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Reynolds shear-stress and velocity: Positive biological response of
neotropical fishes to hydraulic parameters in a vertical slot fishway

Bernardo Alan de Freitas Duarte, Isabella Cristina Resende Ramos and
Hersília de Andrade e Santos

The barriers created by dams can cause negative impacts to aquatic communities, and migratory fish species are directly affected.
Fishways have been developed to allow the upstream passage of fishes through dams. In Brazil, after the implementation of
environmental laws, these structures have been built based on European and American fishway designs. Studies have shown
selectivity for different neotropical fishes in some Brazilian fishways, and the main challenge has been to promote upstream
passage of a large number of diverse fish species. The patterns of flow circulation within the fish ladder may explain fish
selectivity although few studies detail the fish response to hydraulic characteristics of fish ladder flow. This paper presents a
laboratory study, where a vertical slot fishway was built in a hydraulic flume and the behavior of two neotropical fish species
(Leporinus reinhardti and Pimelodus maculatus) were analyzed. The structure of flow was expressed in terms of mean velocity,
Reynolds shear-stress and velocity fluctuation fields. The individuals of Leporinus reinhardti had higher passage success than
Pimelodus maculatus in the laboratory flume. Both species preferred areas of low to zero Reynolds shear-stress values. In
addition, different preferences were observed for these species concerning the horizontal components of velocity fluctuation.

Interrupções em rios, como as causadas por barragens, provocam impactos negativos sobre as comunidades aquáticas e as
espécies migratórias de peixes são diretamente afetadas. A fim de permitir a passagem de peixes, mecanismos de transposição são
construídos junto a barramentos. No Brasil, após a implantação de leis ambientais, estas estruturas passaram a ser amplamente
construídas e foram baseadas em projetos desenvolvidos na Europa e na América do Norte. Análises de mecanismos já construídos
têm mostrado grande seletividade para espécies neotropicais e as demandas da diversa fauna de peixes neotropical são apresentadas
como principal desafio ao projeto de passagens para peixes. Os padrões de escoamento dentro de escadas para peixes podem
explicar a seletividade destes mecanismos, mas poucos estudos detalham a resposta dos peixes às características hidráulicas
encontradas dentro das escadas. Este estudo apresenta uma análise realizada em um laboratório onde foi construída uma escada
do tipo ranhura vertical e analisados os comportamentos de duas espécies neotropicais (Leporinus reinhardti e Pimelodus
maculatus). O escoamento foi estudado considerando os campos de velocidade média, tensão cisalhante de Reynolds e flutuações
de velocidades. Os indivíduos da espécie Leporinus reinhardti apresentaram maior sucesso de passagem do que os da espécie
Pimelodus maculatus. Ambas as espécies preferiram áreas de tensão de Reynolds igual a zero. Além disso, diferentes preferências
foram observadas para cada espécie em relação às componentes horizontais da flutuação da velocidade.
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Introduction

In the last 50 years the growth of energy demands has
encouraged the construction of new dams in Brazil. Providing
fish passage at dams is critical to preserve the distribution
and fitness of diadromous and potamodromous species
worldwide (Lucas & Baras, 2001; Roscoe & Hinch 2010). After
implementation of environmental laws in some Brazilian states,
fishways have been widely constructed (Viana et al., 2009).
The principal aim of these fishways was to allow the upstream

passage of migratory fish, which are a small fraction of the
total fish species in South America (Petrere Jr., 1985; Godinho
& Godinho, 1994) although they have great value for
professional fishing (Godinho, 1993).

Upstream fish passage through dams can be provided by
several types of fishways: nature-like bypass channels, fish
ladders, fish lifts, fish locks or collection, and transportation
facilities (Larinier & Marmulla, 2003). An upstream fishway
allows fish species to access river reaches which were
previously inaccessible because of dams. Fish ladders have
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been the most common fish passage type constructed
throughout the world (Yagci, 2010).

The challenge for building effective fishways is related to
the lack of information about the demands and preferences of
local fish species (Silva et al., 2009). Besides, knowledge of
their swimming performance and behavior are required for
design of fishways (Northcote, 1998).

One of the most widely used fish ladder in Brazil is the
vertical slot model. It consists of a flume where the baffles
installed at regular intervals create a series of pools. The
amount of drop between the pools, which determines the
maximum velocity in the jet, is straightforwardly defined by
the swimming ability of the target species (Tarrade et al., 2011).
A number of studies have determined the flow circulation
patterns and characteristics of this fishway (Wu et al., 1999;
Larinier & Marmulla, 2003; Viana et al., 2009; Tarrade et al.,
2011). However, the behavior of fish species within fish ladders
is not yet well known (Silva et al., 2010).

The presence of water moving around the fish determines
the action of many forces on its body, such as buoyancy. The
water movements generate more forces, e.g. shear force and
drag. Fish react to this force by avoiding some areas and
preferring others. There are many hydraulic parameters which
provide information about the forces around a fish body, such
as hydraulic strain, turbulence and tensors components
(Enders et al., 2003, Goodwin et al., 2006). In rotational flow
within a fish ladder, the shear is particularly important; it
appears when two parallel layers of water masses have
opposite or parallel forces due to their velocities (Silva et al.,
2010). Experiments in laboratories allow to create controlled
flow in channels and to obtain accurate measurements of
hydraulic parameters. Then, when they are also used to
analyze fish behavior, information about fish preference can
be obtained in the best way.

The aim of this study was to understand the influence of
three hydraulic parameters, namely Reynolds shear-stress,
velocity fluctuation and mean velocity, on two neotropical
fish species within a vertical slot fish ladder. A vertical slot
model was built in a laboratory flume and experiments of two
different species (Leporinus reinhardti and Pimelodus
maculatus) were conducted. This study allowed the
determination of the effectiveness of the vertical slot fish
ladder for two different neotropical species having different
physical and behavior characteristics.

Material and Methods

This study was conducted in a hydraulic flume installed
at the Hydraulic Laboratory of CEFET-MG (Centro Federal de
Educação Tecnológica de Minas Gerais). The flume was 7.00
m long, 0.87 m wide and 1.00 m high; it was built in concrete
and the flow was generated by a pump which assures steady
flow in the recirculating water system. The bed slope of the
vertical slot fishway was 4.5%, which is a common slope in
Brazilian fish ladders.

For model scale, the design criteria proposed by model
number 1 in Rajaratnam et al. (1986) was applied. The width
of the baffle slot (bo) was 0.11 meter and the length of the pool
between baffles was 1.08 meter. The flume was divided into 3
pools. The upstream pool was numbered as pool 1 and the
downstream pool was numbered as pool 3 (Fig. 1).

A flow probe used (Brand Global Water) provided only
the mean and maximum velocity readings with accuracy of
0.01 m/s, i.e. it did not inform instantaneous velocity
measurements. The water velocity probe consisted of a
protected water displacement sensor coupled with an
expandable probe handle ending in a digital readout display.
The water velocity computer received an electrical signal from
the propeller, amplified the signal and converted the reading
to meters per second (Global Water Instrumentation, 2011).

The flow probe was placed at different horizontal levels
parallel to the bottom of the flume. Velocity fields were
obtained for horizontal planes from 0.10 m and 0.20 m above
the flume bottom. The measurement points were distributed
in the second pool by a mesh of 62 cells (the measurements
were taken in the center of each cell). For each point, the X
and Y components of mean (u , v ) and maximum velocity
(umax, vmax) were collected. The measurements took 2 minutes
at each point, which corresponded to about 80 velocities
records.

The water velocity measurements procedure consisted
on 2 steps: First, the propeller probe was placed in one
direction (x axis) and X velocity components were measured.
Then the probe was turned 90 degrees and in another direction
(y axis) and Y velocity components were measured.

Only the horizontal component of Reynolds shear-stress
was calculated, which was shown as the more significant
factor for the behavior of an European fish species (Silva et
al., 2010). The importance of this component is related to the
bidirectional movement of water velocity fields in a vertical
slot fish ladder for slope close to 5% (Wu et al., 1999), due the
absence of significant vertical forces.

The local velocity in a turbulent region can be
decomposed into a temporal mean value (u ) and a component
that represents the velocity fluctuation (u’) about the mean.
The Reynolds shear-stress (τ) depends on the mean velocity
fluctuation on two axes (e.g: u ’ on X axes and  v ’ on Y axes)
and the water density (ρ) (White, 2004):

'' vu ⋅⋅= ρτ (1)

Fig.1. Scale model of vertical slot fish ladder.
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In this work, for each grid point, velocity fluctuations (u )
were not precisely sampled due to flow probe limitations.
Alternatively, the mean fluctuation ( u ’), which is ordinarily
obtained by averaging a number of instantaneous velocity
measurements, was replaced by the maximum velocity fluctuation
value from about 80 data records of velocities (Fig. 2).

The maximum velocity fluctuations, on the X and Y axes
were determined as per Eq. 2 and 3.

uuu max −=´max (2)

vvv max −='max (3)

where  is the maximum velocity (m/s);   is the mean velocity
(m/s) on the X axis on each point; is the maximum velocity (m/
s);  is the mean velocity (m/s) on the Y axis for each grid point.
As the velocities were not measured in both dimensions
simultaneously, the Reynolds shear-stress  was obtained by
a simplified approach.

In this work, flow was set for 20 L/s to ensure that water
velocity would not exceed swimming capacities from the fish
species of study. Then, velocity measurements and fish
experiments were taken under the discharge of 20 L/s. Flow was
controlled by a magnetic flow meter located in the supply pipe.

Fish experiments were conducted after the hydraulic
measurements. Adult fish individuals of L. reinhardti and P.
maculatus were tested. These species occur in the São
Francisco basin, which is the third biggest watershed in Brazil
(Godinho, 1993).

Species of Leporinus are often abundant in fishways,
sometimes with higher abundance than the large-sized
migratory species (Santos et al., 2007) and individuals of P.
maculatus are also very common in brazilian fishways (Santos
et al., 2008). Although they show different strategies for
negotiating swimming, the same fishway has been often built
to mitigate impacts on both species.

Fish were captured at the Três Marias dam in Minas Gerais
State (Brazil). Fish individuals were in the natural reproductive
migration season, which generally takes place from November
to April. Then, fish were placed in tanks equipped with aerator
systems. In order to recover from transport and handling

stress, fishes were kept in the tanks for at least one week
before the experiments began.

All experiments were performed in the Hydraulic Laboratory
of CEFET-MG. Each experiment lasted two hours. For the study
of L. reinhardti behavior, five adult fishes were tested
simultaneously during daylight period. The P. maculatus
experiments were performed at night, due to nocturnal behavior
of this species (Santos et al. 2008) with two individuals on
each experiment. For the nighttime experiments, a red light was
used to produce good contrast for film recordings. The
difference between the numbers of individuals tested in each
experiment is related to the difference in species sizes.

Each experiment started when individuals were introduced
at the entrance of the fishway model, which is represented by
pool 3. Experiments were conducted with five replicates for
each species. Fish behavior was continuously monitored
through the lateral glass window of the fishways and through
the top of the flume by video recording system. Two digital
video cameras were focused on the second pool. A reference
grid, which was the same used for water velocity
measurements, was painted on the flume bottom and on the
opposite wall (Fig. 1), to determine the fish position and to
connect the hydraulic data to fish experiment information.

After each experiment, total length, standard length and
weight were collected and the individuals were transported
to the maintenance system. Fish remained in laboratory no
longer than seven days, when they were returned to river, in
the same spot where the capture took place.

After the fish experiments, the video recordings were
analyzed by frames, which were selected once every 2 minutes.
In these analyses, the cells occupied by fish were determined
for every 2 minutes and then the mode of occupied cell was
calculated for each experiment. To obtain the preference of
fish for a particular cell of the mesh, the hydraulic
characteristics of that cell were calculated. In this study,
preference was considered a statistical description of
disproportionately high habitat use relative to a particular
sample of the availability of that habitat (Beyer et al., 2010).

Results

The mean total length of tested fish was close to the values
of first maturation size (Fig. 3): 12.9 cm for L. reinhardti (Rizzo
et al., 1996) and 19 cm for P. maculatus (Santos et al., 2008).
Based on the fish total lengths, the individuals used in
experiments represent the appropriate sizes of fish attempting
upstream passage, and results found for these species may
be suitable for those fish populations.

Concerning the distribution of velocity in the second pool,
L. reinhardti individuals remained in areas with low mean values,
which were lower than 0.5 m/s in close to 90% of the
observations (Fig. 4). In figure 4, each arrow shows fish velocity
preference in an experiment (each arrow represents an individual
within a group). Arrow numbers indicate the number of
experiments in which a fish displayed that value of preferred
velocity. Individual L. reinhardti also showed a preference forFig.2. Graphic of components of local velocity.
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high mean velocity areas, which were close to 0.8 m/s during
10% of time observations. On the other hand, P. maculatus
individuals remained in low mean velocity areas for 85% of the
observations, which were not higher than 0.3 m/s.

Neither species displayed adequate passage from pool 3
(where fish were first placed in each experiment) to pool 2
(Fig. 5). Nevertheless, L. reinhardti individuals presented a
higher mean success in passage than P. maculatus individuals.
Although not statistically significant, a small difference of
about 5% may represent great results in these hydraulic
structures, when considering the large numbers of fish
ascending the fishway.

The second pool presented low values of Reynolds shear-
stress and velocity fluctuations on the X (horizontal) axis,
namely close to 0 (zero) Pa and 0 (zero) m/s, respectively (Fig.
6). The most part of the flow areas may produce low values
for these parameters, and fish avoided the limited areas where
some higher values of these parameters exist.

Concerning the horizontal component of Reynolds shear-
stress and velocity fluctuations on the X axis, both species
presented preferences for low values of these parameters. On

the other hand, only the individuals of L. reinhardti presented
preferences for low velocity fluctuations on Y axis (Fig. 7).
Then, individuals of L. reinhardti may prefer to swim in lower
Y axis fluctuations than individuals of P. maculatus.

Reynolds shear-stress may be presented as the main
hydraulic parameters that positively influence fish behavior,
when low values are present. (Table 1). Velocity fluctuation
on the X and Y axes also may be considered as important
factors, although the influence of turbulence may be fish
species-specific.

Discussion

Understanding fish responses to environmental cues is
critical to the development of effective fishways (Katopodis,
2005; Castro-Santos et al., 2009; Roscoe & Hinch 2010).

Several hydraulic parameters are considered important for
the success of fish migration. Particularly, turbulence has been

Fig. 3. The total length of tested fish a) Leporinus reinhardti;
b) Pimelodus maculatus

Fig. 4. The distribution of flow velocities in pool 2.

Fig. 5. Mean success passage from pool 2 to pool 3 for each
species.
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tested in laboratory studies for fish movements (Hotchkiss,
2002; Odeh et al., 2002; Pavlov et al., 2000).

Low Reynolds shear-stress (close to 0 Pa) areas were
mainly preferred by L. reinhardti and P. maculatus, probably
because it provides a more stable environment with lower

velocity gradient. High correlations between the horizontal
component of Reynolds shear-stress and fish transit time,
which means the time spent by the fish in a position in the
pool, were found for Iberian barbel (Silva et al., 2010).
Considering the availability of areas, both species that we
tested showed preferences for null Reynolds shear-stress.

Other studies, as Silva et al. (2010), have applied high
accurate flow probe for fishways analyses. Although the
limitation of Reynolds shear-stress calculation in this work,
this hydraulic parameter was important to explain the
preference of neotropical fishes, which may not sense
instantaneous turbulent flow fluctuations.  If so, then the
propeller velocity probe may provide an adequate picture of
turbulence that fish experienced in the fishway.

Individuals of both species L. reinhardti and P. maculatus
preferred areas of null turbulence (80% of the time
observations) and null velocity fluctuation on the horizontal
(X) axis (60% of time observations). Concerning on velocity
fluctuations on the Y axis (v’), P. maculatus individuals
differed in their preferences from L. reinhardti individuals.

Fig. 6. The distribution of a) velocity fluctuation on X (u’); b)
velocity fluctuation on Y (v’); c) Reynolds shear-stress on
XY; in pool 2.

Fig. 7. The use (%) of areas with null Reynolds shear-stress
on XY, null velocity fluctuation on X (u’) and null velocity
fluctuation on Y (v’).

Table 1. Preferences for both species in Pool 2.Coloured cells
represents different preference.

Hydraulic  
Parameter 

Availability 
(%) Use (%) Preference Species 

τxy = 0 71 80 1.127 P. maculatus /  
L. reinhardti τxy ≠ 0 27 20 0.741 

u' = 0 59 60 1.017 P. maculatus /  
L. reinhardti u' ≠ 0 39 40 1.026 

v' = 0 36 20 0.556 P. maculatus v' ≠ 0 63 80 1.270 
v' = 0 36 40 1.111 L. reinhardti v' ≠ 0 63 60 0.952 
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For 40% of the time observations, L. reinhardti individuals
remained in null velocity fluctuations on Y (v’), although
individuals of P. maculatus were more tolerant of vertical
velocity fluctuations, remaining in the null velocity
fluctuations areas only 20% of the time.

The flow within the vertical slot fishway, depending on
slope and slot configurations, produces two recirculation
areas, with rotational movements (Wu et al., 1999).
Observations of fish behavior indicated that small species
may be trapped in the large recirculation zones and seem to
have difficulty in rapidly passing through very large pools
(Tarrade et al., 2008). The preference of P. maculatus not to
swim in null fluctuations velocity on Y (v’) areas may imply
that the rotational movement plays important role in this fish
species within the fish ladder. Then, the presence of two
recirculation areas may explain the lower passage success of
this species, when compared to observations of L. reinhardti,
and may also explain the presence of large numbers of P.
maculatus in Brazilian fishways, which may have difficulty
reaching the top of these fishways.

Water velocity is also an important parameter related to
fish success in ascending a fishway, because velocity can
affect movement through it (Fernandez et al., 2007). Facing
velocity barriers, fish negotiate their passage in a region of
lower flow velocities, or a region where velocities are within
their swimming capability (Santos et al., 2007). In this
experiment, individuals of P. maculatus remained in low mean
velocity areas and avoided the main circulation area of flow
within the fish ladder. On the other hand, individuals of L.
reinhardti were occasionally found in higher mean velocity
areas. Therefore, the two species appear to present different
swimming strategies within this fishway type.

The preference of L. reinhardti for areas of higher velocity
can also explain its highest success of passage. The
preference of P. maculatus for areas of low velocity may indicate
difficulties in progressing through the rotational flow of a
vertical slot fishway. The swimming capacities of the two
species tested are significant different. In Brazilian rivers,
bottom dwelling species, such as P. maculatus, have lower
swimming capacity than water-column species, such as L.
reinhardti (Santos et al., 2007).

Fish may be attracted to swim in low Reynolds shear-
stress areas, even in which there are high mean velocities.
Low Reynolds shear-stress areas may provide a less turbulent,
less confusing environment which can be explored by the
fish. The vertical slot fish ladder with the configuration used
in this study may not be adequate for some neotropical species
such as P. maculatus, because the fish might become
disoriented due to the rotational flow patterns and then may
not be able to find and reach the exit of the fish ladder.

Although fish react to many environmental variables,
current velocity and its direction are dominant factors of fish
movements. Reynolds shear-stress is an important parameter
for behavior of neotropical fish species and should be
considered a component in hydraulic criteria for future projects
of fishways. However, each neotropical fish species has

unique characteristics that may cause it to respond differently
to hydraulic parameters such as components of velocity
fluctuation characteristics. Because of the large diversity of
neotropical fauna, understanding fish responses to hydraulic
parameters is a challenge and requires specific studies for the
target species. Therefore, the adoption of effective guidelines
in fishway projects to allow the passage of neotropical
ichthyofauna depends on detailed analyses of the swimming
performance and behavior, according to the hydraulics
parameters which have great biological response.
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