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Abstract: The fragmentation of rivers caused by the construction of dams and weirs disturbs fish
migration and poses a threat to fish populations and aquatic biodiversity. Fish passages around
hydraulic structures aim to restore river connectivity; however, the effective design of fish passages is a
challenging problem that depends on several processes. The present experimental study investigated
how the characteristics of a trash rack at the entrance of a fish passage for downstream migration
affects fish behavior and subsequently the effectiveness of the fish passage. A series of experiments
was carried out to systematically analyze the behavior of Atlantic salmon smolts in a flume with
two outlets featuring the same 1:1 physical model of the entrance of a downstream passage with or
without a trash rack. The parameters that were tested were the spacing of the vertical round bars
of the trash rack, the location of the trash rack at the fish passage, and the velocity gradient at the
entrance of the passage. Aggregated results showed that only 34% of the fish selected the outlet
with a trash rack to exit the flume while 66% preferred the unobstructed outlet. More fish swam
through the outlet with the trash rack when the spacing of the vertical bars increased from 10 cm to
20 cm and when the rack was placed in the higher velocity region compared to the lower velocity one.
These results show that a trash rack acts as an obstacle to Atlantic salmon smolts passing through a
downstream passage. When possible, trash racks should be avoided at the entrance of downstream
fish passages.
Keywords: Atlantic salmon; ecohydraulics; experimental hydraulics; fish migration; fish passage;
hydraulic structures
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1. Introduction
Dams and weirs in rivers are vital parts of water management, navigation and discharge regulation, e.g., [1]. However, the construction of such hydraulic structures leads to
river fragmentation, which can decrease the seasonal discharge variability and affect the
natural flow dynamics in certain segments of the river [2]. These structures also have a
severe impact on river ecology with potentially detrimental effects on fish populations [3,4].
One of the most important adverse effects of dams and weirs is the fact that they hinder
fish migration to and from spawning grounds and subsequently threaten the aquatic biodiversity. This problem has long been acknowledged, with the first science-based efforts
to facilitate upstream migration of fish through or around hydraulic structures noted in
the beginning of the previous century, while some more crude attempts were noted even
earlier [5]. However, the fish passage efficiency, both for upstream and downstream migration, is still not at the desired level [6]. Currently, the design and construction of fish
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passages require an interdisciplinary approach, with inputs from biology and hydraulic
experts [7]. While there have been successful examples of upstream fish passages [7], the
design of downstream fish passages for juvenile fish, such as salmon smolts [8], is still a
challenging task [9–12]. The complexities of downstream fish passages can be attributed to
the swimming behavior of the migrating fish in certain hydrodynamic conditions [13], the
fish capability to find and use the downstream passage within a short amount of time [14],
and whether or not the fish will be attracted by the turbines and get injured in cases of
dams for hydroelectricity [15,16]. In hydroelectric dams, the guidance screens [17] and the
trash diverters [18] also affect the design of an efficient downstream fish passage.
This study lies in a project aiming at restoring downstream connectivity in the Meuse
River by implementing passage solutions for European eels (Anguilla anguilla) and Atlantic
salmon smolts (Salmo salar) at six hydropower plants (www.life4fish.be, accessed on 28 December 2021). In this framework, the construction of downstream passages dedicated to
salmon smolts was identified as a relevant solution (in the scope of the project, repulsive
barriers, temporary shut off of the power plants coupled to a migration prediction model,
and flap gates opening at dams are other alternatives considered). In the design phase of
the downstream passage, specific questions appeared regarding where and how a trash
rack should be placed to avoid blocking of the passage by floating debris while limiting
impact on fish attraction. To address these specific questions, a series of experimental tests
was deemed necessary.
In situ testing and fish monitoring with field measurements in real hydraulic structures
is a laborious and costly task, which is also limited to the occurring flow conditions. As
a result, only a few different parameters can be examined in such studies. On the other
hand, laboratory physical modeling provides the means for more systematic analyses
with reasonable cost and time investment, while perfectly controlling flow conditions.
Experiments with live fish in physical models have provided useful information about,
for example, the fish guidance efficiency of louvers and modified angled bar racks for
five different fish species [19], curved-bar rack bypass systems for several European fish
species [20], the effectiveness of bubble barriers with and without an optical stimuli on
guidance of Atlantic salmon for downstream migration [21], and the effect of a light
source in combination with a flow velocity gradient on downstream migration of brown
trout (Salmo trutta) [22]. While there have been several experimental studies observing and
monitoring the response of fish to different hydraulic structures and flow conditions [23–26],
the effect of trash racks that prevent the blockage of downstream passages from floating
debris lacks systematic investigation. The research objective of this study was to examine
how the selection of downstream route by Atlantic salmon smolts is affected by trash
rack geometry and location, with the assumption that any obstacle in the flow has a
repelling effect.
2. Experimental Setup and Methods
2.1. Experimental Facility and Instrumentation
The focus of this experimental study is on downstream migrating Atlantic salmon
smolts and how they react to different geometrical arrangements of a downstream passage.
To this end, several flume experiments in 1:1 scale were carried out at the Engineering
Hydraulics Laboratory at the University of Liege in Belgium with varied geometries of a
fish passage inlet.
The experimental setup (Figure 1) consisted of a straight horizontal flume, 5.8 m long
and 0.80 m wide, with a fish passage inlet at its downstream end. Water was pumped into
a 1.8 m long and 1.6 m wide reservoir connected to the upstream end of the flume. The
flow from the upstream reservoir entered the flume through a constriction with a screen
wall that smoothened the flow. At the flume outlet, fish passage was made of a ramp at
constant slope where flow depth decreased in order to increase gradually the flow velocity.
After the ramp, there was a horizontal broad-crested weir to control flow conditions in the
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Seven experimental configurations were tested, which were differentiated by
changes in the location and geometry of the trash rack and the slope of the ramp upstream
of the broad-crested weir (Table 1 and Figure 4). The trash racks consisted of vertical
round bars with a 15 mm diameter that were evenly spaced either by 10 cm or by 20 cm
While the latter spacing is recommended for downstream fish passages [11], it is also con-
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Table 1. Details of experimental configurations. Each configuration was tested with 2 fish batches
created from a group of smolts, one group arriving to the laboratory every week. The different ramp
slopes, rack bar spacings, and rack location are schematized in Figure 4.
Config.
Number

Groups
Number

Batches
Number

Smolts per
Batch

Slope
of Ramp

1
2
3
4
5
6
7

2
2
3
3
4
4
4

2.1–2.2
2.3–2.4
3.1–3.2
3.3–3.4
4.1–4.2
4.3–4.4
4.5–4.6

18
18
18
18
20
20
20

60%
60%
40%
40%
40%
40%
40%

Spacing of
Rack Bars

Location
of Rack

No rack 1
Weir crest 1
No rack 1
10 cm
Weir crest 1
20 cm
Weir crest 1
No rack 2
10 cm
Ramp toe 2
10 cm

1 The upstream extent of the wall that separates outlets A and B is at the weir crest. 2 The upstream extent of the
wall that separates outlets A and B is at the ramp toe.

The fact that one-year-old smolts are not available all year long [23] imposed some
limitations to this study and as a result not all combinations of the different geometric
configurations were tested (Table 1). Atlantic salmon smolts moving during the day have
gregarious behavior [28]. For this reason and since the tests were carried out during
daytime, all tests involved batches of fish rather than single individuals. To avoid bias
from potential learning and adjustment of the fish behavior to a specific configuration,
each batch went into the flume only once (Table 1). In addition, it was decided to test each
configuration with 2 distinct batches to replicate the tests.
2.3. Smolt Availability
The smolts used for the experiments were provided by the Conservatoire du Saumon
Mosan hatchery, where they are bred in the framework of a restocking program of the
Meuse River and its main tributaries. The target group of one-year-old Atlantic salmon
is available only during spring and as a result this imposed some time constraints to the
experiments. A group of 72 to 120 smolts was received in the laboratory every week for
four weeks. Before and after the tests, the smolts were maintained in 0.67 m3 covered PVC
tanks (0.45 m3 of water) with a 0.14 m2 glass window on the top (12.5% of the top surface)
to allow for natural lighting. Each PVC tank was equipped with an aerator (AquaOxy 4800,
Oase, Hörstel, Germany) and a recirculating pump (Nano-Stream 6045, Tunze, Penzberg,
Germany) while the temperature and dissolved oxygen concentration were continuously
monitored (HQ40d multimeter with MTC101 electrode, HACH, Düsseldorf, Germany) and
when needed adjusted to ensure the water quality was maintained at acceptable levels.
Since water temperature in breeding basins of Conservatoire du Saumon Mosan (5–10 ◦ C)
and in the laboratory (15–17 ◦ C) was not the same, water temperature evolution was
managed carefully. In particular, special care was taken to prevent smolts’ exposure to a
water temperature gradient above 0.5 ◦ C/h. The smolts were released to River Ourthe after
the completion of the experiments.
2.4. Experimental Protocol and Tests Methodology
The total number of smolts used in this study was 346. Eighty-two of them (ten in
group 0 and 72 in group 1) were used to test and validate the test’s methodology and
the remaining 264 smolts (groups 2–4) were used to test the seven different geometric
configurations listed in Table 1. Each group from 1 to 4 was divided into four or six batches
of 18 or 20 smolts, depending on the weekly fish availability. The batches of each group
consisted of smolts with similar mass distribution regarding 3 classes defined based on
the available fish mass. As an example, Table 2 presents the mass distribution of group 1.
Average mass of all smolts considered in this study was 33.4 g (SD 6.4 g) and averaged fork
length was 14.7 cm (SD 0.9 cm).
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Table 2. Mass distribution in batches from group 1: m denotes the fish mass.
Batch Number

Number of Smolts

m < 30 g

30 g ≤ m ≤ 40 g

m > 40 g

1.1
1.2
1.3
1.4

18
18
18
18

6
6
6
6

9
10
10
10

3
2
2
2

A preliminary observation test with ten smolts (group 0) was carried out just before
the arrival of group 1. The aim of this preliminary test was to ensure that the smolts
can survive in the laboratory for at least one week and to confirm that the smolts swim
downstream in the flume, both during daytime and nighttime. Smolts of group 1 were then
used to improve the test’s protocol. Each of the four batches of the group 1 was placed in
the flume separately. These preliminary tests helped to realize that the fish that were put in
the acclimatization compartment became calm within 10 min and thus the movable rack
was opened after this period of time. A gregarious behavior of smolts was confirmed in
the flume for all batches as several smolts usually swam downstream and exited the flume
through one of the outlets together. It was also observed that the time needed for the fish to
exit the flume through one of the outlets varied significantly and ranged from one to more
than four hours.
Following these preliminary tests and in an attempt to minimize the effect on outlet
selection of parameters not controlled in the study, such as lighting, it was decided to
test the two batches of smolts for each experimental configuration during daytime, one
in the morning and one in the afternoon. The total duration of each test was maximum
four hours after which the remaining smolts in the flume were forced to exit the flume. To
prevent mortality of the fish in the downstream reservoirs due to high energy dissipation
rate, it was decided to reduce the water discharge every 30 min during the time needed to
remove the fish from the reservoirs (around 5 min). It was observed that more fish swam
through the outlets with this variation in discharge (76% on average—batch 1.4 + batches
of groups 2 to 4) compared to a continuous period with the same high discharge (33% on
average—batches 1.1, 1.2 and 1.3).
The experimental protocol for smolt groups 2–4 (14 batches) consisted of the following steps:
1.
2.
3.

4.
5.
6.

7.

Placement of a batch of smolts in the acclimatization compartment of the flume for
10 min.
Opening of the movable rack to allow the smolts to swim downstream and establishment of a steady water discharge of 0.265 m3 /s for 30 min.
Lowering of the water discharge to 0.116 m3 /s, counting and removal of the fish
that swam through one of the outlets and ended up in the downstream reservoirs.
This operation lasted around 5 min, depending on the number of smolts to catch in
the reservoirs.
Set the water discharge back to 0.265 m3 /s for another 30 min.
Repetition of steps 3 and 4 for three more times.
In case smolts swam through one of the outlets during the fifth 30 min period with
0.265 m3 /s discharge, steps 3 and 4 were repeated for two more times and after
that the test ended. In case no smolts swam through one of the outlets during the
fifth 30 min period with 0.265 m3 /s discharge, this period was extended by 30 more
minutes and subsequently the test was over.
Removal of the fish from the downstream reservoir and counting. The fish that were
still in the flume were forced, using a brush, to swim downstream and choose one of
the two outlets. Removal of these fish from the downstream reservoirs and counting.
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Before reporting the effect of specific geometric configurations, the reference cases
(Configurations 1, 3, and 6) are firstly analyzed. In these tests, none of the two outlets had
a rack and their geometry was the same. The only difference between tests was the ramp
slope (60% for Configuration 1 and 40% for Configurations 3 and 6) and the separating
wall length (short for Configurations 1 and 3 and long for Configuration 6). Figure 58 of
and
12
Table 3 show that there is no perfect symmetry between the two outlets selection for the
three reference cases when they are considered separately. However, when all the data
forResults
these three cases are aggregated, there is a balance with 43 smolts (38.4%) choosing
3.
outlet A and 42 smolts (37.5%) choosing outlet B without being forced. On the contrary,
It was observed during the tests that some fish were able to get back in the flume
when a rack was placed in outlet B (i.e., Configurations 2, 4, 5, and 7), 85 smolts (55,9%)
after crossing over the broad-crested weir. Despite camera footage being used to observe
chose to exit the flume through the unobstructed outlet A and only 43 (28,3%) selected the
and quantify this behavior, only the smolts trapped in the reservoirs are considered in the
outlet B with the rack.
following results.
Table 3 also shows that for every configuration, not all smolts exited the flume within
Table 3 and Figure 5 detail the number and the percentage of smolts that exited the
four hours. On average 19.4% (SD 6.6%) had to be forced to exit the flume after four hours
flume through each outlet within the test duration (unforced) or being forced to pass at
passed. It is, however, interesting to notice that, except for Configuration 3 that shows the
the end of each test (forced). Since two smolt batches were tested with each geometric
highest proportion of fish to be forced (33%), considering the “forced” fish in the analysis
configuration, the results are analyzed in the following as the sum of the results from
did not change the preferred outlet in each configuration.
each batch.

5. Smolt passages repartition for each configuration between outlets A and B and for fish
Figure 5.
swimming downstream
downstream within
within the
the test
test duration
duration (unforced)
(unforced) or
or being
being forced
forced to
to pass
pass at
at the
the end
end of
of test
test
swimming
(forced). Black
Black vertical
vertical lines
lines show
show the
the separation
separation between
between outlet
outlet A
A and
and B
B choice.
choice. Details
Details about
about the
the
(forced).
experimental
setup
are
given
in
Table
1
and
Figure
4.
experimental setup are given in Table 1 and Figure 4.

Before reporting the effect of specific geometric configurations, the reference cases
(Configurations 1, 3, and 6) are firstly analyzed. In these tests, none of the two outlets had a
rack and their geometry was the same. The only difference between tests was the ramp
slope (60% for Configuration 1 and 40% for Configurations 3 and 6) and the separating
wall length (short for Configurations 1 and 3 and long for Configuration 6). Figure 5 and
Table 3 show that there is no perfect symmetry between the two outlets selection for the
three reference cases when they are considered separately. However, when all the data for
these three cases are aggregated, there is a balance with 43 smolts (38.4%) choosing outlet
A and 42 smolts (37.5%) choosing outlet B without being forced. On the contrary, when a
rack was placed in outlet B (i.e., Configurations 2, 4, 5, and 7), 85 smolts (55,9%) chose to
exit the flume through the unobstructed outlet A and only 43 (28,3%) selected the outlet B
with the rack.
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Table 3. Numbers of smolts per batch going through outlet A or B within the experimental duration
or when forced to swim downstream four hours after the experiment started. The experimental
configurations are described in Figures 1 and 4. When there is a rack in the flume, it is always placed
in outlet B, while outlet A is unobstructed for all configurations.
Config.
Number
1
2
3
4
5
6
7

Batch
Number

Number of
Smolts in Batch

Smolts in Outlet A
within the
Test Duration

Smolts in Outlet B
within the
Test Duration

Smolts in Outlet
A when Forced

Smolts in Outlet
B when Forced

2.1
2.2
2.3
2.4
3.1
3.2
3.3
3.4
4.1
4.2
4.3
4.4
4.5
4.6

18
18
18
18
18
18
18
18
20
20
20
20
20
20

7
3
12
7
8
5
13
8
9
10
10
10
17
9

8
10
5
6
3
8
2
9
10
5
8
5
1
5

1
2
1
3
2
2
1
0
0
1
2
3
2
5

2
3
0
2
5
3
2
1
1
4
0
2
0
1

Table 3 also shows that for every configuration, not all smolts exited the flume within
four hours. On average 19.4% (SD 6.6%) had to be forced to exit the flume after four hours
passed. It is, however, interesting to notice that, except for Configuration 3 that shows the
highest proportion of fish to be forced (33%), considering the “forced” fish in the analysis
did not change the preferred outlet in each configuration.
The only difference between Configurations 1 and 3 was the ramp slope, 60% and
40%, respectively, with the separating wall extending along the weir crest only. It is the
same for Configurations 2 and 4, respectively, which in addition both had a rack with
10 cm bar spacing at the weir crest in outlet B. While 28 smolts (77.8%) exited the flume
through either of the unobstructed outlets with Configuration 1, only 24 (66.7%) did so
with Configuration 3. On the contrary, a higher fraction of the smolts (32 fish—88.9%)
exited the flume without being forced with Configuration 4 compared to Configuration 2
(30 fish—83.3%). Interestingly, increasing the separating wall to the ramp toe at constant
ramp slope and without a rack (Configurations 3 and 6) increased (from 66.7 to 82.5%) the
percentage of fish exiting the flume while not being forced. It was the contrary when a
rack was added at the extremity of the separating wall, since 88.9% of the smolts exited
the flume without being forced with Configuration 4 (short wall), while only 80% did so in
Configuration 7 with a long wall.
The effect of bar spacing can be assessed by comparing Configurations 4 and 5, which
had the same ramp slope of 40% and a rack at the weir crest with bar spacing of 10 cm and
20 cm, respectively. With a bar spacing of 10 cm, 11 smolts (30.6%) exited the flume through
the outlet equipped with a rack, while 15 (37.5%) did so when the bar spacing was 20 cm.
In the former case, 21 smolts (58.3%) exited the flume through the unobstructed outlet B,
while 19 (47.5%) did so in the latter configuration.
For the experimental setup with a 40% slope ramp and a rack with 10 cm bar spacing,
the placement of the rack at the ramp toe (Configuration 7) compared to the weir crest
(Configuration 4) made the percentage of smolts exiting the flume through the rack decrease
from 30.6 to 15%. In the meantime, the percentage of smolts exiting the flume through the
unobstructed outlet A increased from 58.3 to 65%.
4. Discussion
This study focused on the effect on Atlantic salmon smolts’ outlet selection of some
specific geometric parameters of a downstream fish passage. Smolts had only three so-
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lutions when placed in the experimental flume, in which flow conditions were the same
for all tests except at the outlets: either stay in the flume or exit it through one of the
two outlets. Once the tests started, smolts moved actively downstream to the fish passage, in groups and faced downstream (negative rheotaxis). They switched to positive
rheotaxis and swam against the current once they entered the velocity acceleration area
(ramp). Similar behavior was observed with Pacific salmonid smolts approaching weir
crest in a laboratory flume [24] but also in the field with Atlantic salmon smolts [14]. In
this respect, none of the outlets could be seen as “attractive”. This is consistent with the
fact that downstream migrating fish tend to avoid areas with higher velocity gradients [23].
In this study, however, the fish had no other choice but to go through a 0.8 to 1.1 m/s/m
velocity gradient to exit the flume and continue their way downstream. Downstream
movement in the flume was active, with smolts maintaining over the ramp and moving
transversally in front of both outlets before exiting the flume through one of them. Some
smolts rejected the outlet they initially selected by actively swimming back upstream in
the flume. Such active displacement has been documented with Pacific salmon smolts in a
laboratory flume [24–26] and is likely to provide greater control to select the most preferred,
or “less bad” way of passage [14,24–26].
The tests presented in this paper were performed during daytime. All the results
show that a smaller proportion of smolts exited the flume through an outlet equipped
with a trash rack compared to the same outlet without a rack. This supports the idea that
fish respond to visual cues [24] and tend to avoid areas showing obstacles. The repetition
of similar tests during nighttime or with different lighting conditions is needed to prove
this latter assumption since lighting influence fish behavior close to obstacles [24,29]. The
fact that two times fewer smolts exited the flume through the rack located in the lower
velocity area (Configuration 7) compared to the same rack located in the higher velocity
area (Configuration 4) suggests that hydrodynamic conditions may alter the fish ability to
make a choice based on visual cues. Results also suggest that bars spacing in the order of
fish length has a repelling effect, even if the repelling effect is much less than the one of
classical bars interplay for guidance racks [11].
This study considered tests realized with smolt batches, and consequently the gregarious behavior of the fish [28] influenced the results since once one smolt went through an
outlet, several others usually followed. Only aggregated results at the batch scale were
collected. This prevents finer analysis, for instance at the scale of individuals such as
in [24–26], that is required to go deeper into the understanding of fish behavior [23].
5. Conclusions
This study analyzed experimentally the response of Atlantic salmon smolts to varied
geometries of the entrance of a downstream passage for downstream migration. The
experiments were conducted at 1:1 scale in a laboratory flume, the downstream end of
which was split into two outlets, during daytime and considering smolt batches. One
outlet was equipped with different configurations of a trash rack with vertical round
bars protecting the downstream passage from floating debris and the other outlet was
always unobstructed.
Results showed that in general less smolts exit the flume through the outlet equipped
with a trash rack compared to the same outlet without a rack. When comparing the different
trash rack geometries that were tested, the narrower bars spacing of 10 cm has more of a
repelling effect than the 20 cm spacing. A rack placed in the low-velocity zone at the toe of
the outlet acceleration ramp has more impact compared to being placed in the high-velocity
zone at the weir crest.
While experiments with live fish are useful to observe their swimming behavior, the
number of available fish is typically limited. As a result, more repetition tests are needed
to corroborate the findings of this study. Such tests were not possible in this study due
to the short seasonal availability of Atlantic salmon smolts. In addition, complementary
studies with more detailed observations at individual scale and more comprehensive
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measurements of the flow field features at the entrance of fish passages like those presented
in this study can provide the information needed to examine potential correlations with
the observed fish behavior.
The information gathered in this study was used in the design of a downstream
passage at Grands Malades hydropower plant on the Meuse River, the attractivity of which
will be evaluated on site using tagged smolts and ultrasonic telemetry.
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