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Abstract: For fishes, swimming performance is an important predictor of habitat use and a critical
measure for the design of effective fish passage systems. Few studies have examined burst and
prolonged types of swimming performance among several co-occurring species, and swimming
performance in many fish communities is undocumented. In this study, we characterize both burst
(c-start velocity) and prolonged speed (critical swim speed) across a poorly documented, co-occurring
group of stream fishes within the Great Basin of the western USA. We documented the variation
in swim speed associated with species, habitat, and body size. Body size had an overwhelming
effect on both burst speed and prolonged speed, whereas habitat use and species identity were not
significant predictors. Among species, there is no evidence of a trade-off between burst swim speed
and prolonged swim speed. Lack of a trade-off in performance between burst swim speed and
prolonged swim speed among species may be due to unexpectedly high prolonged swim speeds
exhibited by species that used substrate-bracing behaviors. Incorporating body size and variation in
behavior, such as substrate-bracing behaviors, into fish passage models will likely be sufficient to
ensure the passage of all species without the need to account for species-specific swimming abilities.
However, these results characterize the swimming performance for threatened and common fish
species such that other comparisons can be made and species-specific studies can access accurate data.

Keywords: burst speed; prolonged speed; benthic habitat; midwater habitat; fish passage

1. Introduction

Swimming performance is an important measure of fitness in fishes. Flowing water
in stream systems imposes constraints and generates selective forces affecting swimming
performance [1,2]. These constraints and subsequent selective forces on swimming perfor-
mance have been shown to affect fish traits, including swimming mode, body size, shape,
physiology, temperature-dependent performance [3–7], prey capture [8], predator evasion
tactics [9,10], reproductive success [11], and evolutionary fitness [12–14]. Thus, swimming
performance is an integrative trait critical in exploring influences from a wide range of
ecological and evolutionary forces.

Fish swim speed is largely influenced by two phenotypic traits: body size and
shape [15]. Different body shapes are adapted for different swimming modes, and optimal
body shapes for high burst swimming speed performance vary from optimal shapes for
high prolonged swimming speed performance [16–19]. For example, prolonged speed
(maximal speed that fish can maintain without fatigue for greater than 20 s [3]) is favored
in taxa with a narrow caudal peduncle, a large anterior body depth and mass, a caudal fin
with high aspect ratio (i.e., large span, low chord) and lunate shape (i.e., crescent-shaped),
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and a relatively stiff and streamlined anterior body [17,20,21]. Burst speed (the highest
instantaneous speed attainable by fish [3]) is favored in species that can displace large
amounts of water during the initial c-start, including those with a large caudal fin, a
flexible muscular body relative to body mass, and a large body depth around the caudal
region [17,22]. Consequently, inherent trade-offs exist between prolonged and burst swim-
ming among species with differing body shapes [23–28]. Habitat acts as a selective force
through which different body shapes may be favored [29,30]. In stream environments, the
continuously flowing water in the midwater column selects for different swimming modes
and body shapes compared to the benthic environment, which has less influence of flow [6].
Thus, stream habitat can be used to predict shape, which can be used to predict swimming
mode and performance.

In addition to variability in swimming performance resulting from body shape and
associated habitat differences, size can significantly impact swimming performance [31].
Fish exhibit allometric changes in body size during growth that may be manifest as a
differential rate of increase in both burst and prolonged swimming speeds [32]. The effect of
body size on relative swimming performance is of particular interest, as larger individuals
experience competing forces associated with increased muscle mass and increased drag.
Examining size as it relates to swimming allometry reveals inherent trade-offs and selective
pressures that influence the form and function of fish during the course of development [33].

Historically, studies on swimming performance have disproportionally focused on
species of commercial value, such as salmonids [34–37]. As a result of this, other species in
the same environment are often underrepresented, and little is known about their ability
to pass through potential flow barriers (i.e., culverts and designed fish passages) [34].
More recently, several studies have focused on swimming performance in a variety of
non-salmonid fish species, and they have shown that swimming performance varies widely
among species such that salmonid swimming performance does not reflect the variation in
swimming mode or performance found in other species [31,38–40]. To fully understand fish
swimming performance and to be able to predict fish passage, it is important to measure
both burst and prolonged swim speed in all species in a given assemblage and to relate
swimming performance to species-specific differences in habitat use and body size.

In this study, we quantified the swimming performance of seven naturally co-occurring
stream fishes from the Great Basin of the western USA. Our primary goal was to charac-
terize and compare the burst swimming speed and prolonged swimming speed of this
group of fishes. We test for variation in swimming performance based on species-specific
differences (i.e., habitat use and corresponding body shape), and on body size. Second, we
test for predicted trade-offs between burst speed and prolonged speed performance among
species. To do this, we compared the swimming speeds of fishes that are benthic-oriented
to those that are found in the mid-water column. If the body shape and corresponding
habitat are important in determining swim speeds, then mid-water stream fishes should
have greater prolonged speed compared to benthic stream fishes, and benthic stream fishes
should have higher burst speeds than prolonged speeds relative to mid-water fishes.

2. Materials and Methods

Swimming performance was measured in seven co-occurring stream fish species in
the Great Basin of the western USA, representing four families and six genera. Species
tested included: Cottus bairdii Girard (mottled sculpin), Catostomus platyrhynchus Cope
(mountain sucker), Rhinichthys cataractae Valenciennes (longnose dace), Rhinichthys osculus
Girard (speckled dace), Lepidomeda aliciae Jouy (southern leatherside chub), Richardsonius
balteatus Richardson (redside shiner), and Oncorhynchus clarkii utah Suckley (Bonneville
cutthroat trout). These species were selected because they represent most of the native
co-occurring species of stream fishes in this area. Additionally, L. aliciae and O. clarkii utah
are endemic species that are of conservation concern in the state of Utah. The benthic
stream species group consisted of C. platyrhynchus, R. osculus, R. cataractae, and C. bairdii;
the mid-water stream group consisted of O. clarkii utah, L. aliciae, and R. balteatus. All
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species were measured across the entire juvenile to adult size range except O. clarkii utah,
which were only available in the juvenile size range.

2.1. Collection & Maintenance

Individuals for six of the seven species were collected from wild populations in central
Utah via elecrofishing, and individuals of O. clarkii utah were obtained from captive-reared
populations (Table 1). Immediately after capture, we transported all individuals in aerated
coolers containing water from the location of origin to laboratory facilities at Brigham Young
University. We collected and tested all fish between 31 July 2007 and 23 October 2007 during
low flow periods. As a result of the similar environmental conditions associated with the
collection time (i.e., low water velocities, no extremes in temperature), all individuals are
assumed to be similarly physically conditioned.

Table 1. Summary of sample sizes and collection locations for species used in the study. N represents the number of fish.
“Range” and “SE” are the range and standard error of the mean standard length of each fish species.

Species N Collection Location Standard Length (mm) Range (mm) SE

Oncorhynchus clarkii utah 53 Little Dell & Manning Meadows
Hatcheries, UT, USA 54.67 39–70 1.26

Lepidomeda aliciae 45 Soldier Creek, UT, USA 83.00 39–107 2.57
Rhinichthys cataractae 56 Soldier Creek, UT, USA 65.18 35–91 2.33

Cottus bairdii 52 Diamond Fork, UT, USA 63.30 29–86 1.56
Catostomus platyrhynchus 44 Soldier Creek, UT, USA 93.91 43–150 4.82

Richardsonius balteatus 30 Fish Creek, UT, USA 79.80 34–112 3.14
Rhinichthys osculus 46 Salina Creek, UT, USA 69.96 46–86 1.65

All tests were completed within one week after capture to ensure that the performance
of collected individuals would not reflect long-term acclimation to lab conditions. We
tested only one species in a given week. During this week of testing fish, we housed them
in large round tanks (1100 L volume) in the Evolutionary Ecology Laboratories facility
at Brigham Young University, Utah. We allowed fish to rest in laboratory conditions for
at least 24 h prior to the commencement of swimming trials. We fed fish small pellets of
Silver Cup fish feed daily as needed, and we maintained photoperiod at 12:12 light/dark.
We changed water in both the holding and testing facilities each week between swimming
trials for each species.

Water temperatures in the holding aquaria were maintained at 17.0 ◦C ± 0.5 ◦C and
near saturation with oxygen. This represents the mean water temperature of all sample
sites during the collection period (range = 14–20 ◦C) and falls within the range of preferred
temperatures for all species tested [41].

2.2. Burst Speed

A simulated predator attack was used in a laboratory observation arena to measure
burst speed (Figure 1). The arena consisted of a 100 cm × 100 cm octagonal arena with 15 cm
high walls. The center of the arena contained a 20 cm diameter clear-plexiglass cylinder
that receded into the bottom of the arena, constraining individuals to the center of the
observation arena while acclimating previous to the simulated attack. The attack consisted
of the rapid projection of a model predator (adult brown trout, Salmo trutta) into the arena
toward the test individual. A white cloth covering the observation arena eliminated outside
disturbances and the premature startling of acclimating fish. We maintained the water at
17.0 ◦C ± 0.5 ◦C, 15 cm depth, and near saturation with oxygen.
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Figure 1. Three-dimensional representation of observational tank used to measure burst speed. VC,
video camera; OA, observation arena; CC, confinement cylinder; MP, mock predator; HD, hinged
doors; AR, aluminum runner.

For each burst swimming trial, a single individual was introduced into the clear
confinement cylinder in the center of the tank and allowed to acclimate for 15 min. After
acclimation, the cylinder was lowered to the bottom of the arena, and the mock-predator
was rapidly propelled into the arena toward the test subject. Test fish were always facing
the model before the mock attack was initiated. We recorded burst speed response from
directly above the tank at 200 frames·s−1 using a high-speed digital video camera (Phantom
v4.2, Vision Research, Wayne, NJ, USA). We measured burst speed with the aid of the
Phantom Camera Control software v8.4 (Vision Research Inc., Wayne, NJ, USA, 1992–2005).
This software electronically calculates the velocity of a moving object using the distance
divided by time equation. Time is measured by multiplying the inverse of the framing rate
by the number of frames recorded from start to finish of a user-defined video recorded
event. Distance is calculated by indicating a two-point distance from the starting and
ending position of the measured object set to a user-defined distance scale. We used a 1 cm
square grid on the bottom of the arena as a length reference to create the distance scale.

Burst speed was measured using the insertion of the dorsal fin as a reference point.
The insertion of the dorsal fin is near the center of mass for an individual fish, which
reduces variation in swimming performance due to undulations of the tail and head. Burst
speed occurs in three distinct stages [24]. Stage one consists of a unilateral contraction of
muscles, bending the fish into a C-shape. Stage two consists of a strong propulsive stroke
of the tail, projecting the fish forward, and it ends when the tail stroke reaches maximum
exertion on the opposite side of the body. Stage three consists of a gliding or continuous
swimming behavior. We measured burst speed (m·s−1) from the end of stage 1 to the end
of stage 2. Burst speed trials were always performed previous to prolonged speed trials.
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2.3. Prolonged Speed

Prolonged speed was quantified as the critical swim velocity at which a fish can no
longer maintain position and becomes impinged on the downstream barrier of a Blazka-
type swimming chamber [37]. The Blazka-type chamber consisted of a clear acrylic rectan-
gular observation area (20 cm tall × 20 cm wide × 80 cm long) connected to a downstream
reservoir and an upstream section designed to reduce turbulence (Figure 2). An impeller-
powered 5.6 kW motor situated between the reservoir and upstream section cycled water
through the observation area. To reduce turbulence, all water passing through the pump
was directed through the upstream section, which consisted of a plastic honeycomb with
7 mm wide openings held in place by a wire mesh with 1 mm wide openings. Following
the upstream section, water passed through a contraction section, which reduced the cross-
sectional area and accelerated the flow into the observation section. Fish were restricted to
the observation area by a plasic grid with 7 mm diameter round openings on the upstream
end, and a metal screen with 7 mm square openings on the downstream end. During
all trials, water was maintained at 17.0 ◦C ± 0.5 ◦C and near saturation with oxygen.
We measured the average water velocity in the swim chamber by averaging the velocity
measurements of nine equally spaced quadrants across a cross-section of the observation
area with a Swoffer model 3000 flow meter.
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Figure 2. Representation of the swimming chamber used for prolonged swimming speed tests.
FC, flow conditioner; CS, confinement section; US, upstream screen; OS, observation section; DS,
downstream screen; R, reservoir; P, pump. Arrows indicate current directions.

Critical swimming velocity, or the velocity at which fish become fatigued, (prolonged
speed, measured in m·s−1) was calculated using the following formula [37]:

Prolonged Speed = Vp + (Tf/Ti)Vi (1)

where Ti was the time a fish was held at a specific current velocity (5 min), Vp was the
highest current velocity maintained for a full 5 min period (m·s−1), Vi was the current
velocity increment (0.1 m·s−1), and Tf was the elapsed time at the fatigue velocity. We
initiated trials by placing a single individual in the observation section for 15 min without
flow. After this acclimation period, water velocities were increased by 0.1 m·s−1 every
5 min until the fish was impinged on the downstream barrier. Upon impingement, we gave
several successive taps on the fish’s caudal peduncle to stimulate continued swimming.
When an individual would no longer respond to stimulation following impingement, the
swimming trial was terminated, and the time to fatigue and the velocity at fatigue were
recorded [3,5]. After all trials were completed, we euthanized fish via overdose of MS-222
in accordance with IACUC protocols and direction from the state of Utah specified in the
collecting permit; then, we preserved all specimens in 70% ethanol.
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2.4. Statistical Analysis

Simple linear regression of swim speed on total length (m) was used to characterize
the change in swim speed with increasing body size for each species. We used analysis of
covariance (ANCOVA; Proc GLM, SAS Enterprise Guide version 7.15 HF8, SAS Institute
Inc., Cary, NC, USA) to test for differences in burst speed and prolonged speed among
species while controlling for body size. Prolonged speed (m·s−1) and burst speed (m·s−1)
were response variables. We used species as a categorical predictor variable and total
length (in m) of the fish as a covariate. We also included the interaction between species
and total length to test for heterogeneous slopes among species (Proc GLM, SAS Enterprise
Guide version 7.15 HF8, SAS Institute Inc., Cary, NC, USA). By including total length as
a covariate, the model tested for differences in mean swim speed among species at the
overall mean total length among all species (mean total length = 0.071 m). The total length
range of specimens tested overlapped this mean value for all species. Sample sizes varied
among species and are recorded in Table 1.

3. Results

Prolonged speed varied substantially within species and did not differ significantly
among species. Adjusted for size, the mean prolonged swim speed varied from 0.45 to
0.69 m·s−1 (Table 2). Analysis of covariance between prolonged swim speed and species,
size, and the interaction between species and size showed only size to have a significant
effect on prolonged swim speed (Table 3). Individually, five of the seven species exhibited
a significant positive relationship between prolonged swim speed and total length. Only R.
cataractae and C. bairdii exhibited non-significant increases in prolonged swim speed with
increasing size (Table 3; Figure 3). When evaluated at a common size, four species exhibited
prolonged swim speeds above the mean, and three exhibited prolonged swim speeds below
the mean (Table 2). Above the mean, three of the four were benthic oriented species (e.g.,
R. osculus, C. platyrhynchus, R. cataractae), and one, R. balteatus, was a mid-water species.
Below the mean, two of the three were mid-water species (e.g., L. aliciae, O. clarkii utah),
and one, C. bairdii, was a benthic species (Figure 3).

Table 2. Summary of prolonged swim speed data for seven species of stream fishes located in the Great Basin of the western
USA. NProlonged is the number of prolonged swim speed tests for each species, and prolonged speed slope represents the
slope of prolonged swim speed in meters per second (m·s−1) as total length in meters (m) increases.

Species NProlonged
Mean Prolonged

Speed (m/s)
Confidence

Interval
Prolonged Speed

Slope
Confidence

Interval

Catostomus platyrhynchus 15 0.61 0.54–0.69 5.57 3.11–8.04

Oncorhynchus clarkii utah 42 0.47 0.40–0.55 7.55 5.59–9.50

Lepidomeda aliciae 22 0.45 0.38–0.51 4.92 1.55–8.28

Rhinichthys cataractae 15 0.68 0.62–0.74 3.84 −2.34–10.01

Cottus bairdii 25 0.49 0.44–0.55 2.59 −2.65–7.83

Richardsonius balteatus 19 0.69 0.62–0.75 8.19 5.33–11.06

Rhinichthys osculus 20 0.63 0.57–0.70 9.32 4.15–14.49

Table 3. Analysis of covariance results comparing prolonged speed with individual species, total
length, and their interaction as additional variables. The term df represents degrees of freedom.
Sp × TL is the interaction of species and total length.

Source of Variation df F Value p Value

Species 6 1.31 0.2536
Total length 1 61.84 <0.0001

Sp × TL 6 1.44 0.2011
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Burst swim speed also differed substantially within each species, but it did not differ
significantly among the seven species. When adjusted for size, mean burst speed varied
from 1.07 to 1.37 m·s−1 (Table 4). Similar to prolonged speed, the interaction between
species, total length, or species and total length together showed only total length to be a
significant predictor in determining burst swim speed (Table 5). Individual slopes of burst
swim speed and total length showed that five of the seven species exhibited significant
positive relationships. Only R. cataractae and R. osculus exhibited non-significant increases
in burst speed with increasing size (Table 5; Figure 4). When evaluated at a common size,
two species, one benthic (e.g., C. platyrhynchus), and one mid-water (e.g., R. balteatus),
exhibited average burst swim speeds above the overall mean. Of the remaining five species
that exhibited lower burst swim speeds than the overall mean, three were benthic oriented
species (e.g., R. osculus, C. bairdii, R. cataractae), and two were mid-water oriented species
(e.g., O. clarkii utah, L. aliciae; Figure 4).

Table 4. Summary of burst swim speed data for seven species of stream fishes located in the Great Basin of the western
USA. NBurst is number of burst swim speed tests for each species, and the burst speed slope represents the slope of burst
swim speed in meters per second (m·s−1) as total length in meters (m) increases.

Species NBurst
Mean Burst Speed

(m/s)
Confidence

Interval (95%) Burst Speed Slope Confidence
Interval (95%)

Catostomus platyrhynchus 25 1.31 1.18–1.44 6.74 2.55–10.94

Oncorhynchus clarki utah 47 1.37 1.19–1.55 11.75 3.87–19.58

Lepidomeda aliciae 38 1.07 0.95–1.18 12.27 5.95–18.59

Rhinichthys cataractae 27 1.10 1.01–1.19 3.96 −2.22–10.14

Cottus bairdii 46 1.20 1.10–1.30 5.38 0.43–10.34

Richardsonius balteatus 29 1.27 1.16–1.38 7.61 0.86–14.37

Rhinichthys osculus 21 1.16 1.06–1.26 2.91 −9.35–15.17



Water 2021, 13, 2570 8 of 13

Table 5. Analysis of covariance results comparing burst speed with individual species, total length,
or their interaction as additional variables. df represents degrees of freedom. Sp × TL is the analysis
of species and total length together with burst swim speed.

Source of Variation df F Value p Value

Species 6 0.95 0.4627
Total length 1 27.91 <0.001

Sp × TL 6 0.95 0.4601
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Figure 4. Ordinary least squares regression relationship between burst speed and total length in
seven stream fishes common to the Great Basin Province of the western USA. Range of species-specific
lines matches the range of total length of individuals tested. Burst speed measured in meters per
second (m/s) and total length measured in meters (m).

Species-specific burst and prolonged swim speed interaction is widely varied. Three
species (e.g., C. bairdii, L. aliciae, O. clarkii utah) exhibited both burst and prolonged swim
speeds below the overall mean, while two species (e.g., C. platyrhynchus, R. balteatus)
exhibited both burst and prolonged swim speeds above the overall mean. Two species (e.g.,
R. osculus, R. cataractae) exhibited prolonged swim speeds above the overall mean but burst
swim speeds below the overall mean, and no species exhibited comparatively high burst
speeds but low prolonged speeds (Figure 5).
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4. Discussion

Estimates of both burst and prolonged swimming performance are critical for de-
termining effective passage structures and habitat management of fishes [42–45]. This
study examined a naturally co-occurring group of seven stream fishes from the Great
Basin of the western USA, characterizing swimming performance and determining the
effectiveness of species and size as predictors of swim speed. Among the seven stream
fishes tested, we found size to be the only significant factor to influence both prolonged and
burst speed. This influence of size on swimming ability is well documented in multiple
fish species [15,31,45,46].

Studies have shown that swim speeds measured under laboratory conditions may
vary from those measured in the natural environment because of equipment differences
and differences in conditioning of fish [47,48]. Thus, data from laboratory tests should not
be viewed as exact values of swim speed but rather a baseline or estimate, which is useful
for passage and waterway management considerations. Since we tested all species under
the same laboratory conditions, the relative differences among species should provide a
valid comparison among species.

The interaction between species or the interaction between species and total length
together failed to have a significant effect on both prolonged and burst speed. Due to the
variety of morphologies and habitat types present in this study, we expected species to
have a more significant effect in predicting swim speeds. Previous studies have supported
the idea of inherent trade-offs in swim speeds between different swimming modes [16–19].
Specific habitats may favor certain morphologies in which optimal body shapes for either
strong burst speed or strong prolonged speed are mutually exclusive [23–27]. In our study,
we expected benthic fishes, which experience less force from the current to exhibit higher
burst speed and lower prolonged speed compared to mid-water fishes, which experience
a greater force from the current and would exhibit higher prolonged speed but lower
burst speed. This is in line with other studies that have examined the connection between
morphology (and often by extension, habitat) and swimming speed [28–30,49]. However,
most of these studies examined only one trait (either size and swimming performance, or
morphology and swimming performance). This may suggest that while these trade-offs
likely occur to some degree and that morphology and habitat influence swimming ability,
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size is the dominant predictor of both burst and prolonged swim speed. Our study was not
designed to test for phylogenetic effects or specific shape effects on swim speeds. However,
the fact that species and the species by body size interaction were not significant predictors
in the models suggests that at least within this limited group of stream fishes, there is
no evidence for a phylogenetic or shape effect. Such investigations would be a welcome
addition as a second step in the investigation of fish swimming ability.

Another possibility for the non-significant species-specific influence we saw on swim
speeds is alternative swimming modes. All four benthic species studied (e.g., C. bairdii,
C. platyrhynchus, R. osculus, and R. cataractae) exhibited substrate bracing behaviors in
response to high water velocities; other species did not make contact with the substrate
while swimming. Substrate bracing behavior in C. bairdii was comprised of an absence of
caudal fin movement and a lateral extension of pectoral fins at an angle to promote a net
downward force to ‘anchor’ the fish to the bottom of the flume. Catostomus platyrhynchus
exhibited a burst and hold strategy whereby individuals would alternate between a short
burst of swimming followed by an oral gripping behavior on the bottom of the swimming
chamber. Rhinichthys osculus and R. cataractae exhibited various arching behaviors. As a
result of this behavior, the reported prolonged speed values for these species should instead
be considered as critical holding velocities or slip speed velocities [50]. The remaining
species exhibited direct swimming in the water column, and all values associated with
these species should be considered as true measures of prolonged speed.

Bracing behavior appears to be a means of equalizing the ability to maintain po-
sition in moving water and is inconsistent with the first part of the ecomorphological
hypothesis, which predicts that morphological variation would have a direct effect on
performance. Benthic species are able to overcome what seems to be a disadvantageous
morphology for prolonged swimming through unique bracing behaviors. Bracing behav-
ior has many inherent benefits, including food capture, predator avoidance, and habitat
selection while concurrently allowing fish to expend minimal energy in the process [51,52].
This behavior-mediated performance further illustrates the need to account for unique
behavioral adaptations when measuring swim speeds or for passage applications.

Reliably predicting swimming performance has valuable management implications [42–44].
Swimming performance is an important variable in the design and implementation of
in-stream barriers to movement such as culverts, weirs, and dams [53]. Fish that rely
upon stream connectivity often become fragmented by these barriers because swimming
performance was not properly accounted for in the design stages, and swim speeds are
generally well below the water velocities created by these obstacles [54]. The results of our
swimming performance tests highlight the significance of size as the primary predictor of
swimming performance in stream fishes. Additionally, alternative swimming behaviors
such as “bracing” should be considered when evaluating fish’s ability to cross in-stream
barriers. As reported above, benthic species rely on a bracing behavior and interacting
with the substrate to maintain position during high water velocities. Fish passage efforts
will be greatly enhanced by designing for substrate that maximizes the holding ability in
benthic fishes [55,56]. Furthermore, the success of fish passage may be increased by taking
into account the threshold values of swimming performance reported in this study. Using
the lower 95% confidence interval rather than the mean would take size into account by
maximizing the success of smaller fishes. For some species, this would mean virtually no
flow at all (Tables 2 and 4). To deal with this, some recent studies have shown the ability of
boundary layers of in-stream barriers to be successful in reducing flow for benthic fishes to
cross successfully [55–57]. Although we did not find a significant effect of species in our
analysis, these data should not be interpreted to suggest that such will be the case in other
systems. Fish passage models that apply to streams that include the assemblage of fishes
we tested in this study (or functionally and morphologically similar assemblages) can benefit
from swim speed data from this study, but other studies in other locations with other species
may reach different conclusions. Knowledge of swim speeds specific to the group of fishes in
the local area will be important for the design of specific fish passage structures.
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5. Conclusions

Fish passage models that have traditionally been established using salmonid-based
estimates of swimming performance may greatly overestimate swimming capabilities of
other native fishes. Effective fish passage must account for all fish species in a system,
including those with only seasonal use or unique behaviors. Future studies on swimming
performance and passage should seek to incorporate a wider range of species [57–59].
Fish passage models that allow for the passage of small-bodied fish will effectively allow
movement in a stream for all species and size classes. This study provides baseline data for
some understudied fish species for use in passage considerations or waterway management
in the Great Basin of the western USA.
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