
Citation: Renardy, S.; Ciraane, U.D.;

Benitez, J.-P.; Dierckx, A.; Gelder, J.;

Silva, A.T.; Archambeau, P.; Dewals,

B.; Pirotton, M.; Erpicum, S.; et al.

Assessment of the Attractiveness and

Passage Efficiency of Different Fish

Passage Solutions at a Hydropower

Plant by Combining Fine Scale

2D-Telemetry and Hydraulic

Numerical Modelling. Environments

2023, 10, 107. https://doi.org/

10.3390/environments10070107

Academic Editor: Chin H. Wu

Received: 19 May 2023

Revised: 14 June 2023

Accepted: 20 June 2023

Published: 22 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

environments 

Article

Assessment of the Attractiveness and Passage Efficiency of
Different Fish Passage Solutions at a Hydropower Plant by
Combining Fine Scale 2D-Telemetry and Hydraulic
Numerical Modelling
Séverine Renardy 1,* , Utashi D. Ciraane 2 , Jean-Philippe Benitez 1 , Arnaud Dierckx 1, Justine Gelder 1,
Ana T. Silva 3 , Pierre Archambeau 2 , Benjamin Dewals 2 , Michel Pirotton 2 , Sébastien Erpicum 2

and Michaël Ovidio 1

1 Freshwater and Oceanic Sciences Unit of Research (UR-FOCUS), Management of Aquatic Resources and
Aquaculture Unit (UGERAA), Laboratory of Fish Demography and Hydroecology (LDPH),
University of Liège, 4020 Liège, Belgium

2 Urban and Environmental Engineering Unit of Research (UR-UEE), Laboratory of Hydraulics in
Environmental and Civil Engineering (HECE), University of Liège, 4000 Liège, Belgium

3 Norwegian Institute for Nature Research (NINA), 7485 Trondheim, Norway
* Correspondence: severine.renardy@uliege.be

Abstract: Mitigation measures for downstream-migrating Atlantic salmon smolts (Salmo salar L.) are
commonly insufficiently attractive to enable safe entrance and passage with no delay. Combining
2D telemetry with hydrodynamic modelling has been shown to be a good tool to better understand
the influence of hydrodynamic factors on the migration route choice of fishes. In this study, we
investigated the smolt downstream migration at a hydropower plant in Belgium that offers five
migration routes, including two Archimedes screws and one nature-like fishway. At the hydropower
plant, the Archimedes screws were the most used migration routes, due to higher discharges and
more important water depths at their entrance. The weir and the canal intake were less used by the
smolts. The nature-like fishway turned out to be less used, with 23% of the smolts. Its associated
crossing time was significantly longer, probably due to shallow water depths and high flow velocities.
The nature-like fishway had the potential to become a good migration route for salmon smolts after
improvements to increase attractiveness and passage efficiency. Moreover, the Archimedes screws
were not detrimental to the smolts and did not cause any significant delays to the crossing time.

Keywords: nature-like fishway; Archimedes screw; etho-hydraulics; hydrodynamic modelling; behaviour

1. Introduction

Migratory species have been highly impacted by river fragmentations due to human
activities, such as navigation and hydropower production [1]. These disruptions gradually
delay both upstream and downstream migrations [2,3]. River fragmentation has caused
drastic reductions, and the extinction of entire populations of several migratory species,
such as the Atlantic salmon (Salmo salar L.), by impeding free movements and limiting
access to functional habitats between marine and freshwater ecosystems [4,5].

Several mitigation measures have been proposed to re-establish free up- and down-
stream movements of fish at navigation dams and hydropower plants [5]. Significant
progress has been made in mitigation measures to restore the upstream migration of dif-
ferent fish species, including Atlantic salmon adults, with some that have demonstrated
good performance [6], but downstream migration still remains a challenge [7,8]. This situa-
tion is highly problematic for downstream-migrating salmon smolts due to their narrow
time window to reach the ocean [9,10]. Currently, most of the solutions for downstream
migration include adapted hydropower plant management [11], the use of behavioural
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and physical barriers [12,13] and downstream bypasses [14,15]. “Fish-friendly” turbines
(e.g., the Archimedes screw), with low rotational speed, large blade spacing and the ab-
sence of extreme pressure change [16] have also been developed to facilitate downstream
passage of fish [16,17] and may, in some cases, be considered as a migration route for the
downstream-migrating smolts [3]. Although initially designed for upstream migration,
nature-like fishways, have been shown to be used by fishes for downstream passage [18,19]
and can therefore be considered as a mitigation measure to ease smolt downstream passage,
but this situation is currently poorly studied [20,21].

However, the performance of different kinds of mitigations measures for downstream
migration, such as behavioural and physical barriers or downstream bypasses, usually
turns out to still be insufficient to allow a safe and rapid passage of smolts [7,8] and to
increase seaward escape rate [3,22]. Depending on the site configuration, the efficiency
of migration routes varies highly. The use of a downstream bypass may vary between
0% and 97% [23], whereas the use of an Archimedes screw usually varies between 8%
and 48% [3,24,25]. Based on the behavioural response of the smolts, in some cases, the
Archimedes screws turn out to be an unattractive migration route for the downstream-
migrating smolts, depending on the configuration of the hydroelectric site [26,27]. The
efficiency of nature-like fishways is usually low with 3% to 12% of the smolts [20], despite
the fact that it can reach 41% [21].

To date, little attention has been dedicated to understanding the behavioural response
of fish approaching hydropower plants and associated migration routes. However, facing
hydropower plants during the downstream migration will induce the expression of a wide
inter-individual diversity of smolt research behaviour to find an attractive and safe migra-
tion route [22,26,27]. Behavioural responses can range from simple and direct behaviour
to complex behaviour with multiple back-and-forth movements [22]. The majority of the
smolts generally performed one or two passage attempts before crossing the hydropower
plant [26,28]. Sometimes, the smolts may reject on multiple occasions an available migration
route to move to another route [22,27]. Poor knowledge of the smolt research behaviour
upstream of the migration routes leads to poor understanding of their attractiveness, and
that may explain the great variability in the use of the migration route. Identifying the
fine-scale behaviour of smolts upstream of hydropower plants would enable to assess the
attractiveness of the available migration routes present at a migration barrier and then to
better identify the solutions to be implemented to increase the chances of a rapid passage
at hydropower plants with multiple migrations routes.

The factors that influence a smolt’s choice of a migration route are not well understood.
Hydraulic conditions such as flow velocity and water depth will influence the smolt
behaviour upstream of a migration barrier [29,30]. However, the relation between the fine-
scale behaviour of the smolts and hydraulic conditions associated with mitigation measures
is rarely identified [27,31]. Combining hydraulic modelling and smolts tracking provides
a better understanding of how hydrodynamic conditions influence smolts’ behaviour
upstream of migration barriers.

In this study, we investigated the downstream migratory behaviour of Atlantic salmon
smolts at a hydropower plant in the Ourthe River using manual 2D radio telemetry, where
the hydrodynamic conditions have been modelled numerically. The hydropower site
offers five available migration routes, including two fish-friendly Archimedes screws and a
nature-like fishway. The first aim of the study was to identify the smolt behavioural tactics
upstream of the hydropower plant and to assess the attractiveness and use of the different
migration routes. The second aim was to evaluate the environmental factors that influence
smolt behavioural tactics.

2. Materials and Methods
2.1. Study Area

The Chanxhe hydropower plant is located in the lower part of the Ourthe River,
which is a tributary of the Meuse River in Belgium (Figure 1a). The Meuse River is a
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large international river that is 950 km long, with a catchment area of 36,000 km2. With its
source in France, the Meuse River flows across Belgium until reaching the North Sea in
the Netherlands. The Ourthe River is a medium-sized river that is 235 km long, with two
sources located in the Belgian Ardennes, and with a total catchment area that extends over
3672 km2. The lower Ourthe River is characterised as a barbel zone [32] with the potential
for the presence of 29 fish species, dominated in biomass by rheophilic and ubiquitous
cyprinids. In the whole river, the prevailing macro-invertebrate communities are currently
indicative of the good (16/20) water quality status (Public Service of Wallonia—AQUABIO).
In the low part of the Ourthe River, the mean discharge is 43.6 m3 s−1 and during the
smolts downstream migration from April to May, the average discharge is 26 m3 s−1 and
the mean temperature is 12.8 ◦C, according to data since 2014.

Environments 2023, 10, x FOR PEER REVIEW  4  of  18 
 

 

 

Figure 1. Schematic and photographic representations of the studied site. (a) Overview of the Meuse 

River basin including the Ourthe River. (b) Overview of the lower part of the Ourthe River with the 

studied river stretch. (c) Schematic and photographic representations of the Chanxhe hydropower 

plant and associated migration routes: (1) the nature-like fishway, (2) the Archimedes screws, (3) 

over the weir and associated opened incision gates and (4) the canal intake. 

The Chanxhe run-of-river hydropower plant is located 28.4 km upstream from the 

confluence of the Ourthe River with the Meuse River (Figure 1b). The Chanxhe hydro-

power  plant  offers  five  different migration  routes  for  downstream-migrating Atlantic 

salmon smolts (Figure 1c): the nature-like fishway, the two Archimedes screws, the weir 

and associated incision gates and the canal intake. The site is equipped with a 103 m long 

and 2.4 m high old weir, built during the 19th century to enable navigation on the river. 

On the left bank, the weir extends into the former navigation canal, now unused. The canal 

intake, which still exists, derives a very low discharge from the main river. On the right 

Figure 1. Schematic and photographic representations of the studied site. (a) Overview of the Meuse
River basin including the Ourthe River. (b) Overview of the lower part of the Ourthe River with the
studied river stretch. (c) Schematic and photographic representations of the Chanxhe hydropower
plant and associated migration routes: (1) the nature-like fishway, (2) the Archimedes screws, (3) over
the weir and associated opened incision gates and (4) the canal intake.

The Chanxhe run-of-river hydropower plant is located 28.4 km upstream from the
confluence of the Ourthe River with the Meuse River (Figure 1b). The Chanxhe hydropower
plant offers five different migration routes for downstream-migrating Atlantic salmon
smolts (Figure 1c): the nature-like fishway, the two Archimedes screws, the weir and



Environments 2023, 10, 107 4 of 17

associated incision gates and the canal intake. The site is equipped with a 103 m long and
2.4 m high old weir, built during the 19th century to enable navigation on the river. On the
left bank, the weir extends into the former navigation canal, now unused. The canal intake,
which still exists, derives a very low discharge from the main river. On the right bank of the
weir, there are two Archimedes screws (Figure 1c), each with a nominal electric power of
210 kW, a length of 13 m, a diameter of 4.25 m, a rotational speed from 4 to 25 revolutions
per minute and a nominal functioning discharge of 11 m3 s−1. Three incision gates are
present on the weir. The first incision is located on the right part of the weir close to the
Archimedes screws, the second at the middle of the weir and the last one on the left part of
the weir near the canal intake. The incision gates are, respectively, 2.12, 5.05 and 1.8 m long
and 0.77, 1.01 and 0.67 m deep. The second incision gate was constantly closed during the
whole smolt tracking. A small stretch 410 m upstream of the hydroelectric site creates an
island on the right bank of the river. This river branch with a continuous steep slope and
limited discharge and water depth forms a nature-like fishway exiting downstream of the
Archimedes screws.

The located zone 410 m upstream of the Chanxhe hydropower plant is defined as the
upstream zone, which includes the main river course and the entrance of a nature-like
fishway (Figure 1c), whereas in the main river, the approach zone has been defined 50 m
upstream of the hydropower plant.

2.2. Smolts Tagging and Tracking

The studied Atlantic salmon smolts were 1-year-old hatchery-reared individuals from
the Erezee hatchery in Belgium. Hatchery-reared smolts usually started their downstream
migration the day of tagging as observed during previous studies [26,27]. Tracking wild
smolts was impossible due to their small size and low weight, making them unable to
support the transmitter. There was a total of 25 smolts used, with a mean fork length of 162.9
mm ± 8.9 mm and a mean body mass of 49.2 g ± 8.9 g. The smolts were transported in an
equipped van from the hatchery to the release site in a 600 L oxygenated tank. The tagging
process was performed in the field near the release site. The smolts were anaesthetised with
0.2 mL L−1 of phenoxyethanol and surgically tagged with a transmitter in their body cavity.
The radio transmitter (Advance Telemetry Systems – ATS, Isanti, USA) used was a Model
F1410 with a frequency of 40 MHz, dimensions of 7 mm × 15 mm, a mass in air of 1.0 g,
and an expected life span of 14 days. An additional small incision was made independently
of the main incision by using a thin steel cannula to enable the passage of the external
antenna. The 8 mm incision was closed with absorbable suture material (VICRYL® Suture
JV398, Edinburgh, Scotland) and disinfected with eosin (see [3,26]). The average time of
surgery was around 10 min per individual. The releases in the river were performed after a
full recovery around two hours after the surgery. The smolts were divided into four groups
of six (G1 to G3) or seven (G4) individuals each. Each release group consisted of a limited
number of individuals to be able to track each smolt manually and accurately upstream of
the hydropower plant. The groups were released 1330 m upstream from the hydropower
plant at around 4–5 pm on different dates to experience different environmental conditions.

The radio-tagged smolts were manually and intensively tracked by a team of 4 to
5 operators just after their release until the hydropower plant crossing. The smolts that did
not pass the plant on the evening/night of the release day were tracked less intensively
during the following days until the site crossing. The tracking was performed using
portable receivers (ATS Model Fieldmaster) and either directional (low-frequency loop) or
non-directional antennas (magnetic roof-mount dipole) (see [26,27]). Directional antennas
were used to locate smolts with a precision of 5 m2 (see [26,27]), which helped to identify
the precise research behaviour upstream of the hydropower plant.

During the experimental period, water temperature (◦C) was recorded every hour
using data loggers (Tidbit Onset, Bourne, USA) installed at the Chanxhe hydropower plant.
Discharge data (m3 s−1) were obtained by the hydrological office of the Public Service of
Wallonia (SPW-SETHY, Namur, Belgium) at the Comblain-au-Pont hydrological station,
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with measurements taken every 5 min. The water temperature during the smolt tracking
period ranged from 11.5 ◦C to 16.8 ◦C, while discharge ranged between 12.8 m3 s−1 and
20.9 m3 s−1.

2.3. Smolt Behavioural Metrics

Several quantitative behavioural metrics useful to describe the smolt migratory be-
haviour were highlighted based on the smolt tracking:

(1). Adaptation time: median time (hours) required for the smolts to initiate the
downstream migration after the release event, which corresponds to the time between the
release time and the initiation of migration.

(2). Arrival time: median time (hours) to reach the upstream zone, where there is the
emergence of the nature-like fishway, which corresponds to the time between the migration
initiation and the first detection in the upstream zone (see [27]).

(3). Migration route use: the percentage of smolts using each available migration
route compared to all the tagged smolts that initiated the downstream migration (see [27]).

(4). Research time: median time (hours) required by the smolts to pass through the
hydropower plant. It corresponds to the time between the first detection in the approach
zone and the last detection upstream of the plant (see [27]).

(5). Crossing time: median time (hours) required by the smolts to pass through the
entire study site. It corresponds to the time between the first detection in the upstream
zone and the last detection upstream of the plant or the first detection downstream of the
nature-like fishway.

The individual behavioural tactic expressed by the smolts to cross the hydropower
plant was identified. A behavioural tactic refers to the specific expressed research behaviour
when crossing a hydropower plant, including the number of approached migration routes
and the research time (see [27]). The four different behavioural tactics are: “proactive
explorer”, “reactive explorer”, “proactive non-explorer” and “reactive non-explorer”.

2.4. Hydrodynamic Numerical Modelling

To combine the planar characteristics of fish trajectories obtained by telemetry with
detailed hydrodynamic conditions encountered by smolts approaching the hydropower
plant, the flow conditions were numerically modelled with a 2D hydrodynamic approach,
i.e., solving depth-integrated flow equations with the flow solver WOLF2D. WOLF2D
solves the shallow water equations on a Cartesian grid using a finite volume technique.
In simple terms, on each grid cell, the software computes the temporal evolution of the
water depth and both flow velocity components in the main flow plane. In continuous
development for more than 20 years by the HECE research group of the University of Liège,
WOLF2D has been massively validated by various hydraulic and environmental studies
and projects [22,33,34].

The main data required by the numerical model are the topography/bathymetry of the
study area and the discharges. The topography/bathymetry of the Chanxhe hydropower
site was first extracted from LIDAR (light detection and ranging) data collected by an
airborne survey provided by the Public Service of Wallonia (1 point per m2—0.15 m
elevation accuracy) and then completed by interpolation of 1D cross sections of the main
river bed for the area below water. In total, 365 points were surveyed manually in the
nature-like fishway with a GPS (SinoGNSS N3) to refine the bathymetry data in this complex
shallow water area. The resulting digital elevation model covered 1400 m of the river length
upstream of the hydropower plant with a horizontal resolution of 0.5 × 0.5 m (596,937 grid
cells) and vertical accuracy of 0.15 m.

The discharge extracted from the Comblain-au-Pont hydrological station (SPW, 2023)
located 135 m upstream of the first grid cell was used as upstream boundary conditions
for the simulation. The weir and the opened incision gates were modelled as a broad-
crested weir (discharge coefficient equal to 0.385) while the incision gates closed either
by a piece of metal or wood were modelled as a sharp-crested weir (discharge coefficient
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equal to 0.42). This means that the discharge passing over the weir or the incision gates
was calculated at each time step by the numerical model depending on the upstream head
value (i.e., the water level upstream of the weir). Similarly, the discharge in the canal intake
was calculated from the upstream head depending on critical flow conditions at the two
circular pipes located downstream in the canal. The discharge through the two Archimedes
screws was deduced from the site operations (one observation every 20 min) after cleaning,
filtering and conversion of the data collected from the site operator. In the nature-like
fishway, no boundary condition was imposed since flow conditions were supercritical at
the downstream extremity of the river stretch.

The numerical model has been validated compared to on-site measurements (river
gauging—10% accuracy) carried out by SPW on 6 May and 23 September 2022. The
maximum difference between the simulated and measured discharges in the nature-like
fishway was 18% while the maximum difference between the water depths was 3% in the
canal intake.

As a result of the small variation in discharge during each of the four smolt release
events, four scenarios simulating the mean discharge observed in the river and through the
Archimedes screws during each smolt release event have been considered (Figure 2).
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Bathymetry measurements highlighted the topographic profile of the river, especially
the differences between the main river (Figure 3a) and the nature-like fishway (Figure 3b).
The main river profile has a relatively continuous slope counter-balanced at the end, near
the intake canal, by a rapid elevation in topography to create a small reservoir for the
Archimedes screws (Figure 3a). The reservoir is characterised by low velocity values (range
0.14–0.37 m s−1) with important water depths (range 0.37–2.25 m), whereas the nature-like
fishway possesses an irregular steep profile characterised by high velocities, which reached
2.19 m s−1, and shallow waters (range 0.03–0.72 m) as observed during the topographic
survey (Figure 3b). The Froude number is a ratio of the forces of inertia and gravitation and
allows us to characterise the flow in rivers. The Froude number varied between 0.03 and
0.18 in the main river. On the other hand, the Froude number was usually more significant
in the nature-like fishway. At the entrance of the nature-like fishway, the Froude number
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was around 0.60, and the mean Froude number throughout the route was 0.66, but varied
between 0.17 and 2.40.
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Figure 3. The topographic profile of (a) the main river and (b) the nature-like fishway from the
upstream zone to downstream of the Chanxhe hydropower plant.

Depending on the release date, the discharge through the nature-like fishway ranged
from 3.4 m3 s−1 to 4.6 m3 s−1 (Table 1). At the hydropower plant, one or two Archimedes
screws were operating depending on the release date. The turbine discharge varied between
5.6 m3 s−1 and 11.7 m3 s−1. The discharge over the weir and through the incision gates
varied between 2.9 m3 s−1 and 3.4 m3 s−1 and discharge toward the intake canal was
relatively constant with around 1 m3 s−1.

Table 1. Hydraulic conditions encountered by tagged smolts.

Measured Computed from Numerical Models

Group Release
Event

Mean
Total

Discharge
(m3/s)

Archimedes Screw Nature-like Fishway Weir Intake
Canal

N Turbines
Mean

Discharge
(m3 s−1)

%
of Total

Discharge

Mean
Discharge
(m3 s−1)

%
of Total

Discharge

Mean
Discharge
(m3 s−1)

%
of Total

Discharge

Mean
Discharge
(m3 s−1)

1 20-04 20.9 2 11.7 56.0 4.6 22.0 3.4 16.3 1.2
2 26-04 16.7 1 7.9 47.3 4.3 25.7 3.4 20.4 1.1
3 03-05 13.6 1 6.0 44.1 3.8 27.9 2.9 21.3 1.0
4 10-05 12.8 1 5.6 43.8 3.4 26.6 2.9 22.7 0.9

2.5. Statistical Analyses

The obtained data violated the assumptions of normality (Kolmogorov–Smirnov,
p < 0.05), and therefore non-parametric tests were used. All statistical analyses were carried
out by using the software R (version 3.4.2).

We first conducted analyses in relation to the first objective of identifying the smolt
behavioural tactics upstream of the hydropower plant and assessing the attractiveness and
the use of the different migration routes, specifically in relation to the nature-like fishway.
At the release site, the adaptation time was compared between the release events by using a
Kruskal–Wallis (KW) test. In the upstream zone, the smolts’ choice between the main river
and the nature-like fishway was compared with a random distribution using Pearson’s
χ2 test. In the approach zone, the number of smolts per migration route was compared
with a random distribution using Fisher’s exact test. Crossing time and research time were
compared between the migration routes and the release events by using Kruskal–Wallis
(KW) and Dunn tests.

In a second step, analyses were performed to respond to the second objective of trying
to understand the potential influence of environmental and hydrodynamic factors on smolt
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behavioural tactics during downstream migration. We compared the environmental and
hydrodynamic characteristics of the main river and the nature-like fishway (e.g., flow
velocity, discharge, and water depth) using Dunn tests. These analyses allowed us to
investigate how variations in these factors might have influenced the behavioural tactics
expressed by the smolts.

Discharge: in the upstream zone, the use of the nature-like fishway by the smolts was
tested according to the proportion of associated discharge passing towards this route by
using a Dunn test. Once in the approach zone, the influence of the discharge on the number
of approached migration routes by the smolts was tested by using a Spearman correlation.
The use of the Archimedes screws by the smolts to cross the hydropower plant was tested
according to the proportion of associated discharge diverted towards the screws by using
Fisher’s exact test. The correlation between the river discharge and the crossing time of the
smolts was tested by using a Spearman correlation.

Flow velocity: in the approach zone, the use of a migration route depending on the
associated flow velocity was compared with a random distribution by using Fisher’s exact
test, below and over 0.5 m s−1, based on observations of Renardy et al. [22]. The relationship
between the crossing time and the mean encountered flow velocities throughout the nature-
like fishway or the main river was tested by using a Spearman correlation.

Water depth: The relationship between the crossing time and the mean encountered
water depths throughout the nature-like fishway or the main river was tested by using a
Spearman correlation.

3. Results

Among the n = 25 tested smolts, 96% (n = 24) left the release site, after a median adap-
tation time of 0h42 and initiated the downstream migration before dusk. The adaptation
time did not differ between the release groups (KW test, n = 24 smolts, χ2 = 5.8, df = 3,
p > 0.1). 88% of the smolts (n = 22) were detected in the upstream zone with a median
arrival time of 2h36. Of these individuals, 23% (n = 5) approached and used the nature-like
fishway, whereas the other 77% of smolts (n = 17) moved toward the hydropower plant
(Table 2 and Figure 4). The choice between one of these two migration routes did not differ
significantly from a random distribution (Pearson’s χ2 test, p = 0.08). The conditions of
flow velocities, water depths and the Froude number at the entrance varied significantly
between the main river and the nature-like fishway (Dunn test, all p < 0.001). The main
river was characterised by lower flow velocities (Figure 4) and higher water depths. The
majority of smolts used the main river, which was associated with 72–78% of the total
river discharge. The smolts used the nature-like fishway to downstream migrate when the
proportion of discharge increased from 22 to 28% of the total river discharge (Dunn test,
n = 22 smolts, p < 0.01).

Table 2. The migration routes used by the smolts for each release group.

Group Release
Event

Nature-like
Fishway

Archimedes
Screw

Weir
Intake
Canal

Unknown
Route Total1st

Incision
Gate

2nd
Incision

Gate

1 20-04 0 2 0 1 1 2 6
2 26-04 0 3 0 1 1 1 6
3 03-05 3 1 1 0 0 1 6
4 10-05 2 2 0 1 2 0 7
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Figure 4. Combination of the twenty-one smolt trajectories (indicated by a coloured arrows) and
specific water velocities (indicated by a coloured scale) of the simulated hydrological scenario at the
Chanxhe hydropower plant for each release event, (a) 1st release group, (b) 2nd release group, (c) 3rd
release group and (d) 4th release group. One of the twenty-two smolts is not represented due to an
incomplete migration trajectory.



Environments 2023, 10, 107 10 of 17

Once in the approach zone, n = 8 smolts approached first the Archimedes screw and the
n = 8 other smolts approached first the weir (Figure 4). The first-approached migration route
is unknown for one smolt. On average, the smolts rejected the first-approached migration
route once and approached another route. The number of approached migration routes
by the smolts before the plant crossing was not influenced by the discharge (Spearman’s
correlation, n = 16 smolts, rho = −0.39, p > 0.1). All the smolts that reached the approach
zone crossed the hydropower plant. The passage mainly took place (75% of the smolts)
during dusk or the night. The migration route used is known for 94% of them (n = 16).
More than half of the smolts (n = 9) passed on the first approach. The Archimedes screw
was the most used migration route with 50% of the smolts (n = 8) (Table 2). The Archimedes
screw directed 72–78% of the incoming discharge at the hydropower plant (44–56% of total
river discharge), but the proportion of associated discharge did not influence its use by the
smolts to cross the hydropower plant (Fisher’s exact test, n = 16 smolts, p > 0.1). The other
50% of smolts used an alternative migration route with lower associated discharges and
passed through the incision gates (25%, n = 4) or the intake canal (25%, n = 4) (Table 2). The
use of a migration route did not differ significantly from a random distribution (Fisher’s
exact test, n = 16 smolts, p > 0.1). The majority of the smolts (75%) used a migration route
(the Archimedes screw or the canal intake) characterised by flow velocities below 0.5 m s−1

at their entrance (Figure 4). This distribution did not differ significantly from a random
distribution (Fisher’s exact test, n = 16 smolts, p > 0.1).

The behavioural tactic to find a migration route was defined for n = 16 smolts that
passing through the Chanxhe hydropower plant. The different tactics were expressed by
the smolts in equal proportions. Eight smolts approached only one migration route, with
two expressing the “proactive non-explorer” tactic and six expressing the “reactive non-
explorer” tactic. The remaining eight smolts approached multiple migration routes before
crossing the site, with three expressing the “proactive explorer” tactic and five expressing
the “reactive explorer” tactic.

The median crossing time required to cross the entire site was 01h10 (Figure 5a). There
was no correlation between the smolt crossing time and the river discharge (Spearman’s
correlation, n = 21 smolts, rho = −0.30, p > 0.1). The crossing time differed significantly
between the main river and the nature-like fishway (Dunn test, n = 21 smolts, p = 0.02),
with a longer crossing time through the nature-like fishway. Although a correlation was
found between the encountered flow velocities and water depths with the crossing time
of the smolts, those were low (Spearman’s correlation, n = 21 smolts, rho = 0.38, p = 0.09
and rho = −0.39, p = 0.08, respectively). Elevated flow velocities, shallow water depths
and a significant slope could slow down smolts in their migration progression (Figure 4).
Upstream of the hydropower plant, the median research time was 00h11 (Figure 5b), but
did not differ between the migration routes used (KW test, n = 16 smolts, χ2 = 1.2, df = 2,
p > 0.1) and the release events (KW test, n = 16 smolts, χ2 = 3.5, df = 3, p > 0.1).
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Figure 5. Behavioural metrics expressed by the smolts depending on the migration route used to
cross the study site: (a) the crossing time and (b) the research time.

4. Discussion

In this study, we investigated the downstream migratory behaviour of Atlantic salmon
smolts using manual 2D radio telemetry at a hydropower plant that offers five potential
migration routes, including a nature-like fishway, two fish-friendly Archimedes screws,
the weir with two incision gates and a canal intake. Manual tracking has the advantage of
identifying the fine-scale behaviour of the smolts upstream of the Chanxhe hydropower
plant by recording of numerous precise positions for each individual. Due to technical
limitations of this tool on simultaneous tracking of a large number of individuals, in this
study, only a small number of smolts could have been tracked simultaneously. Using
additional automatic listening receivers would have been useful to track more smolts.
However, it is more difficult to obtain 2D trajectories of the smolts with automatic tracking
devices, especially if the number of antennas is insufficient. Another alternative would be
to combine manual radio telemetry with automatic RFID telemetry to easily increase the
number of fish and more accurately assess the attractiveness and efficiency of migration
routes, such as the nature-like fishway. Hydrodynamic modelling was useful in identifying
the environmental and hydrodynamic conditions upstream of the hydropower plant, even
if the variability of the conditions was low. The small number of tracked individuals and
the low variability of discharge conditions during the study do not allow a complete vision
of what would have happened during the entire smolt migration season, especially under
extreme environmental conditions. Therefore, strong and significant statements on the
influence of environmental and hydrodynamic conditions on the migratory behaviour and
on the choice of a migration route could not be demonstrated, but clear tendencies have
been highlighted. An additional tracking with a larger number of individuals would be
necessary to statistically confirm the results obtained in this study.

All of the smolts except one individual left the release site and initiated downstream
migration after a median adaptation time of 0h42. A negative impact of the tagging on smolt
mortality is unlikely as the ratio between weights of the transmitter and of the smolts was less
than 2.5%. No smolt was affected by the surgery during the recovery phase before release
events. Tagging methodology was the same as previous studies that used mobile tracking on
Atlantic salmon (Salmo salar L.) smolts or Brown trout (Salmo trutta L.) [26,27,35]. Therefore, we
assume that predation by cormorants might have been the most plausible explanation for the
missing individual, as there were several cormorant colonies in the vicinity of the release site.
Predation is the main natural cause of mortality during smolt downstream migration [10,36].
Cormorants, avian predators, are known to be a significant threat to smolts [3,37,38]. The
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hatchery-reared smolts remained highly sensitive to environmental cues triggering downstream
migration [39] and usually expressed rapid initiation of downstream migration once released in
rivers [14,26,27].

Once in the upstream zone, 23% of the smolts approached and used the nature-like
fishway and the 77% other smolts moved toward the hydropower plant. The nature-like
fishway appeared to be less attractive to the smolts. The environmental and hydrodynamic
conditions at its entrance were sub-optimal to the smolts, with a low mean water discharge
of 4.0 m3 s−1, an elevated mean water velocity of 0.9 m s−1 and a low mean water depth
of 0.35 m. Migrating smolts are able to perceive a danger of an inadequate migration
route with unsuitable associated hydrodynamic conditions, and therefore try to find a
safer way [7,22,29,40,41]. The choice of the smolts between these two migration routes
might have depended on the discharge repartition. As suggested in the literature, the
downstream-migrating smolts usually tend to follow the main flow [7,11,22,27,30,42], and
therefore migrate through the main river. The nature-like fishway was associated with
22–28% of the total river discharge, which corresponds to a mean discharge of approxi-
mately 4.0 m3 s−1. In previous studies, the associated discharge of nature-like fishways
varied between 0.3 m3 s−1 [20,43], 0.6 m3 s−1 [44] and 11.0 m3 s−1 [21]. Depending on the
percentage of the total discharge diverted toward the nature-like fishway, its use by the
smolts ranged from 3% to 12% (equivalent to 2.3% and 6% of the total discharge) [20] and
41% (29.7% of the total discharge) [21]. In our study, the nature-like fishway was used by
23% of the smolts, which is consistent with the literature. Fjeldstad et al. [45] highlighted
an increasing bypass migration by the smolts with an increasing proportional diversion of
the total flow toward the bypass. The discharge proportion toward the nature-like fishway
seems to be insufficient to enable elevated use by the smolts. Increasing the proportion of
the total flow diverted to the nature-like fishway, would enable an increase of its utilisation
by the smolts. On the other hand, Kärgenberg et al. [44] observed an use of a nature-like
fishway by 80% of the smolts, which was provided by about 10% of the flow. In our
study, the low use of the nature-like fishway, despite having a more elevated proportion of
discharge, may indicate the influence of other environmental conditions. Flow velocity and
water depth are considered also as hydraulic clues in the selection of a migration route [27].
Elevated water velocities and shallow water depths at the entrance of the nature-like fish-
way may have repulsed the smolts from using this migration route. Typically, smolts are
attracted to flow velocities between 0.2 m s−1 and 0.5 m s−1 [22,27,46] and prefer water
depths greater than 1.5 m [27], contrary to the conditions present in the nature-like fishway.
Therefore, the use of a nature-like fishway will depend on the associated discharge, the
river discharge, as well as flow velocities and water depths.

The remaining 77% of the smolts were detected in the approach zone, and the weir and
the Archimedes screws were equally approached at 50%. Prior to crossing the hydropower
plant, the smolts rejected the approached migration route once on average, with 53% of the
smolts not rejecting the first-approached migration route and crossing the hydropower plant
through this route. Renardy et al. [27] highlighted a mean number of rejections of a migration
route of 6.5, probably due to the presence of inadequate migration routes. In this study, the
low number of rejections could suggest that the first migration route approached appeared
to be sufficiently attractive for the smolts. All the smolts successfully passed through the
hydropower plant, and the Archimedes screws were the most used migration routes, with
50% of the smolts using them. In the literature, the Archimedes screw use varied between
5% ([27]—4 migration routes), 8.1% ([25]—3 migration routes), 43% ([24]—5 migration
routes) and 48% ([3]—2 migration routes). The smolts usually approached and used the
migration route with the highest associated proportion of discharge, as already observed
by Fjelstad et al. [45] and Havn et al. [24]. In our study, the Archimedes screws diverted
72–78% of the incoming discharge at the plant. The fish-friendly design of the Archimedes
screw does not guarantee that smolts will not be repulsed by characteristics at the turbine
intake [27,47]. In this study, the characteristics of the turbines’ intake did not appear to
frighten and repulse the smolts. All the smolts who used the Archimedes screw to cross the
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plant passed through it in less than 6 min. Renardy et al. [3] observed a similar tendency
with a median time to cross the Archimedes screw of 1 min. The other smolts that did not
follow the main flow passed by the weir through the incision gates (25%) and by the intake
canal (25%). The low use of the two alternative migration routes may be due to shallow
depths at their entrance varying between 0.6 and 0.8 m. Water depths less than 1 m are
usually less approached by the smolts if greater depths are available [27]. The intake canal
appeared to be a sub-optimal and unsafe migration route, as half of the smolts that used this
route never managed to cross it and to continue the downstream migration. Slack water and
a low slope in the intake canal may have engendered smolt disorientation and may have
stopped smolt downstream migration. Standing waters induce a weaker instinct to migrate
and reduce migration success [48]. Low flow velocities (<0.15 m s−1) usually cause smolt
disorientation and a loss of stimulation of the smolts to move downstream [22,40]. At this
particular migration barrier, the Archimedes screw turned out to be the most suitable and
safe migration route compared to the intake canal due to its more elevated attractiveness
and due to its low direct impact on smolt downstream migration.

The median crossing time required to cross the entire site, both via the main river or
by the nature-like fishway, was 01h10. The crossing time differed significantly between the
main river and the nature-like fishway, with a longer crossing time through the nature-like
fishway. The median crossing speed in the nature-like fishway was 0.04 m s−1. Nyqvist
et al. [21] reported a similar trend with a very low median crossing speed of 0.01 m s−1

through a nature-like fishway. In one un-impounded river stretch, Aarestrup et al. [49]
obtained a high variation of progression speeds ranging from 0.01 m s−1 to less than
0.23 m s−1, but also observed speeds of 0.38 m s−1 [38], 0.61 m s−1 [50] and 0.94 m s−1 [51].
The correlations between encountered flow velocities or water depths and crossing time
were low, but these variables may have still have influenced and delayed smolt downstream
migration. Water velocities greater than 0.2 m s−1 usually promote downstream movements
of the smolts [22,46], but can become repulsive beyond a certain threshold. In the nature-
like fishway, the combination of a shallow average water depth of 0.35 m and water
velocities that reached around 2 m s−1 in some areas may have induced hesitation in
the smolts to migrate rapidly. Furthermore, the topographic profile of the nature-like
fishway, of which the slope is 4.8‰, may also have contributed to the smolts’ reluctance to
migrate downstream rapidly. Persson et al. [52] observed a similar trend of slower smolt
downstream migration in a river stretch associated with a steep slope (9.9‰) and high flow
velocities (ranging from 0.85 to 1.14 m s−1). The significant migration delays through the
nature-like fishway suggest that the associated characteristics are suboptimal for facilitating
smolt downstream migration. To improve downstream migration through the nature-like
fishway, water depths should ideally be increased and the slope reduced in order to reduce
flow velocities.

At the Chanxhe hydropower plant, the median research time was 11 min, which
is similar to research times observed at overspill weirs [53], ranging from 2 to 32 min.
The median required time to cross a medium-sized hydropower plant offering multiple
migration routes varied between 0.5 h ([24], with five migration routes; [43], with eight
migration routes), 0.2 and 0.9 h ([13], with three migration routes) but can reach up to
4.5 h ([27], with five migration routes). At first sight, the Chanxhe hydropower plant
appears to be less impactful to the smolts during downstream migration compared to other
hydropower plants studied in the literature. The associated isolated impact appeared to
be therefore negligible, but the smolts still have multiple subsequent migration barriers
to cross before reaching the sea. Cumulative delays caused by migration barriers will
gradually increase during downstream migration [3] and may cause a mismatch between
migration timing and the physiological window that prevents the smolts reaching the sea
in time [54].

All four behavioural tactics were expressed in equal proportions by the smolts up-
stream of the Chanxhe hydropower plant. Among the smolts, 31% were proactive and
crossed the hydropower plant rapidly, of which 60% used a safe migration route such as
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the Archimedes screws or the weir. The more hesitant smolts were considered as reactive,
but their research time varied between 0h06 and 3h15, which remained relatively low
for some of them. In total, 50% of the smolts did not explore and cross the hydropower
plant by the first-approached migration route. Renardy et al. [26] and Marschall et al. [54]
highlighted the same trend to cross a hydropower plant during the first or the second
attempt for the majority of the smolts. At Chanxhe hydropower plant, among the smolts
who explored the plant, 50% used the intake canal. After having approached multiple
migration routes, the smolts used an unsafe migration route. Despite facing similar envi-
ronmental conditions, the smolts expressed different behavioural tactics to find a migration
route and cross the migration barrier, which might suggest the potential influence of an
individual personality [26,55–57]. The fish, characterised by a more pronounced migratory
behaviour and a greater tendency to explore new environments, are typically associated
with a bolder behavioural trait [58,59]. Lothian and Lucas [57] demonstrated that bolder
and more active Brown trout (Salmo trutta) individuals would be more willing to cross
migration barriers efficiently during migration. The behavioural tactic “reactive explorer”
appears to be a suboptimal tactic, inducing in most cases more significant migration delays
and not preventing the smolts from entering an unsafe migration route [27]. Spending
more time upstream of a migration barrier increases the chances of smolts being forced into
an unsafe migration route [60,61]. To improve downstream migration through hydropower
plants, it is important to consider all the different behavioural tactics used by the smolts.
This can be achieved through the installation of guiding systems that direct non-explorer
smolts towards safe migration routes and physical barriers that prevent explorers and non-
explorers from entering unsafe migration routes. Additionally, migration routes need to
be sufficiently attractive to minimise hesitation in smolts, promote proactivity, and reduce
delays caused by hydropower plants.
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