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ABSTRACT
Ecohydraulics of river flow alterations and impacts on freshwater fish

The flow regime is a determinant of the ecological function and natural dynamics of a river system with a prominent effect on
freshwater fish. Here, we introduce a number of contributions to the Special Session, “Ecohydraulics of river flow alterations
and impacts on freshwater fish,” that occurred at the XIX Conference of the Iberian Association of Limnology. The multidisci-
plinary contributions illustrate the impacts of river flow alteration on aquatic biota, describe mitigation measures and restora-
tion actions to address river flow regulation, and present innovative tools for research in the ecohydraulics field. The research
topics debated included environmental flows, river restoration, hydropeaking impacts on aquatic organisms, innovative
methods and devices, and hydropeaking mitigation strategies. The importance of ecohydraulics as an emerging science was
debated. The bridge between the disciplines of limnology and ecohydraulics was highlighted to understand flow alteration
impacts and provide solutions to mitigate those impacts. This Special Session provided an opportunity to embrace ecohydraulic
scientists in limnology research.
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RESUMO
Ecohidraulica no contexto global das alteragdes do escoamento do rio e os impactos nos peixes de agua doce

O regime de escoamento num rio é determinante para a fungdo ecoldgica e dindmica natural do sistema fluvial, com um efeito
proeminente nos peixes de agua doce. Neste estudo apresentamos as contribuigdes para a sessdo especial - “Ecohidraulica das
alteragées do escoamento do rio e os impactos nos peixes de agua doce”, que teve lugar no XIX Congresso da Associa¢do
Ibérica de Limnologia, a fim de debater e compreender os efeitos da alterag¢do de escoamento do rio nos peixes. As contribui-
¢oes multidisciplinares ilustram os impactos da altera¢do de escoamento do rio no biota aqudtico, descrevem medidas de
mitigagdo e agdes de restauro fluvial para rios regularizados e apresentam ferramentas inovadoras para a investiga¢do na
area da ecohidraulica. Os principais topicos debatidos foram: regime de caudais ecoldgicos, restauro de rios; impacto dos
hidropicos em organismos aquaticos, métodos e ferramentas inovadores; e mitigacdo dos picos de caudal turbinado. A impor-
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tdncia da ecohidrdaulica como ciéncia emergente foi debatida. A ponte entre as disciplinas de limnologia e ecohidraulica foi
realcada para analisar os impactos da alteragdo de escoamento num rio e apresentar solugées de mitigacdo. Esta sessdo
especial ofereceu uma oportunidade para incluir a componente ecohidraulica no estudo da limnologia.

Palavras chave: Ecohidrdulica, limnologia, alterag¢ées de escoamento, peixes de dgua doce

ECOHYDRAULICS

The increasing demand for water resources has
resulted in a continuous disruption of natural
flow regimes with drastic changes in the physical
character of riverine ecosystems. The continued
flow alteration has severely changed rivers’
hydro-morphological processes (Grant et al.,
2013) resulting in uncharacteristic and homoge-
neous river habitats that adversely affect benthic
invertebrates (White et al., 2016); riverine vege-
tation (Bejarano et al., 2018); and fish activities
and critical life-stage events (Murchie et al.,
2008; Young et al., 2011) that are likely to ampli-
fy to populations, communities, and the entire
river ecosystem (Bain et al., 1988). The natural
flow regime is therefore a determinant of the
ecological function and natural dynamics of
riverine systems (Poff et al., 1997). The dynamic
role of the biotic (e.g., competition and preda-
tion) and abiotic (e.g., chemical and physical
factors) partitions at a temporal and spatial scale
set the structure of the aquatic ecosystem in
which the flow regime plays the primary role
(Gasith & Resh, 1999). More difficult to estab-
lish, the biotic factors concern biological
processes that widely depend on resource availa-
bility (Karr, 1981). More predictable and easily
measured, the abiotic factors, divided into chem-
ical and physical factors, are vital for the survival
and persistence of individuals and affect the
distribution of aquatic organisms (Rosenfeld,
2003; Boavida et al., 2011). The interaction of
both the abiotic and biotic partitions can only be
studied and understood using an integrative set
of disciplines ranging from biology and ecology
to hydrology and hydraulics, to provide a few
examples.

Ecohydraulics emerged from the interface
between the disciplines of ecology and hydrau-
lics (Rice et al., 2010; Maddock ef al., 2013) to
understand the interactions between biotic and
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abiotic components of a riverine ecosystem that
are associated with flow variability. It combines
the study of physical properties and processes
associated with moving water typical of hy-
draulic engineering and geomorphology, and
their influence on aquatic ecology and biology
(Nestler et al., 2016). The multidisciplinarity and
interdisciplinarity of ecohydraulics often
includes disciplines that are related to aquatic
biology (e.g., physiology and evolution), engi-
neering (e.g., hydraulics and hydrology), and
other physical sciences (e.g., geomorphology). A
survey of the proceeding papers from the Inter-
national ~ Symposiums on  Ecohydraulics
(1994-2016) by Casas-Mulet et al. (2016)
enumerated 10 research macro-topics organized
as follows: hydrology; hydraulic modelling;
water quality; and flow, physical habitat, vegeta-
tion, invertebrate, fish, estuarine and social
responses. These broad topics highlight the
multidisciplinarity and interdisciplinarity of
ecohydraulics research and its relevance for
water resources management.

In an effort to determine the ecological
responses to flow alteration, multidisciplinary
teams have attempted a range of approaches,
from numerical modelling (Mouton et al., 2007;
Garcia et al., 2011; Boavida et al., 2018a) to
empirical laboratory works (Costa et al., 2019a)
and field studies (Santos et al., 2006; Ovidio et
al., 2008; Alexandre et al., 2016) at various
spatio-temporal scales. The spatial range extends
from a local-scale (referring to the interaction of
aquatic organisms and flow to address micro-
habitat hydraulics) to a large-scale (e.g., involv-
ing geomorphologic processes of erosion and
sedimentation). Freshwater fish have always
been a primary research target because of their
prominence in riverine ecosystems (Pont ef al.,
2006) as justified primarily by the key role of
spatial and temporal variabilities of the natural
flow regime to fish population dynamics (Resh et
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al., 1988). Native organisms have evolved
life-history strategies and morphological adapta-
tions to respond to these flow variations (Lytle &
Poff, 2004). Over time, regulated rivers can
better support generalist fish species, typically
non-native taxa, compared to indigenous species,
providing the former a competitive advantage
over the latter (Copp et al., 2005).

Furthermore, in regulated rivers, because of
hydroelectricity production, flow is periodically
disrupted by extreme and short-duration fluctua-
tions in discharge during daily peaks of energy
demand (Cushman, 1985; Young et al., 2011),
raising concerns regarding the ability of fish to
respond to the quickly changing environment,
and the costs and time to react to constant chang-
es (Costa et al., 2019a). In addition, hydroelec-
tric turbines can cause massive fish mortality
because of abrupt changes in pressure, cavita-
tion, shear forces, turbulence, and mechanical
shock (Havn et al., 2017).

The described impacts associated to flow
regulation highlight the need to overcome these
problems by forming multidisciplinary teams
capable of generating quantitative information
regarding these impacts on freshwater fish. Thus,
it is imperative to develop innovative methods
and tools to describe the aquatic environment
and present novel solutions to minimize and
mitigate adverse impacts. Promoting successful
restoration actions followed by monitoring
schemes are also important cues during the
process.

The aim of the Special Session, “Ecohydrau-
lics of river flow alterations and impacts for
freshwater fish,” held at the XIX Conference of
the Iberian Association of Limnology was to
combine the disciplines of limnology and
hydraulics to assess and understand the impacts
of river flow alterations on freshwater fish and
provide solutions to mitigate these impacts. Lim-
nology is closely related to aquatic ecology and
hydrobiology, studying aquatic organisms in
particular with regard to their hydrological envi-
ronment (Wetzel, 1981). Hydraulics focuses on
applied engineering using the properties of fluids
(Chow, 1973). The interaction between these two
disciplines is vital to answer ecohydraulic chal-
lenges regarding fish and flow alteration.

ECOHYDRAULIC CONTRIBUTIONS TO
LIMNOLOGY

River restoration

The need to maintain the sustainability of aquatic
ecosystems by applying local restoration mea-
sures has been widely recognized by ecohydraulic
research, river management, and environmental
policies (Pretty et al., 2003; Nilsson et al., 2007),
in particular the EU Water Framework Directive
(EU, 2000). Despite the recognition and an
increased number of restoration actions, most
projects are still undertaken on a trial basis
(Downs & Kondolf, 2002), often based on the
assumption that implementing a certain restora-
tion action will surely improve the ecological
integrity of the aquatic ecosystem. However,
scientists and river managers should be aware
that undertaking local restoration measures is not
a guarantee of success (Maire et al., 2015). Given
both the high costs involved and socio-adminis-
trative  expectations, habitat improvement
projects must successfully apply science-based
tools. Thus, restoration projects should incorpo-
rate a proper assessment of the potential outcome
based on the specific ecological attributes of the
river (Woolsey et al., 2007) to verify the success
of the proposed actions.

Diaz-Redondo et al. (2018) used a novel
framework to evaluate river restoration in an
urban river reach. The authors applied geomor-
phological metrics and hydraulic variables asso-
ciated with potential preferential conditions for
autochthonous fish fauna, whose populations are
greatly reduced (Tanago et al., 1999), to assess
the initial natural habitat recovery. Throughout
the 20th century, in a similar manner to other
urban river segments (Petts, 2007), the Man-
zanares River in Madrid, Spain, was channelized
to allow for intensive urban development, and
nine small dams were built to maintain a view of
a large deep river. As part of the renaturalization
initiative by the Madrid City Council, the opening
of urban dam gates during the spring of 2016
potentially allowed for habitat improvement
facilitating colonization by vegetation and fauna.
First, from the Geographic Information System
(GIS) analysis of aerial photographs for the years
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2015, 2016, and 2017, geomorphological metrics
were applied including areas (m2) of islands and
bars, and shoreline length as the sum of perime-
ters (m) in contact with water. In addition, the
ratios of areas and shoreline lengths per patch
(island or bar) were also calculated. Second,
hydraulic-habitat models based on species-spe-
cific preference curves were applied. Two-di-
mensional (2D) hydraulic modelling was
performed using IBER 2-D (Bladé et al., 2014)
and outcomes of water depth, flow velocity, and
shear stress were evaluated against the prefer-
ences of three target autochthonous fish species -
the Iberian barbel (Luciobarbus bocagei Stein-
dachner, 1864), Southern Iberian chub (Squalius
pyrenaicus Glinther, 1868), and Southern Iberian
spined-loach (Cobitis paludica de Buen, 1930).
Results from geomorphological metrics indicate
that the increase in number, area, and shoreline
length of islands and bars was remarkable follow-
ing the gate opening. Moreover, initially,
sedimentation produces many small- and medi-
um-sized patches that later on do not significantly
grow in number but, instead, increase in size. All
these metrics are an indication of an improvement
in habitat quality and availability (Tockner &
Stanford, 2002). In this sense, results from 2D
hydraulic modelling show that current habitat
conditions related to shallower water depths,
different velocities within the channel, and new
sand sedimentation promote potential preferential
habitats for native fish fauna. In conclusion, over
a short period of time, the improvement in habitat
conditions has been remarkable. Overall, more
studies are required regarding the evolution of
habitat conditions following urban river rehabili-
tation, particularly from the perspective that
partial recovery of natural habitats in an urban
stretch can lead to the improvement of its ecologi-
cal potential, as required by the Water Frame-
work Directive (Gumiero et al., 2013).

The recognition of river flow alteration world-
wide has led to the establishment of environmen-
tal flows (hereafter e-flows) (Arthington et al.,
2018). An e-flow regime implemented down-
stream of dams play an essential role in the
conservation of freshwater ecosystems (Arthing-
ton et al., 2006; Rivaes et al., 2017). Setting an
e-flow regime involves identifying the quantity,
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timing, and quality of water flow required to
sustain freshwater and estuarine ecosystems, as
well as the human livelihoods and wellbeing that
depend upon these ecosystems (Arthington et al.,
2018) over time and space. Achieving this level
of detail can be resource demanding (Arthington
et al., 2006). Boavida et al. (2018b) proposed an
undemanding method to transfer the inter-annual
variability associated with e-flows to another
river reach in the same catchment when similar
morphodynamic conditions and flow—ecological
relations are verified. Several methodologies
have been developed to define e-flows with
different degrees of effort. According to Tharme
(2003), the existing e-flow methodologies can be
differentiated into hydrological, hydraulic rating,
habitat simulation and holistic methodologies.
From an ecohydraulics perspective, habitat simu-
lation methodologies are widely accepted to
define e-flows (Acreman et al., 2014). With an
emphasis on complex, hydrodynamic habitat
modelling, these methodologies require immense
amounts of data. The time and resource consump-
tion of these actions (Palmer et al., 2005) high-
lights the need to implement successful method-
ologies that require less data or data more easily
collected while maintaining the same level of
achievement. Transferring flow-ecology relation-
ships can be a successful measure to assist region-
al-scale e-flow assessments (Chen & Olden,
2018). The habitat availability for a target species
in a natural, non-regulated stream acts as the
reference condition (guiding image) for compar-
ing the degree to which an environmental flow
scenario deviates from the natural flow regime
(Boavida et al., 2012). The closer the e-flow
scenario is to the reference condition, the “health-
ier” the e-flow scenario is determined to be (Nils-
son et al., 2007). Conversely, the further from the
reference condition, the less healthy it will be.
Therefore, this study assessed the viability to
transfer the pre-defined e-flow regime — set
according to the reference habitat availability —
proportionally, from an upstream to a down-
stream river segment. The similarity among the
morphodynamic conditions was guaranteed as
well as the flow-ecological relationships. The
pool of fish species between the two studied
reaches was also similar. Finally, inter-annual
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variability was set the same for both reaches. The
results indicated a good adjustment between the
e-flow scenario and the reference condition for
the river segment that received the e-flow values
transferred from the upstream river-segment.
This study improves knowledge of the extensive
literature on e-flow methodologies. Further, it
sets the e-flow based on habitat simulation meth-
odologies by transferring these values among
similar river reaches.

Impacts of hydropeaking on aquatic organisms

The impacts of river flow alteration on freshwater
fish have been addressed by the ecohydraulic
community, with relevance for sub-daily rapid
alterations of flow downstream of hydropower
stations. Cushman (1985) first referred to hydro-
peaking as the operational maneuvres that occur in
hydropower plants in response to electricity
demand to control large and rapid (within
minutes) changes in discharge by powering -on or
-off hydro-turbines, resulting in rapid flow chang-
es in tailwaters. During non-peak periods, hydro-
power facilities store water in a reservoir resulting
in low flows downstream of the hydropower plant
(i.e. environmental flows), while during peak
periods, power is generated and water is rapidly
released, increasing the velocity and water depth
downstream of the facility. The unpredictability
and intensity of flow variations are rather perma-
nent and more frequent than those resulting from
natural flows, such as rapid snowmelt and precipi-
tation (Shuster et al., 2008). Because of the unpre-
dictability and intensity of flow variations, these
rapid flow fluctuations likely influence the natural
structure of the riverine ecosystem (Young et al.,
2011). Long-term hydropower plant operations
result in strong morphological, hydraulic and
water quality alterations. These alterations include
bank and soil erosion, substrate composition
(siltation and armouring of the substrate), and
continuous shifts in sediment transport processes
(Schmutz et al., 2015) caused by the continuous
changes in water level, flow velocity, water turbu-
lence and bed shear stress (Shen ez al., 2010). This
may lead to severe impairments to fish rearing and
growth, fish migration and spawning, and to the
benthic invertebrate community (Bruno et al.,

2016). Juvenile fish are particularly vulnerable to
hydropeaking events, leading to drifting and
stranding (Halleraker et al., 2003), which can
ultimately reduce recruitment of the entire popula-
tion (Schmutz et al, 2015). Because of this,
during the last decade, research on hydropeaking
impacts has rapidly increased (Bejarano et al.,
2018). The growing awareness of the impacts of
hydropower plants on the downstream ecosystem
has increased in parallel with the development of
hydropower, given the increasing global demand
for hydroelectricity production. Climate change
awareness has increased the pressure on hydro-
power production (Sawin & Martinot, 2010)
because of its efficiency, high reliability and
predictability, lack of carbon emissions, and low
operating costs. These issues point out to an
urgent need to overcome this problem by generat-
ing quantitative information regarding hydropeak-
ing impacts to find innovative solutions that allow
for a sustainable development of hydropower
energy. The recognition of this is reflected in the
number of contributions describing hydropower
impacts and mitigation measures that this Special
Session has received. Ranging from field
case-studies to laboratory work, research on
hydropeaking has never before seen such interest.

To understand fish behaviour when subjected
to hydropeaking events, Hayes et al. (2018a) used
a comprehensive national database to assess the
response of juvenile salmonids to natural and
artificial flow fluctuations in Austrian Alpine
rivers, in which river hydrology ranges from
natural flow regimes to extensive hydropeaking,
and morphology from natural to channelized.
Hydrological metrics were calculated according to
Greimel et al. (2016), whereby sampling sites were
grouped into four categories: (1) reference, (2)
hydro-fibrillation (low-intensity flow fluctua-
tions), (3) hydropeaking (high-intensity flow
fluctuations), and (4) glacier (natural hydropeak-
ing) (Hayes et al, 2018b). To describe the
morphological variability of the assessed river
reaches, the coefficient of variation was calculated
based on aerial image interpretation of the bankfull
river width, which allows comparing the width
variability of distinct rivers of different sizes (for
details see Greimel er al. (2017)). Regarding
young-of-the-year brown trout (Salmo trutta
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Linnaeus, 1758) and European grayling (Thymal-
lus thymallus Linnaeus, 1758) abundance in their
respective fish zones, initial results showed that
sites classified as hydropeaking are distinguished
from the three other hydrological categories.
Hydro-fibrillation and glacier sites showed lower
fish abundances than those of the reference sites,
although it was not significant. Downramping
rates during mean and high water flow range situa-
tions seem to be among the parameters governing
juvenile fish abundance, whereby the pattern
corresponds with stranding thresholds established
through experimental studies (Moreira ez al., 2019)
particularly for the brown trout in the metarhithral.
For the grayling in the hyporhithral it is not as
clear, probably because of the number of stressors
generally found in this fish region (Schinegger et
al., 2018). Results also showed the additional
influence of river morphology, whereby more
nature-like sites tend to have a higher juvenile
abundance than those that are channelized ones
(Hayes et al., 2018b) as the former can offer higher
habitat suitability than that of the latter (Hauer et
al.,2014)

The scientific community as well as fishery
and river managers agree with the view, that
promoting habitat heterogeneity through more
natural sites can effectively mitigate the impacts
of hydropeaking and promote self-sustainable

fish populations downstream of hydropower
dams (Hauer et al., 2014; Alexandre et al., 2016).
Experimental flume-based research has proposed
morphological measures to mitigate hydropeak-
ing consequences. For example, lateral refuges
(Ribi et al., 2014), substrate heterogeneity (Chun
et al., 2010), and alternative cover structures
(Vehanen et al., 2000) have been studied as
refuge for salmonids during hydropeaking events.
Still, considerable uncertainty remains regarding
the design of effective mitigation measures based
on fish responses, particularly when applied to
cyprinids, which include a high proportion of
endangered species in central Europe and the
Iberian Peninsula (Santos ef al., 2018). Changes
in critical life-cycle events of the Iberian barbel
(e.g., growth and reproduction) have been attrib-
uted to anthropogenic streamflow variability
(Alexandre et al., 2015). For example, smaller
home ranges were associated with natural season-
al flow variability of a non-regulated river,
whereas wider spatial scale movements were
associated with a river affected by hydropeaking
(Alexandre et al., 2016). It is certain that flow
regulation has extensive impacts on freshwater
fish structure and function. However, it remains
difficult to understand which changes in the flow
components trigger specific movement patterns
or habitat preferences. In this sense, the ecologi-

Figure 1. Structure configurations tested according to Costa et al. (2018a). (a) and (b) represent the lateral deflectors and (c) and (e)
the v-shaped structures and the solid triangular pyramids respectively. A detail of the refuges dimensions (m) is shown. Configuragdo
das estruturas testadas por Costa et al. (2018a). (a) e (b) deflectores laterais e (c) e (d) estruturas em v e pirdmides, respetivamente.

A dimensdo (m) dos refiigios é apresentada em detalhe.

Limnetica, 39(1): 213-232 (2020)
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cal impacts of hydropeaking and this cause—effect
relationship should be further scrutinized to
provide the necessary tools for fishery managers
to improve population dynamics and conserve
endangered fish species.

To fill this gap, Costa et al. (2018a) adopted a
multidisciplinary approach, in which movement
behaviour was combined with a detailed hydrau-
lic characterization to evaluate the use of lateral
and instream structures as potential refuges for
Iberian barbel (Luciobarbus bocagei) affected by
rapid flow fluctuations (Costa et al., 2018b; Costa
et al.,2019a) (Fig. 1). This consisted of flow field
measurements using Acoustic Doppler Veloci-
metry (ADV) technology and fluid-body interac-
tions with the objective to better interpret fish
responses. Using this approach, it was possible to
conclude that the movement pattern demonstrat-
ed by the Iberian barbel was diverse and not
always proportional to the severity of the flow
event. For example, during the peak events with
structures the individual sprints were more
pronounced, whereas group behaviour increased
under base flow and hydropeaking conditions
without structures. Although the hydraulic char-
acterization showed that lateral deflectors and
v-shaped structures provided low velocity areas
that could potentially mitigate the severity of
peak flows, the flow complexity created by the
presence of the structures represented an addi-
tional constraint for fish, hindering their ability to
find refuge behind the structures. The distinct
behavioural patterns were a result of the hydrau-
lic conditions created by the flow event and the
structures’ configurations. The use of this
integrated approach strengthened the interpreta-
tion of fish responses and minimized misleading
conclusions, thus contributing to the design of
more effective mitigation measures in response to
hydropeaking consequences.

In addition to affecting fish movements and
behaviour as shown by Costa et al. (2018a), artifi-
cial flow fluctuations decrease the density, com-
position, and biomass of the macroinvertebrate
community (Bruno ef al., 2016). Palau-Nadal et
al. (2018) studied the effects of hydropeaking
(ranging from < 2 m3/s to 12 m3/s) on the water
temperature, macroinvertebrate = community,
physical habitat, and brown trout population

219

(Salmo trutta Linnaeus, 1758) of a Pyrenean
river, taking as a reference a near reach of the
same river without hydropeaking. The study was
conducted during the summers of 2011 and 2012.
Hydropeaking affected the macroinvertebrate
community through two factors: 1) variations in
flow (alteration of the physical habitat) that
generate changes in the density, composition, and
trophic structure of the community (e.g., an
increase in the ratio of grazers/shredders); and 2)
changes in water temperature that alter the
biological cycle of some aquatic insects in a
temporal lag with respect to the reach without
hydropeaking (e.g., Heptageniidae and Atherici-
dae). These effects, however, quickly decreased
downstream and were barely detected 2 km
downstream. The longitudinal variation in the
downstream impacts of flow regulation is highly
dependent on the existence of a tributary (1 km
from the hydropower plant) of sufficient size and
flow to alter the upstream discharge and hydrau-
lic lamination. The physical habitat of the brown
trout changed in response to the hydroelectric
peak flows, particularly the availability of habitat
for fish fry decreased as a consequence of the
unfavourable hydraulic conditions associated
with high flows. However, this change was not
reflected in the density and biomass of the trout
population in the altered river reach, where both
variables presented higher values than those in
the reference section, without appreciating the
limitations of the adult and juvenile stages. The
density and structure of the brown trout popula-
tion changed between the two years (2011 and
2012) in the reference section, which can be relat-
ed to a natural flood (of 40 m3/s) that occurred
during April 2012, coinciding with the time of the
start of the fry stage in the zone. In contrast, the
hydropeaking reach showed few changes
between the two years of study, suggesting that
its population of brown trout was more resilient
and resistant to a natural flood, being in itself
confirmed by a low proportion of fry.

Hydropeaking mitigation:
thresholds

regulations and

Despite the increase in hydropeaking research,
with different studies evaluating the effect of
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flow alteration on aquatic biota and evaluating
the success of mitigation measures, knowledge
of hydropeaking targets from which an impact
occurs remains scarce (Young et al, 2011).
Moreira et al. (2018) presented an extensive
review of the thus far established hydropeaking
targets and thresholds regarding outputs from the
scientific community (by conducting a Scopus
literature search), as well as indicator values
from national regulations and guidelines. The
study found that only a few European countries
(Switzerland and Austria) have legal regulations
regarding hydropeaking through flow thresholds
(Moreira et al., 2019). Other countries, such as
Norway, have environmental legislation that can
be used to force hydropeaking mitigation mea-
sures. Most mitigation thresholds in the literature
address the effect of downramping on stranding
of salmonids and were mostly established
through trials in experimental channels. Estab-
lished downramping thresholds range from <
0.1-0.2 cm/min for larvae (of Salmo trutta
Linnaeus, 1758, Thymallus thymallus Linnaeus,
1758) to ca. 0.2-0.4 cm for early juveniles (S.
salar Linnaeus, 1758; S. trutta Linnaeus, 1758;
T. thymallus Linnaeus, 1758; Omncorhynchus
kisutch Walbaum, 1792; O. mykiss Walbaum,
1792). In addition to downramping velocity
restrictions, common qualitative goals target the
prevention of redd desiccation between peak
flows and mitigation approaches aim at increas-
ing base flows and/or decreasing peak flows
(Moreira et al., 2019). Regarding other fish
group species (e.g., cyprinids) and parameters
(e.g., peak duration and time between peaks), a
lack of quantitative mitigation thresholds
remains. Nevertheless, the literature indicates
that multiple aspects have to be considered when
assessing such thresholds. To aid in this process,
Moreira et al. (2018) proposed that mitigation
thresholds must be based on key species, includ-
ing particular features regarding life stage,
season, and time of day. These must be combined
with site-specific morphological characteristics
as the effects of river morphology influences
hydropeaking parameters that are essential in
defining the thresholds. Thus, the principles laid
out in their approach may benefit impacted
organism groups in hydropeaking reaches
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through the establishment of ecologically based
relevant mitigation thresholds.

Innovative methods and devices

Better knowledge of fish species movements and
behaviour when affected by flow variations is
needed to improve the protection of individual
fish and achieve self-sustaining fish populations.
The planning and design, as well as the probabili-
ty of success of the proposed mitigation mea-
sures, requires innovative monitoring and obser-
vational methods, new software tools, and inno-
vative technical devices to enhance the level of
assessment and prediction of the measures.
Currently, in situ analysis of fish habitat prefer-
ences is typically based on point measurements of
the physical environment (e.g., time averaged
velocity, water depth, substrate type, and under-
water vegetation presence) (Santos et al., 2018).
This discretization may lead to an oversimplifica-
tion of the hydrodynamic characteristics of the
aquatic environment, mainly because these

(a) stick
@ Clamp

@ NACA shape housing
@ Pressure ports

g

censor numbeyj,

Figure 2. Artificial lateral line probe (modified from
Fuentes-Pérez et al. (2018)). The NACA025 body shape is
outfitted with six differential pressure sensors (1 — 6) and one
absolute (7) pressure sensor. Sonda artificial da linha lateral
(modificado de Fuentes-Pérez et al. (2018)). A forma NACA025
apresenta seis sensores de pressdo diferencial (1-6) e um sensor
de pressdo absoluta (7).
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metrics ignore the physical interactions between
the variables and lack the temporal rate at which
fish experience and react to hydrodynamic stimu-
li. To attempt to address this complex problem,
Fuentes-Pérez and Tuhtan (2018) developed a
new measuring device based on the sensing
principles of fish: the artificial lateral line probe
(ALL) (Tuhtan et al., 2016) (Fig. 2).

Fish have evolved in water and unlike terrestri-
al species they have developed an external sensory
system able to sense the water’s hydrodynamic
characteristics. This physiological adaptation is
termed the lateral line (Fig. 3). The lateral line
provides sensory input that contributes to many
common behaviours in fish, such as prey and
predator detection (Coombs et al., 2001; Coomb
et al., 2012), obstacle avoidance (Hassan et al.,
1992), and rheotaxis (Montgomery et al., 1997) or
schooling (Pitcher et al., 1976), among others.

The lateral line probe (LLP) provides a new
technology for understanding aquatic ecosystems
and is based on the interaction between the
sensor, flow, and aquatic environment. Thus, the
LLP provides a new type of bio-inspired sensing
device for flow measurement (Fuentes-Pérez et
al., 2015) and aquatic environment classification
The LLP uses a time-synchronized array of rapid
pressure sensors installed over a hydrodynamic
body (Fig. 2). The benefits of this sensing system
to ecohydraulics and water managers are as
follows: 1) it performs simultaneous measure-
ments in both space and time in contrast to point
measurement devices (e.g., acoustic Doppler
velocimeters or propellers); 2) it considers the
interaction of the fluid with the body of the probe
(spatially distributed sensing) and the surround-
ing underwater environment (e.g., rocks, plants,
and walls); and 3) it measures a sampling rate
higher than any other field tool (tested and
validated up to 200 Hz) and within the same
range of the fish lateral line system. The LLP has
the potential to represent the distributed sensing
capacity of fish, bringing new sources of flow and
underwater environmental information, as well as
immediate opportunities to diverse ecohydraulics’
fields. For example, in fishway research ALLs
have been demonstrated for fish flow preferences
and to sample and classify different hydrodynam-
ic scenarios in a vertical slot fishway, contribut-

a)

=2

Figure 3. Lateral line system (Tuhtan et al., 2017); (a) Distribu-
tion of neuromasts; (b) Superficial and canal neuromasts.
Sistema da linha lateral (Tuhtan et al., 2017), (a) Distribui¢do
dos neuromastos; (b) Neuromastos superficiais e de canal.

@ Superficial neuromast
@ Canal neuromast

@ Canal pore

ing to its retrofitting (Tuhtan et al, 2018). In
hydropeaking studies, ALLs have shown the
availability to characterize the unsteady condi-
tions produced by different hydrodynamic
scenarios and relate them to fish behavioural
responses (Costa et al., 2019b). Considering
these results, ALLs have the potential to become
a multipurpose tool to monitor the complex
aquatic environment experienced by fish.

To date, the use of ALLs in the field has been
limited to daily monitoring campaigns for fish
preference studies or hydrodynamic characteriza-
tion. Its use for long-term monitoring would
require 1) an external datalogging system, 2) a
robust design able to handle the target hydrody-
namic conditions, and 3) a holding platform. In
Ristolainen et al. (2018), the described
ALL-working principle was successfully imple-
mented in a device (the Hydromast) designed for
long-term monitoring of rivers and open oceans.

Alternatively, proactive improvement mea-
sures may be needed to guarantee intervention
success. Potamodromous fish population survival
can be increased using innovative technical
solutions based on fish behavioural systems.
Non-physical barriers based mostly on different
aversive conditions have been tested, namely
electric and magnetic fields, water velocity barri-
ers, hypoxia and hypercapnia, pheromones, strobe
lights, bubble curtains, and acoustic deterrents
(Noatch & Suski, 2012), to reduce fish mortality.
The selective study of the repulsive behaviour of a
certain species allows one not only to remove fish
from traps promoted by the hydraulic structures
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during their migratory movement, but also allows
one to use these same repulsive stimuli to guide
the fish, particularly to fishway zones, when func-
tional, but are of reduced attractiveness. Jesus et
al. (2018b) presented acoustic or luminous stimuli
as a repulsive effect for fishes. Both in an isolated
and in a combined manner, acoustic (Sweep-up: <
2000 Hz) and luminous (Strobe Light: 600 flash-
es/minute) stimuli, as well as a bubble curtain,
were tested on the salmonid species Brown trout
(Salmo trutta Linnaeus, 1758) and the cyprinid
species northern straightmouth nase (Pseudo-
chondrostoma duriense Coelho, 1985) and Iberian
barbel (Luciobarbus bocagei). In the tests
performed with the isolated stimuli, a repulsive
sensitivity to the luminous stimulus was verified
in the salmonid species (preliminary data under
analysis), while the cyprinid species showed a
higher sensitivity to the acoustic stimuli (Jesus et
al., 2018a). The bubble curtain, in isolation, did
not show a behavioral sensitivity in any of the
species. In the tests performed in a combined
acoustic/light/bubble manner (behavioral barrier),
all species showed similar and elevated repulsive
sensitivities. These results show the great poten-
tial of fish behavioural barriers based on com-
bined systems of acoustics/lights/bubbles, particu-
larly in salmo-cyprinid water courses. The devel-
opment of behavioural barriers adapted to fresh-
water species is an important tool to guarantee fish
migration, considering the upstream and down-
stream movement of threatened potamodromous
species near dams. These systems will provide
conditions for fish to repel from specific structures
(channel turbines, pumping systems), avoiding the
massive mortality detected in several dams and
contributing to the conservation of autochthonous
fish populations in regulated rivers.

Fish-based biological indicators

A great number of indexes and metrics have been
developed to assess ecological quality in freshwa-
ter ecosystems (Benejam et al., 2015); many of
these biological indicators have shown to date to
be insensitive to flow regime changes or hydro-
logical alterations. Therefore, there is a need to
further understand the relationships between such
indicators and flow regimes.
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Belmar ef al. (2018b) analysed the relation-
ships between three fish-based biological indica-
tors widely used in Spain and a set of hydrologi-
cal descriptors, in the low section of a large Medi-
terranean River using different spatiotemporal
scales. The biological indicators were the Indexes
of Biotic Integrity in Catalan rivers (IBICAT2010
and IBICAT2b) and the new European Fish Index
(EFI+) (EFI+CONSORTIUM, 2009), whereas
the hydrological descriptors were water velocity,
depth, and a set of sub-daily and daily hydrologi-
cal indexes (Table 1) modified from Bevelhimer
et al. (2015) and Olden & Poff (2003), respective-
ly. Fish samples were interannually collected,
within a period of 11 years in 6 different transects
of the lower Ebro River that were expected to
show similar fish communities (except one
transect with extreme flow regulation). Hydro-
logical indexes were computed using flow
records of different lengths previous to the
sampling date. IBICAT2010 was the index most
correlated with the flow regimes, but the results
were highly dependent on the spatiotemporal
scale considered. Daily hydrological indexes
showed correlations with biological quality when
they were computed using flow records between
9 and 36 months previous to sampling, whereas
sub-daily indexes responded better using records
between 3 and 9 months. In contrast to that
expected, even a priori similar sampling transects
showed clearer ecohydrological relationships
than those of the others, suggesting the influence
of hydromorphological variability on the
obtained biological quality scores. The transect
that provided the clearest relationships showed
potential breakpoints for water depth, the mean of
the annual minimum flows (ML14), the low flow
discharge (ML23), and the standardized maxi-
mum hourly ramping rate (dstMHramp). Such
breakpoints constitute a separation between
“poor” and “bad” status and can be useful to
develop management strategies in the Ebro River
or other areas. The dependence of the results on
the spatial scale highlights the need to improve
knowledge regarding the role of channel
morphology (including aquatic habitats) on the
effects that flow regimes cause in aquatic com-
munities (Belmar et al., 2018a).
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PERSPECTIVES

Ecohydraulics research has undergone major
development during the last decade. A demon-
stration of this is the recently published papers
regarding the “ecohydraulics” topic (Lancaster &
Downes, 2010; Nestler et al., 2016; Casas-Mulet
et al, 2016) describing contributions from
hydraulics, river engineers, ecologists, biologists
and geomorphologists. Additionally, the use of
the term “ecohydraulics” in Special Issues has
appeared in the most relevant journals such as
“Ecohydraulics: Recent Research and Applica-
tions” in the Journal of Hydro-Environment,
“Ecohydraulics: linkages between hydraulics,
morphodynamics and ecological processes in
rivers” in Ecohydrology, “From microhabitat
ecohydraulics to an improved management of
river catchments: bridging the gap between
scales” and “Bridging the gap between fish
behaviour, performance and hydrodynamics: an
ecohydraulics approach to fish passage research”
in River Research and Applications, and the to be
published “Integrating Ecohydraulics in River
Restoration: Advances in Science and Applica-
tions” in Sustainability.

The ecohydraulics research field appears to
address an unanswered question regarding the
interaction of aquatic biota with the environment,
and consequently, predicts how biota will be
affected by changes in river flow. The wide scope
of contributions from this Special Session empha-
sizes the importance of ecohydraulics for freshwa-
ter ecosystem management and its contribution to
limnology. As limnology integrates physical and
biological processes of inland waters, eco-
hydraulics studies the changes in physical
processes caused by flow variability and their
influence on the freshwater ecosystem. Based on
the global context of river flow alterations and
impacts on freshwater fish, the contributions were
rather diverse and explored important aspects of
the impacts of flow alteration. In particular, the
scientific contributions highlighted the need to
promote river restoration actions, develop
e-flows, and propose mitigation measures that
promote self-sustaining fish populations. Hydro-
peaking impacts on aquatic organisms were also
studied by conducting laboratory and field studies
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as well as covering hydropeaking mitigation
thresholds by reviewing existing literature on the
subject. In addition, fish-based indicators were
assessed. Finally, innovative devices such as
procedures to measure the hydrodynamic condi-
tions based on the sensing principles of fish and
the use of acoustic or luminous stimuli as a repul-
sive effect for fishes were proposed.

Regardless, many unanswered questions
remain regarding the link between physical
processes that occur in this highly unstable envi-
ronment and the responses of fish biota. To
address these and other challenges at the ecology
and hydraulics interface there must be equal
contribution from both disciplines. In fact, there
has been criticism for the lack of ecological
relevance to some ecohydraulic approaches (Lan-
caster & Downes, 2010). While analysing
published papers in the ISI Web of Knowledge
database between 1997 and 2009, Rice et al.
(2010) suggested that ecohydraulics is dominated
by engineers and physical scientists and that there
is less involvement from ecologists and biologists,
reinforcing the need to engage these scientists to
solve ecohydraulic issues (Casas-Mulet et al.,
2016). In contrast, work conducted by ecologists
without adequate input from physical engineers
will likely result in criticism, particularly consid-
ering the misapplication of flow equations. Both
contributions are complementary and necessary to
understand the effects of flow alterations and
impacts on freshwater fish and propose successful
mitigation measures. Despite the recognition of
this and the efforts to better integrate hydraulic
and biological tools to analyse and predict ecolog-
ical responses to aquatic environmental changes
(Lamouroux et al., 2013), there is still a long way
ahead. The participation of ecohydraulicians in
conferences on inland freshwaters supporting a
high level of biodiversity such as the XIX Confer-
ence of the Iberian Association of Limnology is
more than welcome. Moreover, ecohydraulics
lacks fundamental concepts and practices, a prob-
lem shared by many new interdisciplines and
interdisciplinary academic programs (Nestler et
al., 2016). Ecohydraulics focuses on applied
research to address practical problems such as the
definition of environmental flows, river restora-
tion actions, fish passage design criteria, hydrope-
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aking impacts and mitigation among others (Lam-
ouroux et al., 2010). Ecology is mostly grounded
in fundamental science to address the interactions
of organisms and the surrounding environment.
Ecohydraulics can be integrated into limnology by
combining different disciplines to understand the
physical processes caused by flow alterations and
the consequent ecosystem responses, while incor-
porating fundamental research to study inland
aquatic ecosystems. Therefore, the bridge
between the two disciplines is of growing interest.

Ecohydraulics as a field of research is still
young; new developments will likely occur in the
near future. Fuentes-Pérez & Tuhtan (2018) and
Jesus et al., (2018b) foresee more engagement
from another field of research with ecohydraulics
— electronics and informatics. The development of
new tools and devices to assess fish behaviour or
the implementation of mitigation and restoration
measures needs to be assessed with developers by
shortening the bridge between ecohydraulics and
emerging technologies. For this we, as ecohydrau-
licians, need to be more proactive. We need to
push boundaries to increase communication and
collaboration among different disciplines.

Although new developments are occurring in
ecohydraulics a major gap remains between the
scientists that conduct science and end users as
well as authorities that are responsible for imple-
mentation of actions (Casas-Mulet et al., 2016).
Moreira et al. (2018) presented an overview of the
current knowledge and a review of established
mitigation thresholds and showed distinct regula-
tions remain largely lacking. This underlines the
need to engage both scientists and legislators.
Science is driven to address unanswered questions
and river managers are the key drivers during the
decision-making process. Science is useless with-
out river managers and contrariwise. Most restora-
tion actions and monitoring schemes need to be
implemented to assess their success and improve
those yet to come, as was shown in Diaz-Redondo
et al. (2018). Moreover, river managers, hydraulic
companies, and environmental agencies are
responsible for recognizing knowledge gaps and
explaining this need to the scientific community.
It should be a win—win process.

Most ecohydraulics research regarding flow
alteration is designed to answer practical ques-

tions, frequently completed in the field (Alexan-
dre et al., 2016), at a laboratory scale (Ribi et al..
2014), or by applying numerical modelling
(Boavida et al., 2017). Often the focus is on the
ecological processes that may be influenced by
river flow alterations by quantifying the response
variables that are directly related to the process
and can be isolated. Costa et al. (2018a) presented
a promising mitigation measure for hydropeaking
for an Iberian cyprinid fish. Nevertheless, the
results need to be further upscaled or tested in a
real environment to improve our understanding of
the effectiveness of the implemented measures
occurring in nature. How the ecosystem will react
to these actions is often the remaining question.

Constant changes in society and environment
are followed by a continuous change in the prob-
lems that need to be addressed in aquatic ecology.
The cost of the application of such measures,
methods, or tools in terms of time and resources is
a key aspect during the process. There is increas-
ing pressure to solve questions in less time and
using fewer resources. Therefore, the need to
develop cost-effective measures to improve our
knowledge of the aquatic environment is para-
mount. Examples, such as that presented by
Boavida et al. (2018Db), are needed to optimize the
implementation of e-flow regimes in river reach-
es at a regional scale.

Future research on ecohydraulics should
embrace not only a multidisciplinary team of
biologists, ecologists, fluvial geomorphologists,
hydrologists, hydraulicians, environmental and
river engineers, natural resource managers, and
conservationists, but ecohydraulics should also
move forward and engage using interdisciplinary
and transdisciplinary (i.e. engagement with end
users) approaches.
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