
Vol.: (0123456789)

Rev Fish Biol Fisheries 
https://doi.org/10.1007/s11160-024-09909-4

REVIEWS

The environmental impact of hydropower: a systematic 
review of the ecological efects of sub‑daily fow variability 
on riverine fsh

Bryan B. Bozeman   · Brenda M. Pracheil   · 
Paul G. Matson 

Received: 3 January 2024 / Accepted: 19 November 2024 
© UT-Battelle, LLC and Battelle Memorial Institute 2025

Abstract  Hydropower can help facilitate power 
grid decarbonization because it can respond to short-
term changes in power demand and is comparatively 
more reliable than intermittent wind and solar. How-
ever, fexible hydropower operations can create rapid 
and abnormal fuctuations in downstream fow con-
ditions, which can negatively impact aquatic ecosys-
tems. Accordingly, we conducted a systematic review 
on the ecological efects of hydropower-driven sub-
daily fow variability (SDFV) on riverine fshes. We 
reviewed and synthesized 109 articles relevant to 
fsh-SDFV relationships from seven sources, most of 
which focused on Salmonids in North America and 

northern and western Europe and were published in 
the last 15 years. We found strong agreement in the 
literature that SDFV increases fsh stranding risk, 
destabilizes habitat, and decreases production and 
diversity. We found moderate agreement that SDFV 
interrupts fsh reproduction, increases or has no 
impact on condition, and prompts or discourages 
movement depending on local channel conditions. 
We found little to no agreement for relationships 
between SDFV and mortality, physiology, and behav-
ior. The efects of SDFV on riverine fsh ecology are 
intertwined in the complex suite of biotic and abi-
otic characteristics that structure aquatic ecosystems 
and are highly site-, species-, and life stage-specifc. 
Assessments of the impact of SDFV on fsh ecology 
should frst characterize local habitat and channel 
quality and fsh community composition to identify 
specifc, measurable ecological outcomes to sustain 
or enhance, and then design mitigation strategies tai-
lored to those ecological objectives.
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Introduction

More than 80% of total global energy is produced 
from nonrenewable sources compared to less than 
20% of energy produced from renewable sources and 
less than 5% from hydropower, geothermal, solar, 
and wind (IEA 2021). Shifting our energy production 
mix from mostly nonrenewable sources toward clean, 
low-carbon renewable sources can help mitigate the 
efects of global climate change by limiting the extent 
of atmospheric warming and protecting biodiversity 
(Riahi et  al. 2022). Renewable energy production 

industries are growing rapidly around the world with 
renewable sources forecasted to account for nearly 
40% of total global energy production by 2027 (IEA 
2022). However, greater contribution of renewable 
energy sources to global energy portfolios means 
greater reliance on intermittent forms of renewable 
energy such as solar and wind which only generate 
power when environmental conditions are favorable 
(Schmutz et al. 2014). In fact, variable solar and wind 
energy are the greatest contributors to annual global 
energy capacity additions with greater net capac-
ity  additions during the late 2010s than any other 
energy source and record-breaking capacity additions 
for solar energy in 2023 (Blakers et  al. 2019; IEA 
2023). The increasing contribution of variable renew-
able energy to power grids presents a challenge to 
power producers tasked with meeting real-time power 
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demands while maintaining power system security 
and stability (Mlilo et al. 2021).

Hydropower is a particularly promising form of 
renewable energy production that is well-poised to 
support decarbonization of the electric grid because 
it is a mature technology, has storage capabilities, 
can be dispatched quickly to meet grid demands 
when solar and wind production are not available, 
and consequently can support increased integration 
of variable renewable energy to global energy port-
folios (Harby and Noack 2013; Smokorowski 2022). 
Unlike variable solar and wind energy, hydropower 
facilities are fexible; they can be powered up to gen-
erate power when demand is high and powered down 
when demand is low or can be met from other sources 
(e.g., wind and solar), and they can respond to vari-
ations in electricity demands in seconds to minutes. 
The increased reliability, economic, and power grid 
decarbonization benefts of real time power balanc-
ing services from fexible hydropower production 
have already driven substantially increased intra-day 
variability in dispatch and will continue to do so as 
more variable renewable energy comes online (Ave-
sani et al. 2022; Jager et al. 2022; Marshall and Gru-
bert 2022). The environmental consequences of these 
operational changes are poorly understood and under-
represented in hydropower operational optimization 
decisions.

Hydropower dams (as well as many nonpowered 
dams) provide myriad services to society, including 
hydroelectric power production and grid stability, rec-
reational services (both upstream and downstream), 
food control, water supply for agricultural, munici-
pal, and industrial uses, and revenue for hydropower 
operators. To provide these services to meet soci-
etal needs, hydropower dams divert, store, or oth-
erwise interrupt fow, which dramatically alters the 
characteristic dynamic fow patterns of a river both 
upstream and downstream from dams. A river’s fow 
regime is characterized by fow patterns based on the 
magnitude, frequency, duration, timing, and rate of 
change of fows (Pof et al. 1997). Collectively, these 
fow regime components play a major role in struc-
turing, supporting, and constraining ecological pro-
cesses in rivers and streams (Palmer and Ruhi 2019; 
Pof and Ward 1989; Pof and Zimmerman 2010; 
Vannote et al. 1980). Generally, natural fow regimes 
in free-fowing, unregulated rivers follow seasonal, 
predictable patterns that create fow variability ranges 

that local aquatic organisms are adapted to withstand 
(Junk et  al. 1989; Lytle and Pof 2004; Pufer et  al. 
2015). By comparison, fow regimes in regulated 
rivers, such as those dammed for hydropower pro-
duction, may exhibit fow variability patterns with 
frequencies, magnitudes, durations, and/or rates of 
change that are dramatically diferent from natu-
ral systems, which may disrupt ecological processes 
from the organism to the community level (Bain et al. 
1988; Judes et  al. 2020; Taylor et  al. 2012). There 
are many ways that humans modify rivers and alter 
fow regimes; in this study we focus on regulated fow 
regimes with unnatural degrees of sub-daily fow var-
iability downstream from hydropower facilities.

Human alterations to natural fow regimes 
– including via hydropower dam construction and 
operation – are widely studied (Bain et al. 1988; Lytle 
and Pof 2004; Richter et al. 1996) and many difer-
ent fow metrics have been derived to characterize 
and distinguish regulated fow regimes from natural 
fow regimes (e.g., Bakken et al. 2021; Bejarano et al. 
2017; Bevelhimer et  al. 2015). Hydropower dams 
employ many diferent modes of operation ranging 
from those that approximate natural fow regimes via 
matching downstream discharge with upstream infow 
(i.e., run-of-river) to those that store and release water 
to maximize hydroelectric generation and create 
dramatically modifed regulated fow regimes (e.g., 
hydropeaking), with potentially dramatic changes to 
fow in bypass reaches depending on specifc project 
confguration (Greimel et al. 2016; Li and Pasternack 
2021; McManamay et al. 2016a). Mode of operation 
is infuenced by the physical characteristics of the 
dam and its storage and generation capacity, hydrol-
ogy, local geography and river characteristics, power 
demand and market pricing, agency requirements, 
and legislative restrictions for environmental protec-
tion (McManamay 2014; Moreira et  al. 2019; Pof 
and Hart 2002; Roni et al. 2023).

Hydropeaking is the mode of operation that has 
received the most research attention, perhaps because 
it ostensibly has the greatest environmental and eco-
nomic impacts, although most hydropower modes 
of operation create regulated fow regimes that dif-
fer signifcantly from natural patterns (Zimmerman 
et al. 2010). Hydropeaking is variably defned in the 
scientifc literature, but generally is conceptualized 
as an extreme form of load following where hydro-
power facilities operate fexibly in response to market 
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demand for power by storing water when demand is 
low and releasing water during peak demand, which 
creates large and rapid fuctuations in both power pro-
duction and downstream fow up to several times per 
day (Moog 1993; Sauterleute and Charmasson 2014). 
Hydropeaking is characterized by four distinct phases 
that include: (1) base fow during periods of no power 
production, (2) up-ramping to increase power produc-
tion and fow, (3) continuous peak fow during high-
est power demand, and (4) down-ramping to reduce 
or cease power production and return to base fow 
(Costa 2019). Hydropeaking is one of the most com-
mon modes of operation of United States hydropower 
facilities, and is implemented by more than 30% of 
US hydropower dams and power plants (McManamay 
et  al. 2016). Hydropeaking is an important compo-
nent of decarbonized power grid reliability because 
it is the only low-carbon method of fexible power 
production (Smokorowski 2022). Although difer-
ent modes of operation create diferent intensities of 
fow modifcation (Greimel et  al. 2016; Zimmerman 
et al. 2010), regulated fow regimes generally exhibit 
diminished seasonal peak fows, extended periods of 
low fow, and much greater sub-daily fow variability 
relative to natural fow regimes (Hayes 2021).

Regulated fow regimes with reduced inter-annual 
fow variability and heightened sub-daily fow vari-
ability impact numerous downstream abiotic and 
biotic conditions including sediment and substrate, 
temperature, water chemistry, macroinvertebrate 
community composition, and riparian zone linkages 
(Antonetti et  al. 2022; Hauer et  al. 2018; Lagarri-
gue et al. 2002; Pulg et al. 2016). The direct efects 
of hydropower-induced sub-daily fow variability on 
fsh ecology in regulated rivers is of particular impor-
tance to regulators, hydropower owners, and others 
involved in the hydropower regulatory process who 
are charged with balancing the cultural, economic, 
recreational, and intrinsic ecological values of fsher-
ies and aquatic resources with the ability of fexible 
hydropower production to facilitate global renew-
able energy targets. Fish responses to sub-daily fow 
variability can be investigated as acute reactions to 
specifc hydropeaking phases (e.g., stranding during 
down-ramping events) or as the cumulative result of 
chronic exposure to highly unstable environments 
(e.g., community composition between natural and 
regulated systems) using techniques ranging from 
laboratory experiments to feld observations to model 

simulations. Similarly, the impacts of sub-daily fow 
variability on fsh can range from negligible disrup-
tions in behavior, physiology, or other life history 
processes to death or species extirpation. Previous 
reviews of relationships between hydropower pro-
duction, fow regimes, and fsh ecology have been 
restricted to specifc groups of fshes (Hunter 1992), 
life stages (Hayes et al. 2019), or ecological outcomes 
(Harper et  al. 2022; Nagrodski et  al. 2012; Rytwin-
ski et al. 2020), or have broadly reviewed all environ-
mental, ecological, and social impacts of hydropeak-
ing (Bipa et al. 2023). Consequently, there is a need 
for a systematic review to contextualize and synthe-
size reported relationships between hydropower fex-
ibility and riverine fsh ecology, characterize typical 
approaches and metrics used to study these relation-
ships, and identify opportunities for future research 
directions.

Flexible hydropower operation can help support 
increased integration of variable renewable energy 
into global power grids as we look to decarbonize 
the power sector (Roni et al. 2023). However, fexible 
hydropower operation dramatically alters downstream 
fow regimes with potential consequences for aquatic 
ecosystems ranging in scale from acute impacts of 
discrete fow events on individual organisms to sys-
tem-wide community impacts from chronic fow vari-
ability and in severity from minor to critical. There-
fore, it is critical that we understand the relationship 
between sub-daily fow variability created by fexible 
hydropower production and fsh ecological outcomes 
in downstream lotic environments to identify poten-
tial tradeofs between power grid stability and eco-
logical integrity and inform hydropower policy (Roni 
et al. 2023). Accordingly, we conducted a systematic 
review to summarize and synthesize the body of sci-
entifc knowledge on the full suite of reported ecolog-
ical efects of sub-daily fow variability (SDFV) due 
to hydropower production (HPP) on freshwater fshes 
downstream of hydropower dams.

Methods

Primary question

What are the ecological efects of sub-daily fow vari-
ability due to hydropower production on riverine fsh?
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Our primary research question can be divided into 
population, exposure, and outcome (PEO) compo-
nents (Table 1).

We conducted a systematic search and review of 
the peer-reviewed and gray literature pertaining to 
our research question generally following established 
systematic review guidelines (Foo et al. 2021; Hadda-
way et al. 2016; Moher et al. 2009, 2015). This itera-
tive process consisted of (1) executing a search of the 
primary and gray literature in multiple databases, (2) 
pilot reviewing a subset of articles to develop inclu-
sion-exclusion criteria and refne search strings, (3) 
screening titles and abstracts of initial search returns 
to remove duplicates and retain articles that met 
inclusion criteria, and (4) reviewing and summariz-
ing the full text of the articles relevant to our research 
question.

Searching for articles

Published databases

The general relationship between fsh and fow 
regimes has recently been comprehensively reviewed 
in a systematic map of the efects of fow regime 
changes on fsh productivity (Rytwinski et  al. 2020) 
and subsequent systematic review of the efects of 
hydropower-induced changes in fow magnitude on 
fsh abundance and productivity (Harper et al. 2022). 
These reviews searched six online databases, one 
search engine, and 29 websites for articles published 
from 1900 to 2019 and collectively retrieved more 
than 1300 articles. We fltered their published data-
bases for articles that featured hydropower-induced 
changes in fow magnitude, rate of change, and fre-
quency over short time scales, including articles that 
referenced peaking or ramping operations. We pilot 
reviewed a subset (N = 25) of the fltered articles to 
develop a search string for subsequent online database 

searches and formalize explicit inclusion-exclusion 
criteria to apply during article screening.

Online databases

We developed a search string based on our research 
question using our pilot review, published strings 
from the systematic map and review, and iterative 
scoping searches of online databases (Harper et  al. 
2022; Rytwinski et  al. 2020). The search string was 
designed to identify articles specifc to sub-daily fow 
variability, was comprised of terms divided into three 
components of our research question, population, 
exposure, and outcome (PEO; Haddaway et al. 2016), 
and used Boolean operators and wildcards to account 
for multiple variations of each term (Table  2; Foo 
et al. 2021). We also specifed terms to exclude from 
the search that were not relevant to our research ques-
tion (e.g., aquaculture; Table 2). We used our search 
string to search Web of Science, Scopus, and Pro-
Quest online databases for articles on the efects of 
sub-daily fow variability on fsh ecology published 
from July 2017 (the search date of the published sys-
tematic map) and our search date of 22 December 
2022.

Screening and reviewing articles

Inclusion‑exclusion criteria

During the pilot review phase, we developed explicit 
inclusion-exclusion criteria to apply to articles identi-
fed in our search at two distinct levels: (1) title and 
abstract, and (2) full text. Our inclusion-exclusion cri-
teria were closely tied to our research question and its 
individual components. Eligible populations included 
any fsh species, population, guild, or community 
located in lotic freshwater systems. Fish could be 
migratory or resident, established nonnative or inva-
sive species, and any life stage. Eligible exposures 

Table 1   Components 
of the primary research 
question

Component Description

Population Fish in lotic environments
Exposure Variability in fow in lotic systems due to hydropower production over short (24-

hour or less) time scales
Outcome Any measured or estimated metric of fsh ecology in the context of fow variability
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included variability in fow in lotic systems over short 
(i.e., ≤ 24-hour) temporal scales. The target tempo-
ral scale for our research question was sub-daily vari-
ability; however, we also included articles that sum-
marized fow variability at coarser (e.g., daily) time 
scales if the coarser temporal resolution described 
systems that exhibited variability at fner scales (e.g., 
articles that categorically compared fsh ecologi-
cal outcomes between regulated systems infuenced 
by hydropeaking and natural systems). Eligible out-
comes were any measured metric of fsh ecology in 
the context of fow variability including growth, bio-
mass, diversity, density, abundance, condition, sur-
vival, reproductive success, habitat use or suitability, 
stranding risk, or movement.

Our pilot review revealed considerable variability 
in study design in articles assessing – experimentally, 
observationally, or via model simulation – the efects 
of SDFV on fsh. Accordingly, we did not explicitly 
account for article comparators (e.g., between regu-
lated and unregulated reaches or before and after reg-
ulation in the same reach) in our search string. How-
ever, we developed comparator eligibility criteria to 
ensure that conclusions drawn from articles included 
in the review were based on legitimate comparisons 
within and/or between sites or time periods of difer-
ing sub-daily fow variability. Eligible comparators 
included diferences between sites with regulated and 
natural fow regimes, within the same sites over time 
(e.g., before and after fow regime manipulation), 

between sites in the same longitudinal river network 
(e.g., up- and downstream from a dam), or experi-
mental manipulations in artifcial fumes designed 
to simulate hydropower-induced sub-daily fow vari-
ability. We also excluded articles for which a full-text 
version was not available in English and redundant 
articles that presented data analyzed in other articles 
in the database.

The focus of our review was on documenting direct 
relationships between fsh ecological outcomes and 
sub-daily fow variability. However, we also wanted 
to capture articles that reviewed components of this 
relationship (and did not themselves directly meas-
ure outcomes) or developed metrics to characterize 
and distinguish regulated fow regimes with high 
sub-daily fow variability from natural fow regimes. 
Therefore, we expanded our inclusion-exclusion cri-
teria beyond the specifc components of our primary 
question to allow us to retain review and metric 
development articles relevant to SDFV-fsh ecology 
relationships.

Screening articles

We combined the results of our published and online 
database searches into a single list of potentially rel-
evant articles and removed duplicates. We used the 
inclusion-exclusion criteria to screen unique articles 
at the title and abstract level and downloaded eligible 
articles for full-text review to create our systematic 

Table 2   Search string for online databases divided by research 
question component. This string was executed in the web 
of Science Online database on 22 December 2022. Boolean 
operators ‘AND’ and ‘OR’ perform searches that contain all or 
any bounding word(s), respectively. Specifc phrases included 
in the search are bounded by quotations. Asterisk wildcards 
indicate searches for the root word preceding the asterisk and 
all variations of that word containing the root word and any 

number of additional letters. Dollar sign wildcards indicate 
searches for the root word preceding the sign and only one 
additional letter (e.g., dam or dams). Proximity operators (e.g., 
NEAR/0 or NEAR/1) indicate searches for bounding words 
within the specifed number of words from each other regard-
less of order. This search string was adapted from Harper et al. 
(2022) with greater detail for exposure terms to capture articles 
that specifcally examined sub-daily fow variability

Category String

Population ((Fish*) AND (“Fresh water” OR Freshwater OR Stream$ OR River$ OR Fluvial OR “Hydro electric*” OR Hydroelec-
tric* OR “Hydro dam*” OR Hydrodam* OR “Hydro power” OR Hydropower OR “Hydro” OR Dam$))

Exposure ((Flow OR Discharg*) AND (“Sub daily” OR subdaily OR “sub-daily” OR “Short term” OR shortterm OR “short-term” 
OR (Sudden NEAR/0 (increase OR decrease OR change OR shift)) OR ((Daily OR Hourly) NEAR/0 fuctuation*) OR 
(“hydro peaking” OR hydropeak* OR “hydro-peaking” OR dewater* OR strand* OR ((up OR down) NEAR/1 ramp*) 
OR “ramp rate” OR ramp)))

Outcome (Productivity OR Growth OR Performance OR Surviv* OR Success OR Migrat* OR Passag* OR Reproduc* OR Bio-
mass OR Stress* OR Disease$ OR Mortalit* OR Abundance$ OR Densit* OR Yield$ OR Recruit* OR “Ecological 
response” OR “Ecosystem response” OR “Biotic response”)

Excluded (mining OR “mine site” OR aquaculture OR “wastewater treatment” OR carbon)
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review database. We anticipated that we would not 
be able to review every eligible article at the full-
text level due to time constraints. Accordingly, we 
developed an SDFV-specifc keyword search string 
comprised of keywords and phrases specifc to sub-
daily fow variability as informed by the pilot review 
(Table  3). We applied the keyword search string in 
Adobe Acrobat’s Advanced Search function to iden-
tify instances of keywords in the full text of down-
loaded articles in our database and ranked and 
sequentially reviewed articles at the full-text level, 
prioritizing those with the most keyword instances 
ostensibly most relevant to our primary research 
question.

Full text review and article classifcation

Upon beginning the full-text review phase, we noted 
cited articles that were potentially relevant to our 
research question but that were not returned in our 
database searches. Additionally, a colleague shared a 
small handful of potentially relevant articles (N = 4) 
which had not been returned in our database searches, 
but which were also cited in articles reviewed at the 
full-text level. We downloaded these articles, used the 
keyword search string to identify number of keyword 
instances, and placed them at the appropriate position 
in our database to be evaluated.

As we reviewed articles at the full-text level, we 
extracted information on year and type of publication, 
country where study was conducted, study species 
and life history stage, study type, and ecological out-
come category. Because of the highly variable nature 
of the methods and approaches used to study the 
efects of SDFV on fsh ecology across articles in our 
database, we also recorded qualitative descriptions 
of the metric(s) used to quantify SDFV (if reported), 
article objectives, and the reported relationship(s) 
between SDFV and fsh ecology in each article. Pub-
lication type noted whether articles were articles 

published in peer-reviewed journals, academic the-
ses or dissertations, government or agency reports 
(i.e., gray literature), or book chapters. For thesis 
chapter database entries that were also published in 
peer-reviewed journals, we downloaded and reviewed 
the peer-reviewed publications in lieu of the thesis 
chapter given that the former had benefted from peer 
review.

Many of the articles we reviewed investigated 
multiple species. Multi-species articles sometimes 
considered efects of SDFV on multiple species in 
parallel (i.e., on a species-specifc outcome basis), 
sometimes considered SDFV efects on community 
composition (i.e., how many of each species is pre-
sent), and sometimes both. For studies that considered 
outcomes for multiple species on a species-specifc 
basis, we recorded the family of all species. For arti-
cles that considered outcomes for communities and 
reported specifc results for certain species (e.g., fsh 
community biomass and length-weight relationships 
for specifc species; Judes et  al. 2020; Smokorowski 
et  al. 2011), we recorded the families of the species 
for which species-specifc results were reported and 
also added a “community” classifcation. Articles that 
described the species identifed in the communities 
but only reported community-level results were clas-
sifed as community-only articles (e.g., Boavida et al. 
2021; Česonienė et al. 2021; Glowa et al. 2022; Judes 
et al. 2022; Schmutz et al. 2014).

We also classifed articles in our full-text data-
base by study type, which was the primary method 
of scientifc inquiry and data collection. Study types 
included experimental and feld studies, model sim-
ulations, reviews, and metric development articles. 
Experimental studies were those which collected data 
via experimental stream fumes or channels (indoor 
or outdoor), or in experimental enclosures in natural 
systems where conditions could be controlled and the 
efects of one or two predictor variables could be iso-
lated. Field studies were those which collected data 

Table 3   Adobe Acrobat Advanced search keyword detection string used to prioritize full-text articles for review. Boolean search 
operators are described in Table 2

Adobe Acrobat Advanced Search keyword detection string

Sub daily fow OR subdaily fow OR short term fow OR shortterm fow OR hydro peaking OR hydropeaking OR peaking OR 
hourly power demand OR ramp OR ramp rate OR up ramp OR down ramp OR sudden increase OR sudden decrease OR sudden 
change OR hourly increase OR hourly decrease OR hourly change OR hourly fuctuat OR fuctuate hourly OR daily fuctuat OR 
fuctuate daily OR varies hourly OR varies daily OR dewater OR strand
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by observation (or in some cases broad manipulation) 
in feld settings, usually involving observing difer-
ences in fsh outcomes between sites in regulated and 
natural systems or reaches. Model simulation articles 
simulated hydropeaking or other forms of sub-daily 
fow variability and compared fsh outcomes between 
diferent fow scenarios without collecting empirical 
data. Review articles summarized the results of pub-
lished articles without collecting new data or report-
ing novel empirical fndings. Lastly, metric develop-
ment articles focused on developing and testing fow 
regime metrics to diferentiate hydropeaking fow 
regimes from natural fow regimes with little empha-
sis on fsh outcomes. Some articles collected multi-
ple types of data and were assigned multiple study 
classifcations.

We classifed each article by type of fsh ecological 
outcome measured or estimated in the context of fow 
variability. Ecological outcome categories were iden-
tifed during the pilot test review phase and refned 
during the full-text review phase. The ten identifed 
ecological outcome categories were: (1) behavior, 
(2) physiology, (3) stranding risk, (4) habitat suit-
ability, (5) movement, (6) reproduction, (7) condi-
tion, (8) production, (9) mortality, and (10) biotic 
index. Outcome categories were designed to capture 
the full range of fsh responses to fow variability 
across a spectrum of hierarchical organization from 
intra-organism processes (e.g., physiology) to popu-
lation- and community-level processes (e.g., produc-
tion, biotic index). There are frequently diferent ways 
of investigating the same outcome in ecological stud-
ies, including the articles we reviewed. For instance, 
some studies calculate weighted usable area (WUA), 
others calculate habitat suitability maps, and others 
calculate hydraulic habitat suitability. Each of these 
response types relates to general habitat suitability for 
a fsh species. Accordingly, we grouped articles with 
similar responses into single ecological outcome cat-
egories to facilitate result synthesis and manuscript 
organization. Categories were sufciently broad to 
capture the varied ways researchers investigate fow 
impacts on fsh, but not so broad as to obscure impor-
tant diferences between distinct fsh responses (e.g., 
habitat suitability and movement). We explicitly 
defned outcome categories to account for concep-
tual overlap between outcomes such that each distinct 
SDFV-fsh ecology relationship reported in reviewed 
articles was assigned to a single outcome (e.g., 

studies of spawning habitat quality were assigned to 
habitat suitability outcome and not reproduction out-
come; Table 4).

We also recorded the metrics or methods each arti-
cle used to quantify SDFV (e.g., categorical compari-
sons between systems, discharge, SDFV metrics from 
the literature, etc.) and qualitative descriptions of 
article objectives and reported relationships between 
SDFV and fsh ecological outcome. The relatively 
broad nature of our primary research question and 
wide range of methods and approaches used to assess 
SDFV-fsh ecological outcomes in articles in our 
database precluded our ability to assess the validity 
or power of each article and conduct a quantitative 
synthesis. Accordingly, we qualitatively synthesized 
articles to describe general relationships observed 
between SDFV and riverine fsh ecology and assess 
degree of article agreement regarding those relation-
ships. Articles that did not meet each of the eligibility 
criteria at any point during the full-text review pro-
cess were excluded with the reason (i.e., population, 
exposure, or outcome) noted.

Results

Results of literature search

Our literature search returned articles from seven 
sources: 238 articles from the published systematic 
map database (Rytwinski et al. 2020), 70 articles from 
the published systematic review database (Harper 
et  al. 2022), 162 articles from Web of Science, 163 
articles from Scopus, 44 articles from ProQuest, and 
151 cited and shared articles. After removing dupli-
cates and screening at the title and abstract level, 
350 unique articles passed to full-text screening and 
review (Fig. 1). Of these 350 articles, 127 had fewer 
than 20 keyword instances and were classifed as low 
relevance and 58 were deemed ineligible based on 
our inclusion-exclusion criteria and were excluded. 
We reviewed 109 relevant articles for summary and 
synthesis and were unable to review the remaining 56 
articles due to time constraints. We reviewed articles 
in order of number of keyword occurrences, hence 
the 109 reviewed and synthesized articles are osten-
sibly more relevant to our primary research question 
than the 56 articles not reviewed. Of the 109 reviewed 
articles, 73 articles directly measured the relationship 
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between sub-daily fow variability and at least one 
fsh ecological outcome and the remaining 36 arti-
cles were reviews of relevant fsh-fow relationships 
or focused on metric development to characterize and 
diferentiate regulated fow regimes from natural fow 
regimes.

Article summary statistics

Our review returned articles that investigated 
SDFV-fsh ecology relationships in 15 countries 
and one French territory. Most of the research in 
our database was conducted in North America and 
northwestern Europe. Specifcally, Canada, the 
USA, Switzerland, Norway, and Austria are the 
fve most-featured countries (Fig.  2). This area of 
inquiry is relatively new and rapidly expanding with 
greater than 90% of the articles in our database pub-
lished in the last 15 years and at least fve SDFV-fsh 
ecology articles published per year in nine of the 
last ten years (Fig. 3a). Most entries in our full-text 
database were articles presenting original research 

in peer-reviewed scientifc journals. The remain-
ing entries were comprised of reviews, govern-
ment reports, theses and thesis chapters, and book 
chapters (Fig. 3b). Articles in our full-text database 
reported results on fsh species from 15 distinct 
families in addition to community-level results and 
included studies on all life stages of fsh, from eggs 
to mature adults. Unsurprisingly, more than half of 
the articles investigated the efects of sub-daily fow 
variability on salmonid fshes. The next most popu-
lar fsh families were Cyprinidae (10%) and Leucis-
cidae (9%), followed by community-level articles 
(7%) (Fig.  3c). For articles that reported specifc 
metrics or methods used to describe or character-
ize SDFV, the most common metrics used were 
discharge (N = 51), suites of metrics developed to 
characterize SDFV in the literature (e.g., daily fow 
coefcient of variation or fow ratio, N = 20), lateral 
or vertical ramping rate (usually in the context of 
stranding or dewatering, N = 12), and categorical 
comparisons between regulated and unregulated 
reaches or systems (N = 10).

Table 4   Ecological outcome category defnitions, examples, and conceptual space-time details
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The 10 ecological outcomes identifed in the review 
are not perfectly distinct; rather, they can be conceptu-
alized as partially overlapping response zones organ-
ized by the general temporal and spatial scales at 
which the efects of sub-daily fow variability on each 
outcome are realized (Fig. 5). For instance, some fsh 
ecological outcomes are acutely afected by discrete 
fow variability events (e.g., physiological responses 

to up-ramping events as power generation increases); 
others are chronically afected by repeated exposure 
to highly variable fow environments (e.g., population 
productivity in regulated, hydropeaking fow regimes). 
We conceptually organized the ecological outcomes in 
our database articles in approximate order from acute 
(fne) to chronic (coarse) spatial and temporal response 
to SDFV and synthesize reported relationships below.

Fig. 1   Adapted ROSES fow chart of the systematic review search, flter, and article evaluation process. The six articles excluded 
based on language were written in French (N = 3) and German (N = 3)
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Ecological outcome syntheses

Behavior (N = 3)

We classifed articles that measured fsh swimming or 
foraging activity or inter- or intra-specifc interactions 
in the context of sub-daily fow variability as behavior 
outcome articles (Table  4). Behavior was the least-
studied response in our review (N = 3) and was stud-
ied exclusively in laboratory experiments (Fig.  4). 
Investigations of the relationship between fsh behav-
ior and SDFV generally conceptualized behavior as 
being acutely afected by discrete fow variability 
events (Fig.  5). Peaking fows during hydropeak-
ing simulations in experimental fumes caused adult 
Iberian barbel (Luciobarbus bocagei) to signifcantly 
increase use of shaded velocity refugia (Moreira 
et  al. 2020). Conversely, increasing fows to simu-
late hydropeaking caused juvenile European grayling 
(Thymallus arcticus) to exhibit greater swimming 
activity and become more isolated relative to stable 
fow, especially in sub-optimal, homogenous habitat 
conditions (Watz et al. 2020). Atlantic salmon (Salmo 
salar) and Brown trout (Salmo trutta) fry swimming 

activity and aggressive interactions did not difer sig-
nifcantly between stable and fuctuating fow treat-
ments or high and low fow treatments, though more 
fry of both species were visible swimming above the 
substrate at low fows compared to high fows (Addo 
et  al. 2022). Collectively, these limited lines of evi-
dence suggest that the efects of sub-daily fow vari-
ability on fsh behavior are species-, life stage-, and 
habitat-specifc, potentially prompting fsh to use 
refugia or substrate as shelter from high fows or 
increase swimming activity in search of better habi-
tat and reducing inter-individual interactions. How-
ever, the limited number of articles in this outcome 
category and their corresponding low agreement pre-
cludes us from drawing strong conclusions about the 
general relationship between fow variability and fsh 
behavior.

Physiology (N = 5)

We classifed articles that measured internal com-
ponents of fsh function and health as physiology 
outcome articles (N = 5; Table  4). The relationship 
between physiology and sub-daily fow variability 

Fig. 2   Articles per country of research focus. Note: two arti-
cles are not depicted in this fgure; one article in South Korea 
and another in the French island of Réunion in the western 

Indian Ocean. The map is focused on the northwestern hemi-
sphere to maximize visible detail of the most-studied regions
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Fig. 3   Articles per year of 
publication (a), publication 
type (b), and fsh family 
(c). Note: Fish families that 
were featured in only one 
article and are not displayed 
in the fgure are Centrarchi-
dae, Esocidae, Gobiidae, 
Bogionidae, Hiodonti-
dae, Nemacheilidae, and 
Oxudercidae
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Fig. 4   Articles per ecological outcome category, grouped by 
study type. Note: count of each ecological outcome in this fg-
ure does not align exactly with number of articles featuring 

each outcome because some outcomes were investigated via 
multiple study types within the same article

Fig. 5   Conceptual fgure 
of the temporal and spatial 
scale at which the efects of 
sub-daily fow variability 
are realized per ecologi-
cal outcome category with 
three example database arti-
cles plotted per outcome. 
Fuzzy edges of each out-
come category emphasize 
that the temporal and spatial 
extents of each outcome 
category are not defnitive



	 Rev Fish Biol Fisheries

Vol:. (1234567890)

was investigated by database articles via a blend 
of laboratory experiments and feld studies with 
fsh physiology generally theorized as respond-
ing acutely to discrete changes in fow over fne 
scales of space and time (Figs.  4 and 5). Labora-
tory experiments in artifcial stream channels have 
shown that Iberian barbel (Luciobarbus bocagei) 
stress responses were signifcantly elevated during 
peak fow hydropeaking simulations, but that mus-
cle activity remained unchanged or was reduced 
relative to base fows, perhaps due to fsh using 
velocity refugia during high fow events (Costa 
et  al. 2018). However, additional experiments on 
the same species have shown that stress response 
can be signifcantly greater at base fow than peak 
fow due to group refuge use, and refuge shape or 
quality can signifcantly increase swimming muscle 
activity irrespective of fow conditions by prompt-
ing fsh movement (Costa et  al. 2019). Moreira 
et  al. (2020) found no signifcant diference in 
stress response on Iberian barbel muscle activity 
between fow conditions. Taylor et al. (2012) found 
that stress responses of Mountain whitefsh (Proso-
pium williamsoni) signifcantly increased with mean 
discharge and within-hour change in discharge but 
observed that elevated blood cortisol levels were 
well within the range of pre-stress values for other 
salmonids and were not biologically meaningful.

Field studies on salmonids have shown that Bull 
trout (Salvelinus confuentus) swimming muscle 
activity signifcantly increases with total fow magni-
tude but is unafected by within-hour fow variability 
(Taylor et  al. 2014). A study of Mountain whitefsh 
(P. williamsoni) in the same system revealed that 
swimming muscle activity increased signifcantly 
with mean hourly discharge but was unafected by 
short-term fow fuctuations, despite large within-
hour changes in fow (920 m3/s; Taylor et al. 2012). 
Much of the variation in swimming muscle activ-
ity was not explained by discharge, suggesting that 
fuctuating fows are not more energetically costly 
for these salmonids than stable fows (Taylor et  al. 
2012, 2014). Collectively, these articles suggest that 
increasing fows can increase physiological stress 
responses and swimming activity in fsh but that these 
stress responses generally are not biologically mean-
ingful, and fsh seem to be good at fnding velocity 
refugia to avoid excessive swimming during high fow 
events. These limited lines of evidence suggest that 

sub-daily fow variability does not strongly impact 
fsh physiology.

Stranding risk (N = 21)

We classifed articles that evaluated risk or rate of fsh 
becoming stranded during dewatering events caused 
by rapid down-ramping as stranding risk outcome 
articles (Table 4). This phenomenon was studied via 
a balance of feld studies, lab experiments, and model 
simulations, and was the most-studied outcome in 
our review (N = 21; Fig. 4). Stranding risk generally 
is impacted by SDFV during discrete down-ramping 
events that occur within habitats and reaches over 
minutes to hours (Fig.  5). There is general litera-
ture consensus that young fsh are at risk of becom-
ing stranded during down-ramping events and that 
stranding risk is infuenced by many factors including 
down-ramping rate, time of day, season, local habi-
tat-scale and reach-scale channel morphology, fsh 
life stage, substrate composition, and baseline fow 
conditions.

Führer et  al. (2022) found that larval Common 
nase (Chondrostoma nasus) stranding risk was great-
est (in order of decreasing efect importance) in hab-
itats with shallow bank slopes (2%) at night for the 
youngest larval stages during rapid down-ramping 
rates; bank slope was the most infuential variable 
and steep bank slopes (5%) negated the efect of the 
second most important variable, time of day (Füh-
rer et al. 2022). Down-ramping rate has been shown 
to be a weaker infuence on stranding probability 
relative to much stronger efects of temperature and 
substrate size (Glowa et  al. 2022). Time of day and 
temperature (or season) may interact to infuence 
stranding rates based on species life history. During 
the winter when many juvenile salmonids are least 
active, down-ramping during the day (also a period of 
reduced activity) can signifcantly increase stranding 
frequency relative to down-ramping during the night, 
and time of day is less important for stranding risk 
during the summer when juvenile salmonids are more 
active (Bradford et  al. 1995; Saltveit et  al. 2001). 
Stranding risk was greater during rest periods at night 
than during daytime feeding for juvenile European 
grayling (Thymallus thymallus), especially in heter-
ogenous habitat types with isolated small pools, but 
was reduced by decreased ramping rates (Auer et al. 
2017). Halleraker et al. (2003) found that cold water 
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temperatures, coarse substrate, shallow bank slopes, 
high fow, and greater numbers of trout parr increased 
the probability of stranding for trout fry.

In addition to local, habitat-scale channel charac-
teristics, reach-scale channel morphology strongly 
infuences fsh stranding risk by regulating the extent 
to which fsh habitat becomes disconnected from the 
river channel during varying discharge levels. Chan-
nels with point bars are relatively insensitive to down-
ramping events and provide juvenile fsh with stable 
habitat across a spectrum of discharges compared to 
alternating gravel bars which may actually worsen 
stranding risk during down-ramping events (Hauer 
et al. 2014). Braided river channels provide complex 
habitats suitable for many diferent life stages of fsh 
and ofer protection to young life stages during high 
fows; however, these channel types also create habi-
tat pockets that become disconnected from the main 
channel and strand fsh as fow decreases (Vanzo et al. 
2016).

Baseline fow conditions and connectivity to other 
sources of fow also can be important determinants of 
stranding risk. High base fows during wet years or 
side channel connectivity to mainstems may result in 
less habitat becoming dewatered during rapid down-
ramping events relative to low fows during dry years 
or in nearby mainstems, and the severity of these 
efects is mediated by local channel morphology 
(Moreira et al. 2020b; Plate and Smith 2016; Tuhtan 
et  al. 2012). Shifting hydropower operation policy 
to discourage salmonids from spawning in marginal 
habitat that is frequently dewatered during normal 
operations has not been efective (Plate and Smith 
2016; Smith 2007). Finally, frequency of down-ramp-
ing events also may afect stranding risk whereby 
fsh that become habituated or acclimated to pulsed 
fows are less likely to become stranded (Halleraker 
et al. 2003; Klimley et al. 2007). However, it also is 
possible that fsh exhibit high inter-individual difer-
ences in stranding risk and susceptible individuals are 
removed from the population during initial dewater-
ing events resulting in reduced population stranding 
rate in subsequent dewatering events (Halleraker et al. 
2003).

In addition to time of day, season, channel mor-
phology, and baseline fow conditions, slow down-
ramping rates may reduce stranding risk of juvenile 
and adult fsh by providing more time for fsh to shift 
from spawning or rearing stream margin habitats to 

stream channels as water levels recede (Bradford 
et  al. 1995; Burman et  al. 2021; Halleraker et  al. 
2003; Smith 2007). Slower down-ramping rates (e.g., 
5 cm/hr versus 15 cm/hr) also may reduce the longitu-
dinal impact of hydropeaking downstream, although 
this is strongly impacted by channel morphology 
(Juárez et al. 2019). Fish stranding due to rapid down-
ramping events is potentially the most severe efect of 
hydropeaking (Tonolla et  al. 2017), and may extend 
throughout entire populations by reducing juvenile 
survival such that compensatory density-dependent 
mortality is impacted, potentially dampening or exac-
erbating the population-level efects of stranding 
depending on the season and species (Hedger et  al. 
2018).

Fish stranding due to dewatering events in rapid 
down-ramping hydropeaking phases does not nec-
essarily result in mortality. A series of experiments 
on multiple developmental stages of Rainbow trout 
(Oncorhynchus mykiss) and Chinook salmon (Onco-
rhynchus tshawytscha) revealed that salmonid egg 
developmental phases can survive dewatering for 
several days at a time provided temperatures remain 
above freezing and humidity remains near 100%, but 
alevin phases with gill-dependent respiration cannot 
survive more than a few hours of dewatering (Becker 
et  al. 1982, 1983, 1986). Subzero temperatures and/
or dry conditions signifcantly increase mortality of 
dewatered eggs (Casas-Mulet et al. 2015).

There is consensus among the stranding risk arti-
cles in our database that rapid down-ramping phases 
of hydropeaking negatively impact downstream fsh 
communities by increasing the probability that indi-
viduals become stranded in isolated pools of water 
away from river channel habitat. Furthermore, the 
literature agrees that stranding probability is a com-
plex function of down-ramping rate, habitat- and 
reach-scale channel morphology, season, time of day, 
baseline fow conditions, presence of other life stages 
or conspecifcs, species-specifc life history, and fre-
quency or regularity of down-ramping events. Fish 
are most likely to become stranded during periods 
when they are least active, and stranding risk is exac-
erbated by local habitat heterogeneity and reach-scale 
channel morphology. For juvenile salmonids, which 
are the most-studied group for stranding risk, strand-
ing tends to be worse during the day and in colder 
temperatures in coarse substrate with many interstitial 
spaces for juveniles to take shelter from fast velocities 
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and hide from predators, and in stream segments 
with shallow stream bank slopes that result in rapid 
and substantial decreases in stream wetted width as 
water levels recede during down-ramping. Rapid 
down-ramping rates exacerbate stranding risk by giv-
ing fsh limited time to react to receding water lev-
els and return to permanently wetted river channels. 
Strategies to mitigate the efects of hydropeaking on 
fsh must consider the full suite of biotic and abiotic 
characteristics known to infuence stranding risk of 
juvenile fsh for maximum efcacy.

Habitat suitability (N = 20)

We classifed articles that evaluated elements of habi-
tat use, stability, or availability for any life stage and 
any activity (including spawning) as habitat suitabil-
ity outcome articles (Table  4). This was the second 
most studied phenomenon in our database (N = 20) 
and articles primarily evaluated habitat suitability 
using model simulations (Fig. 4). The efects of sub-
daily fow variability on fsh habitat suitability gen-
erally are realized over habitats or reaches over the 
timespan of hours to days (Fig. 5), and are dependent 
on season, species, life stage, local channel morphol-
ogy, and downstream distance from the generating 
station.

Hydropeaking reduces overall habitat suitabil-
ity by creating unpredictable fow conditions that 
decrease the quality of habitat within a given reach 
or shift the locations of suitable habitat, even when 
high discharge during peaking events increases the 
total habitat area available to fsh (Person 2013). The 
severity of the efects of sub-daily fow variability on 
fsh habitat suitability and stability are dependent on 
river morphology and fsh life stage, with greater and 
more rapid impacts in homogeneous than heterogene-
ous habitats (Boavida et  al. 2015; Choi et  al. 2017) 
and stronger efects on juveniles than adults (Jelovica 
et al. 2022). As fow increases during hydropeaking, 
fsh may be forced to move from central locations 
in stream channels to stream margins to remain in 
suitable habitat and avoid high fows (Boavida et al. 
2015; Judes et al. 2022). During peak fows, fsh may 
be forced to occupy habitats near stream margins that 
provide refuge from high fows compared to low fow 
periods when they otherwise would occupy habitats 
nearer the thalweg better suited for feeding (Boavida 
et  al. 2021). For instance, peak fow phases during 

hydropeaking concentrated juvenile Brown trout 
(Salmo trutta) and Atlantic salmon (Salmo salar) into 
suboptimal feeding habitats with potentially negative 
consequences for growth and predation (Hajiesmaeili 
et  al. 2022). Juvenile fsh that remain in suboptimal 
habitats in the channel during peak fow and do not 
shift to stream margins may exhibit reduced growth 
during important summer feeding seasons (Korman 
and Campana 2011). Less mobile organisms such as 
benthic macroinvertebrates and certain life stages of 
frogs may be less capable of moving as suitable habi-
tat locations shift between high and low fow phases 
and therefore may be more strongly impacted by 
hydropeaking, and these efects could impact trophic 
relationships and contribute to species decline or 
extirpation (Judes et al. 2022; Kupferberg et al. 2012).

Sub-daily fow variability can change stream lat-
eral width and depth in short periods of time. Shifts 
in the location or quality of suitable habitat during 
hydropeaking are strongly infuenced by habitat- and 
reach-scale channel morphology. Habitat suitability in 
reaches with shallow-sloped banks is more sensitive 
to increasing discharge than in reaches with steeply 
sloped banks and the same fow modifcation can 
have diferent impacts on habitat suitability in reaches 
with diferent morphologies (Holzapfel et  al. 2017; 
Tuhtan et  al. 2012). Braided river reaches are more 
resilient to hydropeaking than channelized reaches 
because high channel complexity provides greater 
overall suitability and refugia under a wide range of 
fows (Antonetti et al. 2022; Boavida et al. 2015; Per-
son et al. 2014). In some cases, braided river reaches 
may exhibit increases in total useable habitat during 
high fows due to increases in wetted area across shal-
low bank slopes at peak fow when suitable habitat 
shifts laterally from the thalweg to stream margins 
(Judes et  al. 2022; Valentin et  al. 1996). In reaches 
that have been channelized or otherwise simplifed, 
increasing discharge can severely limit total usable 
habitat area for fsh (Person 2013). Reaches with 
steep bank slopes may exhibit little or no increase in 
habitat area between base and peak fow due to mini-
mal changes in stream width and marginally suitable 
habitats at base fow may become unsuitable at peak 
fow (Hauer et al., 2017).

Diferent life stages have diferent habitat require-
ments and fow conditions that provide suitable habi-
tat for one life stage (e.g., adults) might not provide 
suitable habitat for other life stage (e.g., juveniles). 
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For instance, high-fow phases of hydropeaking pro-
vide maximum useable habitat area for adult Iberian 
barbel (Luciobarbus bocagei), and low-fow phases 
provide more suitable habitat for juveniles (Boavida 
et  al. 2020). Peak fow phases of hydropeaking may 
increase habitat suitability for spawning adults but 
decrease suitable habitat for young-of-the-year who 
require shallow, low fow habitats at stream margins 
(Person 2013). Increasing discharge decreased habi-
tat suitability for both juvenile Brown trout (S. trutta) 
and adult European grayling (Thymallus thymallus) 
but was worse for juvenile trout (Jelovica et al. 2022; 
Valentin et  al. 1996). Suitable feeding habitat for 
juvenile Brown trout (S. trutta) was limited to base 
fows of hydropeaking fow cycles when feeding con-
ditions and macroinvertebrate prey availability were 
greatest (Holzapfel et al. 2017).

Mitigation strategies to reduce the efects of hydro-
peaking on habitat suitability should consider species 
life histories and local channel morphology. Decreas-
ing the down-ramping rate can reduce the impact of 
hydropeaking on fsh habitat by slowing the rate at 
which habitat is lost via reductions in wetted width 
and reducing overall habitat loss longitudinally 
(Juárez et  al. 2019). Similarly, increasing frequency 
of hydropeaking can reduce the amount of spawn-
ing habitat that becomes dewatered during low fows 
but also reduce overall suitable spawning habitat by 
creating suboptimal depth and velocity conditions 
for spawning (Burman et  al. 2021). Alternatively, if 
depth, velocity, and substrate remain suitable for fsh 
to complete spawning under the entire range of fow 
conditions created by hydropeaking, then habitat suit-
ability mitigation might not be needed (Tonolla et al. 
2017). The relationship between habitat suitability 
and hydropeaking is strongly dependent upon river 
morphology and if morphological conditions are poor 
(e.g., channelized reaches) fow mitigation measures 
will be largely inefective (Holzapfel et al. 2017; Per-
son 2013; Person et al. 2014; Tuhtan et al. 2012). The 
intensity of the efects of hydropeaking decreases 
with downstream distance from the generating station 
and the degree of longitudinal attenuation is related to 
morphology (Burman et al. 2021; Juárez et al. 2019; 
Valentin et al. 1996).

Natural fow variability is widely recognized as 
being an important driver of ecological processes in 
natural systems, including maintaining critical habitat 
form and function for riverine fsh (Junk et al. 1989; 

Pof and Ward 1989; Resh et  al. 1988). However, 
increasing discharge during up-ramping and peak 
fow phases of hydropeaking generally has a nega-
tive efect on fsh habitat quantity, quality, and over-
all suitability (Hajiesmaeili et al. 2022; Jelovica et al. 
2022; Tuhtan et al. 2012; Valentin et al. 1996). There 
is consensus among the habitat suitability outcome 
articles in our database that increasing fows desta-
bilize, shift, or otherwise reduce the quality and/or 
quantity of suitable fsh habitat, that these efects are 
most severe for juvenile fsh in homogeneous, chan-
nelized habitats, and that the efects of hydropeaking 
on habitat suitability decrease with increasing down-
stream distance from the source of fow variability. 
Mitigation strategies aimed at reducing the negative 
impacts of hydropeaking on fsh habitat suitability 
should consider the role that local morphology plays 
in attenuating or exacerbating the efects of fow vari-
ability on fsh habitat and should attempt to create 
fows that will provide seasonally appropriate suitable 
habitats for all life stages of a given species within the 
natural range of fow variability of a given system.

Movement (N = 14)

We classifed articles that evaluated the distance or 
number of voluntary or involuntary fsh movements 
using telemetry, mark-recapture, or experimen-
tal fumes as movement outcome articles (N = 14, 
Table  4). Fish movement was evaluated by articles 
in our full-text database using a mix of feld stud-
ies and laboratory experiments and was not assessed 
using model simulations (Fig.  4). Fish movement in 
response to sub-daily fow variability generally occurs 
within reaches or between systems and at timescales 
of hours to days to seasons (Fig. 5).

Adult Rainbow trout (Oncorhynchus mykiss) and 
Mountain whitefsh (Prosopium williamsoni) shifted 
locations within river reaches during hydropeak-
ing to occupy lower velocity refugia (i.e., pools or 
eddies) but did not move signifcant distances up- or 
downstream in response to pulsed fows (White and 
Wade 1980). High discharge during hydropeaking 
decreased the likelihood of Bull trout (Salvelinus 
confuentus) movement in the Columbia River and 
changes or peaks in discharge did not displace Bull 
trout downstream (Taylor et al. 2013). Neither Rain-
bow trout (O. mykiss) nor Brown trout (Salmo trutta) 
moved signifcantly up- or downstream in response 
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to pulsed fows in a California stream or hydrope-
aking simulations in an experimental fume (Klim-
ley et  al. 2007). Conversely, Brown trout (S. trutta) 
moved signifcantly more and had larger home ranges 
in a hydropeaked river reach relative to a reference 
reach, potentially because hydropeaking increased the 
distance between complementary habitats required 
for Brown trout life history (Rocaspana et al. 2019). 
North American paddlefsh (Polyodon spathula) 
moved upstream in response to increasing discharge, 
but upstream movements were much greater for 
food mitigation than hydropeaking operation, poten-
tially because the former produced greater discharge 
increases that cued upstream movement (Lallaman 
2012). Sub-daily fow variability created by hydrope-
aking operations 12 km upstream of Asp (Leuciscus 
aspius) spawning grounds caused spawning individu-
als to move to downstream sections of the spawning 
ground, potentially interrupting crucial spawning pro-
cesses (Bartoň et al. 2022).

Hydropeaking simulations in experimental fumes 
caused fsh to move from free swimming at base fows 
to upstream velocity refugia during high fows (Costa 
et  al. 2018, 2019). In another set of experiments, 
European grayling (Thymallus thymallus) made fewer 
position changes during up-ramping events com-
pared to stable base fow before and after peak fows 
(Watz et al. 2020). In some cases, movement due to 
high fow variability may not be voluntary. Night-
time up-ramping and peaking fows signifcantly 
increased downstream movement of juvenile Euro-
pean grayling (T. thymallus) in experimental fumes, 
especially in heterogeneous habitat types (Auer et al. 
2017). Increased drift rates at night were attributed to 
reduced grayling activity and a shift to shallow habi-
tats during this period, and downstream drift rates 
signifcantly decreased when up-ramping rates were 
reduced (Auer et al. 2017). Similarly, increasing dis-
charge increased larval Sicydiinae goby drift rates 
and decreased duration of diadromous migration, 
though this likely was ofset by increased larval mor-
tality in high fows (Lagarde et al. 2018).

The relationship between sub-daily fow variabil-
ity and fsh movement is dependent on season. Juve-
nile Atlantic salmon (Salmo salar) moved greater 
distances during the summer with the greatest rate 
and magnitude of fow change, and home range sizes 
tended to be largest during summer and smallest dur-
ing winter (Scruton et  al. 2008). Similarly, juvenile 

Atlantic salmon (S. salar) moved signifcantly greater 
distances in summer than in winter, regardless of time 
of day and hydropeaking fow condition, and most 
movements were upstream suggesting movement was 
voluntary (Scruton et  al. 2005). Hydropeaking did 
not afect juvenile Atlantic salmon (S. salar) move-
ment during winter experiments, but signifcantly 
increased movement in summer experiments both 
during daytime hydropeaking and at night after peak 
fow periods (Pufer et  al. 2015). The relationship 
between sub-daily fow variability and movement also 
is dependent on time of day, with greater movement 
observed during night than day (Auer et  al. 2017; 
Pufer et al. 2015; Scruton et al. 2008).

The movement articles reviewed in our full-text 
database report two distinct fsh responses to sub-
daily fow variability. At fne scales (i.e., between 
habitats), fsh seem to take shelter in nearby refugia 
at the onset of high fows and then resume swimming 
freely once stable fows resume (e.g., Costa et  al. 
2018; Watz et  al. 2020; White and Wade 1980). At 
coarse scales (i.e., within reaches), fuctuating fows 
may prompt fsh to move to seek complementary hab-
itats to complete life histories (e.g., Lallaman 2012; 
Rocaspana et  al. 2019). Generally, articles moder-
ately agree that fuctuating fows due to hydropeak-
ing are not displacing fsh downstream (but see Auer 
et al. 2017; Lagarde et al. 2018) and that movement in 
response to sub-daily fow variability is dependent on 
season and time of day, with most movement obser-
vations occurring during periods of increased activity 
(summer, night).

Reproduction (N = 10)

We classifed articles that evaluated reproductive 
activity or success outside of the context of habitat 
use and stranding, including articles that measured a 
life stage-specifc population metric (e.g., young-of-
the-year density) for the explicit purpose of evaluat-
ing reproductive success, as reproduction outcome 
articles (N = 10, Table  4). Examples of reproduction 
metrics measured or estimated in reproduction out-
come articles in our full-text database include egg-
to-hatch survival (Harnish et al. 2014), young-of-the-
year density (YOY; Person 2013), egg dislodgement 
(White and Wade 1980), and adult spawning behav-
ior (e.g., number of redds or active spawners per unit 
area; Smith 2007). The relationship between fsh 
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reproduction and sub-daily fow variability was inves-
tigated predominately via feld studies and model 
simulations (Fig.  4) and generally occurs between 
habitats and reaches and over days to seasons (Fig. 5).

There was no signifcant diference in Brown trout 
(Salmo trutta) egg-to-hatch survival or YOY density 
between naturally fowing and hydropeaking river 
reaches despite unstable spawning habitat conditions 
created by hydropeaking (Person 2013). However, 
subsequent investigations in a nearby channelized 
river revealed lower egg survival and YOY density in 
hydropeaked reaches relative to natural reaches, sug-
gesting that channel morphology plays an important 
role in tempering or exacerbating the efects of sub-
daily fow variability on riverine fsh (Person 2013). 
High fows during hydropeaking can signifcantly 
decrease egg density in spawning grounds by dislodg-
ing eggs from the substrate and depositing them in 
low fow stream margins, where they are potentially at 
greater risk of dewatering during subsequent low fow 
events (Bartoň et  al. 2021; White and Wade 1980). 
Installing fow defectors to reduce high hydropeaking 
fows in spawning areas can signifcantly increase egg 
density in protected areas (Bartoň et al. 2022), but the 
practicality and efcacy of this mitigation strategy is 
highly site specifc. Model simulations estimated that 
fsh reproduction – measured via abundance of juve-
nile Brown trout (S. trutta) – was in poor condition in 
a hydropeaking fow regime and did not predict that 
it would improve in response to a proposed retention 
basin mitigation strategy (Tonolla et al. 2017).

Studies of the relationship between fow and 
Chum salmon (Oncorhynchus keta) spawning in a 
side channel of the Fraser River in Canada indicate 
that operating power generation stations to dissuade 
spawning activity in marginal habitat that becomes 
dewatered during low fow shutdowns does not work. 
Brief low fow periods during generation station shut-
downs caused spawning salmon to rapidly retreat to 
deeper water but did not deter spawning activity as 
the number of active spawners was greater during the 
low fow period than before, and spawners returned 
to incomplete redds abandoned during low fows to 
complete spawning as fow increased (Smith 2007). 
Embryo survival was the same between marginal, 
dewatered spawning habitat and non-marginal, never-
dewatered spawning habitat despite signifcantly 
greater embryo density in the non-marginal habitat 
(Plate and Smith 2016).

Low fows during rapid down-ramping events 
downstream of a hydropeaking dam in Norway dif-
ferentially afected spawning activity of two sal-
monids. Down-ramping caused spawning Atlantic 
salmon (Salmo salar) to temporarily retreat to deeper 
water before returning to complete nest building dur-
ing subsequent up-ramping events, whereas smaller 
spawning Brown trout (S. trutta) were able to remain 
in spawning grounds during low fows (Vollset et al. 
2016). Despite low fow periods disrupting Atlantic 
salmon (S. salar) spawning activity, total nest mortal-
ity remained very low indicating that fuctuating fows 
may interrupt spawning behavior but not signifcantly 
impact egg viability (Vollset et  al. 2016). Hydrope-
aking mitigation strategies aimed at protecting the 
youngest life stages of Chinook salmon (Oncorhyn-
chus tshawytscha) in the Pacifc Northwest, USA, 
via decreasing marginal spawning habitat availability 
during spawning periods and limiting the magnitude 
of discharge fuctuations during emergence and early 
rearing resulted in dramatic improvements in egg 
escapement, pre-smolt abundance, and egg-to-pre-
smolt survival probabilities (Harnish et al. 2014).

Measured or estimated reproduction outcomes 
in our database should be interpreted in the context 
of stranding risk, production, and habitat suitability 
outcomes given substantial overlap between these 
categories (e.g., many stranding risk outcome arti-
cles evaluated egg survival during periods of dewa-
tering). Nonetheless, there is moderate agreement 
among reproduction outcome articles in our database 
that sub-daily fow variability interrupts riverine fsh 
reproduction, but likely does not substantially impact 
the viability of eggs that are not dislodged during 
peaking fows. Mitigation strategies tailored for spe-
cifc life stage of species at specifc sites can be efec-
tive at protecting riverine fsh reproduction.

Condition (N = 14)

We classifed articles that measured individual-level 
body or size characteristics as afected by sub-daily 
fow variability as condition outcome articles (N = 14, 
Table  4). Most of these articles collected data via 
feld studies, though there were a few laboratory 
experiments and one model simulation (Fig. 4). The 
efects of sub-daily fow variability on condition gen-
erally are realized between habitats, reaches, and sys-
tems on timescales of seasons to years (Fig. 5).
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Model simulations and laboratory experiments on 
the relationship between sub-daily fow variability 
and fsh condition suggest that regulated fow regimes 
depress condition metrics. Model simulations of mul-
tiple hydropeaking scenarios predicted that hydrope-
aking reduces juvenile Atlantic salmon (Salmo salar) 
and Brown trout (Salmo trutta) growth relative to a 
hypothetical natural fow regime (Hajiesmaeili et  al. 
2022). Laboratory experiments that expose fsh to 
hydropeaking fow pulses in experimental stream 
fumes suggest that the relationship between fow 
variability and condition is dependent on species, sea-
son, and competition. For instance, simulated hydro-
peaking fows in experimental fumes signifcantly 
reduced growth of juvenile Brown trout (S. trutta) 
but did not afect Atlantic salmon (S. salar) growth 
(Addo et al. 2022). Similar experiments have shown 
that fuctuating fows signifcantly reduce body mass 
and fat in juvenile Atlantic salmon (S. salar) relative 
to stable fows, but that this efect is only evident in 
the summer (Pufer et  al. 2015). Other experiments 
have shown that the efects of hydropeaking on juve-
nile Atlantic salmon (S. salar) growth are outweighed 
by stronger efects of inter- and intraspecifc competi-
tion (Pufer et al. 2017).

Field studies of the relationship between fow vari-
ability and condition tell a somewhat diferent story. 
Comparisons between a hydropeaking river and a 
nearby naturally fowing river in Ontario, Canada 
revealed that fsh condition metrics (e.g., annual 
growth rate, length-at-age, condition, feld metabo-
lism) for Longnose dace (Rhinichthys cataractae), 
Slimy sculpin (Cottus cognatus), Trout-perch (Per-
copsis omiscomaycus), and Brook trout (Salvelinus 
fontinalis) were the same or signifcantly greater 
in the hydropeaking river (Bond et  al. 2016; Kelly 
et  al. 2015, 2017a, b; Smokorowski et  al. 2011). 
Other feld studies have shown no signifcant difer-
ence in growth rates or conditions of multiple species 
between hydropeaking and natural fow regime sites, 
but signifcantly greater fullness in hydropeaking 
site individuals (Enders et al. 2017; Lagarrigue et al. 
2002; Rocaspana et  al. 2016). In contrast, Korman 
and Campana (2011) found that juvenile Rainbow 
trout (Oncorhynchus mykiss) grew signifcantly more 
during periods of stable fow than when exposed to 
hydropeaking, likely because peaking fows limited 
their access to productive stream margin habitat. In 
tailwaters across the western United States, negative 

correlations between Rainbow trout (O. mykiss) and 
Brown trout (S. trutta) length and high daily fuc-
tuations in fow were outweighed by stronger nega-
tive relationships with intra- and inter-specifc com-
petition (e.g., catch rates of conspecifcs, new adult 
cohort strength; Dibble et al. 2015).

The observed or predicted relationship between 
sub-daily fow variability and condition is depend-
ent upon the method of inquiry used to investigate 
the relationship. Laboratory experiments and model 
simulations suggest that variability generally nega-
tively afects condition, whereas feld studies suggest 
that condition may be unafected or even improved by 
sub-daily fow variability. One potential explanation 
for observed positive relationship between fow varia-
bility and condition is increased prey availability dur-
ing pulsed fows, which apparently ofsets any addi-
tional energy expenditures incurred by individuals 
in fuctuating fow regimes (Bond et  al. 2016; Kelly 
et al. 2015, 2017b; Lagarrigue et al. 2002; Rocaspana 
et al. 2016). Model simulations and laboratory exper-
iments did not account for prey subsidies at higher 
fows. In cases where fsh condition and hydropeak-
ing were negatively correlated, this relationship was 
tempered by season (Pufer et  al. 2015), life stage 
(Korman and Campana 2011), or better explained 
by intra- and interspecifc interactions than hydraulic 
metrics (Dibble et al. 2015; Pufer et al. 2017). There 
is moderate agreement among articles in our database 
that individuals downstream from hydropeaking dams 
may exhibit the same or better condition than individ-
uals in natural fow regimes, likely because increased 
food resources outweigh the energetic costs associ-
ated with living in highly variable fow regimes.

Production (N = 13)

We classifed articles that evaluated population-level 
characteristics of a single species – including abun-
dance, density, biomass, or other metrics related 
to the total number of individuals at a given time 
and place – as production outcome articles (N = 13, 
Table  4). Two articles used model simulations to 
assess the relationship between fsh production and 
sub-daily fow variability; the remainder used feld 
studies (Fig.  4). The efects of sub-daily fow vari-
ability on production generally are realized across 
reaches and systems on timescales of seasons to years 
(Fig. 5).
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Models simulating the efects of sub-daily fow 
variability on fsh productivity generally predict 
that hydropeaking negatively infuences productiv-
ity via life stage-specifc mechanisms but that these 
efects can be somewhat ameliorated by compensa-
tory density-dependent mortality or mitigation strat-
egies. Hydropeaking model simulations signifcantly 
reduced abundance of young life stages of Atlantic 
salmon (Salmo salar) via stranding; these efects 
propagated throughout the population and were 
cumulative over time resulting in suppressed abun-
dances of each life stage, with greater population-
level impacts from hydropeaking in the spring and 
winter due to reduced compensatory efects of den-
sity-dependent mortality (Hedger et al. 2018). Addi-
tional model simulations predicted fsh productivity 
was unsatisfactory in the existing hydropeaking fow 
regime but could be improved if basin fow damp-
ening mitigation strategies were adopted for peak-
ing retention, which would reduce stranding rates of 
juvenile trout and increase macroinvertebrate biomass 
(Tonolla et al. 2017).

A long-term feld study of 45 stream reaches in 
France revealed that non-hydropeaking seasonal high 
fows had greater efects on species-specifc densities 
than low intensity hydropeaking and that the efects 
of pulsed fows were dampened by habitat connec-
tivity and heterogeneity (Judes et  al. 2020). Fish 
abundance and biomass were signifcantly reduced 
downstream of some small hydropower plants with 
low intensity hydropeaking in Lithuania relative to 
upstream reference sites, but these results were only 
observed at 20% of the evaluated power plants and 
were not explained by any of the potential predictor 
variables (Česonienė et al. 2021). European grayling 
(Thymallus thymallus) biomass was signifcantly 
reduced in low- and normal-intensity hydropeaking 
rivers in Austria and sites with the highest biomass 
had the low down-ramping rates and fow fuctuation 
amplitudes (Hayes et al. 2021).

The efects of sub-daily fow variability on fsh 
production are dependent on life stage and sea-
son. For instance, juvenile Brown trout (S. trutta) 
were signifcantly less abundant downstream from 
a hydropeaking dam relative to an upstream refer-
ence site, likely due to high hydropeaking intensity 
and frequency during autumn and winter resulting 
in unfavorable conditions for juveniles (Saltveit 
et  al. 2020). In another feld study, Brown trout 

(S. trutta) density and biomass were signifcantly 
lower downstream of a hydropeaking dam relative 
to an upstream reference site, and the downstream 
hydropeaking site had an imbalanced population 
size structure with few younger individuals (Rocas-
pana et al. 2016). There were similar imbalances in 
population size structure for several fsh species in 
a Canadian river, with fewer younger individuals 
in hydropeaking sites downstream of a dam rela-
tive to an upstream reference site in Canada (Enders 
et al. 2017). Lagarrigue et al. (2002) also observed 
reduced biomass and density of Brown trout (S. 
trutta) in a site infuenced by hydropeaking, which 
was primarily driven by fewer juveniles.

Conversely, fsh biomass was not signifcantly 
diferent between hydropeaking and naturally fow-
ing rivers in Canada, potentially due to ramping rate 
and minimum discharge restrictions (17% of maxi-
mum discharge; Smokorowski et  al. 2011). Hydro-
peaking fow pulses can increase the abundance of 
specifc life stages during seasons when high fows 
are important for certain life cycle activities (e.g., 
salt water migration of goby larvae; Lagarde et  al. 
2018). A long-term analysis of trout recruitment in 
29 tailwaters in the western United States revealed 
that Brown trout (S. trutta) recruitment was signif-
cantly negatively correlated with hydropeaking and 
high fow whereas Rainbow trout (Oncorhynchus 
mykiss) recruitment was more closely correlated 
with seasonal fow patterns (Dibble et al. 2015). In 
a Canadian feld study, sculpin biomass was sig-
nifcantly greater in hydropeaking rivers relative to 
naturally fowing rivers, and sculpin density shifted 
longitudinally within the hydropeaking rivers; these 
patterns were attributed to shifts in invertebrate 
prey availability (Bond and Jones 2015).

Collectively, these articles strongly agree that fsh 
production – expressed via biomass, density, abun-
dance, or other metrics – likely is suppressed by sub-
daily fow variability largely via reduced numbers of 
younger life stages in fow regimes with high-inten-
sity hydropeaking. Fish populations in hydropeak-
ing rivers are smaller and/or less balanced relative 
to populations in natural fow regimes because small 
fsh have low tolerance to fast, highly variable fow. 
In cases where production was not strongly correlated 
with fow, hypothesized reasons are efective mitiga-
tion strategies (Smokorowski et al. 2011), low hydro-
peaking intensity or fsh adaptation to fuctuating 
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fows (Česonienė et al. 2021; Judes et al. 2020), and 
increased prey availability (Bond and Jones 2015).

Mortality (N = 5)

We classifed articles that evaluated elements of mor-
tality or survival not attributed to stranding risk or 
reproduction as mortality outcome articles (N = 5, 
Table  4). Mortality due to sub-daily fow variabil-
ity was one of the lesser-studied phenomena in our 
review, and was predominately investigated via feld 
studies, with one model simulation and laboratory 
experiment each (Fig.  4). Mortality is impacted by 
sub-daily fow variability from habitats to systems at 
timescales of seasons to years (Fig. 5).

Mortality due to sub-daily fow variability is spe-
cies-specifc. Annual survival for Longnose dace 
(Rhinichthys cataractae) and Slimy sculpin (Cot-
tus cognatus) was signifcantly lower in a hydrope-
aking river relative to a naturally fowing river, but 
Trout-perch (Percopsis omiscomaycus) survival was 
unchanged (Bond et  al. 2016; Kelly et  al. 2017a). 
Fluctuating fow treatments to simulate hydropeak-
ing in experimental fumes resulted in signifcantly 
greater juvenile Brown trout (Salmo trutta) mortal-
ity relative to stable fow treatments, but juvenile 
Atlantic salmon (Salmo salar) mortality did not dif-
fer between treatments (Addo et  al. 2022). Individ-
ual-based model simulations predicted the oppo-
site trend for these same species – reduced survival 
due to increased predation risk of juvenile Atlantic 
salmon (S. salar) in hydropeaking scenarios relative 
to the natural baseline fow scenario but unchanged 
juvenile Brown trout (S. trutta) survival (Hajies-
maeili et  al. 2022). Finally, increased discharge dur-
ing hydropeaking events increased the mortality of 
Red-tailed goby larvae (Sicyopterus lagocephalus) 
en route to the ocean to complete their life history 
(Lagarde et al. 2018), although increases in discharge 
decreased travel time to the ocean, which is benefcial 
for this species. The limited number of mortality arti-
cles in our database and their variability of reported 
results preclude our ability to draw strong conclu-
sions about the relationship between sub-daily fow 
variability and mortality, but generally suggest that 
that survival or river fshes is lower in systems with 
high fow variability and magnitude relative to stable, 
naturally fowing systems and that these efects are 
species-specifc.

Biotic index (N = 8)

We classifed articles that evaluated the abundance 
or richness of species at a given site as biotic index 
outcome articles (N = 8, Table 4). Biotic indices were 
assessed primarily via feld studies (Fig.  4). Biotic 
indices are impacted by sub-daily fow variability 
within reaches or systems across seasons and years 
(Fig. 5). Fish diversity was lower and more variable 
at hydropeaking sites relative to reference sites, and 
diversity was strongly negatively impacted in higher 
order, channelized reaches with frequent peaking 
events and rapid ramping rates (Schmutz et al. 2014). 
Fish diversity was lower in a hydropeaked site rela-
tive to an upstream reference site, potentially due 
to low habitat heterogeneity at the hydropeaked site 
which was unable to support a diverse array of spe-
cies across a fuctuating fow regime (Boavida et  al. 
2015). Fish communities were less diverse down-
stream of small hydropower plants across Lithuania, 
but community indices were more strongly infuenced 
by river depth and area downstream of the dams than 
fow or ramping rate (Česonienė et al. 2021).

Fish communities immediately downstream from 
hydropeaking dams are less diverse than communities 
further downstream or at upstream or nearby refer-
ence sites and were primarily composed of general-
ist species tolerant of hydropeaking (Bond and Jones 
2015; Enders et al. 2017; Smokorowski et al. 2011). 
In other cases, fsh assemblages were more strongly 
impacted by stream size than low intensity hydro-
peaking, with headwater streams favoring trout and 
lower elevation, larger streams favoring cyprinids 
(Judes et al. 2020). A model simulation estimated that 
fsh community structure was in moderate condition 
under an existing hydropeaking regime and that it 
would not be improved under retention basin mitiga-
tion strategies (Tonolla et al. 2017).

The biotic index articles in our database strongly 
agree that sub-daily fow variability depresses fsh 
community diversity. Sites downstream from hydro-
peaking facilities tend to support less diverse fsh 
communities, likely as a complex combination of 
highly variable fow regimes, broad-scale river char-
acteristics like network position (i.e., higher versus 
lower order) and stream size and depth (Česonienė 
et  al. 2021; Judes et  al. 2020; Schmutz et  al. 2014), 
and local channel morphology and habitat heteroge-
neity (Boavida et  al. 2015). Mitigation strategies to 
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improve fsh community diversity in the context of 
variable fow regimes should consider whether down-
stream habitat morphology and river characteristics 
will support additional diversity beyond generalist 
species.

Articles not reviewed

We were unable to review 56 articles in our database 
due to time constraints and we did not review an addi-
tional 127 articles due to low keyword counts. It is 
possible that several of the articles we were unable to 
review due to time constraints may have investigated 
low-studied ecological outcomes in our review (e.g., 
physiology and behavior) and thus substantially infu-
enced our conclusions. Similarly, it is possible that 
some of the 127 articles not reviewed due to low key-
word count may have been relevant to our review. To 
estimate the efects of these omissions, we randomly 
selected 50% (N = 29) of the articles not reviewed 
due to time constraints and 10% (N = 13) of the low-
relevance articles and recorded the country where the 
study was conducted, as well as the fsh family and 
ecological outcome category.

For the subsample of articles omitted due to time 
constraints, eight would have been excluded based 
on population (N = 1), exposure (N = 5), or outcome 
(N = 2). Of the remaining 21 articles, one was a 
review and the remaining 20 predominately assessed 
ecological outcomes that were well-represented in our 
review: two assessed stranding risk (N = 21 strand-
ing risk articles in the review), three assessed habitat 
suitability (N = 20), fve assessed movement (N = 14), 
three assessed condition (N = 14), three assessed pro-
duction (N = 13), two assessed reproduction (N = 10), 
and four assessed biotic index (N = 8) (recall that 
single articles can report multiple outcomes). Of the 
low-studied outcomes in the database, these omitted 
articles would have contributed one additional arti-
cle each to mortality (N = 5), physiology (N = 5), and 
behavior (N = 3). None of the omitted articles would 
have contributed information on a fsh family not 
already included in the review, although one article 
would have added information from one additional 
country (India). For the subsample of articles omit-
ted due to low keyword count, ten would have been 
excluded based on exposure. The remaining three 
assessed condition, biotic index, and production for 

fsh families and countries already represented in the 
review.

Discussion

Our systematic review of 109 articles on the rela-
tionship between sub-daily fow variability due to 
hydropower production on riverine fsh ecology 
suggests that highly variable fows over short times-
pans negatively impact fsh in rivers in many ways. 
There is literature consensus that sub-daily fow vari-
ability increases stranding risk, destabilizes habitat, 
decreases population production, and decreases diver-
sity. There was moderate agreement among articles 
in our database that sub-daily fow variability inter-
rupts – but does not drastically impair – reproduction, 
increases or does not afect condition, and prompts 
diferent movement responses based on life-history 
requirements and local habitat conditions. Finally, 
few articles in our database investigated the relation-
ship between fow variability and mortality, physiol-
ogy, and behavior, and those that did reported rela-
tionships that were inconsistent or not biologically 
meaningful.

There was an interesting pattern between literature 
agreement and ecological outcome representation in 
our database articles. It is possible that the observed 
diferences in relationships between ecological out-
comes and sub-daily fow variability are due to dif-
ferences in the number of articles per outcome in our 
database. However, observed diferences in amount of 
literature agreement may also be a result of how dif-
ferent outcomes are quantifed or predicted and ulti-
mately afected by sub-daily fow variability. Strand-
ing risk and habitat suitability were the most-studied 
outcomes in our database and there was consensus 
among articles for both outcomes regarding their rela-
tionships to sub-daily fow variability. Stranding risk 
is the most widely studied biological impact of sub-
daily fow variability on riverine fsh (Hunter 1992). 
Fish stranding occurs instantaneously in response to 
discrete down-ramping events and is readily observ-
able in the feld via direct or remote surveillance 
(e.g., Glowa et  al. 2022; Saltveit et  al. 2001) and 
relatively easily producible in experimental settings 
(e.g., Führer et  al. 2022). Similarly, baseline knowl-
edge of fsh habitat requirements, typically known 
depth and velocity preferences, allow for relatively 
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straightforward modelling approaches to simulate 
changes in quantity and arrangement of suitable habi-
tat under a variety of real or hypothetical fow sce-
narios, which may or may not be validated by feld 
observations (e.g., Antonetti et al. 2022; Judes et al. 
2022).

By comparison, mortality, physiology, and behav-
ior, the three least studied (and lowest agreement) 
outcomes in our database, are either difcult to pre-
cisely measure or difuse by nature. Quantifying fsh 
physiological responses in relation to fow variability 
requires precise control of fow in experimental set-
tings and/or specialized techniques to measure physi-
ological responses that are directly connected to the 
fow variable of interest and not biased by handling 
or other study artifacts (Costa et al. 2018; Taylor et al. 
2012). Similarly, mortality attributed to sub-daily 
fow variability generally is realized at coarse spatial 
and temporal scales and it can be difcult to disentan-
gle the efects of fow variability on mortality from 
other complex system dynamics when comparing 
regulated and natural fow regimes between difer-
ent rivers (e.g., Bond et al. 2016; Kelly et al. 2017a). 
Lastly, fsh behavior can take many forms including 
diferent types of foraging behavior or interactions 
with other individuals or their immediate environ-
ment. It is therefore unsurprising that behavior obser-
vations in our database were inconsistent given that 
articles recorded diferent behaviors of diferent spe-
cies in diferent settings (Addo et  al. 2022; Moreira 
et al. 2020b; Watz et al. 2020).

Movement, reproduction, production, condition, 
and biotic index were represented by eight to four-
teen articles in our database and articles displayed 
strong to moderate agreement regarding relation-
ships between sub-daily fow variability and respec-
tive outcomes. Reported relationships between these 
outcomes and sub-daily fow variability were almost 
always dependent on other covariates. For exam-
ple, in addition to sub-daily fow variability, move-
ment is dependent upon season and time of day 
(e.g., Auer et  al. 2017; Scruton et  al. 2008), repro-
duction is dependent on channel morphology (e.g., 
Person 2013), production is dependent on life stage 
(e.g., Saltveit et  al. 2020), condition is depend-
ent on competition (Dibble et  al. 2015), and biotic 
index is dependent on broad scale river characteris-
tics (e.g., Judes et al. 2020). Stranding risk and habi-
tat suitability, the sub-daily fow variability-ecology 

relationships with the most agreement in the lit-
erature, also were strongly co-dependent on habitat 
complexity and channel morphology (e.g., Choi et al. 
2017; Hauer et al., 2017). Consequently, anticipating 
the efects of sub-daily fow variability on riverine 
fsh requires considering how underlying biological 
and environmental variables might temper or exacer-
bate fsh response to varying fow.

Generalized protocols for evaluating sub‑daily fow 
variability impacts

The efects of sub-daily fow variability on river-
ine fsh ecology are inextricably intertwined in the 
complex suite of biotic and abiotic characteristics 
that structure and constrain aquatic ecosystems (Pof 
1997; Pof et  al. 1997). This complexity creates a 
degree of site-, species-, and life stage-specifcity that 
makes it difcult to provide mitigation recommenda-
tions that apply to more than a handful of circum-
stances. Nonetheless, insight gained from this review 
can provide guidance for generalizing protocols to 
evaluate the efects of fow variability on riverine 
fshes to determine which (if any) ecological outcome 
to mitigate and which mitigation method might be 
most appropriate.

Mitigation measures can be generally classifed 
into three categories: operational (i.e., measures that 
constrain hydropower facility operation to attenuate 
one or more elements of the fow phase), construc-
tional (i.e., measures that modify or construct hydrau-
lic infrastructure such as retention ponds or side 
channels to lessen fow variability or hydropeaking 
intensity of discharge into downstream reaches), and 
compensation (i.e., measures that construct point bars, 
create habitat complexity, or otherwise modify physi-
cal river characteristics to improve habitat and create 
refugia across the range of realized fows) measures 
(Bruder et  al. 2016; Charmasson and Zinke 2011; 
Greimel et al. 2018). Selected mitigation measure(s) 
should be designed to maintain or enhance specifc, 
measurable ecological outcome(s) at a given location 
(Bätz et  al. 2022; Bruder et  al. 2016). Accordingly, 
fow variability impact assessments should frst char-
acterize channel (e.g., channelized or braided) and/or 
habitat (e.g., simple or complex) conditions and fsh 
community composition downstream from a fexible 
hydropower facility before selecting outcome-specifc 
mitigation strategies.
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Characterizing which species and life stages are 
present in a certain type of channel or habitat can 
inform which ecological outcome(s) are at poten-
tially impacted by sub-daily fow variability, and, 
consequently, which mitigation measure(s) might 
best improve those outcomes (Greimel et  al. 2018). 
For example, preventing the dewatering of spawning 
grounds and preserving nearshore rearing habitat of 
post-emergence juvenile salmonids in braided chan-
nels might involve operational mitigation strategies 
of raising minimum fow levels and minimizing the 
magnitude of fow variability during incubation and 
post-emergence periods (Harnish et  al. 2014; Hayes 
et  al. 2019). Mitigation measures that are designed 
to improve specifc ecological outcomes may have 
no impact or may adversely impact others (Tonolla 
et al. 2017). Even extensive mitigation measures may 
be unsuccessful if they are misaligned with the target 
outcome or if underlying conditions are not condu-
cive to outcome improvement (e.g., operational fow 
mitigation in severely degraded reaches; Holzapfel 
et  al. 2017; Person et  al. 2014; Tuhtan et  al. 2012). 
Outcome-specifc mitigation measures must be judi-
ciously selected in the broader context of the targeted 
species or community such that any benefts from 
the selected strategies are not outweighed by nega-
tive impacts to other life stages of the species or the 
broader ecosystem. In summary, knowing the fsh 
community composition and channel and habitat 
characteristics impacted by sub-daily fow variabil-
ity can allow managers and regulators to leverage life 
history information to decide whether mitigation is 
appropriate, which ecological outcome(s) to prior-
itize, and which mitigation measure(s) are most likely 
to result in outcome improvement for the net beneft 
of the species or system. Strategies that seek to reduce 
the severity of one or more components of sub-daily 
fow variability (e.g., reducing ramping rates) without 
accounting for underlying complex system dynamics 
or focusing on species- or life stage-specifc outcomes 
for fsh may result in reduced power production with-
out corresponding ecological improvements.

Review limitations and future research directions

Our systematic review was limited in a few ways. 
First, we were unable to review every article identi-
fed as potentially relevant during our search process 
and it is possible that some of the unreviewed articles 

present diferent depictions of sub-daily fow varia-
bility-fsh ecological outcomes, which could shift our 
conclusions. However, this seems unlikely given that 
our assessment of a random subset of omitted articles 
did not reveal large numbers of articles investigating 
outcomes or fsh families that were relatively under-
represented in our review, and that there was strong 
or moderate literature agreement for SDFV-outcome 
relationships for outcomes with at least eight obser-
vations. Furthermore, our conclusions generally align 
with syntheses and trends reported in other relevant 
reviews on similar topics (Bipa et  al. 2023; Hayes 
et al. 2022; Melcher et al. 2017; Smokorowski 2022; 
Young et  al. 2011). No systematic review captures 
all relevant articles, but we are confdent that future 
reviews of this subject will build on our conclusions 
as new research becomes available. Our review also 
was biased toward articles written or translated into 
English. We are hopeful that this bias does not signif-
icantly impact our conclusions given that fewer than 
2% of the 350 articles identifed for full-text review 
were excluded due to language.

Lastly, our review largely focused on research con-
ducted in North America and northwestern Europe on 
salmonids. This limitation is a function of the current 
state of this research area rather than our search strat-
egy, which was not limited geographically. It is not 
surprising that much of the current body of research 
on hydropower-driven sub-daily fow variability has 
occurred in these regions given that Canada and the 
United States are among the top fve hydropower pro-
ducing countries in the world and Norway, Switzer-
land, and Austria produce most of their power from 
dams (IEA 2021; IHA 2021). Nonetheless, as global 
power balances shift toward low- or zero-carbon 
energy sources, we are hopeful that new research 
will highlight the ecological efects of hydropower in 
other parts of the world.

During our systematic review, we identifed several 
promising areas for future research to advance our 
understanding of the complex relationship between 
hydropower and freshwater ecosystems. First, there 
is a need to better understand how hydropower-
driven fow variability is exacerbated or attenuated 
by reach-scale channel morphology and local habitat 
complexity within peaking and bypass reaches, and 
how these efects extend longitudinally downstream 
from dams. Channel and habitat structure exert strong 
infuence over the relationship between sub-daily 
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fow variability and several ecological outcomes in 
our review. Complex habitats are less sensitive to 
fow fuctuations because they provide many diferent 
habitats under a range of fows; however, complexity 
also increases stranding risk during down-ramping 
by creating pockets where fsh can become isolated 
from the main channel. Future research should lev-
erage advanced sensing techniques (i.e., sonar and 
green LIDAR instruments) to characterize habitat at 
the resolution and scale relevant to riverine fsh and 
quantify longitudinal relationships between habitat 
complexity, channel structure, and fow variability to 
better inform mitigation strategies.

Second, there is a need to better characterize fow 
variability due to hydropower production in the con-
text of local and regional power grid demands. Many 
fow variability metrics have been developed to char-
acterize and distinguish regulated fow regimes from 
natural fow regimes (e.g., Bejarano et  al. 2017; 
Bevelhimer et  al. 2015; Meile et  al. 2010), includ-
ing those that help diferentiate diferent types of 
dam operation (Greimel et  al. 2016; McManamay 
2014; Zimmerman et al. 2010). However, most of this 
research remains disconnected from the decisions that 
drive hydropower operation schedules – the need to 
support power grid demand and respond to market 
trends for proftability. Future research should con-
nect fow variability to energy markets (Hayes et  al. 
2023) by characterizing fow variability in the context 
of current and expected future power balances.

Third, our review evaluated the direct efects of 
sub-daily fow variability on the ecology of river-
ine fsh without regard to whether studied popula-
tions were native or naturalized nonnative. Native 
and nonnative fshes respond diferently to altered 
fow regimes (Gido et  al. 2013; Propst and Gido 
2004; Yard et  al. 2011). Sub-daily fow variability 
due to hydropower production may create tempera-
ture, substrate, and fow conditions downstream that 
are advantageous to nonnative species at the expense 
of native species. Future research should explore the 
indirect efects of sub-daily fow variability on native 
species via shifting community composition, includ-
ing how interspecifc relationships might be expected 
to respond to mitigation measures in the context of a 
changing climate.

Finally, research on the ecological efects of sub-
daily fow variability due to hydropower production 
has the unique opportunity to directly connect fsh 

ecological outcomes (e.g., habitat suitability) to the 
full suite of services rendered by specifc hydro-
power operational scenarios, including grid support 
and reliability, food control, recreational opportu-
nities, and hydropower owner proftability (Niu and 
Insley 2013; Person et al. 2014). If we want to use 
hydropower to help ofset the severity of efects of 
global climate change while also maintaining down-
stream ecological integrity, we need to understand 
how diferent hydropower operation strategies will 
impact economic, social, and environmental out-
comes (Bipa et  al. 2023). Future research should 
harness expected ecological outcomes to fnancial 
outcomes, regional grid dynamics, power demand, 
and other services provided by hydropower (e.g., 
food control) in the context of discrete hydropower 
operation policy to properly evaluate energy fexi-
bility-environment trade-ofs and to satisfy diverse 
sets of stakeholders. This is especially critical for 
enhancing the sustainability of regulated rivers in 
an uncertain future marked by a changing climate 
and rapid, concurrent shifts in energy production 
sources and methods.

Conclusion

Our systematic review of the ecological efects 
of sub-daily fow variability on riverine fsh sug-
gests that fexible hydropower production nega-
tively impacts downstream fsh from the organism 
to the community level. Hydropower operations 
can decrease fsh production and diversity, interrupt 
reproduction, increase condition, prompt fsh move-
ment, increase stranding risk and decrease habitat 
stability. Flow variability impact assessments should 
characterize local fsh community composition and 
channel and habitat morphology and resulting mitiga-
tion strategy decisions should be tailored to specifc 
measurable ecological outcomes within the context of 
the broader population or community at a given site 
for greatest efcacy. Given that fexible hydropower 
plays a large and growing role in the ongoing shift to 
low- or zero-carbon power grids, it is critical that we 
continue to investigate the efects of sub-daily fow 
variability on aquatic ecosystems to optimize fexible 
hydropower production to meet societal needs and 
maintain or enhance downstream ecological integrity.
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