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Body length determines flow refuging for rainbow trout
(Oncorhynchus mykiss) behind wing dams
Terry R. Dial1,2,*, Laura A. Collins1, James C. Liao3 and Bret W. Tobalske1

ABSTRACT
Complex hydrodynamics abound in natural streams, yet the selective
pressures these impose upon different size classes of fish are not
well understood. Attached vortices are produced by relatively large
objects that block freestream flow, which fish routinely utilize for flow
refuging. To test how flow refuging and the potential harvesting of
energy (as seen in Kármán gaiting) vary across size classes in
rainbow trout (Oncorhynchus mykiss; fingerling, 8 cm; parr, 14 cm;
adult, 22 cm; n=4 per size class), we used a water flume (4100 l;
freestream flow at 65 cm s−1) and created vortices using 45 deg wing
dams of varying size (small, 15 cm; medium, 31 cm; large, 48 cm).
We monitored microhabitat selection and swimming kinematics
of individual trout and measured the flow field in the wake of wing
dams using time-resolved particle image velocimetry (PIV). Trout of
each size class preferentially swam in vortices rather than the
freestream, but the capacity to flow refuge varied according to the
ratio of vortex width to fish length (WV:LF). Consistent refuging
behavior was exhibited when WV:LF≥1.5. All size classes exhibited
increased wavelength and Strouhal number and decreased tailbeat
frequency within vortices compared with freestream, suggesting
that swimming in vortices requires less power output. In 17% of the
trials, fish preferentially swam in a manner that suggests energy
harvesting from the shear layer. Our results can inform efforts toward
riparian restoration and fishway design to improve salmonid
conservation.

KEY WORDS: Wing dam, Vortex, Swimming, Kinematics,
Particle image velocimetry

INTRODUCTION
Natural streams and rivers are characterized by complex flow
patterns induced by substrates and barriers including rocks and
logs (Liao, 2007; Cote and Webb, 2015). Fish living in moving
water have the capacity to select microhabitats that are energetically
favorable using their lateral line system and vision (Liao, 2006).
Field studies have confirmed that chosen flow conditions and
substrates vary with size class during ontogeny (Baltz et al., 1991;
Ayllón et al., 2010), and the large size of adult fish may preclude
their access to certain habitats (Rosenfeld and Boss, 2001). Along
with flow conditions, other selective pressures influence selection
of microhabitats, including competition (Lohr and West, 1992),

predation risk and rate of food acquisition (Rosenfeld and Boss,
2001; Kalb et al., 2018; Johansen et al., 2020).

Fish are known to take advantage of flow near structures to reduce
the energetic cost of being in moving water (Liao, 2007; Cook and
Coughlin, 2010; Taguchi and Liao, 2011; Currier et al., 2021). This
may be in the form of flow refuging in the lower velocity wake
behind a bluff body, but also via lateral entrainment, positioning
upstream in the bow wake region, or via vortex capture (Liao and
Cotel, 2013; Pentaluna et al., 2021; Harvey et al., 2022). For
example, trout in a water flume adopt the Kármán gait to harvest
energy from alternating vortices of a von Kármán street (Liao et al.,
2003a). These vortices are consistently shed in the wake of a
D-cylinder and reduce the recruitment of muscle and oxygen needed
by a fish relative to that required to swim in the freestream. Fish
slalom between the alternating vortices, harvesting kinetic energy in
the flow produced in the Kármán street.

Kármán gaiting is awell-characterized swimming behavior in flow,
having benefited from kinematic, electromyography, respirometry and
hydrodynamic analysis (Liao et al., 2003a,b; Liao, 2004; Beal et al.,
2006; Taguchi and Liao, 2011). Kármán gaiting in the well-known
flow behind a bluff body (i.e. Kármán street) can provide initial
insight into how trout swim in other types of unsteady flows. For
example, the ability to Kármán gait requires the body length to be a
certain size in relation to the diameter of the cylinder that is producing
the Kármán street (Akanyeti and Liao, 2013). Fish Kármán gait when
the ratio of cylinder diameter to fish length falls between 1:2 and 1:4.
As this ratio increases, body wavelength covaries with the wavelength
of the shed vortices in the Kármán street (Akanyeti and Liao, 2013).
As the diameter of vortices in the wake is similar to cylinder diameter,
fish harvest energy from a Kármán street when vortices are 25–50%
of their length. Among size classes of fish, tailbeat frequency varies
with shedding frequency of the vortices rather than as a function of
body length. In light of previous studies of fish holding station in
unsteady flows, we asked whether that was a similar size relationship
in the more relevant ecological context of wing dams, which are
prevalent in streams and rivers worldwide.

In contrast with saving energy in low velocity flow or in predictable
vortical flows, fish avoid fully turbulent flows that are characterized by
high turbulent kinetic energy (TKE; Kerr et al., 2016; Sirajee, 2023)
and acceleration (Enders et al., 2009). Turbulence, with random
fluctuations in three-dimensional velocity, destabilize fish and incur
additional energy costs (Enders et al., 2003). Such effects due to
perturbation are predicted to vary with vortex size relative to fish size
and are particularly destabilizing when the size of a vortex is
approximately the same as body length (Cote and Webb, 2015).
Another goal of our study was to provide a novel test for a relationship
between vortex and fish sizes.

The majority of work examining the microhabitat selection of
fish swimming in unsteady flows has been performed in the wake
of D-cylinders (Liao, 2007). Here, we sought to expand our
understanding of how fish interact with structures found commonlyReceived 4 April 2024; Accepted 7 July 2024

1Field Research Station at Fort Missoula, Division of Biological Sciences, University
of Montana, Missoula, MT 59812, USA. 2Utah State University Moab, Moab, UT
84532, USA. 3Department of Biology, The Whitney Laboratory for Marine
Bioscience, University of Florida, St Augustine, FL 32080, USA.

*Author for correspondence (terry.dial@usu.edu)

T.R.D., 0000-0002-4737-1875; J.C.L., 0000-0003-0181-6995; B.W.T., 0000-
0002-5739-6099

1

© 2024. Published by The Company of Biologists Ltd | Journal of Experimental Biology (2024) 227, jeb247829. doi:10.1242/jeb.247829

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

mailto:terry.dial@usu.edu
http://orcid.org/0000-0002-4737-1875
http://orcid.org/0000-0003-0181-6995
http://orcid.org/0000-0002-5739-6099
http://orcid.org/0000-0002-5739-6099


in real-world environments. Boulders deflect the flow of moving
water and produce a recirculating vortex on the lee side of the boulder
(Bouckaert and Davis, 1998). We chose to use wing dams as
analogous structures to boulders to simplify and standardize the
geometry of the obstructions, as well as utilize a common fish ladder
baffle design. We hypothesized that fish are attracted to flow regimes
that display predictable flow. We also hypothesized that fish avoid
strong turbulence (Liao, 2007) and well as vortices with dimensions
approaching their body length (Cote and Webb, 2015).
Along current-swept habitats, salmonid fishes (Family Salmonidae)

are celebrated for their migratory (both local and sea-run,
anadromous) prowess. But range contractions and declines in
abundance indicate these species are threatened (Penaluna et al.,
2016). Current management efforts for maintaining salmonid
populations focus on habitat conservation, longitudinal connectivity
of populations and life history diversity (Williams et al., 2011).
Physical impediments, such as large water impoundments and
narrowing and simplifying river channels, restrict returns, often at
specific stages of life history. To maximize upstream return numbers
around impoundments, vertical slot ladders, composed of alternating
wing dams, are designed with velocity, TKE and flow patterns
(vorticity) in mind (Hameed and Hilo, 2021). Fishery managers have
constructed wing dams composed of boulders to improve habitat
for trout in streams (Shuler et al., 1994). Vertical-slot fishways
are effective in restoring passage in inland streams (Hodge et al.,
2017). Passage success of species such as brown trout (Salmo trutta)
and rainbow trout (Oncorhynchus mykiss) depends on the
impeding structure (baffle, ramp, weir; Forty et al., 2016), and it is
recommended that the designs of such passages consider different
size classes of fish (Forty et al., 2016).
Trout exhibit broad sympatry of size classes throughout their life

history (McPhee et al., 2014) and body size varies over an order of
magnitude throughout ontogeny (Jonsson and Jonsson, 1998),
which dictates resource use and predation risk (Werner and Gilliam,
1984; Rosenfeld and Boss, 2001). Previous studies have shown
predictable variation in micro-habitat selection across ontogeny in
trout (Rosenfeld and Boss, 2001; Ayllón et al., 2010). Juvenile
brown trout prefer to swim behind wing dams artificially
constructed of multiple boulders in natural streams, particularly
when flow rates are high (Shuler et al., 1994).
To understand the interaction more fully between fish size and

common structures impeding flow in streams and rivers, herein we
provide a novel test of the behavior and kinematics of rainbow trout of
different size classes in relation to flow dynamics as the fish were
swimming in the vicinity of wing dams that varied in size. We tested
whether kinematics and microhabitat selection varied among size
classes and dam sizes. We examined trout orientation, position and
midline kinematics to test for (i) preference for vortices and (ii) position
in the shear layer formed between the freestream and vortex in a
manner that might reduce the energetic costs of the overall swimming
budget.

MATERIALS AND METHODS
Trout collection and husbandry
Rainbow trout, Oncorhynchus mykiss (Walbaum 1792), were
obtained from Harriman hatchery in St Ignatius, MT, USA, and
were housed at the Field Research Station at Fort Missoula under
University ofMontana IACUCAnimal Use Protocol 007-20BTDBS-
033020 and a transport permit fromMontana FishWildlife and Parks
(13015-8-0320-3). Caution is always warranted when interpreting
the ecological or evolutionary significance of experiments using
hatchery fish. Although we did not detect gross morphological and

physiological differences from wild populations, they are known to
exist (e.g. Gale et al., 2004). Four individuals in each of three size
classes of fish were used in this study: fingerlings (mean±s.e.m.
8.6±0.7 cm standard length, SL), parr (14.3±0.2 cm SL) and adults
(22.6±1.2 cm SL) and housed in 189 l tanks with adults separated
from younger fish. The fish were fed twice daily for a duration of
5 min on pellet food (fingerlings and parr: Aquamax Grower 400;
adults: Aquamax Sport Fish 500; Purina Animal Nutrition LLC.,
Gray Summit, MO, USA). The fish were maintained on a 12 h:12 h
light:dark schedule.

Water temperature was set at 15°C and controlled using
AquaEuroUSA MC 1/2HP chillers (AquaEuroUSA/Hamilton
Technology, Los Angeles, CA, USA). We filtered the water using
combinations of Fluval 307, 407 and FX6 filters (Fluval Aquatics
USA, Rolf C. Hagen, Inc., Mansfield, MA, USA). Water was driven
through the chillers and filters using BlueLine 10 HD (BlueLine
Aqua, Champion Lighting and Supply Co., Ltd, Ambler, PA, USA)
and ActiveAQUA AAPW250 (Active Aqua, Petaluma, CA, USA)
pumps. To oxygenate the water, we used Imagitarium air pumps
(International Pet Supplies and Distribution, Inc., San Diego, CA,
USA) and a custom-made sprinkler system.

The water in the tanks was municipal (tap) water treated
with Kordon Amquel Plus Water Conditioner that eliminates
nitrite, nitrate, ammonia, chloramines and chlorine in fresh water
and Kordon NovAqua+ Plus Water Conditioner that detoxifies
tap water, removes chlorine and heavy metals and balances pH.
We monitored and modified water quality daily using an API
Freshwater Aquarium Master Test Kit (API Fishcare, Chalfont, PA,
USA) that tests for pH, high range pH ammonia, nitrate and water
hardness. We modified pH using API pH Up or API pH Down
solution as needed to maintain pH at 7.0 and, if necessary, given the
guidelines in the Master Test Kit, removed ammonia, nitrates or
water hardness by treating the water using Amquel Plus and
NovAqua+. We conducted 20% water change in the tanks 3 times
weekly, siphoning water from the bottom of the tanks.

Experimental flume
Our water flume (Fig. 1) was custom fabricated using aluminium
(3.2 mm thick) and contained 4100 l of water monitored and
conditioned as described above for the holding tanks. We
maintained the temperature at 15°C using an AquaEuroUSA
MC-1HP chiller and a Blue Line 4UXHD pump. To drive water
flow, we used two Minn Kota Endura MAX 55-36 transom-mount
trolling motors (Johnson Outdoors, Inc., Racine, WI, USA) set to
75% power. This gave an average freestream flow velocity in the
test section of 65 cm s−1 (Fig. 2A). The test section of the flume
measured 100 cm×160 cm×40 cm (width×length×height; Fig. 1).
A transparent Plexiglas window (50 cm×25 cm, 6.4 mm thick)
allowed for lateral views into the test section, and we projected
laser light through this window for particle image velocimetry
(PIV; see below). Upstream of the working section, water moved
through a 10.2 cm deep aluminum (ACG) honeycomb panel
(Hexcel Corp., Stamford, CT, USA), with >95% open area and a
cell diameter of 9.5 mm.

Individual fish were placed in the test section of the flume with
one of three different experimental wing dam treatments: small
(15.2 cm), medium (30.5 cm) and large (48.2 cm). The wing dams
were constructed of clear acrylic (6.4 mm thick) and presented at a
45 deg angle to the oncoming flow so that the trailing edge was
downstream. The lateral distances the dams projected into the
oncoming flow (i.e. dam widths) were 10.7 cm, 21.6 cm and
34.1 cm for the small, medium and large dams, respectively.
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PIV
The flow field of the test section of the flume was measured using
time-resolved PIV. We illuminated the flow field using an Nd:YLF
dual cavity, dual head, 30 mJ/pulse Nd:YLF laser (Model MD30-
527DH, Photonics Industries International, Inc. Ronkonkoma, NY,
USA) with a LaVision articulating light delivery arm (LaVision

GmBH, Göttingen, Germany). We seeded the water using hollow
glass spheres 8–12 μm in diameter (TSI Incorporated, Shoreview,
MN, USA) and had interrogation window sizes of 50 cm×50 cm.We
recorded video (100 Hz, duration 5 s) in double-frame exposure
mode (ΔT=4.9975 ms) using a Nova S6 camera (Photron, San Diego,
CA, USA) controlled using DaVis 10.2.0 software and a PTUX
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Fig. 1. Experimental design. We used a water flume with flow velocity set at 65 cm s−1 and used video (10 Hz for microhabitat selection; 250 Hz for
undulatory kinematics) to study swimming in three size classes of rainbow trout (Oncorhynchus mykiss): fingerling (8 cm), parr (14 cm) and adult (22 cm)
(n=4 per size class). The three different experimental wing dam treatments are indicated (small, 15 cm; medium, 30 cm; and large, 48 cm).
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programmable timing unit. Our PIV analysis used DaVis for cross-
correlation of image pairs and multi-pass processing with initial
interrogation window size at 64 pixels×64 pixels ending with

48 pixels×48 pixels with 50% overlap. Maximum expected pixel
displacement was 12 pixels; we used post-processingwith an allowed
vector range of 0–20 pixels, deleting vectors if correlation <0.5, 3×
median filtering and filing of empty spaces using interpolation. We
computed average flow characteristics from 500 PIV fields and herein
report streamwise velocity (cm s−1), vorticity (s−1) and turbulent
kinetic energy [(cm s−1)2].

We reconstructed the flow field of the test section of the flume in
the vicinity and downstream of thewing dams bymanually compiling
our 50 cm×50 cm PIV images into composite (44 cm×136 cm,
width×length) images of velocity, vorticity and turbulent kinetic
energy. This was facilitated using images of calibration rulers with
reference to the trailing edge of the wing dams.

Behavioral data
Each trout was allowed to acclimate in the flume for 30 min prior to
each swimming trial. Each trial had a different size of dam (small,
medium or large) placed in the test section of the flume. The flume
was then set at 75% power setting and the fish was allowed to swim
within a 160×60 cm area bounded by the wall of the flume and
barriers of galvanized steel mesh (0.8 mm wire diameter, 12 mm
diameter square openings; Fig. 1). We used top-down digital
videography (Photron FASTCAM NOVA S6 camera), set to 10 Hz
record rate (shutter speed 5000 s−1), to capture swimming behavior.
We used recordings of a 30.5 cmwand to calibrate the videos tometric
coordinates using the app DLTdv8 (Hedrick, 2008) in MATLAB
(R2021a,MathWorks, Natick,MA,USA). Our target sample time per
fish was 10 min, but variation in the amount of time fish swamwithin
the camera view of the test section resulted in an average sample time
of 8.9±0.6 min with six of 36 trials (16%) including non-contiguous
recordings. This behavioral dataset enabled us to measure each
individual trout’s preference on location (cross-stream and streamwise
position, cm) and orientation (head oriented upstream versus
downstream) in each flow environment.

We used DeepLabCut v2.2 (DLC, UPMWMATHIS Lab,
Geneva, Switzerland; Mathis et al., 2018; Nath et al., 2019) to
track the position and orientation of the head of each fish in our
video recordings. We used a different training set for each size class,
compiling all videos for all three dams (n=12 videos for each fish
size), and a random subset of 20 frames, selected by DLC, from each
of those 12 videos. We specified three anatomical landmarks: tip of
snout, left eye and right eye. We then trained the DLC program on
those three points for all 240 training set frames using the following
parameters: resnet=50, display iterations=100, save iterations=1000
and max iterations=200,000, and ‘filter predictions’ was applied to
the output files.

We used custom scripts in MATLAB to compute behavioral
variables that describe the position and orientation of each fish
collected in the behavior filming trial. We first eliminated rows from
the output of DLC whenever a likelihood for any anatomical point
was <0.95. To avoid biasing towards individuals with larger datasets,
we down sampled using random elimination of data rows so that the
number of video frames was equal among all individuals for a given
size class and dam size. We referenced all metric positions (cm)
relative to the trailing edge of a given wing dam. We calculated the
position of the center of the fish’s head as the mean among the
snout and eye points. We measured fish orientation (upstream or
downstream) by computing the angle between the cross-stream and
a position vector from the center of its head to its snout. We used
the ‘hist3’ function in MATLAB to generate bivariate histograms
(surface plots) that summed all values for center of head within
5 cm×5 cm bins.
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Fig. 2. Composite images of patterns of water flow induced by the three
sizes of wing dam as measured using time-resolved particle image
velocimetry (PIV). (A) Streamwise velocity. (B) Vorticity. (C) Turbulent
kinetic energy. Horizontal dashed lines indicate the downstream limit of the
interrogation area for sampling of swimming behavior.
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Kinematics
To measure details of body motion, we recorded 250 Hz (shutter
speed 5000 s−1) video using the same Photron FASTCAM NOVA
S6 camera as used in the behavioral sampling. We recorded
swimming of individual fish within the test section in the vicinity of
each dam size (small, medium and large) and within two different
flow conditions (vortex and freestream). We used the custom script
‘Clickdigfish_matlab2015a’ (Liao et al., 2003b) in MATLAB to
measure kinematic variables from one complete cycle of undulation
per fish, dam size and flow condition. We measured tailbeat
frequency ( f, Hz), wavelength (cm) and amplitude (a, cm). We then
computed Strouhal number (St):

St ¼ fa

jvj ; ð1Þ

where v is streamwise flow velocity (cm s−1; with downstream
considered negative).
To provide insight into how kinematics varied within a longer

bout of swimming, we digitized one sequence of 3 s of swimming
by an adult starting in the vortex of a large dam and exiting to the
freestream. We digitized anatomical landmarks along the midline of
the body using DLTdv8 in MATLAB.

Statistical analysis
Our experimental design involved repeated measures within
individuals, so to test for significant differences among size classes,
dam sizes and flow conditions, we used two-way mixed ANOVA in
R (v4.2.2, http://www.R-project.org/) with functions ‘anova test()’
and ‘get anova table’ in the rstatix package. We used age (fingerling,
parr and adult) as between-subject factors. Dam sizes (small, medium
and large) were within-subject factors for behavioral variables: time
oriented upstream (%), time in vortex (%), cross-stream position (cm)
and streamwise position (cm). Flow conditions (freestream or vortex)
were within-subject factors for kinematics variables: wavelength
(cm), tailbeat amplitude (cm), tailbeat frequency (Hz) and Strouhal
number (St). For kinematics variables in the two-waymodels, we first
computed within-subject means within vortex or freestream among
the three dam sizes. We report means±s.e.m.

RESULTS
PIV
The size of the wake increased with increasing dam size, but we
observed generally similar flow patterns among dam sizes as
represented by streamwise velocity, vorticity and TKE (Fig. 2). Each
wing dam produced a vortex, or downstream recurrent flow structure,
with streamwise flow velocities in the center of the vortex averaging
8.7, 7.9 and 6.8 cm s−1 for small, medium and large dams,
respectively. Streamwise freestream velocity averaged −58, −59 and
−68 cm s−1 for small, medium and large dams, respectively (negative
values represent downstream flow). Peak values of ∼−100 cm s−1

were exhibited near the trailing edge of the wing dams facing toward
the freestream. The distance before downstream reattachment of
freestream flow to the lateral wall of the flumewas positively correlated
with wing dam size, and wake widths were slightly greater than dam
widths. Using streamwise velocity (Fig. 2A) and the inflection of
0 cm s−1 at flow reversal to define the edges of the vortices, vortex
sizes (length×width) were 84.1 cm×15.5 cm, 118.3 cm×25.5 cm and
121.3 cm×34.3 cm.
Negative vorticity (i.e. clockwise rotation as viewed from above)

resulted from shear between the water immediately behind the dam
and that in the freestream. This vorticity was attached to the trailing

edge of each wing dam and the greatest magnitude (−22.5 s−1) was
exhibited in the near-wake of the trailing edge of the large dam
(Fig. 2B). Smaller patches of lower positive vorticity (∼11 s−1
counter-clockwise) were produced within and downstream of the
dams (Fig. 2B). The time-averaged vorticity in the shear layer was
stable behind all three dams (Fig. 2B), but variation including
shedding of vortices was apparent in instantaneous images of thewake
(Fig. S1). Measuring wake dimensions using a negative vorticity
threshold of−3 s−1 (13%of peak negative vorticity), the length×width
was 87.3 cm×27.3 cm, 99.0 cm×41.3 cm and 131.6 cm×48.4 cm.

The magnitude and scale of TKE varied with dam size (Fig. 2C).
TKE remained lower in magnitude in thewake of small and medium
dams, reaching peak values of ∼2 (cm s−1)2, whereas from 70–
90 cm downstream of the edge of the large dam, TKE was over
twice as large, reaching a peak value of 5 (cm s−1)2.

Behavior
Individual fish varied in head orientation while in the wake of wing
dams and exhibited preferences for specific locations (Fig. S2). For
example, a parr swimming downstream from the small dam swam
only briefly within the vortex of the dam, and ranged cross-stream to
∼45 cm into the freestream (Fig. S2A), and its peak frequency
of location was 70 cm downstream and 30 cm into the freestream
(Fig. S2C). The overall tendency of the parr was to orient upstream,
yet it was oriented downstream as it turned from the freestream into
the shear layer trailing from the edge of the wing dam and circled
back to the freestream (Fig. S2A). When swimming in the vortex
behind the medium dam, this fish oriented itself in the direction
of oncoming flow, so was positioned downstream in the global
frame of reference. In contrast, this fish faced upstream while in
the freestream flow offboard from the wing dam (Fig. S2B). This
individual preferentially swam 40 cm downstream and 15 cm
inboard from the edge of the wing dam (Fig. S2D).

Fish preferred to swim in the vortex of a dam if the dam was large
enough to permit refuging behavior (Fig. 3). Parr and especially adults
seldom swam in the vortex of the small dam. Unique patterns were
apparent for each combination of fish and dam size. For example,
fingerlings spent most of their time within 20 cm downstream of
the small dam but were spread further downstream in the vortices
behind the medium and large dams (Fig. 3). Parr spent most of their
time downstream of the small and medium dams and positioned
themselves immediately behind the large dam (Fig. 3). Parr,
particularly one individual among the four, also exhibited a unique
tendency to swim in the freestream flow located upstream of the dam.
In the presence of small and medium dams, adults spent more time in
the freestream than smaller trout but spent a high frequency of time
positioning themselves immediately behind the large dam.

Fish orientation was a function of body and dam size and likely a
product of local flow regime depending on the position of the fish
in the flume. The percentage of time spent swimming oriented
upstream varied significantly with dam size (ANOVA: d.f., 2,18;
P=0.00075). In the presence of the small dam, fingerlings were
mainly oriented forward (i.e. towards the top of the flume; this does
not indicate whether the fish was swimming into or out of the local
flow; Fig. 4A). As dam size increased, fingerlings increased the
amount of time oriented downstream – up to 75% of total time
pointed downstream with the large dam (Fig. 4A). Parr spent most
of their time swimming forward in the small dam, but then spent
most of their time oriented downstream in the wake of the medium
and large dams. This trend was similar in adults, except that for
medium and large dams, adults split their time evenly between
being oriented upstream and downstream (Fig. 4).
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The amount of time spent in the downstream vortex created by
each wing dam changed significantly with size class (ANOVA: d.f.,
2,9; P=0.0028 for size class and d.f.=2,18, P=0.000006 for dam
size). For the small dam, fingerlings spent 3–4 times longer within
the vortex compared with their larger counterparts (Fig. 4B). Behind
the medium dam, vortex holding was an inverse function of fish
size, where fingerlings spend the most time, and adults the least
(Fig. 4B). All fish were able, and preferred, to spend nearly 100% of
their time in the vortex behind the large dam (Fig. 4B).
Cross-stream position varied significantly with size class (ANOVA:

d.f. 2,9; P=0.01) and dam size (ANOVA: d.f., 2,18; P=0.000001;
Fig. 4C,D). Smaller fish were able to position themselves further into
the vortex for any given dam size; and for the small dam condition, parr
and adults were restricted to swimming in the freestream flow.
Streamwise positioning behavior showed that smaller fish held closer
to the dam and that fish of any size got closer to the dam as dam size
increased. Themean streamwise position varied significantly with size
class (ANOVA: d.f. 2,9; P=0.018) and dam size (ANOVA: d.f. 2,18;
P=0.005).
None of the interactions between the effects of size class and dam

size were statistically significant for time oriented upstream, time in
vortex, cross-stream position or streamwise position (ANOVA: d.f.
4,18; all P>0.29).
In two conditions (17% of all possible combinations of size class

and dam size), fish exhibited swimming locations and orientation

that may have offered opportunities to harvest energy from the shear
layer between the vortex and the freestream. Fingerlings swimming
behind small dams and adults swimming behind medium dams
exhibited cross-stream positions on the inside edge and centered on the
edge of the dam, respectively (Fig. 4C). During these trials, fingerlings
oriented upstream 80% of the time compared to 58% for adults.

Kinematics
Swimming kinematics varied as a function of fish size and flow
regime (vortex versus freestream). Individual fish searched the
experimental test section, crossing in and out of the shear layer
between the vortex and the freestream (Figs S2, S3). Transitioning
from the vortex (red background in Fig. S3A) to the freestream
(blue background in Fig. S3A) changed the swimming kinematics
observed in an individual fish (Fig. S3B). The fish turned upstream
when exiting the wake of the dams so that their heads were oriented
into the flow when entering the freestream (Fig. S3A).

Relative freestream swimming velocity ranged from 4 body lengths
(BL) s−1 in adults to 12 BL s−1 in fingerlings; requiring relatively
short undulation wavelengths and high tailbeat frequency to station
hold (Fig. 5). Within the vortex, each size class exhibited longer
wavelengths, lower tailbeat frequencies and higher Strouhal numbers
than when swimming in the freestream (Fig. 5). Local flow condition
(vortex versus freestream) had significant effects upon mean tailbeat
frequency (ANOVA, d.f. 1,9; P=0.000001), wavelength (ANOVA,
d.f. 1,9;P=0.01) and St number (ANOVA: d.f. 1,9;P=0.000006). Size
had significant effects on mean tailbeat frequency (ANOVA: d.f, 2,9;
P=0.000003) and St number (ANOVA: d.f. 2,9; P=0.00016). There
was a significant interaction effect between size class and flow
condition for tailbeat frequency (ANOVA: d.f. 2,9; P=0.0003) but not
formeanwavelength and St number (bothP>0.45). In both vortex and
freestream swimming, St number declined with increasing body size.
Parr and adults were able to achieve 0.2≤St≤ 0.4 when swimming
in the freestream, but fingerlings averaged a St number 0.8±0.2
(Fig. 5D). Tailbeat amplitude did not vary significantly with size class,
dam size or an interaction between the two (all P>0.43). Expressed
relative to body length, relative tailbeat amplitude declined with
increasing body size, from 0.53 in fingerlings, to 0.32 in parr and 0.21
in adults (1/total length). Relative to body length, relative wavelength
also decreased with increasing size from 0.25 in fingerlings, to 0.23 in
parr and 0.19 in adults.

DISCUSSION
Size-selected refuging behavior
Our results revealed that all three size classes preferred to position
themselves within a vortex, but their capacity to do so differed as a
function of dam size. Cote and Webb (2015) recommended using a
dimensionless ratio of vortex size to improve understanding of the
propensity of a wake structure to destabilize a swimming fish. If we
use streamwise velocity (Fig. 2A) to define wake size, we obtain
vortex width to fish length (WV:LF) ratios that vary from 0.7 (adult
with small dam) to 4.0 (fingerling with large dam). When WV:
LF≤1.1, as was the case for parr and adults with small dams and
adults with medium dams, refuging behavior was not exhibited or
appeared to be constrained (Figs 3 and 4). Flow refuging was
consistently performed when WV:LF≥1.5. Wake widths would be
greater if defined using vorticity instead of streamwise velocity, so,
defined using vorticity, the threshold above which all size classes of
trout would regularly flow refuge would be WV:LF≥ 2.1. Using
either variable to define wake width, having a wake that is larger
than body length seemed to best accommodate flow refuging.
Vortices that have the greatest potential to perturb swimming are
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approximately of the same spatial scale as a characteristic length of
an animal (Tritico and Cotel, 2010; Cote and Webb, 2015). Thus,
we interpret that parr and adult trout avoided swimming in vortices
of small dams to maintain their swimming stability.
Trout behavior varying according to WV:LF ratio may provide

useful insight into micro-habitat preferences of different size classes
of trout when interpreting ecological needs (Rosenfeld, 2003). For
example, WV:LF ratio could be used to determine the size of
boulders or other objects to be selected when creating refugia
specifically for different size classes of trout in stream restoration
(Shuler et al., 1994) or when building artificial passageways to help
fish circumvent dams (Forty et al., 2016). Fisheries managers and

others working in natural streams are not likely to have ready access
to PIV or other methods for measuring wake dimensions, so the
ratio of dam width to body length is a potentially useful substitute.
Trout appeared to fully flow refuge when this ratio was greater
than 1.2. However, one limitation of this alternative for making
specific predictions of behavior is that the relationship between dam
width and wakewidth was not linear. Damwidth was 70%, 85% and
99% of wake width for small, medium and large dams, respectively.

Shared patterns of behavior among size classes
Changing dam size changed trout behavior and kinematics in a
manner consistent with size-selected refuging. Across trout size
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classes, a smaller dam induced orientation more upstream, less time in
the vortex, cross-stream position farther into the freestream flow and
streamwise position further downstream (Fig. 4). This pattern of larger
size classes being pushed further into the freestream flow suggests that
a smaller size refuge was more difficult to refuge within, even for the
fingerlings, though fingerlings were able to take advantage of the
small vortices compared with parr and adults. Behavior behind the
large dam suggests that all size classes preferred a vortex when they
could take advantage of the low-speed, recurrent flow: all size classes
spent more time within the vortex and tucked further away from
freestream flow and further upstream against the dam.
Fish of all three size classes appeared to prefer microhabitat with

low TKE. This is evident from comparing peak frequencies of
position (Fig. 3) with TKE presented in Fig. 2C. TKE was greatest
in the downstream portions of the shear layer (Fig. 2). TKE has been
shown to increase swimming costs (Enders et al., 2005). Recent
research shows that habitat with lower TKE assists migrating fish to
pass pools or rest inside pools (Sirajee, 2023).

Implications for energetics of movement
The kinematics of trout swimming in the vortices of wing dams
resembled the kinematics of Kármán gaiting and entrainment; they
exhibited longer body wavelengths and lower tailbeat frequencies
compared with freestream swimming (Liao et al., 2003a; Cook and
Coughlin, 2010). One notable difference is that trout exhibited no
significant difference in tailbeat amplitude between vortices and the
freestream treatments, whereas tailbeat amplitude during Kármán
gaiting and entrainment is greater than during freestream swimming
(Liao et al., 2003a; Cook and Coughlin, 2010). Our results showing
invariable amplitude across size reflect that tail movement will be
influenced by the hydrodynamic patterns of flow during refuging
downstream of the dam. Furthermore, the scaling of kinematic
modulation within experimental flows differed between the two
studies – smaller fish showed a longer body wavelength than larger
fish when Kármán gaiting (Akanyeti and Liao, 2013), whereas
scaling of wavelength increased with increasing size class in vortex
swimming (Fig. 5). Our interpretation of these differences suggests
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there are different kinematic solutions between energy harvesting and
flow refuging. Kármán gaiting trout interacted with the outermost
margin of vortices and adopted wavelengths to generally match the
tangent of each vortex (i.e. not entering the vortex interior). In vortex
refuging, the fish adopted kinematics to hold station within the
vortex. This suggests the fish are conforming to the larger structure
(as shown in the time-averaged wakes in Fig. 2) as opposed to the
smaller vortex structures apparent in time-resolved samples (Fig. S1).
Concurrent PIV and kinematics experiments would be necessary to
resolve this.
Swimming kinematics in a vortex differed from that in freestream,

falling outside the optimal St number range of 0.2≤St≤0.4 for
maximizing propulsive efficiency (Taylor et al., 2003; Fig. 5). This
suggested that the fish did not seek to optimize undulatory kinematics
when swimming in low-drag conditions. Drag is expected to vary
with velocity squared. Average vortex velocity was ∼7.8 cm s−1, 7.9
times less than average freestream velocity at∼61.7 cm s−1. Thus, we
estimate drag for a given fish was ∼63 times less (i.e. 7.92=62.5)
when swimming in vortices compared with the freestream. In
contrast, in the freestream, parr and adults exhibited St numbers
within the optimal range. Use of optimal St numbers in faster flow
velocity is consistent with the hypothesis that efficient cruising is
driven by drag (Floryan et al., 2018). We interpret that fingerlings
lacked sufficient neuromuscular control, power or thrust production
to achieve optimal St numbers in the freestream where average
velocity (65 cm s−1) was ∼12 BL s−1 for the fingerlings.
Two of our results are consistent with the hypothesis that fish find

a behavioral solution to optimizing position within energetically
favorable flows (Johansen et al., 2020). When dam size was
adequate, fish chose to swim in the vortex, where flow velocity was
∼20% of freestream velocity, and in 17% of the experimental
conditions fish swam on the inside edge of the shear layer (Figs 2, 3
and 4). Preferred swimming in low velocity flow is a feature of
Kármán gaiting (Akanyeti and Liao, 2013). Alternative locations of
swimming in the vicinity of obstacles include upstream in the bow
wake and lateral entrainment (Liao et al., 2003b; Liao, 2007; Cook
and Coughlin, 2010). Entrainment and Kármán gaiting are known
to reduce metabolic costs as compared with swimming in the
freestream (Cook and Coughlin, 2010), but energy savings are
complicated by feeding (Johansen et al., 2020). Future research
could combine detailed body kinematics with simultaneous time-
resolved PIV to better inform bioenergetic models that can assess
fish habitat quality and habitat restoration.

Conclusions
We observed significant effects of body size and dam size on
swimming behavior and kinematics. Trout preferentially swamwithin
the vortex of a wing dam when the relationship between vortex width
and fish length (WV:LF) was >1.5. We estimate drag on the fish was
63 times lower in the vortex compared with the freestream, thus likely
requiring much less energy for swimming. We interpret that smaller
WV:LF ratios result in vortices that destabilize the fish. Our results
may help inform ongoing efforts to improve existing stream habitat
for trout (e.g. Shuler et al., 1994) and assist migrating fish to pass
upstream of dams using vertical slot ladders (Forty et al., 2016;
Hodge et al., 2017). Dam width may be a reasonable proxy for wake
width for such field applications. Natural waterways are vastly more
complex than our water flume (Fig. 1) and feature a diverse array of
selective pressures (Rosenfeld and Boss, 2001) that may vary
according to life history stage (Schluter et al., 1991). Thus, studies in
natural streams are needed to further elucidate the ecological and
evolutionary implications of our experiments.
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