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Abstract

Instream structures like culverts, dams, and other anthropogenic barriers fragment river
networks worldwide, posing a significant threat to the connectivity and migration of freshwater
fish communities. Designing effective fish passage solutions requires a comprehensive
understanding of the swimming abilities, behaviours, and environmental tolerances of diverse
fish species. This thesis aims to address this need by investigating the factors influencing the
swimming performance and passage success of multiple migratory fish species in New Zealand,

with implications for improving fish passage design and connectivity restoration efforts.

Two methods for assessing swimming performance, critical swimming speed (Uciz) and
sprint swimming speed (Usprint), Wwere compared across two fish species. Results revealed no
significant statistical difference between swimming speeds estimated using Uit versus Usprint
protocols for the pelagic Galaxias maculatus and the benthic-associated Galaxias fasciatus. This
suggests that shorter time-stepped swimming speeds tests can be used to measure swimming
abilities of benthic-associated species, allowing comparisons across a broader range of fish for

passage design.

Inter- and intraspecies variation in swimming speeds across nine migratory New Zealand
fish species was quantified. Galaxias brevipinnis, Galaxias argenteus, and Galaxias postvectis
exhibited the strongest swimming abilities. Galaxias maculatus was among the weakest
swimmers. Body length was positively correlated with maximum speed, indicating that barriers
select against weaker swimming species and smaller individuals within species. Maximum
allowable culvert velocities should be significantly lower than previous standards to

accommodate most individuals across species.



The impact of varying acute water temperatures on critical swimming speeds of four
migratory species was investigated. At higher temperatures (26°C), three species (Galaxias
maculatus, Galaxias brevipinnis, Gobiomorphus cotidianus) exhibited significant reductions in
swimming performance compared to lower temperatures (8°C, 15°C). In contrast, Galaxias
fasciatus showed no water temperature-related changes. These findings underscore the
importance of designing fish passages to accommodate acute temperature fluctuations, to

ensure successful migration under changing environmental conditions.

Potential benefits of collective navigation were explored using the small-bodied Galaxias
maculatus. Experiments with an artificial velocity barrier revealed that fish swimming in groups
had faster entry and passage rates, as well as lower metabolic rates indicating reduced energy
expenditure, compared to solitary individuals. These findings highlight the importance of
designing fish passes to facilitate movement of gregarious species by accommodating group

dynamics.

The effect of repeated exposure on passage performance through an experimental
raceway with high water velocities was examined. Over five consecutive days, passage success
increased significantly, suggesting a role for cognition and spatial memory in improving passage
performance. However, approach and entry rates did not improve, indicating other factors like

attraction flows or fish physiology may be important for locating and entering structures.

This thesis provides insights into the factors influencing swimming performance and
passage success for migratory New Zealand species. By studying variation across species in
water temperature effects, group behaviour, and cognitive abilities, this research provides a
comprehensive understanding to guide the development of more inclusive and effective fish
passage solutions. The findings highlight the importance of accounting for many sources of

variation when designing instream structures to facilitate unimpeded fish migration.
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Chapter 1

General introduction

Arch culvert, King County, Washington, USA






1.1. Connectivity

Freshwater connectivity is foundational for the survival of migratory species across
various habitats including rivers, floodplains, wetlands, lakes and estuaries. Fragmentation
of freshwater systems, caused by anthropogenic barriers and altered flows, poses a
significant threat to connectivity (Castro-Santos and Haro 2010; Bunt et al. 2012; Fangue et
al. 2015; Franklin and Gee 2019). This fragmentation triggers physicochemical shifts in
freshwater processes: increased sedimentation, temperatures changes, altered oxygen, pH
and flow (Fangue et al. 2015; Parasiewicz et al. 2023). The impacts of fragmentation extend
beyond physical changes to the environment by creating barriers that disrupt the
movement of species, gene flow and ecosystem services, leading to overall declines in
biodiversity (Nicola et al. 1996; Lucas and Baras 2001; Daufresne and Boét 2007; Gough et
al. 2012; Jellyman and Harding 2012; Neachell 2014; Radinger and Wolter 2014; Silva et al.
2018; Wilkes et al. 2019). Furthermore, altered flow regimes due to dams and other barriers
disconnect floodplains, reducing species diversity and abundance through inbreeding
(Raeymaekers et al. 2008; Wilkes et al. 2019; Thieme et al. 2023), although fragmentation
and long-term isolation could also drive genetic drift (Sotola et al. 2017; Ruzich et al. 2019).
Efforts to protect and restore connectivity, as outlined in the Emergency Recovery Plan for
freshwater biodiversity loss (Tickner et al. 2020), are essential for preserving freshwater
biodiversity and mitigating the impacts of fragmentation(Birnie-Gauvin et al. 2019; Thieme

et al. 2023).



1.2. Overview of fish passage

For most of human history we have dammed, channelised and diverted freshwater
systems to serve our needs, creating innumerable instream barriers. These barriers have
restricted habitats and have been detrimental to migratory fish populations. Evidence
suggests that humans began to notice fish population declines beginning in the mid-18t
century (Katopodis and Williams 2012). The need to maintain these fish stocks gave rise to
the first rudimentary fishways (Katopodis and Williams 2012; Birnie-Gauvin et al. 2019)
(Katopodis and Williams 2012; Birnie-Gauvin et al. 2019). Robust research investigating the
efficacy of fishways appears in early 20t century Belgium before spreading across Europe
and into North America (Katopodis and Williams 2012; Silva et al. 2018). Fish passage
research has continued to build on this foundation and now includes many passage
structures such as steep-passes, pool-and-weir, vertical slot fishways, and other
mechanisms (e.g. trap-and-haul and other more modern systems such as the

sensationalised salmon cannon).

Many of the instream barriers in existence today were not initially designed with
fish passage structures in place. Instead, fish passage structures are typically added to
projects retroactively (Katopodis and Williams 2012; Birnie-Gauvin et al. 2019). These passes
and solutions tend to be based on engineering practices that take a reductionist approach to
accounting for fish biology in the design process. These practices largely focus on equations
solely involving average fish speed and water speed, without considering variations in
physiology, migratory behaviour, or the environment (Roscoe and Hinch 2010; Katopodis

and Williams 2012; Birnie-Gauvin et al. 2019). It is important to consider these individual



variations in combination with physical, behavioural, and environmental factors to obtain a
more holistic picture of passage success (Roscoe and Hinch 2010). A recent shift to this
holistic view of fish passage has also precipitated a move away from the mindset of
retroactive fishways implementation to a mindset of proactively including fish passage in

new infrastructure designs (Katopodis and Williams 2012; Birnie-Gauvin et al. 2019).

A recent meta-analysis of fish passage research supports the inclusion of fish biology
into fish passage design. The study concluded that fishway type is not a significant predictor
in passage success (Hershey 2021). This analysis also concluded that passage success is
largely dependent on fish type, with pelagic rheophiles being the most successful (Hershey
2021). Hershey (2021) also noted that the methods used to evaluate fishways and passage
success vary greatly across the field, making it difficult to compare the efficiency of the
structures. To date, fish passage research is primarily focused on the upstream anadromous
migration of adult salmon and trout populations, and generally does not address other life
histories and fish species, or downstream migratory movements (Katopodis and Williams

2012; Birnie-Gauvin et al. 2019).

Current fish passage solutions in New Zealand often prioritize climbing fish, using
substrates like mussel spat ropes or ramps to help them ascend through structures (David et
al. 2014). These solutions are typically implemented at higher elevations or further inland,
where climbing species tend to penetrate more than non-climbing species. Another, more
cost-effective approach involves adding baffles to create low-velocity zones, providing

resting areas for fish and facilitating passage (Magaju et al. 2021).



1.3. Understanding fish swimming performance

In recent years, the importance of fish passage has become increasingly relevant
across the world, with special emphasis placed on the ability of fishes to migrate upstream
through manmade barriers to their spawning or rearing grounds. Human-made, instream
structures can create habitat fragmentation that is detrimental to freshwater ecosystem
health and services (Nicola et al. 1996; Daufresne and Boét 2007; Gough et al. 2012;
Jellyman and Harding 2012; Neachell 2014; Radinger and Wolter 2014; Fangue et al. 2015;
Silva et al. 2018). Fragmentation alters habitat quality and quantity by isolating populations
of fish species, blocking access to upstream migration for diadromous fish, reducing
dispersal, and ultimately reducing species richness (Castro-Santos et al. 2009; Castro-Santos
and Haro 2010). Barriers can also cause changes in a stream’s biogeochemical processes by
increasing sedimentation, changing water temperatures and pH, backwatering and scouring,
decreasing oxygen levels, and altering water velocities (Fangue et al. 2015; Washington

Department of Fish and Wildlife 2019).

Successful fish passage is based on a suite of metrics, including the biological
capabilities of the impacted fish species, as well as site-specific ecosystem characteristics
(Castro-Santos and Haro 2010). A necessary component of the biological capabilities of fish
is their swimming performance. In order to make upstream progress (Figure 1.1), a fish must
swim faster than the downstream water speed they are exposed to (Mitchell 1989; Castro-
Santos and Haro 2010). The speed at which a fish can swim depends on physiology, body
shape and fin form, muscle function, metabolic costs, stamina, and even behaviour (Farrell

and Steffensen 1987; Mitchell 1989; Rome 1990; Jayne and Lauder 1994).



Swimming is powered by aerobic musculature, anaerobic musculature, or a
combination of the two (Beamish 1978; Castro-Santos et al. 2022). Swimming that is entirely
maintained by aerobic musculature, can be maintained indefinitely, and is usually classified

as > 200 min and called “sustained swimming” (Beamish 1978).

Swimming speed can be calculated through speed tests that measure fish swimming
by their ability to hold station relative to flowing water at set velocities (Brett 1964). One
way to calculate fish swimming speeds is through stepped speed tests, which gradually
ramps up the water speed a fish is exposed to, and directly measures the swimming speed
of the fish (Brett 1964). This test, referred to as critical swimming speed (Ucrit), is thought to
be a measure of maximum sustained swimming, reflecting the transition from aerobic to
anaerobic respiration and ultimately resulting in exhaustion(Brett 1964; Beamish 1978; Plaut
2001). Sustained swimming is defined as any speed at which a fish can swim longer than 200
minutes and are typically lower swimming speeds that can be maintained indefinitely
(Beamish 1978). While the original Brett (1964) Ui test is meant to be a measure of
sustained swimming, many researchers have adopted its use to measure minimum
prolonged swimming speeds (Fisher et al. 2005; Laborde et al. 2016; Downie and Kieffer
2017a; Egger et al. 2020). Prolonged swimming is a combination of aerobic and anaerobic
respiration, and ultimately results in fatigue, usually described as speeds that can be
maintained between 20 s and 200 min (Brett 1964; Beamish 1978; Castro-Santos et al.
2022). Prolonged speeds decrease gradually with endurance time and use both slow-twitch
red and fast-twitch-white muscles (Castro-Santos et al. 2022). Since most instream

structures create velocity barriers, fish navigating these structures will likely employ a



combination of aerobic and anaerobic respiration, or entirely anaerobic respiration, to swim

fast enough through the structure to make forward progress.

Another measure of swimming speed is through fixed speed tests, which measure
how long a fish can swim at a constant speed (Beamish 1978). This fixed speed test allows
researchers to create endurance curves to determine at which speeds fish can maintain
burst, prolonged, and sustained swimming (Beamish 1978). Burst swimming is fuelled
primarily anaerobically and is defined as speeds a fish can only maintain for a matter of
seconds (< 20 s) (Beamish 1978; Castro-Santos 2022). Burst speeds decrease rapidly with
endurance times and use fast-twitch white muscles. The relative mass of red (slow-twitch)
versus white (fast-twitch) muscles and the amounts of stored glycogen can indeed influence
endurance times at burst speeds, as well as the buffering capacity of muscles during
anaerobic respiration. Buffering capacity refers to the ability of muscles to neutralize or
mitigate the accumulation of acidic by-products, such as lactic acid, produced during
anaerobic metabolism. Muscles with higher buffering capacity can better withstand the
effects of lactic acid buildup, delaying the onset of fatigue (Castellini and Somero 1981).
Therefore, a fish with large glycogen stores but poor buffering capacity may struggle to
maintain burst speeds for extended periods compared to a fish with higher buffering

capacity (Castellini and Somero 1981).



—

Progress

Fish swimming speed

Water speed

Figure 1.1: Fish progress overground is a combination of the speed of the water subtracted
from the speed at which the fish is swimming (Gee and Crawford 2021).

Many researchers have used both stepped- and fixed-speed tests to assess how
other variables, alongside water speed, affect fish swimming performance (Plaut 2001).
These include environmental variables such as temperature, salinity, anoxia, and pollutant
effects, and behavioural variables such as station-holding and swimming in groups (Plaut

2001; Bannon 2006; May and Kieffer 2017; Wiwchar et al. 2018; Crawford et al. 2024, a).

However, understanding fish passage performance in real-world scenarios requires
more than just relying on swimming tests. Ideally, field observations involving the tracking
of fish in their natural habitats would be conducted to determine the impact of various
factors on passage performance. Considerable research has been devoted to studying
passage of large-bodied species, such as salmonids, through fishways using biotelemetry
(Bunt et al. 2012; Goerig and Castro-Santos 2017; Hershey 2021). These biotelemetry
tracking methods are not universally applicable, especially for small bodied species that
begin upstream migration as juveniles (Franklin et al. 2024). Unfortunately, many migratory

fish in the Southern Hemisphere fall into this category, necessitating alternative approaches



(Franklin et al. 2024). There is a growing body of work dedicated to using machine learning
tools to track these small-bodied fish in laboratory settings (Magaju et al. 2023). As these
experiments take place in controlled laboratory settings, they offer the advantage of
manipulating certain variables while allowing for the generation of more robust datasets.
Laboratory experiments allow researchers to answer specific questions such as how
different environmental or behavioural factors affect fish swimming ability and passage

success, and this is the approach that has been adopted in this thesis.

1.4. Fish species studied

The fish genera of interest in the proposed research are migratory Galaxias species
(Galaxias maculatus, Galaxias fasciatus, Galaxias argenteus, Galaxias postvectis, and
Galaxias brevipinnis), migratory Gobiomorphus spp. (redfin and common bully
Gobiomorphus huttoni and Gobiomorphus cotidianus), the common smelt (Retropinna
retropinna), and an endemic eel species (Anguilla dieffenbachii). These species were chosen
because they are all native to New Zealand, encompass a range of life history strategies and
swimming abilities, and undergo upstream migration as part of their life histories (see Table
1.1) (McDowall 1990). All species were tested as juveniles because this is the life stage that
begins migration upstream and is most likely to encounter unfavourable water velocities

due to fish passage barriers (Franklin et al. 2018).

Juvenile migratory galaxiids are also known as whitebait in New Zealand and have
both cultural and ecological importance (McDowall 2011). Galaxiids have amphidromous life
history strategies, meaning that these fish migrate from freshwater to estuarine or ocean

habitats, and then back to freshwater in spring. Common smelt are often referred to as
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whitebait species because they have similar timing of upstream migration as galaxiids and
are caught as bycatch during whitebait season, even though they are not galaxiids.
Swimming performance is expected to vary between these six species reflecting differences
in morphology, physiology, and habitat preferences (McDowall 1990; McDowall 2003;
Urbina et al. 2013; Augspurger et al. 2017). Scientific consensus generally portrays Galaxias
maculatus as the weakest swimmers, and Galaxias brevipinnis are considered one of the
strongest (McDowall 2011). Some Galaxias species can climb using their pectoral and pelvic

fins, allowing them to penetrate far inland (e.g. Galaxias brevipinnis, McDowall 1990).

The genus Gobiomorphus (Family Eleotridae, known as bullies in New Zealand)
contains several New Zealand amphidromous species (common, bluegill, redfin, and giant
bullies). Migratory bullies spawn in freshwater, then migrate downstream as larvae, migrate
back upstream as juveniles, then live in the pools and riffles of freshwater streams for up to
two years until reaching maturity (McDowall 1990; Rowe 1999). Some Gobiomorphus
cotidianus populations have a lacustrine life history, where they spend their lives entirely in
freshwater systems (McDowall 1990, Rowe 1999). Bullies are generally benthic, using their
pectoral fins to rest on or to hold onto bottom substrate, and some species also use their
pectoral fins to climb (McDowall 1990). Research on the effect of bed slope on passage
success found that redfin bullies have the ability to climb, with at least 15% of redfin bullies

successfully navigating a ramp with a slope of 45° (Baker and Boubée 2006; Baker 2014).

There are two main Anguilla spp. in New Zealand, the longfin eel (Anguilla
dieffenbachii) and shortfin eel (Anguilla australis). These species are referred to as tuna by
indigenous New Zealanders (Maori) and are very important culturally and as a traditional

food source. Anguilla dieffenbachii are endemic to New Zealand. Both Anguilla dieffenbachii
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and Anguilla australis are found throughout the country in most rivers, lakes, and streams.
They tend to occupy slow moving water and large pools. Elvers are known for their climbing
ability, successfully navigating waterfalls, and are even able to cross over land from one
body of water to another. In anguilliform swimmers, fish whose forward motion is created
through the undulation of trunk muscles, experience a trade-off between speed and
efficiency due to the amplitude of the undulation (Lindsey 1978; Webb 1978; Anastasiadis et

al. 2023).
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1.5. Thesis aims and objectives

Current methods for remediation of instream barriers are primarily based on
anadromous fish in the northern hemisphere, such as salmonids (Bunt et al. 2012; Katopodis
and Williams 2012; Fangue et al. 2015; Silva et al. 2018; Birnie-Gauvin et al. 2019; Franklin
and Gee 2019). However, this research is not necessarily transferable to the endemic
species of New Zealand (Franklin and Gee 2019). Native New Zealand fish exhibit a range of
life history strategies, swimming methods, and morphologies that differ to those of
salmonids (McDowall 1990; Franklin and Gee 2019). The majority of New Zealand’s endemic
species exhibit amphidromous life histories and, in comparison to salmonids, are small,
weak swimmers when they begin upstream migration (Franklin and Gee 2019; McDowall
1990). In addition to swimming, some New Zealand species can climb to overcome instream
obstacles (Franklin and Gee, 2019; McDowall, 1990). Additionally, unlike in other parts of
the world that prioritize large-scale fishways, here in New Zealand the most common fish
passage structures are culverts, which often need to be replaced or retrofitted to improve

fish passage.

Previous New Zealand research has examined a variety of swimming performance
methods for several species of fish, however most of this research is based on non-standard
methods or non-reproducible methods. Franklin and Gee (2019) highlight the need for
detailed research specifically for New Zealand fish swimming performance. Using standard
critical swimming speed (U.it) protocol, previous research from Bannon (2006)
demonstrated that Galaxias maculatus have a swimming speed range from 0.22t00.25m s’

!, leading scientists believe Galaxias maculatus are one of the weaker swimming species in
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New Zealand. Bannon (2006) measured Galaxias maculatus swimming performance
following critical swimming speed methods outlined by Brett (1964). Nikora et al. (2003)
conducted fixed speed tests on different life stages of Galaxias maculatus, aimed at
understanding the transition from burst to prolonged swimming speeds. This research
shows that the swimming ability of Galaxias maculatus increases with fish size, and juvenile

Galaxias maculatus can swim up to 0.25 m s* for 5 min (Nikora et al. 2003).

Mitchell (1989) measured the ‘sustained’, ‘prolonged’, and ‘burst’ swimming speeds
of several New Zealand fishes. His research found that Gobiomorphus cotidianus have a
range of speeds from 0.24 to 0.60 m s! and Galaxias fasciatus have a range of speeds from
0.19 to 0.43 m s (Mitchell 1989). These trials were carried out by placing a group of fish in a
flume with a 1:15 slope, creating increasing water velocities as the fish swam upstream.
Swimming speeds were measured visually to categorize their swimming speeds as ‘burst,’
‘steady,’” or ‘sustained.” (Boubée et al. 1999) also attempted to measure the ‘burst’
swimming speed of Galaxias maculatus. Boubée et al. (1999) found that juvenile Galaxias
maculatus can maintain a speed of 1.09 m s for 5 s and a speed of 0.60 m s for 20 s. Burst
swimming ability was assessed introducing fish into a 5-m-long culvert with varying slopes
and timing how long they swam or took to reach the upstream end. However, it is essential
to note that both Mitchell (1989) and Boubée et al. (1999) do not adhere to Brett's (1964)
standard critical swimming speed (Uit) protocol. Consequently, the results obtained from
these methods are not comparable with each other or with standard (Ucit) results.
Moreover, the definitions of ‘burst,” ‘steady,” and ‘sustained,” swimming speeds used in
these studies should not be considered equivalent to the standard definitions established by

Beamish (1978).These existing studies on New Zealand fish passage lack reproducibility,
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underscoring the necessity for more robust methodologies. This becomes especially

significant as the New Zealand Fish Passage Guidelines are undergoing a revision.

This thesis investigates sources of variation affecting swimming performance and
passage success of migratory fish species in New Zealand. Across five research chapters,
potential causes of variation are tested, including measurement techniques, species
differences, environmental factors, behavioural differences, and cognitive abilities. The aim
is to provide comprehensive and reliable information on how these sources of variation
influence swimming performance and, ultimately, passage success. By accounting for these
variation sources, more effective fish passage solutions can be created. Improved solutions
will better accommodate variations in abilities and behaviours across species, ultimately
supporting fish population conservation and restoration efforts, as well as enhancing habitat

connectivity.

The principal aims of the thesis were therefore to:
1. Compare and review methodologies for assessing swimming performance.

2. Compare and benchmark swimming performance across nine New Zealand

species.
3. Assess effects of temperature on fish swimming performance.

4. Determine how group swimming affects fish passage performance in an artificial

raceway.

5. Examine how repeat exposure to an artificial barrier affects fish passage

performance.
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1.6. Thesis outline

This thesis consists of seven chapters, with chapters 2-6 comprising a series of five

standalone studies, three of which have been published (Crawford et al. 2023, Crawford et

al., 2024a, Crawford et al., 2024b), one is currently in review, and one is in preparation for

submission to peer-reviewed scientific journal.

Chapter 2 investigates the methodology of two commonly used metrics for
swimming speed, Ucrir and Usprint between benthic and pelagically swimming fish. The
results indicate no significant difference in swimming speeds between the two
methods, providing important methodological background for Chapters 3-4. Chapter
2 was published as by the Journal of Fish Biology under the title “No difference
between critical and sprint swimming speeds for two galaxiid species,” by Rachel
M.B. Crawford, Eleanor M. Gee, Deborah Dupont, Brendan J. Hicks, and Paul A.
Franklin.

Chapter 3 describes the swimming ability of nine migratory New Zealand species,
emphasizing the significant inter- and intraspecies variation observed. Our
investigation led to the calculation of maximum allowable speeds for culverts based
on the endurance abilities of the weakest swimmer, Galaxias maculatus. Chapter 3
was published by the Journal of Applied Ecology under the title “Accounting for
interspecies and intraspecies variation in swimming performance for fish passage
solutions.” The results of this study will be presented in the 2024 New Zealand Fish

Passage Guidelines fish (Franklin et al. 2024) .
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e Chapter 4 investigates the impact of varying acute temperatures on the swimming
speeds of many migratory New Zealand species. By comparing a range of
temperature (8°C, 15°C, and 26°C) on swimming speeds, we can explore how natural
changes in acute temperature might affect swimming and passage ability in the wild.
Chapter 4 was published by the Journal of Conservation under the title “High water
temperature significantly influences swimming performance of New Zealand
migratory species.”

e Chapter 5 studies how schooling behaviour enhances fish passage success in juvenile
Galaxias maculatus. Laboratory trials were conducted to compare how groups
versus solitary swimming fish pass an artificial speed barrier. Chapter 5 is currently in
review by the Journal of Fish Biology.

e Chapter 6 explores how repeated exposure to an artificial raceway improves passage
success for juvenile Galaxias maculatus over time. Laboratory trials were set up to
assess how fish, subjected to the same artificial speed barrier once daily for five

consecutive days, were affected in their ability to successfully pass the barrier.

Since the chapters are structured as standalone studies, there may be some overlap in the
methodological descriptions and background information provided. | took full responsibility
for conducting the fieldwork, managing fish care, collecting and analysing data, and writing
this thesis. | certify that all content is based on our own ideas, except when properly cited.
Additionally, | participated in the data collection and analysis for a related publication that
complements, though it is not part of, this thesis, published by Journal of Marine and

Freshwater Research (2023) under the title "Impacts of VIE tagging and Rhodamine B
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immersion on two measures of performance for small-bodied fish” by Franklin et al. (see

Appendix Al).
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Chapter 2

No difference between critical and sprint swimming
speeds for two galaxiid species

Galaxias fasciatus in swim tunnel, NIWA Hamilton, New Zealand
Photo credit: Eleanor Gee

This chapter has been published as a research article in the Journal of Fish Biology
and permission has been granted to use this publication as part of this thesis. Citation:
Crawford, R.; Gee, E.; Dupont, D.; Hicks, B.; and Franklin, P. (2023). No difference between
critical and sprint swimming speeds for two galaxiid species. Journal of Fish Biology,102(5),

1141-1148. https://doi.org/10.1111/jfb.15355
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2.1. Abstract

Researchers have used laboratory experiments to examine how fish might be
affected by anthropogenic alterations and conclude how best to adjust fish passage and
culvert remediation designs in response. A common way to document swimming
performance for this purpose is measuring fish critical swimming speed (U.i:). However, the
Uit protocol as defined by Brett [(1964) Journal of the Fisheries Research Board of Canada,
21, 1183-1226] may be inappropriate for studying swimming performance and how it
relates to upstream migration in benthic fish, as they may not actively swim throughout the
entire Uit test. An alternative method to estimate swimming performance is sprint
swimming speed (Usprint), Which is suggested to be a measure of the burst speed of fish
rather than maximum sustained swimming speed. We conducted comparative swimming
performance experiments to evaluate whether Usprint can be used to compare swimming
performance of benthic species to pelagic, actively swimming species. We measured
individual swimming speeds of Tnanga (Galaxias maculatus), an actively swimming pelagic
species, and banded kokopu (Galaxias fasciatus), a fish that exhibits benthic station-holding
behaviour, using both the Usprint and Ucrir test. Experiments revealed no significant statistical
difference between swimming speeds estimated using the Uit versus Usprint test protocols
for both G. maculatus and G. fasciatus. Our result suggests fish swimming speeds obtained
using these two methods are comparable for the species in this study. By using Usprint fOr
benthic associated fish and U.i: for pelagic fish, we may be able to compare a broader range

of species’ swimming abilities for use in a fish passage context.
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2.2. Introduction

Swimming performance of fish influences their ability to escape from predation and
some forms of harvest to forage for and prey on food, and to migrate to new habitats
(Drucker 1996; Laborde et al. 2016). Construction of instream structures can increase local
channel gradients and create barriers to fish migration that fragment habitats(Mclntyre et
al. 2016). Specifically, structures like culverts can increase water velocities and restrict fish
migration upstream to spawning and rearing habitats (Warren and Pardew 1998; Lucas and
Baras 2001; Radinger and Wolter 2014; Silva et al. 2018). Many species have varying
swimming modes and behaviours (e.g. climbers vs. swimmers, benthic vs. pelagic fish),
which greatly affect fish swimming performance (McDowall 1990; McDowall 2003). To
restore habitat connectivity, it is important to understand and compare a range of species’

swimming speeds to inform future fish passage design criteria.

Laboratory experiments have been used to examine how fish might be affected by
anthropogenic alterations and how best to adjust fishway design to account for fish
swimming performance (Laborde et al. 2016; Tan et al. 2021a). A commonly used method to
document swimming performance for this purpose is to measure fish critical swimming
speed (Ucit) (e.g. Brett 1964; Peake et al. 1997; Laborde et al. 2016; Katopodis et al. 2019;
Tan et al. 2021). While some researchers criticize this method’s ecological relevance on the
grounds that the water velocities and discharge do not accurately represent those found in
the natural environment, the Uit test is widely accepted for its ability to test a multitude of
other variables alongside water velocity (Brett 1964; Johnston and Dunn 1987; Richardson

et al. 1994; Schurmann and Steffensen 1997; Plaut 2001; Bannon 2006; Bunt et al. 2012).
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Critical swimming speed experiments are conducted by exposing a fish to increasing water
velocity in a stepwise fashion until this fish reaches fatigue (Brett 1964). This test is based on
the transition from aerobic to anaerobic respiration (Beamish 1978) and is thought to
estimate (but slightly overestimate) maximum sustained swimming speed (Beamish 1978;
Plaut 2001). Sustained swimming speeds have been defined as any speed at which a fish can
swim for longer than 200 mins, is fuelled entirely aerobically, and does not result in fatigue
(Beamish 1978). Prolonged swimming is also fuelled primarily aerobically but lasts between
20 s and 200 mins and results in fatigue (Beamish 1978). Low to moderate swimming speeds
(i.e. sustained, prolonged swimming) are powered by slow-twitch (red) muscles that are
continuously supplied with oxygen and nutrients through the cardiovascular and respiratory
systems (Bone 1978). During prolonged swimming, fatigue is caused by the transition from
slow-twitch muscles to fast-twitch (white) muscles (Bone 1978). Fast-twitch muscle is
fuelled anaerobically via glycolysis and glycogen stores (Bone 1978; McKenzie 2011). This
results in fatigue once the nutrient stores are consumed (usually in a matter of seconds) and

a recovery period is needed to renew nutrient levels (Beamish 1978; Bone 1978).

The initial Uqir methodology was based on research on salmonids and actively
swimming fish typically found in the temperate Northern Hemisphere riverine systems
(Brett 1964). Researchers have adopted U.i: experiments to determine the swimming
performance of many fish species (e.g. Laborde et al. 2016; Tan et al. 2021). However, the
Ucrit protocol as defined by Brett (1964) may be inappropriate for studying swimming
performance and how it relates to upstream migration in benthic fish because they may not
actively swim throughout the Ui test (Gilbert et al. 2016; Egger et al. 2020; Parisi et al.

2020; Raffini et al. 2020). For this reason, many researchers have adopted species-specific
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modifications of Brett’s (1964) U.i: by varying the time intervals and velocity increments of
the test (Farlinger and Beamish 1977; Beamish 1978; Kolok 1999; Fisher and Leis 2010;
Dalziel and Schulte 2012; Downie and Kieffer 2017a; llling et al. 2021). There is conflicting
evidence about how these variations of the U.i: test parameters change the measured
critical swimming speed of the fish. Some studies have found that increasing the time
interval negatively affects Uit (Farlinger and Beamish 1977; Beamish 1978; Fisher and Leis
2010; Downie and Kieffer 2017a; llling et al. 2021) while other studies have found that
changing time intervals does not affect U.i: (Fisher and Leis 2010; Dalziel and Schulte 2012;
Illing et al. 2021). Overall, the results of these studies suggest that the response to the Ucit
protocols is likely species- and life stage-specific (Farlinger and Beamish 1977; Beamish

1978; Downie and Kieffer 2017a; llling et al. 2021).

An alternative method to estimate swimming performance is sprint swimming speed
(Usprint), which has been suggested as a measure of the burst speed of fish rather than
maximum sustained swimming speed (Starrs et al. 2011). Burst swimming is fuelled
primarily anaerobically, powered by fast twitch muscles, and lasts less than 20 s (Beamish
1978; Bone 1978; McKenzie 2011). The Usprint test is carried out identically to the Uit test
except the stepped velocity increments occur more frequently (every ten seconds)
compared to the longer-stepped velocity increments (typically minutes) in the Ui tests
(Starrs et al. 2011). The Usprint test has been used by researchers studying the swimming
performance of fish that do not actively swim (e.g. station-holding and benthic fish) during
the total duration of a standard U test, as the rapidly increasing water velocity forces
more consistent fish swimming behaviour (Gilbert et al. 2016; Egger et al. 2020; Parisi et al.

2020; Raffini et al. 2020). While Usprint has helped researchers in many cases, they have not
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assessed whether swimming during a Usprint test is physiologically different from that of a

Ucrit teSt.

Starrs et al. (2011) maintain that Usprint provides a measure of swimming
performance that is more useful in the context of fish passage. The swimming mode that a
fish exhibits when migrating through instream structures or turbulent water is more similar
to the speeds and time observed in burst and sprint swimming (seconds) than in sustained
swimming (> 200 mins), particularly in the case of small-bodied and benthic fishes (Peake et
al. 1997; Peake and Farrell 2005; Starrs et al. 2011; Egger et al. 2020). Egger et al. (2020)
suggested that Usprint Was @ more accurate measure of swimming ability than Ui for a
station-holding species. When migrating through a model fishway, the fish actively swam
throughout the duration of the Usprint trial. Other researchers have also used the Usprint
methods as a measure of swimming abilities in the context of fish passage, focusing on

invasive species control (Tierney et al. 2011; Gilbert et al. 2016).

Recent New Zealand policies require action to provide for and restore fish passage.
This requires more robust swimming performance data, but consistent information is
relatively scarce about fish swimming performance for New Zealand species (Franklin et al.
2018). Currently, available fish swimming performance data are mostly based on non-
standard and non-reproducible methods(Mitchell 1989; Boubée et al. 1999). Mitchell (1989)
tested swimming speeds by placing a group of fish into a 3-m-long flume tilted on a 1:15
slope to create a gradient of increasing water velocities as the fish swam “upstream.”
“Burst,” “steady” and “sustained” swimming speeds were delineated based on qualitative
visual assessments of behaviour and the water velocities “selected” by fish when in the

flume. Boubée et al. (1999) tested the burst swimming ability of fish by placing them in a 5-
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m-long culvert with varying slopes (and hence varying water velocities) and timing how long
fish swam for or took to reach the upstream end. These methods are not considered to be
variations of Brett’s (1964) standard U.i: protocol, but unique protocols the results of which
are not comparable with each other or with standard Ui results. Furthermore, the

n u

definitions of “burst,” “steady” and “sustained” swimming speeds used in these studies

should not be considered equivalent to standard definitions (i.e. Beamish 1978).

Certain native New Zealand fish species, such as koaro (Galaxias brevipinnis) and
bullies (Gobiomorphus spp.), exhibit strong benthic, station-holding behaviours. These
species can rest on the bottom of a swim tunnel for the entire duration of a Uit trial (longer
than 200 mins) (Dupont 2020). Consequently, Usprin: trials might better represent the
swimming abilities of these station-holding species than the standard Ui protocol since it
may force the fish to swim for the duration of the trial. It is important, however, to keep in
mind that changing the U..i: protocols for station-holding species can impact fish swimming
behaviour, and as water speed increases there may be an increase in station-holding
behaviours (Downie and Kieffer 2017b; May and Kieffer 2017). Furthermore, substrate is
also an important factor in understanding swimming abilities of station-holding species.
However, while swimming behaviours change with substrate roughness, the U.: values do

not differ significantly (Downie and Kieffer 2017b; May and Kieffer 2017).

To support work to establish a more robust understanding of the swimming
performance of native fishes in New Zealand, including both species exhibiting station-
holding and active swimming behaviours, we set out to determine the equivalency of
swimming performance as determined using standardised Uit and Usprin: tests. The

objective was to compare the two swim-test methods to determine if they can be used
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interchangeably for the purpose of evaluating swimming performance to inform fish
passage design. The null hypothesis was that there would be no statistically significant
difference in swimming speed as calculated from the two different test methods. We
measured individual swimming speeds of Tnanga (Galaxias maculatus), a native pelagic,
actively swimming species, and banded kokopu (Galaxias fasciatus), a native fish that
exhibits station-holding behaviour, (McDowall 1978, 1990; McDowall et al. 1994; Jowett and

Richardson 1995), using both the Usprint and Uerit test.

2.3. Methods

The fish collection for this research was carried out under NIWA’s Ministry for
Primary Industries Special Permit SP666-4. All experimental trials for this study were run
with NIWA Animal Ethics Committee (AEC204) approval to manipulate live animals for
research purposes in accordance with the requirements of section 83 of the New Zealand

Animal Welfare Act 1999.
2.3.1. Fish collection and handling

Juvenile Galaxias maculatus were collected using fyke nets at the mouth of New
Zealand’s Rangitaiki River (37°54'34.6"S 176°52'53.0"E). Juvenile Galaxias fasciatus were
collected using fyke nets from the Lilleburn Stream in the Hunua Ranges (37° 04' 55.6" S
175°10' 02.9" E) and Waitawhara Stream in New Zealand’s Glen Afton (37° 36' 20.6" S 175°
02'12.8" E). Fish were transported to the NIWA laboratory in cool bins filled with aerated
stream water from where they were collected. Fish were kept in the cool bins until the
water temperature equilibrated with the laboratory tank water temperature. Fish were held

in the NIWA Hamilton fish laboratory in a temperature-controlled room on a 12-hour
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day/12-hour night cycle. Fish were quarantined in 60 L tanks with 6 ppt salinity to prevent
disease. After one week, fish were transferred to 60 L dechlorinated water tanks. These
tanks were kept on a recirculating water system and the temperature was held at 15
0.5°C. Fish were fed bloodworms every second day and were fasted for 24 hours before
experimentation to ensure a postabsorptive state. Ammonia and pH levels were checked
regularly, and water changes were completed if ammonia levels were higher than 0.25

mg L.

2.3.2. Experimental setup

Swimming speed trials were carried out in a 10 L Loligo Systems Steffensen-type
swim tunnel (Methling et al. 2011). The swim tunnel consisted of a 5 L swim chamber
measuring 28 x 7.5 x 7.5 cm, a honeycomb matrix at the front of the chamber for flow
straightening, variable frequency drive and pump for velocity control, and a chiller for
temperature control. Body length, body width, and body depth measurements were
recorded and entered in Autoresp v2.3.0 (Loligo Systems) to control water velocity in body
lengths per second of the individual fish, and to compensate for the solid blocking effect
(Kline et al. 2015). Temperature in the swim tunnel was kept at 15 £ 0.5 °C. The flush pump
was kept running throughout the duration of the trial to maintain oxygen saturation levels.
Dissolved oxygen levels were monitored throughout the trial and maintained at a mean of
80.4 + 1% saturation. The flume was calibrated prior to commencing trials using a Hontzsch
Flowtherm NT handset flow meter. A two-point calibration performed at two motor speeds
(0.5V and 4.6 V) corresponding to the minimum and maximum of the motor speed. A total

of six measurements were taken across three depths at two locations in the flume. The
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swim tunnel was set up in a temperature-controlled room and operated remotely, allowing

trials to be carried out without disturbance from the observer.
2.3.3. Experimental protocol

At the start of each trial, individual fish were placed into the swim tunnel and
acclimated for 30 min at 0.5 bl s (body lengths per second). This acclimation period was
used to minimise the effects of handling stress on the swim trial. After acclimation, the
water velocity in the swim tunnel was increased in a stepwise fashion by 1 bl s, For Uit
trials, the water velocity was increased by 1 bl s every 5 min. For Usprint trials, water velocity
was increased by 1 bl st every 10 s. A trial was stopped after a fish reached fatigue and was
resting against the mesh at the back of the tunnel for 3 s continuously or for a cumulative
period of 10 s within a 30 s timeframe. Once the trial was stopped, fish were allowed to rest
in the tunnel for 20 min before being placed back into the holding tank to ensure recovery.

All trials were independent, with no fish re-used.

Galaxias maculatus and G. fasciatus were used to test critical swimming speed (Ucrit)
and sprint swimming speed (Usprint; Table 2.1). Total length of the fish — which were all
juveniles (the primary upstream migratory stage for these species) — was less than 5.5 cm.
This was to minimise and control for possible effects of ontogenetic variation in migratory

urge.
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Table 2.1: Species data for swimming tests, including the number of individuals used and
mean lengths.

Mean Length  Standard deviation

Species Test N

. (cm) ()
Ucrit 19 4.40 0.38

G. maculatus
Usprint 15 4.14 0.36
Ucrit 17 4.23 0.32

G. fasciatus
Usprint 17 4.16 0.33

2.3.4. Analysis

The swimming speed was calculated using the following from Brett (1964):

t
Ucric OT Usprint = Uf—1 + AU (A_];>

Where Ut.1 is the highest velocity the fish could sustain for a full-time interval (i.e. usually
the second highest velocity), AU is the velocity increment (i.e. 1 bl s2), t;is the time the fish
swam at the highest velocity in s (i.e. always < At), At is the time incrementin s (i.e. 5 min

for Ucrit, 10 s for Usprint). SWimming speed was recorded in body lengths per second.

An analysis of covariance model (ANCOVA) was used to statistically test for the
differences in swimming speed for each species independently, with swimming test type
(Uerit or Usprint) as the categorical predictor variable and fish total length as a continuous
predictor variable. The swimming speed (the value of Ucit or Usprint) for individuals within
each species was used as the response variable. This model was applied separately to both
Galaxias maculatus and G. fasciatus. For G. fasciatus, fish capture location was added as a
covariate to test for intraspecific variation between the two sampled populations, but was

statistically insignificant and, therefore, removed from the final model. Two G. fasciatus
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outliers with lengths greater than 6.1 cm were removed from the analysis, as the desired
fish lengths were between 3.5-5.5 cm. A Likelihood Ratio Test (LRT) was used to determine
the model of best fit for predictor variables starting with a fully saturated model including
interactions. The interaction between body length and swimming speed was not statistically
significant for either species and was, therefore, removed from the models. All statistical
analyses were carried out using the R statistical computing package v4.0.3 (R Core Team

2020). Figures were created using the R package ggplot (Wickham 2016).

2.4. Results

Galaxias maculatus Usprin: Speeds had greater variation between individuals
compared to Ucrit speeds (Usprint: 6.89 bl s1 + S.E. 3.96; Ucrit: 6.45 bl s* + S.E. 2.85; Figure 2.1).
The G. maculatus ANCOVA confirmed there was no significant effect of swim test type on
swimming speed (d.f. = 31, F statistic =0.01, p = 0.90; Table 2.2, Figure 2.1). Galaxias
fasciatus Usprint Speeds had greater variation between individuals compared to Uit speeds
(Usprint: 7.49 bl s'1 + S.E. 3.07; Ucrit: 6.53bl s> + S.E. 2.23; Figure 2.1). The G. fasciatus ANCOVA
confirmed there was no significant effect of swim test type on swimming speed (d.f: 31, F
statistic: 1.38, p: 0.25; Table 2.2, Figure 2.1). The co-variable body length did not have a
statistically significant effect on swimming speed, using a confidence interval of 0.05 (G.
maculatus: ANCOVA, d.f.: 31, F statistic: 2.29, p: 0.1; G. fasciatus: ANCOVA, d.f: 31, F
statistic: 2.49, p: 0.12; Table 2.2, Figure 2.2). Using the ANCOVA model, we found no
statistically significant effect of body length on swimming speed for either Usprint Or Ucrit
tests, for either species over the range of sizes tested. While the relationship between

length and swimming speed was not significant, swimming speed showed a general
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decrease with length for G. maculatus. The opposite trend was observed with G. fasciatus,

where swimming speed increased with length.

Table 2.2: Summary of Type Ill analysis of covariance with Satterthwaite’s method
comparing the difference between fish swimming ability determined using critical and

sprint swimming speeds for both Galaxias maculatus and G. fasciatus. d.f. = degrees of
freedom.

. Sum of Mean Numerator Denominator F-
Species Source p-value
squares. squares d.f. d.f. value
G. fi;mm'”g 020  0.19 1 31 001 09
maculatus
CUIatls = ength 2530 253 1 31 229  0.14
G, fe"‘;'tmm'”g 9.44  38.03 1 31 138 025
jat
fosciatus = o 17.04  17.04 1 31 249  0.12
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Figure 2.1: Boxplots of critical swimming speed compared to sprint swimming speed, measured in body lengths per second. The points
represent individual fish in each treatment group. Centre bar shows median, outer edges of the box show interquartile range ends, and
whiskers show maxima and minima, an ‘X’ indicates mean. (A) Galaxias maculatus swimming speeds. (B) Galaxias fasciatus swimming

speeds.
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Figure 2.2: Scatter plot of individual length and swimming speed recorded in body lengths per second. Regression lines produced from the
ANCOVA model predicted values are plotted for each swim test for each species. (A) Galaxias maculatus swimming speeds and plotted
against fish length. Regression equation: y = 16.60 — 2.31*Length — 0.16*Swim Test Type, R? = 0.11. (B) Galaxias fasciatus swimming speed
plotted against fish length. Regression equation: y = -3.22 + 2.32*Length + 1.06*Swimming Test Type, R2=0.11.
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2.5. Discussion

We found that there was no statistically significant difference between the results of
the Ucrit and Usprint tests, which is consistent with our null hypothesis. This is important as
understanding fish swimming performance is necessary for developing fish passage
solutions for fragmented freshwater habitats. The interchangeability of these two methods
will allow comparison of swimming performance across a wider range of species and will be

valuable in designing future fish passage solutions.

For our comparison, any effect of fish length on swimming speed was expected to be
negligible since swimming velocity units (bl s!) were standardised by the individual’s body
length and the length range was quite small (about 2 cm) for both species. The lack of
influence of fish size observed here should be considered with caution as the range of
lengths was quite small, and fish length is a factor known to influence swimming speeds
(Beamish 1978; Wolter and Arlinghaus 2003; Cano-Barbacil et al. 2020). While fish weight
was not recorded, it is also a known predictor of Uci:and should be recorded in future trials
especially when comparing several fish species (Rubio-Gracia et al. 2020; Cano-Barbacil et

al. 2020).

Our result suggests that fish swimming speeds obtained using these two methods
are comparable for the species in this study. To the best of our knowledge, this is the first
study to directly compare the Usprint protocol (Starrs et al. 2011) to the Ui protocol (Brett
1964) and find no statistically significant difference in measured swimming ability of the fish
tested. Previous studies have compared sprint and critical swimming speed test types,

resulting in a statistically significant difference between the two, but the methods used
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between the test types were not consistent (Egger et al. 2020; Raffini et al. 2020). Egger et
al. (2020) prevented the fish in the Usprint tests from resting against the back of the swim
tunnel (unlike in the Uit tests), possibly contributing to an increase in swimming speed
when compared to the Ucit tests. In their Usprint tests, Raffini et al. (2019) started the fish at
an initial sprint speed double that of their critical swimming speed, deviating from the
standardised Usprint methods outlined by Starrs et al. (2011). Parisi et al. (2020) investigated

the Usprint and Ucrir speeds of fish but did not compare the two swimming performance tests.

The previous research aimed to understand the differences between Ucit and Usprint
on the basis that they represent different swimming modes (prolonged and burst) and that
different swimming modes are used for different activities (Starrs et al. 2011; Egger et al.
2020; Parisi et al. 2020). Prolonged swimming is used for activities such as foraging and
migrating (Plaut 2001) and relies on a combination of aerobic and anaerobic respiration. The
proportion of anaerobic respiration increases as swimming intensity increases, eventually
resulting in fatigue (20 s to 200 min) (Beamish 1978; Brett 1964). Ui is generally considered
to be a measure of maximum speed fuelled primarily aerobically, and fatigue at the end of
the Uit test is thought to represent a switch from aerobic to anaerobic metabolism (Brett
1964; Pritchard et al. 1971; Webb 1986; Plaut 2001). Burst swimming is used for activities
such as predator-prey interactions (e.g. predator-escape responses). Burst swimming relies
on anaerobic respiration, using up oxygen stores and resulting in fatigue within seconds
(< 20 s) (Beamish 1978; Brett 1964). This swimming mode allows fish to reach higher
swimming speeds for shorter periods of time when compared to prolonged swimming.
Usprint @s envisioned by Starrs et al. (2011) was intended to be a measure of burst swimming

and thought to be fuelled primarily anaerobically.
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Our research indicates no difference between the swimming speed calculated using
the two protocols for two species. If burst swimming can only be sustained for a few
seconds (Beamish 1978), we observe that this test of Usyrine may not be a good indicator for
burst swimming as previously suggested by Starrs et al. (2011), as the fish exposed to Usprint
tests achieved the same swimming speed as those exposed to Uit tests. This calls into

question the relevance of using Usprint @s @ measure of burst swimming.

If Usprint is @ true measure of burst swimming, it would be primarily anaerobic, using
fast-twitch muscles (Brett 1964; Pritchard et al. 1971; Bone 1978; Webb 1986). If this were
the case, we would expect to see significantly higher Usyrint Speeds, as a fish can achieve
higher speeds using burst swimming when compared to prolonged swimming (Beamish
1978). However, we saw no statistical difference between swimming speed between these
two test types for the species tested and consequently hypothesise that Usprint Swimming is
being powered primarily aerobically using slow-twitch muscle groups. It would seem other
methods, such as assessing c-starts or startle tests, may be a more appropriate measure of
burst swimming as they have been explicitly shown to activate the fast-twitch muscle
groups (Bone 1978; Domenici and Blake 1997; McKenzie 2011; Marras et al. 2013). Further
research is needed to examine changes in oxygen consumption and muscular use in Usprint

and Ugt trials to confirm this hypothesis.

While research has shown that varying time intervals cause physiological differences
in fish due to metabolic demand (Farlinger and Beamish 1977; Beamish 1978), the reduction
in time interval from 5 min to 10 s may not have impacted physiology significantly enough to
create measurable differences in swimming speeds. This is supported by studies that show

changes in the Ugit protocol have varying effects on swimming speeds, with some species
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and life stages more robust to these changes than others (Fisher and Leis 2010; Dalziel and
Schulte 2012; Downie and Kieffer 2017a; llling et al. 2021). Downie and Kieffer (2017a)
showed that changing both the Ui time interval (5 and 10 mins) and velocity increment
resulted in statistically different speeds for two sturgeon species. llling et al. (2021), in
contrast, showed that changing the U.i: time interval (2, 5, 10, and 20 mins) did not result in
statistically different speeds for Lates calcarifer (Bloch, 1790) larvae, but did result in
significantly different Ucri: speeds for Amphiprion melanopus (Bleeker, 1852) larvae. The
standard Ui: protocol outlined by Brett (1964) is often adjusted depending on the species,
life stage, and behaviour of the fish. This further highlights the need for preliminary trials to
ensure that the U.i: protocols used during experimentation meet the unique needs of the
research question (Farlinger and Beamish 1977; Fisher and Leis 2010; Downie and Kieffer
2017a, 2017b). Although previous researchers have not compared a time interval of seconds

to an interval of minutes, our Uspyrint method is effectively an abbreviated Uci: test.

The results of this study suggest that researchers can potentially save time by using
Usprint tests, which typically take a fraction of the time of a Uit test, especially where the
focus is on getting a general indication of swimming performance to inform fish passage
design (as opposed to comparison of metabolism). In addition to reducing Uci: time
requirements, using Usprint tests could be seen as a more ethical test by reducing the time a
fish is exposed to experimental conditions. However, while there is no significant difference
in swimming speed outcomes based on test type, it is important to consider how the
behaviour of the fish may be altered by decreasing the time interval of the velocity

increments, and if there may be any physiological differences as a result. This becomes
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especially relevant when considering how results are translated into design criteria for fish

passage.

Swimming ability is important to understand to create benchmarks for both research
and ecological management (Plaut 2001; Katopodis 2005). Traditionally, maximum
sustained swimming speed tests are based on Brett’s (1964) U.ri: method and have been
used as an ecological indicator for Darwinian fish survival and fitness, as migration and
predator/prey interactions rely on prolonged swimming abilities (Reidy et al. 2000; Plaut
2001). This method was designed for salmonids, a pelagic species that exhibited constant
swimming behaviour throughout the test. However, benthic-associated species do not
always exhibit constant swimming behaviour, instead often holding station on the substrate
(Tierney et al. 2011; Gilbert et al. 2016; Egger et al. 2020). In an attempt to prevent station-
holding, Usprint tests increase the velocity more frequently than Uci: tests (Starrs et al. 2011).
By using Usprint for benthic associated fish and Uit for pelagic fish, we may be able to

compare a broader range of species’ swimming abilities for use in a fish passage context.

Galaxias maculatus is a pelagic species, but G. fasciatus is known to exhibit station-
holding behaviours (McDowall 1978; Jowett and Richardson 1995). In our experime