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Assessing possible effects of fish-culture systems on fish
swimming: the role of stability in turbulent flows
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Abstract Fish are cultured in ponds, recirculating
systems, raceways, and cages. Turbulence is associ-
ated with one or more of mechanisms to facilitate food
accessibility, maintain adequate levels of oxygen,
remove carbon dioxide, urinary and fecal wastes, as
well as from locomotion of fishes themselves. Turbu-
lence has been shown to have positive and negative
effects on fish swimming, feeding, and energetics,
usually with negative impacts at very low and at high
levels, and least effects and sometimes positive effects
at intermediate levels. Differences in responses of
fishes with varying levels of turbulence are related to
the size of eddies relative to the size of a fish (larvae,
juveniles, and adults). Impacts on locomotor functions
are associated with eddy diameters of the order of
0.5-1L, where L is the total length of a fish. Negative
locomotor impacts of turbulence are associated with
eddies challenging stability, while positive effects
promote drafting and station holding with reduced
locomotor motions. Deployment of control surfaces
increases with the level of turbulence up to a threshold
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where control is overwhelmed. The design of culture
facilities is expected to affect levels of turbulence and
may be engineered to provide optimal levels facilitat-
ing high growth.
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Introduction

Fish are cultivated in a range of systems; ponds,
recirculating tanks, raceways, and cages in river or
tidal streams. All fish-culture systems must provide
certain physical requirements (Huet and Timmerans
1994; Tucker 1998; Lekang 2007; Timmons and
Ebling 2007) to distribute adequate oxygen through-
out the water column and remove carbon dioxide,
urinary, and fecal wastes. Food should be provided at
rates and with a distribution that achieves the highest
possible growth and survival rates.

A general principal for maximizing growth for a
given ration is to minimize metabolic energy losses
(Brett 1979). The largest component of metabolic
losses is from locomotion (Brett 1995), so that
practices that minimize swimming costs should be
beneficial. Although energy from food is not limiting
for aquaculture, the gross conversion of food energy
to new tissues is small (Brett 1979, 1995). As such,
even small changes in energy use have the potential
for large proportional increases in growth.
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Fish-culture facilities commonly use flows to
satisfy the physical requirements. Flows commonly
bring oxygen into the system, dilute or remove
wastes, and distribute food through the system. Flows
may involve water recirculation and treatment, and/or
through-flows from external sources. The highest
flows are usually associated with culture of high-
value end-products, such as salmonids. Pond culture
differs from other installations as flow is typically
low or negligible. Wastes are biologically recycled as
part of an ecologically balanced system to enhance
production of food production, while hypoxia-toler-
ant species, notably carp, may be chosen (Huet and
Timmerans 1994; Tucker 1998). Fishes in pond
culture create flows during feeding and swimming
that are well known to disturb substrate and that may
affect other fishes.

Three categories of swimming costs may be recog-
nized as potentially affecting energy uses of fishes in
culture systems. First, fishes in currents created by tidal
flows, rivers and streams, and raceways must swim to
hold position, with energy costs associated with
translocation (McKenzie and Claireaux 2010).
Second, routine swimming involves maneuvers. In
low-flow situations, maneuvers involves variable tra-
jectories while milling (Nursall 1973). In all situations,
fishes maneuver to catch food and in intraspecific
interactions and such maneuvers may be especially
prevalent in high-density culture situations. Maneu-
vers can increase the cost of swimming over tenfold
(Puckett and Dill 1984, 1985; Webb 1991; Boisclair
and Tang 1993; Krohn and Boisclair 1994; Boisclair
2001; Enders et al. 2003). Lastly, flows create turbu-
lence, seen in temporal and spatial variations in the
direction and magnitude of velocity (Fig. 1). Indeed,
because turbulent flows are characterized by variations
in velocity around some mean value for the overall
flow, the difference between the mean velocity and
fluctuations is defined as the turbulent velocity com-
ponent of the flow. The turbulent velocity components
create perturbations that may cause displacements of
body posture and/or swimming trajectory necessitating
locomotor stabilizing correction responses. Control-
ling stability is mechanically similar to maneuvering,
and the few measurements that have been made show
increases in metabolic rate of over twofold (Webb
1994b, 2006).

Here, the challenges associated with turbulence
and controlling stability are considered. The study of
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Fig. 1 Variations in resultant velocity measured at the focal
point occupied by a brown trout, Salmo trutta, in a sand-bed
stream using acoustic Doppler velocimetry. The turbulent
velocity component of the flow is the difference between the
mean velocity and a velocity

interactions of turbulence with fishes is in its infancy
so that the discussion of impacts of turbulence on
fishes in culture practices is speculative. Neverthe-
less, much research has reported negative effects of
turbulence, notably on reducing swimming speeds
and increasing metabolic costs (Pavlov et al. 2000;
Webb et al. 2010). However, a few studies show that
fishes can use some turbulence as a booster, reducing
energy costs and/or affecting ground speed, reducing
times to traverse a stretch of river (Webb and Cotel
2010). Positive or negative impacts of turbulence on
fishes could affect productivity. Thus, designs affect-
ing turbulence in fish-culture installations might
influence productivity in fish-culture operations.

The nature of turbulent flows

Flow measurements in fish habitat are usually values
averaged over several seconds made at one point
using mechanical or electromagnetic flow meters
(Murphy and Willis 1996). Measuring velocity vari-
ations in turbulent flow requires more frequent
sampling, most commonly by means of acoustic
Doppler velocimetry (ADV), using sound to measure
velocities u,, u,, and u, simultaneously in x, y, and z
directions at rates of 40 Hz (Nikora and Goring 1998;
Webb et al. 2010). From these data, the resultant
velocity, u.s, may be determined as:

flres = ,/uf—&—u_%—i—u%

The velocity fluctuations in u,, u,, and u, can be
described statistically by the mean values, i, it, and
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iz, and standard deviations, oy, gy, and o, respec-
tively, as well as i and o, for the resultant
velocity. A measure of the level of turbulence, the
turbulent Intensity, 77, is often used based on these
statistical measures (Nikora and Goring 1998; Smith
et al. 2006; Webb et al. 2010):

1T = O_res/ﬁres

The differences in the actual velocities recorded
and the average velocity are the turbulent velocity
components (Fig. 1) of the flow, u,~it,, u,~
and u,,— .. By virtue of motion, any body, as well
as the particles of water in a flow, carry momentum
and energy. The energy associated with turbulent
velocity components of a flow affects transport of
materials and mixing, and also helps drive perturba-
tions of objects embedded in the flow, such as a fish.
Another common statistical measure of turbulence
(Smith and Brannon. 2005) captures the energy
associated with turbulence as the turbulent kinetic
energy, TKE, given by:

iy, U—~il;

TKE = 0.5(0; + 0} + 07)

The dimensions of TKE are actually length®
time 2, so that the measure is correctly kinetic energy
per unit mass or for water with a density close to
unity, per unit volume.

Velocity—time traces such as that illustrated in
Fig. 1 are found throughout turbulent flow. When
such traces are analyzed, patterns are found that
repeat over time, with velocity variations of similar
magnitude at recurring intervals. Similarly, measure-
ments made simultaneously at various points also
show repeating patterns with velocities of similar
magnitude. Thus, turbulence is not a truly random
phenomenon. Instead, there is structure in turbulent
flow that is predictable on a coarse scale. These
structures are often called vortices, or orbits in wave
driven environments, and eddies.

Orbits and eddies

Circular water motions created by waves will affect
fish-culture systems exposed to wind and boat wakes
for open-water locations such as in embayments or
run-of-the-river installations. Waves induce water
particles to trace orbital circular or elliptical paths
in the water column as a wave passes. These

wave-induced eddies may be called orbits (Webb
et al. 2010). Orbits have their largest diameter at the
surface, which declines with water depth, so that
orbits essentially vanish at a depth equal to half the
wavelength of the wave. In shallow water, circular
orbital motion becomes elliptical, with the long axis
parallel to the bottom (Denny 1988; Webb et al.
2010).

Flow in fish-culture systems, however, is more
likely to be dominated by eddies (Webb et al. 2010).
In fish habitat and culture systems, eddies arise where
there are velocity gradients. Fluids resist shear and
other deformations, a physical property quantified by
viscosity. Viscous effects create areas of shear stress
that result in the trajectories of water particles—
streamlines—bending, and eventually rolling up
forming eddies. Hence, eddies arise as a result of
viscous effects in shear flows. The curvature, or curl,
in velocity vectors is called vorticity, w, i.e., a form
of angular velocity. Thus, eddies are areas of the flow
where the streamlines curve, leading to circular
motions, such as a whirlpool and indeed, eddies are
in fact best defined as regions of finite vorticity.

Shear flows in which eddies occur are generated in
various ways. Gravitational forces act on water
falling into fish containers and on food items falling
into the water, resulting in cascades that create
eddies. However, most turbulence derives from
velocity gradients. Some velocity gradients are
created directly when there are changes in cross-
sectional area in raceways and recirculating systems
or where submerged jets are used to create flow.
Velocity gradients leading to eddy formation also
occur as a result of flow interacting with the sides and
bottom of culture systems and with surfaces of
objects protruding into the flow, such as netting,
struts, supporting structures, etc. (Panton 1984). A no
slip condition applies at boundaries, where the
velocity is zero. Due to viscosity, the velocity in
the flow adjacent to a boundary increases from zero
to that of the free-stream—where the flow is unaf-
fected by the boundary or surface—over a region
called the boundary layer. Here, velocity gradients
and shear forces are large, leading to the creation of
vorticity (Saffman 1992).

Eddies vary in size, and frequency of occurrence.
Small eddies are common and large eddies rare (Denny
1988; Tritico and Cotel 2010). The upper limit of eddy
diameter is set by the physical size of a system, with
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some eddies growing to span the system as the flow
moves downstream. Eddies also calve smaller eddies.
The smallest eddies applicable to fishes in culture
systems and natural habitats are so small that they are
dissipated by viscosity, their energy appearing as heat.
These smallest eddies are defined as the Kolmogorov
scale eddies (Kolmogorov 1941). The flow velocity
variations measured at a point in turbulent flow (Fig. 1)
reflects the passage of eddies of many different sizes,
and the repeating flow magnitudes in time and space
reflect the passage of many eddies of varying size and
vorticity. The difference between the mean velocity
and the actual velocity due to turbulence is the
turbulent velocity component in the flow.

Effects of turbulence on fishes

Various interactions have been described between
fishes and turbulent flows. Such interactions can be
illustrated for swimming speed, an exemplary and
widely used measure of performance. Changes in
swimming speed can be used to quantify impacts for
a wide range of environmental conditions on fishes
(Brett 1995; Beamish 1978; McKenzie and Claireaux
2010) including turbulence (Pavlov et al. 2000; Odeh
et al. 2002; Lupandin 2005; Tritico and Cotel 2010).

Swimming behavior is comprised of multiple gaits
that are recruited in succession as swimming speed
increases (Alexander 1989; Webb 1994a, b; Drucker
1996). Gaits range from hovering in still or slow
water, through station holding to avoid swimming by
interacting with the bottom, to high-speed sprints and
transient, high-acceleration fast-starts; swimming
performance should be compared for fishes when
swimming in the same gait.

The lowest-speed gait is hovering when water-
current speed is zero. Other fishes may mill rather
than hover in still water (Nursall 1973), swimming
around along various trajectories. These behaviors
might be anticipated in culture systems in ponds and
in bays, locations where wind-driven waves can
create orbits that may pose challenges to stability.
Observations in natural habitat show that orbits with
diameters of the order of fish total length cause
displacements of fishes that can exceed stability
control capabilities (Cotel and Webb 2004).

As current speed increases, fish first exhibit
rheotaxis, orienting head-upstream into the flow
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(Arnold and Weihs 1978; Webb 1989; Pavlov et al.
2000; Blake 2010). Fishes swimming in the water
column orient themselves to swim directly into the
current, and benthic fishes on the bottom turn to face
upstream. Threshold speeds at which rheotaxis occurs
are lower at higher TI (Pavlov et al. 2000). Benthic
fishes holding station on the bottom to avoid swim-
ming and its attendant energy costs can remain
oriented into the flow as current speeds increases
above that triggering rheotaxis until a limit is reached
at which the fish begins to slip downstream. Above
this slip speed, benthic fishes begin swimming above
the bottom. Slip speeds also decrease at higher TI
(Pavlov et al. 2000).

The lowest speeds at which fishes swim continu-
ously are aerobic cruising speeds, speeds that can
essentially be sustained indefinitely. Fishes use a
wide range of motor systems for cruising, involving
median and paired fins (MPF swimming) and/or body
and caudal fin motions (BCF swimming) (Webb and
Gerstner 2000). Most studies show that maximum
cruising speeds decrease as TI increases (Odeh et al.
2002; Pavlov et al. 2000; Lupandin 2005; Tritico and
Cotel 2010). Higher sprint speeds using anaerobic
metabolic pathways are maintained for only a few
seconds before fish fatigue. These sprint speeds also
decrease with increasing TI (Pavlov et al. 2000).
Finally, acceleration performance in startle responses
can be reduced by higher levels of turbulence for
hybrid striped bass, Morone saxatilis, and Atlantic
salmon parr, Salmo salar (Odeh et al. 2002).

Observations of 2 min critical swimming speeds,
of creek chub, Semotilus atromaculatus, show that
the axis of rotation of eddies affects swimming
performance (Tritico and Cotel 2010). In that study,
the critical swimming speed was measured as the
maximum speed attained in an increasing velocity
with speed increments of ~0.3 body length.s ™' at 2 s
intervals. Critical speeds were decreased more when
swimming in flow dominated by horizontal eddies
compared to flows comprised of vertical eddies. Chub
have a somewhat compressed body, and it is likely
that vertical eddies would have greater impacts than
horizontal eddies on fishes with compressed body
forms (Webb and Cotel 2010). It is likely that the
effect of the axis of rotation of eddies on fishes will
depend on their body form. Vertical eddies are likely
to have less impact than horizontal eddies on fishes
with compressed body cross-sections, and vice versa
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for fishes with depressed body cross-sections (Webb
and Cotel 2010). Thus, culture systems may need to
consider eddy orientation in designing installations
for the culture of different species. In addition, for
both cruising and sprint speeds, fishes from lotic (no,
or low current habitats such as ponds) habitats are
more strongly affected by TI than those from lentic
(flowing water habitats such as streams) habitats,
which should be taken into consideration in deter-
mining the design of fish-culture systems for different
species.

Not all studies on swimming performance have
shown negative effects of turbulence. Ogilvy and
DuBois (1981) found elevated turbulence had no
effect on cruising speeds of bluefish, Pomatomus
saltatrix, and Nikora et al. (2003) found similar
results for sprints by inanga, Galaxias meculatus.
Odeh et al. (2002) found startle responses of juvenile
rainbow trout, Oncorhynchus mykiss, were unaffected
by turbulence levels that did affect this behavior in
hybrid striped bass and Atlantic salmon parr (Odeh
et al. 2002).

It is also generally assumed that eddies could
improve swimming abilities, usually by giving a
boost in the direction in which a fish is traveling
(Liao et al. 2003a, b; Liao 2008). For example, eddies
are thought to improve performance during migration
(Hinch and Rand 1998, 2000; Enders et al. 2003;
Standen et al. 2004) and in schools (Weihs 1973;
Partridge and Pitcher 1980; Herskin and Steffensen
1998; Svendsen et al. 2003). In flume experiments,
Standen et al. (2004) found swimming speeds of
sockeye salmon, Oncorhynchus nerka, migrating
through a turbulent river were 1.4 to 76 times higher
than expected from tail-beat frequencies of fishes
swimming in rectilinear steady flow. These results
suggest fishes can extract energy from turbulent
flows, but more studies are needed.

Benefits can also be realized by fishes interacting
with structures that are sources of eddies to avoid
swimming and attendant energy costs. They may
entrain in the flow close to and immediately down-
stream of bluff bodies such as cylindrical shapes, and
in the upstream bow-wave (Sutterlin and Waddy
1975; Webb 1998; Przybilla et al. 2010). Eddies are
shed regularly in predictable ways by bluff bodies,
with rows of alternating staggered eddies forming a
Karman vortex street. Fishes can orient themselves in
such vortex streets and “slalom” between the eddies,

a behavior called the Karman gait. In doing so,
minimal muscle is used (Liao et al. 2003b; Liao 2004,
2008). As noted above, although energy from food is
not limiting for aquaculture, changes in energy use
have the potential for increasing growth. Thus, the
ability of fishes to use eddies to avoid swimming and
decrease energy costs might provide options for
culture systems to facilitate growth or for fishes to
attain larger sizes at harvest.

Most of the results described above are from
experimental studies in which turbulent flows were
imposed on fishes. The results, however, reflect
habitat choices in the field when fish have choices
among different naturally occurring turbulent situa-
tions. Fishes tend to avoid high TI conditions when
swimming at low and at high speeds, and at
intermediate speeds choose habitats with some inter-
mediate level of turbulence (Webb 1998, 2002, 2006;
Pavlov et al. 2000; Smith and Brannon 2005; Smith
et al. 2006; Tritico 2009). At low speeds, a fish’s
momentum is presumed to be low compared to that of
eddies so that disturbances readily occur. Because
speed is low, trimming forces are small, and powered
control is essential. However, generating swimming
forces at low swimming speed is energetically
expensive (Blake 1979). Thus, the metabolic costs
to control stability at low speeds are expected to be
high. In contrast, at high speeds, fish momentum is
large, facilitating damping disturbances. Transloca-
tion costs are also high, leaving little scope for
responding to stability challenges. In addition, eddy
vorticity, momentum, and energy are also high at
high speeds, and fishes can be overwhelmed before a
response can be initiated. At intermediate speeds,
turbulence is presumed within the control capabilities
of fishes, without high costs, while food and oxygen
are delivered at high rates (MacKenzie and Kigrboe
1995; Pavlov et al. 2000; Boisclair 2001; Galbraith
et al. 2004). Thus, as with organismic responses to
physical factors, response curves to turbulence tend
to be u-shaped, with a minimum, or optimal value
that if achieved in an aquaculture system could
promote productivity.

Scaling of eddies to fishes

There is clearly a range of possible interactions
between fishes and eddies. It is essential to know the
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conditions under which responses are positive or
negative to avoid the former and perhaps exploit the
latter. The key to understanding fish-eddy interac-
tions is recognizing that fish interact with the
structural elements of turbulent flow. These vary in
size, and thus responses depend on the size of an eddy
relative to the size of a fish (Fig. 2). Cotel (personal
communication) has shown that a limit to the ability
of fishes to respond to eddies and maintain stability is
reached in eddies with diameter, momentum, and
energy of the same order as that of the fish. Pavlov
et al. (2000) considered that the large range of
negative effects of turbulence on fish swimming was
associated with mean eddy diameters of about 0.66L,
illustrated by Fig. 2b. Similarly, Tritico and Cotel
(2010) found small reductions in swimming speed
over a wide range of eddy sizes. Large decreases in
performance occurred as stability failure was
approached in flows containing eddies with A/L from
about 0.75-0.9 where 1 is the characteristic eddy
diameter and L is the typical total length of a fish.
Positive effects of swimming in a Karman Vortex
Street have been shown to occur when A/L is of the
order of 0.3-0.5. Eddy-assisted migration has been
described for oceanic gyres (Webb et al. 2010), with

R ]
e —

—t e e,

Fig. 2 Variations in eddy size relative to fish size. a Structures
such as restraining nets in fish-culture systems will shed small
eddies, with 4 < L for a portion of the eddy field shed by all
the net filaments being illustrated. Such eddies are too small to
affect fishes. b Larger structures such as supports for eddies
will shed larger eddies, including some with / = 0.5-1L,
relative sizes that challenge and can overwhelm control
systems. ¢ Natural flows create large eddies and gyres limited
in size by the physical boundaries of rivers, bays, etc., when
A>>L. Eddies of this scale are viewed by a fish as a rectilinear
flow, and will not induce stability problems. Flows at this scale
will create eddies of smaller sizes when they interact with
structures, as in a and b
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A>L, when the dimensions of an eddy become large
enough that a fish may treat the angular velocity as a
rectilinear flow. Presumably, fish can get a boost
from eddies over the range L>/2>>L. In aquaculture
situations, large eddies impinging on a facility would
be seen by fishes as an additional rectilinear current
component (Fig. 2c).

For smaller eddies, down to the Kolmogorov scale,
with /L« 1, there is little if any measurable effect of
such fine-scale turbulence on swimming. Such eddies
would be shed by small-diameter structures in fish-
culture installations, such as netting (Fig. 2a), and
would be expected to have no measurable effects on
fishes.

The mechanisms whereby eddies affect fish have
not been explicitly explored, in part because simul-
taneous recording of fish and flow is difficult.
Observations of control failure, when fishes “spill”,
that is they lose control over posture and/or swim-
ming trajectory, usually with curving and/or twisting
the body and being displaced downstream (Tritico
and Cotel 2010), suggest that failure is associated
with positive feedback. Thus, a spill occurs when a
displacement is amplified sufficiently during the
delay between stimulus and response such that
recovery is not possible (Webb and Cotel 2010).
Then, fishes may intentionally amplify a displace-
ment to swim downstream, thereby gaining time and
increasing their momentum to turn back into the flow,
or use large amplitude body and caudal fin motions to
head back upstream.

Controlling stability

Turbulence challenges stability of posture and swim-
ming trajectory and fish respond to counteract
disturbances (Puckett and Dill 1985; McLaughlin
and Noakes 1998; Webb 2002, 2006; Tritico 2009).
Hydrostatic and hydrodynamic forces affect stability
control. Fishes are not generally hydrostatically
stable. As a result, hydrodynamic forces are most
important in controlling stability (Eidietis et al. 2002;
Webb 2002).

Hydrodynamic forces are generated when water
flows over a surface of the body and any or all
appendages (Aleyev 1977; Webb 2002, 2006). Trim-
ming forces are generated from flow over a control
surface as a result of the motion of the fish to which
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the surface is attached. Powered forces are generated
when the flow is created by the motion of a control
surface independent of the overall motion of the fish.
In practice, it is likely that the net force on a control
surface arises from both trimming and powered
sources. For example, an extended pectoral fin will
generate trimming forces while added motion can
generate powered forces to supplement, or be
supplemented by the trimming component.

Median and paired fins are deployed for stabiliza-
tion at low speeds during BCF (body-caudal fin)
swimming in low turbulence rectilinear flows (Webb
2006). This reflects the difficulties of stability control
at low speeds. McLaughlin and Noakes observed
young-of-the-year brook trout, Salvelinus fontinalis
deployed their pectoral fins when swimming in
turbulent flows. As swimming speed increases, the
median and paired fins are progressively furled
(McLaughlin and Noakes 1998; Webb 2004). Tritico
(2009) found that pectoral fins of creek chub were
deployed for longer periods of time as the level of
turbulence increased, reaching 100% deployment at
turbulence levels where spills occurred. Tail-beat
frequencies of salmonids swimming in the field
where turbulence is the norm are often irregular
compared to those when swimming in a flume
(Puckett and Dill 1985; McLaughlin and Noakes
1998).

Deployment of control surfaces would be expected
to increase energy costs of swimming. Metabolic
rates of Atlantic salmon, Salmo salar, increased by
30% as TI increased from 0.28 to 0.36 when
swimming at approximately 18 cm.s~'. When swim-
ming at approximately 23 cm.s ™' there was a 1.6-fold
increase in metabolic rate as TI increased from 0.21
to 0.30 (Enders et al. 2003). Control is mechanically
very similar to maneuvering, which can increase
energy expenditure by over tenfold (Blake 1979;
Weatherley et al. 1982; Puckett and Dill 1984, 1985;
Webb 1991; Boisclair and Tang 1993; Krohn and
Boisclair 1994; Boisclair 2001; Enders et al. 2003).

Lessons for fish-culture systems

In general, there appears to be u-shaped response
curves relating fish responses to the level of turbu-
lence, as is common for many environmental factors
(Diana 2004; Smith and Smith 2008). Consequently,

there will be some level of turbulence comprised of
eddies with A/L that is optimal in terms of minimizing
impacts on swimming performance and energy costs.
In addition, it is well known that moderate exercise
increases production in aquaculture systems (Davison
and Goldspink 1977; Jgrgensen and Jobling 1993).
Because turbulence can reduce swimming perfor-
mance, it is possible that induction of eddies could
impose a mechanically equivalent exercise regime,
but at lower overall flow speeds through a system.

Thus, fish-culture facilities might be designed to
create turbulence in an appropriate range to maximize
growth. For installations using nets in bays and run-
of-the-river situations, the structural supports might
be manipulated to shed eddies with appropriate
characteristics. Gravity-fed intakes and inserts in
the flow of recirculating systems could also be used
to generate turbulence at levels that might be
utilizable by fishes to reduce energy losses and
increase production.

In practice, there are several factors that probably
militate against manipulating eddy composition into a
range that would be beneficial. First, the optimal
values of A/l may change little during ontogeny, but
the size of beneficial eddies would be expected to
change as fish grow. It seems likely that it would not
be practical to build a system with the capacity to
vary eddy sizes, but a culture system with multiple
fish sizes might be an option to tap the range of
eddies expected in typical fish-culture systems.
Second, eddies that are favorable for minimizing
locomotor costs in culture systems would be those
providing opportunities for entraining, bow-wave
riding and using the Karman gait. This would require
a substantial investment in physical structures that
does not seem practical. In addition, such structures
in flows dissipate energy. As a result, the scope for
such a design would be limited through the flow of
nets and recirculating systems. If nets and their
supports were involved in facilities in streams or
embayments, added drag could make systems vul-
nerable to damage during peak-flow events and
storms. In-stream objects in recirculating systems
would require larger pumps.

It seems most likely that manipulation of eddies
would be most beneficial in simply seeking to create
an isotopic flow of vortices with sizes where A/L<1.
This would approach microturbulence as perceived
by the fishes, and would provide high oxygen
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diffusion through the system and similar removal of
wastes without creating turbulence intensities neces-
sitating stabilizing responses and associated energy
costs.
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