting of
glacier areas and the changes in hydrological dynamics caused by
this, as well as nutrients, seasonality in the ecosystem and primary
production (biofilms). Since these are regions where, historically,
extreme cold predominates for most of the year, the temperature
increases experienced today have generated concern due to
predictions associated with imminent climate change. This same
alert was given in a polar climate region, assessed in one of the
articles considered in this review, whose concern was also shown
regarding the patterns of connectivity between hydrological systems,
due to the increase in water levels due to the melting of glaciers.

Mediterranean climate regions were the subject of seven
articles, whose approaches were divided between evaluating, in
addition to perennial rivers, events and locations of water scarcity
and intermittency, as well as issues related to pollution levels and
hydrological stress in the characteristics of river biodiversity,
especially in biofilms.

In three articles conducted in a tropical region, it was noted
that the main objectives were to verify seasonal patterns and those
related to the characteristics of biofilms and the hydrological
patterns characteristic of each environment, that is, to understand
the functioning of biofilms in real environments.

Three articles were conducted in a subtropical region, and
in this region, the approaches varied between verifying the effects
of hydrology and pollution on biofilms, as well as understanding
biofilm behavior in real envitonments, with their structural and
physiological characteristics.

Finally, the last region evaluated was the temperate climate,
which had fourteen articles, being the largest group in this segregation.
This region made efforts to evaluate the responses of biofilms to
hydrological stressors such as intermittent and perennial locations,
occasionally extreme conditions (droughts and floods) and, in some
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cases, associated with the presence of pollutants. The most robust
literature is concentrated in the European region, however, there are
multiple efforts around the world to understand the characteristics
and functioning of natural biofilms in water resources, especially in
rivers, under hydrological effects. Itis also clear that issues associated
with hydrology, such as the dispersion of pollutants, are also on
the radar of science, especially due to the continuous increase in
pollutant levels and the various new pollutants introduced into the
environment, an issue that will be addressed later in this article.

In addition, issues related to climate crises involving
droughts, floods and glacier melting have gained notoriety in the
literature given the extreme events that several areas of the world
are facing and will probably face more frequently in the future.

Furthermore, the resilience of the biofilm allows the adhesion
and formation of colonies in environments whetre human action
alters the natural conditions of aquatic environments, whether by
changing flows such as damming, capture, flooding (Robinson etal.,
2004; McKay & King, 2006; Leandrini et al., 2008; Arroita et al.,
2016; Adame et al., 2018; Bondar-Kunze et al., 2021), changes
in temperature and climate change (Bondar-Kunze et al., 2021,
Ramoneda et al., 2021; Vlaicevi¢ et al., 2022), or even changes
in the physical-chemical characteristics of water (Andrus et al.,
2013; Osorio et al., 2015; Pereda et al., 2021), especially linked
to effluent discharges and consequent environmental pollution.

Additionally, as these are water bodies and, therefore, highly
complex ecosystems, the literature was not limited to considering
only biofilms as a comparison in the scope of projects and,
therefore, other matrices were incorporated into many evaluations,
as a way of expanding the understanding of the environmental
system and scientific advancement.

In this scenario, in addition to the biofilm as the central
object of research and observation, the condition of the water
in which the periphytic community resides has proven to be of
great value, being an adjacent object of investigation in many of
the studies, considering several parameters as complementary
interferences. Physicochemical variables, especially dissolved
oxygen, nutrients (mainly nitrogen and phosphorus) and organic
carbon, also to microcontaminants were recurrent in several
studies (McKay & King, 2006; Osorio et al., 2015; Arroita et al.,
2016; Smeti et al., 2019; Pereda et al., 2021; B-Béres et al., 2022;
Cui et al., 2023; Zhou et al., 2024).

The literature also points to the joint consideration of other
classes of living beings in research contexts, such as macro and
microinvertebrates (Robinson et al., 2004; McKay & King, 2000;
Andrus et al., 2013; Qu et al., 2019; Cui et al., 2023), vertebrates,
such as fish (Qu etal., 2019; Bowen, 2022), as well as solid mattices,
such as sediment (Robinson et al., 2004; Bagnoud et al., 2020;
Mai et al., 2020).

As with water, the qualification of these matrices acts as a
possibility to be analyzed and correlated both for understanding the
environment and for understanding the behavior and characteristics
of biofilms.

Use of hydrological variables in biofilm studies

Biofilm responses to the ecosystem are evaluated in a
variety of ways in the available literature, especially by attempting
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to evaluate the effect of an isolated hydrological variable on
colony functions.

There are several hydrological variables that act synergistically
in a water environment, and each one can influence the ecosystem
in a particular way, both positively and negatively.

Changes in flow, discharges and water levels, for example,
can alter the availability of nutrients, as verified by Adame et al.
(2018) in floodplain lakes in Brazil and Alam et al. (2020) in gravel
streams in Japan, facilitating the formation and maintenance of
biofilms, or hindering them, depending on the concentrations
available.

High flows, caused by pulses or extreme flood events, bring
with them the transport of materials, which can elevate suspended
solids and, therefore, vary the turbidity, luminosity of the water
body and the availability of structural elements for biofilms, also
verified by Adame et al. (2018) and Alam et al. (2020). Scenarios
such as this facilitate drag effects due to shear forces, as observed
by Osorio et al. (2015) in rivers in Catalonia, and Gionchetta et al.
(2023), in rivers influenced by treatment plants in Switzerland.
Such an increased flow context culminates in the generation of
turbulence and structural changes in colonies.

On the other hand, low flows, caused by water abstraction
or prolonged drought events, can reduce the wetted perimeter of
rivers and, therefore, hinder the quantity of habitats favorable to
the formation and survival of colonies, as experienced in mountain
rivers and streams by Arroita et al. (2016) or by B-Béres et al.
(2022), in Spain and Hungary, respectively, or in streams in France,
verified by Bertrans-Tubau et al. (2023). Furthermore, reducing
flow rates to minimum levels can hinder or interrupt hydrological
connectivity between environments, and thus harm nutrient cycling
and water quality after dry stretches (Arroita et al., 20106).

Therefore, changes in flow have become an object of interest
to understand the behavior of biofilms in real environments, and
the way to obtain data or perform measurements of this variable
has presented itself in a variety of ways.

From a hydrological perspective, Robinson et al. (2004)
investigated the impact of controlled flows in experimental floods.
In contrast, other studies have looked at the opposite scenario,
analyzing the effects of manipulated droughts on water resources
(McKay & King, 20006; Arroita et al., 2016; Coulson et al., 2022).

The actual hydrology of the site, particularly in relation
to water levels, flow velocities and discharges, can be used as
comparison parameters without the need to manipulate these
variables. To this end, these variables are measured in real time,
as a result of the natural processes of the environment, and may
or may not represent an extreme event (Leandrini et al., 2008;
Osorio et al., 2015; Guo et al., 2020).

Furthermore, there is no standard methodological protocol
for measuring flow and fluxes, and in this case, numerous methods
are available. Robinson et al. (2004), for example, used monthly
parameter measurements with subsequent conversion into flow
by saline dilution curve for one of the study sites, as well as
hydrological data provided by local agencies for the other area.
Flow is also measured using parameters such as cross-section,
velocities and water level of the studied locations, obtained by
calibrated equipment, and may or may not undergo mathematical
modeling (McKay & King, 2006; Andrus et al., 2013; Colls et al.,
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2019; Qu et al., 2019; Skovsholt et al., 2020). In addition, the use
of time-conductivity curves adjusted to mass balance has been
reported (Arroita et al., 2016), as well as flows obtained from
databases of specialized or governmental agencies (Osorio et al.,
2015; Alam et al., 2020; Guo et al., 2020).

Other hydrological variables are also considered in the
literature when it comes to studies on the response of river biofilms
to hydrological factors, although with less emphasis.

Temperature, for example, affects the maintenance
characteristics of biofilms, and depending on the variation, it
can change, which can cause variations in the characteristics of
the organisms inside the biofilms, as well as in the growth and
metabolism of the colonies (Romero et al., 2019). It is one of
the variables that guarantee similar environmental conditions in
comparative studies (Romani et al., 2008).

Higher temperatures tend to stress aquatic organisms
and increase the bacterial and heterotrophic capacity of colonies
(Palmer & Ruhi, 2019; Romero et al., 2019), and also generate
resistant colonies, becoming a warning factor, especially in shallow
areas and with water stagnation that can reach high temperatures
depending on the time of year, which tend to be aggravated in
the future (Gionchetta et al., 2023). In experiments carried out
in real environments, temperature is used more as a variable to
characterize the environment, or to inform the reader about the
experimental context, rather than as a discussion piece of data.
However, in studies involving areas of ice melt, such as that of
Myrstener et al. (2020) in Sweden, or that of Skovsholt et al. (2020)
in Greenland, or that of Ramoneda et al. (2021) in Antarctica, it
is understood that rising temperatures are a high-impact factor,
even if the data are not explicit.

Like temperature, precipitation ends up being a variable
considered indirectly through its influence on other variables,
especially flows (Palmer & Ruhi, 2019).

Dimensions of the water body (Robinson et al., 2004),
measurements of the water level and its variation in different
locations (McKay & King, 2006; Leandrini et al., 2008; Arroita et al.,
2016; Colls et al., 2019), air or water temperature (Robinson et al.,
2004; Leandrini et al., 2008; Arroita et al., 2016; Colls et al., 2019),
precipitation (Andrus et al., 2013) and measurements specifically
related to water parameters as previously explained.

In this context, flow (also referred to as fluxes or discharge)
emerges as the most frequently analyzed variable in studies
investigating biofilm responses to hydrological pressures. The other
variables, for the most part, act as complementary information,
refining the intended diagnosis.

In this sense, it is clear that there is a lack of studies in the
literature focused on evaluating, in a natural environment, such
variables in greater detail and, possibly, in isolation, especially
precipitation and water and air temperature.

A critical analysis of the use of these variables will be
presented in greater depth in the section: Effects of hydrological
variables on river biofilms.

Samplers and sampling

Biofilms develop on surfaces with different internal
characteristics and different degrees of rigidity, such as stones,
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wood, leaf litter, plants or even sediment, as long as the environment
is suitable for diffusion processes, favors adhesion and ensures
the fixation and maintenance of colonies (Romani et al., 2008;
Bowen, 2022; Bertrans-Tubau et al., 2023).

Biofilm samplers (also known as incubators, substrates or
surfaces to which biofilms are adhered and will be sampled) are
presented in the literature as natural or artificial surfaces (Figure 2).

Natural samplers occur with the use of an element from
the site itself, such as the biofilm formed on the petiole of
macrophytes located in rivers (Leandrini et al., 2008; B-Béres et al.,
2022), biofilms located in the sediment (Coulson et al., 2022) or
branches (B-Béres et al., 2022).

However, the use of more rigid structures with an area
that can be estimated from the environment itself, such as rocks
and river stones or boulders, containing biofilm adhered to the
surface, is common and recurrent (Robinson et al., 2004; McKay &
King, 20006; Villeneuve et al., 2011; Arroita et al., 2016; Colls et al.,
2019; Qu et al., 2019; Bighiu et al., 2020; Myrstener et al., 2020,
Skovsholt et al., 2020; B-Béres et al., 2022; Zhou et al., 2024).

Under previously adapted and prepared structures with
the specific purpose of biofilm adhesion, the artificial samplers
and the way of fixing these artifacts come in the most diverse
shapes, sizes and materials, such as glass tiles fixed to methacrylate

supports attached to the banks (Osorio et al., 2015), steel
structures with slate tiles fixed to floats (Andrus et al., 2013),
ceramic tiles or tiles (Lin et al., 2020; Myrstener et al., 2020),
structures of plastic cups with agar wrapped in glass discs
(Guo et al., 2020), glass plates fixed to concrete (Bagra et al.,
2023; Bertrans-Tubau et al., 2023), plastic support tied to slope
structures (Pereda et al., 2021), glass slides (Vlaicevi¢ et al.,
2022), and others.

The variety of substrates evaluated allows biofilm formation
to be viable under any condition, with the choice of substrate being
based on the objectives of the work and the structural condition
of the groups that will perform the sampling. In general, the
difference between artificial and natural samplers mainly involves
the known and precise area of biofilm adhesion and the possibility
of controlling the zero mark of the biofilm incubation period
(Moschini-Carlos et al., 2000).

In this sense, the possibility of measuring surfaces and
verifying the known and precise area, which can be related to
biomass formation, exposure time and measured hydrological
variables, such as flow. From these relationships, it becomes
possible to create measurement units that facilitate comparison
between different events and studies, becoming an advantage,

depending on the diagnostic objectives.

Figure 2. Sampler examples. A and B represent natural samplers, while C represents an artificial sampler. A - Piece of tree trunk with
natural biofilms on top (wood). B — Stone full os natural biofilm. C - wooden box with internal glass sheets, to be submerged in the

river, for biofilm adhesion.
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The removal of biofilms from their respective substrates
is also an item without fixed methodological protocols in the
scientific literature, however, the most recurrent process is the
removal of biofilm biomass by scraping with the most diverse
materials or even brushing the place where they are adhered to a
new prepared container. Such a process may or may not include
washing with water (Robinson et al., 2004; McKay & King, 2006;
Qu etal., 2019; Bighiu et al., 2020; Guo et al., 2020; Lin et al., 2020
Myrstener et al., 2020; Skovsholt et al., 2020; B-Béres et al., 2022;
Vlaicevi¢ et al., 2022; Madge Pimentel et al., 2024), use of ultrasound
and solvent extraction (Osorio et al., 2015; Pereda et al., 2021).

Seasonality issues can be observed mainly from the
perspective of comparing and diagnosing environments, and
therefore it is necessary to evaluate the inclusion of this variable
in sampling protocols. Depending on the geographic region, the
seasons in the same place are determined by very different climatic
conditions in terms of flows, rainfall patterns, and temperatures.
As mentioned in the previous sections, biofilms are susceptible
to such variations and may have different internal characteristics
depending on local conditions, potentially influencing the entire
biota, since they start the food chain. Furthermore, it is easier to
compare different studies in naturally contrasting regions such as
Permafrost regions, explored by Myrstener et al. (2020), which,
according to the authors, have average annual temperatures of -1°,
while in China, Qu et al. (2019) report average annual temperatures
of 9°.In Brazil, even the low temperatures experienced by Moschini-
Catlos etal. (2000), in the Alto Parand region, probably had a much
shorter duration, compared to other situations mentioned, and,
in other seasons, high temperature levels.

Therefore, the standardization of protocols and the inclusion
of seasonal factors would allow the comparison of similar scopes,
and, in studies involving the evaluation of seasonal periods in a
location, it could be a factor for improving and deepening the
understanding of the behavior of biofilms in environments
influenced by hydrology.

Incubation time

When using samplers/natural substrates in situ (macrophyte
biofilms, bottom stones or similar), it is not always possible to
estimate the initial incubation period and the consequent exact
time of colony formation. However, it is common for these
assessments to report the sampling frequency and the criteria
chosen for comparison.

The frequency between biofilm samplings is another
variable with diverse methodological spectra, with fortnightly
intervals reported (McKay & King, 2006; Arroita et al., 2016),
four to five weeks (Robinson et al., 2004), or even considering
each hydrological or seasonal period (Leandrini et al., 2008).

Studies that adopted artificial samplers followed a different
dynamic. Andrus et al. (2013), for example, kept the biofilms
incubated for a month before the first collection and monitored
weekly collections, while Osorio et al. (2015) performed the first
sampling after 8 and 22 days of incubation and, after transplanting
the sampler to another location, sampling occurred approximately
at 2 and 9 days of the new incubation. Guo et al. (2020) and

8/18

Vlaicevi¢ et al. (2022) performed sampling with an average
incubation time of 4 weeks.

Justlike the aspect of biofilm adhesion substrates, incubation
and sampling periods vary greatly, depending on the intended
objective in each project scope, related not only to the biofilm,
but also to what is desired in relation to hydrological variables.

Casartelli et al. (2016) report that colonization time can
be an important factor in increasing biomass and forming river
biofilm; however, biomass accumulation can be influenced by
seasonal variation in terms of internal composition heterogeneity
and maximum accumulation rate. It should therefore be considered
that, since these are assessments carried out in different regions
of the globe, issues of seasonality, climate, biome, economic and
cultural factors can guide decisions regarding the temporality of
the research and its execution dynamics, possibly justifying the
variation, since protocols on the subject are still scarce.

Metrics in biofilms studies

The studies in this review show a wide variety of possible
approaches to assess biofilms. Characteristics and responses of
biofilms are observed and measured to achieve the specific objectives
related to each proposed scope, whether it is to assess the biofilm
itself or to use the biofilm as a metric to assess the environment.

The variables evaluated related to the biofilm are closely
linked to the specific objectives of each project; however, the
biomass formed by the biofilm ends up being the most frequent
characteristic. This biomass is usually evaluated based on the
analyses and calculations of chlorophyll-a and b (autotrophic
and heterotrophic biomass), dry weight and ash-free dry weight
(total biomass) (Robinson et al., 2004; McKay & King, 2000;
Leandrini et al., 2008; Andrus et al., 2013; Osorio et al., 2015;
Arroita etal,, 2016; Colls et al., 2019; Guo et al., 2020; Myrstener et al.,
2020; Vlaicevi¢ et al., 2022; Cui et al., 2023).

Biomass is a quantity related to the process of formation
and development of colonies, being a metric that provides
information about growth, productivity, quantity of living or
dead materials inside them, and the integrity of colony structures
(Robinson et al., 2004; Proia et al., 2013; Guo et al., 2020;
Bertrans-Tubau et al., 2023). It can also be used to evaluate the
photosynthetic activity of the biofilm colony, when estimated by
means of chlorophyll-a, indicating the presence and abundance
of primary producer and autotrophic organisms, as experienced
by Salis et al. (2019), Romero et al. (2019) and Valdés et al. (2021).
Several of the studies in this review used this mettic as a reference
parameter and comparison with hydrological effects, for example,
to verify the effects of colony detachment due to strong flows
or flooding events, as observed by Robinson et al. (2004) and
Andrus et al. (2013).

Or, used as a parameter to understand the inverse effect, of
drying effects on the water environment, as observed by McKay
& King (2000), Arroita et al. (2016) and Colls et al. (2019) in
streams characterized by intermittent flows or by water capture
processes from their courses.

Furthermore, biomass can also be used as a parameter to
evaluate the effects of different hydrological periods of connected
environments, as carried out by Leandrini et al. (2008), who
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evaluated several aquatic environments in a Brazilian river basin.
Or, to evaluate translocation effects between aquatic environments,
as seen by Osorio et al. (2015), in rivers with different pollution
characteristics.

Additionally, other assessments focused on the internal
processes and characteristics of biofilms, such as productivity,
cellular and bacterial variability, extracellular enzymatic activity,
exoenzymatic activity, taxonomy, assessments focused on the
metabolism and functionalities of biofilms, are also usually
considered (Villeneuve et al., 2011; Arroita et al., 2016; Colls et al.,
2019; Guo et al., 2020; Myrstener et al., 2020; Coulson et al., 2022;
Bertrans-Tubau et al., 2023; Madge Pimentel et al., 2024).

In addition to biomass as one of the relevant metrics for
biofilm studies, a large number of studies were observed that
evaluated species richness, as well as the composition of biofilm
communities as metrics of greatimportance. These metrics allow
visualizing the heterogeneity in time and space evaluated, as well
as which species exist and predominate in the evaluated biofilm,
as performed by Madge Pimentel et al. (2024) and Andrus et al.
(2013), as well as which are resistant to hydrological events, as
also verified by Andrus et al. (2013). Furthermore, this metric
facilitates the understanding of the ecosystem function of the
colony and can also be a good mirror for mapping pollutants in
the environment, as suggested by Valdés et al. (2021).

As mentioned, to a lesser extent, metrics involving specific
biofilm performances were also present in the scope of articles
in this review.

Measuring enzymatic activity can help understand the
capacity of biofilm bacteria to process organic matter in a given
environment, as assessed by Weitere et al. (2021), or phosphorus
and cellulose, as seen by Arroita et al. (2016). It can also be used
to measure the microbial response to bed drying processes in
intermittent regions, as experienced by Coulson et al. (2022).

In this same sense, cellular respiration was assessed by
Vincent et al. (2022), Colls et al. (2019), Bertrans-Tubau et al.
(2023), and others. This variable allows the evaluation of
metabolic characteristics of the biofilm, aiding in the diagnosis
of assessing the health of the water resource and colonies, and
allowing the comparison between responses after hydrological
events, especially flows. Ramoneda et al. (2021) also proposes
that techniques involving transcription and evaluation of genetic
materials, such as transcriptomics and metagenomics, can help
to understand colonies in greater depth, as well as the effects of
water pollution on biofilms.

It was found that there is no standardization regarding
which metrics related to biofilms should be used in the studies
of this review. However, it is clear that because these are highly
complex matrices, the greater amount of information seems to
offer greater possibilities for diagnostic approaches, although it
is common knowledge that the analytical approach depends on
several factors to be defined and, eventually, it is not possible to
contemplate so many fronts of observation.

Therefore, it is clear that the measurement of biomass
through total weight, as well as the evaluation of chlorophyll-a,
deserve to be evaluated, including as two distinct metrics, since
they can offer additional information when operationalized in this
way. Together, the studies demonstrated great value in measuring
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the richness and composition of species within biofilms, being
quite recurrent.

Effects of hydrological variables on river biofilms

As explained in the previous sections, the most common
metrics for assessing biofilm response to hydrological stresses are
related to the biomass and internal composition of colonies, while
hydrological stresses are mostly assessed by fluctuations, intermittency
or extreme events related to water flows. The discussions will be
guided mainly from this perspective, without, however, considering
the importance of other relevant metrics in each study.

The microbiota present in water resources is subject to
several sudden variations in discharges and flows that alter their
mechanisms depending on the changes caused in the systems
(Palmer & Ruhi, 2019).

The response of biofilms to extreme hydrological events,
especially floods or water shortages, simulated or real, was evaluated
in rivers from different parts of the world with diverse hydrological,
climatic, land use and occupation, and cultural conditions.

Robinson et al. (2004) tested flood events of different
magnitudes in the border region between Switzerland and Italy
and observed that the volume of biomass (chlorophyll-a and b,
and ash-free dry mass) of biofilms decreased, making it difficult
to recover this biomass after successive flood events. According
to the authors, the losses may be a reflection of the shear forces
of the flows, caused by changes in water velocity during floods,
which lead to an effect of alteration and cleaning of the colonies.

However, the increase in biomass, although brief and
subtle, was observed in the opposite hydrological context of
water restriction. McKay & King (2000) evaluated the responses
of ecosystems to different experimental water extraction events
in Australia and found trends in biofilm biomass values (also
measured in dry mass and ash-free dry mass and chlorophyll-a
content) slightly increased in stretches with reduced flow. For the
authors, the slight increase in biomass in the diversion areas in this
region is related to the decrease in the quantity and availability of
wetlands, the depth and flow of streams that the manipulation
of flows generated.

In contrast to McKay & King (20006), Arroita et al. (2016)
and Colls et al. (2019) noted that the water extraction process and,
consequently, the reduction in river flows, generated a response
of reduction in the biomass of biofilms formed in the regions.
Drought or intermittent events can alter metabolic issues of
biofilms, especially the internal phosphorus utilization capacity of
the periphytic community and the rate of nutrient absorption in
catchment areas (Arroita et al., 2016), modifying the physiological
dynamics that make up the colony growth process.

In places where flows are very low, the increase in
biomass may be related to the fact that there is no favoritism to
the detachment of colonies in the total biomass of biofilm from
the substrates and, depending on the availability of resources in
the environment (McKay & King, 2006). On the other hand, in
the same hydrological context of scarcity, the reduction in the
biomass of biofilm colonies may be a process resulting from the
contraction of the wet channel and changes in the morphology
of the channel due to the captures made, which can transform
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the external layers of the cluster, hindering the internal transport
of nutrients and, therefore, reducing the density of the biomass
(Arroita et al., 2016).

In these cases, both the total and autotrophic biomass of
biofilms are more responsive to the duration and severity of the
event than to the frequency of the event itself (Colls et al., 2019;
Coulson etal., 2022). In other words, the duration of the drought
together with the variables of light incidence and temperature
can reduce the biomass of biofilms and also alter their metabolic
characteristics, such as a decrease in photosynthetic efficiency. This
finding is reinforced by Bertrans-Tubau et al. (2023) who found,
in addition to the loss of biomass, also a reduction in the density
of the extracellular polymeric layer and microalgal density, with
the temporal extension of droughts.

Nevertheless, B-Béres et al. (2022), when evaluating diatoms
within biofilms of intermittent rivers, and Madge Pimentel et al.
(2024), when verifying the functions of biofilms in the face of pulses
of flow and salinity, realized that drought alone was not enough
to alter the internal biodiversity of the colonies. Part of this may
be related to adaptation strategies of the algae themselves, since
diatoms tend to be resistant and adaptable, also, in turbulent and
polluted environments (Smeti et al., 2019; Pan et al., 2020). In the
case of Madge Pimentel et al. (2024), the parasitic community
residing in biofilms showed an increase in diversity with the
reduction of flows. However, as mentioned above, it is reinforced
by the authors that the duration of the event may be a relevant
point, since the longer the duration, the lower the self-protection
capacity of the diatom assemblages (B-Béres et al., 2022).

In intermittent channels, despite drought events with
consequences for the biota, rewetting the environment may
represent a possibility for ecological recovery. This process can
bring new functionality to the environment, depending on the
flow rates, the conditions of deposition of organic material
and the species most resistant to extreme events, as well as their
functional readaptation capacities (Lin et al., 2020; B-Béres et al.,
2022; Coulson et al., 2022; Huang et al., 2022).

Osorio et al. (2015), evaluating flood events, noted that
biofilms presented greater autotrophic biomass, as well as greater
heterotrophic activity (extracellular enzymatic activity) and a higher
rate of biofilm accumulation at lower flow rates, while high flow
events act in the opposite way. Likewise, high flows generated
lower species richness, uniformity and diversity, corroborating
the findings of Robinson et al. (2004), McKay & King (2000),
Andrus et al. (2013) and Guo et al. (2020).

In places with dams, for example, during periods when water
levels were below the regional average, the likely influence of the
upstream dam is the promotion of peaks in water level elevations
that favor the increase in nutrients, enriching the ecosystem and
influencing the responses of biofilms and, in this case, the increase
in flows may culminate in an increase in biomass density due to
the increased availability of resources of interest to the colony
(Leandrini et al., 2008).

Adame et al. (2018) evaluated lakes and ponds and found
that water level modulation, combined with seasonal factors such as
seasonal temperatures, can directly affect the internal composition
of species in biofilm clusters. In some cases, higher water levels
resulted in greater species diversity, but the complexity of the
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environment allowed isolated peaks in taxonomic variety, even
at low water levels, justified by external factors such as the entry
of nutrients and propagules in campaigns.

In this sense, biofilms formed in different types of habitats
(lentic, lotic, connected or not to the main rivers) also respond in
different ways to internal and external stressors, and, in addition to
variations in the water level of the channel, there is a relationship
with the degree of connection with the main rivers (Leandrini et al.,
2008; Vlaicevi¢ et al., 2021), which influence the hydrology of these
locations. Additionally, the internal heterogeneity of the clusters
and biofilm grazing issues are also relevant in the variations of
scenarios when observed from the perspective of increasing or
reducing biomass (McKay & King, 20006), as well as the distribution
of nutrients, distinct classes of chemical compounds in the water
and seasonality (Salis et al., 2019; Guo et al., 2020).

Seasonal factors, from the change of season, can alter the
degrees of connectivity between environments, often resulting
in the loss of periphytic biomass, especially due to the decrease
in the incidence of light in the environment and the reduction
of nutrients, which are used by surface vegetation, along with
the change in the taxonomic diversity of beings, such as ciliates,
since hydrological variations modify the food structure of lake
communities (Vlaicevic et al., 2021).

In this scenatio, it is clear that large and prolonged
hydrological stresses in water bodies consequently generate major
disturbances in the ecosystem, severely altering the natural functions
of the environment, even with the great hydrological variability
(Guo et al., 2020; Pereda et al., 2021; Coulson et al., 2022).

Along with the more evident relationship between variations
in flow and biofilm density reported in the literature, there are
also changes in the structure of the water environment, due to
the action of water flows, acting as a secondary effect on the
dynamics and characteristics of the biofilm.

Changes in channel morphology due to major floods can
alter the dynamics of sediment transport, which, through erosion,
fills pools and generates the movement of stones, which function
as sample substrates for the incubation of biofilms and the biota
itself (Robinson et al., 2004). In estuarine regions, for example,
peak flows from adjacent rivers can alter the hydrological pattern
of the estuary, together with soil dynamics, conductivity and
salinity, influencing and modifying the bacterial community of
the biofilm (Mai et al., 2020).

In dry regions, the narrowing of the channel, the decrease
in the perimeter of the wetland and the depth and water level of
the stream, in addition to the reduced flow rate, may be related to
the response of the biota, especially with the abundance of biofilm
biomass, the interference in the distribution and absorption of
nutrients, and the variety of macroinvertebrates and herbivores
(McKay & King, 2006; Arroita et al., 2016).

In general, flows, fluxes and water levels were the most
recurrent hydrological variables when related to the response of the
biofilm community, while biomass was the most recurrent biofilm-
related variable. Hydrological vatiations in natural environments,
in this context, generated a spectrum of scenarios, depending on
the location, the context of the environment and the approach
evaluated in each diagnosis.
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Thus, it is noted that there are numerous results obtained in
the literature on the effects of hydrological variables on biofilms.
Although much of the literature points to inverse relationships
between water flows in rivers and biofilm characteristics, such as
abundance, biomass density and colony heterogeneity, opposite
scenatios have also been verified, which reinforces the findings
that the complexity of the environment, above all, drives many
of the behaviors and responses of the relationship between
biotic and abiotic factors (Palmer & Ruhi, 2019; Qu et al., 2019;
Guo et al,, 2020).

It was also clear that extreme and prolonged events seem to
have more significant and more apparent effects on the periphytic
community, at different scales, which integrate structural and
functional issues of these colonies.

Therefore, there is a need to develop protocols and
standardization in the context of project design, scope, execution
of field work and analysis, in addition to deepening and expanding
studies with an integrated approach, so that it is possible to
understand the effects of vatiables in natural environments since
they act in synergy.

Environmental consequences

Along with the degrading water quality, the pollution pose
a risk to the environment, reaching the biological sphere and
impacting plants, animals and microbial communities.

Within biofilm colonies, there are differences in the levels
of resistance and stability to environmental impacts in benthic
algae families, depending on the internal variety of organisms and
classes (Qu et al., 2019; Mai et al., 2020). Thus, both pollution
levels and hydrological events can interfere with the heterogeneity
and predominance of species in communities (Mai et al., 2020;
Vlaicevic¢ et al.,, 2022), keeping the beings more adapted to the
environmental conditions.

The reduction in river flow can result in community
and functional changes in the biofilm, as observed by Madge
Pimentel et al. (2024), who evaluated a stream in Germany. They
observed a dominance of algae, especially diatoms (Bacillariophyta),
and, to a lesser extent, green algae (Ulotrichales) and golden algae
(Chrysophyceac). The study also evaluated parasites, which were the
most varied community, with the families Oomycota, Amphifilida
and Chytridiomycotina being the most diverse groups. In this case,
it was observed that the reduction in flows altered the dynamics
of eukaryotic algae, with filamentous green algae becoming the
dominant ones, as they were less susceptible to shear stress.

A study carried out by Adame et al. (2018), for example,
found that seasonal flows in the Alto Parana region in Brazil,
characterized by flood pulses, showed that diatoms present in the
biofilm were predominant under different hydrological conditions,
as well as different seasonalities, due to their high resilience, ability
to adapt to changes in the environment and the ability to produce
mucilage and facilitate adhesion to different substrates, under
different circumstances.

In contrast, Andrus et al. (2013) found that high flows
promoted a washing effect on the biofilm colonies evaluated, causing
a decline in the volume of diatoms in the biofilm. However, one
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group that was resilient to changes in flow was the cyanobacteria,
which did not show a significant reduction in volume.

The study by Andrus et al. (2013), however, found this
same resilience response of diatoms, but related to pollution of
the environment, and not so much to the effect of flows. In this
sense, these algae were predominant even in environments with
higher levels of pollution caused by high concentrations of
phosphorus, nitrogen and solids, and it was also found that biofilms
that presented a predominance of these algae were less sensitive
to exposure to the pollutant element of greatest concern, atrazine.

The overall characteristics of a site, resulting from
hydrological action and surrounding activities, significantly
influence the composition of biofilms. Vincent et al. (2022) found
that the taxonomic composition of colonies commonly found
in mountainous areas differs from that of colonies formed in
urban rivers. Biofilms from mountainous areas tend to have more
active taxa, while biofilms from urbanized areas were composed
mainly of the bacteria Comamonadaceae, Rhodobacteraceae,
Sphingomonadaceae, Rhizobiales, and Burkholderiales; the
fungi Chytridiomycota, which were more common among the
sites evaluated, although the largest quantity in all sites were of
fungi that could not be classified; and the algae Bacillariophyt,
Bacillariophyceae (diatoms), and eukaryotic algae. Diatom algae
predominated in almost all sampling sites, corroborating the
studies previously cited.

The biofilms formed in different urban areas presented
relatively homogeneous data, suggesting that, despite being different,
the hydrological impacts of urbanization, such as increased runoff,
together with the effect of high pollution, generate a tendency for
the microbial communities of the biofilms to become homogenized,
becoming similar, as explained by the authors.

Pu etal. (2019) used metagenomic analysis to evaluate the
taxonomic composition of biofilms from three polluted regions in
China and found that more polluted regions tend to have greater
species richness. Acidobacteria and Armatimonadetes were the
most frequently found bacteria, with the former being recognized
for its ecological functions, while the latter is usually associated
with heavy metals. Chlorobi bacteria showed low abundance and an
inverse relationship with the outer polymeric layer of the biofilm,
while cyanobacteria showed the opposite behavior. The authors
point to the complexity of the system and the understanding of the
cause and effect relationship of pollution with taxonomy and also
suggest that physical factors (pH, temperature and light), as well
as hydrological factors, also contribute to this complex dynamic.

The effect of pollution can interfere with the feeding
dynamics of rivers. For example, there is the study by Bowen
(2022) who, evaluating the feeding behavior of fish, verified the
characteristic of selectivity and predilection in the feeding of
these animals for better quality biofilms.

Under such conditions, biofilms can be an impact factor, not
only in the feeding of other beings, but also in the entire trophic
chain, both when there is an excessive increase in biomass and
when there is a severe decrease in its availability. Furthermore,
Bowen (2022) found that habitat characteristics affect both the
formation and retention of benthic biofilm, this includes hydrological
variation, translated by variations in water levels, rainfall levels,
lighting, temperature and water quality.
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This difference in characteristics of biofilms impacts the
feeding dynamics of fish that consume them, since some species
reject biofilms with low nutritional content. Polluted environments
can present an increase in nutrient concentrations and, therefore,
increase the volumes of biofilm, which act as a significant source
of carbon for several benthic invertebrates and, in this sense,
deregulate the feeding dynamics of local trophic levels, as is the
case of the hyporheic zones evaluated by Alam et al. (2020).
In contrast, some environments with nutrient scarcity affect
the growth capacity of biofilms, decreasing their biomass levels
(Weitere et al., 2021).

Climate change can also represent a major environmental
problem, as scarcity or flooding events generate turbulence in the
natural hydrological characteristics of lakes and streams and, as a
result, can alter the structure of natural microbial communities that
are already adapted to their habitat, also bringing concern for the
maintenance of food chains (Alam et al., 2020; Skovsholt et al.,
2020; Zhou et al., 2024). In regions with freezing and thawing
characteristics, for example, changes in hydrology may lead
to physical and chemical changes in water and in connectivity
between locations, compromising the maintenance of microbial
communities that are not adapted to the process of mixing and
stabilizing new water conditions, as well as the contribution of winds
and the environmental filtering capacity of benthic communities
(Skovsholt et al., 2020; Ramoneda et al., 2021).

In this sense, punctual or diffuse increases in pollution can
be reinforced by contributions and changes in the local hydrology.
However, such rates are aggravated by the habit patterns of
human activities and by extreme hydrological events that occur
due to climate change, and also by anthropogenic pressures that
deregulate the environment and alter the natural relationships
of ecosystems. This cyclical scenario possibly interferes with the
trophic dynamics of rivers and may be aggravated in the future.

Due to the ability of biofilms to respond to pollution,
communities may be exposed to unfavorable conditions, with
the recurrent presence of microcontaminants in water resources,
especially elements that can confer the characteristic of bacterial
resistance to biofilms and alter their physiological functions, such
as antibiotics and several classes of drugs (Proia et al., 2013;
Aubertheau et al., 2016; Smeti et al., 2019; Valdés et al., 2021;
Gionchetta et al., 2023).

Osorio et al. (2015), for example, noted that water pollution
by microcontaminants, probably originating from the WWTP,
followed a dynamic inversely proportional to the river flow, due
to the dilution effect, resulting in lower concentrations of these
pollutants in the water during flood periods, and this fact may have
altered the functional responses of biofilms according to the region
sampled, mainly due to the use of antimicrobials and antibiotics.
This fact was reinforced by the authors when the biofilm was
modified from a less polluted location to a more polluted one,
causing the response of biofilms to increased pollution to be an
increase in the number of dead cells inside them.

Contrary to Osorio et al. (2015), Pereda et al. (2021) noted
an increase in biomass volume in regions with greater pollutant
discharge; however, metabolic functions such as phosphorus
processing capacity and organic matter degradation were reduced.
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On the other hand, Andrus et al. (2013) observed that
the presence of Atrazine in the medium had little influence on
the biofilm variables. According to the authors, this may have
occurred not necessarily because the compound is not harmful to
biota, but because the concentration of the herbicide was below
the limits reported as causing biologically significant effects on
communities, and the exposure, in this case, was not sufficient
to generate relevant interference. Similar conclusions were found
by Bighiu et al. (2020), evaluating several pesticides in water and
river biota in Sweden.

In this sense, although the limit values of several pollutants
are not yet known, as well as their synergistic effects on biofilms,
their presence in both water bodies and biofilms has been evaluated,
given the concerns about bioaccumulation and health of the
water environment and trophic levels. In a study carried out by
Huerta etal. (2016), seven pharmaceutical products were quantified
in biofilms, including psychiatric drugs such as Venlafaxine at
concentrations of 0.6 ng g, preservatives such as methylparaben
(200 ng g), among others.

Aubertheau et al. (2016) observed that biofilms evaluated
after a wastewater treatment plant presented significant values of
pharmaceutical products such as diclofenac and antibiotics present
in the biomass. Concentrations of 190 ng ¢! and 276 ng ¢! were
found, respectively. The study found a change in the diversity
of cyanobacteria, as well as an increase of up to 31 times in the
number of integrons (elements capable of expressing genes,
including resistance). Valdés et al (2021) detected antibiotics
in biofilms, finding a maximum concentration of 652 ug kg,
as is the case of ciprofloxacin. As a result, it was noticed that
the biofilm community existing after the Wastewater Treatment
Plant had distinct characteristics from the communities upstream
of it, having a heterotrophic predominance, as well as darker
coloration, a more vertical composition surrounded by a very
evident gelatinous matrix.

Regions subjected to continuous pollution can generate
a class of biofilms classified as undesirable (previously known as
sewage fungi) or even proliferate invasive species within them
(Huang et al., 2021; Bagra et al., 2023; Gionchetta et al., 2023;
Exton etal., 2024). Although naturally occurring, this class of biofilms
can present highly adapted, resilient and paradoxical behavior, as
it poses a risk to the environment due to the characteristic of, at
the same time that it consumes excess dissolved organic carbon
from the water, it also reduces the dissolved oxygen levels in the
environment and generates more water stress, requiring preventive
or remedial actions (Huang et al., 2021; Exton et al., 2024).

The bacterial and fungal diversity of biofilms can be
greatly driven by physical and chemical factors in the environment
(Zhou et al., 2024), and, in this case, invasive elements can proliferate
more easily in situations of water stress, reducing diversity within
colonies and, possibly, eliminating species that are fundamental
to maintaining the community (Bagra et al., 2023).

Locations influenced by WWTPs and dams, for example,
may receive contributions of water flow and increased flow, as
well as increased concentration of pollutants, with discharge
downstream, which may generate long-term consequences for the
biological communities belonging to the ecosystem (Robinson etal.,
2004; Osorio et al., 2015; Pereda et al., 2021). This shows that
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interference in the course, natural flow and physical-chemical
characteristics of water can bring irreversible consequences for
biofilms, even if indirectly.

In contrast to polluted sites, B-Béres et al. (2022), when
evaluating existing diatoms in stream biofilms, found that the
nutrient levels of an environment (nitrates, ammonium, phosphates,
chlorides) can affect diatom richness, although, as previously
exemplified, these are algae that are resilient to environmental
stressors. In the case of the study, it was observed that due to
low nutrient levels together with stable flows, some diatom taxa
prevail, such as stem-forming diatoms.

It is noticeable that, depending on the scenario, the
characteristics of the location and the compounds found in the
water can interfere as much or more in the characteristics of
formation and composition of biofilms than the variations in
flow or extreme events of the location, since biofilms can be
more sensitive to some compounds present in the water than to
the effects associated with the dilution of the flow.

In a study carried out by Bagra et al. (2023), in two rivers
without the influence of a Wastewater Treatment Plant, in Germany,
and, therefore, with reduced influences from anthropic effects, it
was noticed that there were predominant bacteria in both locations
(Proteobacteria and Bacteroidetes), with differences in abundance.
The intentional submission, carried out in artificial environments,
of the communities by copper (a recurrent contaminant in rivers
due to the use of fertilizers or effluent discharge), generated a loss
in the microbial diversity of the biofilms, favoring the invasion
by E. coli inside the colonies. In this sense, the study shows that
chemical stresses in the environment can favor invasion processes
of invasive communities with high adaptive and resistance potential,
bringing a new configuration, transient or permanent, to the
composition of biofilms.

Similarly, Gionchetta et al (2023) found that the composition
of the heterotrophic biofilm microbial community in a region
influenced by wastewater treatment plants diversifies during physical
events of water stagnation, being highly influenced by water pH
and temperature. The prominent and resistant bacterial groups
were Pseudomonadota, Actinomycetota, Firmicutes, Chloroflexi,
and Acidobacteria, and transient invasion of E. coli into the
biofilms was observed when there was hydrological stagnation.
The entry of E. coli into the system was possibly facilitated due
to low shear stresses and turbulent events; however, the invasion
continued when environmental conditions eventually became
limited. In this sense, the hydrological condition of the channel
and pollution effects may have facilitated the entry of an invasive
species, while, in the hydrological condition evaluated, factors
related to temperature and pH were better related to the internal
diversity of biofilm colonies.

Furthermore, some compounds have the capacity to persist
in the environment regardless of the hydrological scenario, with
chemical characteristics that determine their adhesion preferences
to the different available matrices (Moschini-Catlos et al., 2000;
Osorio et al., 2015; Huerta et al., 20106; Pereda et al., 2021), while
others will not bring such prominent effects due to the concentration
found during the matrix exposure period (Andrus et al., 2013;
Valdés et al., 2021), in which case the other stressors are possibly
more significant.
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In contrast, Bertrans-Tubau et al. (2023), in bench research,
noticed, when simulating different levels and severities of capture
periods, that droughts modify the internal structure of biofilms,
affecting not only structural issues, but also the capacity to
dissipate pesticides.

The distance from the pollution emissary can also be a
contributing factor, since the greater the distance, the greater the
interference of dilution, sorption effects, competition and biofilm
interaction (Aubertheau et al., 2010).

This shows how complex systems need to be assessed as
a set of factors that act within an orchestrated synergy. Therefore,
understanding the stressors and hydrological dynamics in biofilms
cannot be an isolated assessment, requiring a combination of efforts
to understand several variables that act in complex ecosystems
such as analytical chemistry, hydrology, channel morphology and
ecology and that make it difficult to understand the dynamics of
such challenging biofilm processes (Sabater et al., 2007; Osorio etal.,
2015; Arroita et al., 2016; Fernandes et al., 2020; Weitere et al., 2021).

It is clear that both physical factors such as temperature,
pH and hydrological conditions of flows, as well as chemical
pollution caused by multiple pollutants such as excess nutrients,
toxic compounds or micropollutants can impact the formation
and diversity of biofilm. However, due to the synergistic effect
between the variables and the complexity of the environment, the
predominance of the cause and effect relationship is still unknown
and difficult to measure. Furthermore, there is a gap in the literature
of studies that evaluate all these physical and chemical variables
and address a range of organisms for taxonomic evaluation, both
of the environment (water, sediment) and of the biofilm, in a
single location or study.

Finally, it is necessary to consider the different characteristics
of extension, biomes, climate and environmental culture of each
region in which biofilms are formed, which can confer different
behaviors to the variables involving growth, permanence, development
and heterogeneity for the clusters. In this sense, it reinforces what
practically all studies state: the biofilm responds well to hydrological
and environmental variables, although not in a unique way, and could
act as a good biomarker. However, understanding the scenario and
diagnosis depend on integrated assessments that seek to understand
the real dynamics of the variables and the responses of the microbiota
(Sabater, 2017; Exton et al., 2024).

With the imminence of more climate change events, variations
in flow may generate higher concentrations of pollutants due to
the lack of dilution in drought events, as well as the dragging of
pollutants via surface runoff, including pesticides (Smeti et al.,
2019; Bighiu et al., 2020), various microcontaminants (Smeti et al.,
2019) and microplastics (Bhatt et al., 2021; Vincent et al., 2022),
influencing exchanges in the aquatic environment and impacting
biota in a multifactorial manner.

It is therefore suggested that new studies incorporate
multifactorial and multidisciplinary approaches to diagnostic
assessment for damage prevention and mitigation.

CONCLUSION

The studies considered within the scope of this review
show the complexity of the aquatic ecosystem and that it has
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several stressors acting on the relationship between biofilms and
hydrological variables.

The most recurrent variables in the literature were flow/
fluxes (related to hydrological stressors) and biofilm biomass
(related to biofilm response), and these were also the variables that
presented the most responses in terms of effective relationships
and, possibly, of great value for future approaches and in-depth
studies.

However, metrics related to species richness and biofilm
community composition were found to be important and
therefore eligible for new scopes. The assessment of metabolic
and physiological activities is promising for future studies, and
techniques that delve deeper into the unraveling of genetic materials,
such as metabarcoding, metagenomics, and transcriptomics, are
recommended.

As for hydrological variables, it is necessary to consider
variables that are currently used as supporting data, such as
temperature, precipitation levels, and seasonal assessment, so that
it is possible to eventually understand effects that flow changes,
when assessed in isolation, are not capable of explaining;

It is also recommended that methodological protocols for
biofilm collection be developed especially in relation to: samplers/
substrates, and in this case, the possibility of developing artificial
samplers is highlighted as a comprehensive and possibly effective
methodological alternative; incubation/exposure time; and the
process of removing biofilm from substrates. The need to include
seasonal assessment in sampling projects is reinforced, although
the variable itself is classified as hydrological, as it can produce
different responses in biofilms that become interesting in the
context of their assessment.

The literature shows that hydrological variables act
significantly in periphytic communities, however, in a distinct and
variable manner, making it necessary to understand the scenatio
evaluated in its particularities so that the relationships can be
adjusted and the effects diagnosed or predicted.

Furthermore, the literature also points to secondary effects
of hydrological variations that culminate in pollution processes and
affect the functioning of microbiological communities, altering
the joint action of hydrological and chemical variations in the
environment as major drivers of stress in biofilms.

There is a clear need to expand, deepen and integrate
multifactors in studies that verify the relationships of hydrological
response in natural biofilms, since the relationships in real
environments still present great distinctions and gaps, probably
due to the complexity of the water systems, the surroundings,
and the biofilm community itself.

The study of river biofilms has gained notoriety over the
years and, given their ecological importance, and in view of the
hydrological events arising from imminent climate change, the need
to understand the functioning of biofilms in real environments
and the direct responses to environmental stressors and other
interferents that act in synergy has become urgent, so that, in the
future, they can be used as environmental monitoring matrices,
regulated by the competent authorities, as well as their predicted
behaviors to safeguard water environments.

Finally, the studies showed that the relationship between
natural biofilms in rivers and the interference of hydrological
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variables is a large field to be unraveled and, therefore, a good
opportunity for the scientific community to deepen its knowledge.
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