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Simulated instream restoration structures offer smallmouth
bass (Micropterus dolomieu) swimming and energetic advantages
at high flow velocities
Katherine K. Strailey, Ryan T. Osborn, Rafael O. Tinoco, Piotr Cienciala, Bruce L. Rhoads, and Cory D. Suski

Abstract: Restoration practices aimed at fish habitat enhancement often include installation of instream structures. How-
ever, mixed outcomes have been reported regarding structure effectiveness, while mechanisms underlying success remain
unclear. The interactions between fish and flow conditions generated by instream structures and their subsequent impact
on fish energetics may provide some insight. This study seeks to quantify how restoration structures, simulated by cylin-
ders in three orientations, alter the energetics and swimming stability of smallmouth bass (Micropterus dolomieu). Acceler-
ometers measured swimming stability while a respirometer measured energy expenditure at multiple velocities. Particle
image velocimetry was used to characterize flow fields behind structures. Structures generated flow conditions that bene-
fited fish energetically. Fish had a smoother gait and expended less energy when swimming near a structure, regardless of
its orientation. Benefits varied with flow conditions; reductions in energy expenditure were especially apparent at high
flow velocities. Results suggest that restoration structures may be most energetically beneficial in stream systems with con-
sistently high velocities and inform restoration by indicating flow conditions in which structures provide the greatest ener-
getic benefits for fish.

Résumé : Les pratiques de restauration visant à améliorer les habitats de poissons comprennent souvent l’aménagement d’ouv-
rages dans les cours d’eau. Des résultats mitigés ont toutefois été rapportés quant à l’efficacité de tels ouvrages, et les méca-
nismes qui sous-tendent cette dernière demeurent mal compris. Les interactions entre les poissons et les conditions
d’écoulement produites par les ouvrages dans les cours d’eau et leur incidence subséquente sur l’énergétique des poissons pour-
raient fournir des indices. L’étude tente de quantifier comment des ouvrages de restauration, simulés par des cylindres de trois
orientations différentes, modifient l’énergétique et la stabilité de nage d’achigans à petite bouche (Micropterus dolomieu). Des
accéléromètres sont utilisés pour mesurer la stabilité de nage et un respiromètre, pour mesurer la dépense énergétique à différ-
entes vitesses. La vélocimétrie par images de particules est utilisée pour caractériser les champs d’écoulement en arrière des ouv-
rages. Ces derniers produisent des conditions d’écoulement avantageuses pour les poissons sur le plan énergétique. Les poissons
nagent de manière plus stable et dépensent moins d’énergie à proximité d’un ouvrage, peu importe son orientation. Les avan-
tages varient selon les conditions d’écoulement; des réductions de la dépense énergétique sont particulièrement évidentes à de
hautes vitesses d’écoulement. Les résultats portent à croire que les ouvrages de restauration pourraient offrir les plus grands
avantages sur le plan énergétique dans les réseaux hydrographiques caractérisés par des vitesses d’écoulement uniformément
élevées, et fournissent des renseignements utiles pour la restauration en indiquant les conditions d’écoulement dans lesquelles
ces ouvrages offrent aux poissons les plus grands avantages énergétiques. [Traduit par la Rédaction]

Introduction
Freshwater ecosystems worldwide are currently at risk due to

anthropogenic degradation that imperils water quality, connectiv-
ity, and biodiversity (Gleick 2003; Dudgeon et al. 2006; Vörösmarty
et al. 2010). The United States Environmental Protection Agency
(EPA) estimates that, of 750000 sampled river kilometres in the
United States, half were considered impaired, and nearly half (46%)
were in poor biological condition (EPA 2017). In addition, between
10000 and 20000 freshwater species are at risk of extinction, and in
North America, it is estimated that 39% of freshwater and

diadromous fish species are imperiled (Jelks et al. 2008). Overall,
freshwater systems are highly degraded, and the consequences of
human impact arewidespread.
Restoration is one way to counteract and mitigate the deterio-

ration of fresh waters while complementing other conservation
and management actions, such as erosion control, stormwater
management, and riparian revegetation (Wohl et al. 2005, 2015;
Bernhardt and Palmer 2007; Beechie et al. 2010). In the United
States, tens of thousands of restoration projects have been under-
taken over the past several decades, and this approach to stream
management is now a multibillion dollar industry (Bernhardt

Received 24 January 2020. Accepted 23 August 2020.

K.K. Strailey. Program in Ecology, Evolution, and Conservation Biology, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.
R.T. Osborn. Department of Civil and Environmental Engineering, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA.
R.O. Tinoco. Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.
P. Cienciala, and B.L. Rhoads. Department of Geography and Geographic Information Science, University of Illinois at Urbana-Champaign, Urbana, IL
61801, USA.
C.D. Suski. Department of Natural Resources and Environmental Sciences, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA.

Corresponding author: Katherine K. Strailey (email: ks26@illinois.edu).
Copyright remains with the author(s) or their institution(s). Permission for reuse (free in most cases) can be obtained from copyright.com.

Can. J. Fish. Aquat. Sci. 78: 40–56 (2021) dx.doi.org/10.1139/cjfas-2020-0032 Published at www.nrcresearchpress.com/cjfas on 8 September 2020.

40

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 U
rb

an
a-

C
ha

m
pa

ig
n.

 o
n 

11
/0

5/
21

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

https://www.copyright.com/search.action?page=simple
https://www.copyright.com/search.action?page=simple
http://dx.doi.org/10.1139/cjfas-2020-0032


et al. 2005). The goals of river restoration vary widely, but gener-
ally focus on enhancing the environmental quality of human-
impacted streams (Bernhardt et al. 2005). From an ecological per-
spective, restoration and the related activity of stream natural-
ization (Wade et al. 2002; Rhoads et al. 2011) often seek to
counteract adverse impacts on aquatic communities through
improvement of instream habitat (Bernhardt et al. 2005).
Many restoration efforts aimed at reversing declines in fish

populations involve placement of artificial structures in streams
or adoption of management approaches that encourage the de-
velopment of natural structures in streams to improve physical
habitat (Thompson 2006; Palmer et al. 2014). Artificial structures
can be large and highly complex, such as engineered logjams and
woody debris (Abbe and Brooks 2011), or small and simple, such
as sunken root wads and lunkers (crib-like structures supported
by vertical piles and sunken into banks to provide cover for fish;
Radspinner et al. 2010). Besides providing habitat for fish, natural
and artificial structures can also contribute to erosion control
and flood protection (Gilvear et al. 2013). Structures can posi-
tively impact individual fish as well as fish populations and com-
munities by increasing habitat heterogeneity (Tews et al. 2004),
providing cover from predators (Fausch 1993), and generating
regions of low-velocity flow that may benefit fish energetically
(McMahon and Hartman 1989; Shuler et al. 1994; Antón et al.
2011; Boavida et al. 2011). As such, artificial instream structures as
well as management approaches aimed at developing and pre-
serving natural structures have been implemented widely to
address a variety of issues related to degradation of the environ-
mental quality of rivers (Nagayama and Nakamura 2010).
Despite widespread adoption of restoration strategies based on

enhancement of instream structure through augmentation with
artificial structures or promotion of natural structure develop-
ment, mixed outcomes have been reported, with not all projects
resulting in enhancements to fish populations (Kail et al. 2015).
In fact, many restoration projects intended to increase fish popu-
lation size and biodiversity through improved habitat heteroge-
neity have been ineffective (Stewart et al. 2009; Palmer et al.
2010; Lepori et al. 2005). Long-term impacts of instream struc-
tures on population changes often are difficult to assess because
few projects include pre- and postproject monitoring (Downs and
Kondolf 2002; Bernhardt et al. 2007). The response time to
changes in habitat remains poorly constrained, and many years
of monitoring may be required to determine whether instream
habitat structures actually benefit fish populations (Louhi et al.
2016). Moreover, any favorable biological responses that are docu-
mented, such as increases in fish abundance or biomass, typically
are assumed to result from restoration, yet detailed mechanism(s)
underlying these changes remain unknown.
Stream restoration may yield inconsistent results, in part, due

to a lack of understanding of the mechanisms that guide fish
interactions with natural or artificial structures. The majority of
studies examining restoration success have focused primarily on
ecological metrics, such as changes in population size or commu-
nity dynamics, that may be unable to clearly attribute responses
to habitat enhancement. In contrast, physiological metrics,
which can influence life history (Ricklefs and Wikelski 2002),
community composition (Start et al. 2018), and species resilience
(Hofmann and Todgham 2010), have largely been ignored. Indi-
vidual physiology responds swiftly to changes in the environ-
ment and as such may contribute to a more holistic, mechanistic
understanding of how restoration impacts fish.
The small-scale interactions between fish and structure-

induced flow characteristics are rarely emphasized in either
instream structure design or project monitoring; instead, the
research, design, and evaluation of instream restoration struc-
tures largely focus on geomorphic effects, such as increased
scour and pool formation and erosion-control benefits that

contribute to channel stability (Thompson 2002; Miller and
Kochel 2010; Radspinner et al. 2010; Bennett et al. 2015). This is a
concern because both natural obstructions and instream struc-
tures alter flow characteristics (Daniels and Rhoads 2013; Bennett
et al. 2015), largely by generating coherent turbulent structures
that increase levels of turbulence. Instream structure provides
cover from predators and increases food availability (Angermeier
and Karr 1984; Schneider and Winemiller 2008), but also gener-
ates turbulence that affects fish swimming behavior, kinematics,
and energy consumption (Tritico and Cotel 2010; Tullos and Wal-
ter 2015; Maia et al. 2015). Turbulence in rivers is characterized by
chaotic, irregular fluctuations in velocity imposed onto mean
flow, manifesting as vortices and eddies of various sizes and
strengths (Warhaft 2002). The size, orientation, and intensity of
such turbulence features are dependent on themeanwater veloc-
ity, the depth of flow, and the characteristics of instream struc-
tures (Williamson 1996; Beal et al. 2006), while the intensity,
periodicity, orientation, and scale of turbulent eddies, along with
fish size and shape (Lupandin 2005; Tritico and Cotel 2010), deter-
mine interactions between fish and turbulence (Lacey et al. 2012).
High levels of turbulence may place a large energetic burden on
fish, in turn affecting fish position choice and habitat selection
(Wilkes et al. 2017). On the other hand, certain patterns of coher-
ent fluid motion may correspond to patterns of swimming
mechanics by fish, thereby conferring reducing energetic costs (Liao
et al. 2003b; Taguchi and Liao 2011). The possible energetic benefits
of instream structure may be increased if structures are able to gen-
erate such flow conditions. However, the interactions between fish
and turbulence are generally understudied outside of a handful of
species, and studies emphasizing turbulence generated by instream
structures largely focus on large-scale turbulence (Tullos andWalter
2015; Tullos et al. 2016).
The goal of this study is to quantify the local interactions

between a riverine fish and simulated instream structures imme-
diately downstream from structures using an experimental,
laboratory-based approach. We investigated the influence of
structures on swimming performance and energetics and chose
to focus on energetics because energy expenditure is a metric
firmly based on well-understood physiological mechanisms, as
well as being particularly sensitive to environmental conditions
and can be immediately responsive to changes in the environ-
ment (Enders and Boisclair 2016), such as the altered flows and
turbulence generated by instream structures. Fish were placed in
a swimming respirometer outfitted with several different struc-
tures to vary flow conditions and explore potential influences of
orientation or design elements of artificial structures. Rate-of-
change accelerometers were implanted in fish to quantify posi-
tion stability, concurrent with measurements of oxygen con-
sumption; position stability was expected to decrease as water
velocity increased, and fish increasingly became unstable swim-
ming within the respirometer. Flow in the respirometer was char-
acterized through the use of particle image velocimetry (PIV),
with a particular emphasis on the intensity and orientation of tur-
bulent vortices in addition to mean flow characteristics. The cen-
trarchid smallmouth bass (Micropterus dolomieu) was selected as
the model species for this study, as these river-dwelling fish often
are a target species for instream restoration efforts in the United
States (Moerke and Lamberti 2003; Hrodey and Sutton 2008).
Results contribute to the understanding of fish energetics and
provide insight into the physical characteristics of stream restora-
tion structures thatmaximize energetic benefits for fish.

Methods

Fish collection and care
Smallmouth bass (n = 48) were delivered from JakeWolf Memorial

Fish Hatchery (Topeka, Illinois) to the Illinois Natural History Survey
Aquatic Research Facility (Champaign, Illinois) on 21 September
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2018. Upon arrival at the aquatic facility, smallmouth bass were held
overnight in outdoor, 1135 L circular tanks to recover from hauling;
tanks were connected to an earthen-bottom pond, and water tem-
perature was 22 °C. The following day, each fish was weighed to the
nearest gram (overall mean = 296.9 6 11.3 g standard error, SE) and
its total length (TL) measured to the nearest centimetre (mean =
27.5 6 0.4 cm SE), before being divided among three indoor 567 L
tanks at an initial temperature of 22 °C. Water temperature in these
indoor tanks was then adjusted by 1 °C every day using heater–
chiller units (TK 500, TECO, Ravenna, Italy) until treatment tempera-
tures of 15, 18, and 21 °C were reached (Peake et al. 1997; Webb 1998);
these temperatures reflect a range of ecologically relevant tempera-
tures commonly encountered by stream-dwelling smallmouth bass
(McClendon and Rabeni 1987; Wehrly et al. 2003). Multiple acclima-
tion temperatures were utilized because swimming performance
can vary across temperatures (Hocutt 1973; Kolok 1991), oxygen con-
sumption (MO2) correlates positively with temperature (Enders et al.
2003), and the use of multiple temperatures increases the range of
temperatures at which conclusions could be drawn for wild, free-
swimming smallmouth bass. Once target temperatures were
reached, an acclimation period began, and fish remained at target
temperatures for between 65 and 70 days to ensure thermal acclima-
tion (Johnston and Dunn 1987; Currie et al. 1998; Sandblom et al.
2014). Throughout the acclimation period, water quality (levels of
dissolved oxygen and ammonia) was measured regularly (YSI Inc.
Professional Plus; API Ammonia Test Kit; Table 1). Smallmouth bass
were fed live minnows (e.g., fathead minnows, Pimephales promelas)
once aweek at a rate of 2% of their bodymass.

Tagging procedure
Following the end of the acclimation period, each smallmouth

bass was surgically implanted with an accelerometer tag (model
MCFT3-SO, 6.8 g in air, 12.5 Hz recording frequency; Lotek Wire-
less, Newmarket, Ontario, Canada) to quantify position stability
during swim trials. These tags measured jerk acceleration (i.e.,
the rate of change of acceleration), which has previously been
used to quantify position changes in other aquatic organisms,
including Chinook salmon (Oncorhynchus tshawytscha) passing
through dams and feeding harbor seal (Phoca vitulina) (Deng et al.
2005; Ydesen et al. 2014); jerk acceleration was utilized as fish
become increasingly unstable as water velocity increases and
they approach the point of fatigue (Beamish 1970; Webb 1971). On
average, tag burden was 2.17% of body mass, and for the smallest
individuals, the mass of the accelerometer tag in air did not
exceed 4% body mass (Cooke et al. 2011). Visual inspections
ensured that the volume of the tag was appropriate for the body
cavity of the fish. Surgeries followed methods outlined in Wag-
ner et al. (2011) and Harms (2005), and all fish were fasted for a
minimum of 48 h before surgeries took place to allow sufficient
time for digestion (Adams et al. 1998).
Fish were anesthetized with AQUI-S 10E (AQUI-S New Zealand

LTE, Lower Hutt, New Zealand) at a concentration of 50 mg·L�1 at
a temperature identical to their acclimation temperature, until
they lost equilibrium and were unresponsive to tail pinches.

Each individual was then weighed, measured, and transferred to
a wet surgical tray for tagging; no significant loss of mass was
observed for the group as a whole between fish arrival at the facil-
ity and tagging (Welch two-sample t test, t[83.9] = –0.97, P = 0.34).
A tube was placed into the fish’s mouth to provide a constant
flow of AQUI-S 10E-dosed water over the gills and maintain anes-
thetization. A 15 mm long incision parallel to the ventral midline
was made 2 mm anterior to the terminus of the pelvic fins and
1 mm off of the ventral midline. The accelerometer was gently
inserted into the peritoneal cavity, while the antenna exited
through the incision and was allowed to trail freely. The incision
was then closed with a single absorbable suture (M452, size 3/0,
NFS-2 needle; SouthPointe Surgical, Coral Springs, Florida), and
fish were immediately placed in a container of aerated water,
matched to their acclimation temperature, to facilitate recovery.
Once equilibrium was regained and normal swimming behavior
resumed, fish were transferred to isolation totes and returned to
their original acclimation tank. Isolation totes were clear and
allowed for water flow and visual contact with other fish but pre-
vented physical interaction or tangling of antennas. Each fish
was allowed to recover overnight for aminimum of 16 h after tag-
ging before participating in respirometer swim trials (Wilson
et al. 2013), and no more than 7 days passed between a fish’s tag-
ging event and its inclusion in swim trials (Rodgers et al. 2016;
Svendsen et al. 2016). All surgeries were performed by the same
individual, andmean surgery time was 3:53 min (66.8 s SE).

Respirometer swim trials
Quantification of MO2 (energy use) when interacting with

simulated instream structures was performed with tagged fish
in a 30 L Steffensen-type swimming respirometer (model num-
ber SW10150; Loligo Systems, Viborg, Denmark; Fig. 1a) using
intermittent-flow respirometry (Steffensen et al. 1984; Nelson
2016; Svendsen et al. 2016). The manufacturer indicates that
this swimming respirometer is ideally suited for fish weighing
between 175 and 500 g (https://www.loligosystems.com/swim-
tunnel-respirometer-3). Experimental treatments with turbulent
flow consisted of the addition of a single 2.54 cm diameter clear
acrylic cylinder (hereinafter referred to as a structure) securely
mounted in the swimming chamber in one of three orientations
(Taguchi and Liao 2011). In addition, control trials were conducted
with no structures (NS). The reference frame is defined such thatX is
the longitudinal coordinate in the direction of the mean flow, Y is
the horizontal transverse coordinate perpendicular to the mean
flow, and Z is vertical (Figs. 1b–1f). The structure was thus aligned
with the Y axis (horizontal structure, HS), Z axis (vertical structure,
VS), and diagonally within the YZ plane (diagonal structure, DS). VS
was placed on the centerline of the chamber, HS was centered at
half depth, and DS was placed with the high end of the structure
against the swim chamber’s inner wall oriented at a 45° angle.
Structures were always placed in the swim chamber prior to
introducing fish into the respirometer. The cylinders represented
simplified versions of common flow restoration structures, such as
lunkers and root wads. The vertical support posts of a lunker are

Table 1. Average size of smallmouth bass, along with metrics of water quality data, across the 60-day
acclimation period at one of three different temperature treatments.

Treatment
temperature (°C)

Mean
temperature (°C)

Total
length (cm) Mass (g)

Dissolved oxygen
saturation (%)

Ammonia
(ppm)

15 15.6 (60.16) 29.7 (60.5) 303.5 (613.1) 93.2 <1.0
18 18.3 (60.08) 29.5 (60.6) 309.0 (616.7) 94.3 <1.0
21 20.8 (60.04) 30.1 (60.3) 325.0 (66.9) 91.9 <1.0

Note: Smallmouth bass were measured following the end of the acclimation period, while water
quality metrics were measured either daily (temperature and dissolved oxygen saturation) or every
several days (ammonia). Length and mass data are shown with standard error and did not vary across
temperature treatments (P> 0.05).
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emulated by the vertical cylinder (Thompson 2005; Rosi-Marshall
et al. 2006), whereas the complex structure of a root wad extending
horizontally and diagonally into flow are represented by the
horizontal and diagonal cylinders (Figs. 1b–1f) (Shirvell 1990;
Manners andDoyle 2008).
Swimming trials were conducted between 3 and 21 December

2018. Tagged smallmouth bass, hereinafter referred to by struc-
ture treatment (HS, VS, DS, or NS) were randomly assigned to one
of the four treatments. Each fish was only assigned to a single
treatment in the study, and fish size did not differ across treat-
ments (one-way analysis of variance (ANOVA) on body length
(BL), F[1,40] = 1.4, P = 0.3). The order that the study progressed was
randomized in a three-tiered fashion intended to minimize the
potential of temporal bias. First, tagged fish used in a trial were
randomly chosen from the pool of all tagged individuals avail-
able on a given day. Second, for days in which fish from multiple
acclimation temperatures were scheduled to swim, the order in
which temperature treatments occurred was randomized, and
the water within the respirometer was drained and refilled as
needed. Finally, the order that structures were added to the
swimming respirometer at a given temperature was also random-
ized. Following introduction into the swimming respirometer,
smallmouth bass were acclimated at 0.5 BL·s–1 for 30 min until
normal behavior resumed (Peake et al. 1997; Cooke et al. 2001),
indicated by the fish facing upstream and maintaining position
within the swim chamber (Kern et al. 2018).
Following the acclimation period, water velocity in the respi-

rometer was increased to 1.0, 1.5, 2.0, 2.5, and 3.0 BL·s–1 (where
1.0 BL·s–1 approximates 0.30 m·s–1); approximate water velocity

was determined via a pre-existing conversion relating tunnel
motor revolutions per minute (rpm) to water velocity (m·s–1),
initially generated with a flow meter (HFA, Höntzsch GmbH,
Waiblingen, Germany). Water velocities were chosen based on
previous measurements of critical swimming speed in similarly
sized smallmouth bass (Peake 2004). One measurement of MO2

was obtained at each of the six water velocities (Bouyoucos et al.
2017). During the swimming trial, the program AutoResp ver-
sion 1 (Loligo Systems, Viborg, Denmark) was used to quantify
MO2. For all trials, the length of the mix phase of each measure-
ment cycle was held constant at 1 min; the length of each flush
phase was set at 3 or 4 min, depending on the flush pump in use.
To obtain a high coefficient of determination (r2 value) across
different flow velocities, we varied the time of the measurement
period (closed phase) from 4 to 15 min. Only MO2 values with an
r2 value above 0.9 were included in this study (Svendsen et al.
2016). Trials ended either when a fish had successfully com-
pleted swimming at all five velocities, if a fish fell to the grate at
the rear of the swimming chamber and refused to swim, or if a
measurement period exceeded 15 min, a commonly used mea-
surement period in similar studies (Bouyoucos et al. 2017;
Brownscombe et al. 2018). Upon completion, each fish was
removed from the respirometer and euthanized via an overdose of
tricaine methanesulfonate (MS-222). The entire respirometer was
cleaned with a bleach solution prior to trials beginning and regu-
larly until all trials were completed. MO2 measurements of the
empty respirometer were obtained regularly to assess any back-
ground microbial respiration, which was found to be negligible
(Rodgers et al. 2016).

Fig. 1. Photo of a 30 L swimming respirometer (a) utilized for accelerometer-tagged smallmouth bass swim trials and flow measurements,
depicting the side (b) and top (c) views of the respirometer with relevant dimensions. The location of each tested structure, including the
vertical structure (VS, d), the horizontal structure (HS, e), and the diagonal structure (DS, f) are depicted during vertical XZ plane tests.
[Colour online.]

Strailey et al. 43

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 U
rb

an
a-

C
ha

m
pa

ig
n.

 o
n 

11
/0

5/
21

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



Flowmeasurements
PIV was used to measure the velocity field within the respirom-

eter on two two-dimensional (2D) planes within the test section:
(i) a vertical plane oriented along the direction of the flow (XZ
plane) at the tank centerline and (ii) a horizontal plane oriented
along the direction of the flow (XY plane) at mid-depth. According
to our reference frame, we define the components of the velocity
as u in the longitudinal direction (X), v in the transverse direction
(Y), and w in the vertical direction (Z). We use lowercase symbols
(u, v, w) to indicate instantaneous values and uppercase for time
averages (U, V, W; Fig. 1). A 5 W, 532 nm, continuous-wave laser
(PIV-01251 DPSS, OptoEngine LLC, Midvale, Utah) coupled with a
45° cylindrical lens was used to generate a vertical or horizontal
light-sheet (with a thickness < 1 mm) for illuminating particles
traveling within the illuminated plane (11–18 mmdiameter spher-
ical glass particles; Fig. 1d–1f). A monochromatic camera (JAI GO-
5000M-USB; JAI Inc., San Jose, California) captured 12-bit images
with a 2560 � 2048 pixel resolution at frequencies from 30 to
60 frames per second. Trials with the investigated scenarios, NS,
VS, HS, and DS, were run at respirometer motor frequencies of
108, 161, and 200 Hz, equivalent to mean longitudinal velocities
of U1 = 0.09, U2 = 0.18, and U3 = 0.24m·s–1, respectively.

Jerk acceleration data processing and statistical analysis
The accelerometer tags used in this study yielded data in the

form of jerk acceleration (i.e., change in acceleration between
two successive times of measurement), summed in all three axes
of movement (X, Y, and Z). For a given data point at time tx, a jerk
acceleration value greater than zero corresponds to a change in
acceleration relative to acceleration at time tx–1 (i.e., a “jerk” or
change in swimming acceleration); a jerk acceleration value
equal to zero at tx indicates an unchanged acceleration relative to
acceleration at time tx–1. Thus, when quantified over longer sam-
pling intervals, periods of zero jerk acceleration indicate a con-
sistent, smooth swimming gait, while nonzero values of jerk
acceleration indicate that fish are changing gait and not swim-
ming in a consistent fashion. Because the quantity of jerk acceler-
ation data generated varied across fish and across trials (i.e.,
different oxygen measurement durations occurred at different
water velocities), the total number of data points greater than
zero and the number of data points equaling zero (referred to
here as jerk and zero measurements, respectively) were first
counted for each individual fish at a given swimming velocity.
These counts were then used to create a response variable that
consisted of the proportion of jerk accelerations relative to jerk
acceleration values of zero for a fish at that swim velocity, as
shown below:

Jerkproportion ¼ number of nonzero jerkmeasurements
Totalmeasurements

With this proportion as the response variable, data were mod-
eled with a generalized linear mixed model that included struc-
ture treatment, water velocity, and temperature as fixed effects,
structure treatment and water velocity as an interactive effect,
and fish ID as a random effect (Bolker et al. 2009); structure and
water velocity were interacted in all models due to this study’s
emphasis on the role of environmental conditions in affecting
swimming stability and oxygen consumption. A linear mixed
effects model was appropriate because multiple fixed effects,
including water velocity, structure type, and temperature and
their interactions were of interest and because the inclusion of
individual fish across multiple swimming velocities involved
repeated measures (Zuur et al. 2009). A beta-binomial distribu-
tion was used in the model not only to account for the fact that

the jerk acceleration data are proportions (zero or nonzero;
Crowder 1978; Bolker et al. 2009), but also because of overdisper-
sion of the data as indicated by residual deviance greater than
the residual degrees of freedom (Ennis and Bi 1998; Crawley
2013). Model selection was based on fixed effects that best fit the
data with the best fit defined by the model with the lowest AIC
value (refer to the online Supplementary material, Table S11)
(Zuur et al. 2009; Crawley 2013). Owing to the large number of
zero values in the data, a number of candidate zero-inflation
models were also tested (Zuur et al. 2009); ultimately, the best-
fitting model specified no zero inflation (Supplementary Table
S11). While it ultimately was not included in the best-fitting
model, fish length was tested as a possible fixed effect because
the effect of turbulence is related to how an eddy’s diameter corre-
sponds to a fish’s length, whereby a fish is more likely to be affected
when its length is similar to the diameter of the eddy (Lacey et al.
2012). Model fit was assessed through examination of predicted and
observed quantile residuals for the overall model (i.e., quantile–
quantile plots and examination of distribution of residuals), as well as
for the structure and water velocity predictors (Pereira 2019). Possible
effects of outliers or influential data points were considered to ensure
that these effectswerenot present anddidnot influencemodelfitting
(Zuur et al. 2009). Estimated marginal means were used to make
post hoc pairwise comparisons between fixed effects (West et al.
2007).

Oxygen consumption statistical analysis
Because fish mass does not scale linearly with metabolic costs

(Clarke and Johnston 1999), raw MO2 data were transformed
frommg O2·kg

�1·h�1 to mass-independentmg O2·h
�1. As with the

jerk acceleration data, a linear mixed effects model was used to
define the impacts of various fixed effects on MO2. Water veloc-
ity, structure type, and temperature, interactions among these
variables, and fish mass were included as fixed effects in models,
with MO2 treated as the dependent variable. Fish ID was specified
as a random effect to account for the repeated sampling of the
same individual across multiple swimming velocities (Crawley
2013). Additional models including respirometer swim trial date
and days between surgical tagging and trial date as random
effects were also tested. Model selection was based on the model
that best fit the data, where the best fit corresponded to the
model with the lowest AIC score (Supplementary Table S21)
(Crawley 2013). Both MO2 and fish mass (g) were scaled logarith-
mically because the relationship between MO2 and mass is not
linear (Clarke and Johnston 1999; Killen et al. 2012). Interestingly,
although temperature was included in the best-fitting model for
jerk acceleration, the variable was not included in the best-fitting
model for MO2 (Supplementary Table S21); the fixed effect factors
ultimately included in the best-fitting MO2 model were water ve-
locity, structure treatment, the interaction between these two
variables, and logarithmically scaled fish mass. The model fit for
MO2 data was assessed through a visual assessment of fitted resid-
ual and quantile–quantile plots (Zuur et al. 2009). Outlier tests
were used to ensure that model fitting was not affected by influ-
ential data points (Zuur et al. 2009). Estimated marginal means
were used to make post hoc pairwise comparisons between fixed
effects terms (West et al. 2007).
All data derived from swim trials were processed and analyzed

in R (version 3.6.0, R Foundation for Statistical Computing,
Vienna, Austria). The package “lme4” version 1.1-21 (Bates et al.
2015) was used to estimate mixed effects models for MO2 data,
while “glmmTMB” version 0.2.3 (Brooks et al. 2017) was used to
analyze jerk acceleration proportion data. Packages used for
model selection include “car” version 3.0-3 (Fox and Weisberg
2019), “sjstats” version 0.15.5 (L€udecke 2019), “rsq” version 1.1
(Zhang 2018), and “DHARMa” version 0.2.4 (Hartig 2019); “car”

1Supplementary data are available with the article at https://doi.org/10.1139/cjfas-2020-0032.
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was utilized to generate outlier and influential data plots, while
“sjstats” and “rsq” were used to generate marginal and condi-
tional r2 values for eachmodel, and “dHARMA”was used to generate
quantile residuals for the best-fitting jerk acceleration model.
Post hoc pairwise comparisons were made with “emmeans” version
1.3.4 (Lenth 2019). Figures were generated and arranged with
“ggplot2” version 3.1.1 (Wickham 2016) and “cowplot” version 0.9.4
(Wilke 2019). The level of significance (a) for all tests was set at 0.05,
and all reported are shown as6SEwhere appropriate.

Analysis of velocity statistics
PIV images were analyzed using Matlab-based (MathWorks

R2017a) open source software PIVlab (version 2.02; Thielicke and
Stamhuis 2014). Data analysis through PIVlab yielded 2D fields of
instantaneous velocities u and v for horizontal XY planes and u
and z for vertical XZ planes, with a spatial resolution of 3.2 mm.
Plots of 2D time-averaged velocities in the longitudinal (U), trans-
verse (V), and vertical direction (W) were obtained from the full
time series of velocity data at each measurement location for all
tested cases. Three turbulence metrics with potential effects on
fish swimming capabilities were calculated (Lacey et al. 2012):
Reynolds stresses, turbulent kinetic energy (TKE), and vorticity.
Reynolds decomposition was used to calculate instantaneous ve-
locity fluctuations u 0, v 0, andw 0 as

u0 ¼ u� U

v0 ¼ v� V

w0 ¼ w�W

Turbulent kinetic energy, TKE, is calculated in XZ and XY planes,
respectively, as follows:

TKEXZ ¼ 1
2

2u02 þ w02
� �

TKEXY ¼ 1
2

2u02 þ v02
� �

Instantaneous fluctuations are used to calculate time-averaged
(indicated by overbars) Reynolds stresses, u0v0 and u0w. Compo-
nents of vorticity, v y and v z, were calculated as the curl of the ve-
locity vector, v!¼ r� v!, where v!¼ u; v;wð Þ. Reynolds stresses,
TKE, and vorticity are all measures of the strength of turbulence
that may affect fish swimming capabilities (Lacey et al. 2012).
To ensure all cases were within the fully turbulent wake re-

gime (Williamson 1996), the Reynolds number (Re) based on cyl-
inder diameter (d) was calculated for each case, yielding values of
Re = Ud/� = {1200, 5200, 6800}, where � is the kinematic viscosity
of water. To estimate the spatial effect of the structures, we calcu-
lated the cylinder wake wavelength (l ), the characteristic eddy
frequency ( fp), and associated length scale (LT). l was calculated
based on the shedding frequency ( f), Strouhal number (St), and
the mean velocity (U) as l = U/f. Shedding frequency was esti-
mated through St = fd/U using the expected value of St = 0.21 for
the range of Re investigated (e.g., Liao et al. 2003a). Characteristic
eddy frequency was obtained by computing the frequency spec-
tra at each PIV subwindow and identifying the frequency fp of the
largest peak on the spectrum. The associated eddy length scales
were computed as LT = TTU, where TT = 1/fp.
For a consistent comparison across all treatments, TKE, vortic-

ity, and Reynolds stresses were converted to nondimensional
form based on the undisturbed velocity U1 obtained from the
temporal and spatial average of the case with no structure at

each flow rate and the diameter of the obstruction (i.e., TKE=U2
1,

u0w0=U2
1, and v yd/U1). Values of nondimensional turbulencemet-

rics were extracted and plotted for the vertical (XZ) and horizon-
tal (XY) planes.

Results

Jerk acceleration
Themodel that best fit the jerk acceleration data, indicated by the

lowest AIC score among the candidate models compared, included
simulated structure,water velocity, and temperature asfixed effects,
as well as the interactive effect of simulated structure and velocity.
Although the inclusion of temperature improved the fit of the jerk
acceleration model based on AIC score, it did not significantly
impact proportion of jerk acceleration measurements (Table 2). All
results are derived frompost hoc pairwise comparisons.
Smallmouth bass swimming in the respirometer with no flow-

modifying structures (NS treatment) did not differ significantly
in proportion to jerk measurements when water velocity
increased from 1.0 to 1.5 BL·s–1 (Table 2; Fig. 2a). As water velocity
further increased beyond 1.5 BL·s–1 to 2.0, 2.5, and 3.0 BL·s–1, the
proportion of jerk acceleration movement in the NS treatment
increased significantly with each increase in flow rate. At the
highest flow rates of 2.5 and 3 BL·s–1, the proportion of jerk accel-
eration measurements observed in the NS treatment was over
400 times greater than the proportion when fish were swimming
at 1.0 BL·s–1. In contrast, at 2.0, 2.5, and 3.0 BL·s–1, the proportion
of jerk measurements for fish swimming with any type of struc-
ture was significantly less than that for fish in the no structure
treatment swimming at that same velocity (Fig. 2a; Table 2). The
proportions of jerk measurements generated by smallmouth
bass swimming in the respirometer with a diagonal structure
(DS) at velocities greater than 1.0 BL·s–1 did not differ significantly
from the proportion at 1.0 BL·s–1, suggesting that the fish in this

Table 2. Summary of the model relating structure treatment (diagonal,
horizontal, vertical, or control), swimming velocity (10.0, 10.5, 20.0, 20.5,
and 30.0 BL·s–1), water temperature (15, 18, or 21 °C), and their interaction
to the proportion of jerk measurements generated at a swimming
velocity for smallmouth bass in a swimming respirometer.

Estimate
Standard
error z value Pr(>jzj)

(Intercept) �5.73 0.86 �6.61 <0.001
Diagonal 0.48 1.10 0.44 0.66
Horizontal 0.59 1.06 0.55 0.57
Vertical 0.12 1.15 0.10 0.92
1.5 BL·s–1 2.76 0.79 3.51 <0.001
2.0 BL·s–1 5.13 0.75 6.84 <0.001
2.5 BL·s–1 5.81 0.75 7.74 <0.001
3.0 BL·s–1 6.21 0.76 8.22 <0.001
18 °C �0.36 0.48 �0.75 0.43
21 °C 0.82 0.52 1.59 0.11
Diagonal� 1.5 BL·s–1 �2.15 1.19 �1.81 0.07
Horizontal� 1.5 BL·s–1 �2.76 1.16 �2.38 0.02
Vertical� 1.5 BL·s–1 �2.84 1.28 �2.23 0.03
Diagonal� 2.0 BL·s–1 �4.13 1.14 �3.63 <0.001
Horizontal� 2.0 BL·s–1 �4.17 1.06 �3.95 <0.001
Vertical� 2.0 BL·s–1 �4.44 1.16 �3.82 <0.001
Diagonal� 2.5 BL·s–1 �3.52 1.08 �3.25 <0.01
Horizontal� 2.5 BL·s–1 �2.83 1.01 �2.80 <0.01
Vertical� 2.5 BL·s–1 �3.64 1.10 �3.32 <0.001
Diagonal� 3.0 BL·s–1 �3.48 1.08 �3.23 0.00
Horizontal� 3.0 BL·s–1 �3.06 1.01 �3.00 <0.01
Vertical� 3.0 BL·s–1 �3.14 1.08 �2.90 <0.01

Note: Fish ID was specified as a random effect. Results frommodel
selection are shown in the online Supplementary Table 11, and data
are visualized in Fig. 1a.
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treatment maintain a smooth swimming gait across all velocities
(Table 2; Fig. 2a). In fact, the proportion of jerk measurements
generated by smallmouth bass swimming with a DS at velocities
of 2.0 and 2.5 BL·s–1 was significantly less than the proportions of NS
fish swimming at 1.5 BL·s–1. Smallmouth bass in the HS treatment
showed a 12-fold increase in the proportion of jerk measurements at
2.5 and 3.0 BL·s–1 relative to proportions at 1.0 BL·s–1 (Table 2; Fig. 2a).
Fish in theVS treatment also displayed significantly higher proportion
of jerk measurements relative to 1.0 BL·s–1, but only when swimming
velocity increased to 3.0 BL·s–1 (Table 2; Fig. 2a). While differences
between different structures at a given velocity were not significant,
DS fish consistently had the lowest proportion of jerk measurements
at high velocities, followedbyVSfish and thenHSfish.

Oxygen consumption
For MO2 data, the best-fitting model included the interaction

between simulated structure and velocity as well as the log of
fish mass (g); temperature was not included as a parameter in the

best-fitting model (Supplementary Table S21). The MO2 of small-
mouth bass swimming with structures did not differ across water
velocities; even at the highest velocities of 2.5 and 3.0 BL·s–1, MO2

did not differ significantly from MO2 at 1.0 BL·s–1 (Fig. 2b). In con-
trast, fish swimming without a structure experienced an increase
in MO2 of about 20%, relative to MO2 at 1.0 BL·s–1, at 2.5 and
3.0 BL·s–1 (Fig. 2b). However, at a given water velocity, MO2 did not
differ significantly for fish swimming with or without a structure
(Table 3).

Flow characteristics
Water velocity was highest overall throughout the test section

for tests without a simulated structure (Fig. 3). Alternating bands
of high and low velocity along the Y axis highlighted the effect of
the flow-redirecting vanes at the end of the tunnel (Fig. 4).
Although this banding was evident to some extent in the tests
with structures, it was clearly overwhelmed by the effect of the
structures on the flow.
Pockets of reduced velocity developed in the lee of all struc-

tures, which produced a wake effect in the corresponding plane
of orientation (Williamson 1996): the XZ (vertical) plane for the
HS (Fig. 3) and the XY (horizontal) plane for the VS (Fig. 4). The DS
produced a diagonal wake in both the XZ and XY planes (Figs. 3
and 4). A clear zone of recirculating fluid existed behind all struc-
tures (Figs. 3 and 4 — VS, HS, DS). Since only one diameter was
tested, wake wavelength remained similar across all cases, at l �
0.12 m, with shedding frequencies f = [0.7, 1.5, and 2.0] Hz corre-
sponding to bulk velocities U = [0.09, 0.18, 0.24] m·s–1.
Patterns of TKE, vorticity, and Reynolds stresses (Figs. 5–9)

clearly illustrated the influence of the simulated structures on
turbulence. For the NS case, TKE, vorticity, and Reynolds stresses
were relatively uniform in the XZ plane (Fig. 5), but the deflecting

Fig. 2. The proportion of jerk measurements (a) and oxygen con-
sumption (in mg O2·h

�1; b) by structure treatment and swimming
velocity (BL·s–1) for smallmouth bass acclimated to one of three dif-
ferent temperatures. For jerk acceleration, sample sizes varied
from three to six fish per structure per swimming velocity. Letter
assignments indicate a significant difference (a = 0.05) across
velocities within a given structure treatment: no structure (abc),
diagonal, horizontal (qr), or vertical (xy). Asterisks (*) indicate a
significant difference for a particular structure in comparison
with the control treatment at that given swimming velocity. For
oxygen consumption, sample size varied from two to nine fish per
structure per swimming velocity, and asterisks indicate a signifi-
cant difference between MO2 at the given velocity and MO2 for
that same structure at 1.0 BL·s–1. Diamonds represent the mean;
circles represent outliers.

Table 3. Summary of model relating structure treatment (diagonal,
horizontal, vertical, or control), swimming velocity (10.0, 10.5, 20.0,
20.5, and 30.0 BL·s–1), fish mass, and the interaction of structure and
swimming speed to oxygen consumption (MO2) at a swimming
velocity for smallmouth bass acclimated to one of three different
water temperatures (15, 18, or 21 °C).

Estimate
Standard
error df t value Pr(>jtj)

(Intercept) �1.75 1.82 27.90 �0.96 0.34
Diagonal 0.17 0.15 52.89 1.15 0.25
Horizontal �0.001 0.13 52.52 �0.05 0.96
Vertical 0.03 0.15 51.45 0.20 0.84
1.5 BL·s–1 �0.05 0.08 96.25 �0.63 0.53
2.0 BL·s–1 0.23 0.09 96.63 2.70 0.01
2.5 BL·s–1 0.34 0.09 97.26 3.84 <0.001
3.0 BL·s–1 0.36 0.09 97.29 4.04 <0.001
log(mass) 1.05 0.31 27.86 3.33 <0.01
Diagonal� 1.5 BL·s–1 �0.16 0.14 96.64 �1.16 0.25
Horizontal� 1.5 BL·s–1 0.02 0.12 96.43 0.15 0.88
Vertical� 1.5 BL·s–1 �0.01 0.13 96.04 �0.08 0.94
Diagonal� 2.0 BL·s–1 �0.47 0.14 96.56 �3.43 <0.001
Horizontal� 2.0 BL·s–1 �0.28 0.12 96.29 �2.39 0.02
Vertical� 2.0 BL·s–1 �0.34 0.14 96.49 �2.43 0.02
Diagonal� 2.5 BL·s–1 �0.58 0.14 96.83 �4.14 <0.001
Horizontal� 2.5 BL·s–1 �0.30 0.12 96.90 �2.46 0.01
Vertical� 2.5 BL·s–1 �0.37 0.14 96.49 �2.74 0.01
Diagonal� 3.0 BL·s–1 �0.65 0.14 97.04 �4.64 <0.001
Horizontal� 3.0 BL·s–1 �0.18 0.12 96.82 �1.46 0.14
Vertical� 3.0 BL·s–1 �0.43 0.14 96.50 �3.17 <0.01

Note: Both oxygen consumption and fish mass were log-transformed.
Fish ID was specified as a random effect. Results from model selection
are shown in the online Supplementary Table 21, and data are visualized
in Fig. 1b.
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vanes had an effect onmean velocity and vorticity in the XY plane
(Figs. 4 and 6). Nondimensional profiles of TKE, vorticity, and
Reynolds stresses in the XZ (Fig. 7) and XY (Fig. 8) planes confirm
that even in the horizontal plane, the flow was dominated by the
cylindrical structures. The vanes had the biggest impact on the
vertical component of vorticity (Fig. 8), but did not substantially
affect TKE and Reynolds stress. Magnitudes of TKE and Reynolds
stress for NS were an order of magnitude lower than those for the
VS, HS, and DS (Figs. 7 and 8). A 2D analysis of eddy frequency ( fp)
and eddy length scale (LT) (Figs. 5j–5o and 6j–6o) shows that
although the vorticity magnitude was of similar order for NS and
VS, the vorticity for NS resulted from fast, small eddies produced
by the inlet conditions that have length scales much smaller
than fish size. Such eddies do not have substantial effects on fish.
High TKE values were present downstream of the structures,

with a wake in the vertical plane formed in the lee of the HS
(Fig. 5b), a wake in the horizontal plane generated behind the VS
(Fig. 6b), and a diagonal wake formed behind the DS (Figs. 5c and
6c). Positive and negative patterns of vorticity (Figs. 5d–5f and
6d–6f) and Reynolds stress (Figs. 5g–5i and 6g–6i) on each side of
the wake clearly show that opposing patterns of fluid rotation
occurred in shear layers bounding the wakes and that vortex
shedding produced a Karman vortex street downstream of the
structures. The DS produced a noticeably wider spread of vortex

shedding compared with the VS and HS. Nondimensional trans-
ects of TKE, vorticity, and Reynolds stresses show that enhanced
turbulent conditions were present for all structures for the full
range of velocities investigated in this study (Figs. 7 and 8). The
DS enhanced TKE, vorticity, and Reynolds stresses both in the
horizontal and vertical planes, while the VS and HS enhanced
these parameters only in the XY and XZ planes, respectively.

Discussion
The results of this study show that the presence of structures in

the respirometer alters characteristics of the mean flow and tur-
bulence, which in turn alters fish swimming behavior and fish
energy expenditure.

Jerk acceleration
The presence of simulated structures in the respirometer

resulted in a smoother swimming (i.e., less “jerky”) gait for small-
mouth bass. Fish swimming with structures experienced a signif-
icantly lower proportion of nonzero jerk measurements relative
to fish in the control treatment, likely due to altered flow charac-
teristics. Unobstructed flow is naturally turbulent, but does not
develop coherent turbulent structures to the degree that flow
does when physical structures are present (Robinson 1991).
Immersed structures generate wakes, or zones of reduced

Fig. 3. Time-averaged longitudinal velocity field (U; m·s–1) on the vertical XZ plane tested within a 30 L swimming respirometer. Velocity
fields are visualized for all four structure treatments (no structure (NS), vertical structure (VS), horizontal structure (HS), and diagonal
structure (DS)) at each of the three velocities (U1, U2, U3) investigated. [Colour online.]
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velocity, downstream of the structures, and both the shear layers
bounding the wakes as well as vortices shed from the wakes pro-
duce high levels of vorticity and TKE (Williamson 1996). Gener-
ally, the results indicate that structures confer benefits when fish
are interacting with turbulent flow immediately downstream of
these structures by improving swimming stability, especially for
flows with high mean velocities within the ranges used in this
study (Figs. 5 and 6).
Smallmouth bass swimming with structures experienced a

lower proportion of jerk acceleration measurements and were
able to maintain a more stable swimming position (i.e., lower
proportion of jerk measurements), particularly at swimming
speeds above 2 BL·s–1, likely due to their utilization of the flow
conditions generated by the structures. These fish were likely
able to exploit pockets of reduced velocity as refugia from the rel-
atively high velocity in other areas of the flow (identified as low-
velocity areas in Figs. 3 and 4, corresponding to high vorticity as
shown in Figs. 5 and 6), thereby resulting in a smooth swimming gait
and a reducedproportionof jerkmeasurements at a given swimming
speed compared with NS fish. Alternatively, smallmouth bass may
also have coordinated their swimming mechanics with characteris-
tics of coherent turbulent structures generated by simulated struc-
tures. The ability of certain fish species to exploit turbulence has
been well-documented (Liao 2007). Previous laboratory studies have

shown that rainbow trout (Oncorhynchus mykiss) reducemuscle ac-
tivity when swimming in turbulent eddies shed by cylinders by
utilizing a unique swimming gait known as the Kármán gait
(Liao et al. 2003a; Liao 2004); this gait allows trout to essentially
slalom between eddies and reduce their need for powered swim-
ming. Others have shown that when fish swim in the turbulent
flows generated within a school, they have lower tail-beat fre-
quencies than fish swimming alone, likely due to interactions
with vortices shed by other members of the school (Svendsen
et al. 2003). Smallmouth bass may potentially be capable of
exploiting turbulent vortices as well and may have utilized such
a swimming strategy in this study.
While the zones of reduced velocity behind each structure can

be beneficial regardless of orientation, the orientation of a vortex
affects whether it can be exploited by fish. Flow analyses charac-
terizing flow on vertical and horizontal planes for three structure
orientations (HS, VS, and DS) demonstrated the similarities of
generated wakes in their respective planes (Figs. 7 and 8), allow-
ing for the assessment of a broad range of Re and TKE levels.
Direct comparison across treatments (Fig. 9) displayed the vari-
ous patterns generated by the three orientations, allowing for
the identification of specific zones that may work as attractors or
distractors for fish swimming behind such structures based not
only on bulk velocity, but also on turbulence and vorticity

Fig. 4. Time-averaged longitudinal velocity field (U; m·s–1) on the horizontal XY plane tested within a 30 L swimming respirometer.
Velocity fields are visualized for all four structure treatments (no structure (NS), vertical structure (VS), horizontal structure (HS), and di-
agonal structure (DS)) at each of the three velocities (U1, U2, U3) investigated. [Colour online.]
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metrics. Typically, horizontally oriented vortices, such as those
generated by the VS, can be exploited by fish (Liao et al. 2003b;
Taguchi and Liao 2011), reducing their need for powered swim-
ming, while vertically oriented vortices, such as those generated

by the HS, may destabilize fish (Tritico and Cotel 2010; Maia et al.
2015). These documented relations may explain why smallmouth
bass in the DS treatment, which included both the development
of a zone of low velocity behind the structure and horizontally

Fig. 5. Time-averaged turbulent kinetic energy field (TKE; m2·s–2) (a–c), vorticity (v y; s
�1) (d–f), Reynolds stresses (u0w0 ; m2·s–2) (g–i), eddy

frequency (ƒp; Hz) (j–l), and eddy length scale (LT; m) (m–o) on the XZ plane for no structure (NS), horizontal structure (HS), and diagonal
structure (DS), respectively, at the highest velocity, U3 (0.24 m·s–1). [Colour online.]
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oriented vortices, experienced no increases in jerk acceleration
across water velocities. On the other hand, HS fish, which were
exposed to potentially destabilizing vertically oriented vortices,
experienced a higher number of jerk accelerations at high veloc-
ities than either DS or VS fish.

Oxygen consumption
The presence of simulated structures provided an energetic

advantage for smallmouth bass relative to fish in the control (NS
treatment), particularly when water velocities reached 2.5 BL·s–1.
More specifically, the MO2 of smallmouth bass swimming with

Fig. 6. Time-averaged turbulent kinetic energy field (TKE; m2·s–2) (a–c), vorticity (v z; s
�1) (d–f), Reynolds stresses (u0v0 ; m2·s–2) (g–i), eddy fre-

quency (ƒp; Hz) (j–l), and eddy length scale (LT; m) (m–o) on the XY plane for no structure (NS), vertical structure (VS), and diagonal
structure (DS), respectively, at the highest velocity, U3 (0.24 m·s–1). [Colour online.]
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structures did not differ across water velocities, whereas small-
mouth bass swimming with no structure in the respirometer had
higher MO2 at 2.5 and 3.0 BL·s–1 relative to MO2 at the lowest ve-
locity. Energetic demand correlates positively with swim velocity
for fish due to the increased recruitment of aerobic red muscle
fiber necessary to power swimming (Coughlin 2002), which, in
turn, results in an increase in MO2 across swim speeds until an-
aerobic (burst) swimming occurs (Beamish 1970; Webb 1971). Cer-
tain fish species have previously been shown to reduce MO2

when swimming with structures or swimming in enhanced tur-
bulent conditions (Liao 2007). Rainbow trout, for example, are
able to employ specific swimming gaits, including the Kármán
gait, and may preferentially position themselves in turbulent
flow generated by cylinders to consume less oxygen when swim-
ming (Cook and Coughlin 2010; Przybilla et al. 2010) and at times
can decrease their MO2 even when water velocity increases

(Taguchi and Liao 2011). Shiner perch (Cymatogaster aggregata) are
also able to reduce MO2 in turbulent flow, even when such flow is
lacking in coherent vortical structures (van der Hoop et al. 2018).
While no studies to date have demonstrated a similar gait in
smallmouth bass, as a riverine species, this species may have
some ability to exploit turbulent flow, similar to rainbow trout.
Such behavior may account for the lack of an increase in MO2 val-
ues, despite an increase in water velocity. Alternatively, small-
mouth bass in the structure treatments may have simply
positioned themselves in the low-velocity pockets behind each
simulated structure (Fig. 9), thereby reducing swimming oxygen
costs. Further work that examines in detail the swimming gait
and position of fish in relation to structures is needed to deter-
mine which of these strategies was potentially at play. What the
results do confirm is that smallmouth bass swimming in the pres-
ence of simulated structures maintained a consistent MO2 across

Fig. 7. Nondimensional temporally and spatially averaged (over the x direction) vertical profiles of turbulent kinetic energy (TKE; left col-
umn), vorticity (v y; middle column), and Reynolds stresses (u0w0 ; right column), measured at the highest velocity (U3, 0.24 m·s–1) on a verti-
cal XZ plane, for the cases with no structure (NS), horizontal structure (HS), and diagonal structure (DS). Values are made nondimensional
using the undisturbed velocity U1. [Colour online.]
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water velocities compared with fish swimming without simu-
lated structures, which experienced pronounced increases in
MO2 at high velocities.
Interestingly, temperature was not a significant predictor in

the best-fitting model for MO2, indicating that the oxygen con-
sumed by smallmouth bass in the swimming respirometer did
not vary with temperature. MO2 in fish normally correlates posi-
tively with temperature, with fish consuming greater amounts of
oxygen at higher temperatures (Enders and Boisclair 2016). Three
explanations are possible as to why temperature did not signifi-
cantly relate toMO2 in the current study. First, the range of tempera-
tures may not have been sufficiently broad to result in a significant
temperature relationship for smallmouth bass, which have a wide
thermal range and high thermal tolerance. These fish commonly
occur in environments where water temperatures may drop to near
0 °C in the winter and rise to well over 20 °C in the summer (Eaton

and Scheller 1996; Suski and Ridgway 2009). As such, varying tem-
perature by 6 °C, from 15 to 21 °C, may not have been sufficient to
produce differences in MO2 over this range for such a eurythermal
fish,whichhas evolved to tolerate awide range of temperatures. Sec-
ond, the temperatures used in the current study may not have been
sufficiently distinct to generate significant differences in statistical
models. Notably, when the impact of temperature on MO2 was plot-
ted across structure types (Supplementary Fig. S11), the 15 and 21 °C
treatments appeared to differ, whereas the 18 °C treatment had a
wide range of MO2 values across all structure types. Indeed, if a sim-
ple ANOVA is performedwith temperature included as the solefixed
effect and MO2 as the response variable, MO2 differs for fish swim-
ming at 15 and 21 °C, but fish swimming at 18 °C do not differ signifi-
cantly from the other two temperature treatments (Supplementary
Table S31). This analysis suggests that temperature may have an
effect on MO2, with higher amounts of oxygen consumed at the

Fig. 8. Nondimensional temporally and spatially averaged (over the x direction) transects of turbulent kinetic energy (TKE; left column),
vorticity (v z; middle column), and Reynolds stresses (u0v0 ; right column), measured at the highest velocity (U3, 0.24 m·s–1) on a horizontal
XY plane, for the cases with no structure (NS), horizontal structure (HS), and diagonal structure (DS). Values are made nondimensional
using the undisturbed velocity U1. [Colour online.]
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warmest treatment relative to the other treatments, but that the
temperature effect was masked by strong effects from other factors.
Lastly, the lack of a relation between temperature and MO2 may be
the result of reduced statistical power due to relatively small sample
sizes and complex modeling procedures. To better account for ther-
mal impacts on both swimming ability and MO2, future studies
should utilize a wider range of acclimation temperatures that more
thoroughly represent the conditions commonly experienced by the
study species in thewild.
Results from this study have three main implications for the

use and design of instream restoration structures in relation to
their physiological influence on stream-dwelling smallmouth
bass. First, regardless of the orientation of a structure, its compo-
nents, or the water temperature, restoration structures can con-
fer energetic benefits for smallmouth bass when they are
interacting with structures at short range. Thus, if a restoration
project is being implemented and with the hope of providing
shelter, cover, or energetic refugia for smallmouth bass, the
inclusion of structures in the project may confer energetic bene-
fits, especially at high water velocities. The addition of simulated
structures, regardless of their orientation, produced pockets of
reduced velocities and coherent turbulent structures that pro-
vide energetic advantages for fish. Second, energetic expenses
(such as MO2 rates) serve as an important physiologic metric for
documenting short-term responses of fish to altered flow gener-
ated by instream structures. As such, energy expense may be a
useful tool to supplement existing in situ monitoring for evaluat-
ing and monitoring the effectiveness of restoration projects.
Such a tool can complement measures of population- and
community-level changes following restoration, some of which
may change only slowly over several years (Jeffrey et al. 2015). By
providing insight into fish interactions with turbulent flow, an
aspect of the environment known to strongly influence swim-
ming performance, energetics may contribute, in conjunction
with other metrics, to a more holistic understanding of popula-
tion-level responses to instream structures and stream

restoration. Finally, at low velocities, structures conferred no
apparent benefit for either energetic expense or position stabil-
ity, but at high velocities, the value of structures became more
pronounced, suggesting that the benefits of instream structures
change across hydraulic contexts. While this potential threshold
effect requires future study to relate precisely to fish response,
these results suggest that the energetic benefits of structures
may be most pronounced in fast-flowing rivers or during high-
flow events when fully turbulent coherent flow structures are
developed. On the other hand, structures may not provide ener-
getic advantages in streams with consistently low flow velocities.

Caveats and future directions
Not all aspects of the relation between swimming energetics

and flow characteristics could be explored in this laboratory
investigation using a respirometer. Several caveats are identified
that should be addressed in future work. First, although nondi-
mensional turbulence statistics allow extrapolation of results of
measured cases to those of unmeasured cases within the range of
Re investigated (as shown in Figs. 7 and 8), turbulence statistics
did not directly correspond to all mean flow velocities tested in
swimming trials, limiting direct quantification of fish-flow inter-
actions in this study. Second, conclusions from this study may be
somewhat limited due to the physical constraints of the swim-
ming respirometer, and results apply to smallmouth bass swim-
ming immediately downstream from instream structures.
Swimming respirometers have a defined swimming chamber to
keep fish in a consistent location, and the size of the chamber
and volume of water in the tunnel dictate the size of the fish that
can be used. If fish are too small, MO2 data are unreliable, and, in
contrast, fish that are too large cannot move freely (Svendsen
et al. 2016). In the current study, the fish were adequately sized
for the tunnel and for the size of the accelerometer tags (Brown
et al. 2004; Cooke et al. 2011), but were somewhat restricted in
motion with little “choice” in which portion of the swim cham-
ber they could occupy, in part due to the presence of structures.

Fig. 9. Temporally and spatially averaged (over the x direction) nondimensional profiles of velocity (U and W), vorticity (v ), turbulent
kinetic energy (TKE), and Reynolds stresses (u0v0 ) for all simulated structure cases (no structure (NS), vertical structure (VS), horizontal
structure (HS), diagonal structure (DS)) at the fastest flow (U3, 0.24 m·s–1). [Colour online.]

Strailey et al. 53

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 c

dn
sc

ie
nc

ep
ub

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
Il

lin
oi

s 
at

 U
rb

an
a-

C
ha

m
pa

ig
n.

 o
n 

11
/0

5/
21

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 



As such, some uncertainty exists as to whether smallmouth bass
were purposefully utilizing low-velocity pockets behind simu-
lated structures and (or) coherent turbulent vortices generated
by these structures. A critical need exists to utilize large flumes
or field deployments in future work that allow fish unrestricted
choice in position and enable tracking of fish positions, which in
turn will allow for the precise evaluation of potential swimming
strategies at play. Through such studies instantaneous swimming
responses can be linked to local characteristics of the flow to pro-
vide improved insight into how much fish benefit from turbulent
structures, low-velocity zones, or both. Large test environments
will additionally allow for the investigation of interactions between
fish and structure-generated turbulence as distance from the struc-
ture increases. Third, only a single structure diameter was investi-
gated due to the size of the respirometer test section, limiting the
size of eddies that could be generated. The influence of an eddy on a
fish’s swimming behavior depends in part on elements of scale,
with eddies much smaller or larger than a fish having little effect
on swimming, but eddies of diameters near the length of a fish
being more likely to alter swimming kinematics and behavior
(Lacey et al. 2012). Depending on the species, this may result in
improved or reduced swimming performance (Lacey et al. 2012).
Future studies with multiple combinations of BL:structure diame-
ter ratio will allow detailed characterization of eddy size and eddy
orientation. Despite these caveats, this study shows that structures
do provide benefits to smallmouth bass both in terms of energetic
expenses and position stability, particularly when smallmouth bass
are swimming immediately downstream from the structures.

Conclusion
Although instream structures are a common tool for restoration

of fish habitat in freshwater systems, the independent effects of
these structures on fish energetics are poorly understood. This study
utilized a laboratory approach to isolate howalteredflows generated
by simple simulated instream structures impact the energetic
expense and swimming stability of smallmouth bass when they are
swimming immediately behind the structures. Results showed that
smallmouth bass swimming with structures were able to utilize
alteredflowconditions both tomaintain a stable swimming position
and to reduce energy expenditure compared with unaltered flow
conditions in the absence of simulated structures. Interestingly, ben-
efits of structures were most evident at high mean water velocities
but were not statistically significant at low velocities. These findings
provide direction for future laboratory or mesocosm studies investi-
gating the interactions between smallmouth bass and restoration
structures and additionally inform management aimed at the
design, implementation, and augmentation of natural and artificial
instream restoration structures by illustrating the hydraulic condi-
tions inwhich instream structuresmay bemost energetically benefi-
cial for smallmouth bass. However, further work is needed to
identify precisely the threshold velocities in natural streams that
lead to energetic benefits by structures. Future investigations should
move into larger laboratory spaces or beyond the lab, into the field,
to directly estimate the energetic consequences of natural turbulent
flows forfish, which is nowpossible due to recent advances in telem-
etry methods (Metcalfe et al. 2016) that allow indirect measurement
of energetic expenses of free-swimming fish. The findings of this
study may additionally illuminate particular flow conditions of in-
terest in future field-based investigations. Subsequent studies as
well as restoration monitoring efforts should continue to include
physiological metrics to improve fish management and conserva-
tion (Young et al. 2006); while many factors impact the interactions
betweenfish and instream structures, and the responses offish com-
munities to such restoration are complex, energetics, in particular,
can clearly demonstrate the direct physiological responses of indi-
vidual fish to altered flow conditions. By combining estimates of
MO2 with direct measurements of the flow field in spaces much
larger than the typical respirometer, the effect of instream

structures of increased size and complexity, as well as arrangements
ofmultiple structures, on fish energetics can be tested. Developing a
more complete understanding of the role of energetics within the
context of the many other ecological aspects of structures is a com-
plex endeavor that will require multifactor field and experimental
investigations in the future.
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