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Abstract Human-induced climate change is already
apparent through warming temperatures, altered
precipitation, and greater prevalence of extreme
weather events (e.g., droughts and floods) all of
which are anticipated to be exacerbated in the fore-
seeable future. Meanwhile, demand for hydropower
generation is expected to increase and future hydro-
power developments will be important for mitigating
climate change. Yet, climate change will affect the
natural flow regimes, which will undoubtedly impact
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hydropower operations (e.g., storages and releases),
and in turn the impact of altered hydropower opera-
tions on the discharge and consequence to fish that
live in these regulated systems. Here, we synthesize
the current knowledge of climate-induced alterations
to hydropower operations and the expected impacts
of altered hydropower operations on riverine fishes.
We also consider what is needed to adapt to the way
environmental threats will change over the typical
50-100 year lifespan of such facilities. Based on our
synthesis, we anticipate the impact on native riverine
fishes will increase in severity moving forward. For-
tunately, we can take proactive measures to mitigate
the adverse, yet synergistic, impacts of hydropower
and climate change on aquatic ecosystems. Doing so
will require extensive foresight, planning, and incor-
porating novel mitigation strategies into hydropower
development. We also call for greater involvement
of fisheries professionals in such processes to ensure
that fish are not an afterthought. Failure to better con-
sider how to future-proof hydropower in the context
of climate change threatens not only fish populations
but also the humans that depend on them for liveli-
hoods, nutrition, and socio-cultural benefits.
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Introduction

Climate change is increasingly altering air tempera-
ture and precipitation intensity and frequency (Li
et al. 2021). To date, human activities are estimated
to have caused approximately 1.0 °C of global warm-
ing above pre-industrial levels, and this will almost
certainly reach at least 1.5 °C in the next two decades
(IPCC 2018). Climate change will also have dramatic
impacts on the hydrological cycle and the distribution
of water on Earth (Ma et al. 2020). It is predicted that
the tendency will be for wet areas to become wetter
and dry areas to become drier, though regional sub-
basin differences are expected (Donat et al. 2017).
Changes in temperature and precipitation levels may
also increase the frequency and magnitude of natural
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disasters such as droughts and floods in the future
(Garner et al. 2015). Moreover, changes are projected
to continue (at potentially faster rates) during the next
century (Bao et al. 2017; Knouft and Ficklin 2017).
Given previous reliance on coal and gas-fired genera-
tion and its contribution to climate change, “clean”
energy sources are in increasing demand.
Hydroelectric dams are seen by governments as a
method to mitigate climate change through the provi-
sion of “clean,” renewable energy, as well as a host
of other benefits including floods control, economic
growth and water supply for agriculture and indus-
try (ICOLD 2020). There are currently over 50,000
large hydropower dams (> 15 m height) with thou-
sands of additional dams (>1 MW installed capac-
ity) that are under construction or planned world-
wide (Zarfl et al. 2015; ICOLD 2020). Hydropower
energy, which accounts for 85% of global renewable
electricity energy, is experiencing a boom fostered
by international investment mainly in developing
countries (Centre for Climate and Energy Solutions
2018). In order to meet the goal of climate change
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commitments set in the Paris Agreement in 2015, it
seems likely hydropower will have a growing role
in the global energy portfolio (Hermoso 2017). The
International Renewable Energy Agency (IRENA)’s
Global Renewables Outlook 2020 has highlighted
that total installed capacity will need to reach 2,150
GW by 2050, while around 850 GW of existing
capacity will need to be upgraded to help limit the
rise in global temperature to less than 2 °C.

However, climate change is affecting not only the
demand (e.g., plant inflow) for hydropower genera-
tion but also the water supply and safety of facilities,
by changing flow regimes (annual average flow, sea-
sonal flow and extreme flow events) in river systems
(Tarroja et al. 2016; Chang et al. 2018). Around the
world, faster glacier retreat and snowpack melt, shift-
ing annual and seasonal precipitation patterns, and
increased frequency and severity of extreme events
(IPCC 2018) will continue to dramatically alter the
inflow of the dam, limit the capacity for energy gen-
eration and floods control in some regions, and con-
sequently, lead to fundamental changes in the way
hydropower operations (L6pez-Moreno et al. 2014;
Maran et al. 2014; Spalding-Fecher et al. 2016).

Climate-induced alterations of hydropower
operation may offset or exacerbate the effect on
discharge and flow in associated structures such as
fish passage facilities. Fish species are sensitive to
changes in river flow regimes (i.e. Poff and Allan

1995), and changed discharge may negatively affect
the fish that live in or migrate through these regu-
lated systems (Kingsford 2000; Bunn and Arthing-
ton 2002). Thus far, however, most studies have
focused on the direct effects of climate change or
hydropower on riverine fishes separately (Ficke
et al. 2007). For example, researchers have evalu-
ated the potential impacts of global climate change
on freshwater fish (Myers et al. 2017; Paukert et al.
2017) and the implications of dam obstruction on
global freshwater fish (Liermann et al. 2012; Zeng
et al. 2019). A gap in our knowledge remains as
to how climate change will influence hydropower
operations by altered natural inflow of dams and
what the ultimate consequences of altered hydro-
power operations will be to riverine fishes that live
in or migrate through these regulated systems by
altered discharge (Fig. 1).

We know that there is considerable variability
among regions, depending largely on local hydro-
logical processes (Doll and Zhang 2010; Schnei-
der et al. 2013). Therefore, we mainly focus on the
countries and regions where has largest number of
hydropower or hydropower will be concentrated in
the next few decades. Meanwhile, these regions are
hotspots of fish biodiversity, including the upper
Yangtze river basin, Amazon river basin, Mekong
river basin, Mississippi river basin and Balkan
region (Fig. 2) (Lehner et al. 2011; Schneider
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Fig. 2 Representative key regions or watersheds

et al. 2013; Winemiller et al. 2016; Zarfl et al.
2019; Wchwarz 2022). Moreover, we acknowledge
that there are other interactive factors (i.e. irriga-
tion expansion, inter-basin water transfers and so
on) also impact on the hydrological alterations in
those basins, but the climate change and hydro-
power operation are often seen as the most impor-
tant factors. The main objectives of this synthesis
are to consider (1) the alterations of climate change
to the natural flow regime; (2) the effect of altered
natural flow regimes on hydropower operations and
discharge; (3) the expected threats of hydropower
operations and discharge to riverine fishes; and (4)
proactive management actions for mitigating the
impacts of flow regulation on riverine fishes. By
forecasting potential impacts, mitigation measures
can be incorporated into hydropower development.
Such foresight is necessary to ensure that techno-
logical innovations (such as those that are inevita-
ble in the hydropower industry) are responsive to
change (Martin 1995; including policy changes;
Rapport 1999) and consider diverse outcomes
including fish. The goal of this paper is to provide a
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proactive approach to improve the balance between
power generation and the conservation of riverine
fishes in a changing world.

Overview of climate-induced alterations
to the natural flow regime

Currently, climate change is affecting the flow
regimes, in part because of the variability in timing
and magnitude of precipitation, accelerated evapora-
tion rates, and accelerated glacier and snow melting
rates (i.e. Sorg et al. 2012). Here, we briefly sum-
marize how climate change will influence the natural
flow regime by focusing on three representative flow
alteration metrics: annual average flow, seasonal flow
and extreme flow events.

Annual average flow
There is considerable variability of annual aver-

age flow among regions by the middle of the
twenty-first century, depending largely on local
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hydrological processes (Doll and Zhang 2010; Sch-
neider et al. 2013). In Amazon and Mekong River
Basins, all studies agree on the changes in the natural
annual of flow regime, but the direction and magni-
tude of change is uncertain in some of the regions due
to climate change (da Silva Soito and Freitas, 2011;
Lauri et al. 2012). In Yangtze River basin, the results
indicated that the streamflow volumes are projected to
moderately increase in the upper reach (hydropower
is mainly distributed areas) (Zhao et al. 2017). In Bal-
kan region and upper Mississippi River Basin, most
climate model scenarios indicate that there will be
substantial declines in runoff (Schneider et al. 2011).

Seasonal flow

A modified seasonal pattern of flow regime in rivers
has been observed in these basins (Savelsberg et al.
2018), and its estimated the timing of flood peaks will
be shifted more often towards earlier month (D61l and
Zhang 2010; Arnell and Gosling 2013; Chalise et al.
2021). The main reason is that, due to climate change,
the peak spring snow and glacial melt are happening
earlier in the year, and winter precipitation may be
shifting from snow to rain. As such, augmented flows
early in winter and spring will produce flow reduc-
tions in summer (i.e. Eum et al. 2017). For exam-
ple, in the upper Yangtze rivers are characterized by
minimum flow values in winter and maximum flows
in spring and summer, with earlier glacial and snow
melt, upper Yangtze rivers will show higher win-
ter low flow and earlier monthly peak flows and less
streamflow during subsequent summer months (Eis-
ner et al. 2017). Projected changes in streamflow sea-
sonality in the upper Mississippi and upper Amazon
basin are generally small based on the multi-model
ensemble median. Unfortunately, the shifted magni-
tude still remain unknow (Eisner et al. 2017).

Extreme flow events

All the studies agree on the direction that climate-
induced extreme flow events (e.g., floods and
droughts) have become more frequent and severe in
the past century, and this trend is anticipated to con-
tinue to become more prevalent (IPCC 2018). Alfieri
et al. (2015) indicated that on average, in Balkan area
will be characterized by higher frequency and inten-
sity of droughts due to increased evapotranspiration

(Bond et al. 2008; Chessman 2015; Mosley 2015).
While precipitation mainly occurs in the winter
half-year, extensive low or even zero flow patterns
can appear during the dry summer months. In addi-
tion, Guan et al. (2017) explored trends of extremes
in the Yangtze River Basin and found extremely wet
day precipitation, extremely heavy precipitation days,
maximum 1-day precipitation, maximum 5-day pre-
cipitation and maximum consecutive dry days all
increased significantly during 1960-2012. With simi-
larly situation was projected in Amazon and other
basins (da Silva Soito and Freitas 2011).

Overview of the effect of altered natural flow
regime on hydropower operations and discharge

Alterations to the natural flow regime will directly
affect the available flows for power generation in
hydroelectric plants, and therefore the way that facili-
ties are operated (Majone et al. 2016; Savelsberg
et al. 2018). Here, we consider the potential impacts
of altered hydrological metrics on hydropower opera-
tions, focusing on generation, but recognize that
there will also be operational changes required to
ensure infrastructure safety. Given that most reser-
voirs (especially for run-of-river plants with limited
reservoir capacity) will lack ample storage capac-
ity to accommodate high flows during floods, it is
unlikely hydropower dams will restrict the increased
frequency, longer durations, and severity of flood dis-
charges expected with climate change (Abera et al.
2018; Haun and Olsen 2012).

Hydropower generation

Some hydropower plants (61-74%) are currently
situated in regions where there are expected declines
in mean annual streamflow (van Vliet et al. 2016a),
declining streamflow could undermine hydro-
power productivity, estimated reductions in the
global annual hydropower capacities are 0.4-6.1%
(2080s) based on general circulation models (GCM)
(van Vliet et al. 2016a). This will lead to unavoid-
able tradeoffs between storing more water to cre-
ate a hydraulic “head” for hydropower generation
and downstream flow releases (Payne et al. 2004).
This may be particularly problematic during dry
years, when inflows may not be sufficient to meet
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Table 1 Overview of climate-induced alteration to hydropower operations by altering natural flow regime

Climate changes

Changes of dam infow

Alterations of dam operations

Temperature rising  Increased evaporation and other water Changed annual average inflow Reduced discharge and droughts for

extractions
Earlier glacial and snow melt
Winter snow shift to rain

Precipitation Changed frequency, magnitude and

increased variability of precipitation

Changed seasonal inflow

Increased extreme flow events
(floods and droughts)

generation
Shifted flow regime

Reduced discharge and droughts

Increased discharge and floods for
infrastructure safety

both power demands and ecological baselines. For
instance, in the next 60 years, the Balkan River basin
may experience a gradual reduction in hydropower
production potential and the mean annual reservoir
pool level will need to increase substantially to store
enough water for hydropower generation (Schneider
etal. 2011).

It is clear from this synthesis (see Table 1) that
climate change is already altering hydropower gen-
eration and increasing the uncertainties of opera-
tions (and are usually approached from an economic
perspective; e.g., Gaudard and Romerio 2014), all
of which point toward increased conflicts between
sharing water for hydropower production and main-
tenance of functional aquatic ecosystems. Next, we
consider what this means for riverine fishes.

Expected threats of future hydropower operations
and discharge on to riverine fishes

The uncertainties of hydropower operations in
response to hydroelectric production and climate
change will further increase the uncertainties of dis-
charged flow which is regarded as the key driver of
river ecosystem structure and function (Bunn and
Arthington 2002). Accumulative alterations to flow
regimes may offset or aggravate the effects on river-
ine fishes that live in regulated rivers or migrate in
associated fish passage structures (Bunn and Arthing-
ton 2002; Poff and Zimmermann 2010), but conse-
quences ultimately depend on flow variability. Here,
we anticipate that primary impacts will be related to
species composition and diversity, life history pro-
cesses, (e.g. migration, reproduction, survival), and

Table 2 Impacts of altered hydropower operations on inland fish populations by altering dam discharge flow

Alterations of dam operations

Consequences to inland fish populations

Reduced discharge and droughts Increased discharge and floods Shifted Species

flow regime

Influenced species composition

c.omposi- Reduced abundance
tion and
diversity
Survival Decreased survival rates at all life stages
Migration Lost connectivity
Energy depletion within migration passage
Mistimed arrival in spawning sites
Spawning Mismatch between hydrodynamic condition

and spawning time
Decreased spawning abundance
Accelerated Increased toxicity of pollutants

rate of Increased parasitism and disease
water qual-

Lo Decreased or supersaturated level of oxygen
ity issues
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behaviour (Dudgeon et al. 2006; Magalhdes et al.
2007; Costa et al. 2017; Lennox et al. 2019) (Table 2).

Reduced discharge and droughts

In arid regions, reduced discharge and more frequent
and severe streamflow droughts may compromise the
provisioning of adequate downstream environmen-
tal flow (e-flow) (Hirji and Davis 2009), reducing
fish habitat availability and connectivity (Matthews
and Marsh-Matthews 2003; Webb et al. 2013), and
ultimately leading to population declines (e.g., Poff
2018). For example, amphidromous species with
semi-buoyant eggs must remain suspended in the
water (via turbulence) until they hatch and develop
the ability to swim. At low flows, velocities may
not be high enough to suspend eggs and fry leading
to mortality (Murphy and Jackson 2013). Addition-
ally, complete dewatering of waterbodies is possible,
but restoration of connectivity is crucial to sustain
diversity (Driver and Hoeinghaus 2016). Jaeger et al.
(2014, 2016) predicted a higher frequency of zero-
flow days in an intermittent stream in Arizona, United
States, which would inevitably reduce hydrologi-
cal connectivity and even endanger fish that require
migratory conditions at a certain period (Larimore
et al. 1959). Some global scenarios are catastrophic,
proposing that 75% of global freshwater fish will
become extinct before the end of the twenty-first cen-
tury due to a reduction in river discharge (Xenopoulos
et al. 2005). Indeed, we are already seeing alarming
declines in many of the world’s migratory freshwater
fish species in large part due to dam construction and
climate change (Deinet et al. 2020).

Increased discharge and floods

Moderate increases in annual mean discharge and the
frequency and magnitude of floods could improve
access to downstream tributaries and effectively
increase habitat availability on floodplains (Naus
and Adams 2018), which tend to increase fish spe-
cies richness, abundance, biomass, recruitment, and
productivity (Agostinho et al. 2004). O’Keeffe et al.
(2018) reported a projected increase in high-flow
frequency in the Vistula and Odra basins in Poland,
which could be beneficial for northern pike due to
more frequent floodplain inundation and better river-
floodplain connectivity. Bailly et al. (2008) showed

that floods were positively related with gonadal
development of species that participate in long-dis-
tance migration and parental care in South America.
However, increasing in severity of flood peaks often
has negative consequences on fish. Spilling floods
may undermine the morphology of banks and scour
eggs from nests or wash away newly emerged fry and
negatively impact egg-to-fry survival rates, which
may lead to the failure of fish to establish and recruit
populations (Grelsson 1985; Wenger et al. 2011).
Fish may also be stranded on shore when flood waters
subside, leading to mass mortality events (Nagrodski
et al. 2012). Moreover, the severe flood would expose
migrants to high flows during migration, which may
lead to energy depletion, physiological stress, loss of
migratory motivation, lost feeding opportunities, mis-
timed migrations, and even migration failure (Rand
et al. 2006; Nadeau et al. 2010; Whitney et al. 2016).

Shift in the timing of seasonal discharge

There is synchrony between flood pulses and the tim-
ing of spawning that may be altered by the combined
effects of climate change and hydropower opera-
tion. For example, many upper Yangtze fish species
are dependent on high-elevation snowmelt streams
for spawning during a certain time. If flood pulses
in these streams change significantly due to earlier
snowmelt, the environmental cues to trigger life cycle
events may not be present during normal migratory
periods (Battin et al. 2007). This is likely to influence
fish recruitment (Agostinho et al. 2004), particularly
if fish lack the phenotypic plasticity to adjust migra-
tion timing (Crozier et al. 2008) or if there are mis-
matches in prey availability at key life stages.

Fish passage

Fish passage facilities are constructed to enable fish to
pass anthropogenic barriers, and modified operation
patterns may influence passage success. If the dis-
charge is below a minimum velocity (e.g., rheotactic
speed), it may not provide the orientation cues nec-
essary for fluvial fish to find a fish passage entrance
(Aldven et al. 2015; Xu et al. 2017). Further to this,
increased water temperatures due to low flows during
the migration are likely to influence fish physiology
and condition during passage, making the impacts
of migration delays more severe (Haraldstad et al.
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2019). Moreover, limited water availability may leave
fishways disconnected, making passage impossible
and injury/death likely (Bao et al. 2019). However,
increased discharge (and flood events) could cause
flow within fishways to exceed the swimming abil-
ity of fish and form a velocity barrier or increase fish
attraction to other structures (e.g., spillways) where
passage is not possible (Godinho and Kynard 2009).
Even if the fish pass the fish passage, the habitats
quality located above the larger reservoirs is inferior,
fish either cannot spawn or their young cannot reach
adequate habitats for development, and the passages
may work as ecological traps (Pelicice and Agostinho
2008).

Water quality issues

Water quality could be affected by altered hydropower
operations, the most prominent effects of which
include accumulated pollutants, changed dissolved
oxygen levels, sediment trapping within the impound-
ment (van Cappellen and Maavara 2016), and high
greenhouse gas (GHG) emissions from reservoirs
(Résidnen et al. 2018; Almeida et al. 2019). Storage
water and declining release flow may influence the
transport and dilution capacity of pollutants, resulting
in increased concentrations of pollutants in the res-
ervoir, including metals, pesticides, nutrients, endo-
crine disruptors, and atmospheric ozone, all of which
have the potential to influence fish health (Staudt
et al. 2013). Although, the hydropower is regard
as a “green” energy and could lessen the emission
of carbon dioxide (CO,), it may also release GHG,
especially for new dams and placing dams in higher
elevations, because the impoundment will make
organic matter decomposition and produce GHG
(Résidnen et al. 2018; Almeida et al. 2019). In addi-
tion, reduced flow has been linked to altered salin-
ity of freshwater ecosystems and increased disease
in fish (Hiner and Moffitt 2001; Necker et al. 2019).
Elevated magnitude and frequency of spill processes
may enhance the chance of supersaturated total dis-
solved gas (TDG) surrounding hydropower facilities
(Pleizier et al. 2020). Flood discharge through dams,
especially high dams, results in large amounts of air
and bubbles being entrained in the water and trans-
ported to deep parts of the water basin downstream
of the dam (e.g., super-saturation), causing supersatu-
rated TDG (Weitkamp et al. 1980; Ma et al. 2018),
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which can persist throughout large areas of the reach
downstream of the dam for a long period (Feng et al.
2013; Witt et al. 2017). If fish stay at downstream of a
dam with high TDG saturation levels for a long time,
they are more likely to succumb to gas bubble disease
and ultimately mortality (Witt et al. 2017; Pleizier
et al. 2020).

Above, we mainly document how the dams
together with climate change may influence more
severely downstream flow conditions for fish. Mean-
while, we understand that climate change and dam are
great threats in their own way and we would like to
have an overall review. For example, climate change
is likely to increase the frequency and extent of nui-
sance algal blooms, thereby posing potential survival
problems to fish (Bassar et al. 2016). In addition, cli-
mate change may alter species distribution (Parmesan
2006), facilitate biological invasions (Azzurro et al.
2019) and disease outbreaks (Hermoso 2017), has
an adverse effect on biological communities (Krab-
benhoft et al. 2014). Fragmentation and modified
flow regime both caused by hydropower dams. Dams
create physical obstructions to fish migration routes,
which result in the genetic isolation, fish impinge-
ment, injury or mortality and loss of biodiversity.
Impoundments change water depths, currents, and
deposition patterns, leading to decreasing of habitats
number and size, and then has effects on fish growth
and reproduction or promote the biological invasions.
Discharge would lead to fluctuation downstream,
desiccation of eggs, and stranding, spawning activity
may been delayed and reduced due to changed water
temperature downstream of the dams (Reid et al.
2019).

Proactive management actions for mitigating
impacts of flow regulation on riverine fishes
under future climates

An anticipatory approach is needed now to ensure
we minimize impacts on riverine fishes. Maybe the
industry itself may be designed to consider the cli-
mate-induced reduction of water availability (Majone
et al. 2016; Anghileri et al. 2018). There is also need
for ecological researchers to demand forward think-
ing so that hydropower plans do not just consider the
climate change and hydropower plans but how this
will consequence to fish populations. Therefore, we
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highlight five positive steps that can be taken now to
help minimize the impacts of future hydropower pro-
duction on riverine fishes.

Engage in basin-wide planning and siting

As outlined previously, it is anticipated that demand
on hydropower production will increase in the future.
Meanwhile, we may see the production potential of
hydropower plants deteriorate over time with climate
change, leading some dams to be considered ‘obso-
lete’ or ‘dead beat’ (Agoramoorthy 2015). What
will clearly be important is the location where these
dams are sited, especially in some alpine areas where
hydropower production is more vulnerable to climate
change (Winemiller et al. 2016). There are important
questions to consider, such as whether rivers cur-
rently suitable for hydropower production will remain
viable during the entirety of their lifecycle given pre-
dicted climate models (as was done on the Zambezi
River; Spalding-Fecher et al. 2016). Improper sit-
ing is a lose-lose scenario, and forethought will be
needed to ensure hydropower locations remain viable
over multiple decades in light of climate change. As
such, if climate models indicate there is insufficient
water in a system for energy demands and the ecosys-
tem, a hydropower facility should not be sited there.
Basin-wide planning is needed that considers the cur-
rent location of hydropower facilities (Ziv et al. 2012)
and the hydropower potential of various locations
throughout a watershed.

Adopt operational and structural changes to provide
adequate release flows

The management of downstream flows by adjust-
ing hydropower operations is a critical measure for
mitigating the unpredictability and intensity of flow
change on riverine fishes as a consequence of cli-
mate change and hydropower facilities. If inflows are
no longer sufficient to meet power generation needs
during dry seasons or years, water must first be pri-
oritized for e-flow and secondarily for power genera-
tion to ensure downstream reaches can support fish
and other aquatic life (Zhang et al. 2016). Introduc-
ing a constant base flow or re-operating dams for
environmental flows (e.g., using transparency and
translucency rules) may significantly increase habitat
suitability for riverine fishes in climate-induced arid

regions (Renofalt et al. 2010; Owusu et al. 2020).
Furthermore, the major objective for improvements
should be to make downstream releases similar to
the variability of natural discharge patterns (Reno-
falt et al. 2010). To meet energy demand, society
can adopt other renewable energy sources (e.g.,
solar and wind energy) that can compensate for
reduced hydropower production during some periods
or years. It will be critical to think about how these
energy sources impact the environment and what
energy source may be most suitable at a given loca-
tion. Alternatively, there may be opportunities for
improving hydropower generation efficiencies from a
technical perspective to compensate for reduced gen-
eration. Some previous analyses showed that a 10%
increase in the efficiency of hydropower plants was
able to completely offset the mean annual impacts of
decreased water availability under a changing climate
for most regions (North America, Europe, Africa and
Asia) (van Vliet et al. 2016a).

As for fish passage, sufficient flow at dams should
be allocated to fish passage facilities to ensure they
remain functional. Harris (2000) identified a general
guideline whereby 10% of dry season flow should
be allocated to fish passage facilities. It will be pru-
dent to design fishways that can be quickly adapted
to changing river conditions on a seasonal or yearly
basis, such as designing fishways with multiple exits
and entrances at different water levels that can be
adjusted season to season as conditions change. For
an already built fishway, minimum flow releases are
often combined with weirs and pools as a means of
wetting the channel at low discharge (Fjellheim and
Raddum 1996; Rgrslett and Johansen 1996), prevent-
ing migrating fish from being stranded and dried up
due to a lack of connectivity within the fishway. In
some cases, it may be best to prevent entry into the
fishway during low flow, or to provide high flow
provisions to the fishway over short periods to trig-
ger migration in a large proportion of fish aggregated
below the fishway (Lopes et al. 2018).

Similarly, management strategies are needed to
reduce the risks of extremely high flow events posed
to fish habitats. The creation of off-channel storage
basins or wetlands may be a way to absorb water
during high flows (Poff et al. 2002) and provide for
e-flow provisions during the dry season. Structural
measures (e.g., compensation basins and caverns) can
be constructed at the outlet of a hydropower dam to
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retain water after passing through the turbines (Prem-
staller et al. 2017). Water flow can then be released
from these basins to attenuate ramping rates associ-
ated with hydropeaking such that impacts on the
aquatic ecosystem are minimized (Person et al. 2014;
Tonolla et al. 2017). Hydropeaking can be mitigated
through operational or structural measures (Bruder
et al. 2016). An appropriate and effective operational
measure is modifying the downstream flow regime,
by increasing the base flow in the river, either by
increasing residual flow releases from the reservoir
or by releasing water through the power plant (Person
et al. 2014).

Develop parallel conservation and restoration projects

Implementing conservation and restoration projects
now to protect existing resources and recover close-
to-natural ecosystems will be key to building eco-
logical resilience in the face of future change. Current
efforts should focus on assessing species and habitats
most vulnerable to future threats and establishment
of protected areas. For example, some recent studies
have shown the importance of tailrace areas down-
stream of dams as well as downstream tributaries for
fish reproduction (Antonio et al. 2007; Weber et al.
2013). Therefore, protection of tributaries and other
existing habitats should be prioritized while also con-
sidering how habitats created by the dam (e.g., unique
tailrace habitats can be enhanced for fish). Predicting
shifts in the distribution of freshwater species will be
critical to ensuring both current and future habitats
are protected (i.e. Bond et al. 2011). Finally, habitat
restoration measures (e.g., placing gravel in channels
where it has previously been scoured or construct-
ing artificial fish habitat) can be useful (Taylor et al.
2019).

Engage in efforts to improve water quality

Greater consideration should be given to addressing
water quality issues both in the reservoir and down-
stream of barriers. Reducing river pollution now by
preventing domestic water pollution and agricul-
tural pollution is probably the most viable approach
to maintaining water quality in the future. In addi-
tion, reservoirs should be flushed intermittently to
reduce the accumulation of pollutants (e.g., through
sediment bypass tunnels or flushing). To address
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supersaturated TDG, Politano et al. (2012) suggested
the installation of spillway flow deflectors that redi-
rect spilt water horizontally and form a surface jet
that prevents bubbles from plunging to depth in the
stilling basin. It was also found that adoption of bot-
tom orifices could decrease the TDG oversaturation
level (Ma et al. 2019). Moreover, a discontinuous dis-
charge pattern instead of a continuous pattern mini-
mized the maximum duration of the high TDG level
(Ma et al. 2019). For cascaded dams of rivers, it is
worth noting that single operation mode is better for
fish than joint operation of both stations as super-
saturated TDG generated at the upstream cascade can
carry over to the downstream power station and result
in cumulative TDG supersaturation (Ma et al. 2018).
Finally, we advocate for long-term monitoring of
flow, water quality, and responses of vulnerable fish
species, combined with developing models that quan-
tify and predict future conditions at a watershed scale
to help support decision-making.

Revise hydropower policy and governance processes
to prioritize fish

Many of the approaches outlined above require a
combination of relevant legal and funding structures
to coordinate water rights allocations and ensure
the implementation of conservation measures at the
local scale (Twardek et al. 2021). First, all stake-
holders and rightsholders, ecosystem managers,
policymakers, resource users, indigenous commu-
nities and citizens should collaborate to prioritize
trade-offs between hydropower generation and
effects on aquatic systems (Li et al. 2018). E-flow
provisions will need to be mandated where they are
not through legislative changes that are resilient to
changes in political leadership, such as how e-flow
has been incorporated into high-level policies for
river management in accordance with the European
Water Framework Directive (European Commission
2015). Many countries now formally protect and
manage environmental water through national laws
and regulations, as well as at the basin scale. In
some cases, costs associated with greater flow pro-
visions to support fish habitat and fish migrations
may be compensated through government funding
and optimizing revenue for future climate scenarios.
Alternatively, state ownership of hydropower facili-
ties can help to ensure the many ecosystem services
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provided by the river for the general public are
taken into account.

Conclusions

Climate-induced changes to precipitation, evapora-
tion, and ice (including glaciers) and snow melting
has and will continue to drastically alter the natu-
ral flow regime in rivers worldwide. These changes
include variation in annual average flow, shift in the
timing of seasonal flow, and increased intensity of
extreme flow, which will modify hydropower opera-
tions and consequences to fish populations in these
regulated systems. We need to think proactively to
optimize hydropower site selection, design sites to be
flexible and adaptive, restore natural flow regime, to
implement conservation and restoration projects, and
to improve water quality to support the resiliency of
riverine fishes that face synergistic effects. Environ-
mental assessments and other important processes in
hydropower planning and licensing must transition
towards a long-term view and explicitly consider how
altered hydropower operations due to climate change
will modify environmental impacts in the future. We
are hopeful this synthesis piece will provoke greater
thought into hydropower development in the many
regions of the world where it is rapidly expanding
(Zarfl et al. 2015). Doing so will be critical if we are
to meet the call to action to save riverine fishes (Tick-
ner et al. 2020).

Acknowledgements JHB and MD was supported by the
National Natural Science Foundation of China (N0.32202914;
No.32172955), the National Key R and D Program of China
(No. 2022YFB 3206903; 2022YFB 3206902), the Scientific
Instrument Developing Project of the Chinese Academy of Sci-
ences (No. YIKYYQ 20190055), the National Park Institute
Research Project of China (No. KFJ-STS-ZDTP-2021-003),
the project of Key Laboratory of Changjiang Regulation and
Protection of Ministry of Water Resources. JHB was supported
by the China Scholarship Council (CSC). WMT was supported
by NSERC, a Weston Family Award, and Polar Knowledge
Canada.

References

Abera FF, Asfaw DH, Engida AN, Melesse AM (2018) Opti-
mal operation of hydropower reservoirs under climate

change: the case of Tekeze reservoir. Eastern Nile Water
10(3):273. https://doi.org/10.3390/w10030273

Agostinho AA, Gomes LC, Verissimo S, Okada EK (2004)
Flood regime, dam regulation and fish in the Upper Par-
ana River: effects on assemblage attributes, reproduction
and recruitment. Rev Fish Biol Fisher 14:11-19. https://
doi.org/10.1007/s11160-004-3551-y

Aldven D, Degerman E, Hojesjo J (2015) Environmental cues
and downstream migration of anadromous brown trout
(Salmo trutta) and Atlantic salmon (Salmo salar) smolts.
Boreal Environ Res 20(1):35-44

Alfieri L, Burek P, Feyen L, Forzieri G (2015) Global warming
increases the frequency of river floods in Europe. Hydrol
Earth Syst Sci 19(5):2247-2260. https://doi.org/10.5194/
hess-19-2247-2015

Almeida RM, Shi QR, Gomes-Selman JM, Wu XJ, Xue YX,
Angarita H, Barros N, Forsberg BR, Garcia-Villacorta R,
Hamilton SK, Melack JM, Montoya M, Perez G, Sethi
SA, Gomes CP, Flecker AS (2019) Reducing greenhouse
gas emissions of Amazon hydropower with strategic dam
planning. Nat Commun 10:4281. https://doi.org/10.1038/
s41467-019-12179-5

Anghileri D, Botter M, Castelletti A, Weigt H, Burlando P
(2018) A comparative assessment of the impact of cli-
mate change and energy policies on Alpine hydropower.
Water Resour Res 54(11):9144-9161

Antonio RR, Agostinho AA, Pelicice FM, Bailly D, Okada EK,
Dias JHP (2007) Blockage of migration routes by dam
construction: can migratory fish find alternative routes?
Neotrop Ichthyol 5(2):177-184. https://doi.org/10.1590/
S$1679-62252007000200012

Arnell NW, Gosling SN (2013) The impacts of climate change
on river flow regimes at the global scale. J Hydrol
486:351-364. https://doi.org/10.1016/j.jhydrol.2013.02.
010

Azzurro E, Sbragaglia V, Cerri J, Bariche M, Bolognini L, Sou-
issi JB, Busoni G, Coco S et al (2019) Climate change,
biological invasions, and the shifting distribution of
Mediterranean fishes: a large-scale survey based on local
ecological knowledge. Glob Chang Biol 25:2779-2792.
https://doi.org/10.1111/gcb.14670

Bailly D, Agostinho AA, Suzuki HI (2008) Influence of the
flood regime on the reproduction of fish species with
different reproductive strategies in the Cuiaba River,
Upper Pantanal Brazil. River Res Appl 24(9):1218-1229.
https://doi.org/10.1002/rra.1147

Bao J, Sherwood SC, Alexander LV, Evans JP (2017) Future
increases in extreme precipitation exceed observed scal-
ing rates. Nat Clim Chang 7(2):128-132. https://doi.org/
10.1038/nclimate3201

Bao JH, Li WW, Zhang CS, Mi XY, Li HT, Zhao XJ, Cao N,
Twardek WM, Cooke SJ, Duan M (2019) Quantitative
assessment of fish passage efficiency at a vertical-slot
fishway on the Daduhe River in Southwest China. Ecol
Eng 141:105597. https://doi.org/10.1016/j.ecoleng.2019.
105597

Bassar RD, Letcher BH, Nislow KH, Whiteley AR (2016)
Changes in seasonal climate outpace compensatory
density-dependence in eastern brook trout. Glob Change
Biol 22(2):577-93. https://doi.org/10.1111/gcb.13135

@ Springer


https://doi.org/10.3390/w10030273
https://doi.org/10.1007/s11160-004-3551-y
https://doi.org/10.1007/s11160-004-3551-y
https://doi.org/10.5194/hess-19-2247-2015
https://doi.org/10.5194/hess-19-2247-2015
https://doi.org/10.1038/s41467-019-12179-5
https://doi.org/10.1038/s41467-019-12179-5
https://doi.org/10.1590/S1679-62252007000200012
https://doi.org/10.1590/S1679-62252007000200012
https://doi.org/10.1016/j.jhydrol.2013.02.010
https://doi.org/10.1016/j.jhydrol.2013.02.010
https://doi.org/10.1111/gcb.14670
https://doi.org/10.1002/rra.1147
https://doi.org/10.1038/nclimate3201
https://doi.org/10.1038/nclimate3201
https://doi.org/10.1016/j.ecoleng.2019.105597
https://doi.org/10.1016/j.ecoleng.2019.105597
https://doi.org/10.1111/gcb.13135

Rev Fish Biol Fisheries

Battin J, Wiley MW, Ruckelshaus MH, Palmer RN, Korb
E, Bartz KK, Imaki H (2007) Projected impacts of cli-
mate change on salmon habitat restoration. PNAS
104(16):6720-6725. https://doi.org/10.1073/pnas.07016
85104

Bond NR, Lake PS, Arthington AH (2008) The impacts of
drought on freshwater ecosystems: an Australian per-
spective. Hydrobiologia 600:3—16. https://doi.org/10.
1007/s10750-008-9326-z

Bond N, Thomson J, Reich P, Stein J (2011) Using species
distribution models to infer potential climate change-
induced range shifts of freshwater fish in south-eastern
Australia. Mar Freshw Res 62(9):1043-1061. https://doi.
org/10.1071/MF10286

Bruder A, Tonolla D, Schweizer SP, Vollenweider S, Langhans
SD, Wiiest A (2016) A conceptual framework for hydro-
peaking mitigation. Sci Total Environ 568:1204-1212.
https://doi.org/10.1016/j.scitotenv.2016.05.032

Bunn SE, Arthington AH (2002) Basic principles and ecologi-
cal consequences of altered flow regimes for aquatic bio-
diversity. Environ Manage 30(4):492-507. https://doi.
0rg/10.1007/300267-002-2737-0

Centre for Climate and Energy Solutions (2018) https://www.
c2es.org/content/renew- able-energy

Chalise DR, Sankarasubramanian A, Ruhi A (2021) Dams
and climate interact to alter river flow regimes across
the United States. Earths Future 9(4):e2020EF001816.
https://doi.org/10.1029/2020EF001816

Chang JB, Wang XY, Li YY, Wang YM, Zhang HX (2018)
Hydropower plant operation rules optimization response
to climate change. Energy 160:886-897. https://doi.org/
10.1016/j.energy.2018.07.066

Chessman BC (2015) Relationship between lotic macroinver-
tebrate traits and responses to extreme drought. Freshw
Biol 60(1):50-63. https://doi.org/10.1111/fwb.12466

Costa MJ, Lennox RJ, Katopodis C, Cooke SJ (2017) Is there
evidence for flow variability as an organism-level stressor
in fluvial fish? J Ecohydraul 2(1):68-83. https://doi.org/
10.1080/24705357.2017.1287531

Crozier LG, Hendry AP, Lawson PW, Quinn TP, Mantua NJ,
Battin J, Shaw RG, Huey RB (2008) Potential responses
to climate change in organisms with complex life his-
tories: evolution and plasticity in Pacific salmon. Evol
Appl 1(2):252-270. https://doi.org/10.1111/j.1752-4571.
2008.00033.x

de Necker L, Neswiswi T, Greenfield R, van Vuren J, Bren-
donck L, Wepener V, Smit N (2019) Long-Term water
quality patterns of a flow regulated tropical lowland river.
Water 12(1):37. https://doi.org/10.3390/w12010037

Deinet S, Scott-Gatty K, Rotton H et al (2020) The living
planet index (LPI) for migratory freshwater fish: techni-
cal report. World fish migration foundation. https://world
fishmigrationfoundation.com/wp-content/uploads/2020/
07/LPI_report_2020.pdf

Doll P, Zhang J (2010) Impact of climate change on fresh-
water ecosystems: a global-scale analysis of eco-
logically relevant river flow alterations. Hydrol Earth
Syst  Sci  14(5):783-799.  https://doi.org/10.5194/
hess-14-783-2010

Donat MG, Lowry AL, Alexander LV, O’Gorman PA, Maher
N (2017) Addendum: more extreme precipitation in the

@ Springer

world’s dry and wet regions. Nat Clim Chang 7(2):154—
158. https://doi.org/10.1038/nclimate3160

Driver LJ, Hoeinghaus DJ (2016) Spatiotemporal dynamics of
intermittent stream fish metacommunities in response to
prolonged drought and reconnectivity. Mar Freshw Res
67(11):1667-1679. https://doi.org/10.1071/MF15072

Dudgeon D, Arthington AH, Gessner MO, Kawa-
bata ZI, Knowler DJ, Le “ve"queNaimanPrieur-
RichardSotoStiassny CRJAHDMLYI et al (2006) Fresh-
water biodiversity: importance, threats, status and
conservation challenges. Biol Rev 81(2):163-182.
https://doi.org/10.1017/S1464793105006950

Eisner S, Florke M, Chamorro A, Daggupati P, Donnelly C,
Huang J, Hundecha Y, Koch H, Kalugin A, Krylenko I,
Mishra V, Piniewski M, Samaniego L, Seidou O, Wallner
M, Krysanova V (2017) An ensemble analysis of climate
change impacts on streamflow seasonality across 11 large
river basins. Clim Change 141:401-417. https://doi.org/
10.1007/s10584-016-1844-5

Eum HI, Dibike Y, Prowse T (2017) Climate-induced alteration
of hydrologic indicators in the Athabasca River basin,
Alberta, Canada. J Hydrol 544:327-342. https://doi.org/
10.1016/j.jhydrol.2016.11.034

Meier P, Bieri M, Manso P, Schweizer S, Fankhauser A,
Schwegler B, Schleiss A (2016) Hydro-peaking mitiga-
tion measures: Performance of a complex compensation
basin considering future system extensions. Conference:
SCCER-SoE Annual Conference At Sion

Feng J, Li R, Yang H, Li J (2013) A laterally averaged two-
dimensional simulation of unsteady supersaturation total
dissolved gas in deep reservoir. J] Hydrodyn 25(3):396—
403. https://doi.org/10.1016/S1001-6058(11)60378-9

Feng J, Li R, Liang R, Shen X (2014) Eco-environmentally
friendly operational regulation: an effective strategy to
diminish the TDG supersaturation of reservoirs. Hydrol
Earth Syst Sci 18(3):1213-1223. https://doi.org/10.5194/
hess-18-1213-2014

Ficke AD, Myrick CA, Hansen LJ (2007) Potential impacts
of global climate change on freshwater fisheries. Rev
Fish Biol Fish 17(4):581-613. https://doi.org/10.1007/
s11160-007-9059-5

Fjellheim A, Raddum GG (1996) Weir building in a regulated
west Norwegian river: long-term. Dynamics of inverte-
brates and fish. River Res Appl 12(4-5):501-508. https://
doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%
3¢501::AID-RRR414%3e3.0.CO;2-F

Garner G, Van Loon AF, Prudhomme C, Hannah DM (2015)
Hydroclimatology of extreme river flows. Freshw Biol
60(12):2461-2476. https://doi.org/10.1111/fwb.12667

Gaudard L, Romerio F (2014) Reprint of The future of hydro-
power in Europe: interconnecting climate, markets and
policies. Environ Sci Policy 43(SI):5-14. https://doi.org/
10.1016/j.envsci.2014.05.005

Godinho AL, Kynard B (2009) Migratory fishes of Bra-
zil: life history and fish passage needs. River Res Appl
25(6):702-712. https://doi.org/10.1002/rra.1180

Grelsson G (1985) Vegetational changes on two eroding banks
of a short-term regulated river. Reservoirs In northern
Sweden. Nord J Bot 5(6):581-614. https://doi.org/10.
1111/j.1756-1051.1985.tb01695.x


https://doi.org/10.1073/pnas.0701685104
https://doi.org/10.1073/pnas.0701685104
https://doi.org/10.1007/s10750-008-9326-z
https://doi.org/10.1007/s10750-008-9326-z
https://doi.org/10.1071/MF10286
https://doi.org/10.1071/MF10286
https://doi.org/10.1016/j.scitotenv.2016.05.032
https://doi.org/10.1007/s00267-002-2737-0
https://doi.org/10.1007/s00267-002-2737-0
https://www.c2es.org/content/renew
https://www.c2es.org/content/renew
https://doi.org/10.1029/2020EF001816
https://doi.org/10.1016/j.energy.2018.07.066
https://doi.org/10.1016/j.energy.2018.07.066
https://doi.org/10.1111/fwb.12466
https://doi.org/10.1080/24705357.2017.1287531
https://doi.org/10.1080/24705357.2017.1287531
https://doi.org/10.1111/j.1752-4571.2008.00033.x
https://doi.org/10.1111/j.1752-4571.2008.00033.x
https://doi.org/10.3390/w12010037
https://worldfishmigrationfoundation.com/wp-content/uploads/2020/07/LPI_report_2020.pdf
https://worldfishmigrationfoundation.com/wp-content/uploads/2020/07/LPI_report_2020.pdf
https://worldfishmigrationfoundation.com/wp-content/uploads/2020/07/LPI_report_2020.pdf
https://doi.org/10.5194/hess-14-783-2010
https://doi.org/10.5194/hess-14-783-2010
https://doi.org/10.1038/nclimate3160
https://doi.org/10.1071/MF15072
https://doi.org/10.1017/S1464793105006950
https://doi.org/10.1007/s10584-016-1844-5
https://doi.org/10.1007/s10584-016-1844-5
https://doi.org/10.1016/j.jhydrol.2016.11.034
https://doi.org/10.1016/j.jhydrol.2016.11.034
https://doi.org/10.1016/S1001-6058(11)60378-9
https://doi.org/10.5194/hess-18-1213-2014
https://doi.org/10.5194/hess-18-1213-2014
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1007/s11160-007-9059-5
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c501::AID-RRR414%3e3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c501::AID-RRR414%3e3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c501::AID-RRR414%3e3.0.CO;2-F
https://doi.org/10.1111/fwb.12667
https://doi.org/10.1016/j.envsci.2014.05.005
https://doi.org/10.1016/j.envsci.2014.05.005
https://doi.org/10.1002/rra.1180
https://doi.org/10.1111/j.1756-1051.1985.tb01695.x
https://doi.org/10.1111/j.1756-1051.1985.tb01695.x

Rev Fish Biol Fisheries

Guan Y, Zheng F, Zhang X, Wang B (2017) Trends and vari-
ability of daily precipitation and extremes during 1960-
2012 in the Yangtze River Basin. China Int J Climatol
37(3):1282-1298. https://doi.org/10.1002/joc.4776

Hamududu BH, Killingtveit A (016) Hydropower produc-
tion in future climate scenarios; the case for the Zambezi
River. Energies 9(7):502. https://doi.org/10.3390/en907
0502

Haraldstad T, Haugen TO, Kroglund F, Olsen EM, Hoglund
E (2019) Migratory passage structures at hydropower
plants as potential physiological and behavioural selec-
tive agents. R Soc open sci 6(11):190989. https://doi.org/
10.1098/r50s.190989

Harris JH (2000) Fish Passage and Fishways in New South
Wales: a status report. Cooperative Research Centre for
Freshwater Ecology (Australia) Technical Report 1/2000
32. http://enterprise.canberra.edu.au/WWW/www-crcfe.
nsf/d87a31d8f4603d1d4a256641000e9021/7 e16e5963b
71476b4a25664a004a2493?0OpenDocument.

Haun S, Olsen NRB (2012) Three-dimensional numerical
modelling of the flushing process of the Kali Gandaki
hydropower reservoir. Lakes Reserv Res Manag 17:25—
33. https://doi.org/10.1111/§.1440-1770.2012.00491.x

Hermoso V (2017) Freshwater ecosystems could become the
biggest losers of the Paris Agreement. Glob Change Biol
23(9):3433-3436. https://doi.org/10.1111/gcb.13655

Hiner M, Moffitt CM (2001) Variations in infections of Myxo-
bolus cerebralis in field-exposed cutthroat and rainbow
trout in Idaho. J Aqua Anim Health 13(2):124-132.
https://doi.org/10.1577/1548-8667(2001)013%3c0124:
VIIOMC%3¢2.0.CO;2

Hirji R, Davis R (2009) Environmental flows in water resources
policies, plans, and projects: findings and recommenda-
tions. World Bank, Washington DC

International Commission on Large Dams (ICOLD) (2020)
https://www.icold-cigb.org/article/GB/worldregisterge
neralsynthesis/general-synthesis

IPCC (2018) Summary for policymakers. In: Masson-Del-
motte, V, Zhai P, Portner HO, Roberts D, Skea J, Shukla
PR, Pirani A, Moufouma-Okia W, Péan C, Pidcock R,
Connors S, Matthews JBR, Chen Y, Zhou X, Gomis MI,
Lonnoy E, Maycock T, Tignor M, T. Waterfield (eds)
Global Warming of 1.5 °C. An IPCC Special Report
on the impacts of global warming of 1.5 °C above pre-
industrial levels and related global greenhouse gas emis-
sion pathways, in the context of strengthening the global
response to the threat of climate change, sustainable
development, and efforts to eradicate poverty

Jaeger KL, Olden JD, Pelland NA (2014) Climate change
poised to threaten hydrologic connectivity and endemic
fishes in dryland streams. PNAS 111(38):13894-13899.
https://doi.org/10.1073/pnas. 1320890111

Kingsford RT (2000) Ecological impacts of dams, water diver-
sions and river management on floodplain wetlands in
Australia. Austral Ecol 25(2):109-127. https://doi.org/
10.1046/j.1442-9993.2000.01036.x

Knouft JH, Ficklin DL (2017) The potential impacts of climate
change on biodiversity in flowing freshwater systems.
Annu Rev Ecol Evol Syst 48:111-133. https://doi.org/10.
1146/annurev-ecolsys-110316-022803

Krabbenhoft TJ, Platania SP, Turner TF (2014) Interannual
variation in reproductive phenology in a riverine fish
assemblage: implications for predicting the effects of
climate change and altered flow regimes. Freshw Biol
59:1744-1754. https://doi.org/10.1111/fwb.12379

Larimore RW, Childers WF, Heckrotte C (1959) Destruction
and reestablishment of stream fish and invertebrates
affected by drought. Trans Am Fish Soc 88(4):261-
285.  https://doi.org/10.1577/1548-8659(1959)88[261:
DAROSF]2.0.CO;2

Lauri H, de Moel H, Ward PJ, Keskinen M, Kummu M (2012)
Future changes in Mekong river hydrology: impact of
climate change and reservoir operation on discharge.
Hydrol Earth Syst Sci 16:4603-4619. https://doi.org/10.
5194/hess-16-4603-2012

Lehner B, Reidy LC, Revenga C, Vorosmarty C, Fekete B,
Crouzet P, Doll P, Endejan M, Frenken K, Magome J,
Nilsson C, Robertson J, Rodel R, Sindorf N, Wisser D
(2011) High resolution mapping of the world’s reservoirs
and dams for sustainable river flow management. Front
Ecol Environ 9(9):494-502. https://doi.org/10.1890/
100125

Lennox RJ, Crook DA, Moyle PB, Struthers DP, Cooke SJ
(2019) Toward a better understanding of freshwater fish
responses to an increasingly drought-stricken world. Rev
Fish Biol Fisheries 29(1):71-92. https://doi.org/10.1007/
s11160-018-09545-9

Li WW, Bao JH, Zhang CS, Wang LW, Li HT, Wen JY, Duan
M (2018) A review of international fishway adaptive
management systems and management prospects for
China. Acta Hydrobiol Sinica 42(6):1240-1252. https://
doi.org/10.7541/2018.152

Li C, Zwiers F, Zhang XB, Li GL, Sun Y, Wehner M (2020)
Changes in annual extremes of daily temperature and
precipitation in cmip6 models. J Clim 34(9):1-61.
https://doi.org/10.1175/JCLI-D-19-1013.1

Li Y, Bai JY, You ZW, Hou J, Li W (2021) Future changes
in the intensity and frequency of precipitation extremes
over China in a warmer world: insight from a large
ensemble. PLos One 16:5. https://doi.org/10.1371/journ
al.pone.0252133

Liermann CR, Nilsson C, Robertson J, Ng RY (2012) Implica-
tions of dam obstruction for global freshwater fish diver-
sity. Bioscience 62(6):539-548. https://doi.org/10.1525/
bi0.2012.62.6.5

Lopes JD, Alves CBM, Peressin A, Pompeu PS (2018) Influ-
ence of rainfall, hydrological fluctuations, and lunar
phase on spawning migration timing of the Neotropical
fish Prochilodus costatus. Hydrobiologia 818(1):145-161

Lépez-Moreno JI, Zabalza J, Vicente-Serrano SM, Revuelto J,
Gilaberte M, Azorin-Molina C, Moran-Tejeda E, Garcia-
Ruiz JM, Tague C (2014) Impact of climate and land use
change on water availability and reservoir management:
scenarios in the Upper Aragon River, Spanish Pyrenees.
Sci Total Environ 493:1222-1231. https://doi.org/10.
1016/j.scitotenv.2013.09.031

Ma Q, Li R, Feng J, Lu JY, Zhou Q (2018) Cumulative effects
of cascade hydropower stations on total dissolved gas
supersaturation. Environ Sci Pollut Res 25(14):13536—
13547. https://doi.org/10.1007/s11356-018-1496-2

@ Springer


https://doi.org/10.1002/joc.4776
https://doi.org/10.3390/en9070502
https://doi.org/10.3390/en9070502
https://doi.org/10.1098/rsos.190989
https://doi.org/10.1098/rsos.190989
http://enterprise.canberra.edu.au/WWW/www-crcfe.nsf/d87a31d8f4603d1d4a256641000e9021/7
http://enterprise.canberra.edu.au/WWW/www-crcfe.nsf/d87a31d8f4603d1d4a256641000e9021/7
https://doi.org/10.1111/j.1440-1770.2012.00491.x
https://doi.org/10.1111/gcb.13655
https://doi.org/10.1577/1548-8667(2001)013%3c0124:VIIOMC%3e2.0.CO;2
https://doi.org/10.1577/1548-8667(2001)013%3c0124:VIIOMC%3e2.0.CO;2
https://www.icold-cigb.org/article/GB/worldregistergeneralsynthesis/general-synthesis
https://www.icold-cigb.org/article/GB/worldregistergeneralsynthesis/general-synthesis
https://doi.org/10.1073/pnas.1320890111
https://doi.org/10.1046/j.1442-9993.2000.01036.x
https://doi.org/10.1046/j.1442-9993.2000.01036.x
https://doi.org/10.1146/annurev-ecolsys-110316-022803
https://doi.org/10.1146/annurev-ecolsys-110316-022803
https://doi.org/10.1111/fwb.12379
https://doi.org/10.1577/1548-8659(1959)88[261:DAROSF]2.0.CO;2
https://doi.org/10.1577/1548-8659(1959)88[261:DAROSF]2.0.CO;2
https://doi.org/10.5194/hess-16-4603-2012
https://doi.org/10.5194/hess-16-4603-2012
https://doi.org/10.1890/100125
https://doi.org/10.1890/100125
https://doi.org/10.1007/s11160-018-09545-9
https://doi.org/10.1007/s11160-018-09545-9
https://doi.org/10.7541/2018.152
https://doi.org/10.7541/2018.152
https://doi.org/10.1175/JCLI-D-19-1013.1
https://doi.org/10.1371/journal.pone.0252133
https://doi.org/10.1371/journal.pone.0252133
https://doi.org/10.1525/bio.2012.62.6.5
https://doi.org/10.1525/bio.2012.62.6.5
https://doi.org/10.1016/j.scitotenv.2013.09.031
https://doi.org/10.1016/j.scitotenv.2013.09.031
https://doi.org/10.1007/s11356-018-1496-2

Rev Fish Biol Fisheries

Ma Q, Li R, Feng JJ, Lu JY, Zhou Q (2019) Ecological regula-
tion of cascade hydropower stations to reduce the risk of
supersaturated total dissolved gas to fish. J Hydro-Envi-
ron Res 27:102-115. https://doi.org/10.1016/j.jher.2019.
10.002

Ma J, Zhou L, Foltz GR, Qu X, Ying J, Tokinaga H, Mechoso
CR, Li JB, Gu XY (2020) Hydrological cycle changes
under global warming and their effects on multiscale cli-
mate variability. An NY Acad Sci 1472(1):21-48. https://
doi.org/10.1111/nyas.14335

Magalhaes BP, Schlosser 1J, Collares-Pereira MJ (2007) Effects
of multi-year droughts on fish assemblages of seasonally
drying Mediterranean streams. Freshw Biol 52(8):1494—
1510. https://doi.org/10.1111/j.1365-2427.2007.01781.x

Majone B, Villa F, Deidda R, Bellin A (2016) Impact of cli-
mate change and water use policies on hydropower
potential in the south-eastern Alpine region. Sci Total
Environ 543(SI):965. https://doi.org/10.1016/j.scitotenv.
2015.05.009

Mantua N, Tohver I, Hamlet A (2010) Climate change impacts
on streamflow extremes and summertime stream tem-
perature and their possible consequences for freshwater
salmon habitat in Washington state. Clim Chang 102(1-
2):187-223. https://doi.org/10.1007/s10584-010-9845-2

Maran S, Volonterio M, Gaudard L (2014) Climate change
impacts on hydropower in an alpine catchment. Environ
Sci Pol 43:15-25. https://doi.org/10.1016/j.envsci.2013.
12.001

Martin BR (1995) Foresight in science and technology. Tech-
nol Anal Strateg Manage 7:139-168. https://doi.org/10.
1080/09537329508524202

Matthews WIJ, Marsh-Matthews E (2003) Effects of drought
on fish across axes of space, time and ecological com-
plexity. Freshw Biol 48(7):1232—1253. https://doi.org/
10.1046/.1365-2427,2003.01087.x

Mosley LM (2015) Drought impacts on the water quality of
freshwater systems; review and integration. Earth Sci
Rev 140:203-214. https://doi.org/10.1016/j.earscirev.
2014.11.010

Murphy EA, Jackson PR (2013) Hydraulic and water-qual-
ity data collection for the investigation of great lakes
tributaries for asian carp spawning and egg-transport
suitability. US Department of the Interior, US Geologi-
cal Survey 2013-5106. https://doi.org/10.3133/sir20
135106

Myers BJ, Lynch AJ, Bunnell DB, Chu C, Falke JA, Kovach
RP, Trevor JK, Thomas JK, Paukert CP (2017) Global
synthesis of the documented and projected effects
of climate change on inland fishes. Rev Fish Biol
Fisheries 27(2):339-361. https://doi.org/10.1007/
s11160-017-9476-z

Nadeau PS, Hinch SG, Hruska KA, Pon LB, Patterson DA
(2010) The effects of energy depletion on physiological
condition and survival of adult sockeye salmon (Onco-
rhynchus nerka) during spawning migration. Environ
Biol Fishes 88:241-251

Nagrodski A, Raby GD, Hasler CT, Taylor MK, Cooke SJ
(2012) Fish stranding in freshwater systems: sources,
consequences, and mitigation. J Environ Manage
103:133-141. https://doi.org/10.1016/j.jenvman.2012.03.
007

@ Springer

Naus CJ, Adams SR (2018) Fish nursery habitat function of the
main channel, floodplain tributaries and oxbow lakes of
a mediumsized river. Ecol of Freshw Fish 27(1):4-18.
https://doi.org/10.1111/eff.12319

O’Keeffe J, Piniewski M, Szczesniak M, Oglecki P, Parasie-
wicz P, Okruszko T (2018) Index-based analysis of cli-
mate change impact on streamflow conditions important
for Northern Pike, Chub and Atlantic salmon. Fisheries
Manag Ecol 26(6):474-485. https://doi.org/10.1111/fme.
12316

Owusu AG, Mul M, Zaag P, Slinger J (2020) Re-operating
dams for environmental flows: from recommendation to
practice. River Res Appl 37(2):176-186. https://doi.org/
10.1002/rra.3624

Parmesan CCC (2006) Ecological and evolutionary responses
to recent climate change. Annu Rev Ecol Evol Syst
37(2006):637-669. https://doi.org/10.1146/annurev.ecols
ys.37.091305.110100

Paukert CP, Lynch AJ, Beard TD et al (2017) Design-
ing a global assessment of climate change on inland
fishes and fisheries: knowns and needs. Rev Fish Biol
Fisheries 27(2):393-409. https://doi.org/10.1007/
s11160-017-9477-y

Payne JT, Wood AW, Hamlet AF, Palmer RN, Lettenmaier
DP (2004) Mitigating the effects of climate change on
the water resources of the Columbia River basin. Clim
Chang  62(1-3):233-256.  https://doi.org/10.1023/B:
CLIM.0000013694.18154.d6

Pelicice FM, Agostinho AA (2008) Fish-passage facilities as
ecological traps in large neotropical rivers. Conserv Biol
22(1):180-188. https://doi.org/10.1111/j.1523-1739.
2007.00849.x . However,theauthorsdidn tmentionit

Person E, Bieri M, Peter A, Schleiss AJ (2014) Mitigation
measures for fish habitat improvement in Alpine rivers
affected by hydropower operations. Ecohydrology 7:580-
599. https://doi.org/10.1002/eco.1380

Pleizier NK, Algera D, Cooke SJ, Brauner CJ (2020) A
meta-analysis of gas bubble trauma in fish. Fish Fish
21(6):1175-1194. https://doi.org/10.1111/faf.12496

Poff NL (2018) Beyond the natural flow regime? Broadening
the hydro-ecological foundation to meet environmental
flows challenges in a non-stationary world. Freshw Biol
63(8):1011-1021. https://doi.org/10.1111/fwb.13038

Poff LR, Allan JD (1995) Functional organization of stream
fish assemblages in relation to hydrological variability.
Ecology 76(2):606-627. https://doi.org/10.2307/1941217

Poff NL, Zimmerman JKH (2010) Ecological responses to
altered flow regimes: a literature review to inform the
science and management of environmental flows: review
of altered flow regimes. Freshw Biol 55(1):194-205.
https://doi.org/10.1111/j.1365-2427.2009.02272.x

Poff NL, Brinson MM, Day JW (2002) Aquatic ecosystems
and global climate change: potential impacts on inland
freshwater and coastal wetland ecosystems in the United
States. Pew Center on Global Climate Change Arlington.

Politano M, Amado AA, Bickford S (2012) Evaluation of oper-
ational strategies to minimize gas supersaturation down-
stream of a dam. Comput Fluids 68:168—185. https://doi.
org/10.1016/j.compfluid.2012.08.003

Premstaller G, Cavedon V, Pisaturo GR, Schweizer S, Adami
V, Righetti M (2017) Hydropeaking mitigation project on


https://doi.org/10.1016/j.jher.2019.10.002
https://doi.org/10.1016/j.jher.2019.10.002
https://doi.org/10.1111/nyas.14335
https://doi.org/10.1111/nyas.14335
https://doi.org/10.1111/j.1365-2427.2007.01781.x
https://doi.org/10.1016/j.scitotenv.2015.05.009
https://doi.org/10.1016/j.scitotenv.2015.05.009
https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1016/j.envsci.2013.12.001
https://doi.org/10.1016/j.envsci.2013.12.001
https://doi.org/10.1080/09537329508524202
https://doi.org/10.1080/09537329508524202
https://doi.org/10.1046/j.1365-2427,2003.01087.x
https://doi.org/10.1046/j.1365-2427,2003.01087.x
https://doi.org/10.1016/j.earscirev.2014.11.010
https://doi.org/10.1016/j.earscirev.2014.11.010
https://doi.org/10.3133/sir20135106
https://doi.org/10.3133/sir20135106
https://doi.org/10.1007/s11160-017-9476-z
https://doi.org/10.1007/s11160-017-9476-z
https://doi.org/10.1016/j.jenvman.2012.03.007
https://doi.org/10.1016/j.jenvman.2012.03.007
https://doi.org/10.1111/eff.12319
https://doi.org/10.1111/fme.12316
https://doi.org/10.1111/fme.12316
https://doi.org/10.1002/rra.3624
https://doi.org/10.1002/rra.3624
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1146/annurev.ecolsys.37.091305.110100
https://doi.org/10.1007/s11160-017-9477-y
https://doi.org/10.1007/s11160-017-9477-y
https://doi.org/10.1023/B:CLIM.0000013694.18154.d6
https://doi.org/10.1023/B:CLIM.0000013694.18154.d6
https://doi.org/10.1111/j.1523-1739.2007.00849.x.However,theauthorsdidn´tmentionit
https://doi.org/10.1111/j.1523-1739.2007.00849.x.However,theauthorsdidn´tmentionit
https://doi.org/10.1002/eco.1380
https://doi.org/10.1111/faf.12496
https://doi.org/10.1111/fwb.13038
https://doi.org/10.2307/1941217
https://doi.org/10.1111/j.1365-2427.2009.02272.x
https://doi.org/10.1016/j.compfluid.2012.08.003
https://doi.org/10.1016/j.compfluid.2012.08.003

Rev Fish Biol Fisheries

a multi-purpose hydro-scheme on Valsura River in South
Tyrol/Italy. Sci Total Environ 574:642—653. https://doi.
org/10.1016/j.scitotenv.2016.09.088

Rand PS, Hinch SG, Morrison J, Morrison J, Foreman MGG,
MacNutt MJ, Macdonald JS, Healey MC, Farrell AP,
Higgs DA (2006) Effects of river discharge, temperature,
and future climates on energetics and mortality of adult
migrating Fraser River sockeye salmon. Trans Am Fish
Soc 135(3):655-667. https://doi.org/10.1577/T05-023.1

Rappert B (1999) Rationalising the future? Foresight in science
and technology policy co-ordination. Futures 31(6):527—
545. https://doi.org/10.1016/S0016-3287(99)00012-9

Risidnen TA, Varis O, Scherer L, Kummu M (2018) Green-
house gas emissions of hydropower in the Mekong River
Basin. Environ Res Lett 13(3):034030. https://doi.org/10.
1088/1748-9326/aaa817

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson
PTJ, Kidd KA, MacCormack TJ, Olden JD, Ormerod SJ,
Smol JP, Taylor WW, Tockner K, Vermaire JC, Dudgeon
D, Cooke SJ (2019) Emerging threats and persistent con-
servation challenges for freshwater biodiversity. Biol Rev
94:849-873. https://doi.org/10.1111/brv.12480

Renofalt BM, Jansson R, Nilsson C (2010) Effects of hydro-
power generation and opportunities for environmen-
tal flow management in Swedish riverine ecosystems.
Freshw Biol 55(1):49-67. https://doi.org/10.1111/j.1365-
2427.2009.02241.x

Rgrslett B, Johansen SW (1996) Remedial measures connected
with aquatic macrophytes in Norwegian regulated rivers
and reservoirs. River Res Appl 12(4-5):509-522. https://
doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%
3¢509:AID-RRR410%3e3.0.CO;2-3

Savelsberg J, Schillinger M, Schlecht I, Weigt H (2018) The
impact of climate change on swiss hydropower. Sustain-
ability 10(7):2541. https://doi.org/10.3390/su10072541

Schaefli B (2015) Projecting hydropower production under
future climates: a guide for decision-makers and mod-
elers to interpret and design climate change impact
assessments. Wiley Interdiscip Rev Water 2(4):271-289.
https://doi.org/10.1002/wat2.1083

Schneider C, Florke M, Eisner S, Voss F (2011) Large scale
modelling of bankfull flow: An example for Europe. J
Hydrol 408(3):235-245. https://doi.org/10.1016/j.jhydr
01.2011.08.004

Schneider C, Laizé CLR, Acreman MC, Florke M (2013)
How will climate change modify river flow regimes in
Europe? Hydrol Earth Syst Sci 17:325-339. https://doi.
org/10.5194/hess-17-325-2013

Sorg A, Bolch T, Stoffel M, Solomina O, Beniston M (2012)
Climate change impacts on glaciers and runoff in Tien
Shan (Central Asia). Nat Clim Change 2(10):725-731.
https://doi.org/10.1038/NCLIMATE1592

Spalding-Fecher R, Chapman A, Yamba F, Walimwipi H,
Kling H, Tembo B, Nyambe I, Cuamba B (2016) The
vulnerability of hydropower production in the Zam-
bezi River basin to the impacts of climate change
and irrigation development. Mitig Adapt Strateg
Glob Chang 21(5):721-742. https://doi.org/10.1007/
s11027-014-9619-7

Staudt A, Leidner AK, Howard J, Brauman KA, Dukes JS,
Hansen LJ, Paukert C, Sabo J, Solérzano LA (2013) The

added complications of climate change: understanding
and managing biodiversity and ecosystems. Front Ecol
Environ 11(9):494-501. https://doi.org/10.1890/120275

Tarroja B, AghaKouchak A, Samuelsen S (2016) Quantifying
climate change impacts on hydropower generation and
implications on electric grid greenhouse gas emissions
and operation. Energy 111:295-305. https://doi.org/10.
1016/j.energy.2016.05.131

Taylor JJ, Rytwinski T, Bennett JR, Smokorowski KE, Lapointe
NWR, Janusz R, Clarke K, Tonn B, Walsh JC, Cooke SJ
(2019) The effectiveness of spawning habitat creation or
enhancement for substrate-spawning temperate fish: a
systematic review. Environ Evid 8(1):19. https://doi.org/
10.1186/s13750-019-0162-6

Tickner D, Opperman JJ, Abell R, Acreman M, Arthington
AH, Bunn SE, Cooke SJ, Dalton J, Darwall W, Edwards
G et al (2020) Bending the curve of global freshwater
biodiversity loss: an emergency recovery plan. Biosci-
ence 70(4):330-342. https://doi.org/10.1093/biosci/biaal
02

Tonolla D, Bruder A, Schweizer S (2017) Evaluation of mitiga-
tion measures to reduce hydropeaking impacts on river
ecosystems—A case study from the Swiss Alps. Sci Total
Environ 574:594-604. https://doi.org/10.1016/j.scitotenv.
2016.09.101

Twardek WM, Nyboer EA, Tickner D, O’Connor CM,
Lapointe NW, Taylor MK et al (2021) Mobilizing practi-
tioners to support the emergency recovery plan for fresh-
water biodiversity. Conserv Sci Pract. https://doi.org/10.
1111/csp2.4674

van Cappellen P, Maavara T (2016) Rivers in the anthropocene:
global scale modifications of riverine nutrient fluxes by
damming. Ecohydrol Hydrobiol 16(2):106-111. https://
doi.org/10.1016/j.ecohyd.2016.04.001

van Vliet MTH, Franssen WHP, Yearsley JR, Ludwig F, Had-
deland I, Lettenmaier DP, Kabat P (2013) Global river
discharge and water temperature under climate change.
Glob Environ Change 23(2):450-464. https://doi.org/10.
1016/j.gloenvcha.2012.11.002

van Vliet MTH, Wiberg D, Leduc S, Riahi K (2016a) Power-
generation system vulnerability and adaptation to
changes in climate and water resources. Nature Clim
Change 6(4):375-380.  https://doi.org/10.1038/nclim
ate2903

van Vliet MTH, van Beek LPH, Eisner D, Florke M, Wada
Y, Bierkens MFP (2016b) Multi-model assessment of
global hydropower and cooling water discharge potential
under climate change. Global Environ Change-Human
Polocy Dimens 40:156-170. https://doi.org/10.1016/].
gloenvcha.2016.07.007

Wchwarz. Hydropower projects on Balkan Rivers: 2022
Update.

Webb JA, Miller KA, King EL, Little SD, Stewardson MIJ,
Zimmerman JKH, Poff NL (2013) Squeezing the most
out of existing literature: a systematic re-analysis of pub-
lished evidence on ecological responses to altered flows.
Fresh Biol 58(12):2439-2451. https://doi.org/10.1111/
fwb.12234

Weber AA, Nunes DMF, Gomes RZ, Rizzo E, Santiago KB,
Bazzoli N (2013) Downstream impacts of a dam and
influence of a tributary on the reproductive success of

@ Springer


https://doi.org/10.1016/j.scitotenv.2016.09.088
https://doi.org/10.1016/j.scitotenv.2016.09.088
https://doi.org/10.1577/T05-023.1
https://doi.org/10.1016/S0016-3287(99)00012-9
https://doi.org/10.1088/1748-9326/aaa817
https://doi.org/10.1088/1748-9326/aaa817
https://doi.org/10.1111/brv.12480
https://doi.org/10.1111/j.1365-2427.2009.02241.x
https://doi.org/10.1111/j.1365-2427.2009.02241.x
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c509:AID-RRR410%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c509:AID-RRR410%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1099-1646(199607)12:4/5%3c509:AID-RRR410%3e3.0.CO;2-3
https://doi.org/10.3390/su10072541
https://doi.org/10.1002/wat2.1083
https://doi.org/10.1016/j.jhydrol.2011.08.004
https://doi.org/10.1016/j.jhydrol.2011.08.004
https://doi.org/10.5194/hess-17-325-2013
https://doi.org/10.5194/hess-17-325-2013
https://doi.org/10.1038/NCLIMATE1592
https://doi.org/10.1007/s11027-014-9619-7
https://doi.org/10.1007/s11027-014-9619-7
https://doi.org/10.1890/120275
https://doi.org/10.1016/j.energy.2016.05.131
https://doi.org/10.1016/j.energy.2016.05.131
https://doi.org/10.1186/s13750-019-0162-6
https://doi.org/10.1186/s13750-019-0162-6
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1016/j.scitotenv.2016.09.101
https://doi.org/10.1016/j.scitotenv.2016.09.101
https://doi.org/10.1111/csp2.4674
https://doi.org/10.1111/csp2.4674
https://doi.org/10.1016/j.ecohyd.2016.04.001
https://doi.org/10.1016/j.ecohyd.2016.04.001
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1016/j.gloenvcha.2016.07.007
https://doi.org/10.1016/j.gloenvcha.2016.07.007
https://doi.org/10.1111/fwb.12234
https://doi.org/10.1111/fwb.12234

Rev Fish Biol Fisheries

Leporinus reinhardti in Sao Francisco River. Aquat Biol
19(2):195-200. https://doi.org/10.3354/ab0053 1

Weitkamp DE, Katz M (1980) A review of dissolved gas
supersaturation. Trans Am Fish Soc 109(6):659-702.
https://doi.org/10.1577/15488659(1980)109%3c659:
ARODGS%3e2.0.CO;2

Wenger SJ, Isaak DJ, Luce CH et al (2011) Flow regime,
temperature, and biotic interactions drive differential
declines of trout species under climate change. PNAS
108(34):14175-14180. https://doi.org/10.1073/pnas.
1103097108

Whitney JE, Al-Chokhachy R, Bunnell DB, Caldwell CA,
Cooke SJ, Eliason EJ, Rogers MW, Lynch AJ, Paukert
CP (2016) Physiological basis of climate change impacts
on North American inland fishes. Fisheries 41(7):332—
345. https://doi.org/10.1080/03632415.2016.1186656

Winemiller KO, Mclntyre PB, Castello L, Fluet-Chouinard
E, Giarrizzo T, Nam S, Baird IG et al (2016) Balancing
hydropower and biodiversity in the Amazon, Congo, and
Mekong. Science 351(6269):128-129. https://doi.org/10.
1126/science.aac7082

Witt A, Magee T, Stewart K, Hadjerioua B, Neumann D,
Zagona E, Politano M (2017) Development and imple-
mentation of an optimization model for hydropower and
total dissolved gas in the mid-Columbia river system. J
Water Resour Plan Manag 143(10):04017063. https:/
doi.org/10.1061/(ASCE)WR.1943-5452.0000827

Xenopoulos MA, Lodge DM, Alcamo J, Mirker M, Schulze
K, Vuuren DPV (2005) Scenarios of freshwater fish
extinctions from climate change and water withdrawal.
Glob Change Biol 15(10):1557-1564. https://doi.org/10.
1111/j.1365-2486.2005.001008.x

Xu ZH, Yin XA, Sun T, Cai YP, Ding Y, Yang W, Yang ZF
(2017) Labyrinths in large reservoirs: an invisible bar-
rier to fish migration and the solution through reservoir
operation. Water Resour Res 53(1):817-831. https://doi.
org/10.1002/2016 WR019485

Zarfl C, Lumsdon AE, Berlekamp J, Tydecks L, Tockner K
(2015) A global boom in hydropower dam construction.

@ Springer

Aquat Sci  77(1):161-170.  https://doi.org/10.1007/
$00027-014-0377-0

Zarfl C, Berlekamp J, He FZ, Jahnig SC, Darwall W, Tockner
K (2019) Future large hydropower dams impact global
freshwater megafauna. Sci Rep 9:18531. https://doi.org/
10.1038/s41598019549808

Zeng QH, Hu P, Wang H, Pan JG, Yang ZF, Liu H (2019) The
influence of cascade hydropower development on the
hydrodynamic conditions impacting the reproductive
process of fish with semibuoyant Eggs. Sci Total Environ
689:865-874.  https://doi.org/10.1016/j.scitotenv.2019.
06.411

Zhang WY, Di ZH, Yao WW, Li LK (2016) Optimizing the
operation of a hydraulic dam for ecological flow require-
ments of the You-shui River due to a hydropower station
construction. Lake Reserv Manag 32(1):1-12. https:/
doi.org/10.1080/10402381.2015.1101182

Zhao Y, Zou X, Liu Q, Yao Y, Li Y, Wu X, Wang C, Yu
W, Wang T (2017) Assessing natural and anthropo-
genic influences on water discharge and sediment
load in the Yangtze River, China. Sci Total Environ
607-608:920-932

Ziv G, Baran E, Nam S, Rodriguez-Iturbe I, Levin SA (2012)
Trading-off fish biodiversity, food security, and hydro-
power in the Mekong River Basin. PNAS 109(15):5609—
5614. https://doi.org/10.1073/pnas.1201423109

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.


https://doi.org/10.3354/ab00531
https://doi.org/10.1577/15488659(1980)109%3c659:ARODGS%3e2.0.CO;2
https://doi.org/10.1577/15488659(1980)109%3c659:ARODGS%3e2.0.CO;2
https://doi.org/10.1073/pnas.1103097108
https://doi.org/10.1073/pnas.1103097108
https://doi.org/10.1080/03632415.2016.1186656
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000827
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000827
https://doi.org/10.1111/j.1365-2486.2005.001008.x
https://doi.org/10.1111/j.1365-2486.2005.001008.x
https://doi.org/10.1002/2016WR019485
https://doi.org/10.1002/2016WR019485
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1007/s00027-014-0377-0
https://doi.org/10.1038/s41598019549808
https://doi.org/10.1038/s41598019549808
https://doi.org/10.1016/j.scitotenv.2019.06.411
https://doi.org/10.1016/j.scitotenv.2019.06.411
https://doi.org/10.1080/10402381.2015.1101182
https://doi.org/10.1080/10402381.2015.1101182
https://doi.org/10.1073/pnas.1201423109

	Mitigating the cumulative effects of hydropower and climate change on riverine fishes
	Abstract 
	Graphical abstract 

	Introduction
	Overview of climate-induced alterations to the natural flow regime
	Annual average flow
	Seasonal flow
	Extreme flow events

	Overview of the effect of altered natural flow regime on hydropower operations and discharge
	Hydropower generation

	Expected threats of future hydropower operations and discharge on to riverine fishes
	Reduced discharge and droughts
	Increased discharge and floods
	Shift in the timing of seasonal discharge
	Fish passage
	Water quality issues

	Proactive management actions for mitigating impacts of flow regulation on riverine fishes under future climates
	Engage in basin-wide planning and siting
	Adopt operational and structural changes to provide adequate release flows
	Develop parallel conservation and restoration projects
	Engage in efforts to improve water quality
	Revise hydropower policy and governance processes to prioritize fish

	Conclusions
	Acknowledgements 
	References


