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Coupling 3D hydraulic simulation and fish telemetry data to characterize
the behaviour of migrating smolts approaching a bypass
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ABSTRACT
Human-induced river fragmentation is a major threat to migratory fish species. Restoring
river connectivity requires the construction of fish passage solutions, such as fishways for
upstream and downstream migration. While many studies focussed on the upstream migra-
tion of diadromous fishes, and especially of adult Atlantic salmons (Salmo salar), we analyze
juvenile behaviour under different hydraulic conditions at reservoir to improve the develop-
ment of effective bypass systems for downstream passage of salmon smolt.
Based on coupling three-dimensional (3D) computational fluid dynamics (CFD) simulations
to smolt positions tracked by two-dimensional (2D) telemetry, the present study aimed to
explore smolt behaviour in relation to hydraulic cues. More specifically, we explored how
hydraulic conditions influence fish behaviour and how fish navigate depending on this
behaviour. In 2017, 23 smolts were tracked in the reservoir of Pout�es (Allier River, France),
associated with different turbine discharge rates. 3D CFD simulations were performed and
validated against field measurements in the reservoir upstream of the hydropower plant.
The study of fish displacements in relation to flow conditions provided new insights with
the use of thrust force, swimming orientation and direction as means to precisely character-
ize smolt behaviour, which can help in the design of downstream migration passage facili-
ties. At Pout�es dam, flow velocity, flow acceleration and turbulent kinetic energy are very
low and therefore can lead to fish disorientation. However, results underlined that having a
minimum flow velocity of 20 cm/s in reservoirs is sufficient to prevent delay and allow
fish navigation.

KEYWORDS
Computational fluid
dynamics; Salmo salar; fish
behaviour; downstream
migration; swim path

1. Introduction

Ecosystem fragmentation is a major threat to bio-
diversity and one of the main challenges for the
conservation and restoration of aquatic environ-
ments (Malmqvist and Rundle 2002; Strayer and
Dudgeon 2010; Neeson et al. 2015). In aquatic eco-
systems, human-induced longitudinal barriers, such
as dams and weirs, are partly responsible for the
decline in fish populations. The impact is even
greater on diadromous species with life-cycles span-
ning marine and freshwater ecosystems. By blocking
migration, river fragmentation is thought to be the
main cause of the extinction of some populations or
their confinement to restricted areas in river basins
(Porcher and Travade 1992; Kondolf 1997; Coutant
and Whitney 2000; Larinier 2001; Fukushima et al.
2007). Among human-induced obstacles to migra-
tion, hydropower plants pose an additional risk

during migration: passage through turbines can
cause direct injury and mortality (Baras and Lucas
2001; Larinier 2001; Thorstad et al. 2008; Limburg
and Waldman 2009; Bunt et al. 2012). Some large
dams also disorient migratory fish by affecting
stream flow (Ovidio et al. 2016; Schwinn et al. 2019)
and potentially delaying migration (McCormick
1998; Marschall et al. 2011).

One of the most common means of restoring the
continuity of watercourses is fish passage solutions
(FPS), with variable effectiveness (Noonan et al.
2012). Poor efficiency can sometimes result from
unsuitable hydraulic conditions inside the FPS, but
also from a lack of attractiveness for target species.
Fish must locate the area influenced by the flow
from the fishway to the FPS entrance (Groux et al.
2017). The development of effective fish passage
therefore depends on understanding the behavioural
response to hydraulic conditions that may attract or
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repel fishes. While much attention has been paid to
upstream passage solutions, knowledge is still lack-
ing, especially for downstream passage (Larinier and
Travade 2002; Williams et al. 2012; Silva
et al. 2020).

It is well known that fish can sense variations in
water pressure and velocity by means of their lateral
line and inner ear (Dijkgraaf 1963; Kalmijn 1989;
Montgomery et al. 1997; Braun and Coombs 2000;
Montgomery et al. 2001; Bleckmann and Zelick
2009; Mogdans 2019). For juvenile Atlantic salmons
(known as smolts) undertaking their seaward migra-
tion, changes in hydraulic conditions, as reflected in
water velocity, turbulence and acceleration, provide
the major cues in seeking the migration pathway
(Haro et al. 1998; Liao et al. 2003; Liao 2007; Kemp
et al. 2008; Tarrade et al. 2008; Enders et al. 2009;
Johnson et al. 2009; Silva et al. 2011, 2012; Gao
et al. 2016). However, it is less understood how fish
respond to these stimuli. Studies showed that smolts
tend to avoid areas with rapid changes in water vel-
ocity (Haro et al. 1998; Kemp et al. 2005, 2008;
Enders et al. 2009) and are attracted towards flow
with less turbulence and lower velocity and acceler-
ation. Moreover, they tend to follow the bulk flow
(Faber et al. 2001; Liao 2007; Evans et al. 2008;
Williams et al. 2012). For smolts swimming in fore-
bays close to turbines and bypass, where mean aver-
age flow velocities and turbulence intensities are
higher, fish can experience disorientation. Therefore,
they swim faster to diverge from the flow and dis-
played positive rheotaxis (tail-first; Haro et al. 1998;
Enders et al. 2003, 2009; Silva et al. 2020).

Recent telemetry studies provided valuable infor-
mation on fish migration routes during downstream
migration and improved our understanding of

migrating fish behaviour near dam structures
(Jansen et al. 2007; Calles et al. 2010; Pedersen et al.
2012; Nyqvist, Greenberg, et al. 2017; Thorstad et al.
2017; Li et al. 2018). Coupled with hydraulic data,
they provide insights into how hydraulic cues influ-
ence navigation in dam reservoir (Johnson et al.
2000; Faber et al. 2001; Johnson and Dauble 2006;
Timko et al. 2007; Evans et al. 2008; Johnson et al.
2009; Steig and Johnston 2010; Khan et al. 2012;
Arenas et al. 2015). Results show that as flow accel-
eration increases Pacific salmon smolts, steelhead
trouts (Johnson et al. 2000; Faber et al. 2001; Evans
et al. 2008; Johnson et al. 2009; Enders et al. 2009;
Vowles et al. 2014; Arenas et al. 2015) and Atlantic
salmon smolts (Szabo-Meszaros et al. 2019; Silva
et al. 2020) tend to actively swim instead of drift,
orient themselves against the flow and swim
upstream. Moreover, the effort made by fish to
resist the flow increases.

During the last decade, hydraulic models and fish
behaviour models have been coupled to support the
design of fish passages (Goodwin et al. 2006, 2014).
However, most of these studies have focussed on
large dam structures with high powerhouse dis-
charge, such as the Columbia River hydroelectric
plants in the United States (Haefner and Bowen
2002; Scheibe and Richmond 2002; Goodwin et al.
2006, 2014). Yet, less studies have been conducted
on dams with large reservoirs and low powerhouse
discharges, despite these sites higher prevalence for
relatively quiescent flows known to disorient fish
(Coutant and Whitney 2000).

In view of this, the present study aimed to ana-
lyze the effect of hydraulic conditions on Atlantic
salmon smolt behaviour in a large reservoir
upstream of a hydropower plant during their

Figure 1. Study area of smolt migration: (a) location of the Allier River in France, (b) location of Pout�es dam zone on the
Allier River, (c) zoom on the dam and simulation zone. The crosses indicate hydrophone locations in 2017 (T�etard et
al. (2021)).
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downstream migration. The fish behaviour was
characterized by their thrust forces. To compute
these forces, fish velocities and hydraulic conditions
encountered by the fish along their trajectories were
evaluated. Acoustic telemetry combined with 3D
computational fluid dynamics (CFD) modelling
characterized smolt swimming behaviour in the res-
ervoir under different hydraulic conditions. More
specifically, we explored how hydraulic conditions
influenced fish orientation in relation to flow direc-
tion, direction of the fish displacement and fish
thrust force.

2. Materials and methods

2.1. General approach

In this study, we coupled 2D fish telemetry data
with 3D CFD simulation results to better under-
stand how the hydraulic conditions affected fish
movement. Among all possible hydraulic variables
provided by 3D CFD simulations, we focussed on
time-average flow velocity, flow acceleration and
turbulent kinetic energy (TKE) at each fish location
because those variables proved to be important fac-
tors affecting fish behaviour (Haro et al. 1998; Liao
2007; Johnson et al. 2009; Gao et al. 2016). By com-
bining fish trajectory (velocity and acceleration) and
the physical forces acting on the fish (due to time-
average flow velocity), fish thrust magnitude and
orientation were determined by solving Newton’s
second law at every recorded fish location. This was
used to explore the influence of hydraulic conditions
on fish swimming behaviour.

2.2. Study area

The Pout�es dam (France) is located 900 km from
the Atlantic Ocean, on the Allier River, the main
left-bank tributary of the Loire River (Figure 1). The
Atlantic salmon has now disappeared from most of
the major rivers of Europe but still migrates in the
Loire-Allier River system, although the population
has declined dramatically by around 80% in the late
eighties (Cuinat 1988; Dauphin and Pr�evost 2013).

The dam is 85m wide and 18m high, equipped
with three spillway gates (each 14m long). The turbine
intake is 24m long and 5.7m high. It is located on the
left bank 7m below the surface in normal operating
conditions (water depth of 15.7m). It is equipped with
a trashrack with 3 cm bar spacing. It supplies three
Francis turbines (1/2: 16m3 s– 1; 3 : 3m3 s– 1). It can
deliver a maximum flow of 30m3 s– 1 to the Monistrol
powerhouse. A surface bypass is located upstream of
the turbine intake on the left bank (Figure 1). It is
operating during the salmon downstream migration
period from March to June. It is mounted on a gate

automatically regulated according to water level, to
ensure a continuous bypass flow of 2m3 s– 1, repre-
senting 7.1% of the maximum turbine intake (T�etard
et al. 2021).

2.3. Fish telemetry

To study the downstream movement of Atlantic sal-
mon in the forebay of the Pout�es dam, eleven
WHS4000 hydrophones (Lotek Wireless Inc.) were
positioned near the dam (see Figure 1, c): seven in
the reservoir 80m upstream of the dam and four in
the bypass stretch 300m downstream to confirm
passage through the surface bypass. The system
tracked fish in two dimensions with a median preci-
sion of 1.1m (T�etard et al. 2021). The study is per-
formed at water temperature of 6 to 10.9

�
C

(T�etard et al. 2019).
Two rotary screw traps were used to catch wild

migrating fish, as described in T�etard et al. (2021).
However, as the number of fish trapped was insuffi-
cient, some smolts from the National Wild Salmon
Conservatory (CNSS) fish farm were used to ensure
that a substantial number of fish were tagged.

In this study, 23 juvenile Atlantic salmon were
tracked: 8 of them are wild fishes and 15 are from
hatchery fish. In total, 1,618 positions were recorded
(193 and 1,425 positions for wild and hatchery fish
respectively). Mean total smolt length was Lsm ¼
152 mm (152 ± 30 and 164 ± 9.7mm for wild and
hatchery fish respectively) and mean body weight
msm¼ 30.0 g (28 ± 16 and 40 ± 7.4 g for wild and
hatchery fish respectively) (T�etard et al. 2021).

For each fish, the average time between two
detections was 5 sec (T�etard et al. 2021). The succes-
sion of a fish position through time allows the
reconstruction of trajectories. When the time
between two detections was greater than 37 sec, we
considered the two locations as independent leading
to two separate trajectories. This delay corresponds
to the threshold after which two positions are not
significantly autocorrelated. We observed a total of
134 trajectories (8 and 126 trajectories for wild and
hatchery fish respectively).

2.4. CFD modelling

In order to get realistic information about the
hydraulic conditions encountered by smolts while
they travelled through the dam’s reservoir, we used
numerical simulations. The Reynolds-Averaged
Navier Stokes (RANS) equations with k�� turbulence
model were solved using a finite volume method to
obtain the three-dimensional components of velocity,
pressure, TKE and the rate of turbulence dissipation.
We used the open-source software Code Saturne
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(version 6.0, R&D EDF 2015) for the 3D simulations
of the flow in the Pout�es forebay.

Boundary conditions based on 2017 hydrology
data were used to assign a fixed flow rate and water
elevation to the entrance and exit of the system
(bypass and turbine intake). Flow rate values for
each configuration are listed in Table 1. As we
expected little surface deformation and discounted
wind effects on the flow, we modelled the free sur-
face using a homogeneous Neumann for the scalar
fields and a zero Dirichlet for the vector fields. In
other words, the surface behaved like a symmetric
plane or mirror in the simulations. The remaining
boundaries were assumed to be rough walls with
default roughness height of 0.01m.

The 3D mesh was built using the open-source
Salom�e software (version 8.3.0), based on the planes
provided by the operator. The mesh was constituted of
6� 105 hexaedric elements of variable size (varying
from 20 cm near the turbine intake and the spillway
gates, to about 2m in the reservoir). A convergence
study was performed to validate the simulation. We
verified that the refined mesh did not change flow vel-
ocity at fish positions. We concluded that this resolution
was sufficient to get realistic information on the flow.

Numerical simulations were run with constant
flow rate conditions, letting the simulations con-
verge to a steady state. The simulations were per-
formed using 56 CPUs; computational time to
steady state was approximately 30minutes.

Numerical simulations allowed us to evaluate the
hydraulic variables influencing smolt behaviour at
each position. The module of the total acceleration
was calculated as:

af ðx, y, zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðaxÞ2 þ ðayÞ2 þ ðazÞ2

q

where ax ¼ u @u
@x

� �
þ v @u

@y

� �
þ w @u

@z

� �
, ay ¼ u @v

@x

� �
þ v

@v
@y

� �
þ w @v

@z

� �
and az ¼ u @w

@x

� �
þ v @w

@y

� �
þ w @w

@z

� �

are the components of the flow acceleration af along
x, y and z, respectively and u, v, w are the velocity
components along x, y and z, respectively.
Hereafter, we call ~uf the time-average velocity and
the subscript f designates the fluid. The module of

the time-average velocity uf was calculated as:

uf ðx, y, zÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðuÞ2 þ ðvÞ2 þ ðwÞ2

q

where u, v and w are the components of flow vel-
ocity along x, y and z.

The turbulent kinetic energy k is the mean kin-
etic energy per unit mass associated with vortices in
a turbulent flow. It is calculated as:

k ¼ 1
2
ððu0Þ2 þ ðv0Þ2 þ ðw0Þ2Þ

It corresponds to half the sum of the variances of
the velocity of fluctuation. Where u0 the velocity of
fluctuation is the difference between the instantan-
eous velocity u and the average velocity; ~u0 ¼~u�~�u
and ~�u ¼~uf :

The different numerical simulations to estimate the
hydraulic conditions encountered by the fish at Pout�es
during telemetry measurement in 2017 are listed in
Table 1. For simplification, only fish measurements
during steady hydraulic conditions were analyzed.
Since we only had 2D telemetry data, we assumed that
fish swim two meters below the water surface.

2.5. Validation of simulated hydraulics

Simulated hydraulic conditions were compared to
measured data from an acoustic doppler current
profiler (ADCP) to validate the CFD model.
Predicted resultant flow velocity increased with
measured resultant flow velocity (Pearson’s correl-
ation test, t¼ 4.362, p value < 0.001, r¼ 0.50877),
but there was a bias to the hydraulic model overesti-
mating velocities at low measured velocities and
underestimating velocities at high measured veloc-
ities. The hydraulic model was found to reproduce
well the flow field in the study area.

2.6. Fish navigation and propulsion
force estimation

We used fish thrust force to characterize different
smolt swimming behaviours and to determine fish
orientation at each fish position. Fish thrust force

Table 1. Numerical simulations estimating hydraulic conditions encountered by smolts, and the number of smolts and
smolt’s positions observed.

River Powerhouse Spillway

Number of
the
numerical
simulation

Water
depth (m)

Discharge
(m2=s)

cross-
sectional
average
veloctiy
(m / s)

Discharge
(m2=s)

cross-
sectional
average
veloctiy
(m / s)

Discharge
(m2=s)

cross-
sectional
average
veloctiy
(m / s)

Number of
smolts:

total/wild

Number of
smolt’s
positions:
total/wild

1 11 29 0.12 15 0.42 14 1.25 3/0 85/0
2 11 40 0.17 27 0.76 13 1.16 2/2 145/145
3 11 78 0.33 30 0.85 48 1.2 6/6 48/48
4 15.7 7 0.029 2 0.056 5 0.45 7/0 766/0
5 15.7 15 0.063 10 0.28 5 0.45 5/0 574/0
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quantifies the effort that the fish exerts upon the water
to travel from one measured location to the next.

Thrust force and orientation describe more accur-
ately how fish respond to what they perceive. Thrust
force is evaluated by solving Newton’s second law,
following the approach of Arenas et al. (2015). Fish
acceleration is given by the momentum equation:

msm
d~ug
dt

¼~FD þ~FT , (1)

where msm (kg), ~ug (m/s), ~FD and ~FT (N) are the
total fish mass, fish velocity with respect to the
ground, fish drag and thrust force, respectively.
Ground velocity, ~ug , and fish acceleration, d~ug=dt
were calculated from fish positions measured by
acoustic telemetry. A smoothing technique was
applied to the measured fish positions to remove
ground velocity values beyond swimming capacity.
Videler (1993) defined this threshold as:

jj~ug,maxjj ¼ 0:4þ 7:4Lsm ¼ 1:5m=s; where Lsm

¼ 152mm is smolt length:

Values above 2jj~ug,maxjj were discounted as out-
liers, above smolt swimming capacity.

Equation 1 allowed us to calculate fish thrust,
once ~FD was known. Drag force was modelled as:

~FD ¼ � 1
2
qAsmCd, smj~usj~us, (2)

where q (kg/m3) is the fluid density, Asm (m2) the
smolt wetted area, Cd, sm the drag coefficient and us
the smolt velocity in relation to the flow (hereafter
called swimming velocity). Swimming velocity was

evaluated using the velocity composition relation:
~ug ¼~us þ~uf : Wetted surface was evaluated as:

Asm ¼ SCL
Se
sm,

with SC¼ 0.28m2 a reference area and Se¼ 2.11 a fit-
ting constant (Webb 1976). The expression to calcu-
late drag coefficient Cd,sm depends on whether the
fish is actively swimming or drifting with the flow. It
is derived from the data of Webb et al. (1984):

Cd, sm ¼
493:9
Re0:922sm

if swimming,

0:072
Re0:2sm

if drifting,

8>>><
>>>:

(3)

where Resm corresponds to the smolt Reynolds’
number defined as:

Resm ¼ qj~usj Lsml ,

with l (Pa s), q (kg/m3) fluid dynamic viscosity and
fluid density respectively. Note that this Reynolds’
number is defined using j~usj as fish velocity relative
to the fluid.

Given the ground velocity and fish acceleration
obtained from the telemetry and flow velocity data of
the CFD simulations, we derived fish thrust by solving
Equation 1. We solved this equation at each fish pos-
ition i:

~F
i
T ¼ msm

~ui�1
g �~ui

g

Dt
�~Fi

D,

where Dt is the time interval between the two con-
secutive positions. We first assumed that the fish
was swimming passively (i.e., drifting), as explained
below. Then, if j~Fi

T j< 6� 10�4 N, we went on to
the next step, using passive drag.

Otherwise, we computed thrust force with active
(i.e., swimming) drag.

Based on these fish thrusts, we defined three
behavioural states: passive, endurance and burst.
Following Arenas et al. (2015), we assumed that fish
thrust 6� 10�4 N corresponds to passive swimming:
i.e., fish passively moving with the flow. This thresh-
old corresponds to 10% of the fish thrust at the
maximum sustained speed measured by Tang and
Wardle (1992). Between 6� 10�4 N and fish thrust
at maximum sustained speed (6� 10�3 N), fish
were considered to be in an “endurance state”.
Maximum sustained speed corresponds to the max-
imum speed reachable in endurance swimming: i.e.,
an activity that can be maintained over a long
period of time and uses only aerobic muscle fibers
(Mu et al. 2019). Above the maximum sustained
speed, the fish was in a “burst state”. Burst swim-
ming is swimming behaviour that cannot be main-
tained for a long time, that requires both aerobic
and anaerobic muscle fibers, and can correspond to

Figure 2. Smolt swim orientation and direction. Orientation
is characterized by angle b between time-average flow vel-
ocity (~uf ) and fish thrust (~FT ) vectors. Direction is character-
ized by angle h between time-average flow velocity (~uf ) and
fish velocity with respect to the ground (~ug). Relative direc-
tion is characterized by the angle c between fish thrust (~FT )
and fish velocity with respect to the flow (~us).
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unsuitable predation conditions or breaking through
water flow barriers (Mu et al. 2019).

2.6.1. Influence of hydraulic conditions on fish
behaviour and corresponding navigation
The resulting dataset was composed of a set of
rows, each row corresponding to a fish position,
estimated fish thrust and associated fish behaviour
and all the hydraulic factors at this point. To char-
acterize fish orientation, we analyzed the angle b
(Figure 2) between fish thrust and time-average flow
velocity vectors. This determined fish orientation in
relation to flow direction: i.e., head oriented
upstream or downstream. Here we assumed that the
fish thrust force direction corresponded to the fish
direction. We also characterized fish swimming dir-
ection by the angle h between fish ground velocity
and time-average fluid velocity vectors. This deter-
mined how far fish followed the direction of the
flow. In the smolt’s frame of reference, we also
described its relative swimming direction as the
angle c between fish thrust and velocity with respect
to the flow (Figure 2). It allowed us to know fish
swimming direction in their referential.

2.7. Data analysis

We analyzed how time-average flow velocity, flow
acceleration and TKE (coming from 3D CFD
model) influenced smolt thrust force, swimming
orientation and direction at every measured fish
position (coming from acoustic telemetry), with fish
positions all pooled together.

These three hydraulic conditions were strongly
positively inter-correlated: correlation coefficient
r2¼ 0.918 for time-average flow velocity and TKE,
r2¼ 0.863 for flow acceleration and time-average flow
velocity and r2¼ 0.849 for flow acceleration and TKE.
As such, it was not possible to disentangle their rela-
tive effects. In view of this, a principal component
analysis of the three hydraulic variables was carried
out, followed by hierarchical clustering on principal
components to detect groups of similar hydraulic
conditions in the dataset. This led us to distinguish
four types hydraulic clusters: very low, low, medium
or high intensity, as described in Table 2. Based on
this, every fish positions is associated to a hydraulic
condition intensity.

To assess the effect of hydraulic conditions inten-
sities on smolt behaviour, we compared their

distributions associated with each behavioural state
and smolt swimming orientation and direction with
respect to the flow. Kruskal-Wallis non-parametric
tests were carried out to detect significant differen-
ces between distributions. This is a statistical test to
determine whether differences between medians are
significant.

3. Results

3.1. CFD simulations combined with smolt
trajectories at Pout�es

Figure 3 shows that for numerical simulations num-
ber 1, 2 and 3 most of the flow was directed toward
the turbine intake. A maximum time-average flow
velocity of about 0.3, 0.4 and 0.5m/s respectively
was observed near the turbine intake and bypass.

For numerical simulations number 4 and 5, there
was very low time-average flow velocity (in average
equal to 0.016m/s, 0.034m/s respectively) in the
entire reservoir except at the bypass with time-aver-
age flow velocity that could reach 0.3m/s.

For numerical simulations number 1, 2 and 3
where time-average flow velocities are higher (in
average equal to 0.12, 0.2 and 0.31m/s respectively)
the trajectories appeared to be much more straight-
forward and directed towards the bypass, whereas for
numerical simulations number 4 and 5 (in average
equal to 0.016m/s, 0.034m/s respectively) smolts dis-
played active exploratory behaviour in the forebay
before finding a pathway. Indeed, smolts spent little
time to move downstream for medium and high
hydraulic conditions intensities (largely encountered
in numerical simulations number 1, 2 and 3) with an
average time of 12 (min/max¼ 8/15), 13 (min/
max¼ 13) and 5 (min/max¼ 2/11) minutes respect-
ively. While for low hydraulic conditions intensities
(largely found in numerical simulations number 4
and 5), smolts needed a significant amount of time to
travel through the reservoir with an average time of
6 h (min/max¼ 3minutes/13 hours) and 24 h (min/
max¼ 13minutes/3 days) respectively.

3.2. How do smolt behave depending on
hydraulic conditions intensities?

The swimming behaviours were significantly differ-
ent depending on hydraulic condition intensities
(Table 3) (v2 ¼ 88.171, p-value < 0.001). Table 3

Table 2. Ranges of hydraulic conditions intensities obtained by hierarchical clustering on principal components.
Intensities

Hydraulic conditions Very low Low Medium High

Time-average flow velocity (m / s) 0.01⩽ uf < 0.02 0.02⩽ uf < 0.04 0.04⩽ uf < 0.2 uf ⩾ 0.2
Flow acceleration (m=s2) 2� 10�6 ⩽ af < 4 �10�6 4� 10�6 ⩽ af < 3 �10�5 3� 10�5 ⩽ af < 3 �10�4 af ⩾ 3� 10�4

TKE (m2=s2) 4� 10�7 ⩽ k< 1 �10�6 1� 10�6 ⩽ k< 3 �10�6 3� 10�6 ⩽ k< 8 �10�5 k ⩾ 8� 10�5
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indicates that, for lower (very low and low)
hydraulic conditions intensities, fish positions were
mostly (respectively, 61% and 58%) in the burst
swimming state. For higher (medium and high)
intensities of hydraulic conditions, fish positions
were mostly (respectively, 57% and 69%) in the
endurance swimming state. The proportion of pas-
sively swimming fish positions was quite low, with
not a significant difference between lower (1 to 3%)
and the higher (5 to 8%) hydraulic intensities.

3.3. How do hydraulic conditions influence
smolt’s behaviour?

Figure 4 shows the influence of hydraulic conditions
intensities on smolt swimming orientation b and
thrust force (Figure 4a), and influence of hydraulic
conditions on smolt swimming direction h
(Figure 4b).

Higher hydraulic conditions intensities were asso-
ciated with lower fish thrust force (Figure 4). In low

hydraulic conditions intensities, median thrust force
was 7 � 10�3 N (burst swimming state) and
decreased to 2.6 � 10�3 N (endurance swimming
state) in high hydraulic conditions intensities.

In low hydraulic conditions intensities (Figure
4a1,2 and 4b1,2), fish orientation was erratic, lead-
ing to wide scatter in swimming angles. At inter-
mediate level, thrust was also erratic (Figure 4a3),
but swimming direction started to follow the flow
direction (Figure 4b3), suggesting passive transport
by the flow. At high intensity, fish navigated in the
direction of the flow (Figure 4b4) but thrust was
often orientated in the opposite direction with a low
thrust force (Figure 4a4), suggesting controlled drift
with the head facing flow direction. Statistical tests
confirmed the influence of hydraulic conditions on
fish thrust force (Kruskal-Wallis, v2 ¼ 92.468, p-
value < 0.001), swimming orientation (Kruskal-
Wallis, v2 ¼ 13.728, p-value < 0.01) and swimming
direction (Kruskal-Wallis, v2 ¼ 118.02, p-value
< 0.001).

Figure 3. Five numerical simulations (time-average velocity for a water depth of 11m for numerical simulation 1, 2 and 3 and
15.7m for numerical simulation 4 and 5) combined with smolt trajectories at Pout�es. The succession of a fish position through
time allows the reconstruction of trajectories. The different colours for the fish positions correspond to different smolt’s trajec-
tory. Model input values (water level and discharges) of each numerical simulation are listed in Table 1.

Table 3. Proportion of the three swimming behaviours at Pout�es dam for the different hydraulic conditions intensities (v2

test, v2 ¼ 88.171, p-value < 0.001).

Passive swim FT < 6� 10�4 N

Endurance swim (Sustained
swimming speed)

6� 10�4 ⩽FT < 6� 10�3 N
Burst swim (burst swimming

speed) FT⩾6� 10�3 N

Very low 1% 38% 61%
Low 3% 39% 58%
Medium 5% 57% 38%
High 8% 69% 23%
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Figure 4. Influence of hydraulic condition intensities on smolt swimming orientation b and thrust force (a), and influence of
hydraulic condition intensities on swimming direction h (b). In each figure, the smolt position corresponds to median orienta-
tion. The purple arrow corresponds to the intensity of the fish thrust force (scale: 0.94 cm <- > 10�3 N). Figures 4a and 4b
represents how very low (1), low (2), medium(3) and high (4) hydraulic condition intensities influenced swimming orientation,
direction and thrust force.

Figure 5. Influence of hydraulic condition intensities on relative swimming direction c. The purple arrow corresponds to the
intensity of the fish thrust force (scale: 0.94 cm <- > 10�3 N). The red arrow corresponds to the intensity of the fish velocity
with respect to the flow (scale: 0.94 cm <- > 10�1 m/s).
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Figure 5 shows the influence of the apparent flow
velocity in the fish referential. According to Figure
5, smolt always swam against the apparent flow
orientation. At low hydraulic conditions intensities,
they induced this apparent flow direction with high
thrust with a narrow range of apparent velocity
angles. This implied that smolt were swimming
straight ahead with little change of direction. At
higher hydraulic conditions intensities, smolt thrust
force decreased and the range of angles increased
slightly. However, we did not observe any change in
the distribution of relative swimming direction,
regardless of the hydraulic conditions intensities
(Kruskal-Wallis, v2 ¼ 6.0704, p-value¼ 0.1082).

3.4. How do smolt orient themselves according
to their swimming behaviour?

Figure 6 completes Figure 4 by separating the orien-
tations and directions by swimming behaviour.
Smolts swam with the head facing the flow direction
in a passive swimming state for low hydraulic con-
ditions intensities (very low to low) and oriented in
the same direction as the flow direction in a passive
swimming state at higher hydraulic conditions
intensities (medium to high).

In the endurance swimming state, at low
hydraulic conditions intensities, smolts did not have
a preferred swimming orientation or direction.
Moreover, they swim mainly in burst swimming

state with no preferred swimming orientation or
direction for low hydraulic conditions intensities.

Smolts followed the direction of the flow, with
the head in the same direction as the water flow at
medium hydraulic condition intensity and with the
head facing the water flow at high hydraulic condi-
tion intensity in a burst swimming state. However,
they mainly swim in the same direction as the flow,
oriented against the flow in an endurance swimming
state for higher hydraulic conditions intensities
(medium to high).

4 Discussion

4.1. Influence of flow velocity, flow acceleration
and TKE on smolt behaviour

Based on 2D telemetry and a hydraulic model, it
was possible to show that fish movements were well
linked to hydraulic conditions intensity. A min-
imum time-average flow velocity threshold of
20 cm/s allowed them to move quickly through
the reservoir.

The results showed that, at the Pout�es dam, the
stronger the hydraulic conditions, the lower the fish
thrust. At relatively high time-average flow velocity,
flow acceleration and TKE (uf ⩾ 0.2m/s, af ⩾
3�10�4 m/s2, k ⩾ 8�10�5 m2/s2), juvenile Atlantic
salmon were in an endurance swimming state. They
tended to move in the same direction as the flow,
oriented against the flow. They were drifting.

Figure 6. Smolt swimming orientation b (left) and direction h (right) according to behavioural state and hydraulic condition
intensity. Fish swimming orientation in relation to flow direction enabled to know if smolt had their head oriented upstream
or downstream. And, fish swimming direction determined how far fish followed the direction of the flow.
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The fact that fishes switch from negative (facing
downstream) to positive rheotaxis (facing upstream)
does not necessarily indicate that they want to move
upstream, but is more likely a mechanism to
increase escape readiness as needed, as hypothesized
by Enders et al. (2009).

Under low hydraulic conditions intensity (0.01 ⩽
uf < 0.04m/s, 2 �10�6 ⩽ af < 3 �10�5 m/s2,
4 �10�7 ⩽ k< 3 �10�6 m2/s2), smolt exhibited
greater thrust force, and a burst swimming state
predominated. They did not exhibit any predomin-
ant swimming orientation or direction; they seemed
to be exploring the reservoir. As a result, they could
remain in place for a long time and travel a long
distance before passing through one of the dam sur-
face outlets (water intake or bypass). In large reser-
voirs, flow patterns can be barely perceptible for
fish, making them disoriented (Schwinn et al. 2019;
T�etard et al. 2019).

Even if swim movement appears erratic, smolt
were swimming straight ahead (i.e., maintaining
their orientation with respect to the ground), which
is a notable observation that will be important to
consider when modelling smolt behaviour in a res-
ervoir where hydraulic conditions intensities are
very low.

Overall, juvenile Atlantic salmon upstream of the
Pout�es dam were mainly swimming actively. This is
consistent with studies of smolt behaviour according
to hydraulics upstream of a dam (Arenas et al. 2015;
Johnson et al. 2000, 2009; Faber et al. 2001; Kemp
et al. 2005, 2008).

Silva et al. (2020) analyzed how TKE and flow
velocity influenced juvenile Atlantic salmon in the
River Mandaselva, in Norway. They obtained three
distinct behaviours: swimming in the same direction
as the flow at a speed below their endurance state;
diverging from the flow with higher swimming
speeds; and swimming against the flow in a burst
state. The first two behaviours were also found in
the Pout�es dam, but not the third.

According to the literature, swimming against the
flow is observed at high hydraulic intensities
(Arenas et al. 2015; Johnson et al. 2009; Enders
et al. 2012), which are not found in reservoirs with
low time-average flow velocity such as the Pout�es
dam. In such a reservoir, fish tend to explore the
environment and then, when they detect sufficient
flow, follow it.

Arenas et al. (2015) reported that the three species
they had studied (chinook salmon, sockeye salmon
and steelhead) exhibited average thrust forces of
1:4� 10�2 N. This is very close to the thrust force of
Atlantic salmon, which is 10�2 N, and it is interesting
to compare the responses of the species to hydraulic
cues. Pacific salmon showed a tendency to exert

higher fish thrust as flow acceleration increases (for
flow accelerations above 7� 10�3 m/s2), and Arenas
et al. (2015) postulated a tendency of smolt to resist
when flow acceleration increases. In Pout�es, such lev-
els of flow acceleration were never reached (max-
imum, 3� 10�3 m/s2) and fish never exhibited such
resistive behaviour. However, Arenas et al. (2015)
also noted that the thrust force for sockeye salmon
and steelhead decreased for lower flow accelerations
(between 4� 10�3 and 7� 10�3 m/s2). This range of
accelerations was also observed in Pout�es, and the
Atlantic salmon displayed the correspond-
ing behaviour.

To ensure that smolt have optimal downstream
migration conditions, there must be little TKE and a
low upstream flow acceleration (Johnson et al. 2009;
Goodwin et al. 2014). These two conditions, low
TKE and low flow acceleration, apply at Pout�es,
which is a dam with particularly low time-average
flow velocities in the reservoir, and can be assimi-
lated to a reservoir with low flow fluctuations. The
TKE is particularly low, with a maximum of 2:8�
10�3 m2/s2. The same applies to flow acceleration,
which reaches only 2� 10�3 m/s2. These hydraulic
variables do not seem to interfere with smolt swim-
ming motion.

Field and laboratory studies also corroborate this.
Scruton et al. (2008) assessed bypass efficiency for
juvenile Atlantic salmon at Bishop’s Falls Dam in
Canada, where forebay conditions are extremely tur-
bulent. They compared the Bishop’s Falls bypass
efficiency (62–72%) to bypass efficiencies in facilities
in the Eastern United States and Canada with less
turbulent fluctuations in flow, and found that
bypasses associated with less TKE had higher bypass
efficiency (80–87%).

The aim of Odeh et al. (2002) experimental study
was to improve the understanding of the effects of
hydraulic turbulence intensity on juvenile fish; they
created varying levels of turbulence intensity that
resembled conditions found in the field, and con-
cluded that, at low turbulence intensity, fish were
able to swim and maintain vertical orientation.

Silva et al. (2020) reported that, in the main
water course, smolts’ relatively low TKE values
(3� 10�3 m2/s2) allowed them to maintain stability
and swimming capacity.

Most studies analyzing fish behaviour during
downstream migration were carried out in dams
with very high hydraulic conditions intensities. This
mainly results in recommendations concerning the
upper limits of these parameters to improve the
management of hydropower plants. However, we
found results for very low time-average flow vel-
ocity, flow acceleration and TKE. And this did not
seem to disturb smolt’s swimming behaviour. When
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time-average flow velocities are very low
(uf<2� 10�1 m/s) then it became very difficult for
smolts to orient themselves. According to Coutant
and Whitney (2000), low time-average flow velocity
does not favour smolt orientation and leads to a
decrease in migration speed.

4.2. Limitations and perspectives

The present study sheds light on swimming behav-
iour upstream of a dam according to several
hydraulic conditions. However, since we had 2D tel-
emetry data, we assumed that fish swim two meters
below the water surface. This, knowing that accord-
ing to studies on smolt’s behaviour, they tend to
swim close to the free surface (Coutant and
Whitney 2000; Scruton et al. 2002; Gao et al. 2016).
Ideally, 3D telemetry could be used and tracking
devices optimized to achieve resolution similar to
that of hydrodynamic models. Moreover, it was pre-
viously observed by T�etard et al. (2019), and
McCormick (1998) that smolt behaviour changes
with the period of migration. Therefore, the differ-
ence in swimming behaviour between hydraulic
conditions intensities may be due to the timing of
migration, which we did not take into account in
our study. However, for the Pout�es dam, the
important concern is to have a relatively small reser-
voir to prevent migration delays (Tetard et al. 2016;
T�etard et al. 2021). This is what is actually being
undertaken for the dam’s restoration.

Sensitivity analyses of the estimated forces with
respect to positioning errors and errors of the CFD
model should also be considered in order to achieve
finer results than in this study, which should be
considered as preliminary.

Despite the limited number of individuals consid-
ered in the analysis, the high temporal resolution of
detection allowed us to have a data set with 1618
locations. However, since each individual was
released in specific environmental conditions, there
might be some confusions between inter-individual
differences and environmental conditions. Ideally, a
larger number of tagged individuals would have lim-
ited this risk but it was not possible to catch more
wild fishes because of the status of the population
(Dauphin and Pr�evost 2013). Farmed salmon had
been used in the telemetry study to increase the
number of individuals. First analysis by T�etard et al.
(2021), did not detect any behavioural differences
between wild and farmed salmons. Other authors
found opposite results in other sites. Aarestrup et al.
(1999) suggested that observed differences among
wild and farmed salmon in migratory behaviour
were related to genetic component. However, in the
wild river, farmed salmons originate from local wild

genitor and consequently are genetically similar to
wild salmon. Nyqvist, McCormick, et al. (2017) did
not see any behavioural difference between wild and
hatchery fish while many studies reported differen-
ces between them (McCormick 1998; Thorstad et al.
2012). Given the observations of T�etard et al.
(2021), the limited number of wild salmons and the
genetic similarity between wild and farmed salmons,
we did not explore for potential differences due to
the origin of salmons.

Given that hydraulics is a key factor in fish
behaviour (Nestler et al. 2008; Goodwin et al. 2014),
the coupling of telemetry and CFD appears to be an
appropriate approach. The framework proposed by
Arenas et al. (2015) allowed rigorous coupling of
the two data sources, enabling interpretation in
terms of fish behaviour by comparison with experi-
mental studies (although it would be preferable to
carry out experiments under conditions strictly
similar to those seen in the field). Fish thrust force
and swimming orientation give us a precise descrip-
tion of smolt behaviour, revealing whether smolt
swim with the head in the same direction as the
water flow or with the head facing the water flow
and to what extent they resist or do not resist the
flow. Furthermore, this approach reveals precisely
how fish react to what they perceive. This approach
permits to establish behavioural rules that can then
be used in fish trajectory prediction models, includ-
ing the use of IBMs (Scheibe and Richmond 2002;
Goodwin et al. 2006, 2014). This study paves the
way for modelling approaches to simulate fish
behaviour that go beyond Goodwin et al. (2014) by
adjusting on observed data.

5. Conclusion

This paper presents a fine-scale analysis of smolts’
behaviour in the forebay of a dam with particularly
low time-average flow velocity, flow acceleration
and TKE. Measured fish positions and CFD simula-
tions were used to characterize smolt’s swimming
behaviour using fish thrust force, swimming orienta-
tion and direction. Thrust force was found by solv-
ing Newton’s second law. The study aimed to
analyze the effects of time-average flow velocity,
flow acceleration and TKE on smolt’s swimming
behaviour. Our results showed that in spite of very
low hydraulic conditions intensities in the reservoir
that cause fish disorientation, a minimal time-aver-
age flow velocity of 20 cm/s in the reservoir was
needed to guide smolts to the FPS. Results presented
in this paper can be used to assess the impact of
operational and/or structural modifications on fish
attraction or dissuasion. The results could also be
used to determine the hydraulic conditions
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intensities that maximize fish drifting with the flow
or swimming in the same direction as the flow.
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