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“The first principle is that you must not fool yourself — and you are the easiest person
to fool.”

Richard Feynman
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Abstract
Over the past hundred years, the intensified construction and operation of hydropower fa-
cilities has substantially altered and fragmented river ecosystems globally. Combined with
morphological modifications such as river channelization, these anthropogenic activities con-
tributed to substantial degradation of freshwater ecosystems and their biodiversity � effects
that are evident today. Nevertheless, striking a balance between societal needs and the conser-
vation of freshwater ecosystems requires a nuanced understanding of how aquatic organisms
respond to anthropogenic disturbances. Pumped storage hydropower plants have gained
traction for their capability to produce electricity on demand and to store excess energy from
intermittent renewable energy sources like wind and solar. This capacity to buffer rapid fluc-
tuations in electricity production and demand plays a pivotal role in maintaining the stability
of the electricity grid and its transition away from fossil fuels. However, the operation of stor-
age hydropower plants can induce unnaturally rapid alterations in river discharge, known
as hydropeaking. Hydropeaking can additionally alter the thermal regime of rivers, a phe-
nomenon known as thermopeaking, should the temperature of the released water differ from
the recipient river. In the worst case, these operationally induced disturbances can lead to
stranding or uncontrolled drift of juvenile fish. The ecological severity of hydro- and ther-
mopeaking is expected to be linked to the speed at which discharge, water levels, and wa-
ter temperature change, as well as the ability of aquatic organisms to cope with these rapid
spatio-temporal alterations.

In this thesis, I used controlled laboratory experiments to reproduce distinct discharge and
temperature disturbances mimicking hydro- and thermopeaking, and quantified the move-
ment behavior of the early-life stages of trout (Salmo trutta) to understand their capacity to
respond to such alterations.

I set out to achieve that by developing a novel laboratory method to quantify the fine-scale
movement behavior of fish in environments resembling natural habitats (Chapter 2). By com-
bining a translucent gravel base layer with infrared illumination, the novel setup allowed for
automated image-based fish tracking through the air-water interface. Then, I incorporated
local depressions, cobbles and self-filling bluff bodies to mimic hydrodynamic heterogeneity
present in the riverbed. Using this innovative approach, I quantified fish posture parame-
ters (e.g. head orientation and tail offset) and trajectories that informed fine-scale movement
responses elicited by fish to respond to the flow dynamics imposed during the experiments.
Given the success obtained with the setup I devised, in Chapter 2 I describe it in detail and
discuss the challenges and recommendations to obtain high-quality fish movement data.
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In Chapter 3, brown trout parr were exposed to hydropeaking conditions and their fine-scale
movement responses were simultaneously quantified. A laterally inclined flume section was
used to generate heterogeneous hydraulic conditions and enabled the continuous capture of
individual positions and body postures of both wild- and hatchery-reared trout. The experi-
ments revealed that juvenile fish negotiate the rapid variation in discharge by swiftly (within
minutes) adjusting their spatial occupancy and exploratory behavior. During increase in dis-
charge, fish moved perpendicular to the main flow direction to shallow areas as these became
submerged. During peakflow, fish maintained position at low flow velocity zones around cob-
bles and exhibited swimming behaviors, including bow-riding and entraining, likely to min-
imize energy expenditure. During the decrease in discharge following peakflow, fish aban-
doned areas falling dry by moving laterally. In the treatment with the higher down-ramping
rate, the time to initiate relocation was lower while the relocation speed was higher. These
findings establish a causal and quantitative relationship between down-ramping rate and re-
location speed and underline the importance of particular flow regions (e.g. near cobbles) in
which hydraulic conditions enable fish to use energy saving strategies during hydropeaking
conditions.

In Chapter 4, brown trout parr, acclimated to 12 °C, were exposed to rapidly forming cold-
and warm-water interfaces with temperatures ranging from 4 to 20 °C. Here, state-of-the-art
tracking of individual fish was combined with the simultaneous visualization of the inter-
face between warm and cold water in a lock-exchange flow tank. This allowed to precisely
relate the fine-scale fish movement response to the position of the thermal interface. The
experiments revealed that juvenile brown trout possess an exquisite capacity to rapidly re-
spond to fine-scale temperature disturbances, avoiding exposure to cold water (� 8 °C) and
exploiting access to warmer water (12�20 °C). Contrary to the current paradigm, based on
long-term exposure experiments, that fish become physiologically impaired and swim more
slowly when exposed to cold water, our results revealed a surprising combination of behav-
iors: when in cold-water regions, fish increased their swimming velocity and increased their
rate of turning upwards (i.e. towards warmer water), thus combining thermokinesis and ther-
motaxis to avoid cold water exposure. In contrast, in warm-water treatments fish repeatedly
crossed thermal interfaces towards water up to 8 °C warmer, without exhibiting any avoid-
ance response, suggesting a behavioral strategy to exploit warm water to gradually adjust
body temperature.

Collectively, these findings provide critical insights into the fundamental aspects of move-
ment behavior during hydropeaking and thermopeaking in natural streams, offering valu-
able information for habitat modeling and the development of mitigation strategies for hy-
dropower operation. At the same time, this work introduces new methods for performing
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fish tracking experiments in the laboratory to study the behavioral response of fish to envi-
ronmental stimuli, and these could be more broadly applied to a wider range of research and
management questions. These findings will be of interest to a broad and interdisciplinary au-
dience both for their scientific relevance to the fundamental understanding of fish movement
responses and thermoregulation and for their potential to enhance the management of brown
trout populations in hydropower affected rivers.
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Zusammenfassung

Über die letzten hundert Jahre hat der verstärkte Bau und Betrieb von Wasserkraftanlagen
Flussökosysteme weltweit massgebend verändert und fragmentiert. In Kombination mit mor-
phologischen Veränderungen wie Flussbegradigungen haben diese menschlichen Eingriffe
erheblich zum Rückgrang von Süsswasserökosystemen und ihrer Biodiversität beigetragen
� mit Auswirkungen, die heute deutlich erkennbar sind. Die Interessenabwägung zwischen
dem Erhalt von Süsswasserökosystemen und anderen gesellschaftlichen Bedürfnissen ist ein
fortlaufender Prozess, der ein tiefgehendes Verständnis darüber erfordert, wie aquatische Or-
ganismen auf anthropogene Störungen reagieren.

Pumpspeicherkraftwerke gewinnen zunehmend an Bedeutung, da sie die Fähigkeit besitzen,
Strom bei Bedarf zu erzeugen und überschüssige Energie aus intermittierenden erneuerbaren
Quellen wie Wind und Sonne zwischenzuspeichern. Diese Fähigkeit, schnelle Schwankun-
gen in der Stromerzeugung und -nachfrage auszugleichen, ist entscheident für die Stabil-
ität des Stromnetzes und die zunehmende Unabhängigkeit von fossilen Energieträgern. Der
Betrieb von Speicherkraftwerken kann jedoch zu unnatürlich schnellen Veränderungen des
Abflusses in einem Fluss führen, ein Phänomen, das als ‘Hydropeaking’ (deutsch: Schwall �
Sunk) bekannt ist. Schwall und Sunk können zusätzlich Änderungen der Wassertemperatur
induzieren, insbesondere, wenn die Temperatur des turbinierten Wassers von der des Flusses
abweicht. Dies wird als Thermopeaking bezeichnet. Im schlimmsten Fall können diese be-
triebsbedingten Störungen zum Stranden oder unkontrollierten Abdriften von Jungfischen
führen. Die ökologischen Auswirkungen von Hydro- und Thermopeaking stehen im Zusam-
menhang mit den unnatürlich hohen Änderungsraten von Abfluss und Temperatur sowie
mit der Fähigkeit aquatischer Organismen, auf diese zeitlich-räumlichen Veränderungen zu
reagieren.

In dieser Dissertation wurde der örtliche Effekt schneller Abfluss� und Temper-
aturschwankungen in seperaten Laborversuchen nachgestellt und simultan das feinskalige
Bewegungsverhalten von jungen Bachforellen (Salmo trutta) aufgezeichnet.

In Kapitel 2 wird eine neuartige Labormethode vorgestellt, die es ermöglicht, feinskalige Be-
wegungsmuster von Fischen in Umgebungen zu erfassen, die natürlichen Lebensräumen äh-
neln. Die Kombination einer transparenten Kiesbasis mit Infrarotlicht ermöglicht eine au-
tomatisierte, bildbasierte Erfassung von Fischbewegungen durch die Wasseroberfläche. Dabei
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werden lokale Vertiefungen, Kieselsteine und künstliche Hindernisse integriert, um die hy-
drodynamische Heterogenität eines Flussbettes nachzubilden. Mit diesem Ansatz können
gleichzeitig Körperhaltung (z.B. Kopforientierung und Schwanzversatz) und Trajektorien der
Fische quantifiziert werden. In diesem Kapitel wird die Methode detailliert beschrieben und
spezielle Herausforderungen sowie Empfehlungen diskutiert.

In Kapitel 3 wird die Bewegungsreaktion von Bachforellen auf schnelle Abflussänderungen
in einem seitlich geneigten, heterogenen Kiesbett untersucht. In der turbulenten Strömung
werden ihre feinskaligen Bewegungsmuster erfasst und später ausgewertet. Dabei wur-
den sowohl Wild- als auch Zuchtfische getestet und ihre Position sowie Körperhaltung kon-
tinuierlich aufgezeichnet. Die Ergebnisse zeigen, dass die getesteten Fische schnell auf die
Abflussänderung reagieren, indem sie sich zu flacheren, gerade überfluteten Bereichen bewe-
gen und energieeffizientes Schwimmverhalten ausüben. Im Gegensatz dazu veranlasste der
Rückgang des Abflusses die Fische dazu, sich lateral zur Hauptströmungsrichtung zu bewe-
gen, um Stranden zu verhindern. Dabei hatte die Änderunsrate des Abflusses einen direkten
Einfluss auf die Geschwindigkeit und den Zeitpunkt dieser Reaktionen.

Kapitel 4 untersucht die Verhaltensreaktionen von Bachforellen auf rasche Temperaturän-
derungen in ihrer unmittelbaren Umgebung. Mittels Dichteströmungen in einem heterother-
men Wassertank konnte das plötzliche Auftreten von Temperaturgradienten simuliert und
visualisiert werden (Temperaturbereich: 4–20 °C). Hochpräzise Fischbeobachtungen zeigen,
dass die Fische kaltes Wasser (�8 °C) gezielt meiden, indem sie dort ihre Schwimmrich-
tung ändern und ihre Schwimmgeschwindigkeit erhöhen. Im Gegensatz zu früheren Stu-
dien, die von einer verringerten Schwimmgeschwindigkeit bei Kälteeinwirkung ausgingen,
zeigen diese Ergebnisse, dass Forellen eine Kombination aus Thermokinesis und Thermotaxis
einsetzen, um kalte Temperaturen zu vermeiden.

Zusammenfassend bieten diese Erkenntnisse wertvolle Einblicke in das Bewegungsverhal-
ten von jungen Bachforellen während akuter Temperatur- und Abflussschwankungen. Die
Ergebnisse können instationäre Habitatmodellierungen vorantreiben und zur Minderung der
negativen Auswirkungen von Wasserkraftanlagen beitragen. Gleichzeitig stellt diese Arbeit
neue Methoden vor, um Fischverhalten unter kontrollierten Laborbedingungen zu unter-
suchen, die auch für eine Vielzahl weiterer Forschungs- und Managementfragen anwendbar
sind. Diese Erkenntnisse sind sowohl für die wissenschaftliche Gemeinschaft als auch für das
Management von Forellenpopulationen in von Wasserkraft beeinflussten Flüssen von grosser
Bedeutung.
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Chapter 1

Introduction

Unlike other species, humans began adapting and utilizing their environment to ful�ll their

needs, an evolutionary trait that ultimately paved the way for the vast societies we inhabit

today. After the �rst hunter-gatherers transitioned to subsistence farming around 10,000 BCE,

their focus shifted toward producing energy in the form of edible crops. Later, humans be-

gan domesticating livestock, developed early forms of fertilizers, laying the foundation for

the signi�cant agrarian societies that followed. The discovery of coal accompanied with tech-

nological innovations in manufacturing and transportation transformed the agrarian, 18 th-

century Europe into industrialized economies and this was further fuelled by the discovery

of oil and nuclear energy in the mid 20 th century. Hydropower, which had been mechanically

used for centuries, was only signi�cantly further developed at the end of the 19 th and in the

20th centuries� a trend which is ongoing today.

The 20th century witnessed a massive dam construction boom, �rst starting in North America

and then spreading to the rest of the inhabited world [1]. In 2015, hydropower generated

approximately 78% of the world's renewable electricity, constituting about 16% of the world's

total generated electricity [2]. This share is projected to nearly double by 2050, with over

3,700 new hydropower dams (each over 1 MW in capacity) planned or under construction

as of 2014, primarily in South America, Southeast Asia, and Africa [3, 4]. As the leading

renewable energy source, hydropower is quasi CO 2-neutral, produces no waste and is an

essential component of the global energy transition. Compared with conventional coal power

plants, hydropower prevents the emission of about 3 GT CO 2 per year, which represents about

9% of global annual CO2 emissions [2]. Furthermore, it enables countries to reduce reliance

on energy imports, while multipurpose reservoirs contribute to irrigation, �ood control, and

drought resistance, thereby enhancing national independence and resilience.

Despite these advantages, hydropower can have adverse social effects [5] and contributes

signi�cantly to biodiversity loss (Fig. 1.1) as well as the degradation of freshwater ecosys-

tems globally [6]. Historically, many of these adverse effects were poorly understood or were
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overlooked due to the perceived 'unbeatable' economic bene�ts [7]. Today, our understand-

ing of the ecological impacts of hydropower, particularly on �sh populations in the Global

North, has greatly improved, and many countries are striving to better balance its environ-

mental costs with its societal bene�ts. However, mitigating the negative impacts of existing

hydropower plants is costly, resources are limited, and a clear understanding of how the var-

ious stressors affect target ecosystems is essential.

This chapter presents the motivations behind the research questions and provides the back-

ground and theoretical framework needed to understand the research and its results.

1.1 Motivation

Balancing societal needs, such as the reliable provision of energy and water for irrigation,

with the conservation of freshwater ecosystems is an ongoing debate that hinges on our un-

derstanding of how organisms respond to anthropogenic stressors.

This thesis contributes to this ongoing debate, driven by the urgent need to understand and

address adverse ecological impacts of storage hydropower operation. In particular, I investi-

gate the response of early-stage �sh to rapid �uctuations in water discharge and temperature,

commonly referred to as hydropeaking and thermopeaking.

The primary motivation of this research is to:

1. Understand behavioral responses of �sh : This thesis intends to derive a mechanis-

tic understanding of �ne-scale movement behavior of �sh in response to hydropower-

induced �ow and temperature alterations.

2. Inform mitigation strategies : Behavioral responses can serve as a �rst line of defense

against environmental stressors. Understanding behavioral responses can shed light on

factors that may mitigate or exacerbate impacts, emphasizing the importance of inte-

grating such knowledge into conservation and management strategies.

3. Advance fundamental science : Another motivation is to leverage and further advance

�sh tracking approaches that allow to quantify �ne-scale movement behavior in com-

plex hydrodynamic and heterothermal environments.

In pursuit of these objectives, this thesis takes an interdisciplinary approach, combining con-

cepts from behavioral science, hydraulic engineering, �uid mechanics, ecology and statistics,

collectively known as ecohydraulics.
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1.2 Research context

1.2.1 Hydropower development

Globally, societies face an intensifying scarcity of essential resources such as food, water and

energy [8–12]. These shortages are projected to further exacerbate due to the effects of climate

change [13] and the increasing demands of growing and wealthier populations [14, 15]. For

instance, climate change is projected to exacerbate the disparity between agricultural water

demand and supply [16], further diminishing the available water resources for ecosystems.

This growing imbalance is likely to put additional pressure on freshwater biodiversity and

ecosystem services, particularly in regions already facing water scarcity [17, 18]. At the same

time, there is an urgent need to decarbonize economic systems and to address the depletion

of limited natural resources [14, 15, 19].

The earliest innovations in harnessing the energy of water emerged in China during the Han

Dynasty (202 BCE - 9 CE) [20]. Vertical water wheels were used to power machinery, lift

water for irrigation, and grind grains, signi�cantly advancing Chinese agriculture, industry,

and society [21]. The �rst inventions that converted mechanical energy into electrical energy

by means of reaction turbines date back to the end of the 19th century. In 1891, Siemens

and Halske installed a hydroelectric power plant on the Neckar river in Lauffen, Germany,

providing electricity to 175 km distant Frankfurt [20].

One of the �rst pumped storage hydropower plant (PSP) was installed in 1907 in

Schaffhausen, Switzerland. During the night, electricity surplus was used to pump water

from the river Rhine into an elevated storage reservoir with a storage volume of 90'000 m 3.

During periods of high electricity demand, this water was released through a hydroelectric

turbine, converting potential energy into electricity before reentering the river.

Following the introduction of reversible pump turbines in the 1930s, both storage hydropower

plants (SHPP) and pumped storage plants (PSP) became widely implemented. In Switzer-

land, these systems produce about 32% of the annual electricity [22] and over 90% of the

world's stored energy is contained in water reservoirs associated with these systems [23].

Both, SHPPs and PSPs, enhance the stability of the electric grid by allowing �exible electricity

production according to the variation in demand and intermittency of other energy sources

[24]. In addition, PSPs provide storage capacity during periods of production surplus by

other renewables such as wind and solar [25, 26] and therefore play a key role in the energy

transition away from fossil fuels. Globally, PSP storage capacity is expected to increase by

almost 50% from 2018 to 2030 [23] and play an important role in securing the Central European
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electricity supply [27, 28]. Mountainous countries like Switzerland and Austria can bene�t by

exporting electricity to neighboring countries, especially during periods of high prices.

In addition to redistributing energy generation across seasonal timescales (e.g., from summer

to winter months), the rapid start-up and shutdown of turbines allows operators to respond

to demand �uctuations within minutes [22]. This �exibility allows to buffer the grid during

periods of peak demand or sudden drops in supply, which is deemed as a crucial requirement

to maintain stable and reliable energy grids [29–31].

In Switzerland, more then 670 hydropower plants constitute the backbone of its electricity

system, providing almost 60% (36 TWh/a) of the total electricity generated yearly on average

[22]. To meet climate targets and phase out nuclear plants, the Government's Energy Strategy

2050 seeks further expansion of this sector [32].

1.2.2 Freshwater biodiversity

Hydropower development, including multipurpose reservoirs for irrigation and �ood con-

trol, offers signi�cant bene�ts but also contributes to global environmental change and sub-

stantial biodiversity loss [33]. Freshwater biodiversity encompasses the genes, populations,

species, communities and ecosystems of all freshwaters, and provides irreplaceable ecosys-

tem services which are fundamental for human livelihoods and well-being [34]. This biodi-

versity is currently declining at unprecedented rates [35], across every continent and major

river basin on Earth, with degradation progressing faster than in terrestrial ecosystems [36].

For 3741 monitored populations of 944 freshwater vertebrate species an average 84% decline

in abundances within less than 50 years was observed (Living Planet Index, [37] and Fig. 1.1).

This represents the steepest decline among the three major ecological categories (land, oceans

and freshwaters) and stresses the disproportionate threat currently faced by freshwater biodi-

versity [38].

Riparian habitats are among the most biologically diverse on Earth and have immense eco-

nomic, cultural, scienti�c, and educational value [36, 41]. For example, freshwater �sh make

up more than half of the known �sh species in the world, a staggering diversity given that

freshwater ecosystems comprise only 1% of global aquatic habitats.

The observed decline in biodiversity is associated with the installation and operation of

hydroelectric plants, drastically altering the natural �ow regime, disrupting �sh migratory

routes, and directly causing injury or death through turbine passage [42]. In fact, about 25%

of all freshwater �sh species are currently threatened with extinction [43] and in Switzerland,

about half of the 40 typical riverine �sh species are considered endangered [44]. According to

the International Commission on large dams (ICOLD), there are approximately 60,000 large
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FIGURE 1.1: Biodiversity decline. Annual Living Planet Index (LPI) for global freshwater species nor-
malized by its value in 1970 (with a 95% con�dence interval) alongside annual freshwater withdrawals
and hydropower output. Freshwater withdrawals encompass global water abstractions, including in-
dustrial, agricultural, and domestic purposes, without accounting for evaporation losses from storage
basins. Sources: Food and Agriculture Organization, AQUASTAT dataset; Annual global hydropower

energy output from [39]; LPI from [40]

dams (> 15 m) and an additional 3000 hydropower dams are planned or under construction.

There is also a vastly greater (and often overlooked) number of smaller dams, culverts and

road crossings that block the movement of freshwater animals [45–47]. For instance, in 36

European countries, at least 1.2 million in stream barriers exist, with a mean density of 0.74

barriers per kilometre [48]. More than half of the global river volume is moderately to severely

impaired by �ow regulation, fragmentation, or both [49], reducing the ranges and population

viability of river �shes, particularly larger species [50].

The impact of hydropower plants on biodiversity is highly variable, with an estimated 3.9%

of global hydropower potential responsible for 51% of its effects on biodiversity [51]. Inter-

estingly, this impact is not directly proportional to water consumption or land use per kWh

of electricity generated. Instead, local factors, such as species richness and habitat character-

istics, are the primary drivers of the variation in biodiversity impacts.

Although the profound consequences of anthropogenic activities on the biosphere are widely

recognized, freshwater species and ecosystems were long underrepresented in conservation

science and policy frameworks [52, 53]. Instead, actions focused on the terrestrial landscapes

dominated conservation science and policies that do not adequately protect freshwater biodi-

versity [54, 55]. While the reasons are varied, investments in both research and conservation

of freshwater biodiversity lag far behind those in the terrestrial and marine realms [38].
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However, recent developments indicate a shift in focus and freshwater biodiversity is now

gaining increased recognition. The Global Biodiversity Framework includes speci�c targets

for 2030 and the European Water Framework Directive imposes policies to protect nature and

biodiversity with a focus on freshwater ecosystems [7]. Additionally, an Emergency Recovery

Plan was proposed to “bend the curve” of freshwater biodiversity loss, although its success

will depend on the widespread adoption and support of the proposed measures [56].

Freshwater species continue to face signi�cant threats due to extensive ecosystem degradation

and high levels of imperilment. Reversing the decline in freshwater biodiversity will require

not only widespread societal recognition of its importance but also the implementation and

development of innovative technical solutions and government policies that secure essential

resources—water, energy, and food—without further compromising freshwater ecosystems

[57].

Despite this potential, the bene�ts provided by freshwater ecosystems must ultimately be

weighed against the increasing human demand for essential resources. When governments

are tasked to balance environmental conservation and human well-being, they ultimately

have to assign value to the existence of river ecosystems or species. But, what is the value

of the existence of a �sh species or a wild river stretch?

Some researchers argue that the economic value of natural capital, including freshwater

ecosystems, can be monetarily assessed [58–60]. However, others counter-argue that the in-

trinsic value of species and ecosystems cannot be encapsulated economically, as it is inherently

subjective and often rooted in moral and ethical considerations [61].

Hydropower development embodies a persistent con�ict of interest. On one hand, it sup-

ports global efforts to achieve the United Nations' Sustainable Development Goals (SDG) 7

(Affordable and Clean Energy) and SDG 13 (Climate Action) [62]. On the other hand, it poses

a threat to biodiversity, impacting SDG 6 (Clean Water and Sanitation) and SDG 15 (Life on

Land). Moreover, the Intergovernmental Panel on Climate Change (IPCC) emphasizes the im-

portance of renewable energy in limiting global warming to 1.5°C, with hydropower expected

to play a signi�cant role, as up to 85% of electricity demand may need to be met by renewable

sources [63].

While there may not be an ultimate solution to this dilemma, engaging different stakeholders

to develop science-based cost-bene�t analyses of hydropower projects can be an important

�rst step in exploring trade-offs [64]. However, integrative planning and adaptive policies

that accommodate advances in science and technology are essential for achieving balanced

solutions.
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1.3 Background information

This section reviews the ecological impacts of hydropeaking and thermopeaking on �sh pop-

ulations, building on the broader context provided in the previous sections. It synthesizes

current knowledge on how �uctuating discharge and temperature patterns impact �sh be-

havior, physiology, and habitat use, while highlighting key knowledge gaps that this thesis

addresses. Finally, it provides insights into Switzerland's ongoing strategies and regulatory

measures to mitigate these issues, illustrating local approaches to conservation within the

global challenges of reducing hydropower-related ecological impacts.

1.3.1 Hydropeaking

Alterations of the river discharge due to intermittent hydropower production are a global

phenomenon contributing to biodiversity loss and ecosystem degradation worldwide [65,

66]. The operational �exibility of hydroelectric power generation results in rapid and of-

ten frequent changes in river discharge known as hydropeaking, which has signi�cant effects

on aquatic biota that inhabit the river stretch downstream of the power plant [67]. Sudden

water releases trigger small arti�cial �oods, resulting in abrupt �uctuations of water levels,

inundated area, �ow velocity, near-bed shear stress, and water quality (Fig. 1.2A,B). From a

hydrodynamic perspective, these �ood waves travel downstream from the turbine outlet at

a speed which depends on the river morphology [68]. Naturally, some rivers may occasion-

ally undergo rapid �ow alterations due to �ash �oods; however, the hydrographs of rivers

impacted by hydropeaking (for instance Fig. 1.2C) are characterized by frequent, abrupt, and

often unpredictable �ow changes that lack a natural analog [69, 70].

Hydropeaking can be described, based on the local anomaly of the river hydrograph, in terms

of magnitude, rate of change, duration and frequency of occurrence [71] (Fig. 1.2A,C). The

combination of these parameters distinctly affects local habitats and in�uences the behavioral

responses of aquatic organisms. In the following, I outline key processes and review existing

research on how speci�c hydropeaking factors shape �sh responses and habitat use.

Magnitude and Duration

Hydropeaking events have complex ecological impacts on river habitats, affecting habitat

availability, connectivity, and persistence [65]. During periods of up- and down-ramping

(Fig. 1.2A), they alter the mosaic of available habitats, forcing riverine organisms to seek new

refuges, and impact connectivity across these habitats as �ow varies spatially and temporally.

The duration of these production cycles (and the intervals between them) determines how

long speci�c habitat con�gurations are available (Fig. 1.2C), impacting how long organisms



8 Chapter 1. Introduction

can remain in a habitat before relocating, or how much time they have to endure potentially

stressful conditions.

Ramping-rate

The rate at which hydropower turbines are turned on and off directly determines the rate

of change of the river discharge (dQ/ dt) during hydropeaking events. These "ramping-rates"

(increase and decrease of river discharge) have therefore been identi�ed as crucial variables in

determining the severity of hydropeaking [67, 72]. Locally, the ramping-rate can be measured

as the rate of vertical water-level change per unit time ( dh/ dt), a metric, utilized as a cen-

tral indicator in Swiss hydropeaking mitigation guidelines [73]. The ramping-rate determines

how rapidly suitable habitats (hydraulically characterized in terms of water depth and �ow

velocity) are relocated during the course of a hydropeaking event [74, 75]. For mobile aquatic

organisms such as �sh, the ramping rate determines the available time for relocation, which

can be critical for their survival [29, 65]. Both involuntary downstream displacement dur-

ing the up-ramping phase (drift) and stranding during the down-ramping phase have been

recognized as severe consequences of hydropeaking.

Drift

Rapid increase of river discharge has been associated with involuntary downstream displace-

ment of �sh [76] and invertebrates [77]. As �ow velocities and near-bed shear stress drasti-

cally increase, this effect is more pronounced in �sh larvae and juvenile �sh, which have lim-

ited swimming capabilities [78–80]. For instance, under controlled experimental conditions

"forced drift" during up-ramping was observed for early life stages of grayling ( Thymallus

thymallus) and nase (Chondrostoma nasus) [81, 82].

Stranding

On the other hand, down-ramping has been reported to cause �sh and macroinvertebrate

stranding on previously inundated river banks downstream of hydropower facilities [83, 84].

A higher down-ramping rate was observed to increase the number of stranded �sh in labo-

ratory �umes [85] and in semi-natural outdoor �ume facilities [81]. However, �sh stranding

was also found to increase during daytime and on heterogeneous gravel beds with local de-

pressions [81]. Derived from prior research [86], Swiss hydropeaking mitigation guidelines

specify critical down-ramping rates during daytime that vary by �sh species and develop-

mental stages. For trout larvae (Salmo trutta), present in Swiss rivers from March to Septem-

ber, a down-ramping rate of dh/dt < 0.2 cm min� 1 is classi�ed as "very good" while rates of

dh/dt � 0.5 cm min� 1 are considered "bad". In contrast, juvenile trout are expected to tolerate

higher down-ramping rates, with classi�cations of "very good" for dh/dt < 1.5 cm min� 1 and

"bad" for dh/dt � 6 cm min � 1 [73].
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FIGURE 1.2: Hydropeaking and thermopeaking. (A) A hydropeaking event registered at the river
Vorderrhein, CH in May 2023 (BAFU station 2033). After a period of base�ow, the river discharge
increased (up-ramping) and decreased (down-ramping) over sub-hourly timescales. (B) Photograph
of the river Löntsch, CH, during drastic up-ramping associated with hydropeaking (© Limnex AG).
The abrupt increase of river discharge induced a clearly visible �ood-wave propagating downstream
from the release point. (C) Hydro- and thermopeaking at the river Vorderrhein in May 2023 (10-minute
averaged temperature data, 5-min averaged discharge data). Repeated cold water releases induce un-
natural �uctuations of river discharge (blue) and water temperature (red). Especially in the afternoon
(12:00� 18:00), cold water releases cause rapid decreases and subsequent increases in water tempera-

ture.
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Frequency

Repeated hydropeaking events likely impose cumulative stress on aquatic communities, with

studies indicating reductions in �sh abundance under repeated hydropeaking conditions

[80, 87]. However, there are signi�cant knowledge gaps regarding behavioral adaptations

or learning processes that may help �sh to better cope with repeated hydropeaking condi-

tions [66]. Understanding such adaptive responses and their dependence on the frequency

of hydropeaking events is crucial, as these responses could be important in mitigating some

adverse effects and enhance the resilience of certain �sh species within �uctuating hydrody-

namic environments.

Other factors affecting stranding and drift

Although the ramping rate is an important parameter, stranding and drift are ultimately de-

termined by the complex interaction between multiple behavioral (biotic) and physical (abi-

otic) factors (Table 1.1). Among the latter, local depressions in the substrate and small values

of the slope of the lateral banks are associated with increased stranding [75, 81, 88, 89]. In ad-

dition, river morphology plays a crucial role as it ultimately determines the total width of the

dewatered river bar and the speed at which the water line recedes for a given ramping rate

[90]. In contrast, drift decreases with increasing availability of hydrodynamic shelter, pro-

vided, for example, by cobbles and lateral �ow refugia [91–93]. Regarding biotic factors, life

stage, species, and reophilic traits can affect drift rates [94]. For example, during up-ramping

in a small stream, juveniles (< 7 cm) of brown trout were more susceptible to downstream

displacement than larger individuals [95].

1.3.2 Thermopeaking

The natural thermal regime of rivers can be signi�cantly altered by human activities, includ-

ing the operation of storage hydropower (i.e., induced thermopeaking) [68, 97], the use of

water for cooling in thermal power plants [98], �ow regulation at arti�cial barriers [99, 100],

urbanization [101], and climate change [102, 103]. Especially in mountainous regions, water

releases from high-elevation reservoirs linked to storage hydropower plants can cause un-

naturally rapid and signi�cant alterations in water temperature (i.e. thermopeaking) in the

receiving river [104]. For example, the water temperature downstream of hydropower fa-

cilities can decrease by up to 6 °C within minutes in spring and summer, and increase (up

to 4 °C) in winter [68]. The associated thermal waves can affect river sections hundreds of

kilometers downstream from the release point [105]. It is important to recognize that due to

its superposition with the natural thermal regime (i) a single cold-water release can lead to

both a sharp decrease and a subsequent increase in local water temperature, as highlighted

by the orange section in (Fig. 1.2C), and (ii) the natural diurnal �uctuations in the receiving
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