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Abstract: This paper results from discussions triggered during the “Stream Ecology
Symposium” that took place at the XIII Congress of the Brazilian Society of Limnology
in September of 2011 in Natal, Brazil. Based on our experiences, we have raised several
questions regarding ecological studies of headwater streams facing threats under global-
changes and proposed numerous subjects to be addressed in future studies in Brazil.
These studies deal with the necessity of knowing species biology and the elaboration of
models to assess changes (which implies the availability of time-series or large-scale data
sets); the ecology of riparian zones and the interchange of materials and energy across
the land-water boundaries; forest conversions and standardized sampling strategies and
data treatment to assess global change.

Keywords: global change, stream ecology, riparian zones, long-term monitoring,
macroinvertebrates.

Resumo: Este artigo resulta de discussoes ocorridas durante o Simpésio de Ecologia de
Riachos que aconteceu durante o XIII Congresso da Sociedade Brasileira de Limnologia
em setembro de 2011 em Natal, Brasil. Baseados em nossa experiéncia, propomos algumas
perguntas sobre ecologia de riachos na perspectiva de mudangas globais e sugerimos alguns
aspectos a serem abordados em futuros estudos no pais. Esses estudos estao relacionados
a necessidade de se conhecer a biologia das espécies; a elaboragio de modelos para avaliar
as mudangas (o que implica a necessidade de um grande volume de dados em larga escala
temporal e espacial); a ecologia das zonas ribeirinhas e o intercimbio de materiais e
energia através das interfaces terra-dgua; as alteracdes na cobertura florestal ¢ estratégias
de amostragem e tratamento de dados padronizados para avaliar as mudancas globais.

Palavras-chave: mudancas globais, ecologia de riachos, zonas ripdrias, estudos de
longo prazo, macroinvertebrados.
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1. Introduction

Despite their small size, headwater streams
comprise nearly 80% of all aquatic routes in a basin
(Benda etal., 2005). They have a prominent role in
the ecology of flowing waters, particularly regarding
the dynamics and transport of organic matter
(energy and nutrients), and their importance can be
extended if trophic linkages between terrestrial and
aquatic zones are included. Finally, these systems
sustain a diverse and unique fauna (Gessner et al.,
2010) and are excellent ecological corridors for
species dispersal through watersheds (Méio et al.,
2003).

Headwater streams also provide ecological
services to human beings, including high-quality
water for human use and conversion of organic
matter into biomass capable of sustaining fish,
birds and many other consumers (Costanza et al.,
1997; Dudgeon et al., 2006). However, their
close relation with terrestrial systems makes small
streams vulnerable to land conversion and other
related perturbations (Vorosmarty et al., 2010;
Woodward et al., 2012). Certain impacts may
promote changes at the planetary scale, including
global warming, increased river nutrient load
and deforestation. Given that rivers, particularly
headwater streams, are among the most diverse
systems on the planet and are the most threatened
(Dudgeon etal., 2006), there is a need to understand
how these systems may change under a global
changing scenario.

This paper results from the Stream Ecology
Symposium which took place at the XIII Congress
of the Brazilian Society of Limnology in September
2011 in Natal, Brazil. At this congress, the authors
discussed how headwater Brazilian streams have
been altered under global changing scenarios, giving
particular emphasis to macroinvertebrates and
riparian plants. After the Natal meeting, the authors
engaged in follow-up discussions regarding the
main topics through e-mail, particularly concerning
the implications of global changes on the subject
presented at the symposium. Here we define global
changes as any man-made changes on natural
aquatic systems from any scale capable of altering
natural ecological processes of headwater streams
and rivers. Such changes include, for instance, global
warming, eutrophication of inland waters, changes
in phosphorous cycles, and large-scale deforestation
and/or forest conversion. We do not intend to
review how all these threats affect stream ecosystems,
rather this paper outlines some important questions
that could be addressed by Brazilian researchers in a
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near future in order to better understand how large-
scale human alterations have modified headwater
streams in a species-rich continent.

1.1. How can we predict the structure of benthic
macroinvertebrate communities under global
environmental change?

Stream environments are a combination of
particular meso- and microhabitats sequences
(Frissell et al., 1986) and forms hierarchical system
composed by multiple spatial scales (Cooper et al.,
1998). A considerable amount of research effort
has been invested to understand how spatial scales
influence structural and functional organization of
streams and how environmental factors can affect
their biological communities.

Many studies have aimed at understanding
the longitudinal gradient of communities,
including species distributions, functional feeding
group composition, and predictable changes of
communities from headwaters to large rivers
downstream. Others have evaluated the patterns
of distribution of macroinvertebrates, community
organization and assessed biological traits of species
at many different scales (Statzner et al., 2007;
Munn et al., 2009). Consequently, a considerable
amount of data has been accumulated on overall
patterns of stream macroinvertebrate assemblage
structure, but few multifactorial studies have
assessed community spatial patterns, particularly
the relationship between regional-local richness
and latitudinal diversity patterns of stream
macroinvertebrates in both basic and applied sense
(Purvis and Hector, 2000; Heino et al., 2005).

The natural geographic structure of assemblages
generates important information for basic ecological
studies and environmental management. These
geographic models are used to predict the
community composition of fauna and flora from
environmental data not likely to be affected by
human actions (e.g., altitude, geology) and would
indicate what basic structure should be maintained
when evaluating anthropogenic effects on biological
communities. Although current climate is a
powerful factor predicting species distribution,
community structure and functional organization
of aquatic macroinvertebrates, few studies in Brazil
have addressed this subject.

Important human threats influencing the
structure of macroinvertebrate communities
identified with predictive models include non-
point pollution, deforestation, and land conversion
for agricultural activities at local and watershed
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scales (Feio and Poquet, 2011). Recently, special
attention has been given to the identification of
reference stream sites (Reynoldson et al., 1997; Feio
and Poquet, 2011), mainly for the application of
biological monitoring programs.

Long-term biological monitoring under the
Reference Condition Approach (hereafter RCA;
Feio and Poquet, 2011) can inform about biological
changes caused by global nutrient increases and
forest changes if the reference sites are maintained
for comparisons. However, under global warming
scenario, the condition of reference sites is also
expected to change through time and the challenge
in this case is to identify strategies to cope with
permanently changing thermal situation. Therefore,
although many reference sites are needed for local
biological monitoring, they may no longer be a good
benchmark for monitoring global-scale threats (e.g.,
global rising temperature). Conversely, if sufficient
data were collected (in terms of number of sites and
temporal repetition), the present distributions of
organisms and their changes over time could be used
as reference to evaluate the effects of global warming
on stream ecosystems. Many stream taxa are notably
sensitive to small changes in water temperature,
and thus we could expect severe reductions and
changes in species range distribution. Indeed,
this method has been applied for terrestrial and
aquatic organisms (e.g., Thuiller etal., 2005; Diniz-
Filho et al., 2009; Tisseuil et al., 2012).

According to Isaak et al. (2011), the following
four key points should be considered when
evaluating the effects of climate changes on
aquatic insects: i) Stream temperature is a critical
determinant of aquatic species growth, survival,
distribution and reproduction; ii) Empirical
evidence suggests that streams are warming in
response to global warming; iii) Models at regional-
scale are needed to consistently and accurately
predict the oscillation of water temperature and
aquatic organisms on streams. The development of
these models is possible using existing temperature
data in conjunction with spatial analysis techniques
(e.g., MDS), which relates the temperature with
altitude; iv) Long-term stream water temperature
monitoring which will allow applications for
understanding climate effects.

Another possible approach is to use traits to
determine sensitivities and tolerances of individual
species to track changes in water conditions in a
global change scenario. This approach could be
undertaken to support management planning
by identifying taxa that are most at risk when

Future ecological studies of Brazilian... 295

water quality changes. The traits of species have
been considered an alternative to the taxonomic
composition on studies assessing human effects on
water bodies and macroinvertebrates assemblages
(Brooks et al., 2011).

1.2. Other models in the global warming scenario

Climate change scenarios predict rapid changes
in many environmental variables, including
temperature, and frequency and magnitude of
floods and droughts. Global climate change
potentially affects biota at all scales because many
taxa have restricted limits of tolerance. Moreover,
non-lethal effects can be expected through decreased
fitness due to the reduction of the biota’s real niche.
Climate change can also threaten species through
habitat reduction and range shifts.

What climatic variables can be used to predict
changes in the macroinvertebrate community
structure in streams? Variables affecting the biology
of species in certain phases of their life cycles
must be selected. Such variables may include the
annual number of dry days, the total precipitation,
the number of consecutive days with X mm of
precipitation, the minimum, average and maximum
temperatures, the relative air humidity, and total
insolation. For tracking biological responses,
Hering et al. (2009) indicated five parameters
to describe species sensitivity to climate change
impacts: endemism, preference for springs,
preference for cold water temperatures, a short
emergence period, and restricted ecological niches
in terms of feeding types. Such parameters need
to be considered under a global warming scenario.

This set of subjects constitutes a minimal
knowledge that could be used by environmental
managers engaged in biological monitoring of
streams and to guide environmental authorities
to strengthen the meteorological stations, foster
databases and develop environmental models to
forecast climatic changes.

1.3. Riparian zones under a global change scenario

Riparian zone is the transition between terrestrial
and aquatic river environments (Gregory et al.,
1992). This zone is influenced by climate,
geomorphology, altitude, and local soil conditions
(Verry etal., 2000; Naiman et al., 2005). Therefore,
environmental conditions in riparian zones can be
extremely heterogeneous, leading to high plant
diversity (Silva et al., 2008).

The riparian zone has an important role in
protection, filtration and erosion control of stream
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margins. Riparian plants supply streams with
nutrients and buffer dial temperature and light
fluctuations (Lima, 1989). The riparian zone also
acts as a filter for runoff, and the accumulation of
large plant debris enhances the accumulation of
litter, which is processed iz situ and provides energy
to local food webs (Abelho, 2001).

Despite their importance, there are many open
questions regarding the functioning of riparian
zones and their biological importance for headwater
streams. For instance, although riparian zones
generally have a high diversity and density of trees,
which supply streams with energy and nutrients
(see the next section), on the other hand, there
are systems where trees are sparse and there is a
predominance of shrubs and grasses (e.g., Brazilian
Cerrado). However, we still need to answer basic
questions to understand functioning of riparian
zone, as described to follow: How important is
each species of the riparian vegetation to supplier
of energy for aquatic trophic webs in these systems?
Is the chemistry composition of riparian plants
affected by soil and climate? Changes in dominant
plants (and therefore detritus composition) affect
nutrient cycling? Do litterfall and therefore nutrient
input into streams and rivers follow a seasonal
pattern?

Ongoing changes in nutrient load in headwaters
(due to urbanizations and increased use of fertilizers),
forest cover (due to the increase in tree crops
agriculture and animal farming) and increases in
temperature and stochastic changes in precipitation
(due to global warming) are likely to affect riparian
vegetation. Under these scenarios, how leaf traits
of riparian plants are affected by climate change?
Given that leaf litter from nutrient rich plants are
likely to increase nutrients in water, do changes in
dominant plants (and therefore leaf traits) affect
nutrient cycling? Do changes in plant identity in
the riparian zones affect seasonality of litter input?

Will a continuous increase in nutrients
in the water (due do fertilization and urban
pollution — global increase in nutrients in waters)
affect the structure of tree riparian assemblages
replacing species with low by species with high
nutrient requirements? Under global climatic
change, what will be more important for riparian
tree assemblages, changes in temperature or changes
in hydrology? Finally, with the ongoing colossal
waterworks to transfer waters across distinct basins,
how will changes from intermittent to permanent
water flow affect riparian tree assemblages? Such
information is urgently needed to implement
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scientifically sound management and conservation
programs.

1.4. The interchange of materials and biota between
headwater streams and riparian zones

Stream food webs are usually sustained by
allochthonous and autochthonous energy sources.
Headwater streams are generally shaded by
vegetation which simultaneously limits in situ
primary production and provides allochthonous
organic material, such as leaves, flowers, seeds,
insects and other organic material that support
stream food webs (Paetzold et al., 2005). Tropical
systems are notably diverse, and, for instance, the
role of terrestrial insects supplying energy to the fish
community level in low order streams and lakes has
been poorly documented (but see Mehner et al.,
2005; Barreto and Aranha, 2006). Likewise, since
most stream invertebrates have terrestrial adult
stages, little is known about their contribution
to terrestrial food webs. Given the importance of
vegetation as a food source for aquatic insects and
the fact that terrestrial insects fall into stream waters,
what happens when the tree riparian vegetation
is removed or replaced? Vegetation removal and
replacement are threats that have been exacerbated
by the demand of wood for the paper mill industry,
food production and biofuels. We expect that the
removal of tree riparian vegetation will result in
increased autochthonous energy incorporation into
food webs and decreased importance of terrestrial
detritus and insects.

However, quantitative data on energy
movements across terrestrial-aquatic boundary are
still missing. Additionally, the origin of material
used by aquatic consumers (and therefore, energy)
is poorly documented. On this subject, stables
isotopes of carbon (8 '*C) and nitrogen (8 ’N) can
be an important tool (Martinelli et al., 2009). This
method is based on the premise that the isotopic
ratio varies in a predictable way and that the isotope
ratio of the organisms tissues reflects their diet
(Ometto et al., 2005). The comparison between
the isotopic signals from food sources and their
bodies will help clarify the origin of their resources
(Martinelli et al., 2009). The carbon isotope (& *C)
is used to determine carbon sources because it is
stable across food webs, and nitrogen isotope (8 °N)
can be used as an indicator of trophic level because
it tends to increase from one trophic level to the
next (Martinelli et al., 2009).

In summary, there is a clear interdependence
between streams and riparian forests in terms of
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energy flow because forests are a major provider of
nutrients in the form of organic matter for aquatic
benthic invertebrate consumers (Cummins et al.,
1995). Therefore, changes in the structure of the
riparian vegetation have the potential to directly
affect energy sources and the input of nutrients,
sediments and pollutants. We propose that studies
investigating changes in riparian forests should
address two questions. First, how these changes
affect the energy interchange between terrestrial
and aquatic environments and, second, how these
changes affect the origin of the energy used by
consumers. In a global changing world, how do
changes in temperature, forest cover, hydrology
and chemical pollution of stream water affect the
interchange of materials (litter and invertebrates),
and thus the energy flux, between riparian zones
and streams?

1.5. Land use affects aquatic biota and ecological
processes

Forests are among the most productive systems
on Earth with up to 2.5 kg of dry mass produced per
square meter every year (Ricklefs, 2005). Because
only ~10% of the energy produced in one trophic
level is available for the next, nearly 90% of the
fixed energy in the forest will become part of the
detrital loop and, inevitability, a portion of this
energy will reach aquatic systems through streams
(Ricklefs, 2005).

As soon as the leaves fall into the water, they
start losing mass, producing fine particulate organic
matter, dissolved organic matter and CO,. This
decrease in mass is mirrored by an increase in
microbial biomass and respiration. Moreover, if
we place decomposing leaves in petri dishes with
water, we obtain a large variety of spores from a
group of fungi known as aquatic hyphomycetes.
These fungi are the main responsible for microbial
decomposition (Abelho et al., 2005).

If we protect leaves in the stream from
invertebrates, their decomposition rates will be
retarded (Gulis et al., 2006). This reduction is
observed because a particular group of stream
invertebrates actively feed on the decomposing
leaves (Graga, 2001). Moreover, many stream
invertebrates as chironomids are able to ingest
leaves that are in good condition when no other
food sources are available (e.g., Callisto et al., 2007).

Currently, there is a large body of literature
showing that the rates at which litter is decomposed
and energy is incorporated into streams are largely
controlled by chemical quality of the litter. For
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instance, soft leaves rich in nutrients tend to
decompose faster than tough, nutrient poor leaves
and leaves protected against decomposers and
invertebrate consumers (e.g., Gulis et al., 2000).
If leaf litter is so important for the stream biota,
how will global threats affect the decomposition
processes in Brazilian streams? As stated above,
one of the major factors leading to global changes
is forest degradation and/or conversion, which
includes planting tree monocultures. Worldwide,
one of the most frequently planted trees, for
instance, is eucalyptus. Graga et al. (2002)
summarized biological changes in Iberian streams
followed by the conversion of deciduous forests in
eucalyptus monocultures. Oils and polyphenols
extracted from eucalyptus leaves were shown
to inhibit fungal growth and impair feeding by
shredders under laboratory conditions (Canhoto
and Graga, 1999). In the field, streams running
though eucalyptus plantations showed a decreased
fungal diversity (Birlocher and Graga, 2002) and a
decreased abundance of invertebrates (Abelho and
Graca, 1996). These studies in the Iberian Peninsula
tell us that forest changes are likely to affect the
aquatic biota. In Brazil, the effects of eucalyptus
plantations has been studied at small scale (e.g.,
Gongalves et al., 2012), and future works should
discuss the ecological effects of Brazilian forests
conversion (not only eucalyptus but also soybeans,
sugarcane, and others) on stream organisms and
processes at a broader scale.

Besides global warming and nutrient enrichment,
land use is responsible for drastic changes in natural
vegetation cover which reduce or completely
eliminate the riparian zones of headwaters and
therefore promote changes in the whole freshwater
system. For instance, the substitution of vegetation
by farms, pasture and agricultural lands leads
to changes in the functional feeding groups of
invertebrates (Encalada et al., 2010).

Several of the ongoing global threats may
interact. As forest changes may interact with
the raising temperature (e.g., affecting both
decomposition rates and decomposers distributions;
Ferreira and Chauvet, 2011a) and atmospheric CO,
levels, it may result in changes in litter quality and
may decrease litter consumption by invertebrates
(see Ferreira et al., 2010). Further, simultaneous
increases in temperature and nutrients may result
in altered decomposition (Ferreira and Chauvet,
2011b). However, most of previous studies
have been carried out in temperate systems with
very different temperature regimes, hydrologic
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conditions and basal nutrient levels when compared
to Brazil, and it is difficult to generalize these
patterns for tropical freshwater systems.

The set of studies mentioned above raises
questions regarding the functioning of headwater
streams and management practices. For instance,
knowing that riparian trees subsidize streams
with leaves ranging in nutritional quality and the
timing of litter inputs, how far could monoculture
expand without compromising natural ecological
processes and functioning in stream ecosystems?
How environmental-friendly are biofuels resulting
from forest replacement by sugar cane plantations
that deeply modify the amount and quality of
organic matter reaching streams? Finally, how can
our knowledge of litter dynamics in streams (see
Palmer and Febria, 2012; Woodward et al., 2012)

be used for environmental management?
1.6. The dynamics of allochthonous organic matter

Riparian vegetation subsidizes streams with
energy in the form of plant detritus (up to 90% of
the energy used in the system, Abelho, 2001) and
invertebrates (see section 4). Plant detritus includes
leaf litter, wood and reproductive material. Leaves
decompose quickly and are used as energy sources
by detritivores and decomposers. Wood debris
are more difficult to incorporate into secondary
production, but they play an important ecosystem
role by increasing the retention of organic matter
and sediments (Grigg and Mulligan, 1999).
Finally, reproductive material is quantitatively less
important, more variable across systems and seasons
and has been less studied. In this section, we will
concentrate in the importance of leaf litter.

Quantitative studies aiming to assess the
energy (litter) transference across the terrestrial-
aquatic boundaries in tropical low order streams,
particularly across Brazilian biomes are scarce.
We know now that, unlike the traditional belief,
litterfall is seasonal in many tropical systems (e.g.,
Gongalves et al., 2006; Franca et al., 2009) and
is affected by hydrology and wind events. Rain
patterns and windy events have the potential to
affect productivity (by controlling the energy
transference to water), retention (the lower the
precipitation, higher the retention in a stream
stretch) and disposal of different fractions of organic
matter in streams (Tabacchi et al., 1998) and,
presumably, the production of aquatic detritivores
and their predators, such as fish, birds and riparian
arthropods.
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In general, it is assumed that vertical inputs,
accounting for 80-90% of total contribution,
are more important than lateral input (<20%,
Pozo et al., 1997) and these values depend on the
wind and rainfall patterns, the slope, and on the
movement of animals. However, studies in Cerrado
headwaters challenge these general observations as
horizontal and vertical inputs seem to be similar
(Gongalves et al., 2006; Franca et al., 2009).

Would the contribution of vertical, lateral and
upstream inputs change in a drier environment
due to global warming? Moreover, how do those
hypothetical changes affect the litter quality?
As mentioned before, if global warming affects
riparian vegetation, how would changes in riparian
vegetation affect the dynamics of organic matter, the
organic matter standing stock and nutrient input
into streams? These questions should be addressed
in future research.

1.7. Small streams need unique monitoring policies

Given the strong linkage with terrestrial
environments, small streams are prone to many land
perturbations. In a seminal paper on safe planetary
boundaries, Rockstrom et al. (2009) identified the
10 worst threats to the planet and have shown that
seven of them affect fresh waters (e.g., global water
consume for agriculture, industry and/or personal
use). Due to their unique biodiversity and their
role as water supplier for human use, there is a need
to understand the ecological functioning of rivers
and the ecological effects of global changes and for
developing practical conservation measures.

Biological responses caused by global changes
need to be documented in detail. However, to
perform this documentation, there is a need for
adjusted, reproducible and sensitive sampling
protocols. This subject has been tackled, for
example, by a consortium involving the academy
(Universidade Federal de Minas Gerais, Universidade
Federal de Lavras, Pontificia Universidade Catélica
de Minas Gerais and Centro Federal de Educacao
Tecnolégica de Minas Gerais), the industry
(Companhia Energética de Minas Gerais), and
international partners by Oregon State University
and the US Environmental Protection Agency,
USA. The consortium has been adapting, adjusting
and validating the IBI Protocols proposed by the
US-EPA for the Cerrado, including wadeable
streams and reservoirs in the Minas Gerais state.

Such labor includes standardizing sampling
at large-scale and laboratory procedures in which
landscape (land use types and human occupation)



2012, vol. 24, no. 3, p. 293-302

and physical and chemical metrics of sites have
been used to interpret the environmental conditions
faced by fishes and invertebrates (Ligeiro et al.,
2013). Such initiatives will support political and
environmental decision makers.

Once major monitoring processes are done, the
next step will be to ensure that the governmental and
environmental agencies will implement a strategy
capable of identifying ongoing changes and establish

mitigation measures.

2. Questions Under Global Change

In general, the knowledge regarding the effects
of global changes in headwater streams is empirical,
speculative and/or associative. In Brazil, we are
poorly prepared to understand the effects of such
changes. Within this context and in addition to the
questions noted on the previous pages, we propose
the following subjects to be addressed in future
Brazilian studies on climate change:

a. Many ecological studies on global change have
been addressed to model the potential distri-
bution of species in future climate scenarios.
However, most of these studies have dealt with
terrestrial species, particularly plants. What
would be the future distribution of aquatic
species in stream ecosystems under a global
warming scenario? Are they similar to those
predicted for terrestrial organisms? Will the
potential impacts on stream biota be depend-
ent on streams differing in size, altitude and
location (e.g., temperate vs. tropical sites)?

b.Can we anticipate the main effects of global
warming using manipulative experiments?
If so, what are the effects of global warming
on reproductive success, generation time and
physiology of species?

¢. What are the main consequences of climate
change at species or population level: simple
adaptation, demographic change, range reduc-
tion, range shift or extinction?

d. Two of the main environmental stressors
related to climatic change are warming of
waters and changes in hydrology (Durance
and Ormerod, 2009). How the oscillations of
climartic variables influence survival, growth,
fecundity and production and therefore,
population dynamics?

e. How gene flow among populations and their
genetic structure will be affected by global
changes? Consequently, how this will translate
in changes of phenotypic, physiological and
life-history traits of freshwater species?
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f. Do climate changes induce alterations in the
thermal tolerance, bioenergetics, and dynam-
ics of development and dispersion of species?

g. How do global changes affect the land-water
interactions (e.g., energy flow) in headwater
streams?

All these questions must be faced and represent a

high challenge for the future Brazilian limnologists.
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