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HIGHLIGHTS
e Many Brazilian tropical mountains are biodiversity hotspots.
e There is a lack of ecohydrological knowledge about these environments.

e The ecohydrological approach is needed to protect Brazilian mountains.

Abstract: While certain Brazilian ecosystems attract significant attention from the global scientific
community, others - particularly those in mountainous regions, which are both unique and highly vulnerable
- remain underexplored and inadequately understood, especially from the ecohydrological perspectives. This
article calls for developing robust hydrological and ecohydrological research in the Brazilian mountains, which
can contribute to their environmental protection and water resources management. To support this call, |
present examples of the Serra da Mantiqueira Range, which is one of the most important Atlantic Forest
biodiversity hotspots in the World, besides being an important water source for the Southeast Brazil. | do not
intend to present an exhaustive approach to the hydrology/ecohydrology of Brazilian mountains, since this is
not possible, given their complexity and heterogeneity. Therefore, | propose to debate and illustrate this
theme, to point knowledge gaps, and to propose a research agenda to contribute to the understanding of the
water/ecosystem interactions in Brazilian mountains.
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INTRODUCTION

Climate change (CC), alterations in land cover and pollution are resulting in intense biodiversity losses,
especially in unique environments such as tropical mountains. Mountains are important sources of water,
energy, and biodiversity, and are highly sensitive/vulnerable to CC and to anthropogenic and ecological
imbalances [1]. These regions observe high gradients of temperature, precipitation, and insolation, leading
to the establishment of several climatic systems in small areas, besides a great diversity of habitats [1].

The Serra da Mantiqueira (SM) is one of the main Brazilian mountain ranges and is located between the
States of S&o Paulo (SP), Minas Gerais (MG), Rio de Janeiro (RJ) and Espirito Santo (ES). The Serra da
Mantiqueira Environmental Protection Area (SMEPA) (Figures 1, 2 and 3) was created in 1985 and is
considered one of the most important places in the world for the conservation of amphibians, birds, and
mammals [2]. Despite the well-known biodiversity of SM, several new species continue to be discovered in
the area. The most recent official act to protect the SM was the creation of the Sdo Paulo State Mantiqueira
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Natural Monument [3]. The decree that creates this natural monument highlights "[...] the important
biodiversity of the Serra da Mantiqueira, which houses hundreds of species of fauna and flora, many of which
are threatened with extinction [...]" and "[...] the relevant ecosystem services of the S&o Paulo sector of Serra
da Mantiqueira, such as water supply and purification [...]” and climate regulation [3].

The SM also plays a key role in the national water resources scenario: the mountain range is the divisor
of two major Brazilian basins: the Paraiba do Sul River Basin (BHRPS) and the Rio Grande Basin (BHRG).
The streams located in the SM serve as a water source for several municipalities in SP, MG, and RJ, and
support several activities, from industry to hydropower production.

According to Viviroli and coauthors [4], the effective management of mountain water resources urgently
needs more detailed studies and more reliable projections of management scenarios, since mountains are
highly sensitive to climate change. Despite this, hydrological, and especially ecohydrological studies, are still
scarce in Brazilian mountains. In this sense, Aparecido and coauthors [5] points that “Although many
ecohydrological and climatic studies of montane environments have been carried out in temperate and boreal
regions, few have been done in Neotropical regions.”.
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Figure 1. Location (UTM 23K) and elevation map of SMEPA and Itatiaia National Park (ITNP). Data source: SMEPA
and ITNP limits: [6,7]; digital elevation model (DEM) data: https://www.cnpm.embrapa.br/projetos/relevobr/.
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Figure 2. Location (UTM 23K) and land cover of the SMEPA and ITNP, using a Lansat 8 false color composition (bands
6, 5 and 4). Data source: http://www.dgi.inpe.br/catalogo/.
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Figure 3. Typical landscapes of Serra da Mantiqueira Range: the region of the Marins and Itaguaré Peaks (a and b),
Clouds over the mountains in Campos do Jordao/SP (c) and a mountain stream in Marmelopolis/MG (d) (source: the
author).

To help fill this scientific gap, this article calls for the development of hydrological and ecohydrological
research in Brazilian tropical mountains. In addition to the scientific aspect, this type of research can support
the environmental protection and the sustainable water resources management of these environments. To
achieve this objective, | use the Serra da Mantiqueira Range as a representative example of Brazilian
mountains with high biodiversity and an abundance of water resources. Despite the great heterogeneity of
the Brazilian mountains (which are located from the Amazon phytogeographic domain, in an equatorial
climate, to the temperate Pampa of the Southern Region of Brazil), many of them share the same richness
in terms of biodiversity and water resources. The examples and cases from SM allow us to illustrate the
various research needs, and to reinforce the multidimensional benefits of ecohydrological studies in this kind
of environment.

A BRIEF BACKGROUND ON ECOHYDROLOGY

Ecohydrology is the science that interfaces and integrates the disciplines of ecology and hydrology,
which seeks to understand the relationships, functions, and influences of hydrological processes on
biota/ecosystems, and vice versa, at the watershed scale [8—10]. According to the UNESCO [9], sustainable
water resources management can only be achieved from an ecohydrological perspective, considering the
following principles: (1) reversing the degradation and regulating the evolutionarily established water and
nutrient circulation processes, as well as energy flows, at the basin scale, (2) increasing the resilience,
robustness, biodiversity and ecosystem services of the ecosystems in the face of human impacts and (3)
using the water-biota interaction as a water resources management tool.

BRAZILIAN MOUNTAINS AS LEGALLY PROTECTED AREAS

In Brazil, protected areas are known as “conservation units”. The Brazilian National System of Nature
Conservation Units (SNUC) was established in 2000, through the Federal Law number 9,985 [11], and
classifies protected areas into two main groups: (1) Full Protection Units and (2) Sustainable Use Units. Full
protection is defined as the “maintenance of ecosystems free of alterations caused by human interference,
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admitting only the indirect use of their natural attributes” [11], while sustainable use is the allows some
activities to be carried out in the protected area, with the condition of preserving the “[...] biodiversity and
other ecological attributes, in a socially fair and economically viable way.” [11].

In addition to the SNUC, the Brazilian Forest Code [12] defines permanent protection areas as a “[...]
protected area, covered or not by native vegetation, with the environmental function of preserving the water
resources, the landscape, the geological stability, and biodiversity, facilitating the gene flow of fauna and
flora, protecting the soil and ensuring the well-being of human populations.” [12]. According to the Brazilian
Forest Code [12], mountain environments are considered permanent protection areas in the following
conditions:

[...] the edges of the tablelands or plateaus, up to the relief breaking line, in a range not
less than 100 (one hundred) meters in horizontal projections;

[...] at the top of hills, mountains, and mountain ranges, with a minimum height of 100
(one hundred) meters and an average slope superior to 25°, the areas delimited from
the level curve corresponding to 2/3 (two-thirds) of the minimum height of the elevation
always in relation to the base, defined by the horizontal plane determined by adjacent
plain or water mirror or, in wavy reliefs, by the elevation;

[...] the areas at an altitude superior to 1,800 (one thousand eight hundred) meters,
whatever the vegetation; [12].

The Serra da Mantiqueira Range is an emblematic case of a biodiversity hotspot located in a Brazilian
mountain, whose ecological relevance is recognized by the existence of several PAs within its territory,
besides the SMEPA itself. In 2006, the Ministry of the Environment of Brazil recognized this set of PAs as
the “Mantiqueira Mosaic of Conservation Units” [13]. To illustrate the recurrence of PAs in Brazilian
mountains, beyond the SMEPA, we can cite several other conservation units, for example: Serra da Bocaina
National Park, Serra do Mar State Park, Bananal Ecological Station, Serra do Papagaio State Park, Serra da
Bodoquena National Park, Serra da Canastra National Park, Serra dos Orgéos National Park, Pico da
Neblina National Park.

THE HYDROLOGY AND ECOHYDROLOGY OF TROPICAL MOUNTAINS: AN OVERVIEW AND
EXAMPLES FROM THE SERRA DA MANTIQUEIRA

According to Weingartner and coauthors [14], mountain hydrology is affected basically by altitude and
relief. The hydrological response of mountain watersheds to the influence of altitude (over temperature,
precipitation, and soil depth, for example) goes from intensification of rainfall patterns to the variability of
subsoil water storage capacity [14]. Several characteristics of mountainous terrain (e.g.: complexity, altitude,
and shape) influence the flow of air masses and their thermodynamic behavior, favoring and/or intensifying
the occurrence of rainfall events, and defining the spatial distribution of rainfall over and around the mountain
[15]. The influence of mountains over precipitation has been extensively addressed by Roe [16] and Houze
[15], who highlighted the mechanisms through which mountains influence precipitation, for example:
convective processes due to the heating of the terrain during the day, the mechanical elevation of stable air
masses due to the orographic barrier, and the seeder-feeder mechanism (the latter, frequent in low
mountains). The large differences in altitude, slope and aspect in mountains can increase the variability of
precipitation, through processes such as rain shadows and intense winds [17]. Considering the effects of
climate change on rainfall over a region, the atmospheric circulation, topography, land use, among other
factors, interfere with global changes, giving rise to specific patterns of change on the regional scale [18],
which are amplified by mountains.

According to UNEP [19], high elevation mountains are those higher than 2,500 m, and a common
characteristic of Brazilian tropical mountains is their low altitude. Brazil does not have land above 3,000 m
(its highest point is the Pico da Neblina Summit, in the State of Amazonas, with 2,995.3 m [20]), and only 22
of the country's highest points are above the 2,500 m threshold [21], indicating a low proportion of the national
territory in high mountains. This fact, added to the latitudes of the Brazilian territory, excludes the presence
of glaciers from its typical hydrology. This combination of altitudes and latitudes also make other phenomena
sporadic, and not very significant in their annual/long term water balance. This is the case of snow, which still
is a poorly understood phenomenon in Brazil [22]. Despite being sporadic, the occurrence of snow is not rare
in the mountains of southern states of Brazil, especially in Rio Grande do Sul and Santa Catarina [23]. The
Serra da Mantiqueira Range is probably the region of lowest latitude in Brazil to record snow events, with
extensive reports in the media, and some in the scientific literature (for example, [24]).
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Other hydroclimatic phenomena associated with lower temperatures and/or higher altitudes (such as
frost and fog/mist) are recurrent in Brazilian mountains, especially in the Southeast and South regions. In
SM, frost events occur, on average, 56 to 40 days per year in Itatiaia and Campos do Jordao, respectively
[25]. The complete understanding of the fog's contribution to river flows and groundwater recharge demands
precise water balances, that include both fog and horizontal precipitation [26]. According to Scholl and
coauthors [26], these measurements allow to understand the role of fog as moisture source in the absence
of rainfall, and as a carrier of pollutants (see section “Mountain watersheds pollution due to emerging
pollutants”) and nutrients. Bittencourt and coauthors [27] studied the fog regime at a site of SM, identifying
its occurrence in 64% of the monitored days, especially during the nights. In terms of water balance,
Bittencourt and coauthors [27] concluded that fog provides the soil with 251.9 mm of water annually, which
is a significant portion (10.7%) of the net precipitation at the studied site. Another important ecohydrological
phenomenon associated with fog is the foliar water uptake (FWU), which was documented in Serra da
Mantiqueira by Eller and coauthors [28], in Drimys brasiliensis trees. The FWU is an important water
compensation mechanism, during low rainfall periods [28].

Tropical montane cloud forests (TMCF) are common in some Brazilian mountains and are also an
emblematic characteristic of their ecohydrological elements. These botanical formations are located above
700 m of altitude in the Atlantic coast of Brazil [29], and are characterized by the frequent presence of fog,
which is an extra source of water in addition to precipitation [29,30]. Due to these factors, besides the low
evaporative losses, watersheds covered by TMCFs tend to present increased river discharges [29],
contributing to the water availability of downstream areas.

Another typical vegetation of the Brazilian highlands are the altitude grasslands (campos de altitude, in
Portuguese). An important compilation about this vegetation in Brazil was presented by Safford [25,31-33],
according to who, these grasslands are “found exclusively on uplifted blocks of igneous or high-grade
metamorphic rocks [...]" [25]. Still according to Safford [25], the major occurrences of altitude grasslands in
Brazil are in national and state parks, among them, Itatiaia, Serra da Bocaina, Serra dos Org&os National
Parks, besides Serra do Brigadeiro and Campos do Jorddo State Parks. Unlike the TMCF, which already
attract the attention of some researchers, little is known about the hydrology/ecohydrology of Brazilian altitude
grasslands.

Runoff and streamflow also have several peculiarities in mountains. According to Moran-Tejeda and
coauthors [34], “[...] mountain rivers represent a valuable laboratory as they reflect the natural conditions of
mountain environments before any disturbance by humans is taking place.”. From a strictly hydraulic point of
view, streamflow in mountain rivers is governed and influenced by topographical, geological, and
geomorphological constraints. As a result, these rivers tend to present great spatial variability of hydraulic
characteristics (flow speed and depth), which in turn, defines different habitats in small areas. According to
Wohl [35], mountain rivers are very diverse in physical terms, with steep gradients as a common
characteristic. These gradients tend to be correlated with other characteristics [35], for example: (1) rough
channels with low erodibility, due to rocky beds and coarse clasts; (2) highly turbulent flow with several
transitions between high and low speed sections (sub and supercritical flows); (3) low input of fine sediments;
(4) large spatial-temporal variability of bedload transport; (5) great seasonality of streamflow (temporal
variability); (6) large spatial variation of streamflow; (7) large longitudinal variation in the channel geometry,
due to lithological and tectonic factors, among others; (8) under certain conditions, mountain rivers can
experience very large increases in water and sediment yield in a few years, as a result of disturbances in the
watershed; (9) large variation in aquatic and riparian biodiversity due to variation in river characteristics and
altitude, temperature and precipitation.

Soil hydrology also has unique elements in tropical mountains. Benites [36] analyzed soils associated
with rock outcrops in protected areas of Mantiqueira and Espinhaco Ranges, concluding that, in the highest
parts of these mountains, the soils are shallow, sandy, with a large presence of aluminum and varying levels
of organic matter. The soil types are directly associated with rocky outcrops, forming a mosaic of types and
some endemic soil occurrences [36]. The typical vegetation of higher mountainous areas often needs to
obtain water from these rocky substrates, given that soil is very shallow or almost inexistent. This was the
focus of Schwinning [37], which states that the interaction between roots, rocks and water is complex and
not yet fully understood. To explore scientific questions about the use of water from rocks, Schwinning [37]
reviewed the work of Tetegan and coauthors [38] and Korboulewsky and coauthors [39] (among others),
which demonstrated experimentally, that rock fragments can provide water for plants. Does the vegetation of
Serra da Mantiqueira, and other Brazilian mountains, also use water from rocks? Under what conditions? If
existing, is this use significant in the water balance and ecological functions of Brazilian mountains? These
guestions still require research to be answered.
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Still regarding the mountain soil hydrology, Benites and coauthors [36] identified swampy peatlands in
the highest parts of the SM (above 2000 m), originated by low temperatures and high humidity, or in
hydromorphic areas with structural controls. These peatlands play an important role in terms of water
resources, by regulating the water flow of rivers and watersheds in the highest areas [36]. This regulation
occurs through the flooding of the peatland areas during rainy seasons, and their subsequent gradual
drainage during dry seasons [36]. Finally, the combination of hydrometeorological, geological and pedological
factors favors the occurrence of temporary ponds in some Brazilian mountains. These ephemeral ponds have
great ecological relevance, for example, for amphibians, as demonstrated by Lima and coauthors [40].

Among the large groundwater systems in the State of S&o Paulo, the Serra da Mantiqueira Range is in
the Crystalline Fractured Aquifer, in its Precambrian stretch, which was formed 550 million years ago and is
composed of igneous and metamorphic rocks [41]. In the Vale do Paraiba Paulista region, the crystalline
aquifer interfaces with the Taubaté sedimentary aquifer, formed by sandy to clayey sediments deposited
more than 2 million years ago over the crystalline unit [41]. This interface between mountains and low areas
indicates the mountain-block recharge (MBR) and mountain-front recharge (MFR) processes, which are
extremely relevant in terms of water resources/ecosystem services, and still few explored scientifically in
Brazil. Briefly, MBR and MFR describe the recharge of lowland aquifers from water originating in adjacent
mountains. “Mountain-block recharge is groundwater inflow to a lowland aquifer from an adjacent mountain
block.” [42], while the mountain-front recharge is the sum of the MBR and the infiltration (through the lowland
basin fill/aquifer) of “[...] mountain-sourced perennial and ephemeral stream water after these streams exit
the mountain block.” [42]. Understanding the MBR and MFR in Brazilian mountains is important from both a
scientific and environmental point of view, as it allows us to elucidate the role of the mountain watersheds
(and their ecosystems) as water producers for the lower regions, where occurs the most intense use of water
resources.

BEYOND HYDROLOGY: EMBLEMATIC ECOHYDROLOGICAL ASPECTS OF THE SERRA DA
MANTIQUEIRA

Epiphytic flora is an important and diverse botanic group in SM [43—-45]. While other groups get water
mainly from the soil, epiphytes obtain water directly from the precipitation (rainfall, dew), air (water vapour)
and stem runoff [46], therefore, they are highly dependent on rainfall variability. Epiphytes are also a
microhabitat for other organisms, often associated with the water storage provided by these plants. For
example, de Paula Junior and coauthors [47] studied the aquatic invertebrates associated with bromeliads in
Serra da Mantiqueira and have found 35 taxa (with higher abundance of Ostracoda, Culicidae, Tanypodinae
and Scirtidae). Scheffers and coauthors [48] showed that epiphytes microhabitats are an important refuge
against climatic extremes for amphibians (frogs) and lizards, which can reduce the decrease in these
populations. As previously mentioned, SMEPA is considered one of the most irreplaceable protected areas
in the world for the conservation of amphibians [2], and several authors have reported their diversity in SM
[49-51]. Since part of the life of amphibians occurs in water (which may be associated with ephemeral ponds
in epiphytes, for example), this phylum is highly susceptible to changes in humidity and water quality [52],
therefore, they are highly dependent on the rainfall regime and variability. In this context, Foster [53] presents
an important discussion on the effects of climate change (including changes in rainfall) on TMCF, including
possible effects on amphibians and epiphytes, which can provide important indications applicable to the
environmental management of SMEPA and other Brazilian mountains.

The SMEPA is an important area of occurrence of Araucaria angustifolia in Brazil. A. angustifolia is the
only Brazilian native species of the Araucariaceae family [54], and is [...] critically threatened due to the
intense exploration [...]” [55]. As an illustration of the effects of hydrological variability (as well as
hydroclimatic changes) on A. angustifolia communities, Brandes and coauthors [56] analyzed its growth
response to climate (precipitation and temperature) in two sites at the northern limit of its occurrence (the
Itatiaia Region), applying dendrochronological methods (tree ring analysis). Despite the proximity between
the sites (about 15 km), Brandes and coauthors [56] demonstrated that A. angustifolia can present different
growth responses to rainfall even in near locations. In this sense, according to Quinteiro and coauthors [55],
local specialists stated that A. angustifolia pine nut occurrence in SM can be delayed or anticipated according
to the rainfall regime. This nut is a key food source for various species, among them, Amazona vinacea [57],
an endangered species of parrot. The effects of rainfall variability on A. angustifolia, and the dependence of
species such as A. vinacea on its nuts, illustrate the cascade and less obvious effects of rainfall
variability/changes over typical and threatened species that lives in Brazilian mountains.
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Aquatic ecosystems are directly affected by the rainfall variability, especially in mountain rivers. Some
authors [58,59] reported the diversity of the ichthyofauna in the SM. Among them, Ingenito and Buckup [58]
concluded that the SM “[...] is an effective biogeographical barrier isolating the fish faunas [...]” from the Rio
Grande and Rio Paraiba do Sul Basins. In very near locations (separated by the SM basin divider) Ingenito
and Buckup [58] found 47 fish species, of which 28 and 15 were identified exclusively (and respectively) in
the BHRPS and the BHRG. According to Xenopoulos [60], “[...] river discharge is one index of ecological
space and habitat heterogeneity for fish survival, growth and reproduction.”. This hydrological variable is
totally associated with rainfall, both in terms of groundwater recharge/baseflow and direct runoff/stormflow.
Various authors [60—64] reported the effects of climate change over freshwater fishes. These effects can be
associated, for example, to the findings of Biagiotto and coauthors [65], who studied the reproduction of
Harttia carvalhoi in the SM. According to Biagiotto and coauthors [65], the reproductive season of H. carvalhoi
goes from September to February, which corresponds to higher precipitation levels and favorable
environmental factors for the fish reproduction. It can therefore be assumed that changes in the frequency
and/or intensity of rainfall during these periods (caused by climate change) will lead to alterations in the
reproductive cycle of this fish species.

Fires in the Atlantic Forest are generally associated with human activities, which range from
criminal/intentional fires, accidental fires, and the use of fire for the preparation of agricultural areas, a very
common practice in the area surrounding the SMEPA [52,66]. Besides the direct impacts of fires in
ecosystems, it also affects various “[...] physical, chemical, mineralogical, and biological soil properties [...]"
[67] and watersheds” hydrology [68,69]. The SMEPA Management Plan [52] presents a consistent analysis
of the impacts of fires in the Area, since this type of event is one of the main threats to the local ecosystems.
The occurrence of fire hot spots in SMEPA (both in the area itself and in its buffer zones) is highly correlated
with the intensity of El Nino conditions, which directly influences the rainfall in SM [52]. Besides that, the
months of July to October (that are part of the dry season in SMEPA) have historically concentrated the
highest frequency (about 89%) of fire hot spots in the Area and in its buffer zone [52]. In this sense, it is
essential to incorporate rainfall studies in fire management at SMEPA, especially regarding medium-term
forecasts linked to major teleconnections, such as El Nifio/La Nina. This understanding allows to pre-allocate
resources for firefighting, and to develop environmental education actions to alert and raise awareness
among residents living in SMEPA. Furthermore: how will climate change affect the susceptibility and
frequency of fires in SM and other Brazilian mountains?

The expected effects of climate change over the unique mountain hydrology and ecosystems were
studied by several authors ([53,63,70-83]. Although CC is indicated as a threat to the SMEPA’s fauna and
conservation [52], there is little information and studies on its impacts over the hydrology and the ecosystems
of area. Here, | present an insight from researches that addressed the impacts of climate change on mountain
hydrology, that fit the characteristics of the Serra da Mantiqueira Range. Foster [53] studied the impacts of
CC over tropical montane cloud forests. One of the most evident potential impacts of CC on mountain
ecosystems/hydrology is the change in the patterns of cloudiness and cloud formation, a key component for
the establishment of TMCF. Besides changing the rainfall precipitation, climate change will directly influence
specific components of TMCF hydrology (such as horizontal precipitation), resulting in various ecological
losses [53]. Another important perspective on the impacts of CC on TMCF was presented by Still and
coauthors [84].

RECOMMENDATIONS AND PROPOSALS FOR A RESEARCH AGENDA

The need for high-resolution data, field studies, and long-term experiments

In view of the intense dynamics, and the small scales in which several hydrological processes occur in
mountainous regions, the full understanding of its hydrology/ecohydrology depends on high resolution data.
Despite the current computational modeling capacity, remote sensing techniques, and downscaling tools, it
is not possible to fully understand mountain hydrology without on-site monitoring and field studies, from the
hillslope (or smaller) to the watershed scales. Several authors (e.g. [85-87]) have highlighted the need for
fieldwork and data collection to promote effective advances in hydrological science, despite the difficulties of
these activities in relation to other scientific approaches/methods. To defend the need for more field hydrology
studies — especially in rapidly changing conditions due to climate change -, Burt and McDonnell [88] cites the
case of tropical mountains, in which montane cloud forests are changing to rain-fed forest as temperature
rises. Considering the climate emergency, | believe that each unmeasured extreme hydrological event is a
wasted opportunity to improve our understanding and our capacity to respond/adapt to them, and to enhance
our ability to simulate and predict these events.
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Isolated experiments and hydrological measurements are important in the context presented. A step
forward from these point activities is the establishment of experimental watersheds, for continuous and long-
term ecohydrological monitoring. Decades ago, Hewlett and coauthors [89] highlighted the importance of
these research facilities, remembering that much of the basic hydrological knowledge came from studies in
planned experimental watersheds. Tetzlaff and coauthors [90] present various evidences to demonstrate the
importance of long-term hydrological data, stressing that they “[...] act as sentinels to alert us to trends in
basic hydrological metrics [...]”, and allow us to understand processes that direct affect ecosystems and
ecosystem services (such as water supply), for example, the seasonal hydrological variations and the
extreme events.

Finally, | reinforce the importance of high-resolution hydrological monitoring in tropical mountains as a
key tool for predicting and adapting to the effects of global warming on mountain hydrology. General
Circulation Models and Greenhouse Gas Emissions Scenarios are recognized as major sources of
uncertainty in climate change predictions [91]. However, in regions that are more vulnerable to CC and that
do not have in-situ measured data (such as remote areas of tropical mountains), downscaling can be a
significant source of uncertainties. According to Chen and coauthors [91], [...] some downscaling methods
are unable to capture the extremes of climate events that are often of particular concern in hydrology [...]",
and these methods may “[...] add uncertainties in quantifying the impacts of climate change on hydrology.”.

Understanding ecohydrological connectivity between mountains and surrounding areas

The hydrological connectivity between mountains and surrounding areas needs to be better understood
in Brazil. Taylor and coauthors [92] define landscape connectivity as “[...] the degree to which the landscape
facilitates or impedes movement among resource patches.”, while hydrological connectivity is defined by
Pringle [93] as the “water-mediated transfer of matter, energy, or organisms within or between elements of
the hydrologic cycle.”.

Although most of the highest and steepest areas of mountains are legally protected in Brazil, they suffer
great pressure from the surroundings. In an ideal scenario, these surroundings should act as buffer zones,
to reduce the impacts on the PAs [11]. On the other hand, mountains are providers of ecosystem services
(e.g. water supply) to adjacent areas, but they can also produce water-related disasters (such as flash floods
and landslides).

The ecological and hydrological connectivity (hereafter, jointly called ecohydrological connectivity)
between mountains and surroundings are bidirectional: from the mountains to the surroundings (downhill),
and from the surroundings to the mountains (uphill). Moreover, the effects of this connectivity can be
positive/constructive or negative/destructive. Assuming that mountains are protected areas, Table 1 presents
examples of this connectivity.

Table 1. Examples of the effects of ecohydrological connectivity between tropical mountains and surroundings.
Effects  Upstream to downstream (downhill) Downstream to upstream (uphill)

Gene and species flow (biodiversity)
Water source/supply
Positive  Natural sediments flow
Improved water quality
Aquifer recharge

Riparian/riverine ecological corridors
Gene and species flow (biodiversity)

Invasive/exotic species flow

Changings in hydrological processes due to
deforestation and fires for agriculture and other
activities

Atmospheric transport of pollutants

Flash floods

Negative - \yater induced landslides

Mountain watersheds pollution due to atmospheric transport and to emerging pollutants

In addition to the traditional effects of ecohydrological connectivity (shown in Table 1), mountain
ecosystems are also subject to emerging water-related problems, such as plastic pollution. For example,
Allen and coauthors [94] evaluated the atmospheric microplastic transport and deposition in a remote
mountain catchment at the French Pyrenees, indicating that [...] microplastics can reach and affect remote,
sparsely inhabited areas through atmospheric transport.”. In this sense, the southeast face of the Serra da
Mantiqueira interacts with the Paraiba do Sul River Valley, in which are located many cities, a large industrial
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park, and one of the most important highways in Brazil (the BR-116, which connects the metropolitan regions
of Sdo Paulo and Rio de Janeiro). Considering the atmospheric transport, are the SM ecosystems subject to
emerging pollutants such as microplastics, and other to other contaminants produced by industrial activity
and vehicles exhaust? If so, how do these pollutants jointly affect the ecosystems and the hydrology of Serra
da Mantiqueira? This is the type of hypothesis that can (must) be investigated through ecohydrological
studies.

Many of the Brazilian mountains (including those located in PAs) receive many ecotourists annually.
There are several reports in the management plans, and in social media, of irregular disposal of solid wastes
in these mountains. Besides this problem, are these tourists also a significant source of emerging pollutants
(that are highly damaging to ecosystems) for mountain watersheds, such as those contained in cosmetics
(for example, microplastics) and medicines (e.g. hormones and antibiotics)? We will only know this through
the efforts of the hydrological community.

Improving the ecohydrological knowledge about unique, endemic, and threatened montane
ecosystems and species

Ecohydrological studies focusing on TMCF, altitude grasslands and endangered endemic species are
another key research theme for the proposed agenda, especially in face of global warming. As previously
mentioned, authors such as Burt and McDonnell [88] point the risk of montane cloud forests becoming rain-
fed due to climate change, which would trigger alterations in the entire local hydrological cycle and affect
most of the related ecosystems. Gotsch and coauthors [95] presented an important study about water and
carbon fluxes in tropical montane cloud forests, highlighting the need for a better understanding of the effects
of climate change on such flows in the TMCF. According to them, “increased research efforts are needed to
understand the degree to which anthropogenic climate change will affect the resilience of these unique
ecosystems.” [95].

In addition to aquatic species/ecosystems and others directly related to water (such as amphibians),
ecohydrological studies must be carried out to understand the indirect and less obvious relationships that
occur. In other words, how does mountain hydrology affect terrestrial species/ecosystems?

Ecohydrology for environmental protection: applied research must support the management of the
PAs

The management of PAs is formalized by their management plans, that are documents containing
technical studies and the legal framework of each protected area. In addition, management plans establish
programs, projects and other actions for the implementation and operationalization of the management.
Ecohydrological studies in mountain PAs must both contribute to elements that already exist in the
management plans and highlight new aspects/themes that have not yet been identified by the managers, to
promote the conservation of the protected areas with effective scientific support.

Focus on highlands and remote sites

As emphasized throughout this article, Brazilian tropical mountains present great spatial variability both
in hydrological, physical, and ecological characteristics. Significant differences in these attributes can be seen
at very small distances. The basic hydrological monitoring networks, located in the lower surrounding areas
of these mountains, do not produce data capable of adequately portraying the hydrology of the highest and
most remote regions.

As also previously mentioned, new animal and plant species continue to be discovered in Serra da
Mantiqueira (which also happens in other Brazilian mountains). Many of these discoveries can be attributed
to the efforts of biologists and ecologists to explore difficult-to-access areas, which, due to this condition, are
less susceptible to anthropogenic disturbances. Why can't hydrologists also get involved in projects and
expeditions to explore, instrument, and monitor remote points of the Brazilian mountains? Possible answers
to this question were presented by Allen and Berghuijs [87], who discussed the "reasons for not conduct
fieldwork" (among them: time required, costs and risks).

There is hydrometeorological data collected, in-situ, in truly remote locations, such as the Antarctica
[96,97] and the top of Mount Everest [98,99]. Except for a few cases (such as in the mountains of northern
Brazil, immersed in the Amazon Forest), Brazilian mountains are much more accessible than many other
points already monitored in the world, requiring much simpler and cheaper logistics. In other words, logistical
difficulties cannot be considered a barrier to the advancement of ecohydrology in Brazilian mountains.

Brazilian Archives of Biology and Technology. Vol.68: €25241023, 2025 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Nogueira Vilanova, M.R. 10

CONCLUSION

In this article, the Serra da Mantiqueira Range was used as a representative case to highlight the need
for hydrological and ecohydrological studies in Brazilian tropical mountains. | tried to demonstrate the
dependence of Brazilian mountain unique ecosystems on hydrological processes, and vice versa. This
cause-and-effect relationship is much more complex when considering the hydrological ecosystem services
provided by Brazilian mountains, and the anthropogenic impacts to which they are subjected.

Besides the Serra da Mantiqueira Range, Brazil has several other protected areas in mountain regions,
which are equally rich in terms of biodiversity and water resources - only in the Country’s Southeast Region,
in the Atlantic Forest phytogeographic domain, it can be mentioned the Serra da Bocaina National Park
(https://lwww.icmbio.gov.br/parnaserradabocaina/) and the Serra do Mar State Park
(https://guiadeareasprotegidas.sp.gov.br/ap/parque-estadual-serra-do-mar/). Many of the scientific gaps
presented for SM are the same for other Brazilian mountains. However, these have their unique ecological
and hydrological characteristics, creating more opportunities and specific knowledge gaps that must be
explored by the scientific community.

Ecohydrology is, by nature, a multidisciplinary area. For its full development, focused on the Brazilian
tropical mountains, it is not enough to reinforce the dialogue between hydrologists and biologists/ecologists:
contributions and knowledge are also needed from geologists, climatologists, and other professionals.
Regardless of the approach or the research interests, the efforts proposed in this article require commitment
from scientists, given the peculiarities and difficulties inherent to them.

Finally, ecohydrological studies in the Brazilian tropical mountains must foster new hypotheses and
scientific discoveries but also contribute to the protection of their unique and threatened ecosystems.
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