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1  |  INTRODUC TION

For several decades, rivers have been fragmented to enable man- 
made activities, such as hydropower production and water regu-
lation (Nilsson et al., 2005). These disruptions have caused drastic 
reductions, and even the extinction of several entire populations 
of some migratory species, such as the Atlantic salmon (Salmo salar 
L.) (Parrish et al., 1998), by impeding free movement (Katopodis & 
Williams, 2012) and limiting and preventing access to functional hab-
itats (Fullerton et al., 2010). The Atlantic salmon is one of the most 

sensitive species due to its complex life cycle, including both ma-
rine and freshwater migrations (McCormick et al., 1998). To enable 
the reintroduction of the Atlantic salmon, several mitigation facili-
ties have been set up to re- establish free movement at hydropower 
stations (Katopodis & Williams, 2012). Significant progress has been 
made in improving upstream movements of spawning salmon. On 
the contrary, the performance of mitigation measures is still insuf-
ficient to facilitate a safe and quick passage of the downstream- 
migrating smolts (Fjeldstad et al., 2018; Williams et al., 2012) and to 
enable a sufficient seaward escape rate (Renardy et al., 2021).
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Abstract
The succession of migration barriers and different turbine types during downstream 
migration impede Atlantic salmon (Salmo salar L.) smolts from reaching the sea in 
time but is poorly studied. We investigated the isolated and cumulative impacts of 14 
consecutive migration barriers (MBs) on downstream migration of 200 radio- tagged 
smolts over an 18.9 km stretch of gravel- bed river, by equipping five MBs with auto-
mated radio listening stations. At the level of isolated barriers, median research times 
(i.e. time between the first and the last detection upstream of a MB) varied between 
0.1 and 0.7 h. The median crossing delays (i.e. time between the first detection up-
stream and the first detection downstream of a MB) varied between 1 and 2.9 h. 
Considering successive MBs, median cumulative crossing delays varied between 2.6 
and 32.1 h and increased with the number of MBs. We observed a global mortality 
rate between 33% and 76%, increasing with the distance travelled and the associated 
number of MBs. Only 48% of the migrating smolts reached the end of the studied 
river stretch. Results suggest that the dynamics of the smolt downstream migration 
over this short highly fragmented stretch had a significant effect in terms of delays, 
mortalities and seaward escapement rate.
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Confrontation with hydropower stations during the downstream 
migration causes delays in finding a safe and attractive migration 
route (Renardy et al., 2020) but also causes injuries and direct and 
indirect mortality due to energy expenditure (Marschall et al., 2011; 
Renardy et al., 2021), predation (Koed et al., 2002) and passage 
through turbines (Coutant & Whitney, 2000).

Numerous measures have been implemented, such as be-
havioural and physical barriers (Scruton et al., 2003; Tomanova et al., 
2021), downstream bypasses (Ovidio et al., 2021) and improved 
hydropower station management (Szabo- Meszaros et al., 2019). 
Fish- friendly turbines (e.g. the Archimedes screw) have been also 
developed to ensure safe passage (Hogan et al., 2014) due to low 
rotational speed, large blade spacing and the absence of extreme 
pressure change (Cefas, 2012). However, contrary to other mitiga-
tion measures, little attention has been given to the behavioural re-
sponse of fish approaching these structures and the implications in 
terms of delay, attraction and efficiency.

All these measures may mitigate the negative impact of one spe-
cific hydropower station and increase successful passage (Fjeldstad 
et al., 2018). However, during downstream migration, smolts travel 
long distances in rivers and face numerous migration barriers (MBs), 
some of which are unequipped with fish protection systems. In spite 
of mitigation measures, the cumulative impact of successive MBs on 
downstream migration may still be significant (Thorstad et al., 2012). 
Renardy et al. (2021) highlighted an escape rate of 8% in a river 
stretch with only two hydropower stations. Studies focus mainly 
on the impact of isolated hydropower stations (Havn et al., 2017; 
Kärgenberg et al., 2020; Moore et al., 2018; Ovidio et al., 2021; Stich 
et al., 2014; Thorstad et al., 2017), but little attention has been paid 
to the cumulative impact (Havn et al., 2020; Holbrook et al., 2011; 
Newton et al., 2019). In those studies, smolt tracking was performed 
mainly at the end of the downstream- migration process in large- 
sized lowland river stretches of 50– 100 km in length. In Belgium, 
small and medium- sized gravel- bed rivers, where the migration pro-
cess begins, are highly fragmented over short distances, which may 
induce a considerable effect on the success of the migration further 
downstream.

In this study, we investigated the downstream migratory be-
haviour of Atlantic salmon smolts over 14 consecutive migration bar-
riers (eight weirs and six hydropower stations) along the Vesdre river 
by using radio telemetry. The first aim was to evaluate the specific 
delays at each isolated MB and the associated passage failure. We 
hypothesised significant delays and passage failure caused by the 
MBs. The second aim was to assess the cumulative impact of these 
MBs on the downstream migratory behaviour of the smolts in terms 
of (a) migration delays, (b) mortality rate, and (c) escape rate. We 
hypothesised that several successive MBs over a short distance will 
considerably affect the smolt downstream migration and will have 
detrimental consequences on the escape rate. The third aim was to 
determine at a more fine- scale level the behaviour of the smolts at 
a specific hydropower station that offers two migration routes (an 
Archimedes screw and a weir) by identifying (a) the diversity of the 

smolt behavioural tactics and (b) the proportions of the migration 
routes used. We hypothesised diversified fine- scale searching be-
haviour of the smolts upstream of the hydropower station, and a 
low use of the Archimedes screw, based on one previous study that 
highlighted a poor use of the screw compared to the other available 
migration routes at the dam (Renardy et al., 2020).

2  |  MATERIAL S AND METHODS

2.1  |  Study site

The Vesdre is a typical medium- sized gravel- bed river, 72 km long, 
with its source in the High Fens Natur Park in the Eifel in Belgium 
near the German border, at an altitude of 626 m, and whose total 
catchment area extends over 683 km2 into the Meuse river basin 
(Figure 1a, b). The confluence between the Ourthe and Vesdre rivers 
is located more than 340 km from the North Sea. At the study site, 
the average annual temperature of the Vesdre is 11.1°C and water 
discharge is 10.67 m3/s. In the whole river, physicochemical param-
eters and prevailing macro- invertebrate communities are currently 
indicative of medium- good quality (Public Service of Wallonia— 
AQUABIO). The natural average slope of the Vesdre is 7.8 ‰, but 
the profile is highly disturbed by the presence of the large reservoir 
weir at Eupen (126 ha) in the upper part of the river and by 28 MBs. 
The lower part of the Vesdre river corresponds to a mixed grayling 
and barbel zone (Huet, 1949) with the potential presence of 22 fish 
species, including some representative of good ecological condi-
tions: the brown trout (Salmo trutta), the European eel (Anguilla an-
guilla) and the grayling (Thymallus thymallus) (Ovidio et al., 2020). The 
Atlantic salmon is in a reintroduction phase with a population that is 
not self- sustainable and involves a restocking programme.

The study site, a river stretch 18.5 km long, is located in the lower 
part of the Vesdre and a 0.4-km section of the Ourthe river after the 
confluence zone (Figure 1c). The study site is divided into five river 
stretches (S1 to S5), which are, respectively, 2960, 970, 3100, 4740 
and 5440 m long. The river stretches are fragmented by fourteen 
MBs (Figure 1c). Of the 14 consecutive migration barriers, five of 
them were equipped with automated radio listening stations (ALSs) 
and were named from MB1 to MB5, which include four hydropower 
stations and one weir and the nine others were named intermediate 
migration barriers (IMB) (Table 1 & Figure 2).

Hydropower station MB1 is located 15.3 km upstream from the end 
of the study site. The weir is a concrete structure with an indentation 
on the left side. On the right bank of the river, an intake channel of 
190 m diverts water towards a vertical Kaplan turbine (Table 1) with a 
diameter of 1.3 m and a head of 4 m. The inclined bar rack is equipped 
with an automatic rack cleaner that collects the debris for evacuation 
to a flushing channel. The minimum flow section is 360 m long.

Hydropower station MB2 is located 14.3 km upstream from the 
end of the study site. The weir is a concrete structure, and on the left 
bank of the river an intake channel of 30 m diverts water towards 
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a Francis turbine (Table 1) with a head of 2 m. The slightly inclined 
bar rack is equipped with an automatic rack cleaner that collects the 
debris and evacuates to a flushing channel. On the right side of the 
bar rack, an indentation enable to evacuate large debris, and might 

be used by the downstream- migrating smolts. The minimum flow 
section is 290 m long.

Hydropower station MB3 is located 10.9 km upstream from the 
end of the study site. The weir is characterised by three spillway 

F I G U R E  1  Representation of the study area. (a) Overview of the Meuse river basin including the Vesdre river. (b) Overview of the entire 
Vesdre river. (c) Overview of the Vesdre and Ourthe rivers showing studied stretches and location of MBs and release sites

(a) (b)

(c)

MB1 MB2 MB3 MB4 MB5

Drop height (m) 1.6 1.5 2.8 1.5 4

Turbine type Kaplan Francis Kaplan Archimedes 
screw

/

Turbine diameter (m) 1.3 – 1.6 3.1 /

Turbine activity On On Off On /

Rotational speed (rpm) >50a 200 >50a 25.9 /

Nominal water discharge (m3/s) 3 8 9 5 /

Bar rack Yes Yes Yes / /

Bar spacing (mm) 40 40 24 / /

aData deduced from the operating characteristics of the turbines

TA B L E  1  Characteristics of the MBs 
equipped with detection antennas 
(location in Figure1)
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gates and two emptying gates. On the right bank of the river, an 
intake channel of 230 m diverts water towards a dual vertical Kaplan 
turbine (Table 1) with a diameter of 1.6 m and a head of 4.5 m. A 
slightly inclined bar rack is equipped with an automatic rack cleaner 
that collects the debris and evacuates to a flushing channel. The min-
imum flow section is of 570 m long.

Hydropower station MB4 is located 5.6 km upstream of the end of 
the study site. The weir is characterised by a division into two parts. 
An Archimedes screw is located on the right bank of the river (Table 1), 
which has a diameter of 3.1 m and head of 1.48 m. During the study, 
the mean turbine rotational speed was 23.8 rpm ± 2.99 rpm.

Weir MB5 is located in the Ourthe river, 400 m downstream of 
the confluence between the Vesdre and the Ourthe rivers. The weir 
is characterised by two emptying gates on the left side.

The other nine of the 14 consecutive migration barriers were un-
equipped with ALSs and were considered as intermediate migration 
barriers (IMB1 to IMB9). IMB1 and IMB2 are hydropower stations. 
The weir of the IMB1 is characterised by an L- shaped concrete struc-
ture, and on the right bank of the river, an intake channel of 500 m 
diverts water towards a horizontal Kaplan turbine. A slightly inclined 
bar rack is equipped with an automatic rack cleaner that collects the 
debris and evacuates to a flushing channel. The weir of the IMB2 is 

F I G U R E  2  Photographic representations of the five MBs equipped with detection antennas
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characterised by an L- shaped concrete structure with one emptying 
gate. On the right bank of the river, an intake channel of 30 m diverts 
water towards a vertical Kaplan turbine with a head of 4 m. A slightly 
inclined bar rack is equipped with an automatic rack cleaner that 
collects the debris and evacuates to a flushing channel. The IMB7 
corresponds to a 75 m long block ramp weir with a 1.7 m head. The 
six other IMBs correspond to concrete- structured overspill weirs, of 
which the drop height varies between 1.10 to 1.82 m. These IMBs 
are equipped with one incision and/or one mobile gate.

2.2  |  Smolt tagging and tracking

We used randomly selected 1- year- old smolts (n = 200) from the 
Erezee Hatchery (Belgium). The hatchery- reared smolts had a 
mean fork length of 156.3 mm ± 9.27 mm and a mean body mass 
of 43.5 ± 7.99 g (Table 2). Fork length and body mass varied signifi-
cantly between the four release events (Kruskal– Wallis (KW) test, 
both p < .001). Mean fork length and body mass increased with the 
season progression from 151.2 mm and 40.1 g for the first release 
event to 161.7 mm and 47.6 g for the last release event.

Before release events, the smolts were anaesthetised with 
0.2 ml/L of phenoxyethanol. After a 10- mm incision, the smolts 
were surgically equipped with a radio transmitter in their body cav-
ity (Sigma Eight Inc.; Model TX- PSC- I- 8- D; 17 mm × 7 mm × 5.5 mm; 
mass in air 0.8 g; expected lifetime 20 days). The incision was closed 
with two stitches using absorbable suture material and disinfected 
with eosin (Renardy et al., 2020). All tagged smolts were placed for 
one hour in basins to recover before being released. Water tem-
perature (°C) was recorded every hour during the study using data 

loggers (Tidbit Onset) installed close to the hydropower station 
MB4. Water discharge data (m3/s) were provided by the Wallonia 
Public Service of Hydrological Studies (SETHY, Belgium), with one 
measurement every hour and varied from 1.7 to 9.1 m3/s.

The smolts were released at the four different release locations 
(RS1- RS4) on four different days in 2020 (31 March, 8 April, 15 April 
and 22 April). Different release events enabled contrasting environ-
mental conditions. Water temperature varied from 9.8°C for the first 
release event to 13.4°C for the last release event. Water discharge 
decreased from 6 m3/s at the first release event to 4.1 m3/s at the 
last release event (Figure 3). The different release sites (RS) are lo-
cated, respectively, 7, 11.9, 16.7 and 18.9 km upstream of the end of 
the study site (RS1 to RS4) and the smolts had to cross 6, 9, 12 and 
14 MBs, respectively (Figure 1c). Different release sites enabled the 
assessment of the negative impact of the number of MBs to cross on 
smolt migration patterns. At RS1 and RS2, n = 15 fish were released 
on each occasion whereas at RS3 and RS4, n = 10 fish were released 
on each occasion creating a total of 16 release groups (Table 2). For 
the analysis of the results, the released smolts were grouped in four 
groups (G1 to G4) based on the release location (RS1 to RS4). The 
smolts of the same release location were grouped together.

The smolts were tracked passively by nine ALSs linked to Yagi an-
tennas (Sigma Eight Inc., Model Orion; identifiable coded frequency 
150 MHz), which were fixed upstream and/or downstream of the 
five MBs (MB1 to MB5) (Figure 4). The positioning of the upstream 
and the downstream ALSs depended on the difficulty in accessing 
the MB, the availability of an electrical source and also the config-
uration of the hydropower station and the associated tailrace. The 
position of the downstream antenna varied between 180 and 570 m 
downstream of the MB. For upstream antennas, only the antenna of 
MB1 was far from the MB, 160 m upstream of the MB.

The smolts were detected when they approached the ALS at a 
distance of ~100 m. In addition, receivers with underwater anten-
nas (detection distance: radius of around 3 m) were placed upstream 
and/or downstream in order to analyse the choice of migration 
routes at two hydropower stations (MB3 & MB4; Figure 4). Manual 
tracking was performed, on the release days and the days following, 
close to both the release sites and the 14 MBs of the study site, in 
order to confirm the downstream- migration initiation of the smolts 
as well as to find the smolts that would not be detected at the MBs 
by the ALSs.

2.3  |  Smolt behavioural metrics

The smolt detections by the ALSs network enabled the definition 
of several quantitative behavioural metrics useful to describe smolt 
migration over several MBs:

• Behavioural tactics: expressed behaviour by the smolts upstream 
of a MB, which includes, notably, the research time and the ap-
proached and used migration routes.

TA B L E  2  Release strategy of the tagged smolts

Group N smolts
Release 
site

Release event 
(date)

Release 
time

1 15 RS 1 1 (31– 03) 14:29

15 2 (08– 04) 14:39

15 3 (15– 04) 15:11

15 4 (22– 04) 15:50

2 15 RS 2 1 (31– 03) 14:40

15 2 (08– 04) 14:25

15 3 (15– 04) 15:10

15 4 (22– 04) 16:00

3 10 RS 3 1 (31– 03) 12:12

10 2 (08– 04) 12:00

10 3 (15– 04) 12:10

10 4 (22– 04) 12:00

4 10 RS 4 1 (31– 03) 12:12

10 2 (08– 04) 12:10

10 3 (15– 04) 12:13

10 4 (22– 04) 12:13
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• Arrival time: median hourly time per km to reach the first hydro-
power station, that corresponds to the time between the release 
time and the first detection at an equipped MB.

• Research time: median hourly time required by the smolts to pass 
through a MB. It corresponds to the time between the first and 
last detection upstream of a MB.

• Crossing time: median time between the last detection upstream 
of a MB and the first detection downstream of the site.

• Crossing speed: median speed (m/s) between the last detection 
upstream of a MB and the first detection downstream of the site.

• Crossing delay: median hourly time required to cross a MB, which 
includes the research and the crossing times.

• Cumulative crossing delay: median sum of crossing delays of each 
smolt during downstream migration.

• Progression time: median hourly time between the first detection 
at the first MB and the first detection downstream of weir MB5, 
which includes the cumulative crossing delay.

• Progression speed: median speed (m/s) between the first detection 
at the first MB and the first detection downstream of weir MB5.

• Escape rate: percentage of individual smolts detected down-
stream of weir MB5 in comparison to the smolts detected by at 
least one antenna.

2.4  |  Statistical analyses

Because data violated the assumptions of normality (the Shapiro– 
Wilk test, p < .05), non- parametric tests were used. All statistical 
analyses were performed using the software R (version 3.4.2).

All the smolts never detected by the automatic track-
ing system were included in the initial mortality rate. These 
smolts were not taken into consideration in the analysis of the 

downstream- migration results. The effect of water discharge 
and temperature on the initial mortality rate was tested, by using 
Spearman correlations.

We first performed analyses to respond to the first two ob-
jectives and to test the hypothesis on isolated and cumulative im-
pacts of several MBs. Before reaching the first MB equipped with 
ALSs, the arrival times were identified and compared between the 
groups (G1 to G4), by using KW and Dunn's tests. To evaluate the 
specific delays of each MB (MB1 to MB5), research time, crossing 
time, speed and delay were compared between the hydropower 
stations by using Kruskal- Wallis (KW) and Dunn's tests. The ef-
fects of different environmental factors, such as temperature and 
water discharge, on all of these behavioural metrics, were assessed 
by using Spearman correlations. To assess the cumulative impact 
of successive MBs, the progression speed was compared between 
the groups (G1 to G4) and progression speed between the stretches 
(S1 to S5) by using KW and Dunn's tests. The effect of distance 
travelled and number of MBs on cumulative crossing delay, progres-
sion time and speed were tested by using Spearman correlations. 
Concerning the cumulative mortality rate, correlations between 
mortality rate during migration and the distance travelled or the 
number of MBs were tested by using Spearman correlations. The 
repartition of escaped and dead smolts was compared between 
the groups by using a Pearson's χ2 test.

Finally, analyses were completed to respond to our last objec-
tive on the diversity of fine- scale behaviour and the use of migration 
route at a MB equipped with an Archimedes screw. The proportion 
of use of the two migration routes was compared to theoretical 
proportions by using a Pearson's χ2 test. Research time was com-
pared between the migration routes used by using Mann– Whitney 
(U) test. The effects of environmental factors on the behavioural 
metrics were tested, by using U tests for the migration route used 

F I G U R E  3  Environmental conditions of the Vesdre river during the smolt tracking. The four release events are represented by a black 
arrow
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and Spearman correlations for the research time. After using the 
Archimedes screw, the correlation between the water discharge and 
the time required to pass through the screw was evaluated by using 
the Spearman test.

3  |  RESULTS

3.1  |  Initial mortality rate

Of the 200 released smolts, 50% started the downstream migration. 
The other individuals were never detected by the automatic track-
ing system and corresponded to initial mortality. Water temperature 
was not significantly related to the initial mortality rate (Spearman 
correlation, rho = – 0.43, p = .09), but the initial mortality rate tended 
to be reduced when water temperature increased.

3.2  |  Migration patterns according to release site

The smolts of the G4 were released 18.9 km upstream of the end of 
the study site and 45% (n = 18/40) started the downstream migra-
tion. N = 17 smolts were detected at MB1 from twelve hours to more 
than four days after the initiation of the migration. N = 14 were de-
tected at MB2, of which n = 7 smolts reached the MB3. Afterwards, 
n = 7 smolts were recorded at MB4. A total of n = 4 smolts (one smolt 
of each release event) were detected downstream of the MB5 from 
three to eight days after the initiation of the migration (Figure 5a).

The smolts of the G3 were released 16.7 km upstream of the end 
of the study site and 60% (n = 24/40) started the downstream mi-
gration. The n = 24 smolts were detected at MB1 from three hours 
to four days after the initiation of the migration. N = 17 were de-
tected at MB2, of which n = 8 smolts reached the MB3. Afterwards, 
n = 7 smolts were recorded at MB4. A total of n = 6 smolts 

F I G U R E  4  Overview of the tracking system on the studied stretches and representation of both Yagi and underwater antennas 
associated with their detection range at two hydropower stations (MB3 and MB4)
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(n = 3 smolts of the 3rd release event and n = 3 of the 4th release 
event) were detected downstream of the MB5 from two to five days 
after the initiation of the migration (Figure 5b).

The smolts of the G2 were released 11.9 km upstream of the end 
of the study site and 42% (n = 25/60) started the downstream mi-
gration. The n = 25 smolts were detected at MB3 from five hour to 
more than five days after the initiation of the migration. Afterwards, 
n = 20 smolts were detected at MB4. A total of n = 16 smolts 
(n = 1 smolts of the 2nd release event, n = 7 of the 3rd release event 
and n = 8 of the 4th release event) were detected downstream of 
the MB5 from one to six days after the initiation of the migration 
(Figure 5c).

The smolts of the G1 were released 7 km upstream of the end 
of the study site and 55% (n = 33/60) started the downstream 
migration. The n = 33 smolts were detected at MB4 from two 
hours to seven days after the initiation of the migration. A total of 
n = 22 smolts (n = 3 smolts of the 1st release event, n = 4 of the 2nd 
release event, n = 8 of the 3rd release event and n = 7 of the 4th re-
lease event) were detected downstream of the MB5 from one to six 
days after the initiation of the migration (Figure 5d).

3.3  |  Specific delays at isolated 
hydropower stations

Once released, the median arrival time to reach the first hydropower 
station of interest varied from 6.6 h/km to 30.1 h/km (Figure 6a) and 
differed significantly between the groups (KW test, χ2 = 10.9, df = 3, 
p = .01). Arrival time at G2 was significantly higher than at G3 and G4 
(Dunn's test, p < .001 and p = .03, respectively). Despite two inter-
mediate MBs to cross, arrival times at G4 did not differ significantly 
from arrival times of G3 (U test, p > .1). The arrival time was influenced 
by water temperature at the release time (Spearman's correlation, 
rho = – 0.43, p < .001), with a reduced arrival time associated with an 
elevated water temperature.

The median research time required to find a migration route var-
ied between 0.1 h and 0.7 h depending on the hydropower station 
(Figure 6b). Research time differed significantly between the hydro-
power stations (KW test, χ2 = 23.4, df = 3, p < .001). Research time 
at MB1 was significantly lower than at the three other hydropower 
stations (MB2, MB3 and MB4; Dunn's test, p = .007, p < .001 and 
p = .004, respectively).

The smolts required a median crossing time between 0.5 h and 
2.4 h depending on the hydropower station (Figure 6c). The median 
crossing speed of the smolts varied between 0.06 (MB4), 0.07 (MB1), 
0.13 (MB2) and 0.19 m/s (MB3) and differed significantly between 
the hydropower stations (KW test, χ2 = 15.7, df = 3, p = .01). Crossing 
speed at MB3 was significantly higher than at MB4 (Dunn's test, 
p < .001).

The median crossing delay generated by the hydropower stations 
varied between 1 and 2.9 h but did not differ significantly depend-
ing on the hydropower stations (KW test, χ2 = 0.23, df = 3, p > .1; 
Figure 6d).

Depending on the hydropower station, the associated passage 
failure varied from 5% (n = 2/39 smolts, MB3), 6% (n = 4/67, MB4), 
12% (n = 5/42, MB1) to 32% (n = 10/31, MB2).

3.4  |  Cumulative delays over multiple 
migration barriers

The median progression speed of the smolts fluctuated between 
0.05 and 0.1 m/s (Table 3) and did not differ significantly between 
the groups (KW test, χ2 = 3.4, df = 3, p > .1). The number of MBs 
did not influence the progression speed (Spearman's correlation, 
rho = 0.06, p > .1). The smolts migrated with a median migration 
speed varying between 0.14 m/s (range 0.02– 0.55, S3), 0.17 m/s 
(range 0.002– 0.70, S2) and 0.20 m/s (range 0.04– 0.60, S4) but the 
speed did not differ significantly between the stretches (KW test, 
χ2 = 15.7, df = 3, p > .1). In the stretch S5, the median smolt migra-
tion speed was 0.11 m/s (range 0.02– 0.76 m/s) to downstream of 
weir MB5. Migration speed at the stretch S5 was slightly correlated 
with the number of MBs crossed upstream (Spearman's correlation, 
rho = 0.25, p = .08).

Once detected at their respective first hydropower station, the 
median progression time up to weir MB5 varied between 28.5 and 
63.9 h (Table 3), depending on the distance travelled (Spearman's 
correlation, rho = 0.42, p = .003). The median cumulative crossing 
delay varied between 2.6 and 32.1 h and was influenced by the num-
ber of MBs (Spearman's correlation, rho = 0.54, p < .001), with an 
increase in delay when the number of MBs increased.

3.5  |  Cumulative mortality and escape rates

Mortality rate of the migrating smolts, including both in river 
mortality and passage failure at MBs, reached a total of 52% 
(n = 52/100). Smolt mortality in each river stretch varied between 
8% (n = 3/37 smolts, S4), 16% (n = 6/37, S2), 21% (n = 16/63, S5) 
and 33% (n = 11/31, S3). Intermediate MBs did not influence the 
mortality rate in river stretches (Spearman's correlation, rho = 0, 
p = 1).

Mortality rate varied between the groups, from 33% 
(n = 11/33, G1), 36% (n = 9/25, G2) to 76% (n = 19/25, G3 and 
n = 13/17, G4; Figure 7). Distance travelled and number of MBs 
were correlated with smolt mortality (Spearman's correlation, 
both, rho = 1, p < .001), with an increasing mortality associ-
ated with an increase in travel distance and number of MBs. The 

F I G U R E  5  Overview of migration patterns of each individual smolt of each group over the entire studied stretch in spring 2020. (a) G4. (b) 
G3. (c) G2. (d) G1. Each colour represents one release event (1 to 4). MBs equipped with ALSs are represented by solid line and intermediate 
MBs by dotted line
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repartition of escaped and dead smolts differed significantly 
between the groups (Pearson's χ2, p < .001) and more precisely 
between downstream (G1 & G2) and upstream groups (G3 & G4; 
Pearson's χ2, all, p < .001).

3.6  |  Fine- scale smolt behaviour and migration 
route used at hydropower station MB4

Sixty- seven smolts were detected at the MB4 hydropower station 
and expressed three different behavioural tactics to find a migration 
route (Figure 8). The first tactic was performed by n = 33 smolts and 
consisted of an approach and direct use of the Archimedes screw. 

The second was expressed by n = 22 smolts, who approached and 
used the weir directly. These first two behavioural tactics were 
shown by 82% of the smolts detected upstream of the hydropower 
station, who approached only one of the two migration routes be-
fore crossing the site. The third tactic concerned the remaining 18% 
of the smolts (n = 12), who approached both the weir and the screw 
before passing the site by the weir.

The Archimedes screw was approached by 67% of the smolts 
(n = 45/67) and the weir by 51% (n = 34/67). After a first approach 
to the Archimedes screw, 71% of the smolts (n = 30/42) passed the 
site by the screw and 29% (n = 12/42) used the weir (Figure 8). The 
ratio between the water turbine and the Vesdre discharge did not 
influence significantly the migration route used after being detected 

F I G U R E  6  Crossing behaviour of smolts at the five MBs. (a) Arrival time required to reach the first MB. (b) Research time required to 
find a migration route. (c) Crossing time during MB passage. (d) Crossing delay generated by the MB. Quartile 1 and 3: lower and upper box 
border, median: solid horizontal line, whiskers: smallest and largest value. Values sharing at least one common superscript did not differ at 
the 0.05 level of significance (KW and Dunn's tests)

(a) (b)

(c) (d)
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first at the Archimedes screw (U test, p = .07), but when the ratio 
increased the smolts tended towards use of the screw.

The passage rate observed at the site was 94% (n = 63/67), and 
52% (n = 33/63) of the smolts used the weir and 48% (n = 30/63) the 
Archimedes screw (Pearson's χ2, p > .1). Of the 33 smolts that used 
the weir, 24% (n = 8) were detected downstream of the Archimedes 
screw, suggesting a passage through the right part of the dam 
(Figure 8). The migration routes used were not influenced by water 
discharge or the ratio between the water- turbined and the Vesdre 
discharge (U test, p > .1).

The median research time required to find a migration route was 
19 min and did not differ significantly depending on the migration 
route used (U test, p > .1). The turbine discharge had an effect on re-
search time before using the Archimedes screw as the migration route 
(Spearman's correlation, rho = – 0.55, p = .002), with a faster crossing 
when rotational speed increased. The median time to pass through 
the Archimedes screw was 1 min (range 1– 29 min) and was correlated 
with the turbine discharge (Spearman's correlation, rho = – 0.84, 
p < .001) and with shorter time when turbine discharge increased.

4  |  DISCUSSION

The innovative character of this study was the behavioural tracking 
of Atlantic salmon smolts over a short and highly impacted gravel- bed 

river stretch fragmented by six hydropower stations and eight weirs. 
The hydropower stations were of different typology and equipped 
with Francis, Kaplan or Archimedes screw turbines. Our experimen-
tal telemetry device enabled identification of the smolt behaviour 
upstream of the different MBs and comparison of the specific im-
pact of isolated hydropower stations and associated turbines. This 
experimental approach enabled to highlight the cumulative negative 
effects, in terms of delays and mortalities that the successive MBs 
caused at the beginning of the downstream migration of the smolts. 
We have tried to track smolts under variable environmental condi-
tions, but the variability of the conditions obtained in 2020 do not 
represent a complete vision of what would have happened during 
other smolt migration seasons in the Vesdre river, especially under 
more extreme environmental conditions. However, environmental 
conditions had no statistical effect on the smolt migratory behaviour 
and the survival rate.

Of the 200 released smolts, 50% were never detected by the 
tracking system. A potential negative impact of the tagging proce-
dure on smolt mortality is unlikely as the ratio between weights of 
transmitter and smolt was less than 2.5% for 93% of the smolts, and 
none was affected by the surgery during the recovery phase before 
release events. Tagging methodology was identical to those of pre-
vious studies carried out using mobile tracking on Atlantic salmon 
smolts or trout (Ovidio et al., 2007; Renardy et al., 2020) with an 
absence of mortality after tagging. Tag dysfunction (stopping or 

TA B L E  3  Downstream- migration behaviour of the smolts over the entire river stretch studied

G1 G2 G3 G4

Migration barrier number 6 9 12 12 (+2 not included)

Progression speed (m/s)
median (mean, range)

0.05 (0.11, 0.02– 0.57) 0.10 (0.12, 0.02– 0.42) 0.06 (0.07, 0.04– 0.13) 0.08a (0.08, 0.04– 0.09)

Progression time (h)
median (range)

28.5 (2.7– 97.7) 29.1 (7.3– 146.9) 75.3 (49.1– 106.5) 52.4a (49.0– 98.1)

Cumulative crossing 
delay (h)

median (range)

2.6 (0.5– 23.4) 14.7 (0.9– 67.9) 32.1 (11.0– 56.1) 11.4 (3.0– 31.9)

aStretch S1 with the two first intermediate MBs is not included in the calculation of progression speed and time.

F I G U R E  7  Overview of the smolt 
mortality of each group (G1 to G4) over the 
entire studied site including the different 
river stretches (S2 to S5). The 14 MBs are 
represented by dotted lines
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drift in the emitted frequency) cannot be excluded, whilst usually 
not affecting more than 1– 2% of tags in our different projects. Based 
on the results of previous studies on smolt downstream migration, 
the negative effect of the use of hatchery- reared smolts should not 
be significant on the course of downstream migration. Indeed, the 
majority of the smolts, originating from the same hatchery, initiated 
the migration rapidly and over long distances (Ovidio et al., 2021; 
Renardy et al., 2020, 2021).

Once released into the river the initiation of smolt downstream 
migration is correlated with several environmental releasing factors, 
such as temperature, water discharge and turbidity (McCormick 
et al., 1998). Karppinen et al. (2014) observed that the high sensi-
tivity towards environmental releasing factors remains in hatchery- 
reared smolts. In this study, an elevated water temperature at the 
release event favoured a faster initiation of migration and a reduced 
arrival time at the first MB. On the contrary, suboptimal environ-
mental conditions, such as slack water and low temperature, some-
times below 10 °C (Teichert et al., 2020) has engendered a weaker 
instinct to migrate and led to an increased risk of predation. Timing 
of release of hatchery smolts is a critical point that strongly influ-
ences their survival (Karppinen et al., 2014). Predation may be the 
main natural cause of mortality during migration (Furey et al., 2021; 
Thorstad et al., 2012). The presence of several cormorant colonies 
along the Vesdre river may explain the elevated initial mortality rate 
of the smolts before the initiation of downstream migration, espe-
cially for the two first release events. This hypothesis is reinforced 

by the loss of radio signals during manual tracking in the days after 
release. Cormorants, avian predators, are a significant threat to 
smolts (Brevé et al., 2014; Koed et al., 2006), especially for those 
hatchery- reared (Reitan et al., 1987).

At the MBs equipped with ALSs, median research time required to 
find a migration route varied between 6 and 42 min. The small- sized 
hydropower stations usually have one or two migration routes, most 
of which include open spillway gates or an overspill weir. The gates 
are considered to be safe migration routes that may favour a safe and 
quick passage through the MBs. Newton et al. (2019) highlighted sim-
ilar research times between 2 and 32 min at overspill weirs. In the lit-
erature, the median required time to cross a hydropower station was 
reported as 0.5 h by Havn et al. (2020, Francis turbines), 1 h by Renardy 
et al. (2020, Kaplan turbines) and from 0.2 to 0.9 h by Tomanova et al. 
(2018) in small and medium- sized rivers. Ovidio et al. (2017, Francis 
turbines) reported a research time of less than 1 h for the major pro-
portion (70%) of the smolts. In large- sized rivers, research time varied 
between 0.4 h (Larinier et al., 2020) and 4.7 h (Renardy et al., 2021) at 
hydropower stations equipped with Kaplan turbines. In our study, after 
choosing a migration route, the required median crossing time varied 
between 0.5 h and 2.4 h. The crossing speed was higher after pas-
sage over spillway gates than through Francis turbines or Archimedes 
screws. Passage through turbines may disorient the smolts, as ob-
served by Coutant and Whitney (2000) and slow them down.

The median crossing delay generated by the isolated MBs var-
ied between 1 h and 2.9 h. Concerning the IMBs, the six overspill 

F I G U R E  8  Illustration of the different behavioural tactics shown by the smolts at the hydropower station MB4
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weirs and the block ramp encountered by the smolts did not have 
a significant impact on downstream migration. However, the two 
first IMBs may have slightly delayed the smolts in their migration 
progression, before arriving at MB1, probably due to the presence 
of a hydropower station with a running turbine. The cumulative im-
pact of the successive MBs in the Vesdre river was considerable and 
reached 2.6 h (G1, 5.6 km), 11.4 h (G4, 15.3 km), 14.7 h (G2, 10.9 km) 
and 32.1 h (G3, 15.3 km). This may be a major problem, as the smolts 
are just at the beginning of their downstream migration in the upper 
Vesdre river. Smolts need to migrate during a physiological window, 
a narrow period of time during that environmental conditions and 
smolt fitness are optimal for downstream migration and entering 
into the sea (McCormick et al., 1998). Delays during downstream 
migration may cause a mismatch between migration timing and the 
physiological window that prevents the smolts reaching the sea in 
time (Marschall et al., 2011). The more MBs the smolts had to pass 
through, the greater the cumulative crossing delay and, therefore, 
the progression time, which varied from 28.5 h to 63.9 h, depending 
on the distance travelled.

Median progression speed during downstream migration var-
ied from 0.05 m/s (G1, 6 MBs), 0.06 m/s (G3, 12 MBs), 0.08 m/s (G4, 
12 MBs) to 0.1 m/s (G2, 9 MBs). Probably due to the intensity of 
fragmentation, the progression speed in our study was in the lower 
range of migration speeds listed in the literature. Median progression 
speed in impacted rivers varied between 0.04 m/s (Renardy et al., 
2021, 2 MBs), 0.12 m/s (Newton et al., 2019; 7 MBs) and 0.26 m/s 
(Renardy et al., 2020, 3 MBs). Brevé et al. (2014) highlighted an av-
erage migration speed of 0.2 m/s in a river section including five 
MBs. Aarestrup et al. (2002) obtained a high variation of progres-
sion speeds in one unimpounded river, from 0.01 m/s to less than 
0.23 m/s, and which varied on average between 0.06 m/s (Lothian 
et al., 2018), 0.38 m/s (Brevé et al., 2014) and 0.61 m/s (Urke et al., 
2013). Despite the difference in the number of MBs to cross be-
tween groups (6 to 12 MBs), progression speed was similar between 
the release sites. It could be assumed that with gained experience of 
passing through the MBs, smolts might migrate more rapidly, in order 
to compensate for delays caused by hydropower stations. Assuming 
that the downstream progression was stable over time, smolts might 
reach the North Sea after 59 to 72 days of downstream migration.

At the hydropower station MB4, equipped with an Archimedes 
screw, three different behavioural tactics to find a migration route 
were expressed by the smolts. The attractiveness of fish- friendly tur-
bines is a key point in downstream- migration studies as, even if they 
do not cause injuries or mortality, it is important to assess whether 
the fish approach and use these turbines with a minimal passage 
delay. Amongst the smolts who passed the site, 52% used the weir 
and 48% the screw. Of the detected smolts, 82% passed the site by 
the first approached migration route. Havn et al. (2017) observed 
the same tendency in passage rate with the use of a screw of 43% at 
a site offering six migration routes. On the other hand, Renardy et al. 
(2020) and Moore et al. (2018) highlighted low Archimedes screw 
use of 11.8% and 8.1%, respectively. At the hydropower station 
MB4, the turbined water discharge induced the redirection of the 

main watercourse towards the Archimedes screw and did not allow 
a sufficient water level over the weir to attract the smolts. However, 
29% of the smolts, who approached the Archimedes screw, rejected 
the screw and passed by the overspill weir. Despite a very low water 
level over the weir, this route was quite attractive in contrast to re-
ported observations in the literature in low flow conditions (Williams 
et al., 2012). Renardy et al. (2020) suggested a possible repulsion by 
the noise and vibration associated with the operating characteristics 
of the Archimedes screw that may decrease the attractiveness for 
smolts.

The passage failure rates of the four hydropower stations stud-
ied were 5% (MB3, no running turbine), 6% (MB4, Archimedes 
screw), 12% (MB1, Kaplan turbine) and 35% (MB2, Francis turbine). 
Weirs and spillway gates represent, in general, safe alternative mi-
gration routes for smolts (Duncan et al., 2018), which may explain 
the greater passage success at hydropower station MB3, given the 
turbine shutdown. The high passage success at hydropower sta-
tion MB4 was probably favoured by the presence of a fish- friendly 
turbine developed to ensure safe passage for fish (Cefas, 2012). In 
our study, only one smolt that used an Archimedes screw was not 
recorded by the downstream antenna. This is in accordance with 
Brackley et al. (2018), who highlighted very low mortalities following 
direct injection into such a turbine. However, Pauwels et al. (2020) 
observed up to 37% of mortality for large cyprinids. Mortalities in-
duced by Kaplan turbines vary from 0% (Vikström et al., 2020) to 
20% (Larinier & Travade, 2002) but may sometimes reach more ele-
vated rates as observed by Kärgenberg et al. (2020) with a mortality 
rate of around 36%. At hydropower station MB1, equipped with a 
Kaplan turbine, the associated passage failure of 12% was within the 
theoretical mortality range. At hydropower station MB2, during the 
main part of the study the only available migration route was the 
Francis turbine, which induced a mortality of 32%. This is in the 5– 
90% range proposed by Larinier (2008) depending on the properties 
of the turbine and the operating characteristics.

In the different river stretches, mortality per km varied between 
1.7% (S4, total mortality =8%), 3.7% (S5, total mortality =21%), 
10.7% (S3, total mortality =33%) and 16.5% (S2, total mortality 
=16%), which was higher than the rates reported in the literature. 
Loss per km in control stretches without MBs varied between 0.5%, 
1.6% (Havn et al., 2020, 5.8 km) and 2.5% (Havn et al., 2017, 3 km). 
In our study, stretches S3, S4 and S5 were fragmented by one or more 
intermediate MBs, which emphasised river mortality. After passage 
through classical turbines (Mueller et al., 2020) and probably even 
through fish- friendly turbines, delayed mortalities may occur in river 
stretches. Based in these suggestions, passage through Francis tur-
bines may have had an effect on postponed mortality in stretch S3. 
Furthermore, impoundments cause slack water and provide an ideal 
habitat for avian and piscivorous predators (Thorstad et al., 2012); 
this especially the case for stretches S2 and S3, where cormorant 
colonies were present. The global mortality rate of migrating smolts 
reached 52% (n = 52/100) and varied between the release sites, 
from 33% (G1), 36% (G2) to 76% (G3 and G4). Mortality rate tended to 
increase with the increase in number of MBs and associated distance 
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travelled. The mortality rate per km varied from 3% (G2, 10.9 km), 4% 
(G4, 15.3 km), 4.5% (G3, 15.3 km) to 4.7% (G1, 5.6 km). G1 presented 
the highest mortality rate per km despite the fewest number of MBs 
to cross. In the literature, the reported loss per km varied from 0.1% 
(Newton et al., 2019, 50 km), 0.4% (Brevé et al., 2014, 110 km) to 
0.8% (Huusko et al., 2018, 104 km) in impacted rivers with 7, 5 and 
5 MBs to cross, respectively. Newton et al. (2019) obtained no smolt 
loss in an unimpacted river of 58 km, and Thorstad et al. (2012) re-
ported a mortality rate of between 0.3% and 7% per km.

The escape rate depending on the release site reached 67% (G1, 
5.6 km), 64% (G2, 10.9 km) and 24% (G3 and G4, 15.3 km). Newton 
et al. (2019) highlighted an escape rate of 18% in an impacted river 
of more than 100 km length impounded by 7 MBs. In unimpounded 
rivers, rates varied between 59% (Lothian et al., 2018, >45 km) and 
78% (Urke et al., 2013, 14 km) depending on the distance travelled. 
Renardy et al. (2021) reported an escape rate of migrating smolts to 
the Dutch part of the Meuse river of only 9% after release down-
stream of weir MB5 (28 km upstream). Brevé et al. (2014) quantified 
a seaward escape rate of around 3% after release in the Roer tribu-
tary of the Dutch Meuse river (>230 km). In some situations, a single 
hydropower station associated with a navigation canal in the Meuse 
river may impede the smolt migration of its own (Renardy et al., 2021).

The radio- tracking of individual smolts over a short and highly 
fragmented gravel- bed river stretch, just at the beginning of their 
migration process, enabled to validate our different work hypoth-
eses. We demonstrated that isolated hydropower stations caused 
significant migration delays, but not different from one type of bar-
rier to another despite the difference in typology and/or turbine 
design. The individual behavioural tactics expressed by the smolts 
to cross the MB4 were variable, and the Archimedes’ screw was 
not the preferred migration route used, and was repellent for some 
smolts. Finally, the cumulative crossing delays were detrimental and 
increased with the number of MBs to cross. These significant delays 
and mortalities generated over a short stretch of migration may lead 
to a significantly low seaward escape rate. These problems observed 
in a tributary are added to those encountered in the main course 
of the Meuse river further downstream (Renardy et al., 2021). The 
reintroduction success of the Atlantic salmon in the Meuse basin, 
must pass by the re- establishment of self- sustaining populations in 
the future. This is imperatively conditioned by the challenge of a bet-
ter success of smolt downstream migration from the tributaries to 
the sea, to expect further quantitative returns of spawning adults. 
Passage of hydropower stations equipped with classical or fish- 
friendly turbines should be as fast and secure as possible to reach a 
good escapement rate to the sea.
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