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Abstract

Fish swimming performance is crucial for activities like migration, habitat selection,
reproduction, and predator-prey interactions, as well as in designing fish passage systems.
Estimating fish swimming performance, using different experimental facilities, is
influenced by subjective choices made by scientists. This includes use of different fatigue
definitions, flume lengths, and habituation times, among others. These subjective choices
not only hinder the comparison of results across studies but also impede the development
of a unifying methodology for studying fish swimming performance. Moreover, fish
fatigue curves, which quantify swimming performance as a relationship between time-to-
fatigue and steady flow velocity, rely solely on empirical observations as obtained from
time-consuming and expensive experiments, without much theoretical support. And
lastly, there exists a significant knowledge gap in our understanding of fish swimming
patterns and behaviour in fast-moving waters, commonly experienced by fish when
navigating velocity barriers or holding position in swift streams.

In this PhD work, systematic experiments were carried out to test over 1100
juvenile fish belonging to five small-sized Cypriniformes using a fixed velocity testing
protocol. Experiments were conducted to study the effect of different flume lengths,
fatigue definitions, and habituation times on fish swimming performance and behaviour.
Results show that fish swimming performance is a product of both capability and
behaviour and is influenced by all three studied variables. Moreover, a theoretical
framework is proposed that builds upon concepts of fish hydrodynamics to derive scaling
laws linking statistical properties of time-to-fatigue to flow velocity in burst range.
Experimental data on five fish species supports theoretical predictions reasonably well.
Finally, fish velocity data was analysed for fish swimming in burst activity level, revealing
persistent swimming patterns at time scales of about 1 sec, which are consistent with fish
reaction times to visual stimuli.
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Introduction



Background

This chapter is subdivided into three sections: Section 1.1 contains a general brief
background of the study problem, Section 1.2 presents the aim and objectives, and Section
1.3 outlines the thesis structure.

1.1 Background

In recent decades, there has been a global surge in studies investigating fish swimming
performance as it plays a vital role in fish migration, habitat selection, reproduction, and
predator-prey interactions, as well as fish passage design. (Beamish, 1978; Castro-Santos,
2002; Domenici & Blake, 1997; Katopodis, 1992; Videler, 1993). To date, scientists have
explored various interlinked attributes of fish swimming performance such as swimming
velocities, manoeuvrability, energy expenditure, and time-to-fatigue, among others
(Domenici & Kapoor, 2010; Videler, 1993). From an applied perspective, understanding
these different attributes and their responses to environmental changes enables informed
decision-making in fish habitat management and restoration plans in rivers and streams
(Cano-Barbacil et al., 2020; Peake, 2008; Silva et al., 2021). One particularly significant
example is the use of swimming performance estimates in the design and development of
effective fish passage to allow fish to pass dams, weirs, culverts, and other anthropogenic
barriers to their movement (Barbarossa et al., 2020; Belletti et al., 2020; Nilsson et al.,
2005).

Two commonly employed testing methodologies, which use an open channel
flume or a water tunnel, to estimate various metrics of fish swimming performance are:
increasing velocity and fixed velocity method (Beamish, 1978; Katopodis & Gervais,
2012). In the former, a fish is forced to swim at a regularly increasing flow velocity at
fixed time intervals until the fish fatigues whereas, in the latter, a fish is forced to swim
against a steady flow velocity until fatigued. Despite their widespread use, significant
variations in important details of both testing protocols are found in the scientific literature
(Deslauriers & Kieffer, 2011; Farlinger & Beamish, 1977; Tudorache et al., 2013). Three
such examples include the use of arbitrarily chosen definition of fish fatigue, flume length,
and habituation period. A few earlier studies have highlighted the potential negative
impact of these variables on measured fish performance and behaviour (Deslauriers &
Kieffer, 2011; Tudorache et al., 2007, 2010). However, there is still a significant need for
further research to test various fish species and testing protocols as a step toward
developing a unified methodology that reduces the subjectivity involved in estimating fish
swimming performance. In an effort to address this knowledge gap, chapters two and three
investigate the effect of the choice of fatigue definition, flume length, and the duration of
habituation period on estimated swimming performance.

Fixed velocity tests have been traditionally used to obtain fatigue curves which
quantify fish swimming performance by examining the relationship between time-to-
fatigue (7) and steady flow velocity (Uy). Fatigue curves serve as a cornerstone in the
design of fish passage structures, allowing the evaluation of fish swimming performance
across various flow velocities and associated swimming activity levels (Katopodis, 1992;

2



Background

Katopodis & Gervais, 2012). Our current ability to model fatigue curves primarily relies
on empirical observations as obtained by testing fish at varying velocities in time-
consuming and costly experiments. Given the vast fish biodiversity worldwide, this is a
daunting task. Moreover, an enormous and largely unexplored variability in swimming
performance estimates exists even among conspecifics of similar sizes (Goerig & Castro-
Santos, 2017; Jones et al., 2020; Videler, 1993; Wardle, 1975). This presents a challenge,
in the use of results from fatigue curves for practical applications, as empirically modelled
fatigue curves only provide information about the average trend of the data without any
clue about the distribution of Trat each tested velocity and how it varies with Uy. Therefore,
relying solely on an empirical approach limits our ability to model and understand fatigue
curves. This highlights the necessity of employing theoretical approaches to bridge the
knowledge gap. One such theoretical framework based on fish drag and hydrodynamics,
describing a statistical relationship between 7y and Uy, is presented in Chapter 4, thereby
opening up new avenues for experimental research aimed at quantifying endurance in fish.

Fatigue curves in burst swimming range, where fish use white muscles and fatigue
within a few tens of seconds, hold significant ecological importance (Wolter &
Arlinghaus, 2004). This is particularly true for species that need to maintain their position
in swiftly moving waters or cross barriers with high velocity during migration. Their
survival and successful journey may ultimately depend on their ability to perform burst
swimming (Beamish, 1978; Burnett et al., 2014). However, interpreting fatigue curves is
a difficult task as estimated performance is a product of both physiological capability and
behaviour (Deslauriers, 2011; Peake & Farrell, 2006). Fish are clever swimmers as they
are known to exploit turbulence by harnessing the energy from vortices (Liao, 2007), low
drag flow regions (Kerr et al., 2016), and inertia by means of burst-and-coast behaviour
(Videler & Weihs, 1982; Weihs, 1974; Wu et al., 2007). However, our knowledge about
these intelligent fish behaviours is limited to the case of standing or slow-moving waters.
Instead, it is unclear whether fish encountering fast-flowing waters use any swimming
strategies or ways to either minimise energy expenditure, stabilise the visual field, and/or
enhance their sensory abilities. This is important because burst swimming capacity is
essential to the design of fish passage infrastructure. Chapter 5, therefore, explore fish
velocity statistics in burst activity level to investigate swimming patterns in fixed velocity
fatigue tests.



Aim and objectives

1.2 Aim and objectives

The general aim of the present thesis is to improve our current understanding of fish
fatigue in the burst swimming activity level, combining theoretical and empirical
methods. To fulfil this aim, the following objectives are set:

1.

To identify and quantify the effect of two different fatigue definitions and three
different flume lengths on the estimated swimming performance of Italian riffle
dace (Telestes muticellus).

To investigate, in North Italian roach (Leucos aula), the effects on time-to-fatigue
of (i) habituation time, (ii) fish behaviour during habituation, and (iii) external
stimuli to provoke swimming.

To develop a theoretical framework that can statistically describe the relation
between time-to-fatigue and mean flow velocity in fixed velocity tests and test it
on five small-sized Cypriniformes: Italian riffle dace (7elestes muticellus),
common minnow (Phoxinus phoxinus), European bitterling (Rhodeus amarus),
North Italian roach (Leucos aula), and common bleak (Alburnus alborella).

To investigate swimming patterns and maximum sprinting velocities of Italian
riffle dace (7elestes muticellus) during fixed velocity fatigue tests within the burst
swimming velocity range.

The five experimentally investigated small-sized riverine Cypriniformes were

chosen because they are all common within their geographic range (Freyhof & Kottelat,
2007), are classified as least concerned in the IUCN red lists (IUCN, 2023), and were
expected to display interspecific variation in swimming abilities.



Thesis structure

1.3 Thesis structure

The thesis is organised into chapters, with chapters 2 to 5 each addressing one of the
aforementioned study objectives. A brief outline of the thesis structure is given below:

Chapter 2, addressing study objective 1, has been published as a book chapter in
Advances in Hydraulic Research, GeoPlanet: Earth and Planetary Sciences.

Chapter 3 is dedicated to study objective 2 and has been published as an article in
the Journal of Ecohydraulics.

Chapter 4 focuses on study objective 3 and is under revision in the Journal of Royal
Society Interface.

Chapter 5 is devoted to study objective 4 and has not been submitted for
publication yet.

Chapter 6 summarises and concludes the overall thesis work with potential future
research directions.

In addition, Appendix A to D are provided as supplemental to Chapter 4, while
Appendix E supplements Chapter 2.
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Fish Swimming Performance: Effect of Flume length and Different Fatigue Definitions

2.1 Abstract

Swimming performance is important for a range of fish behaviours. Quantifying fish
swimming performance in experimental facilities is influenced by channel geometry, size,
and length. Also, the lack of a standard fatigue definition potentially affects the assessment
of the fish swimming performance. Experiments on juvenile Italian riffle dace (7Telestes
muticellus) were conducted to elucidate the effect of different flume lengths and fatigue
definitions on swimming performance estimates using a fixed velocity protocol. Three
swimming arena lengths of 15, 30, and 100 cm in an open channel flume were tested under
two different mean flow velocities, 35 and 45 cms™'. The effect of two different criteria
for determining time-to-fatigue was studied: (1) untapped fatigue, i.e. fish were considered
fatigued when resting on the downstream grid for > 3s. (2) tapped fatigue, i.e. when fish
rested on the grid it was gently tapped to encourage swimming. The third time it returned
to the downstream grid, it was considered fatigued. The difference in time-to-fatigue of
Italian riffle dace was statistically significant between the two treatment velocities, i.e. 35
and 45 cms™!. The flume length affected swimming performance based on untapped but
not on tapped fatigue definition. It is concluded that the criteria used to define fatigue may
have an influence on the conclusions drawn from the fish swimming experiments.
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2.2 Introduction

Fish swimming performance has received substantial attention in the last 30-40 years
owing to its importance in fish passage design, fish migration, habitat selection,
reproduction, and predator-prey interaction (Castro-Santos, 2002; Domenici & Blake,
1997; Katopodis & Gervais, 2012; Peake et al. 1997; Watson et al., 2019). Since the early
work on the swimming performance of juvenile sockeye salmon (Oncorhynchus nerka)
by Brett (1964), a plethora of information about fish swimming performance of different

species has been made available by researchers around the world (Katopodis & Gervais,
2012).

At the general level, fish swimming activity levels have been categorized as
sustained, prolonged, and burst (Beamish, 1978; Hammer, 1995). The sustained
swimming is powered by red muscle fibres, also known as aerobic swimming, and can
theoretically be maintained indefinitely. Burst swimming is entirely fuelled by white
muscle fibres and is measured to last no more than 15-30 seconds (Nikora et al. 2003).
Prolonged swimming, as an intermediate activity level, employs both red and white
muscle fibres and lasts from seconds up to 200 mins before fatigue (Brett, 1964). As an
energy-saving mechanism, fish may also deploy a mix of swimming activity levels, the
so-called burst-and-coast or intermittent locomotion (Paoletti & Mahadevan, 2014;
Videler & Weihs, 1982).

Currently, the increasing velocity and fixed velocity tests are two widely used
methods to quantify fish swimming performance. As the name suggests, in the increasing
velocity test, the fish is forced to swim against stepwise increasing mean flow velocity
(4U) over a fixed time interval (4¢) until fatigued. Whereas in the fixed velocity testing,
the fish is forced to swim at a constant mean flow velocity until fatigued (Tudorache et al.
2013). While the increasing velocity tests are quick to run and reveal information about
fish performance through a unique parameter, commonly referred to as the critical
swimming velocity (U, approximately the velocity at which maximum sustainable
oxygen uptake occurs), the fixed velocity tests at a range of velocities result in a fatigue
curve covering different fish swimming activity levels for the species under investigation
(Brett, 1964; Farrell & Steffensen, 1987).

Swimming performance tests typically end when a fish is declared as fatigued. So
far, numerous fatigue definitions have been reported in published articles, including when
a fish impinges to the downstream grid for 3 sec (Tudorache et al. 2010a), 5 sec (Peake &
Farrell, 2006), or 15 sec (Vezza et al. 2020). Sometimes fish are encouraged to swim by
physically tapping, visual stimulation, abrupt change of water velocity, or even repeated
electric shocks for a pre-decided number of times, or until the fish simply stop responding,
before fatigue is declared (Bestgen et al. 2010; McFarlane & McDonald, 2002; Nelson et
al. 2003; Romao et al. 2012). Since fish behaviour plays a critical role in performance
tests (Peake 2008a; Peake & Farrell, 2006), the total fatigue time, and related conclusions,
could potentially differ depending on the use of fatigue definition. Nevertheless, the effect
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of the use of encouraging stimuli on the estimated swimming performance is lacking in
the literature.

Swimming performance tests are typically carried out in closed respirometry
tunnels or open channel flumes (Katopodis & Gervais, 2012). The size and geometry of
such testing apparatus are arbitrarily chosen to restrict the fish motions within a specified
flow domain. The length of such a domain, in particular, varies extensively between
studies with potential effects on the estimated fish swimming performance. In fact, several
studies have shown that decreasing flume lengths has a negative influence on the
measured performance, presumably by restricting fish swimming behaviour such as
intermittent locomotion and gait transitions, along with blocking and wall effects (Bell &
Terhune, 1970; Deslauriers & Kieffer, 2011; Tudorache et al. 2007, 2008, 2010a).

Considering the aforementioned remarks about the choice of fatigue definition and
flume length in forced performance tests, the main goal of this study is to elucidate the
effect of these variables on the estimated swimming performance. Experiments were
conducted on Italian riffle dace (Telestes muticellus), a small-sized riverine cyprinid using
a fixed velocity testing protocol. Results were statistically analysed to test (i) if the flume
length affects swimming performance by using three different swimming arena lengths at
two different flow velocities and (ii) if the definition of fatigue affects the experiment
results by using two different definitions, with or without physical encouragement

(tapping).
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2.3 Materials and Methods

2.3.1 Fish

Juvenile T. muticellus with fork length Lz, 5 + 0.3 cm (mean + standard deviation (sd)) and
mass m, 1.6 = 0.3 g (mean + sd) were captured from the Noce stream near Pinerolo, Italy
(44°56'17.9 "N 7°23'09.1"E) using electrofishing on the morning of 31 May 2021. Fish
were transported in 10L buckets to a hatchery facility in Porte di Pinerolo. Fish were kept
in two flow-through spring-fed tanks divided into 6 perforated compartments (20L) with
c. 15 fish in each. Water temperature was recorded using a HOBO MX-2202 data logger
at regular time intervals of 10 minutes until the end of the experimental campaign.
Temperature varied between 12.5-13.2 °C. The first trial started 4 days after electrofishing
to allow the fish to acclimatise to the hatchery environment. Fish were not fed (Cai et al.
2014; Penghan et al. 2016) and remained healthy looking throughout the experimental
campaign. The study was performed in accordance with the Protection of Flora and Fauna
Department of the Metropolitan City of Turin (authorization D.D. n.4457 of 29 October
2020).

2.3.2 Flume description

Fish were tested in an open-channel recirculating flume with a cross-section area of 900
cm? (30 cm by 30 cm) and a total length of 260 cm. The walls of the flume are made of
transparent plexiglass. An inlet that feeds the water to the main flume is connected to a
pump with a maximum frequency of 50 Hz. The flow rate in the system is controlled
manually through an inverter (DGFIT MT 12) installed with the pump. Water is received
by a 600L reservoir tank and is then recirculated back to the flume through the pump. A
flow meter sensor (AquaTrans™ AT600) is attached to the outlet pipe from the reservoir
tank and measures the flow rate (Ashraf et al. 2024).

Water in the system was kept at a relatively constant temperature T, 12.6 £ 0.3 °C
(mean * sd) during testing times and was cooled when necessary using an ad-hoc designed
chiller unit (TECO TK-2000). The temperature difference between the holding tanks and
the testing flume was never more than 1°C to avoid any potential effects of extreme
temperature change on swimming performance (Tudorache et al. 2010b; Vezza et al.
2020). The swimming tests were video recorded from underneath and from the side using
two Sony AX43 Handycam at a resolution of 1920x1080p and 50 fps.

2.3.3 Fixed velocity testing

A movable grid was used to modify the flume length available to the fish. Three flume
lengths, 15, 30, and 100 cm, were tested at two different mean flow velocities: 35 and 45
cms’!. Three flume lengths, corresponding to 3, 6, and 20 fish body lengths, were used to
study the potential reduction in swimming performance in smaller flumes due to restricted
intermittent and burst-and-coast behaviour, as well as the enhanced performance in larger
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flumes (Deslauriers & Kieffer, 2011; Tudorache et al. 2007). The selection of flow
velocities was made, based on preliminary trials, to evaluate fish swimming performance
at two different activity levels: prolonged swimming at 35 cms™' and burst swimming at
45 cms™!. Only fish actively swimming, i.e. those oriented against the flow and not
displaying signs of stress, were included in the study. 10 fish were successfully tested for
each of the six treatments, and each fish was tested only once. Fish were tested in a
randomised-block design, each block including all 6 treatments. At the beginning of the
experiment, fish were allowed to habituate for 10 minutes: 5 minutes at 10 cms™ followed
by another 5 minutes at 20 cms™ (Ashraf et al. 2024). This allowed the fish to habituate
to the flume environment prior to being exposed to the experimental velocity. Following
the habituation period, the flow rate was increased to achieve the testing velocity within
30 seconds. The maximum trial time was limited to 1800 seconds (Vezza et al. 2020).

2.3.3.1 Time-to-fatigue

To study the effect of fatigue definition, in fixed velocity fatigue tests, on swimming
performance estimates, two different definitions of fatigue were used: tapped fatigue and
untapped fatigue. For untapped fatigue, a fish was considered as fatigued when it rested
on the downstream grid for > 3 sec, for the first time. For the tapped fatigue, fish were
physically encouraged to swim, using a gentle tap with a stick to the downstream grid,
three times in a row before being considered fatigued. By watching the recorded videos,
the total time a fish swam was calculated. The time a fish rested on the grid before tapping
or fatigue was subtracted from the total swimming time to obtain the active swimming
time. The total active swimming time and the time a fish swam before first resting on the
downstream grid were recorded as times-to-fatigue under the tapped and untapped fatigue
definitions, respectively. At the end of each trial, fish were anesthetised, and the fork
length Ls[cm] and mass m [g] were recorded.

2.3.3.2 Statistical analysis

A Cox proportional-hazards model, a type of survival analysis, was used to test the effect
of flume length on time-to-fatigue for the two different fatigue definitions separately. The
Cox proportional-hazards model is a type of regression model which allows to investigate
the link between fatigue and one or more predictor variables, taking both fatigue (yes/no)
and the time-to-fatigue into account (Cox, 1972). Fish still swimming after the 30 min
trial were treated as right censored observations (Rao et al. 2000). The assumption of
proportionality of hazard was explicitly tested for the selected models (Fox, 2002).

All combinations of flume length, flow velocity, and their interactions were
included among the candidate models. To control for acclimatisation in the hatchery and
any starvation effects, the day of the experiment (starting from 0 on the day of capture)
was also included among the candidate models. The Akaike information criterion (AIC)
method was used to choose the best model among possible candidate models. AIC values
were calculated for each candidate model (Appendix E contains list of all candidate

models with their AIC values). A model with the lowest AIC value (AICnin) is considered
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the best. However, any model with an AIC value within 2 units of difference from the
AlCmin is regarded as good (Burnham & Anderson, 2004). In the case of two or more good
models, the one with the least number of covariates was chosen (Richards, 2007). Results
were considered significant at p-value < 0.05. The Kaplan-Meier curves were plotted to
graphically represent the proportion of non-fatigued fish for both tapped and untapped
fatigue definitions, and for all six treatments. The differences between the length and mass
of fish in the different treatments were tested using ANOVA. All statistical analyses were
run using R version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria. URL
https://www.R-project.org). Package dplyr was wused for data management
(https://CRAN.R-project.org/package=dplyr). Survminer package was used for time-to-

event analysis (https://CRAN.R-project.org/package=survminer), and ggplot2 was used
for plotting.
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2.4 Results

There was no significant difference in fish length or mass between treatments (two-way
ANOVA, p > 0.05). For all three flume lengths and for both fatigue definitions, the time-
to-fatigue was significantly shorter for 45 cms™ velocity compared to 35 cms™ and flume
length did not influence the time-to-fatigue at 45 cms™ velocity (p < 0.05). At 35 cms™,
however, a large proportion of fish swam more than the testing time limit of 1800 seconds:
40% at untapped and 63% at tapped fatigue definition (Fig. 2.1 (a) and (c¢)). On the other
hand, fish fatigued within 2 to 206 seconds in all flume lengths at 45 cms™ (Fig. 2.1 (b)
and (d)).

2.4.1 Untapped fatigue

For the untapped fatigue definition, the time-to-fatigue at 35 cms™ flow velocity depended
on the flume length. As shown in Table 2.1, the results indicate that the time-to-fatigue
was significantly higher (p < 0.05) in the 100 cm flume length compared to 15 cm and 30
cm. Moreover, the day of testing had a significant effect on the time-to-fatigue. From
Table 2.1 it can be seen that with every passing day, the chances of earlier fatigue
increased by a factor of 1.38. For fish fatiguing, median fatigue times were 103 seconds
(Interquartile Range, IQR = 846.5 seconds) at 35 cms™! and 34.5 seconds (IQR = 33.75
seconds) at 45 cms™!.

2.4.2 Tapped fatigue

For the tapped fatigue definition, there was no significant difference between time-to-
fatigue and flume length at the lower flow velocity (p > 0.05). For fish fatiguing, the
median fatigue times were 287 seconds (IQR = 869.5 seconds) and 56.5 seconds (IQR =
42.75 seconds) for 35 cms™ and 45 cm 57!, respectively.

Table 2.1 Cox Proportional-Hazard Model summary table output for untapped and tapped fatigue models. The
“se(coef)” column shows the standard error of the estimated regression coefficient, whereas the “exp(coef)” column
gives the effect size of covariates. Significant results are marked with an asterisk symbol in the p-value column. The

dash (-) symbol is used for the reference treatment group against which other treatments are compared.

Fatigue Dependent Independent  Treatments p-value se(coef) exp(coef)
definition variable variables
Untapped Time-to- Flume length 15 cm - - -
fatigue 30 cm 0.174 0.52 0.49
100 cm 0.001* 0.73 0.09
Flow 35 cms’! - - -
velocity 45 cms™! 0.031% 0.53 3.14
Day 0.009* 0.12 1.38
Tapped Time-to- Flume length 15 cm - - -
fatigue 30 cm 0.871 0.38 1.06
100 cm 0.618 0.41 0.82
Flow 35 cms’!
velocity
45 cms’! <0.001* 0.53 22.67
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Figure 2.1 Kaplan-Meier curves for tapped and untapped fatigue definition. Plots (a) and (b) are Kaplan-Meier
curves for untapped fatigue definition for 35 and 45 cm s7! flow velocities, respectively. Plots (c) and (d) are Kaplan-
Meier curves for tapped fatigue definition for 35 and 45 cm s™' flow velocities, respectively. X-axis represents the time

elapsed from the beginning of testing velocity in seconds whereas the Y-axis shows the proportion of non-fatigued
fish. In all plots, solid, dashed, and dotted lines represent the flume length of 15, 30, and 100 cm, respectively.

Censored data is marked with a plus (+) symbol for the fish swimming at 1800 seconds (the end of testing time).
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2.5 Discussion

The swimming performance of Telestes muticellus depends on the flume length but only
when the fish were allowed to independently choose to stop swimming (untapped fatigue).
When encouraged i.e. tapped to swim, on the other hand, no effect of flume length was
seen in the result. At the higher velocity, with shorter fatigue times, flume length did not
influence the result regardless of fatigue definition. The time-to-fatigue was always lower
at higher flow velocities.

The difference in result depending on fatigue definition highlights the importance
of behaviour in fish swimming capability estimates. It is acknowledged that the motivation
state of the fish can influence swimming performance (Goerig & Castro-Santos, 2017,
Videler, 1993), and fish actively choosing to enter the swimming trial sometimes
outperform forced swimmers (Castro-Santos et al. 2013; Peake, 2008b). In our
experiment, some of the fish chose to stop swimming before exhaustion. By tapping, an
external drive to swim was added to any internal motivation, forcing the fish to resume
swimming. In this case, the difference in time-to-fatigue between the untapped and tapped
fish was enough to change the outcome of the experimental test — the conclusions drawn
on the effect of flume length on time-to-fatigue.

In our experiment, the fish were more likely to stop swimming in a shorter flume,
while no difference in performance for the different flume lengths was seen when the fish
was encouraged (tapped) to swim. The difference between the untapped and tapped
fatigues could be viewed as a difference between behavioural and physiological fatigue;
for the former, the fish chooses to stop swimming while in the latter it is unable to swim
despite being intimidated by tapping. The fish are physically unable to keep swimming
when they have used up their energy reserves, per definition in the burst or prolonged
swimming regime, whereas little is known about what causes the fish to stop swimming
before that (McFarlane & McDonald, 2002; Videler, 1993). It could be that a more
confined environment and less room to display a range of swimming behaviour caused
the fish to give up faster in the shorter flumes (Deslauriers & Kieffer, 2011; Tudorache et
al. 2007). Importantly, however, most fish did not fatigue in this experiment, and it cannot
be ruled out that a similar effect would also be seen in relation to the physiological fatigue
(tapped fish) with longer trial times and a higher proportion of fish fatiguing.

At the higher velocity, all fish fatigued within a short period of time, with no effect
of flume length and no difference in result between the two fatigue definitions. At these
faster flow velocities, fish swim in the burst activity level utilising white muscle fibres
and anaerobic processes (Videler, 1993). Fish accumulate lactate in blood and muscles,
resulting in the depletion of energy reserves, causing fish to fatigue and be unable to swim
(Beamish, 1978; Hammer, 1995). The main advantage of a longer flume should be the
possibility to increasingly use intermittent swimming (Tudorache et al. 2007). At much
higher velocities, however, fish may need to continuously perform burst swimming,
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preventing the use of burst-and-coast and reducing the advantage of a longer flume
(Castro-Santos, 2005).

For the untapped swimming trials, fish stopped swimming at a higher rate later in
the study. The day of trial was included among the candidate models to control for any
effect of acclimatisation time in the hatchery and time without eating. Time to
acclimatisation to captivity varies enormously in fish swimming studies, from hours to
days or weeks (e.g. Enders et al. 2003; Jain et al. 1997; Nikora et al. 2003; Tritico & Cotel,
2010), with little known about effects on swimming performance. On the other hand,
although fish may lose white muscle energy reserves within days of starvation (Kieffer &
Tufts, 1998), cyprinids have been reported to maintain swimming performance for 2
weeks without eating (Cai et al. 2014; Penghan et al. 2016). Perhaps multiple fish captures
in the relatively small fish holding compartments caused a decrease in motivation to swim
(O’Connor et al. 2010). Under the tapped fatigue definition, no effect of time since capture
was seen, potentially indicating that time since capture did not affect the physiological
swimming performance. Future studies should integrate time-to-fatigue data with
measurements of fish physiological attributes, such as oxygen consumption, heart rate,
and gill movements. This approach will provide a clearer understanding of whether fish
fatigue in forced performance experiments, as defined by the tapped fatigue definition, is
truly a physiological necessity.

To conclude, this paper highlights the importance of testing protocols in fish
swimming performance experiments. It confirms the potential effect of flume length on
swimming behaviour and performance, and underscores the potential bias intrinsic in the
fatigue definition used when estimating swimming capabilities. Although a “true”
swimming performance is difficult, not to say impossible, to measure in the laboratory,
being aware of potential pitfalls will help us to achieve better approximations. Further
work with a higher sample size and increased maximum testing time limit is required to
assess the geometrical limitations beyond which swimming performance results do not
change significantly.
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The Effect of In-Flume Habituation Time and Fish Behaviour
on Estimated Swimming Performance

3.1 Abstract

Swimming performance is important for fish migration, habitat selection, and predator-
prey interaction, as well as for fish passage design. Procedural choices made when
experimentally estimating it may influence the results. Systematic experiments were
conducted to study the effect of different in-flume habituation times, habituation
behaviour, and the use of external encouragement on burst swimming performance of
Leucos aula (formerly Rutilus aula), a small-sized cyprinid, in a fixed velocity testing
protocol. Increasing habituation times from 30 sec to 5 or 20 min substantially increased
the success proportion of swimming trials and fish swimming performance, with no
difference between the latter two habituation times. Fish resting on the downstream grid
before the start of testing velocity outperformed those who swam during habituation and
transition periods. Fish swimming voluntarily in response to flow at testing velocity
showed a significantly improved performance compared to fish motivated by external
tapping. The results of this study highlight that in-flume habituation time is important, and
fish behaviour before actual testing may influence the outcomes of swimming
performance results.
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3.2 Introduction

Swimming performance is important for fish migration, habitat selection, and predator-
prey interaction, as well as for fish passage design (Castro-Santos, 2002; Domenici &
Blake, 1997; Katopodis & Gervais, 2012; Peake et al., 1997; Tudorache et al., 2008;
Watson et al., 2019). Typically, fish swimming performance is categorized into three
activity levels: sustained, prolonged, and burst (Beamish, 1978; Hammer, 1995).
Although several techniques and devices provide fish swimming performance metrics
(Katopodis et al., 2019), commonly, laboratory studies are carried out using one of the
two testing methodologies: increasing velocity or fixed velocity method (Brett, 1964;
Hammer, 1995). In the former, a fish is forced to swim at a regularly increasing flow
velocity with fixed incremental time A¢, until fatigued. In the latter, a fish is forced to
swim at a fixed velocity before being declared fatigued. Both methods have been widely
used in the literature and provide information about fish performance and behaviour to
inform both ecological theory and fisheries management, with particular focus on the
design of upstream and downstream fish passage structures (Brett, 1964; Deslauriers &
Kieffer, 2012; Farrell et al., 2003; Hammer, 1995; Mu et al., 2019; Schiavon et al., 2023).

Despite the wide application of fish swimming tests, significant variations in
testing protocols and nomenclature are found in the scientific literature. One such example
is the use of different and rather arbitrary habituation periods. In the swimming
performance literature this is the time fish are allowed to adjust to laboratory conditions
before testing begins, and more often is referred to as "acclimation period (or time)",
"conditioning period", "settling period" or "recovery period (or time)” (Jones et al., 1974;
Myrick & Cech, 2000; Nikora et al., 2003; Penghan et al., 2016; Silva et al., 2012;
Tudorache et al., 2007). Time allotted to habituation varies enormously among studies,
typically without empirical support: 5 min (Louison et al., 2019; Schiavon et al., 2023),
10 min (Nikora et al., 2003; Plew et al., 2007), 15 min (Lupandin, 2005), 30 min
(Deslauriers & Kieffer, 2011), 1 h (Myrick & Cech, 2000; Palstra et al., 2020; Silva et al.,
2021), 11 h (Tritico & Cotel, 2010), 12 h (Silva et al., 2011), and overnight habituation
(Hvas & Oppedal, 2019; Tudorache et al., 2008). While such a wide variation of the
habituation time may stem from the different study objectives, the choices made appear
to be rather arbitrarily taken and rarely supported by either robust arguments or empirical
evidence. Jones et al. (1974) studied the effect of 1, 2, 12, and 16 h habituation times at a
water velocity of 10 cms™ on Arctic grayling Thymallus arcticus and Longnose suckers
Catostomus catostomus and found no significant difference in critical swimming velocity
among different habituation times. Similarly, Peake et al. (1997) conducted a study on
juvenile Rainbow trout Oncorhynchus mykiss and found no significant difference in the
average critical swimming velocity when tested at 6°C and 18°C after different
habituation times of 0, 0.5, 1, 2, 4, 8, and 16 h at a flow velocity of 26.5 cms™. Long
habituation times can significantly increase the overall duration of the experimental study,
and this could originate potential confounding effects on fish physiology and ontogeny.
Furthermore, a longer study duration requires increased costs, leading towards a trade-off
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with sample size. These elements cause many researchers optioning for short habituation
times: 5-min (Louison et al., 2019), 10-min (Plew et al., 2007), and 15-min (Lupandin,
2005). However, despite their widespread use, studies on the effects of such short
habituation periods are apparently lacking in the literature.

Fish behaviour during the habituation time may affect swimming performance,
and is sometimes used as a criterion for inclusion in performance studies (Heuer et al.,
2021). During the habituation period, fish may, for example, rest on the downstream grid
or actively explore the flume. Although often not reported, in some experiments, non-
cooperative fish are subject to exclusion or physical encouragement using subjective
criteria. While Quintella et al. (2010) excluded the fish that showed signs of stress and
poor swimming behaviour i.e. moving back and forth in the swim chamber, other research
studies have also reported exclusion criteria where a fish was unable to orient to the flow
(Myrick & Cech, 2000; Nikora et al., 2003), refused to swim at all (Santos et al., 2007),
or declined to leave the net (which was being used to handle the fish) (Shiau et al., 2020).
Sometimes, encouragements such as electric shocks are also used to prevent the fish from
resting on the rear of the swim chamber during habituation period before their exclusion
(Stevens, 1979).

The transition period between habituation velocity and testing velocity is another
integral part of increasing and fixed velocity tests. Energy spent under the transition
between habituation and increasing velocity test, is likely to affect swimming performance
(Videler, 1993) but is often not described or glossed over in the fish swimming literature.
Some studies have reported very short transition times of less than 2 and up to 5 sec
(Deslauriers & Kieffer, 2011, 2012; Nikora et al., 2003; Plew et al., 2007). Although
theoretically it may seem straightforward to minimise the swimming time and conserve
energy spent during transition, fast transitions are not always possible (e.g. due to
behavioural or logistic constraints). However, although typically ignored or deemed
insignificant, it is unclear to what extent the behaviour of fish during the transition time
affect the measured performance.

Physical tapping is often used to encourage the fish to swim during the swimming
trials (Aedo et al., 2021; Karlsson-Drangsholt et al., 2018; Nikora et al., 2003; Plew et al.,
2007; Schiavon et al., 2023). Alternatively the use of electric shocks is also a frequently
found method in the literature to prevent fish from resting on the downstream grid (Brett,
1967; Farrell et al., 1990; Romao et al., 2012; Silva et al., 2021; Van Den Thillart et al.,
2004; Webb et al., 1984). Motivation, however, is important for fish swimming
performance (Goerig & Castro-Santos, 2017; Videler, 1993), and fish actively choosing
to enter a swimming trial, in volitional swimming tests, sometimes outperform forced
swimmers (Castro-Santos et al., 2013; Peake, 2008b). Surprisingly, in forced performance
tests, the difference in swimming performance between fish swimming voluntarily at the
start of testing velocity and fish that are encouraged (i.e. tapped) to swim is still
unexplored in the published literature.

In this study, we investigate potential effects of habituation time and fish
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behaviour on the estimated burst swimming performance. The goal of this study is to
elucidate the effects on time-to-fatigue of: (1) three different, relatively short (i.e. 30 sec,
5-min, and 20-min), in-flume habituation times; (2) fish behaviour during habituation; and
(3) tapping. We hypothesise that time-to-fatigue increases with: increasing habituation
time, active swimming during habituation period, and the use of external stimuli (i.e.
tapping) to provoke swimming. These hypotheses were tested from the results of
systematic experiments that were conducted using a fixed velocity testing protocol on
Leucos aula (formerly Rutilus aula), a small-sized riverine cyprinid (Fortini, 2016).
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3.3 Materials and Methods

3.3.1 Fish

Juvenile L. aula with an average fork length of 5.19 cm (standard deviation, sd &+ 0.4 cm)
and average mass of 1.8 g (sd £ 0.4 g) were captured from the Orba stream in the Province
of Alessandria, Italy (44°45'46.7"N 8°40'15.6"E) using electrofishing on January 30,
2023. The fish were brought to the hatchery facility in Predosa, Alessandria, Italy and
were left to habituate to hatchery conditions in a spring-fed flow-through tank. After three
days from their capture date, a random subset of fish was tested in a separate experimental
campaign in the hatchery, and then returned to the holding tank. All fish rested at least 4
days before testing. The water temperature in the tank was measured by a HOBO MX-
2202 logger at regular intervals of 10 min, with a mean temperature of 11.8 °C (sd +
0.3°C). The fish were fed commercial aquaria fish pellets (Tetra TabiMin) but were
starved 24 hours before the experiments to ensure a post-absorptive state. The fish
remained healthy looking throughout the experimental campaign, displaying active
swimming behaviour, and no fish mortality was observed. The study was conducted in
accordance with the Ufficio Tecnico Faunistico e Ittiofauna of the Provincia di
Alessandria (permit number 1570, issued on 19th January 2023), under the provisions of
art.2 of the national Decree n.26/2014 (implementation of Dir. 2010/63/EU).

3.3.2 Flume description

Experiments were carried out using a hydraulic flume whose channel is 280 cm long and
has a 30 cm by 30 cm rectangular cross section. A pump allows for water recirculation
from a small upstream tank, through the channel to a 600 L downstream tank, which is
connected back to the upstream tank via a 8.5 cm diameter stainless steel pipe (see Figure
3.1), hosting a AquaTrans™ AT600 flow metre sensor for monitoring the flow rate, which
was controlled by means of an inverter (DGFIT MT 12) and a flow opening valve located
at the pump outlet. A flow straightener located 75 cm from the channel inlet was employed
to damp the intensity of turbulence generated by the pump. The swimming arena utilized
for the tests was 80 cm long and was bounded upstream by the flow straightener and
downstream by a net. For all the experiments the flow depth was kept at 7.5 cm. Prior to
any test with fish, hydrodynamic conditions were carefully assessed using advanced laser
diagnostics (i.e. Laser Doppler Anemometry), which revealed that flow conditions were
nicely uniform along the spanwise direction and that the flow straightener generated
turbulence whose intensity (estimated as the standard deviation of the longitudinal
velocity component normalised with its local mean) decayed along the longitudinal
direction and never exceeded 10.72%.
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Figure 3.1 Experimental flume used for swimming performance studies with all components connected. The flume
consisted of an upstream tank connected with the main open channel flume which discharges water in the downstream
water collection tank. The water is recirculated using a water pump via a combination of a stainless steel and plastic
pipes connecting the whole flume system.

Throughout testing, water in the system was maintained at an average temperature
T of 10.6 °C (sd = 0.2 °C) and cooled intermittently with a chiller unit (TECO TK-2000).
The temperature difference between the holding tanks and the testing flume was never
larger than 1°C to avoid any potential adverse effects of a sudden temperature change on
swimming performance (Tudorache et al. 2010b; Vezza et al. 2020). Sony AX43
Handycams were used to video record the swimming tests at a resolution of 1920 x 1080
with a frame rate of 50.

3.3.3 Habituation times

Fish were tested using a fixed velocity testing protocol. Three different in-flume
habituation times, prior to the onset of testing velocity, were used: 30 sec (Treatment 0.5),
5 min (Treatment 5), and 20 min (Treatment 20). Thirty-five fish were tested per
treatment, resulting in a total sample size of 105 fish. Each fish was tested only once. The
flow velocity during habituation time was set to 5 cms™' (around 1 BL/s). At the end of
the habituation period, the flow rate was progressively increased within 20 min transition
time to achieve the mean testing flow velocity of 50 cms™ (around 10 BL/s). The flow
velocity value of 50 cms™' was selected because, according to preliminary testing, it is
within the burst swimming range of juvenile L. aula, whose time-to-fatigue was found to
be, at most, a few seconds to tens of seconds (Beamish, 1978; Nikora et al., 2003; Videler,
1993). The 20 sec transition time was chosen to allow a gentle increase in flow rate that
prevented fish from startling or loosing equilibrium. Each trial concluded when the fish
was fatigued. Fatigue was defined as fish resting/impinged on the downstream grid despite
tapping it. The fish was tapped no more than three times to motivate it to swim. Fish were
anesthetized in clove oil (Aroma Labs, Kalamazoo, MI, USA; approximately 0.2 ml clove
oil / litre water) and measured at the end of each trial for fork length in centimetres [cm]
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and mass in grams [g].

3.3.4 Fish behaviour definitions

Differences between the three habituation treatments were tested with respect to
proportion of successful swimming tests (i.e. a test trial where fish actively swims against
the flow until fatigued) and time-to-fatigue. Data was then pooled and effects of behaviour
during habituation and the start of the swimming trial on swimming performance was
evaluated. During habituation, fish were observed to either (1) swim or stay without
motion, away from the downstream grid (“in the flume”) or (2) rest on the downstream
grid (“on grid”). Typically, fish in the flume at the end of the habituation period were also
swimming during transition, while fish resting at the end of the habituation period were
also resting during transition. In addition, fish resting on the grid were observed to display
two different behaviours: laterally impinged or resting on the grid with head facing the
flow. Difference in success proportion and time-to-fatigue was tested between fish in the
flume or on the grid at the end of habituation using the whole pool of fish, as well between
fish laterally impinged and fish facing on the flow among the on the grid fish.

From the successful swimming trials, fish started to swim in response to the flow
or were tapped at the start of testing velocity, and we tested difference in time-to-fatigue
between fish displaying these two behaviours: swimming voluntarily in response to flow
(“no tap”) or swimming first after having been externally motived by tapping (“tapped”).

Chi-square test of independence was performed to compare the proportion of
successful swimming trials between treatments and behavioural groups. Swimming
performance data were non-normally distributed so Kruskal-Wallis and Wilcoxon tests
were used to compare performance and behaviour outcomes among treatments and
behavioural groups. Pairwise comparison between treatments were calculated using
pairwise Wilcoxon rank sum test. One-way ANOVA was used to test any significant
differences among treatments based on fish length and weight. All statistical tests were
performed using R version 4.1.2 (R Foundation for Statistical Computing, Vienna,
Austria. URL https://www.R-project.org). Package dplyr was used for data management
(https://CRAN.R-project.org/package=dplyr), package ggplot? was used for plotting

(https://CRAN.R-project.org/package=ggplot2), and package car was used to run
ANOVA tests (https://CRAN.R-project.org/package=car).
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3.4 Results

There were no difference in length or weight between fish in the different habituation
treatments (ANOVA, p > 0.38). In total 65 out of 105 swimming trials resulted in
successful fish swimming tests (i.e. a fish with time-to-fatigue data). Fish with 30 sec
habituation time had a substantially lower success proportion (20%) compared to fish
habituated to flume for 5 min (77.14%; chi-square, p < 0.001) and 20 min (88.57%; chi-
square, p < 0.001). There was no difference in proportion of successful trials between the
5 min and 20 min habituation treatments (chi-square, p = 0.34).

Time-to-fatigue (median = 8 sec, Interquartile Range IQR = 7 sec; Figure 3.2)
differed significantly among the three habituation treatments (Kruskal-Wallis, p = 0.03).
As shown in Figure 3.2, fish habituated for 30 sec fatigued significantly faster than fish
habituated for 20 min (Wilcoxon, p = 0.03). The same tendency was seen between fish
habituated for 30 sec and fish habituated for 5 min (Wilcoxon, p = 0.06). Habituation for
5 min or 20 min did not affect time-to-fatigue (Wilcoxon, p = 0.36).
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Figure 3.2 Box plot of time-to-fatigue for 0.5 min (n = 7), 5 min (n = 27), and 20 min (n = 31) habituation time
treatments. The solid black horizontal line inside the bounding box is the median fatigue time. The black dots
represent the outliers, whereas the bounding box defines the Interquartile Range (IQR) of the time-to-fatigue data for
each treatment. The vertical solid black lines mark Q1 — 1.5*I0OR (bottom end) and Q3 + 1.5*IQR (top end), where
Q1 and Q3 are the 25th and 75th percentiles, respectively. The asterisk symbol indicates which groups have
significant differences, while NS stands for non-significant.

Due to very low proportion of success and poor swimming performance among
the fish habituated for only 30 sec, these thirty-five fish were excluded from the further
behavioural analysis. Therefore, the following results only include data from Treatment 5
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and 20 i.e. a total of 70 test fish with 58 successful trials.

At the end of the habituation time, fish were either resting on the downstream grid
(n=137) or present upstream in the flume arena (swimming or resting; n =21). The position
of the fish at the end of the habituation time did not affect the proportion of successful
trials (chi-square, p = 0.052). Fish in flume (either swimming or motionless) at the end of
habituation and start of transition, however, performed significantly worse than fish
resting on the grid (Wilcoxon, p = 0.02; Figure 3.3).
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Figure 3.3 Box plot of time-to-fatigue for the fish swimming or resting in the flume (n = 21) or resting on the grid (n =
37) at the end of habituation/beginning of transition. The solid black line is the median fatigue time. The black dots
represent the outliers, whereas the bounding box defines the Interquartile Range (IQR) of the time-to-fatigue data for
each treatment. The vertical solid black lines mark Q1 — 1.5*IOR (bottom end) and Q3 + 1.5*IOR (top end), where
01 and Q3 are the 25" and 75" percentiles, respectively. The asterisk symbol represents the significant differences
between the two groups.

All but one fish who swam during habituation also swam during the transition
period. Among the fish resting on the grid, no difference in time-to-fatigue was seen

between fish facing the flow or fish being laterally impinged (Wilcoxon, p = 0.35).

At the start of the testing velocity, Fish were either swimming voluntarily in
response to flow (“no tap”, n = 29) or first after being physically encouraged to swim
(“tapped”, n = 29). Fish swimming voluntarily in response to flow (“no tap”) displayed a
significantly longer time-to-fatigue compared to fish that had to be tapped to swim
(Wilcoxon, p = 0.01; Figure 3.4).
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Figure 3.4 Box plot of time-to-fatigue for fish swimming voluntarily in response to flow (“no tap”, n = 29) or
swimming first after having been externally motivated by tapping (“tapped”, n = 29). The solid black line is the
median fatigue time. The black dots represent the outliers, whereas the bounding box defines the Interquartile Range
(IOR) of the time-to-fatigue data for each treatment. The vertical solid black lines mark Q1 — 1.5*IQR (bottom end)
and Q3 + 1.5*I0R (top end), where QI and Q3 are the 25" and 75" percentiles, respectively. The asterisk symbol
represents the significant differences between the two groups.
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3.5 Discussion

Increasing habituation time from 30 sec to 5 or 20 min substantially increased the
proportion of swimming trials resulting in successful swimming tests, and also resulted in
increased time-to-fatigue. No difference, however, in either success proportion and time-
to-fatigue was found between fish habituating to the flume for 5 and 20 min. Fish resting
on the grid performed better than fish located in the upstream area of the flume during
habituation time, and fish swimming voluntarily in response to the testing velocity
outperformed fish tapped to swim.

The large difference in the proportion of successful trials between the 30 sec
habituation treatment and the 5 and 20 min habituation treatments highlights the
importance of in-flume habituation time. Fish handling before its release in the flume
causes fish stress and energy expenditure, important factors known to reduce fish
performance (Arnekleiv et al., 2004; Barton & Schreck, 1987; Pickering et al., 1982;
Schreck & Tort, 2016). Barton & Schreck (1987) showed the adverse effect of acute
physical stress in juvenile Steelhead O. mykiss limiting the energy available by about one-
quarter for activities such as swimming. Moreover, capture and handling are known to
elevate plasma lactate concentration levels, that also limits burst swimming performance
(Videler, 1993). Black (1957) reported increase in mean lactate levels in Rainbow trout
O. mykiss from 15.7 mg% to 31.9 mg% when forced to swim slowly (9.7 -12.4 cms™') for
15 min. Olla et al. (1992) found that juvenile Coho Salmon O. kisutch regained their
previous ability to avoid predation in less than 90 min after significant handling (held out
of water for 1 min). In our experiments, only 20% of the fish subjected to 30 sec of
habituation resulted in successful swimming trials compared to 80-90% among the fish
given more time to habituate to the flume and recuperate after handling. Karlsson-
Drangsholt et al. (2018) highlighted in his study on Haddock Melanogrammus aeglefinus
that it may take more than 6 h to recover the blood lactate levels. Likely, 30 sec (Treatment
0.5) were insufficient to recuperate the white muscle energy reserves allowing the fish to
swim at testing velocity (McFarlane & McDonald, 2002; Videler, 1993). On the other
hand, the minimal differences in the proportion of successful trials and in the time-to-
fatigue between habituation times of 5 or 20 min may indicate a logarithmic relationship
between habituation time and time-to-fatigue (i.e. above a certain threshold the effects of
habituation time upon fish burst swimming performance become negligible or milder
compared to those related to the flow velocity at which fish are exposed). This potential
relationship should be further investigated with a more representative sample and testing
other habituation times, since the identification of the inflection point of the logarithmic
curve may eventually provide a consistent basis for planning effective and less time-
consuming experimental campaigns. In any case, comparing burst swimming velocities
after 20 min habituation time with even longer habituation times may clarify if also the
longest habituation time tested in our study (i.e. 20 min) carries a potential cost due to
insufficient habituation.
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Sometimes, during habituation or transition periods, fish not showing rheotactic
behaviour, orienting and swimming against the flow, are excluded from fish swimming
performance experiments (Heuer et al., 2021; Myrick & Cech, 2000; Nikora et al., 2003;
Quintella et al., 2010; Santos et al., 2007). The underpinning idea is that these fish are
likely to under-perform also in the swimming trial (Van Den Thillart et al., 2004). In our
experiment, contrary to expectations, fish actively swimming at the end of habituation
displayed lower swimming performance compared to fish resting on the grid. Importantly,
20 out of 21 (95.24%) of these fish were also swimming during the transition time,
therefore spending energy reserves already before the initiation of the swimming test
(McKenzie, 2011; Vezza et al., 2020). Since such a transition time is unavoidable in forced
swimming tests, our results suggest that this might cause an underestimation of time-to-
fatigue. This is especially relevant when experiments are performed using velocities
within the burst range, where the transition to test period ratio is relatively large. Volitional
swimming tests, where the fish chooses its own velocity would be a way around this
problem (Castro-Santos, 2005; Castro-Santos et al., 2013; Colavecchia et al., 1998; Haro
et al., 2004).

Other times, orientation but not swimming is used as an inclusion criterion in
swimming trials, allowing fish to rest on the grid during habituation as long as it faces the
flow (Myrick & Cech, 2000). Among the fish resting on the grid, however, no difference
in proportion of successful test or swimming performance was found between fish
laterally impinged or fish resting on the grid facing the flow. This is somewhat surprising,
given that being laterally impinged seems a highly unnatural behaviour, indicating a
stressed condition (Tudorache et al., 2010a), that however, still allowed fish to conserve
energy to be used during the test period (Liao, 2007).

Giving external physical stimulation to encourage fish to swim is commonly used
in forced swimming tests in flumes and swim chambers. In our study, fish resting on the
downstream grid were tapped from the downstream side of the grid to motivate them to
start swimming. Comparing fish swimming voluntarily in response to the flow (no tap)
with fish that swam after having been tapped at the start of the testing velocity showed
that the former outperformed the latter. Motivation to swim could potentially influence
swimming performance (Castro-Santos, 2005; Goerig & Castro-Santos, 2017). For
example, fish tested in protocols where they voluntarily enter the swimming arena and are
allowed to choose their own swimming velocity have been observed to perform better
than conspecific in forced swimming trials (Peake & Farrell, 2004; Tudorache et al.,
2010a; Videler, 1993). Our results highlight the role of motivation in fish swimming, and
also, again, suggest that volitional swimming tests may increase the precision of our
estimates of swimming capability (Castro-Santos et al., 2013; Colavecchia et al., 1998;
Peake, 2008a).

Fish swimming performance varies not only due to the different testing
methodologies adopted but also due to the intrinsic variation in fish ability, behaviour,
and motivation (Goerig & Castro-Santos, 2017; Jones et al., 2020). In our experiments,

only one fish species belonging to a specific age and size group was tested at a specific
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flow velocity and temperature. This poses a limitation to the generalisation of our results
towards other species and sizes swimming at different velocities and temperatures. For
example, would fish swimming performance at lower velocity, in the prolonged or
sustained swimming activity levels, encompassing aerobic processes, react in the same
way in relation to habituation time? Also, as this experiment also alludes to, swimming
performance is the product of capability and behaviour. Volitional swimming test
protocol, where fish choose to swim or not, could avoid the potential pitfalls of forced
performance tests and may improve our assessments of fish actual swimming capability
(Colavecchia et al., 1998; Haro et al., 2004; Peake, 2008b). In addition, while 5 min
habituation period may be enough for a small-sized fish, the results of this study may not
hold true for larger fish as they may require longer times to recuperate from fish handling
stress prior to the testing since fish body size is known to scale with its total anaerobic
capacity (Karlsson-Drangsholt et al., 2018; Casselberry et al., 2023; Goolish, 1989;
Somero & Childress, 1980), prompting similar experiments on larger fish. Given that the
results of fish performance studies are used for the fishways design and management of
fisheries (Enders et al., 2017; Knapp et al., 2019), it is imperative to investigate the effect
of habituation time on fish swimming abilities and behaviour for different species, sizes,
and swimming activity levels, prompting for similar experiments.

The present paper highlights the importance of in-flume habituation time in forced
performance tests. While extremely short habituation times need to be avoided, findings
suggest that, in burst swimming performance tests, a 5 min habituation time may be
sufficient, or at least as effective as 20 min habituation time, at least for small-sized fish.
Furthermore, the study also highlights potential impacts of fish behaviour — and researcher
choices - on performance estimates, underlining that fish swimming performance is
context dependent. This underlines the subjectivity of fish swimming performance
estimates, and calls for a unifying methodology.
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Decoding Burst Swimming Performance: A Scaling Perspective on Time-to-Fatigue

4.1 Abstract

Fatigue curves quantify fish swimming performance, providing information about the
time (7y) fish can swim against a steady flow-velocity (Uy) before fatiguing. Such curves
represent a key tool for many applications in ecological engineering, especially for fish
pass design and management. Despite years of research, though, our current ability to
model fatigue curves still lacks theoretical foundations and relies primarily on fitting
empirical data, as obtained from time-consuming and costly experiments. In the present
paper, we address this shortcoming by proposing a theoretical analysis that builds upon
concepts of fish hydrodynamics to derive scaling laws linking statistical properties of 7y
to velocities Uy, pertaining to the so-called burst range. Theoretical arguments, in the
present study, suggest that the proposed scaling laws may hold true for all fish species and
sizes. A new experimental database obtained from over 800 trials and five small-sized
Cypriniformes support theoretical predictions satisfactorily and calls for further
experiments on more fish species and sizes to confirm their general validity.
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4.2 Introduction

Fish swimming performance has drawn a lot of interest in recent decades owing to its
importance for fish migration, habitat selection, and predator-prey interactions (Castro-
Santos, 2002; Domenici & Blake, 1997; Katopodis & Gervais, 2012; Peake et al., 1997;
Tudorache et al., 2008; Watson et al., 2019). From an applied perspective, fish swimming
performance estimates are used extensively in the design of fishways allowing for the
passage of fish through dams, weirs, culverts, and other anthropogenic barriers
(Barbarossa et al., 2020; Belletti et al., 2020; Katopodis, 1992). Other important
applications include the design of sustainable fishing methods (Castro-Santos et al., 2022)
and the optimisation of practices in aquaculture industry (Hvas et al., 2021).

Two well-established experimental protocols are commonly used to characterise
fish swimming performance: critical velocity and fixed velocity tests (Beamish, 1978;
Brett, 1964; Hammer, 1995). Both tests are typically conducted in either a swim chamber
or an open channel flume, where fish swims until fatiguing. Fatigue is typically defined
as the state of exhaustion where fish rests at the downstream end of the test section and is
not able to swim despite external motivation (Aedo et al., 2021; Ashraf et al., 2024b;
Tudorache et al., 2010). In the critical velocity test, a fish is forced to swim against a flow
velocity Ur which is progressively increased at fixed time intervals Az, until the fish
fatigues. The velocity and time at which fatigue occurs are then used to compute the so-
called critical velocity U..ir (Brett, 1964; Farrell & Steffensen, 1987; Gregory & Wood,
1999). Fixed velocity tests, on the other hand, consist of repeated swimming trials under
a range of fixed velocities. Each trial results in a time-to-fatigue 7y — the time a fish can
resist swimming against the defined steady flow velocity (Uy). By repeating trials for
different values of Uy, a scatter plot of 7y (dependent variable) vs Ur (independent variable)
can be produced. A predetermined model is then fitted to the data to obtain a so-called
fatigue- or endurance-curve (Katopodis & Gervais, 2016). Fixed velocity tests are more
informative than critical velocity tests as they allow for the assessment of fish endurance
over a range of flow velocities and associated swimming activity levels (Nikora et al.,
2003). Three of such levels are believed to exist and hereafter are referred to as: sustained,
prolonged, and burst swimming (Beamish, 1978; Hammer, 1995; Webb, 1975). Sustained
swimming occurs at velocities whereby fish swim using red muscles and aerobic
processes. Utilising somatic energy reserves, fish can theoretically maintain sustained
swimming indefinitely (Beamish, 1978; Videler, 1993). Prolonged swimming is driven by
both red and white muscles, and hence by both aerobic and anaerobic processes. In burst
swimming, fish use primarily white muscles and anaerobic processes. Both prolonged and
burst swimming are limited by anaerobic energy reserves and therefore subject to
exhaustion. By convention, it is assumed that fish can endure prolonged swimming for up
to 200 minutes, while burst swimming is usually associated with Tr < 20 seconds
(Beamish, 1978; Katopodis, 1992). Actual 7y thresholds between burst and prolonged
swimming, however, are known to vary with species, size and even amongst similar
individuals, so much so burst swimming has been often associated with T'r of the order of
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1 minute or more in the literature (Castro-Santos, 2005; Nikora et al., 2003; Videler &
Wardle, 1991).

Our current ability to model fatigue curves is primarily based on empirical
mathematical relations between Trand Uy, which sometimes are supported by dimensional
analysis (Katopodis & Gervais, 2012, 2016; Nikora et al., 2003). Burst and prolonged
swimming are commonly associated with fatigue curves following either a log-linear or a
power law (Brett, 1964; Castro-Santos, 2005; Castro-Santos et al., 2013; Haro et al., 2004;
Katopodis & Gervais, 2012; Nikora et al., 2003; Videler, 1993; Videler & Wardle, 1991).
A theoretical argument in support of either of these laws, however, has never been
provided. In their review paper, Katopodis & Gervais (2012) collected and analysed a
large dataset of fatigue curves, and employed a power law model to elucidate relations
between Ty and Uy classified by grouping different fish species displaying a similar
morphology or swimming kinematics. Nevertheless, the conceptual framework
underpinning such relations remains undefined and rooted mostly on empirical grounds.
Furthermore, an assessment of the available database by Katopodis & Gervais (2012)
highlighted that majority of the published fatigue-curve data is limited to the prolonged
activity. Instead, comparatively little efforts have been made to characterise the burst
swimming activity (Haro et al., 2004) despite white muscles constituting the bulk of fish
musculature, and burst swimming being key to dictate predator-prey interactions and for
overcoming velocity barriers (Burnett et al., 2014; Nyqvist et al., 2023; Taylor & McPhail,
1985; Videler, 1993), the latter directly relates to the design of fish passage systems
(Katopodis, 1992; Peake et al., 1997; Silva et al., 2018).

Swimming performance, as estimated in fixed velocity experiments, is
characterised by an enormous and unexplored variability where fish species, size and
water temperature are often pointed out as key drivers' (Hammill et al., 2004; Jones et al.,
2020; Videler, 1993; Wardle, 1975). A large variability has also been reported for
conspecifics of the same size in response to different fitness and/or motivation (Goerig &
Castro-Santos, 2017; Hvas et al., 2021; Jones et al., 2020). Therefore, considering a fixed
velocity experiment where many fish of the same size and species are tested over a range
of flow velocities at constant water temperature, it is reasonable to expect that
experimental data will qualitatively spread around mean values of Ty (Figure 4.1). For
each tested velocity, 77 will display a variability that can be described by a probability
function p(Tf). Typically, a fatigue curve is obtained by fitting the entire cloud of
experimental data with a predetermined mathematical law (red line in Figure 4.1). This,
however, only provides information about the general trend of the data but does not
provide any clue about p(Tf) and how it varies with Uy

! Note that life-stage, sex, experience, health status, and nutrition have also been seen to cause variation in
fish swimming performance, see Beamish et al., 1989; Jain et al., 1998; Li et al., 2017; Penghan et al.,
2016; Quintella et al., 2010; Reidy et al., 2000.

48



Decoding Burst Swimming Performance: A Scaling Perspective on Time-to-Fatigue

The aim of this paper is to present and validate a theoretical framework allowing for
the statistical description of 7y vs Ur data in the burst range. Towards this end, the
following objectives are set:

1) to present a theoretical framework based on simple concepts of fish hydrodynamics
that can statistically describe the relation between 7rand Uy, showing that TTf (where

’ITf is the mean value of 7y) and central moments of p(Tf) (which indeed help defining
p(Tf)) vary with Uy following power laws with well constrained and, in principle,
universal exponents.

i1) to test theoretical predictions in a series of fixed velocity tests using five small-sized
Cypriniformes.

Time to fatigue (T)

Flow velocity (U;)

Figure 4.1 Illustration of the relationship between fish time-to-fatigue (Tf) and flow velocity (Uy). For each test flow
velocity value, p(Tf) is the probability density function of related time-to-fatigue. Blue diamonds mark the mean time-

to-fatigues at a given test flow velocity. Red curve is the best fitted line to the entire cloud of data points, referred to as
fatigue- or endurance-curve.
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4.3 Theoretical framework

In what follows, section 4.3.1 reviews the formulations for fish drag proposed in the
literature, while section 4.3.2 derive the sought scaling relations using energetic
principles.

4.3.1 Fish drag

The drag force experienced by a fish while swimming can be parameterised as (Videler,
1993):

Fp ~ pCpLSU? [4.1]

where F, is the average drag force, the symbol "~" stands for scales as, p is the density
of water, Cp is fish drag coefficient, L is total fish length (Figure A.1 in Appendix A), S
is fish body depth, U, is the relative fish-water velocity, assumed to be identical to the
flow velocity in performance tests (Nikora et al., 2003; Plew et al., 2007). The estimation
of Cp for swimming fish has been a matter of debate for a long time and no shared

consensus has been reached (Anderson et al., 2001; Lighthill, 1960, 1969, 1970, 1971;
Webb, 1975). At high Reynolds numbers (Re; = LUr/ 9> Where 9 is the kinematic

viscosity of water), which are typical for fish swimming at burst velocities, pressure drag
is believed to dominate over friction drag (Gazzola et al., 2014; Saadat et al., 2017) so that
Cp can be considered as a constant. As a result, F'p is estimated as:

Fp~ pCpLSUZ ~ pLSU? = (pLS)U? = I,U? [4.2]

where I'; = pLS is a function that is herein introduced to lump the effects of parameters
pertaining to fish size (i.e. L and S) and fluid properties (i.e. p).

The above formulation is however questionable as it completely ignores skin
friction effects (and hence the dependence of Cp on Re;) which some researchers argue to
be significant, even at high Reynolds numbers (Anderson et al., 2001; Eloy, 2012). While
we do not intend to contribute to the debate about the nature of drag in swimming fish, in
Appendix A we demonstrate that even when skin friction effects are accounted for and
considered the main source of drag, Fp can be generally parameterised as

Fp~LUP [4.3]

where [j-1.3 (/2 and I’ are defined in Appendix A) depend on water properties (p and v)
and fish size, shape, and tail beat amplitude (i.e. S, L, and 4), and the scaling exponent S
remains well constrained between 1.73 and 2.0. This range of also accounts for combined
effects of skin friction and body undulations on Cp.
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4.3.2 Energetic considerations and scaling laws

The power (energy per unit time) expended by a fish while swimming can be estimated as
P~FpU, = [; Urﬁ *1 Therefore, the total energy spent by an i fish (E;) during a fixed

velocity test can be obtained by integrating power (P) over time, between zero (i.e. the
beginning of the test) and the measured time-to-fatigue (7%) as

E~I UP'T;,. [4.4]

When swimming is dominated by anaerobic processes, as in the burst range,
fatigue occurs when white-fibre muscles burn the available anaerobic reserves down to a
critical limit which can be related to E; (via a conversion factor similar to an efficiency
coefficient) (Beamish, 1978; Hammer, 1995, Videler, 1993) and assumed independent of
U,. Such a critical limit clearly varies extensively among individuals (Jones et al., 2020;
Kolok, 1992; Marras et al., 2010) and cannot be predicted from first principles but it can
be described statistically. Towards this end, firstly it should be noted that, considering a
population of fish of the same species and size and swimming at a constant water
temperature, I; in Eq. 4.4, depends only on fish size, shape, and tail beat amplitude (L, S,
and A), and water properties (p and v), and hence can be considered constant. Secondly,
if averaging is taken over a representative sample of the chosen population of fish, the
resulting mean energy E, can be also considered as constant. Therefore, averaging both

sides of Eq. 4.4 leads to E ~Uf +177f ~ constant, which in turn means that YTf scales as:
T ~ U7, [4.5]

Using analogous arguments as above, it is possible to derive the scaling of central
moments of any order as follows.

First, considering the i” fish
(= B)~ U7 (T = T, [4.6]
Hence, defining Ef = E; — E and Tf; = Ty; — T, Eq. 4.6 is rewritten as

E} ~UP* T, [4.7]

l

By elevating both sides of Eq. 4.7 to a power k and then applying the averaging
operator, Eq. 4.7 transforms into

E® ~yf ok, [4.8]

As per E, also E’k can be considered a statistical trait of a fish population that is
constant (and therefore independent of U,.), hence

L
Tk ~ u e, [4.9]

Eq. 4.9 provides the scaling for central moments ﬁ, as sought.
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4.4 Materials and Methods

The study was performed with permission from the Protection of Flora and Fauna
Department of the Metropolitan City of Turin (authorization D.D. n.4457 of 29 October
2020) and the Fauna and Ichthyofauna Technical Office of the Alessandria Province
(authorization n.1570 of 19 January 2023), under the provisions of art.2 of the national
Decree n.26/2014 (implementation of Dir. 2010/63/EU).

4.4.1 Fish

Experiments were conducted on five freshwater fish species (Table 4.1): Italian riffle dace
(Telestes muticellus), common minnow (Phoxinus phoxinus), European bitterling
(Rhodeus amarus), North Italian roach (Leucos aula), and common bleak (Al/burnus
alborella). These small-sized riverine Cypriniformes were selected because they are all
common within their geographic range (Freyhof & Kottelat, 2007), are classified as least
concerned in the [UCN red lists (IUCN, 2023), and were expected to display interspecific
variation in swimming abilities. Mean fish length ranged between 4.87-6.04 cm, with a
standard deviation no larger than 0.70 cm for the five fish species (see Table 4.1 for
details). T. muticellus and P. phoxinus were tested in May-June 2022 and were captured
from the Noce stream near Pinerolo, Italy (44°56°17.9 “N 7°23°09.1”E) on 20" May 2022
and 11" June 2022, respectively, using electrofishing. Fish were transferred to the
hatchery facility located in Porte di Pinerolo and were housed in two spring-fed flow-
through holding tanks divided into six compartments. R. amarus, L. aula, and A. alborella
were tested in Jan-Feb 2023. They were captured from the Orba stream in the Province of
Alessandria, Italy (44°45°46.7°N 8°40°15.6”E) using electrofishing. R. amarus were
electrofished on 17% January 2023, whereas L. aula and A. alborella were caught on 30
January 2023. These fish were brought to the Alessandria Province hatchery in Predosa,
Italy and were kept in spring-fed flow-through holding tanks. All fish were allowed to
habituate to hatchery conditions for 3-7 days before the experimental trials.

A HOBO MX-2022 logger was used to record temperature in the holding tanks at
10 minutes intervals. Temperatures were 13.3 £ 0.4 °C (mean * standard deviation (sd))
in 2022 and 12.3 + 0.7 °C for the experiments in 2023. All fish were fed commercial
aquaria fish pellets (Tetra TabiMin) and were starved at least 24 hours before testing to
ensure a post-absorptive state (Penghan et al., 2016; Schneider et al., 2019). Throughout
the experiments, fish appeared to be in good health.

4.4.2. Experimental protocol

Experiments were conducted in an open channel recirculating flume with a width of 30
cm and a fixed water depth at any given test flow velocity. The water depth was slightly
different for different velocities and ranged from 7 to 9 cm. The swimming arena (flume
length) was 60 cm in 2022 and 80 cm in 2023 and delimited by a flow straightener in the
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upstream direction and a fine meshed grid in the downstream direction. In a previous
study, we demonstrated that such small differences in the length of the swimming arena
had no appreciable effect on time-to-fatigue for fish swimming in burst activity level
(Ashrafet al. 2024b). Trials were recorded from underneath and from the side of the flume
using two Sony AX43 handycams with a resolution of 1920x1080 pixels at 50 frames per
second. A pump allowed water recirculation and the flow rate was manually adjusted
using the inverter (DGFIT MT 12) installed with the pump. The flow rate was measured
using an AquaTrans™ AT600 flow metre sensor. During trials, water temperature in the
system was maintained within a narrow range of 1°C using a chiller unit (TECO TK-
2000). The difference between the water temperature in the flume and the holding tanks
was kept at less than 1°C to avoid any confounding effects of temperature change on
swimming performance (Tudorache et al., 2010b; Vezza et al., 2020).

All fish were tested individually using a fixed velocity testing protocol.
Preliminary tests were conducted on each species to determine which flow velocities could
be related to burst swimming (Castro-Santos, 2005). Such tests indicated that flow
velocities greater than either 55 cm s™' (European bitterling, common bleak, North Italian
roach, and Italian riffle dace) or 60 cm s (common minnow) resulted in fish simply being
unable to swim, hence leading to a large number of unsuccessful trials (a trial where 77
data is not available). Moreover, it was observed that velocities lower than 40 cm s!
(Italian riffle dace), 45 cm s! (European bitterling, common bleak, North Italian roach)
and 50 cm s (common minnow) resulted in average times-to-fatigue YTf significantly
exceeding the commonly accepted threshold, in burst swimming, of 20 seconds.
Therefore, fish were tested over a limited range of flow velocities. T. muticellus were
tested at four flow velocities Uy = 40, 45, 50, and 55 cms™!. P. phoxinus were tested at
three Ur= 50, 55, and 60 cms™!. The remaining three species, R. amarus, R. aula, and A.
alborella, were tested at U= 45, 50, and 55 cms™'. A single fish was tested per trial at a
fixed flow velocity, and no fish was tested more than once. At the beginning of each trial,
the fish was habituated for 5 mins at 5 cm s™' (Ashraf et al., 2024a; Schiavon et al., 2023).
The flow rate was then increased manually to achieve the testing flow velocity. Fish were
allowed to swim at testing velocity until fatigued. Fatigue was defined as fish resting at
the downstream grid and not responding to tapping (Aedo et al., 2021; Heuer et al., 2021;
Tudorache et al., 2010a; Videler & Wardle, 1991). A fish was tapped no more than three
times during an experimental trial. At the end of the trial, the fish was sedated in clove oil
(Aroma Labs, Kalamazoo, M1, USA; approximately 0.2 ml clove oil/litre water), and fork
length [cm], mass [g], width [cm], and height [cm] were measured.

4.4.3 Data analysis

In order to test the validity of the scaling relations proposed in section 4.3.2, it was
assumed that the mean relative velocity between fish and water U, could be well
approximated by the bulk flow velocity Uy (Nikora et al., 2003). Experimental data were
then used to test the validity of the scaling laws for time-to-fatigue mean ('ITf; Eq.4.5) and

variance (E; Eq. 4.9). The test was limited to the second-order central moment (k=2),
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since the estimation of higher orders would have required an enormous amount of data,
not available from the above experimental protocol (Appendix D).

As outlined in section 4.3.2, statistical properties of T must be obtained from data
pertaining to a population of fish from the same species, having the same size and
swimming at constant temperature. For all fish species, the experimental data was well in
line with the constant water temperature requirement (in all trials the water temperature
varied over a narrow range of maximum + 1°C). However, variations in fish size were
significant. For example, the fork length Ls (L is taken as a proxy for fish size, see
Appendix C, showing allometric relations) varied within the range +10.3-38.8 %. Hence,
following Katopodis & Gervais (2012) data were reorganised in subsamples where
variations in Ly never exceeded +£10% (Appendix B presents detailed explanation on
subsampling procedure).

For all fish species and for each subsampled group separately (Appendix B), time-

to-fatigue mean (77) and variance (Tf’z) were calculated for each tested flow velocity Ur.

Linear regression was then carried out on log-transformed values of ’ITf vs Uy, and ﬁ \&

Ur to empirically estimate the exponent f in the proposed scaling relations (Eq. 4.5 and
Eq. 4.9 with k=2). Results from the regression analysis were deemed acceptable if the null
hypothesis of zero slope could be rejected with a 5% significance level (i.e. p-value <
0.05) using Fisher’s test, otherwise they were discarded.

Since time-to-fatigue data exhibits widespread variability (Aedo et al., 2021;
Deslauriers, 2011; Katopodis & Gervais, 2016), estimates of 'ITf and ﬁ might be

subjected to significant errors unless many data points are available. Moreover, from a
statistical standpoint, linear regression in logarithmic coordinates improves when
performed over a wide range of velocities in log scale, namely for large values of
In(Uy/U,,), where Uy, and U,, are the maximum and minimum tested velocities. Small
number of data points and low values of In(Uy,/U,,) may lead to poor estimates of the
scaling exponent (f), even if the regression analysis results in high values of R? and p-
values < 0.05. Therefore, a reliability index (Rel) was defined and used to compare the
reliability of £ estimates. Following an approach similar to Jerde et al. (2019), the Rel is
defined as

Rel =pin (Z_Z)’ [4.10]
where p is the total number of individual data points used for the regression analysis. Eq.
4.10 serves as a useful metric to assess the reliability of f§ estimates obtained from data
sets of varying quality, regarding the number of samples and range of test flow velocities.
Since Rel is essentially an index that quantifies the confidence that can be put in the
regression of each curve, it is expected that the higher the Rel the more likely f should
fall into the theoretically predicted range.
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For all fish species, the distribution of time-to-fatigue data p(Tf) at all test flow
velocities was estimated using Kernal Density Estimation (KDE), a non-parametric
method to estimate the Probability Density Function (PDF). This was done to explore
whether a working model for p(T}) could be identified from the available data.

All statistical analyses were run using R version 4.2.2 (R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org). Package dplyr was used
for data management (https://CRAN.R-project.org/package=dplyr), package ggplot2 was
used for plotting (https://CRAN.R-project.org/package=ggplot2), package boot was used
for bootstrap resampling procedure, and package confintr was used to calculate the
confidence intervals (https://cran.r-project.org/web/packages/confintr/index.html).
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4.5 Experimental results

A total of 850 fish were tested for the five fish species. 626 fish (74%) resulted in
successful trials where time-to-fatigue was recorded (Table 4.1).

Table 4.1 Summary of experimental data for five tested Cypriniformes fish species reporting scientific names, the total
number of test fish, the number of successful fish trials n, test flow velocity Urvalues, fish fork length Ly, test water
temperature T, and wet fish mass m.

Min Max Mean + sd
. Total Tested Successful L L n N
Species test Uy trials () Ls[cm] o] el C1 el
fish  [cm/s]
40 45
Telestes 45 45 487 134 1.56
. 202 4 6.6 i 4
muticellus 50 45 N
0.46 0.23 0.49
55 45
i - 16.2 2.05
Phoxinus )5 55 54 3.7 6.8 490 7 70
phoxinus N
60 54 0.70 0.31 0.95
45 30
6.04 11.7 3.13
Ifl’;”fr‘;”ss 148 50 30 5.4 67 =+ T
55 30 034 034 0.59
Leucos 45 35 524 127 1.85
aula 160 30 38 4.6 6 + + "
55 39 036 035 045
Alburnus 45 26 504 114 1.16
alborella 115 30 34 4.5 6 + + +
55 22 0.38 0.67 0.31

For all the five fish species Ty values show a very large variability at all test flow
velocities (Figure 4.2). Mean values of Tr are below 20 seconds except for common
minnow and Italian riffle dace as recorded for Us = 40 cm s! and 50 cm s™!, respectively
(Figure 4.2). Even in these cases, mean values of Tr never exceeded 32 seconds. This
means that great majority of fish were likely tested at burst swimming velocities or very
close to. Note that individual values of Tr can be instead very large (in some cases
exceeding 80 seconds), meaning that some trials may have occurred under (partly) aerobic
swimming conditions.
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Figure 4.2 Box plot of all experimentally collected time-to-fatigue (Ty) data, without subsampling, for all five fish
species superimposed with jitter plot with varying colour intensity based on fish fork length (Ly). The solid horizontal
black line inside the boxplot marks the median Ty against a test flow velocity Ur. The bounding box defines the
Interquartile Range (IQR), containing 50% of time-to-fatigue data. The whiskers mark Q1 — 1.5*IQR (bottom end)
and Q3 + 1.5*IQR (top end), where QI and Q3 are the 25™ and 75" percentiles, respectively.

Despite the large number of tests that were carried out, the Kernal Density
Estimation (KDE) of time-to-fatigue data for the subsampled groups does not follow a
consistent shape, showing in some cases multimodal while in others unimodal
distributions, hence making the identification of a working model for p(Tf) rather
difficult. Nonetheless, it is noteworthy to note that the variability in 7y diminishes with
increasing Uy, as theoretically predicted (Equation 4.9, k = 2). This can be appreciated
from Figure 4.3, which shows the KDE related to subsampled groups characterised by the
highest reliability index (Rel). Similar conclusions can be drawn from results obtained
analysing other subsampled datasets with lower Rel.
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Figure 4.3 Kernal Density Estimation (KDE) of time-to-fatigue (Ty) against flow velocity Ur for the best fit subsampled

group (with the highest reliability index value) for the five fish species. Blue diamonds mark the mean time-to-fatigue
T at each tested flow velocity.

When plotted in logarithmic coordinates data pertaining to 7Tf vs Ur and ﬁ vs Uy

plots, follow straight lines with slopes (which represent the exponent of the power law in
linear coordinates) that are in reasonably good agreement with theoretical predictions.
This is confirmed by Figure 4.4, which reports, as an example, results taken from the
subsampled group with the highest Rel.
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Figure 4.4 Data for time-to-fatigue mean T_'f (panel (a)) and variance Tf'z (panel (b)) versus flow velocity Us for the
subsampled group with the highest Reliability Index (Rel) value. Different colours correspond to different fish species
as specified in the legend. Dashed and solid grey lines have slope values calculated from the lower and upper limit of

pi.e 1.73 and 2.0, respectively, and are plotted to guide reader's eye serving as a benchmark for slope comparison
with experimental data (Note: the two lines are not empirically fitted fatigue curves). In plot (a), the dashed grey line

has a slope of -(f + 1) = -2.73, whereas the solid grey line has a slope of -3. Similarly, in plot (b), the dashed grey
line has a slope of -(f + 1) = -5.46, whereas the solid grey line has a slope of -6.

A more comprehensive view of the results is provided by Figure 4.5, which reports
the estimates of the scaling exponent (f) obtained from the linear regression analysis of

In (TTf) vs In (Ur) (panel a) and In (m vs In (Ur) (panel b) for all fish species and

subsampled groups. For all subsampled groups, there was no effect of fish length on
empirical data fitting. The majority of subsampled groups showed a non-significant
relationship between time-to-fatigue and flow velocity, likely due to insufficient data, and
were consequently omitted from the results (Appendix B). For subsamples with significant
regression outcomes, results indicate that empirical estimates of S closely match the
theoretically predicted range (yellow band in Figure 4.5) for Italian riffle dace (panel a)
and both Italian riffle dace and North Italian roach (panel b), respectively. Interestingly,
data points pertaining to low values of Rel generally display a larger mismatch with
theoretical predictions and overall, such a mismatch gradually diminishes with increasing
values of Rel.
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Figure 4.5 Empirical estimates of scaling exponent fp obtained from the linear regression analysis between (a) In (TTf)
and In (Uy) and (b) In (Tf'z) and In (Uy plotted against reliability index (Rel), as defined in Eq. 4.14. The yellow band

is the theoretically predicted range of scaling exponent f3, i.e. [1-73-2.0]. Each different colour corresponds to a
different fish species as specified in the legend. The repeated data points with the same colour indicate the f values
obtained from the fitting of more than one subsampled group related to one single fish species.
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4.6 Discussion

This paper presents a theoretical approach that predicts scaling laws linking statistical
properties of time-to-fatigue T to the mean relative velocity between water and fish, here

estimated as Uy. In particular, theory predicts that TTf ~U, B+ and Tf’k ~U, KB+ and

arguments based on state of the art fish-drag hydrodynamics, indicate that the scaling
exponent f is constrained between 1.73 and 2.00; the overbar-symbol refers to an
averaging operator associated with a population of fish of the same species and size, and
swimming in water at a given temperature and velocity Uy ; the prime symbol identifies
variations of Ty around the mean T; while k is the moment order and can be any integer
greater than one. Dedicated fixed velocity experiments were conducted on five
Cypriniformes, and time-to-fatigue data obtained were used to test the proposed scaling

relations for time-to-fatigue mean ’ITf and variance F, by comparing theoretically

predicted values of f with those estimated from empirical data. Data indicates that
empirical estimates of the scaling exponent 5 agree well with theoretical predictions for
Italian riffle dace (as estimated from Ty data) or Italian riffle dace and North Italian roach

(as estimated from ﬁ data). Overall, deviations from theoretical predictions tend to

reduce noticeably with increasing the Reliability Index (Rel; Figure 4.5). This
encouragingly supports the validity of the proposed scaling laws, however, it is also true
that the trend is only clearly noticeable for Italian riffle dace, for which data span a large
range of Rel. Since data for the other four species do not cover the same span (in some
cases only one data point is available), there is also a possibility that the extent of the
deviations may be species-specific.

It is noteworthy to observe that, at low values of Rel, deviations are not uniformly
distributed around the theoretically predicted range but biased towards higher values (i.e.
mostly larger than 2). This could be explained as follows. The proposed scaling laws apply
to fish swimming in the burst range, i.e. in purely anaerobic conditions but, as mentioned
in the results section, it is possible that some fish employed both anaerobic and aerobic
processes during the trials. Clearly, the probability that individual fish swim using aerobic
process reduces with increasing Uy, meaning that 7r-outliers (i.e. large values of 7y caused

by aerobic swimming) affect estimates of Ty and ﬁ more in the lower range of Uy than
in the higher. Since these outliers contribute to increase both Ty and ﬁ, they also

contribute to enhance the steepness of Ty and ﬁ vs Urcurves, and hence the values of 8

estimated from the regression analysis.

The theoretical results reported here, can have important practical implications.
Firstly, they offer advantages for experimental research aiming at quantifying fatigue in
fish. In this respect, note that equations 4.5 and 4.9 can be rewritten, in more general form
as

Ty = ay U, #*Y [4.11]
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T = oy U, [4.12]
where a1 and ak are scaling functions which depend mainly on fish species, size, and
water temperature and (3, as discussed, is a well-constrained parameter dictated by theory.
This means that, in future studies, it will be possible to explore the statistical behaviour of
Tr at only one velocity Urto retrieve the scaling functions a1 and ak, hence significantly
reducing experimental efforts devoted to the investigation of endurance in burst
swimming. Given the enormous biodiversity reported for fish worldwide and the
overwhelming variability in swimming performance associated to it, this result is
particularly relevant. Secondly, equation 4.11 represents a useful tool for fishways’ design
and management as it allows to derive the maximum distance a fish can swim before
becoming fatigued (Castro-Santos, 2005; Katopodis, 1992; Katopodis & Gervais, 2012,
2016). Recalling the work by Castro-Santos (2005) and Katopodis (1992), the maximum
distance a fish can swim before fatiguing can be defined as D; = UQTTf = (U, — Uf)’ff,
where Ug = Ur — Uy is the fish ground speed. Employing Eq. 4.11 for T; leads to a
function Ds(Ur) that displays a maximum Dsmax at an optimal relative velocity Uropt = Ur

(1+ %) and hence an optimal ground speed

U
Ugopt = ?f . [4.13]

Eq. 4.13 indicates that, in the burst swimming range, the maximum distance that a
fish can travel, is reached at swimming ground speeds of about half of the water flow
velocity (recall § = 2). This is clearly true only if fish are fit enough to reach such velocity.
If not, the maximum distance is reached at the maximum ground speed they are capable
to swim at.

At optimal velocity, the maximum swimming distance can be estimated as

-B-1
_ 2B 1

Domax =5 U7 P (143) [4.14]

which represents a very important design parameter being the maximum allowed length

for a fish passage system (Castro-Santos, 2005; Katopodis, 1992; Nikora et al., 2003).

Lastly, we propose that Eq. 4.14 might offer some biomimicry-inspired insights
for the control of underwater robotics, which are now being employed for a plethora of
applications (Cui et al.,, 2023). Analogously to a fish swimming anaerobically, an
underwater robot stops moving (i.e. reaches fatigue) when running out of the energy
provided by a battery. Since the theoretical analysis presented in sections 4.3.1 and 4.3.2
is applicable to any fully submerged solid body that is self-propelled by limited energy
resources, Eq. 4.13, which is a direct consequence of this analysis, indicates that an
underwater robot can maximise cruising distances when swimming at ground speeds that
are half of the opposing fluid velocity. Note that underwater robots cannot be charged
during operations, therefore these insights offer a simple strategy to optimise energy
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consumption in opposing moving waters, as often required in freshwater and marine
environments (Li et al., 2023).

In conclusion, the main outcome of the present paper is a set of theoretically
derived scaling laws linking statistical properties of 7y to U, for burst swimming fish.
These laws are relevant for applications in fishways’ design and to develop bioinspired
underwater-robot control. Results from a new and large experimental dataset of five fish
species support the proposed theory, while calling for more experiments from a wider
range of fish species and sizes to be carried out, to further establish the general
applicability of the proposed scaling laws.
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Exploring Fish-Velocity Statistics in Burst Swimming Activity Level

5.1 Abstract

Intermittent swimming, also referred to as burst-and-coast behaviour, is a commonly
employed type of locomotion observed in various fish species. Several studies have linked
this behaviour with specific advantages, including reduced energy expenditure, stabilised
visual field, and enhanced sensing ability. However, these studies are limited to stationary
or slow-moving water conditions, and little is known about the unsteady swimming
patterns that fish may adopt, if any, in rapidly moving waters. Moreover, although
fluctuations in fish velocity are associated with increased energy expenditure and are
considered an additional component of swimming performance, very few studies have
focused on examining these variations to date. In the present study, we address these
knowledge gaps by exploring swimming velocity of juvenile Italian riffle dace (Telestes
muticellus) at four different flow velocities (Uy), in burst swimming range. In particular,
we study the maximum fish velocity (Unax) and fluctuations in fish velocity at constant
Us. The results suggest that both Unax and fluctuations in fish velocity increase with
increasing Uy up to a certain threshold, beyond which they plateau. Additionally, power
spectra analysis of fish velocity signal uncovered periodic swimming patterns
characterised by a sharp peak at a frequency of 1 Hz, attributed to fish reaction time. Also,
a consistent slope in the power spectra of fish velocity is observed, which remained
independent of flow velocity and unexplained.
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5.2 Introduction

Fish swimming performance has important implications for activities such as feeding,
growth, migration, habitat selection, predator-prey interaction, competition, and survival
(Beamish, 1978; Videler, 1993). Various attributes of fish swimming performance such
as swimming velocities, energy expenditure, time-to-fatigue, and manoeuvrability are
interlinked and in turn define the fish’s ability to thrive in nature (Domenici & Kapoor,
2010; Videler, 1993).

Increasing velocity and fixed velocity tests are two most commonly used testing
methodologies to estimate different metrics of fish swimming performance (Beamish,
1978; Brett, 1964; Hammer, 1995). In increasing velocity tests, the flow velocity Uy is
increased progressively at fixed time interval A¢ until the fish fatigues to compute the so-
called critical velocity U In fixed velocity tests, instead, a fish is forced to swim at a
steady flow velocity Uruntil fatigued (Beamish, 1978; Hammer, 1995). Time-to-fatigue
Tris measured as a performance indicator in fixed velocity tests defining three activity
levels: sustained, prolonged, and burst swimming (Hammer, 1995). In sustained
swimming, fish employ only red muscles and aerobic processes and therefore,
theoretically, can swim indefinitely. Prolonged swimming is simultaneously powered by
red and white muscles, eventually leading to fatigue. Lastly, burst swimming activities
rely entirely on white muscles and anaerobic processes resulting in fish fatigue within a
few tens of seconds.

For numerous fish species, the ability to swim in short, rapid bursts is not only
essential for their ongoing health, but also for their very survival (Beamish, 1978). This is
particularly true for those species that need to navigate rapidly flowing rivers during their
migration. Their successful journey may ultimately depend on their ability to perform
burst swimming (Beamish, 1978; Burnett et al., 2014). While average burst or peak
swimming velocities are often reported and are useful indicators of burst performance,
they fail to provide information about variability in burst swimming velocities (Plew et
al., 2007). The fluctuations in fish velocity, particularly in burst swimming velocities,
could significantly influence the energy needed to resist or cross fast flowing water stream
over a certain duration (Burnett et al., 2014; Taylor & McPhail, 1985). In burst swimming,
Reynolds number is typically of the order 10° and the power required by fish to overcome
drag can be considered, as a first approximation, proportional to the velocity cubed,
(Vogel, 1994), suggesting that the effects of even a small increase in velocity can have a
significant effect in terms of energy expenditure.

Intermittent swimming, also commonly referred to as burst-and-coast, behaviour
is frequently observed in various fish species consisting of cyclic bursts of forward
movements followed by a coasting or gliding phase in which the body is kept straight and
motionless however still moving in the forward direction (Videler, 1993; Videler &
Weihs, 1982). Several studies have shown that, in comparison to continuous swimming,
a burst-and-coast swimming pattern can reduce energy expenditure and enable fish to
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cover a certain forward distance even during the coasting periods (Ribak et al., 2005;
Videler & Weihs, 1982; Weihs, 1974). However this holds true only when the water flow
velocity is very low or zero (Miiller et al., 2000) because fish can exploit their inertia and
move forward even without tail beating. It is logical to assume that when the fish is
exposed to very high flow velocities (as when trying to overcome velocity barriers during
migration) the propulsion generated by the fish’s undulating body would not permit it to
glide forward on its own inertia. Instead, the swift current will carry the fish downstream,
leading to a (potential) reduction in the distance gained during the bursting phase.
Therefore, burst-and-coast swimming makes little sense in fast flowing waters as far as
optimising travel distances are concerned.

In the last few decades, significant efforts have been made to understand
intermittent fish swimming motion using analytical (Videler & Weihs, 1982; Weihs,
1974), experimental (Floryan et al., 2017; Wu et al., 2007), and numerical studies (Chung,
2009). While most published literature agrees that one of the primary reasons fish employ
intermittent swimming motion is to save energy, other studies attribute enhancement in
sensory capabilities as the primary function of burst-coast swimming. In their study on
tetra fish (Hemigrammus bleheri), 1. Ashraf et al (2021) coupled experimental data, at
flow velocities of 0.36-3 BL/s, with numerical simulations and found that the fish could
theoretically expend less mechanical energy swimming continuously than intermittently.
They suggested that the main benefit of intermittent swimming may not be energy
conservation but rather stabilizing the visual field and improving sensing abilities as also
highlighted in several other research works (Mogdans, 2019; Teyke, 1985; Windsor et al.,
2008).

Despite the significant progress made in studying fish burst-and-coast and unsteady
swimming behaviour (Blake, 1983; Miiller et al., 2000; Tudorache et al., 2007), this
wealth of knowledge is limited to the case of standing or slowly moving water and little
1s known about unsteady swimming patterns that fish adopts (if any) in rapidly moving
waters. To bridge this knowledge gap, this paper aims to explore whether fish use any
swimming patterns in fast moving water where they cannot benefit from a burst-and-coast
behaviour to either minimise energy expenditure, stabilise the visual field, or enhance
their sensory abilities. To accomplish this goal, we analyse the experimentally collected
fish swimming velocity data in burst swimming activity level to investigate:

1) the maximum fish velocity (Unmax) and its relation with flow velocity (Uy)
i1) the variability of fish velocity (U,) for fish swimming continuously at constant Uy

i11) whether the U, time series signal exhibits any periodicities (i.e. recurrent patterns
such as burst-and-coast) at different flow velocities.

Systematic experiments were conducted using a fixed velocity testing protocol on
Telestes muticellus, a small-sized riverine cyprinid (Freyhof & Kottelat, 2007).
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5.3 Materials and Methods

5.3.1 Fish

Juvenile Telestes muticellus with an average fork length of 4.8 cm (standard deviation, sd
+ 0.4 cm) and average mass of 1.4 g (sd £ 0.3 g) were captured using electrofishing from
the Noce stream near Pinerolo, Italy (44°56'17.9 "N 7°23'09.1"E) and tested in May 2022.
Fish were transferred to a hatchery facility in Porte di Pinerolo and were kept in spring-
fed flow through holding tanks. All fish were habituated for 4 days before experimental
trials.

A HOBO MX-2202 logger was used to record water temperature in the holding
tanks at 10 minute intervals. Average recorded water temperature was 13.3 °C (sd + 0.4
°C). All fish were fed daily using commercial aquaria fish pellets (Tetra TabiMin) and
were starved at least 24 hours before testing to ensure post-absorptive state (Penghan et
al., 2016). Throughout the experiments, no fish mortality was observed and fish appeared
to be in good health.

5.3.2 Experimental protocol

An open channel recirculating hydraulic flume with a total flume length of 280 cm and a
cross sectional area of 900 cm? (30 cm by 30 cm) was used to carry out experiments. For
detailed description of the flume, please refer to Ashraf et al (2024). The swimming arena
(flume length) was 60 cm and delimited by a flow straightener in the upstream direction
and a fined meshed grid in the downstream direction. Swimming trials were recorded
using two Sony AX43 handycams with a resolution of 1920x1080 pixels at 50 frames per
second. The difference between the water temperature in the flume and the holding tanks
was kept at less than 1°C to avoid any confounding effects of temperature change on
swimming performance (Tudorache et al., 2010b; Vezza et al., 2020).

A total of 40 fish were tested using fixed velocity testing protocol. One fish was
tested per trial and no fish was tested more than once. All fish were tested at burst
swimming velocities, defined by flow velocities (Uy) resulting in mean time-to-fatigue
(’ITf) no higher than 15 to 50 seconds (Beamish, 1978; Haro et al., 2004; Videler, 1993).
Average cross-sectional flow velocities were computed by dividing the volume flow rate
(Q) by the test cross-sectional flume area (X) as Ur= Q/X. The four test flow velocities
(40, 45, 50, and 55 cms™' with 10 fish each) were selected based on preliminary trials
resulting in ’ITf well within the typical fatigue times associated with burst swimming
activity level. At the beginning of each trial, fish were habituated for 5 min at 5 cms™
(Ashraf et al., 2024). The flow rate was increased manually following the habituation
period to achieve the desired Uy value. Fish were allowed to swim at test flow velocity
until fatigued. Fatigue was defined as fish resting on the downstream grid and not
responding to tapping (Aedo et al., 2021; Heuer et al., 2021; Tudorache et al., 2010a;
Videler & Wardle, 1991). A fish was tapped no more than three times. At the end of each
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trial, fish were sedated in clove oil (Aroma Labs, Kalamazoo, MI, USA; approximately
0.2 ml clove oil / litre water), and measured for fork length [cm] and mass [g]. The study
was performed in accordance with the Protection of Flora and Fauna Department of the
Metropolitan City of Turin (authorization D.D. n.4457 of 29 October 2020).

5.3.3 Data analysis
5.3.3.1 Computational Fluid Dynamics (CFD)

Flow velocities experienced by fish in forced performance tests are assumed to be
identical to the average cross-sectional velocities (Nikora et al., 2003; Vezza et al., 2020).
However it is well known that in channel flows or swim tunnels, the velocity fields are
not uniform. For instance, lower velocities are present in the near-wall regions due to the
presence of so-called boundary layers (Cengel & Cimbala, 2006). It is often reported that
fish prefer to swim near the walls and corners of the channel during performance tests,
presumably taking advantage of areas with slower velocities to conserve energy (Kern et
al., 2018; Kerr et al., 2016; Newbold & Kemp, 2015; Vezza et al., 2020). Therefore,
relying solely on averaged cross-sectional velocities, without accounting for flow field
variations, may lead to an overestimation of the flow velocities experienced by fish,
affecting the overall results. From hereafter, flow velocity and average cross sectional
flow velocity are used as interchangeable terms and denoted by Ur.

Therefore, Computational Fluid Dynamics (CFD) models, using ANSYS Fluent
(Canonsburg, Pennsylvania, USA) software, were used to provide a detailed description
of the flow field variations in the test section of the flume for all four Uy values. This
allowed to effectively represent the flow velocities experienced by fish in near-wall
regions (i.e. bottom and side walls of the flume) and hence an accurate estimation of fish

swimming velocities. Modelled flow velocities VA (u,v,w), where u, v, and w are the
longitudinal, lateral, and vertical velocity components (overbar denotes time-averaging),
were numerically computed at each node of the defined grid using hexahedral cells which
subdivided the entire flow domain into finite elements. To accurately capture the flow
velocities in boundary layers, so-called inflation layers—Ilayers of cells with progressively
increasing height—were employed in near-wall regions, producing a finer mesh near walls
and a coarser mesh far from the walls. The selected mesh size reduced the computational
effort as much as possible while producing outputs that were observed to be mesh-
independent from dedicated tests. A k-epsilon (k-¢) turbulence closure model was used
where the value of turbulent kinetic energy (k) was estimated from direct measurements
of velocity fluctuations measured 5 cm from the upstream grid using Laser Doppler
Anemometry (LDA by Dantec Dynamics). The order of magnitude of the turbulent
dissipation rate ¢ was estimated as ¢ = U;/l.s, where Uy is the average cross-sectional flow
velocity and /s is the upstream grid mesh size (6 mm) as the characteristic velocity and
length scales, respectively (Vezza et al., 2020).
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A mass flow inlet boundary condition was used at the inlet, as the volume
discharge entering the flow domain was known. The free surface was modelled as a free
slip plane and the outlet was set to an outflow boundary condition. The bottom and side
walls were set as hydrodynamically smooth walls with no-slip condition.

5.3.3.2 LDA measurements and validation of CFD data

For all flow velocity treatments, single-point longitudinal flow velocities (u) were
measured using Laser Doppler Anemometry (LDA). Measurements were taken at four
cross-sections located at a distance of 5, 15, 30 and 55 cm from the upstream grid and in
the centre of each cross-section along a vertical column at two points: 0.5 and 5 cm (Figure
5.1). At each point (P1-P8; Figure 5.1), 500,000 measurements were taken at an average
sampling frequency of no less than 800 Hz. Figure 5.2 shows a comparison between
simulated and measured mean flow velocities with LDA for the treatment with Uy of 50
cms’!. The agreement is very good, hence providing confidence that the simulated flow
fields are representative of experimental conditions.

Figure 5.1 Sketch of the open channel flume with location of the points where longitudinal flow velocity measurement
were carried out using LDA. The middle of the flume width is marked with a dashed green line. Points P1 to P4 are
located at an elevation of 0.5 cm, while points P5 to P8 are located at an elevation of 5 cm from the bottom of the
flume.
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Figure 5.2 Validation of CFD simulated flow velocity data against LDA measurements for a treatment with an
averaged cross-sectional flow velocity of 50 cms™.Mean vertical flow velocity profiles were extracted from CFD data
corresponding to the mid cross section of the simulated domain and at four cross sections located at 5, 15, 30, and 55
cm from the inlet. Red squares represent the mean of empirically measured longitudinal flow velocity values obtained

using LDA.

5.3.3.3 Fish trajectories and swimming velocities

Fish swimming trajectories were reconstructed following the detection of fish’s head
position in each frame of the recorded video using a deep learning approach with a
convolutional neural network (CNN) (Redmon et al., 2016). A detailed description of the
tracking methodology is available in Mozzi et al (2024). The fish swam mostly near the
bottom wall of the flume (Mozzi et al., 2024), therefore video footage was analysed in the
horizontal plane only to obtain fish position over the longitudinal (i.e. aligned with the
flow direction, and hereafter referred to as X) and lateral (hereafter referred to as Y)
coordinate, whose origin was located at the bottom-left corner from the inlet (see Figure
5.1). For each video frame, two dimensional ground distance was calculated as Dy =
\/ (X; — X;_1)?+ (Y; — Y;_1)?, where i is the video frame of interest. For each video
frame, fish ground velocity (U,) was computed by dividing D, by the time interval

between two consecutive video frames (0.02 seconds). It should be noted that D, and Uy,
for the first video frame were set to zero.

Flow velocity data was extracted from CFD simulations for a two dimensional
plane located 0.5 cm above the bottom wall. This depth aligns with the average swimming
depth of fish, as observed from experiments. Fish-water relative velocity (U,) was
determined for each video frame by adding the fish ground velocity (Uy) to the
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longitudinal flow velocity (i) value as obtained from CFD. Based on fish’s position (X,
Y), u from CFD was estimated using bilinear interpolation based on surrounding velocity
values at neighbouring nodes within a hexahedral mesh grid. The maximum swimming
velocity (Unmax) reached by each individual fish was plotted using boxplots and compared
across all flow velocity treatments using the Kruskal-Wallis test. To determine which of
the four U differed significantly amongst different treatments, a post-hoc Dunn test was
used. Moreover, at each Uy treatment, fish-water relative velocity (U,) distribution was
plotted and the mean, standard deviation, skewness, and kurtosis were computed.
Hereafter, the term ‘“fish-water relative velocity” will be referred to simply as “fish
velocity”, for the sake of clarity and simplicity.

5.3.3.4 Power Spectral Density

Power Spectral Density (PSD) analysis was performed to interpret fish velocity time series
signal in the frequency domain. This analysis was carried out separately for both
longitudinal fish velocity (U,x) and lateral fish velocity (U,y) signals. In Matlab, the so-
called Welch method was used to compute the PSD of each individual fish velocity signal
using one single window (containing all values of fish velocity) resulting in two output
vectors: S (PSD estimates) and f(frequencies). PSD for each treatment was then computed
by averaging the PSD estimates of 10 individual fish using the binning method. According
to the Nyquist theorem, the spectrum of fish velocity time series was resolved only up to
25 Hz (i.e. half the sampling frequency of 50 Hz as defined by the recorded video footage
frame rate).

Similarly, PSD analysis was carried out on flow velocity data obtained empirically
using LDA. In this case, the data was first resampled to obtain a fixed time interval of 1
ms for all measured flow velocities before computing the spectra. Number of windows in
Welch method were set to 50 as it resulted in a robust and reasonably smooth spectrum.

For both flow and fish velocities, the frequency vector (f) from the PSD was
multiplied by the PSD estimates (S) to create premultiplied spectra (a plot of S*f vs f),
plotted in log-linear coordinates. This is justified by the fact that premultiplied spectra are
more effective than spectra to identify peaks associated with dominant modes in the signal
(see e.g. Manes et al 2011)
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5.4 Results

The distribution of mean longitudinal flow velocities u was relatively uniform across the
channel at various cross sections, with the exception of the areas close to the side and
bottom walls, where the presence of a boundary layer caused u to be significantly lower
than in the central region (Figure 5.3). The thickness of the boundary layer increased with
increasing downstream distance from the upstream grid, as shown in Figure 5.4, which
displays a longitudinal cross section at the centre of the flume width (15 cm from either
side wall) with velocity contours for treatment with an average cross-sectional flow
velocity (Uy) of 50 cms™.
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Figure 5.3 Lateral cross sections of the flow domain showing the time averaged flow velocity U obtained from CFD
simulations for treatment with Uy = 50 cms™.The cross sections are located at a distance of (a) 5 cm and (b) 55 cm
from the upstream grid.
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Figure 5.4 Longitudinal cross section, in the middle of flume width, showing the development of boundary layer along
the bottom flume wall for the longitudinal flow velocity magnitude obtained using the CFD k- ¢ model.

The maximum fish velocity (Unax) of T. muticellus recorded in the experiments
was 129 cms™! (24.8 BL/s) at the highest average cross-sectional flow velocity of 55 cms”
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! (Figure 5.5). The average of the highest U, measured for each fish was 91.3 cms™ (19
BL/s).

150

Upar = 129 cm/s

100

50

Fish velocity, U, [cm/s]
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Figure 5.5 Fish velocity (U,) time-series signal for fish swimming against an average cross-sectional flow velocity of
55 cms™!. The maximum fish velocity (Uma) is highlighted by red dot.

The maximum fish swimming velocity (Unax) increased with an increasing mean
Ur (Kruskal-Wallis test, p < 0.05; Figure 5.6). However, post hoc test revealed that this
was only true for the Uy..x comparison at flow velocities of 40 and 50 cms™ (Dunn test, p
< 0.05). All other treatment groups resulted in non-significant differences for Upax.
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Figure 5.6 Boxplot of maximum fish swimming velocity Umax (n = 10) for all average cross-sectional flow velocity
treatments. The bounding box defines the Interquartile range (IOR) whereas the solid black horizontal line inside the
bounding box is the median of Umax. The vertical solid black lines mark Q1 — 1.5*IQR (bottom end) and Q3 +
1.5*I0R (top end), where QI and Q3 are the 25" and 75" percentiles of Una, respectively. The asterisk symbol
indicates which groups have significant differences, while NS stands for non-significant

In comparing distributions of fish velocity (U;), the results from individual fish
were combined based on flow velocity (Uy). Frequency distributions of U, were positively
skewed and with high kurtosis values compared to normal distribution (Figure 5.7). For
all treatments, mean fish velocities were always lower than the averaged cross-sectional
flow velocities. The variability of U, was quantified by its standard deviation, which
increased from 8.08 cms™ to 11.72 cms™ as the Uy increased from 40 cms™ to 50 cms™.
At the highest Uy of 55 cms™!, standard deviation was 11.23 cms™!, slightly lower than at
50 cms™! (Figure 5.7). The skewness and kurtosis of the fish velocity distributions did not
show any clear trend with Uy
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Figure 5.7 Frequency distributions of fish velocity (U,) at four mean flow velocity treatments.

The power spectra derived from the longitudinal fish velocity (U,x) and lateral fish
velocity (U,y) time series across all Uy values are shown in Figure 5.8 in premultiplied
form. Notably, irrespective of the Uy, the U, spectra exhibit a prominent peak and a
consistent slope. The peak emerges at a characteristic frequency of approximately 1 Hz
highlighting a dominant periodicity in the longitudinal fish velocity (Figure 5.8(b)). This
periodicity is also observed in U,,, at the same characteristic frequency of 1 Hz, although
not consistently across all treatments. Specifically, for U, spectra peaks are visible for
flow velocities of 45 and 55 cms™, while for the other two flow velocities, they appear
more diffused (Figure 5.8(d)). Nevertheless, for both U. and U,, the frequency
corresponding to spectral peaks show no clear dependence on flow velocity.

The power spectra computed from velocity measurements obtained from LDA, are
displayed in Figure 5.9. Spectra were computed from measurements taken at four distinct
locations: P1, P2, P3, and P4 as shown in Figure 5.1. Figure 5.9 indicates that power
spectral peaks at these locations are contained within a frequency range 5-30 Hz, hence
significantly higher than those observed for spectra of fish velocity. Note that the
frequencies associated with spectral peaks in Figure 5.9 are associated with the eddies
time-scales that contribute the most to the variance of the turbulent signal.
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Figure 5.8 Power Spectra of longitudinal (panel (a) and (b)) and lateral (panel (c) and (d)) fish velocity time series at
four Urvalues. Panel (a) & (c) shows spectra plotted against frequency vector whereas panel (b) & (d) shows spectra
plotted in premultiplied form. Data from different flow velocities is shown with different line colours as specified in
the legend.
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Figure 5.9 Plots of power spectra and its premultiplied form for time-averaged single-point longitudinal flow velocity
(1) measurements, as obtained from the LDA, at four locations in the flow domain (P1, P2, P3, and P4) for all Uy
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5.5 Discussion

An increase in flow velocity (U)), from 40 cms™ to 55 cms™!, resulted in higher maximum
fish swimming velocity (Unax) and increased variability in fish swimming velocity (U,).
Maximum fish velocity has significant ecological importance as it has been shown that
the ability of a fish to accelerate rapidly helps in avoiding predation (Domenici & Kapoor,
2010; Walker et al., 2005). The maximum fish velocities presented here for 7. muticellus
are likely an underestimation of their true maximum swimming abilities. This is because
our experiment were designed to investigate time-to-fatigue and not maximum swimming
velocities, which is often done by adopting different experimental procedures (e.g. by
startling fish) (Domenici et al., 2004; Harper & Blake, 1991; Roche et al., 2023). Results
from the present study show that Uy increased with increasing Uy, however, they seemed
to plateau at the highest tested flow velocities of 50 and 55 cms™!. This can be explained
in two ways. Firstly, it is plausible that fish may have simply reached their peak swimming
velocities, making it physically impractical to achieve even higher U, values. Secondly,
fish behaviour may also be a factor, as beyond a critical maximum flow velocity, fish may
decide not to expend the energy required to achieve even higher swimming velocities,
thus swimming at a capped Upax.

As with Upax, the variation around the mean fish velocity increased with increasing
Uy and appeared to reach a maximum at Us of 50 cms™. These results agree with the
findings of Plew et al (2007) who also observed increased variations in swimming velocity
of Galaxias maculatus with increasing flow velocity, suggesting that the variations in U,
caused by flow velocity are not species-specific. These variations may be attributed to
increased stress levels experienced by fish (resulting in erratic stress-driven accelerations)
when exposed to progressively increasing high flow velocities. At the highest Uy of 55
cms’!, though, the variation in U, remained approximately the same as at 50 cms™. This
can be most likely explained as a tradeoff between energy-saving strategies and stress
induced behaviour. In other words, when hydrodynamic conditions become very
challenging, fish can no longer afford a stress-induced erratic behaviour associated with
large velocity variations (i.e. sprints) and hence major energy-consuming events.

Power spectra of U, revealed a sharp peak at a characteristic frequency of 1 Hz for
all flow velocity treatments. This shows clear periodicity in fish velocity time series,
leading us to the following question: why do fish prefer to regulate their swimming
velocity at a specific frequency? The 1 Hz frequency corresponds to a characteristic time-
scale of 1 second, indicating that fish velocity undergoes periodic changes over this
interval. To explore the reasons behind this periodicity, several hypotheses were
postulated. Initially, it was hypothesised that periodic fluctuations in fish velocity may be
due to fish response to flow turbulence. Analysis of single-point longitudinal flow velocity
measurements, obtained from LDA, indicate that the dominant frequency of turbulence
was one order of magnitude higher than that observed in the fish velocity spectra,
suggesting that the turnover time scale associated with large-scale eddies is significantly
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smaller than the 1-second characteristic time scale of fish velocity signal. Thus, it is
improbable that the observed 1-second periodicity can be attributed to turbulence effects.

Fish tail beat frequency (TBF) serves as a proxy for a range of physiological and
behavioural parameters, such as energy consumption, swimming efficiency, and
locomotor performance (Bainbridge, 1958; Eloy, 2012; Hunter & Zweifel, 1971;
Steinhausen et al., 2005). Therefore, as a second working hypothesis, TBF data was
analysed (though not presented in the paper) to explore whether the 1-second
characteristic time scale observed in fish velocity signals is driven by tail beat oscillations.
While the maximum measured tail beat frequency was 25 Hz, fish never displayed TBF
lower than 6 Hz. This equates to a time scale approximately one order of magnitude
smaller than the characteristic 1-second time scale observed in fish velocity signals,
suggesting that periodic fluctuations in fish swimming velocity are also not driven by tail
beat frequency. Another time scale that could potentially explain the observed periodicity
in fish velocity signal is the duration required for fish to experience the flow passing its
body. For initial assessment, this could be estimated as fish length divided by mean flow
velocity. In our experiments, this time-scale ranges from 0.09-0.12 seconds, also an order
of magnitude smaller than the dominant time scale observed in fish velocity signal.

Fish are known to utilise their surrounding flow field or the induced flow field of
a neighbour to reduce their physical exertion (Harvey et al., 2022). It is also known that
fish exhibit a time lag in their response to any activity that happens in their vicinity (Webb,
2004). Wang et al (2016) studied the upstream passage through culverts on Silver perch
(Bidyanus bidyanus) and Duboulay’s Rainbowfish (Melanotaenia duboulayi) and
reported that fish velocity auto-correlation time scale characterised a typical reaction time
of the fish. Mozzi (2024) investigated the response times of Telestes muticellus swimming
in groups, revealing that peaks of cross-correlation functions in the longitudinal direction
occurred at lags ranging from 0.47 to 0.54 seconds, while those in the lateral direction
ranged from 0.28 to 0.73 seconds. Similarly, Sakamoto et al (1976) studied the similarities
of movement and response time lag among individuals in a school. They reported that
approximately 20% of combinations showed a 0.5-second response time—coinciding
with the latent period of fish swimming motion. In our experiment, the 1-second periodic
fluctuations in fish velocity indicate cyclic alterations, wherein fish oscillate between
forward and backward motions within this timeframe, resulting in directional changes
occurring twice. Assuming a fish reaction time of approximately 0.5 seconds, this implies
directional shifts (either forward or backward) occurring every half-second, matching with
the characteristic timescale observed in the fish velocity signal.

The consistent shape of the spectra across various flow velocities, along with the
presence of a distinct peak, suggests an underlying fish behaviour, when swimming in fast
flowing streams. We have posited a working hypothesis attributing the observed
periodicity in fish velocity at 1 Hz to fish reaction time. However, the reason why the
slope of the power spectra appears to be so consistent, independent of flow velocity, is
still unclear, highlighting the necessity for further research studies to address this
knowledge gap.
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Conclusions

The present thesis work contributes to advancements in fish swimming performance
studies from three perspectives. Firstly, it fill some methodological knowledge gaps that
exist in currently employed testing protocols for studying fish swimming performance.
Secondly, it presents a novel theoretical approach for assessing fish fatigue curves in burst
swimming activity level. Lastly, it advances our understanding of fish swimming in fast-
moving waters highlighting consistent swimming patterns/behaviours.

The results from Chapters 2 and 3 emphasise that fish swimming performance
estimates are sensitive to the choice of testing protocols and fish behaviour during trials.
The findings suggest that various factors such as fatigue definition, flume length, and
habituation time affect fish swimming performance in fatigue tests. However, it is
important to note that these findings are based only on two fish species of similar age and
size groups, tested under specific flow velocities and temperature conditions. While this
limitation restricts the generalisation of our findings to other cases, it underscores the
significance of such studies as a foundational step towards establishing a unified
methodology. In recent years, efforts have been made to establish guidelines for
conducting, analysing, and reporting experiments studying fish escape response and
metabolic rates (Killen et al., 2021; Roche et al., 2023). This is encouraging and in future,
similar efforts should be devoted to developing protocol guidelines for studying other
metrics of fish swimming performance such as time-to-fatigue.

Chapter 4 advances our understanding of the relationship between time-to-fatigue
and fish velocity by presenting a theoretical framework based on concepts of fish
hydrodynamics. To test the validity of proposed scaling laws, significant efforts were
invested in collecting a diverse and rich experimental database however, practical
limitations such as time constraints, fish availability, and the capacity of our flume setup
restricted the extent of our findings. Given that our limited database from five
Cypriniformes species showed results in line with the theoretical predictions, the author
encourages other researchers to carry out more experiments on various fish species and
sizes to confirm the general validity of proposed scaling laws. If established, this could
significantly reduce experimental efforts currently devoted to investigating fish swimming
performance in burst swimming activity level. Furthermore, generally speaking,
theoretical approaches should be developed and used to help identify and assess
appropriate models predicting swimming performance. For example, there is a potential
to develop similar scaling laws linking statistical properties of time-to-fatigue and fish
velocity in the prolonged swimming range, where fish use both aerobic and anaerobic
metabolism.

Chapter 5 presents a unique exploration of fish velocity in fast-moving waters, an
area of study that has been almost unexplored until now. Results from the spectral analysis
of fish velocity offer insights about fish behaviour in burst swimming velocities. While
the authors propose a hypothesis linking the observed peak in fish velocity spectra to fish
reaction time, the consistent slope of the power spectra, regardless of flow velocity,
requires further investigation. Future studies involving different fish species and sizes are

needed to determine if the observed 1 Hz characteristic frequency in fish velocity signal
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is species- and/or size-specific.

To sum up, the author believes that although research on fish swimming
performance has advanced significantly over the past few decades, there is still much to
learn about fish behaviour and swimming performance. Enhanced knowledge of fish
swimming abilities and behaviour is crucial for informed decision-making, particularly in
areas like fishway design and maintenance.
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Appendix A

In this Appendix, we derive the scaling laws linking Fp to the relative fish-water velocity
U, assuming skin friction being the dominant source of fish drag. Firstly we consider skin
friction effects assuming fish as a rigid body. We then relax this hypothesis and explore
the combined effects of skin friction and undulating fish body.

Skin friction effects assuming fish as a rigid body

Using the rigid body approximation, the literature proposes that the drag coefficient of a
fish Cp can be taken as dependent on the Reynolds number (Re;) (Webb, 1975).
Dependence of Cp on Re; can be estimated following classical smooth wall boundary

layer theory, which suggests that C,~Rey, where Re;, = % is the fish Reynolds number,
v is the water kinematic viscosity, and e is a scaling exponent, whose value is e = —% if

the boundary layer over the fish is predominantly laminar and e = —%, if turbulent

(Schlichting & Gersten, 2017). Turbulent boundary layer conditions are believed to occur
for Re; = 103 (Anderson et al., 2001), where all available experimental data on fish
swimming performance are found. In what follows, therefore, only turbulent boundary
layer conditions will be considered. Hence, at these conditions Fp can be estimated as:

UyL

~1/5
Fo~ pCoLSUZ ~ p (%) " LSUZ = (pL¥/S Sv*/5)U}/° = U [A1]

where I, = pL*/5 S v/5 is a function that is herein introduced to lump the effects of
parameters pertaining to fish size (i.e. L and ) and fluid properties (i.e. p and v).

Combined skin friction and undulating body effects

The effects of fish body undulations can be considered using the so-called Bone-Lighthill
boundary-layer thinning hypothesis. From Ehrenstein et al. (2014) and Ehrenstein and
Eloy (2013), the drag force per unit depth (Fps) of a laminar boundary layer developing
over an undulating flat plate is estimated as:

U:/ZS1/2 L1/2

yl/2  [1/2

Fps ~ uU, Rey/* /St ~ uU, VSt ~,uUrReL1/2\/§\/§ [A2]

where u1s water dynamic viscosity, Reg = ? and Re;, = % are fish Reynolds numbers

defined using fish depth (S) and fish length (L) as characteristic lengths, respectively, v is

the water kinematic viscosity, and St = 4 / y.. 1s the fish Strouhal number with V= f4 being
T

the transverse velocity of fish body undulations, f'is the tail beat frequency, and A4 is the
half-peak tail beat amplitude.

Further simple algebra leads to define Fps as follows
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RN

U

1 1 1
Fps ~uUrRe§\E\/§~var “\Eﬁ~p%LUﬁ\E\/§~pCDLUrZ\E\/§[A3]
UZLZ

1
V2

-1

where Cp ~ ReLT, as suggested by Blasius (1908), and Cpy ~ CD\E\/E is the drag

coefficient of an undulating fish-like body. Although the above equation was initially
derived for laminar boundary layer conditions, we argue it can also be applied to turbulent
boundary layers as the physical effect of undulation is similar for both cases.

To derive a scaling relation between Fj and U,., like Eq. 4.2 and Al, it is now
necessary to find a relation between St and Re;. To achieve this, building upon the
approach proposed by Gazzola et al. (2014), we argue that the average thrust per unit
depth of fish Fi results from the sum of many linear accelerations leading to inertial type
forces F; that can be parameterised as F; ~ ma, where m is the mass of displaced fluid per
unit fish depth during a tail beat and can be scaled as m ~ pAL (see Figure Al), 4 is the
half-peak tail beat amplitude, and L is the total fish length. The resulting fluid acceleration

scales as a ~ Af? %, where f'is the tail beat frequency. Keeping the sine of a local angle

as A/L, we can obtain the thrust force component in longitudinal (swimming) direction as:

Fee~ma ~ pA3f2. [A4]

=

t

Figure A.1 Sketch of an idealized fish swimming at velocity U,.. L is the total length of the fish; A is the tail amplitude;
the cyan area identifies the mass of displayed fluid per unit fish-depth during a tail beat; fg is the inertial force
resulting from the displayed mass of fluid; 0 is the local angle between the tail and the direction of motion, in this
case horizontal.

The dynamic equilibrium of resistance and thrust forces per unit depth (for

turbulent boundary layer conditions, i.e. Cp ~ Re, 1/ 5), leads to:

pV1/5L4-/5U2/5\/§\/§~pA3f2. [A5]
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After some algebra, the following scaling relation can be derived:

St ~ (%)2/3 (%)1/3 R€L_2/15, [A6]

By coupling Eq. A3 and A6, the average drag force for an undulating fish can be
estimated as follows:

1

1
Fp = SFgp ~ SpCp \Ex/ﬁ LU2 ~SpRe; */® \E (2)° (3)° Re " L2, [A7]

1/3
which can be summarised as F, = [;U>%/**, where I} = pS5/3L1/15 (%) v4/15,

Experimental support for Eq. A6, which links St to Rey, is provided by Figure A.2,
displaying data specifically for fish as reported by Gazzola et al. (2014). The data
presented in Figure A.2 include only fish swimming in turbulent boundary layer
conditions i.e. at Reynolds number higher than the critical Reynolds number Recriricai Of
2,500, as identified by Gazzola et al (2014). In contrast to the findings of Gazzola et al.
(2014), where Re; is reported to have no influence on St in turbulent regimes, the data in
Figure A.2 show that there is a clearly visible dependence of St on Re; for Reynolds
number up to the order of 10°, which is consistent with the findings of Eloy (2012).
Moreover, our theoretically derived scaling relation for turbulent boundary layer
conditions, in Eq. A6, fit the experimentally collected data well within the range of Rer
where St displays Re;, -dependence, hence corroborating the proposed theory.

10 E i el

10° 107 108

Re,_

10° 10* 10°

Figure A.2 Experimental data measurements highlighting the dependence of Strouhal number (St) on Reynolds
number (Rey) for fish swimming in turbulent boundary layer conditions. The red line has a slope of -2/15, which is the

scaling exponent of the theoretically derived power law in Eq. A6, and is plotted for slope comparison with
experimental data.
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Appendix B

Appendix B

This appendix describes the subsampling procedure of experimental data based on fish
fork length (Ly).

For all five fish species, the data did not conform to the +10% variation in Ly
around its mean value, as per Katopodis & Gervais (2012). Figure B.1 shows the
distribution of fish fork length for all available data on five fish species, without
subsampling. To carry out subsampling following steps in their listed order were executed
for all fish species:

1. Within the range of fish fork length, a vector of mean fish length (Lyeans) Was
generated by using an equal step spacing of 0.2 cm

1i. A 10% variation around each element of the Lyeans vector was calculated and
stored in a new vector (Lyariation). Note that both vectors, Limeans and Lyariasion , are
of similar length

iil. Dataset was then subsampled based on fish fork length falling in the range of

Lmeans + Lvariation

iv. Lastly, in order to ensure that within each subsampled group the variation
around true mean fish fork length was not more than 10%, the data was subset
by eliminating the values that fell outside of the +10% of true mean L,

30
20
201 15
g
5 10
101
5
01 : 0 ; : ;
4.0 50 6.0 7.0 5.6 6.0 6.4
Ly [em]
201
= M common bleak
g B common minnow
© B European bitterling
101 M ltalian riffle dace
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4.0 5.0 6.0 4.5 50 55 6.0
Lg [em] L [em]

Figure B.1 Distribution plot of fish fork length (Ly) for five fish species. Each panel shows the Ly data distribution for
one fish species, as also highlighted using different colours (see legend).
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Table B.1 gives a summary of subsampled groups analysed and report the
number of subsampled groups for which the empirically estimated f values lie outside
the theoretical range of £ [1.73-2.0] as obtained from the linear regression analysis

between In ('ITf) and /n (Uy), and In (ﬁ) and /n (Up).

Table B.1 Summary of subsampled groups reporting fish species, the total number of subsampled groups and the
number of subsampled groups with f values outside theoretical range [1.73-2.0]. Asterisk symbol (*) column reports
number of groups with statistically significant scaling exponent whereas NS means not significant.

Species No. of No. of subsampled No. of subsampled
subsampled groups with S values groups with S values
groups outside theoretical range | outside theoretical range
[1.73-2.0] obtained from | [1.73-2.0] obtained from
linear regression linear regression
between /n (T¢) and In between /n (Tf’z) and /n
(U Uy
Lower Higher than | Lower than Higher
than 1.73 2.0 1.73 than 2.0
NS * | NS * NS * NS *
T 14 5 1 3 2 9 1 2 1
muticellus
P 16 2 0 13 1 1 0 14 1
phoxinus
R. amarus 7 0 0 6 1 0 0 6 1
L. aula 8 0 0 7 1 2 0 3 2
A. 8 0 0 6 2 2 0 5 1
alborella
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Appendix C

For all collected experimental data, the allometric relationships for the fish fork length Ly,
mass m, height 4, and width w were plotted, for all five fish species, as power laws of the
type Y = YXO, where Y stands for Ly, w, and m and X stands for w, &, and m (Figure C.1).
The correlation coefficient R’ was determined from the linear regression of log-
transformed values of Ly, m, h, and w. The highest R’ value of 75% was found for the
allometric relation between Lrand m and no R’ value was lower than 50%.

10.0+ (a) 10.0F (a)
=z " T .l /
20 1.0+
S 1 0__ % a 4/
. L4 [
L ™y L
0'3-1 ; 1 0.1'-_1 1 l L l
3 5 10 0.1 1.0 10.0
Ly [cm] m [g]
10.0F (p) 10.0F (o)
— e .
£ 10 S 10+ .
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0.1g I 0.1y L e
10 0.1 1.0 10.0
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Figure C.1 Fish allometric relationships for five fish species between (a) Ly and m, (b) Ly and h, (c) Ly and w, (d) m
and h, (e) m and w, and (f) w and h. Different symbols and colour marks are for different fish species: Plus purple
mark (+) for Italian riffle dace, green triangle ( A) for common minnow, blue square (m) for European bitterling, red
crossed square (X) for North Italian roach, and black dot (@) for common bleak. Regression analysis is performed on
all data from five fish species, and the regression lines for each allometric relationship are drawn in orange colour.
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From Eq. 4.9 (ﬁ ~U,. k(B +1)), it is argued that the scaling of central moments (of any
order) of 7 follows power law with exponent -k(f +1). In principle, the validity of this
scaling relationship should be experimentally verified for any value of k (where & can be
any positive integer). However, statistical robust estimation of central moments require
an increasing sample size with increasing value of k, making it a difficult task to accurately
estimate the central moments of higher order.

In this appendix, we demonstrate that for £ = 3 (and hence for any other value
larger than 3), the estimation of central moments is characterised by an uncertainty that
makes it meaningless to carry out data fitting to estimate the associated scaling exponent
S in Eq. 4.9. This appendix reports the results obtained from the third-order central

moment of time-to-fatigue (ﬁ) for the subsampled group with the highest Rel value for

all fish species. Confidence intervals with 95% confidence level, for ﬁ, were estimated

from the 2.5 and 97.5" percentiles of the bootstrap distribution resulting from the
bootstrapping procedure of data resampling with replacement using 10,000 replications.

Figure D.1 shows, for all fish species, the relationship between ﬁ and Uy. While
the 95% confidence intervals are very large and span up to four orders of magnitude, they
are most often larger than the differences between the estimated values of T;3, meaning

such differences are not statistically significant. This is due to the limited sample size used
to estimate the third-order central moment of 7rand its confidence interval. In conclusion,
it is meaningless to identify trend using regression analysis and ultimately estimating the
scaling exponent f in Eq. 4.9, for the scaling relationship between 7y and Uy for k=3 (or
higher).
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Figure D.1 Plots between ﬁ and Uy for the subsampled data with the highest Reliability Index (Rel). Each panel

correspond to different fish species as specified in the legend with a different colour code. Diamonds mark the third-
order central moment values of time-to-fatigue data at a given test flow velocity and the error bars mark the 95%
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confidence interval for T]!3.
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This appendix contains a comprehensive list of all candidate models for both tapped and
untapped fatigue definitions, for which the Akaike information criterion (AIC) values
were calculated. The best (selected) model was the one with the lowest AIC value.

Table E.1 List of candidate models for (a) Tapped and (b) Untapped fatigue definitions with their AIC values in
ascending order. The plus (+) symbol between two predictor variables indicates that only the effect of each predictor
variable was considered separately, whereas the asterisk (*) symbol includes both the effect of each predictor
variable and their interaction effect.

(@
Tapped Fatigue
Candidate models AIC value
Flume length + Flow velocity 245.49
Flow velocity 247.64
Flow velocity * Day 248.82
Flume length + Flow velocity + Day 248.99
Flume length * Flow velocity 250.71
Flow velocity + Day 250.87
Flume length * Flow velocity * Day 251.38
Day 300.49
Flume length 301.82
Flume length + Day 303.35
Flume length * Day 306.19
(b)
Untapped Fatigue
Candidate models AIC value
Flume length + Flow velocity + Day 303.75
Flume length * Flow velocity * Day 306.11
Flume length + Flow velocity 306.56
Flow velocity 307.59
Flume length * Flow velocity 307.60
Flow velocity + Day 308.43
Flow velocity * Day 310.35
Flume length + Day 333.41
Flume length * Day 335.29
Flume length 336.49
Day 338.12
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