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Turbulence is a complex phenomenon which commonly occurs in river and fishway flows. It is a diffi-
cult subject to study, especially biologically, yet turbulence may affect fish movements and fish passage
efficiency. Studies on quantifying fish responses to turbulence, particularly within fishways, are lacking.
This study investigated the swimming behaviour of 140 adult Iberian barbel (Luciobarbus bocagei) of two
size-classes (small fish: 15 <TL<25 cm, large fish: 25 <TL < 35 cm) under turbulent flow conditions cre-
ated by three submerged orifice arrangements in an experimental pool-type fishway: (i) offset orifices, (ii)
straight orifices and (iii) straight orifices with a deflector bar of 0.5b, located at 0.2L from the inlet orifices,
where b, is the width of the square orifices ranging from 0.18 to 0.23 m and L is the pool length (1.90 m).
Water velocity and turbulence (turbulent kinetic energy, Reynolds shear stress, turbulence intensity and
eddy size) were characterized using a 3D Acoustic Doppler Velocimeter (ADV) and were related with fish
swimming behaviour. The influence of turbulent flow on the swimming behaviour of barbel was assessed
through the number of successful fish passage attempts and associated passage times. The amount of time
fish spent in a certain cell of the pool (transit time) was measured and related to hydraulic conditions.
The highest rates of passage and the corresponding lowest times were found in experiments conducted
with offset orifices. Although size-related behavioural responses to turbulence were observed, Reynolds
shear stress appeared as one of the most important turbulence descriptors explaining fish transit time
for both size-classes in experiments conducted with offset and straight orifices; furthermore, swimming
behaviour of larger fish was found to be strongly affected by the eddies created, in particular by those of
similar size to fish total length, which were mainly found in straight orifices with a deflector bar arrange-
ment. The results provide valuable insights on barbel swimming behavioural responses to turbulence,
which may help engineers and biologists to develop effective systems for the passage of this species and
others with similar biomechanical capacities.
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1. Introduction restoration of regulated river systems, with, considerable efforts

devoted to the development and improvement of fish passage

Freshwater systems are one of the most modified ecosystems
on earth (Saunders et al., 2002), as a result of anthropogenic over-
exploitation (Arthington and Welcomme, 1995). For a number
of decades, the natural flow regimes of rivers were substantially
altered by the burgeoning construction of dams, weirs and other
barriers, which blocked and delayed migration of fish, leading to a
dramatic decline of many species (Cowx and Welcomme, 1998;
Knaepkens et al., 2007). Thus, ecological continuity, in particu-
lar longitudinal connectivity, has become a major factor in the
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structures for multiple species and life-stages. Despite advances in
biologically oriented fishway research over several decades, efforts
were mainly focused on anadromous fish species (i.e. fish that
spend most of their lives in the sea and migrate to fresh water
to spawn) (Baras et al., 1994; Gowans et al., 2003; Katopodis,
2005). Considerable lack of knowledge exists on the suitability
and efficiency of fish pass designs for potamodromous species (i.e.
migratory fish whose migrations occur entirely within freshwater)
(Katopodis, 2005), which are the predominant group of migratory
fish encountered in Mediterranean rivers (Baras et al., 1994; Lucas
and Frear, 1997; Santos et al., 2005).

Pool and weir fishways are one of the most common types of fish
pass (FAO/DVWK, 2002) used to facilitate upstream movement of
fish. Although their design criteria are reasonably well-understood
for the passage of salmonids (Bell, 1986; Clay, 1995; Ead et al., 2004;
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Nomenclature

de area of the eddy

Ao area of the submerged orifice

Ap total area of the pool

B pool width

bo width of the submerged orifice

g acceleration of gravity (9.81 m2/s)

hm pool mean water depth

L pool length

Leay maximum longitudinal diameter of the eddies
Leay maximum transversal diameter of the eddies
Lis length of the larger fish

Lg¢ length of the smaller fish

Py volumetric power dissipation in a pool

Q fishway discharge

T sampling period

TI turbulence intensity

TKE turbulent kinetic energy

TL fish total length

U average local velocity

TLs¢ small fish total length
TLj¢ large fish total length

u2 o u? o, u? o root mean square values of u, v, w

u fluctuating component of velocity at sampling time
T

Vo maximum flow velocity at orifice

Xx,y,z  coordinates

Ah water level difference between two adjacent pools

) water density

- ,OTUJ/ Reynolds shear stress at the xy plane

T Reynolds shear stress

Txy Reynolds shear stress at the xy component.

Katopodis, 2005), thus far the biological criteria to ensure suit-
ability of these devices for cyprinid and other freshwater species
are not well understood and require further research (Katopodis,
2005). Fish passage efficiency for various fishway types built in a
variety of locations was found to be lower for non-salmonids for
than for salmonids (Noonan et al., 2011). Improvements on fish-
way design criteria are known to depend on the understanding of
how hydrodynamic cues are used by fish to guide fine-scale swim
path selection. Hence variation on hydrodynamic variables such as
velocity, water depth and turbulence which is strongly influenced
by pool dimensions, design configuration, size of orifices or notches,
as well as fishway slope and discharge, are determining factors in
fish passage efficiency, fish swimming ability and behaviour (Silva
et al., 2010, 2011).

Turbulence is defined as the three-dimensional, time and spa-
tially dependent heterogeneous motion of rapid flow velocity
fluctuations which result from the superposition of chaotic cor-
tical flows of multiple strengths and sizes (Kirkbride, 1993). This
hydraulic variable affects fish swimming costs (Liao et al., 2003),
capture efficiency (Enders et al., 2003), habitat selection (Cotel
et al,, 2006) and fish density (Smith et al., 2006). Depending on its
magnitude, turbulence may attract or repel fish, triggering or pre-
venting their migratory movements. It has been well documented
that turbulence increases the cost of fish locomotion (Pavlov et al.,
1982; Enders et al., 2003) and at extremely high levels, causes body
injuries or even fish mortality (Cada et al., 1999; Odeh et al., 2002).
Nonetheless, recent studies have also shown that fish might reduce
locomotory costs by exploiting the energy of vortices generated by
water moving past physical structures or propulsive movements of

other fishes (Liao, 2007; Przybilla et al., 2010), or their own (Liao
et al., 2003). The effects of turbulence on fish energetic costs have
been deemed two fold. In the past few decades, several of the most
important turbulent descriptors for migrating fish have been iden-
tified: turbulent kinetic energy (TKE), Reynolds shear stress (t),
turbulence intensity (TI), strain, eddy length scale, orientation, and
vorticity (Pavlov et al., 2000; Tritico and Cotel, 2010; Silva et al.,
2011). Turbulent kinetic energy, which corresponds to the kinetic
energy associated with fluctuating velocity at a given point (Rodi,
1980), was shown to affect fish swimming performance (Odehetal.,
2002; Silvaetal.,2011) by increasing swimming costs (Enders et al.,
2005). Enders et al. (2005), who focused on developing a swimming
cost model for juvenile Atlantic salmon (Salmo salar) by estimat-
ing the total costs of swimming in a respirometer, found that total
swimming costs increased with the increment of turbulent kinetic
energy.

Reynolds shear stress is defined by the continuous transfer of
momentum between adjacent viscous water masses of different
velocities, intersecting or moving near each other (Tennekes and
Lumley, 1972). The generated force, exerted parallel to the fish
body, has a strong impact on fish swimming performance and sta-
bility (Odeh et al., 2002; Silva et al., 2011) and at extremely high
levels it may cause severe injury or mortality (Cada et al., 1999;
Odeh et al., 2002). Furthermore, the impact of this tension depends
on its orientation towards the body of the fish, as demonstrated
by Silva et al. (2011), who found that the longitudinal component
of Reynolds shear stress (Txy) affects fish the most. Another com-
mon turbulent descriptor is turbulence intensity, which is defined
as a normalized measure of variation in velocity magnitude rel-
ative to the local average speed where the measurement is made
(Pavlov etal.,2000; Odeh et al.,2002), This may decrease fish swim-
ming speed for values higher that 2/3 of the total length of the fish
as found by (Lupandin, 2005) in his study on the effect of turbu-
lence intensity in the swimming speed of perch (Perca fluviatilis) of
different size-classes.

Turbulent eddies are typical vortical structures that occur in
unsteady flows. These coherent rotating structures in the fluid are
often described by their diameter, orientation and rate of rotation
or vorticity. These type of turbulent structures, result by either
connecting to an interface (solid-liquid such as the bed surface
or between two fluids such as the air-water interface) and may be
visualized as cylinders of fluid spanning two interfaces, or by con-
necting to themselves in a toroidal or ‘vortex ring’ shape (Tritico and
Cotel, 2010). These turbulent structures are a subject of intensive
study in the field of hydraulics (see Shah and Tachie, 2009 among
others), yet very little information exists on the effects of eddies on
the swimming behaviour of fish. The effects of vortex structures on
animal behaviour, such as bird migratory patterns, has a long his-
tory of research in aerodynamics, particularly on soaring birds that
can maintain flight without wind flapping by taking advantage of
rising air currents (Hedenstrém, 1993; Ristroph et al., 2011; Sapir
etal.,2011). Similar hydrodynamic research on the effects of eddies
in fish swimming performance, is more recent (Pavlov et al., 2000;
Lupandin, 2005; Liao, 2007). Eddy diameter, vorticity and orienta-
tion relative to the fish, as being primary variables, were shown
to strongly affect fish orientation, stability and swimming speed
(Tritico and Cotel, 2010). In their study on testing the effects of tur-
bulence on the stability and swimming speed of creek chub, Tritico
and Cotel (2010) found that stability challenges on fish occurred
for eddy diameters larger than 50-75% of the fish body total
length, and that critical swimming speed reduced more in turbu-
lent flow dominated by large horizontal eddies than large vertical
eddies.

This study was conducted with Iberian barbel (Luciobarbus
bocagei, Steindachner, 1864), a cyprinid endemic to the Iberian
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Peninsula, occurring in almost all of the river basins in northern and
central Portugal (Lobén-Cervia, 1982; Geraldes et al., 1993; Santos
et al.,, 2005). The migratory pathways for feeding and spawning
purposes of this rheophilic potamodromous species (i.e. freshwa-
ter fish that prefer water currents), include rivers with turbulent
flows which occur over considerable distances (Smith, 1991). Yet,
there is still very little information on how this species responds to
the kinematic descriptors of turbulence and to the characteristics
of the typical vortical structures (eddy shape, size, vorticity, orien-
tation) that occur in unsteady flows. A better understanding of this
biological-physical interplay would provide important insights
on the influence of turbulence on the swimming behaviour of
this species and other species of similar biomechanical attributes,
which is critical information to improve the efficiency of fishways
for these species, allowing the long-term sustainability of such pop-
ulations.

The primary objective of this study was to investigate the effects
of turbulence (TKE, Reynolds shear stress, TI and eddy size) on the
swimming behaviour of two-size-classes of Iberian barbel, under
turbulent conditions created by three different orifice arrange-
ments in an experimental pool-type fishway. It was hypothesized
that different orifice arrangements generate dissimilar turbulent
conditions, which impact fish swimming behaviour and perfor-
mance differently, influencing fish passage efficiency and transit
times. A secondary hypothesis was that an intra-specific varia-
tion on behaviour could be identified between the two size-classes
of barbel, and this would likely be dependent on the swimming
capacity to respond to the different turbulent descriptors. The last
hypothesis was that the magnitude, orientation, and size of eddies
may strongly influence behaviour, swimming stability and perfor-
mance with possible fish size differences.

2. Materials and methods
2.1. Experimental setup

Adult Iberian barbel (N=140) were captured by means of
electrofishing (Electrocatch International, Sarel model WFC7_HV,
Wolverhampton, UK) with low voltage (250V) at the River Sor-
raia, the largest tributary of the River Tagus (central Portugal).
Sampling was performed during May 2009, since April-May is
the natural reproductive migration season for this species (Santos
et al.,, 2005). Test fish ranged from 15 to 35cm and according
to their total length (TL) were separated into two different size-
classes: small adults (N=70, 15 <(TL)<25cm, mean=+SD (cm):
19.60 £ 2.60) and large adults (N=70, 25 <TL<35cm, mean +SD
(cm): 28.9543.46). Fish were kept in filtered and aerated hold-
ing tanks (1.45m x 0.70m x 0.80m) at a density of 20 per tank,
to recover from handling and transport stress, for at least one
week prior to the experiments. Fish were fed daily with pond
sticks (Tetra Pond) until 24 h prior to experimentation. Experi-
ments were conducted in a full-scale pool-type fishway prototype
at the Hydraulics and Environment Department of the National
Laboratory for Civil Engineering (LNEC), in Lisbon. It consisted
of a rectangular open-channel (10.0m x 1.0m x 1.2m), featur-
ing an upstream (2.6 m x 1.0m x 1.2m) and a downstream tank
(4.0m x 3.0m x 4.0 m). Silva et al. (2011) provide more details on
fish handling and test equipment.

To test how Iberian barbel respond to different levels of tur-
bulence, fish were tested during May to July 2009 in different
hydraulic conditions (Table 1) created in an experimental pool-
type fishway by, varying flow discharge and orifice arrangement:
(a) offset orifices (i.e. orifices alternating from side to side in the
pools); (b) straight orifices (i.e. orifices aligned on one side of the

Table 1

Summary of the hydraulics conditions associated to the three experimental designs tested: submerged orifices area (A, ), head drop between pools (Ah), volumetric power dissipation (P,), pool mean water depth at 25, 50

and 80%. Number and fish size of individuals used in the experiments.

Variables

Exp.

Design

Large adults:

Small adults:

50% hm (m) 80% h (m)

25% hy (M)

Py (W/m?) hm (m)

Q(l/s)

Ah (m)

Ao (m?)

25 <TL<35cm

15<TL<25cm

Mean +SD (cm)
28.87 +2.59
28.44 + 3.11

N

Mean +SD (cm)
19.07 + 1.76
19.85 + 2.49
19.74 + 2.14

10
10
10

10
10
10

0.71
0.68
0.68

0.44
0.43
0.42

0.22
0.21
0.21

0.89
0.86
0.85

37.0

38.5

0.16
0.16
0.16

0.03
0.04
0.05

E1l

Offset orifices

47.2

47.5

E2
E3

28.67 +2.89

63.1

62.7

26.82 +3.83
28.57 + 5.31

10
10

20.03 +2.12

10
10

0.70
0.70

0.44
0.44

0.22
0.22

0.88
0.89

48.5
69

50.0

0.16
0.16

E4 0.03
0.04

E5

Straight orifices

18.35 + 2.11

71.8

30.61 + 2.46
30.98 + 2.40

10

20.15 + 2.49
20.18 + 4.53

10
10

0.72
0.70

0.45
0.44

0.23
0.22

0.88
0.84

37.0

38.5

0.16
0.16

0.03

0.05

E6

Straight orifices with a

bar

10

63.1

62.7

E7
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B=100m

Fig. 1. Schematic of orifice arrangements tested: (a) offset orifices; (b) straight orifices; (c) straight orifices with a bar.

pools); and (c) straight orifices with a deflector bar protruding
0.5b (0.09, 0.10 and 0.12 cm) from the pool side and located at
0.20L from the inlet orifice, where b, is the width of the square
orifices and L is the pool length (Fig. 1). Silva et al. (2010) in their
study on the passage efficiency of offset and straight orifices for
Iberian barbel in a pool-type fishway found that straight orifices
create a jet flow of very high velocity which makes upstream fish
movements difficult. A deflector bar between two consecutive ori-
fices was used in the present work as an attempt to reduce such
critical hydraulic conditions for fish. To this end, both the width
and the location of the bar were choices based on the results
found by Alvarez (2009). This study focused on the hydraulic
characterization of turbulence in pool-type fishways with differ-
ent orifice arrangements, in which the former combination of
width and location of the bar was likely to create hydraulic condi-
tions more favourable for upstream fish movements. Experiments,
which lasted 1.5h, were conducted using two adult fish simul-
taneously, one of each size-class. Fish were randomly removed
from the holding tanks and held at the downstream tank for accli-
mation for at least 1h prior to experimentation. A panel with a
fine mesh screen located within the downstream tank prevented
fish from entering the flume before experiments began. To avoid
possible bias in the outcome of the experiments, as a result of
learning based effects (Mallen-Cooper, 1994), each fish was used
only once in the study. In total 70 trials were conducted by testing
seven different hydraulic conditions (Table 1) with 10 replicates
each.

2.2. Experimental trials

Experiments were performed with uniform flow (i.e. identical
depth at equivalent points within each of the six pools), with a
head drop between two consecutive pools (Ah) of 0.16 m. This
corresponds to a potential velocity (V,) of 1.77 m/s, based on cal-
culation from the formula Vy = /2gAh =1.77 m/s, where g is
the acceleration due to gravity (9.81 m/s2). Measurements of water
surface elevations for each experiment were conducted by using a
transparent grid attached to the flume side wall which determined
mean flow depth (hy, ) in each pool. The velocity fields in the flume
were characterized by means of a NORTEK AS 3D Acoustic Doppler
Velocimeter (ADV) at a frequency of 25 Hz. At this rate, 2500 instan-
taneous measurements of velocity were recorded for each sample
point (n=48) for a sampling period of 90 s, which is the sampling
period determined by Silva et al. (2010) to provide convergent
statistics of mean water velocity and turbulence parameters. Mea-
surements were taken on horizontal planes parallel to the flume

bottom at 25%, 50% and 80% of the pool mean depth in the 2nd
downstream pool, to ensure developed flow occurred. These mea-
surements were used to determine: time-averaged velocities, flow
patterns, fluctuating velocities, turbulent kinetic energy, Reynolds
shear stress and turbulence intensity.

In this study, turbulent kinetic energy (TKE), was calculated
according to Rodi (1980) as:

L) 2 2
TKE = E(urmsl + Uims2 urmsB)
1/2

— (1)
with, Ums = Vu? = -

T
T/ wde
0
where, u?

sl u?msZ and ufmﬂ are respectively the root mean square
values of the fluctuating components of velocity on the x, y, z
orthogonal coordinate system and v’ is the fluctuating component
of velocity at the sampling time T. To evaluate and compare val-
ues between the different hydraulic conditions tested, as well as to
develop universal expressions, turbulent kinetic energy was nor-
malized using the potential velocity (1/TKE/V,).

Reynolds shear stress (t), which derives from the three nor-
mal stress terms in the Reynolds-averaged-Navier-Stokes (RANS)
equation (Tennekes and Lumley, 1972) was defined for the plane
XY as:

Txy = —,OWUJZ with i#j (2)

where p is the water density (1000 kg/m3) and i, j are the two com-
ponents in two-dimensional space. Reynolds shear stress for the
XY plane was normalized by using the potential velocity (txy/pVZ2).

Turbulence intensity, a turbulent descriptor commonly quanti-
fied in studies using fish (Tritico and Cotel, 2010) was calculated by
using the following equation:

2 2 2
— (1/2)(urmsl + urmsz + urmsB)

TI 2

(3)

where U is the average local velocity.

To study the possible influence of eddies observed in the three
experimental configurations on fish swimming behaviour, maxi-
mum longitudinal (Lea,) and transversal (Le,,) diameter of the
eddies created within the pool were determined. Streamlines out-
lined eddy contours which were defined by tracing the velocity
vectors, and their respective longitudinal and transversal diame-
ters were measured in the horizontal plane at 0.25h,. A qualitative
approachbased on the ratio between maximum longitudinal (Le z )
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Fig. 2. Topology of mean flow in the pool for experiments, E2, E4 and E6: (a) offset orifice configuration at z=0.25hy, and (b) at z=0.80hn,; (c) straight orifice configuration at
z=0.25hy, and (d) at z=0.80hy,; (e) straight orifice with a bar configuration at z=0.25hy, and (f) at z=0.80hy,,. Flow from the orifice enters at the bottom left of the diagram.

and transversal (Lea,) horizontal eddy diameters and the total
length of the fish tested (TL) was also determined.

Flow characterization was supplemented by direct observations
and video recording of fish movements within the 2nd downstream
pool to identify patterns of fish movements. Further details on the
video recording system can be found in Silva et al. (2011).

2.3. Video analysis

Movements of fish were recorded and subsequently analyzed
by using the IVision Labview software from National Instruments
(http://www.ni.com). To aid video analysis, a 1.90 m long by 1.00 m
wide reference grid containing 15 contiguous sequentially num-
bered cells (each, 0.38 m length x 0.33 m width) was placed in the
pool within the camera field of view. From the video recordings, fish
location and the time spent by fish in each cell of the grid (transit
time) were determined and further analyzed in combination with
the hydraulic data. An individual was considered to occupy one
cell, when more than half of its body length was within the cell’s

boundaries. Fish behaviour within the pool was also analyzed and
related with the size of observed eddies.

2.4. Statistical analysis

Data were tested for normality with the Shapiro-Wilk test. Non-
parametric tests were conducted for violations of the assumption
of normality and homogeneity of variance. Mann-Whitney Rank
Sum test was used to detect significant differences on velocity and
turbulence between hydraulic regions created in each experimen-
tal configuration, and to search for significant differences on the
number of successful passages and the respective times taken by
fish in each size-class and configuration. To assess the hypotheses
that for each fish size-class, the rate of success and the respective
time of passage were different among hydraulic configurations, the
Kruskal-Wallis ANOVA was applied. Possible correlations between
fish transit time in each cell and the respective mean values of
velocity, TKE, TI and Reynolds shear stress, in each experimen-
tal configuration were tested with the Spearman rank coefficient.
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Mann-Whitney U-test coefficients obtained when testing for differences on the velocity, TKE, Reynolds shear stress and TI among hydraulic regions (A, B, C) in the three

experimental designs.

Design Experiments Regions Hydraulic variables
v(m/s) TKE (m?/s?) —pu'v (N/m?) TI
Offset orifices El A-B 5117 528" 3.83" 0.38 (ns)
E2 A-B 5.04" 5.02"" 3.42" -2.76"
E3 A-B 5.30"" 429" 336" -2.53"
Straight orifices E4 A-B 439" 479" 461" —0.65 (ns)
E5 A-B 5227 5.53™" 5.44™ ~1.18 (ns)
Straight orifices with a bar E6 A-B 448" 3.24™ 0.33 (ns) 247
A-C 3.817 247" —0.08 (ns) 3.24"
B-C —0.84 (ns) —0.53 (ns) —0.21 (ns) 0.53 (ns)
E7 A-B 338" 1.47 (ns) —0.49 (ns) -3.91"
A-C 3.58" 3.52"" —2.08 —1.90 (ns)
B-C —0.70 (ns) 1.41 (ns) -2.32 1.50 (ns)

ns, not significant.
" Significant in P<0.05.
™ Significant in P<0.01.
™" Significant in P<0.001.

Multiple stepwise forward regressions were employed for fish
transit time as the dependent variable and velocity and turbu-
lent parameters as independent variables. To meet the normality
requirements of parametric analysis, data were log(x+1) trans-
formed. Durbin-Watson statistics (D) (Durbin and Watson, 1951)
were used to test for first-order autocorrelation in the residuals of
each configuration. Analyses were performed using data collected
atz=0.25hn, as, in all experiments, fish preferentially moved close
to the bottom of the fishway (see Section 3.2.2). The statistical pro-
cedure was carried out using STATISTICA (STATSOFT, INC., 2000)
for a significance level of o =0.05.

3. Results
3.1. Turbulent flow

3.1.1. Flow topology and velocities

In all experiments, water velocity was found to be lower near
the water surface (z=0.80hy,) than near the pool floor (z=0.25hy,)
(Fig. 2). In experiments conducted with offset orifices, near the bot-
tom of the flume (z=0.25hy; Fig. 2a) two distinct areas could be
defined: (a) a main flow (region A) with high velocities (mean + SD
(m/s): 0.56+0.37; Table 2) travelling between two consecutive
orifices occupying 41% of the total area of the pool (Ap) and
a recirculation region (region B) with reverse flow direction
(counter-clockwise) and significantly lower velocities (mean +SD
(m/s): 0.20+£0.07; Table 2) and b) large counter-clockwise eddies
which extend through 59% of Ap, next to the main flow (Fig. 3a).
Near the surface (z=0.80hn,; Fig. 2b), a uniform recirculation area
(region A’) with lower velocities (mean4SD (m/s): 0.25+0.09;
Table 2) could be found. In experiments conducted with the straight
orifice arrangement a primary flow (region A) travelling directly
between the two straight orifices with high velocities (mean + SD
(m/s): 0.47 +£0.22; Table 2; 33% of Ap) and a contiguous recircula-
tion area (region B; 67% of Ap) of much lower velocities (mean + SD
(m/s): 0.16 £0.06 m/s; Table 2) and large eddies (Fig. 3b), were
created at the deepest level (z=0.25h,; Fig. 2c). Near the surface
(z=0.80hy,) this orifice arrangement created a counter-clockwise
recirculation area (region A’; Fig. 2d) with negligible velocities
(mean+SD: 0.1640.06; Table 2). From all three experimental
designs tested at the deepest water level (z=0.25hy), average
water velocity was lower in experiments conducted with straight
orifices with a deflector bar (0.23 m/s). In this case, three different
regions could be distinguished: a primary flow (region A; Fig. 2e and

f) of high velocities (mean 4 SD (m/s): 0.36 - 0.22; Table 2) flowing
from the upstream orifice towards the deflector bar and then turn-
ing to the opposite sidewall towards to the downstream orifice,
occupying c.40% of Ap; a secondary region in the counter-clockwise
direction (region B; Fig. 2e and f) of lower velocities (mean + SD
(m/s): 0.14+£0.19; Table 2) located between the main flow and
the upstream cross-wall, and a third region of clockwise rotation
(region C; Fig. 2e and f), of very low velocities (mean +SD (m/s):
0.16 +0.05; Table 2) created immediately below the deflector bar,
constrained between 0.42L-0.74L and 0.12B-0.5B and occupying
c. 25% of Ap. Significant differences in water velocity were found
between the primary flow and region B and C (Table 2). It was
observed that in this configuration generated eddies had a nega-
tively skewed distribution (Fig. 3c) and their size varied the most,
when compared to the eddies generated by offset and straight ori-
fices. Depth-related variations of flow pattern were not found in
the experiments involving straight orifices with a bar (Fig. 2e and
f).

3.1.2. Turbulence

Fig. 4, gives the contours of normalized turbulent kinetic energy
for the three experimental designs tested. TKE strongly varied with
water depth, decreasing near the water surface. In all experiments
the highest values of TKE were created near the bottom of the flume
(z=0.25hy,) along the primary flow (see Section 3.1.1) decreasing
in the remaining areas. Significant differences on TKE were found
between the main flow and region B and/or Cin all the experiments
(Table 2). The straight orifice arrangement with a deflector bar
seemed to have created the highest values of sqrt (TKE) (0.47V,),
when compared with those found in experiments conducted with
offset and straight orifices, 0.29V, and 0.32V,, respectively (Fig. 4a,
c and e). The range for sqrt (TKE) was 0.04V, to 0.47V, for the
straight orifice arrangement with a deflector bar, the largest vari-
ation observed between the three configurations tested. At the
deepest pool level (z=0.80hy), sqrt (TKE) was lowest in all con-
figurations (Fig. 4b, d and f). At this depth sqrt (TKE) variation
was similar to the experiments conducted with offset (0.15V,)
and straight (0.12V,) orifices in which the highest sqrt (TKE) val-
ues (0.32V,) were reached near the cross-wall opposite the orifice
(Fig. 4b and d). In the experiments with straight orifices and a
deflector bar, sqrt (TKE) was clearly higher (0.10V,) upstream than
downstream of the bar, decreasing towards region C to values of c.
0.04V,.
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Fig. 3. Eddies contours at z=0.25hy, for the three experimental designs tested: (a)
a bar configuration. Flow from the orifice enters at the upper left corner.

Contours of normalized Reynolds shear stress for the XY are
plotted in Fig. 5. It is clear that this normalized horizontal compo-
nent of the Reynolds shear stress decreased near the water surface
where it reached negligible values c. < 0.001VZ2 (Fig. 5b, d and f),
This effect was highly pronounced in the experiments with straight
orifices (Fig. 5c and d) and straight orifices with a bar (Fig. 5e and f).
In the experiments with straight orifices, maximum absolute values
of this hydraulic variable (0.02V2) were found at z=0.25hy, in the
main flow area (see Section 3.1.1) and decreased towards the oppo-
site side-wall, where they remained almost negligible (Fig. 5c). A
similar variation of the XY component of Reynolds shear stress was
also observed in the experiments with offset orifices (Fig. 5a). Sig-
nificant differences on this hydraulic parameter were found among
the different hydraulic regions created in experiments with off-
set and straight orifices (Table 2). The introduction of a deflector
bar between two straight orifices induced the highest variations
of this hydraulic parameter at the deepest water level, where two
distinct areas of different Reynolds shear stress values could be dis-
tinguished: (a) an area between the upstream cross-wall and the
deflector bar (0<L<0.20), where the highest values of horizontal
Reynolds shear stress were reached (< 0.015V2) and (b) an area
located between the deflector bar and the downstream cross-wall
(L>0.20), in which very low levels of horizontal Reynolds shear
stress were found c. < 0.002V2.

Maps of TI were created for the three experimental designs at
z=0.25hy and z=0.80hyy, (Fig. 6). For all the experimental designs
tested near the bottom of the pool (z=0.25hp,), the straight orifice
arrangement with a deflector bar generated the highest values of TI
observed c. 4.24 in the main flow area (see Section 3.1.1). TI values
decreased towards the remaining hydraulic areas (region B and C)
and reached negligible values (c. <0.06), leading to significant dif-
ferences on TI among these hydraulic regions (Table 2). Though
variations of maximum TI from the bottom to the surface were not

offset orifice configuration, (b) straight orifice configuration and (c) straight orifice with

clear at the most superficial level (z=0.80hy,), maximum TI values
were also found to be higher in experiments with straight orifices
and a deflector bar (4.20) when compared to experiments with
offset or straight orifice arrangements (2.51 and 3.04, respectively).

3.2. Fish

3.2.1. Fish passage efficiency

Among the three tested configurations, the hydraulic conditions
created by the offset orifice arrangement resulted in a significantly
higher rate of passage for fish of both size classes (smaller fish:
61%; larger fish: 78%) when compared to straight orifices (smaller
fish: 25%; larger fish: 30%) or straight orifices with a deflector
bar (smaller fish: 55%; larger fish: 15%) (Kruskal-Wallis ANOVA:
P=0.0001). Although in experiments conducted with offset and
straight orifices larger fish exhibited higher passage efficiency,
size-related differences on the rate of success were not found to
be significant for each of these configurations (Mann-Whitney U-
test: offset orifices, Z=—0.82, P=0.409; straight orifices, Z=—0.34,
P=0.726). This result is in contrast with experiments for straight
orifices with a deflector bar. In this case, a relationship was clearly
evident (Mann-Whitney U-test: Z=2.61, P=0.009) as a high num-
ber of smaller fish passed (55%), compared to a low number (15%)
of the larger fish which were successful (Fig. 7a).

The time taken by fish to successfully negotiate the fishway var-
ied with the experimental configuration and fish size-class (Fig. 7b).
The offset orifice arrangement seemed to be more suitable for both
fish size-classes for upstream passage, as evident by the shortest
transit times (mean £ SE (min): 7.18 +0.83). Fish transit times in
experiments with straight orifices (mean + SE (min): 7.81 £ 2.54)
and straight orifices with a bar (mean + SE (min): 7.57 4 2.12) were
longer for both size classes. Smaller fish experienced more difficulty
in overcoming the hydraulic conditions created by the straight
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Fig. 4. Dimensionless TKE for experiments, E2, E4 and E6: (a) offset orifice configuration at z=0.25hy, and (b) at z=0.80hy,; (c) straight orifice configuration at z=0.25h, and
(d) at z=0.80hy,; (e) straight orifice with a bar configuration at z=0.25h,, and (f) at z= 0.80h,. Flow from the orifice enters at the bottom left of the diagram.

orifices, leading to longer transit times (mean4SE (min):
13.2+4.61) compared to offset orifices (mean+SE (min):
7.78 +£1.36) and straight orifices with a deflector bar (mean 4+ SE
(min): 6.18 +2.13). Nevertheless, no significant differences on the
time of passage of small fish were found among configurations
(Kruskal-Wallis ANOVA: P=0.093). In contrast, the time taken
by larger fish to successfully ascend the fishway was strongly
dependent on the tested configuration (Kruskal-Wallis ANOVA:
P=0.005). Indeed, larger fish took much longer to ascend the fish-
way in experiments with straight orifices and a bar (mean 4 SE
(min): 12.66 4+ 6.06) than with offset (mean =+ SE (min): 6.55 & 0.94)
or straight orifices (mean 4 SE (min): 3.33 4+ 0.84). Size-related dif-
ferences were also found in experiments with straight orifices with
a deflector bar (Fig. 7b), where smaller fish clearly took less time to
ascend the fishway (Mann-Whitney U-test: Z=2.33, P=0.019).

3.2.2. Fish swimming behaviour responses to turbulent flow
kinematics

In all the experiments, fish were found to prefer areas of lower
turbulence as evident by the highest % of time [(transit times/total
time in the pool) x 100] spend by fish in each flow region. Both
size classes spent the following % time in region B of each

orifice arrangement: offset (small fish: 78%; large fish: 71%);
straight (small fish: 87%; large fish: 92%). In contrast, respective
% times spent in region A were: offset (small fish: 22%; large fish:
29%); straight (small fish 13%; large fish: 8%). Although less evi-
dent, such trend was also observed in the straight orifice with
a deflector bar arrangement, as shown by the % times spent in
region B (small fish: 9%; large fish: 6%) and C (small fish: 63%;
large fish: 48%) compared to those spent in region A (small fish:
28%; large fish: 47%). The effect of hydraulics on fish swimming
behaviour was determined based on the correlations established
among transit times of fish in each cell of the pool and the respec-
tive hydraulic kinematic conditions (Table 3). Since fish movements
preferentially occurred near the bottom of the flume, previous anal-
yses (Silva et al., 2011, 2010) included hydraulic conditions only
at z=0.25hy. Configuration-related patterns between fish tran-
sit time and hydraulics were found for species size-classes. In
experiments conducted with offset orifices, fish behaviour for both
size-classes seemed to be influenced by hydraulic conditions, par-
ticularly TI, TKE and Reynolds shear stress. Swimming behaviour of
smaller fish appeared to be strongly influenced by these variables
(Table 3). Under the high velocities and turbulence levels created by
the straight orifice arrangement, smaller fish were observed to lose
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Fig. 5. Dimensionless Reynolds shear stress (XY plane) for experiments, E2, E4 and E6: (a) offset orifice configuration at z=0.25hy,, and (b) at z=0.80hn,; (c) straight orifice

configuration at z=0.25h, and (d) at z=0.80hy,; (e) straight orifice with a bar configuration at z=0.25h, and (f) at z=0.80hy,,. Flow from the orifice enters at the bottom left
of the diagram.

Table 3
Spearman rank test results obtained to test for possible correlations between the transit time of fish in each cell and hydraulics.
Configuration Fish size-class Dependent variable N Spearman rank r P-value
Offset orifices Smaller fish TKE (m?2/s2) 20 —0.42 0.003™
| — puv’| (N/m2) 20 -0.43 0.003"
TI 20 —0.45 0.001"
Larger fish | — pu'v'| (N/m?2) 20 —-0.33 0.025
Straight orifices Larger fish | — pu'v'| (N/m?) 20 0.37 0.039°
Straight + bar Smaller fish | — pu'v'| (N/m?) 20 0.52 0.002™”
orifices Larger fish v(m/s) 20 —-0.38 0.034"
| — puv'| (N/m?) 20 0.4 0.026"

Four different factors were analyzed (velocity, TKE, Reynolds shear stress and TI) but only those with significant values (P<0.05, Zar, 1996) are shown.
* P<0.05.
" P<0.01.

""P<0.001.

their capacity to hold position, drifting and being displaced to the to be significantly influenced by Reynolds shear stress (Spearman
downstream adjacent pool, so no relation between transit time of rank correlation: r=0.37, P=0.039) (Table 3). This hydraulic param-
smaller fish and the existing hydraulic conditions was found for this eter was also correlated with fish transit time for both size-classes
experimental design. In contrast, behaviour of larger fish appeared in experiments with straight orifices and a deflector bar (Spearman
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Fig. 6. Turbulence intensity for experiments, E2, E4 and E6: (a) offset orifice configuration at z=0.25hy, and (b) at z=0.80hn; (c) straight orifice configuration at z=0.25hy,
and (d) at z=0.80hy,; (e) straight orifice with a bar configuration at z=0.25hy, and (f) at z=0.80hy,. Flow from the orifice enters at the bottom left of the diagram.

Table 4
Variables entered in model of forward stepwise regression analysis explaining fish’s transit time of both size-classes in the tested designs.
Design Variable F-test r? D
Offset orifices
Smaller fish 1.86
TI 7.77" 0.15
| — puv| 4.96' 0.24
Larger fish 143
| — puv| 4.66" 0.09
Straight orifices
Larger fish 1.25
| — pu'v| 7.06° 0.2

Four different factors were analyzed (velocity, TKE, Reynolds shear stress and TI) but only those with significant values (P< 0.05) are shown. F, test statistic; r2, coefficient of
determination; D, Durbin-Watson statistics.

" P<0.05.

" P<0.01.
""P<0.001.

rank correlation: small fish, r=0.52, P=0.002; large fish, r=0.40, resultsin explaining variationin fish transit time (Table 4). Whereas
P=0.026). This suggests that in all experimental designs, Reynolds both Reynolds shear stress and TI explained 39% of the variation
shear stress may have been the most influential hydraulic variable in transit time for smaller fish in experiments with offset orifices,
on fish behaviour. Indeed, from the hydraulic variables considered, Reynolds shear stress was the only factor significantly correlated
this was the most important parameter with the most significant with transit time for larger fish in experiments with offset (9%)
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and straight orifices (20%). There was no significant autocorrela-
tion (0.52<D<2.01, «=0.05) in the residuals of each regression
(Table 4).

3.2.3. Fish response to eddy size

The ratio between maximum longitudinal (Le,) and transver-
sal (Leay) horizontal eddy diameters and the total length of the fish
tested (TL) is plotted in Fig. 8. The distribution of eddy sizes was
negatively skewed, with a higher number of larger eddies and few
small eddies, particularly in experiments with offset and straight
orifices (Fig. 3 and Table 5). Under these two experimental condi-
tions the size of the created eddies, in most cases, was higher than
fish length for both fish-sizes (Leo,/TL>1 and Le,,/TL> 1) (Fig. 8a
and b). In the straight orifice arrangement, smaller fish were found
to drift towards the main flow and been dragged to the immedi-
ately downstream pool. In contrast, the larger fish, which have a
higher swimming capacity than the smaller ones (Silvaetal.,2011),
were able to re-establish their orientation and successfully ascend
the fishway. Nevertheless, under the straight orifice arrangement,

some larger specimens were not able to recover their orientation
in the pool and subsequently fell back downstream. In experi-
ments conducted with straight orifices with a deflector bar, where
a wider range of eddies with different sizes was created (Fig. 3
and Table 5), fish swimming behaviour was likely affected more by
these hydraulic structures. Herein, strong size-related differences
on swimming behavioural responses to eddy size were observed
between smaller and larger fish. When facing eddies larger than
their size (Leay/TLss>1 and Lea,/TLy>1) (Fig. 8c), smaller fish
were observed to display one of two behaviours: (a) swim steadily
through the eddies, exhibiting a swim behaviour characterized by
larger lateral body amplitudes and curvatures than swimming in
areas with very high velocities (main flow region); (b) become dis-
orientated but rapidly adjust their body stability and finding their
route to successfully ascend the fishway. Some of the eddies gener-
ated were of similar size to the size of the larger fish (Lea,/TLi~ 1
and Lea,/TLif~ 1) (Table 5 and Fig. 8d). Under such conditions fish
were seen to spread their pectoral fins in an attempt to stabi-
lize their body position. These responses increased the hydraulic
resistance of their body, thereby decreasing fish swimming perfor-
mance. This is evident from the longer transit times estimated to
ascend the fishway when straight orifices with a deflector bar were
used, compared to shorter transit times when straight or offset ori-
fice arrangements were employed (Fig. 7b). Nevertheless, most of
the fish were dragged to the downstream pool as a result of the high
magnitudes of the forces acting on their body and the respective
energy costs associated to restore stability. In areas with eddy size
smaller than fish length (Lea,/TLif < 1 and Le s, /TLjs < 1; region B in
Fig. 8d), larger fish were observed to swim steadily through eddies
towards the upstream orifice. When facing areas with eddies bigger
than their size (Leax/TLir> 1 and Le,/TLjs > 1; Fig. 8€), some larger
fish got disorientated and fell back to the downstream pool, while
others were found to recover their route and successfully move
forward.

4. Discussion

This study focused on the analysis of the effects of hydro-
dynamic turbulent flow kinematics on the swimming behaviour
of Iberian barbel under different turbulence conditions. These
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Table 5

325

Characterization of the eddies created in the three experimental design tested: number of identification (#), location, maximum longitudinal (Lea,) and transversal (Le,,)

diameters and area (a.) of the eddy. Ratio between longitudinal and transversal diameter and smaller (TLs) and larger fish (TLy) total length.

Design # Zone Leay (m) Leay (m) e (M?) Smaller fish (sf) Larger fish (If)
Offset orifices 1 Region B 0.45 0.58 0.82 Leay/TLg>1 Leay/TLi>1

2 Region B 0.64 0.78 1.57 Lepx/TLg> 1 Lepx/TLi> 1

3 Region B 1.26 0.83 3.28

4 Region B 1.47 0.85 3.92

5 Region B 1.72 0.86 4.64
Straight orifices 1 Region B 0.29 0.33 0.30 Leay/TLs>1 Leay/TLi>1

2 Region B 0.78 0.62 1.52 Leay/TLg>1 Leax/TLis> 1

3 Region B 1.18 0.76 2.82

4 Region B 1.61 0.80 4.04

5 Region B 1.81 0.80 4.55
Straight orifices 1 Region B 0.23 0.21 0.15 Leay/TLs>1 1<Lepy/TLr<1
with a bar 2 Region B 0.25 0.44 0.35 Leax/TLg>1 1<Leay/TLr<1

3 Region A 0.50 0.40 0.63

4 Region A 0.82 0.70 1.80

5 Region A 1.00 0.83 2.61

6 Region A 1.13 0.90 3.19

7 Region C 0.40 0.30 0.38

turbulent conditions were generated by the three different orifice
arrangements (offset, straight and straight orifices with a deflector
bar) in a full scale experimental pool-type fishway. Fish perfor-
mance within the fishway was similar to the behaviour commonly
displayed by this species under natural conditions, as fish moved
primarily near the bottom of the flume (z=0.25hy,). This is typi-
cal behaviour exhibited by this species when moving freely and
volitionally in its natural habitat, as a result of vertical segrega-
tion associated with trophic (bottom feeders) and reproductive
adaptations (epi-benthic fish, i.e. fish that spawn in gravel beds)
(Collares-Pereira et al., 1995; Martinez-Capel and Garcia de Jalén,
1999). Furthermore, the highest passage success and the corre-
sponding lower transit times observed in experiments with the
offset orifice arrangement occurred under velocities commonly
encountered by Iberian barbel when exploring for feeding and
spawning purposes (Martinez-Capel et al., 2009). This fits well
with the physiological strategy of this species to minimize energy
expenditure in maintaining position in the water column because
of their limited swimming ability (Doadrio, 2001). Likewise, the
strong trend by fish to avoid areas of high turbulence levels was
demonstrated by the high negative correlations found between
the transit time of fish in each cell and the respective values of
TKE, Reynolds shear stress and TI in all the experimental configu-
rations tested. Avoiding high turbulence is a behaviour commonly
observed with this and many other fish species and emerges as an
attempt to minimize energy expenditure to sustain stability.

The behavioural response of fish to the hydrodynamic hetero-
geneity of flows in aquatic systems, such as turbulence resulting
from the interactions of gravity and wind-driven currents in
water-air and water-water interfaces, as well as water moving past
physical structures (Webb, 2004), strongly depends on the spatial
and temporal perturbation magnitude of the forces acting on the
fish, the time of fish exposure, species, life stage and individual size
(Lupandin, 2005; Cotel et al., 2006). Results from the present study
attest to this relationship, as Reynolds shear stress was the main
factor among all the hydraulic variables analyzed, which explained
passage success and fish transit times in experiments with offset
and straight orifice arrangements. Shear stress levels that are low
enough to avoid injury may still lead to fish disorientation and/or
displacement, as a result of the overlap of drag to thrust forces
and the high energy expenditure required to generate thrust (Odeh
et al., 2002; Silva et al., 2011). Odeh et al. (2002) determined that
rainbow trout (Onchorhynchus mykiss), Atlantic salmon (S. salar)
and hybrid bass (Morone saxatilis x Morone chrysops), exposed to

levels of Reynolds shear stress above 50 N/m? for a period of 10 min
may suffer injuries but not mortality. Cada et al. (1999) report
shear stress values =700 N/m? cause injuries or mortalities in fish.
In the present experiments Reynolds shear stress values varied
from 0.02N/m?2 to 73.4N/m2. As expected fish damage was not
witnessed but fish disorientation and displacement was observed.

Although the effects of single turbulence descriptors (TI, TKE,
or Reynolds shear stress) have been studied (Odeh et al., 2002;
Silva et al., 2011), these may yield only partial effects on the
swimming capacity and behaviour of fish. Consideration of other
or multiple turbulence descriptors may provide a more thorough
understanding of the effects of hydrodynamics on fish behaviour
and movements. The behaviour of fish in experiments conducted
with straight orifices with a bar clearly attests to this concept, as
none of the above listed single descriptors appeared to explain
fish behaviour in this experimental design, pointing towards addi-
tional hydraulic mechanisms. In fact, when swimming in turbulent
flows, fish are exposed to a complex system of forces acting upon
their body that can cause translational and/or rotational displace-
ments (Tritico and Cotel, 2010; Liao, 2007). This may result from
the action of typical vortical structures created in turbulent flows
that are known to play a significant role in fluid flow phenomena
as momentum, mass and heat transfer (Pope, 2000). Thus, the high
levels of turbulence found in the offset with a bar experimental
setup (see Section 3.1.2), led to the hypothesis that the distribution
of eddy sizes could be the primary turbulent variable affecting fish
swimming behaviour.

As the entire length of the eddy approaches the fish width
for horizontal eddies or the fish depth for vertical eddies (Tritico
and Cotel, 2010), there is a robust correlation between fish size
and turbulence scale, as clearly evident through the size-related
behavioural differences found in the three experimental configu-
rations where fish faced eddies of different size. If an eddy is larger
than the total length of a fish, its balance should not be affected,
although fish may experience disorientation and even displace-
ment (Lupandin, 2005; Tritico and Cotel, 2010; Webb and Cotel,
2010), as observed in fish of both size-classes in experiments con-
ducted with offset and straight orifices. Nevertheless, if an eddy
size is much larger than fish total length, fish orientation might
not be disturbed, as observed in some small fish in experiments
with straight orifices with a bar. In addition, when facing eddies
smaller than their size, fish may swim steadily through them (Liao,
2007). This behaviour is a complex phenomenon that results from
the capacity of the fish to integrate biomechanics and sensory
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processes. Such ability allows fish to explore turbulent areas and
greatly enhance propulsive efficiency by extracting energy from
eddies, thus decreasing the energy expenditure required to gen-
erate thrust (Liao, 2007). This interesting capacity of animals to
reduce locomotory energy costs is well known in soaring migra-
tory birds (Hedenstrém, 1993) and insects (Ristroph et al., 2011)
which use the energy of air currents to propel them in turbulent
air. The same strategy is used by fish while swimming in turbulent
flow, which might explain the behaviour exhibited by larger fish
while steadily swimming through smaller eddies in experiments
involving straight orifices with a bar. In contrast, both stability and
swimming performance of fish are known to be strongly affected
by eddy kinematics of size similar to their body length (Tritico and
Cotel, 2010).

It is known that fish ability to hold position results from their
faculty to generate enough thrust to balance drag forces (Webb,
1988), which implies a complex interplay between biomechanic
and physiological processes. Several authors have pointed to fin
activity as one of the main mechanisms that permits fish to main-
tain stability in complex flows (Bioly and Magnan, 2002; Webb and
Cotel, 2010). Pectoral fins can be particularly effective and their
movements can vary widely during swimming in turbulent flows
(Liao, 2007). The observed spread of the pectoral fins of larger
fish, in areas with eddies of similar size to their body length in
experiments conducted with straight orifices with a deflector bar,
clearly illustrated that fins provide an important mechanism for
fish to self-correct and re-establish stability during swimming and
manoeuvring (Webb and Cotel, 2010). This behaviour is usually
associated with a decrease in fish swimming performance from an
increase in hydraulic resistance (Tritico and Cotel, 2010), which
may explain the higher passage times found for larger fish in this
experimental design. Under such hydraulic conditions fish can also
experience angular rotations of their body, which strongly depend
on eddy orientation (vertical or horizontal), and is commonly asso-
ciated to an increase in oxygen consumption (Tritico and Cotel,
2010) which also decreases fish swimming performance. It is pos-
tulated that the effects of eddy orientation on fish vary according to
species morphology and locomotion (Liao, 2007; Tritico and Cotel,
2010; Webb and Cotel, 2010). It is also believed that horizontal
eddies might induce stronger impacts on fish swimming capacity
when compared to vertical eddies, as demonstrated by Tritico and
Cotel (2010). The stabilizing control system of fish would be bet-
ter suited for countering yawing rather than pitching perturbations
(Weihs, 2002; Webb, 2006).

In the present research, it is clear that in certain circumstances,
turbulence may be deemed a feature of hydrodynamic environ-
ments that is a benefit rather than a constraint. Furthermore, it
was observed that fish had a tendency to preferentially explore
areas of low levels of turbulence and were clearly able to detect
specific ranges of turbulence. This reveals, not surprisingly, that
they can be quite sensitive to turbulent cues (Pavlov et al., 2000;
Liao, 2007), which can influence fish behavioural routines and habi-
tat choices (Webb, 2002). The effects of complex unsteady flows
on fish swimming performance and behaviour has recently been
investigated (Triantafyllou et al., 2002; Liao et al., 2003; Smith
and Brannon, 2005). Yet, there is a strong gap between the spatial
and temporal resolution of flows at which hydraulics are mod-
elled and at which fish respond (Liao, 2007; Webb and Cotel,
2010). Although, hydrodynamics has a long history and is a well-
studied subject (Tennekes and Lumley, 1972; Pope, 2000; Shah and
Tachie, 2009), the nature and characterization of turbulent flow
structures is still lacking. Thus, there is a critical need to compre-
hend and evaluate the hydrodynamic features of turbulent flows
that will lead to a better understanding on how turbulence might
impact the fish’'s swimming capacity and behaviour. The use of

physical models and advanced hydrometric systems, as well as
computational fluid dynamics (CFD) are needed to allow a more
comprehensive understanding of physical phenomena, as well as
predict and analyze the levels of turbulence in unsteady flows.
Equally, technological advancements that allow fish observation
and real-time measurements of physiological costs of swimming
are necessary to understand the biological influence of turbulent
flows on fish behaviour. Electromyogram (EMG) studies, which
have been shown to adequately monitor the physiological swim-
ming effort of fish (Mateus et al., 2008), associated with underwater
video verification of swimming kinematics, may help to iden-
tify fish preference/response to different levels and structures of
turbulence. Thus, research correlating measurements of flow kine-
matics and analyses of the vortical turbulent structures (eddy
size, strength, orientation and vorticity) with metabolic swim-
ming costs, to better understand the impact of turbulence on
fish behaviour is needed. To date, data from studies conducted
in laboratory settings have conclusively contributed to improved
understanding between flow hydrodynamics and fish swimming
behaviour, stressing the accuracy of such research efforts. As is
evident from this study, similarity exists between fish behaviour
observed in experiments and under commonly found natural con-
ditions for the same species. Hence, comprehensive ecohydraulic
laboratory studies which include both fish observations and hydro-
dynamics, where confounding variables are possible to control and
manipulate, are likely to be a good approach to increase knowledge
in this area.

The results show that station holding, ability to maintain pos-
ture, and swimming behaviour are strongly affected by turbulence,
particularly by Reynolds shear stress and the presence of turbu-
lent eddies in close proximity to fish. Although biological testing is
needed and experiments are underway, strategically placed and
properly sized artificial elements, such as blocks, hemispheres
or cylinders (Shamloo et al., 2001; Katopodis, 2002) within a
fishway may generate favourable hydraulic conditions, including
appropriate levels of shear stress, as well as eddy orientation and
size. The placement of more natural substrates may also improve
migration opportunities for different species in fishways or river
restoration projects. Such substrates would be expected to gen-
erate more nature-like areas of different levels of turbulence,
as well as eddy sizes and orientations, which fish may use to
volitionally migrate over a range of hydraulic conditions. These
conditions may allow fish to minimize swimming energetic costs
by either taking advantage of the energy associated with eddies
for propulsion or using areas of low turbulence to rest. Further-
more, adding artificial or more natural substrates may be a very
low cost alternative, with low maintenance requirements, as long
as it is secured from washing-out. The findings of this study are
believed to provide valuable insights on swimming behavioural
responses of epi-benthic cyprinids to the hydrodynamic kinemat-
ics and vortical structures of turbulent flows. Nevertheless, the
effects of turbulence on fish swimming behaviour were shown
to be important, thus accurate knowledge of its effects on differ-
ent fish species is essential to improve future fishway and stream
restoration projects.

5. Conclusions

The influence of turbulence and flow kinematics on the swim-
ming behaviour of a potamodromous cyprinid was studied in a
laboratory ecohydraulic flume. Fish responses were observed and
associated with turbulence variables created in a pool-type fish-
way by three orifice arrangements (offset, straight and straight
orifices with a deflector bar). Flow topology (patterns and eddies)
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and flow kinematics (velocity, turbulent kinetic energy, Reynolds
shear stress and turbulence intensity) were characterized using a
3D ADV and the consequent responses on swimming behaviour and
upstream movements of Iberial barbel of two different size-classes
were analyzed. Although size-related fish behavioural responses
to hydraulics were found, Reynolds shear stress and eddy size
appeared as the main factors explaining fish swimming behaviour.
Fish were found to avoid areas of high Reynolds shear stress and
when facing eddies of similar size to their total length, experienced
disorientation and loss of stability, leading to high levels of energy
expenditure, low rates of passage success and longer transit times.
The results show that Reynolds shear stress and eddy size both
of which are strongly dependent on fishway pool geometric fea-
tures, could be a barrier for upstream fish migration. Minimizing
fish disorientation and loss of stability attributed to eddies may
increase fish passage success, efficiency and shorten transit times.
Of the three orifice arrangements, the offset configuration con-
trolled Reynolds shear stress and eddy size best, producing the
most favourable hydraulic conditions, and was the most efficient
for passage of both sizes of barbel. Introducing a bar on the side
of the pool had a positive effect on passage of smaller barbel but
a negative effect on the larger ones. A better understanding of the
relationship between fish swimming behaviour and hydraulic con-
ditions could result from the ability to measure and accurately
model turbulence, improving both spatial and temporal resolution
at which hydraulics are analyzed and at which fish are observed
to respond. Computer models could be a good approach to more
faithfully reproduce different flow conditions and predict levels
of turbulence. Nonetheless, such models should first be verified
to ensure their capability and accuracy. Ecohydraulic laboratory
studies focusing on turbulence and biomechanisms which differ-
ent species and sizes can use to exploit unsteady flow could provide
valuable insights. Such insights and information relate to fish pas-
sage effectiveness and are important for the sustainability of fish
populations.
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