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Abstract: The addition of substrates to small instream obstacles, like low-head ramped weirs, has
been considered a useful management solution to retrofit those structures and enhance fish passage.
Substrate dimensions and spatial arrangement, together with discharge, and consequently water
depths, appear as important factors for the creation of hydrodynamic conditions that may facilitate
the successful passage of fish, though related studies are scarce to support decision-making. This
study assessed the influence of discharge (Q) and different retrofitting designs (RD) on the upstream
passage performance of a potamodromous cyprinid, the Iberian barbel (Luciobarbus bocagei). Different
substrates (small boulders, large boulders, cobbles) and spatial arrangements (aligned, offset) were
tested. Numerical modelling was performed to characterize the hydrodynamics. Results indicate that
Q and RD influenced the upstream negotiation of ramped weirs. Cobbles randomly distributed along
the ramp (Nature design) was the most successful configuration, recording the highest number of
upstream passages. Low velocities along the ramp, and low turbulence downstream, were registered
in this configuration, indicating that the use of natural substrate may help to increase the permeability
of ramped weirs to fish movements. The outcomes from this work can help engineers and biologists
to design more appropriate passage structures for low-head instream obstacles.

Keywords: low-head ramped weirs; retrofitting designs; potamodromous cyprinid species; upstream
migration; ecohydraulics

1. Introduction

Freshwater fish are among the most threatened species, especially because of the flow modification
and habitat destruction or degradation [1–3]. The presence of small engineered structures (e.g.,
low-head weirs, culverts) has been considered one of the main causes to habitat fragmentation on
rivers worldwide. Recent studies have pointed the fact that, because of the high abundance of these
small obstacles, which are far more numerous than large dams [4], their cumulative impact on fish
populations may be greater than estimated [5–7].

More than 8000 small weirs (height < 5 m) have been located in Portuguese rivers [8]. The small
broad-crested weirs, which have a vertical downstream face [5,9], and especially low-head ramped
weirs, with inclined faces that fish may be able to negotiate by swimming [5,10], are the two most
common designs [6]. In fact, in order to enhance fish passability, some old broad-crested weirs which,
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after assessment, could not be removed, have undergone rehabilitation works to include ramps in
their designs (e.g., [11,12]). This design reconfiguration enables water to pass over the ramp, not
generating a waterfall [5,10], a condition that may afford a more holistic negotiation by fish [5,13].
Nevertheless, fish swimming abilities, which are closely related to fish guilds and body size [14–17],
and hydrodynamic conditions, such as water depth, discharge, and turbulence present over the ramp
and in the vicinity of the structure [5,18–20], are key factors that influence the permeability of such
structures to fish movements.

The addition of substrates to instream obstacles and fish transposition devices, commonly referred
to as retrofitting, has been considered a useful management solution to enhance upstream fish
passage [5,21–28]. The placement of substrates in culverts to mimic natural stream conditions and
facilitate fish passage has been successfully implemented since the early 1970s [29]. In low-head ramped
weirs, natural substrates like pebbles, cobbles, or boulders, are frequently used as retrofitting solutions
to increase the bed roughness, and consequently promote energy dissipation, creating localized zones
of low-velocity and turbulence [23–25,30] that may be used by fish as resting areas during the upstream
negotiation of ramps [20,27,31–33]. These low velocities may be especially important to species of
weaker swimming capabilities, such as potamodromous cyprinids [5,21,22]. Substrate dimensions
and spatial arrangement, together with discharge, and consequently water depths, appear therefore
as important factors for the creation of suitable hydrodynamic conditions that may facilitate the
successful upstream passage of fish [20,23,28]. Nonetheless, the effectiveness and efficiency of most
retrofitting solutions remains poorly understood, particularly for potamodromous cyprinids, which
are an important component of Mediterranean fish assemblages [34–36].

This study aims to assess the influence of discharge (Q) and different retrofitting designs (RD)
to improve upstream passage performance of the Iberian barbel (Luciobarbus bocagei). A total of six
configurations were tested, contemplating: four configurations of Boulders placed on the sloped face of
an experimental ramped weir, varying on size (Small vs. Large) and arrangement (Aligned vs. Offset);
a nature-like design, hereafter referred to as Nature, consisting of cobbles randomly distributed along
the ramp, as another potential improvement for fish passage [37]; and a Control configuration (smooth
bottom, no substrate), as the reference situation to assess potential improvements on fish passage.
These six configurations were tested under two different Q: 55 and 110 L·s−1. Additionally, numerical
modelling was performed to characterize the hydrodynamics of all the configurations tested, using the
computational fluid dynamics (CFD) commercial software FLOW-3D®. Iberian barbel was selected
as the target species, since it is considered representative of a few species of medium-sized benthic
potamodromous cyprinids commonly present in Iberian and Western European rivers [22,38,39]. It was
expected that: (i) passage performance of fish, considering attraction as well as successful upstream
movements, will be influenced by both factors Q and RD; (ii) attraction efficiency would increase with
increasing Q, and with RD that provide higher velocity magnitudes; and (iii) successful passages,
and consequently passage efficiency, would decrease with increasing Q and with RD presenting high
turbulence and high velocity magnitude.

2. Materials and Methods

2.1. Experimental Facility

Experiments were performed in an indoor ecohydraulic flume installed at the Hydraulics
and Environment Department of the National Laboratory for Civil Engineering (LNEC), in Lisbon.
The rectangular steel frame flume (Figure 1A), 10.00 m long × 0.60 m wide × 1.20 m high, comprises an
upstream and a downstream tank, from where the water enters the flume and is recirculated, that are
separated from the main channel by mesh panels. The sidewalls of the main channel are glass-viewing
panels that allow a direct, and unobtrusive, observation of fish behavior throughout the experiments.
In order to represent the average slope of central and southern Iberian small size watercourses, the
channel was set at a 3% slope (Catchment Characterization and Modelling, version 2 (CCM2); [40]).
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Figure 1. (A) Scheme of the experimental flume, representing a side view of the channel on a slope of 
3% (above), and a top view (below) with the location of (1) the experimental low-head ramped weir 
(ramp 3.00 m long on a slope of 10%, with a 0.20 m weir crest, located 2.50 m upstream the acclimation 
area), (2) the approach area (the 0.30 m2 shaded area immediately downstream of the ramp toe), and 
(3) the acclimation area (the 0.60 m2 shaded area between the two removable fine mesh panels located 
downstream); (B) Images of the six configurations tested, contemplating the Control ramp (without 
substrates) and the retrofitted designs selected: Nature (ramp with cobbles randomly distributed), 

Figure 1. (A) Scheme of the experimental flume, representing a side view of the channel on a slope of
3% (above), and a top view (below) with the location of (1) the experimental low-head ramped weir
(ramp 3.00 m long on a slope of 10%, with a 0.20 m weir crest, located 2.50 m upstream the acclimation
area), (2) the approach area (the 0.30 m2 shaded area immediately downstream of the ramp toe), and (3)
the acclimation area (the 0.60 m2 shaded area between the two removable fine mesh panels located
downstream); (B) Images of the six configurations tested, contemplating the Control ramp (without
substrates) and the retrofitted designs selected: Nature (ramp with cobbles randomly distributed),
Small Boulders Aligned and Offset (boulder dimensions 7.5 cm long × 7.5 cm wide × 15 cm high), and
Large Boulders Aligned and Offset (boulder dimensions 25 cm long × 7.5 cm wide × 30 cm high).

The experimental low-head ramped weir used in this study, with a length of 3.00 m and a slope
of 10%, was selected based on the results of a previous study by Amaral et al. [41], in which it was
found that this combination of ramp length and slope may have adversely affected the successful
negotiations for the same species. As in Amaral et al. [41], the experimental ramped weir, made of
maritime plywood, was fixed in the flume (Figure 1A) at 2.50 m upstream of the acclimation area,
a 0.60 m2 area created by two mesh panels in the downstream zone of the flume, and immediately
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downstream of the ramp toe, a 0.50 m long zone was established as the approach area. Six different
configurations (Figure 1B) were tested, considering a Control ramp, without substrates, and five
retrofitted designs contemplating: a Nature design, where cobbles of 10 to 30 cm were randomly
distributed along the ramp; Small Boulders Aligned and Small Boulders Offset, using boulders 7.5 cm
long × 7.5 cm wide × 15 cm high, spatially aligned and alternating respectively; and Large Boulders
Aligned and Large Boulders Offset, where larger boulders (25 cm long × 7.5 cm wide × 30 cm high)
were set in an aligned and alternating design respectively. Figure 2 illustrates the spatial arrangement
of substrates on the retrofitted designs tested. Furthermore, to assess the influence of Q on the passage
performance of fish, the six configurations were tested under two different discharges—55 and 110 L·s−1.
The lower discharge (Q = 55 L·s−1) was selected considering the recommendations by Baudoin et al. [5]
that suggests that the minimum water column over the ramp, referred to as non-limiting for the
successful upstream passage of fish, should be between one and two times the body depth of the fish.
Regarding the higher discharge (Q = 110 L·s−1; double the lower Q), which was previously tested by
Amaral et al. [41], it was selected to test the effect that higher water velocities and turbulence may have
on hydrodynamics of different RD and, consequently, on the passage performance of fish. Discharge
was measured by a flow meter installed in the supply pipe.Water 2019, 11, x FOR PEER REVIEW 5 of 18 
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a Kinect Sensor); (B) Small Boulders Aligned; (C) Small Boulders Offset; (D) Large Boulders Aligned; 
(E) Large Boulders Offset. Substrates dimensions: Cobbles—10 to 30 cm; Small Boulders—7.5 cm long 
× 7.5 cm wide × 15 cm high; Large Boulders—25 cm long × 7.5 cm wide × 30 cm high. 

2.2. Fish Capture and Holding 

Adult Iberian barbel used in the experiments (n = 240; mean total length (TL) ± standard 
deviation (SD) = 17.4 ± 2 cm; maximum body depth (H) ± SD = 3 ± 0.3 cm; body width (W) ± SD = 1.9 
± 0.3 cm) were captured by wadeable electrofishing (Hans Grassl IG-200) in the Lisandro River, a 
small Atlantic coastal river near Lisbon. A total of six electrofishing episodes were performed (one 
episode per week, collecting 40 fish per episode) according to the protocol adopted by the European 
Committee for Standardization [42]. Only adult fish were selected to avoid bias in swimming 
performance. Fish were transported to the laboratory facilities at LNEC in a fish transport box (Hans 

Figure 2. Scheme of the substrates arrangement for the retrofitted designs (RD), showing flow direction
and the 0.2 m weir crest: (A) Nature (the mapping of cobbles along the ramp was done using a Kinect
Sensor); (B) Small Boulders Aligned; (C) Small Boulders Offset; (D) Large Boulders Aligned; (E) Large
Boulders Offset. Substrates dimensions: Cobbles—10 to 30 cm; Small Boulders—7.5 cm long × 7.5 cm
wide × 15 cm high; Large Boulders—25 cm long × 7.5 cm wide × 30 cm high.
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2.2. Fish Capture and Holding

Adult Iberian barbel used in the experiments (n = 240; mean total length (TL) ± standard deviation
(SD) = 17.4 ± 2 cm; maximum body depth (H) ± SD = 3 ± 0.3 cm; body width (W) ± SD = 1.9 ± 0.3 cm)
were captured by wadeable electrofishing (Hans Grassl IG-200) in the Lisandro River, a small Atlantic
coastal river near Lisbon. A total of six electrofishing episodes were performed (one episode per
week, collecting 40 fish per episode) according to the protocol adopted by the European Committee
for Standardization [42]. Only adult fish were selected to avoid bias in swimming performance. Fish
were transported to the laboratory facilities at LNEC in a fish transport box (Hans Grassl, Schönau am
Königssee, Germnay, 190 L) with portable external aeration (ELITE, Germany), and were maintained
for a maximum period of 6 days in filtered and aerated acclimation tanks (700 L tanks; Fluval Canister
Filter FX5), each featured with two U-shape ceramic roof tiles (45 cm long × 25 cm wide × 10 cm high)
to provide shelter [43]. Water quality of the tanks was monitored daily (temperature = 22 ± 1 ◦C,
pH = 7.7 ± 0.3, and conductivity = 180 ± 15 µs.cm−1), using a multiparametric probe (HANNA, HI
9812-5, Wensojit, RI, USA), and high-quality levels (i.e., active fish, no mortality) were ensured by the
mechanical and biological filtration system, with a turnover rate of 2300 L·h−1. Fish were only tested
after an acclimation period of 48 h from the holding conditions in the laboratory. During that period,
fish were fed with Tetra Pond sticks up to 24–48 h before the experiments. No fish were sacrificed
during the experiments, and efforts were made to minimize stress.

2.3. Fish Experiments

Fish experiments were conducted in strict accordance with ethical provisions on the welfare of
experimental animals enforced by the European Union and were coordinated by J.M. Santos, who holds
FELASA level C certification (www.felasa.eu) to direct animal experiments. Fish capture, handling,
transportation, and holding permits were issued by the Institute for Conservation of Nature and
Forests (ICNF) (permit numbers 40/2017 and 222/2017/CAPT; 41/2017 and 223/2017/CAPT; 42/2017
and 224/2017/CAPT). Fish experiments and maintenance in the LNEC facility were authorized by the
Department for Health and Animal Protection (Direcção de Serviços de Saúde e Protecção Animal) in
accordance with the recommendations of the “protection of animal use for experimental and scientific
work.”

Experiments were performed during late spring-early summer, reported by some authors as the
main reproductive season for this species [5,44,45], following the previous findings by Amaral et al. [41].
Four replicates were carried out for each configuration tested (6 configurations × 2 discharges × 4
replicates = 48 trials) using schools of 5 fish (20 fish tested per configuration) with similar size, which
were not individualized. Fish were randomly selected from the acclimation tanks and were used
only once. Each replicate started with an acclimation period of 15 min, for fish to adapt to the flume
conditions. After that time, the upstream mesh panel of the acclimation area was removed, and fish
were able to explore the channel for 60 min. Both upstream and downstream passages were allowed,
so fish could approach, attempt to pass, and successfully negotiate the ramp multiple times.

Fish movements, specifically the number of fish that entered the approach area (Ap), the number
of fish that entered into the ramp and actively tried to negotiate it (At), and the number of fish that
navigated the entire ramp reaching the upstream part of the flume—complete successful passages (S),
were monitored by direct observation, and also recorded (top view) by a video camera (GoPro HERO5,
San Mateo, CA, USA). The metrics of passage performance—percentage of attraction efficiency (AE; %)
and percentage of passage efficiency (PE; %), were also calculated from Equations (1) and (2).

AE (%) = 100 × At/Ap (1)

PE (%) = 100 × S/At (2)

www.felasa.eu
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The influence of factors RD and Q, as well as their interaction on the passage performance of Iberian
barbel considering the movements of Ap and At, as well as S was analyzed performing a PERMANOVA
test, using the package PERMANOVA for PRIMER +v6.0 [46]. This statistical test was selected for being
a robust non-parametric method based on the permutations tests that directly partitions the variation
in a distance matrix according to Euclidean distances or non-Euclidean-embeddable dissimilarity
measures [47,48]. In this analysis, the Euclidean distance was applied to compute the distance matrix
due to the presence, and relevance, of zeros in the assessed data [46].

2.4. Hydrodynamic Modelling

The hydrodynamics of the tested configurations were characterized by numerical modelling using
FLOW-3D®, a computational fluid dynamics (CFD) commercial software. FLOW-3D® uses the finite
volume method to solve the governing equations of fluid motion, by subdividing the computational
domain into a structured mesh grid of variable-sized hexahedral cells, using a volume of fluid (VOF)
method to track the free surface [49,50]. The fractional area/volume obstacle representation [51], named
FAVORTM method, is one of the major features of FLOW-3D®. This method is used to represent
obstacles through fractional areas and volumes in the fixed orthogonal grid. Flow Science [50] presents
additional details regarding the theoretical and numerical fundamentals of FLOW-3D®, which has
been used in recent years to characterize flow hydrodynamics in ecohydraulics and fishway research
(e.g., [52–54]).

The computational domain was discretized using two grid blocks: one, with a uniform mesh
size of 0.01 m that contained the entire flume geometry, and one nested block with half the grid
spacing (0.005 m) from the upstream face of the weir to 0.5 m downstream the ramp. Data on spatial
arrangement of the tested configurations—Control, Small Boulders Aligned, Small Boulders Offset,
Large Boulders Aligned, and Large Boulders Offset, was generated using AutoCAD and was imported
into the model as stereolithography (STL) files. For the Nature design, the 3D-bottom bathymetric data
was measured using Kinect TM (Microsoft, Redmond, WA, EUA), an input device designed for the
Microsoft® Xbox 360® [55]. The upstream boundary was specified as a constant volume flow rate
with the initial inlet water level defined as the water depth observed in the experimental flume, and
the downstream boundary was specified as a pressure boundary condition, based on the water depth
observed in the trials. The side walls and the bottom were modelled as smooth no-slip boundaries,
and, at the top, a symmetry boundary condition (zero value for normal velocity, zero gradients for the
other quantities) was applied. The initial pressure was set to the atmospheric pressure. A second order
monotonicity preserving method and the large-eddy simulation (LES) model was employed for the
momentum advection equations and the turbulence modelling and an implicit generalized minimum
residual method solver (GMRES) was used [50]. The simulations were performed for a number of time
steps enough to achieve a statistically stationary solution and obtain converged time-averaged values.

Model performance was validated with values of water depth and velocity magnitude measured
during experiments in 27 sampling points (Figure 3), located along the ramped weir and both up and
downstream (more details in Amaral et al. [41]). Velocity magnitude was measured with a flow probe
(model FP 101, Global Water Instrumentation Inc., College Station, TX, USA), since water column
was not deep, and there was excessive aeration and turbulence in most of the configurations tested,
conditions that narrow the use of a 3D acoustic doppler velocimeter. To check the influence of the grid
resolution on the results, a coarser mesh (2.5 million cells), which doubled the size of the mesh cells (by
halving the number of cells in each direction), was tested for the Control configuration. The LES index
of resolution quality (LES IQ), proposed by Celik et al. [56], and mean absolute differences (MAD) were
computed in the 27 sampling points, where water depth and velocity magnitude were measured, to
verify the numerical model quality.
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Figure 3. Location of the water velocity sampling points. Measurements were taken along 3 longitudinal
planes—at the center of the ramp, and 2 lateral planes spaced 0.05 m from the walls. Points were
distanced 0.75 m along the ramp, and 0.50 m upstream and downstream (0.50 m and 1.00 m) of the
ramped weir. Water velocity at the middle of the weir crest was also measured.

Finally, to illustrate the hydrodynamic conditions formed in each configuration tested (e.g., areas
of high velocity and turbulence gradients that might have affected fish movements), 3D contour maps,
representing the mean velocity magnitudes (U; m·s−1) and turbulent kinetic energy per unit mass (TKE;
m2
·s−2), calculated from Equations (3) and (4) respectively, were plotted using the post-processing tool

FlowSight. Mean water depths over the ramp (h; cm) were also calculated.

U = (u′2 + v′2 + w′2)
1/2

(3)

TKE =
1
2

(
u′2 + v′2 + w′2

)
, (4)

3. Results

3.1. Fish Movements

Numerous movements of approach and attempts to negotiate the experimental ramps, as well as
upstream successful passages were registered in all configurations tested. However, results from the
different RD and Q tested (Table 1) were considerably different.

Table 1. Total number of attempts (At), approaches (Ap), upstream successful passages (S), as well
as attraction efficiency (AE%; ratio of the number of attempts per number of approaches × 100) and
passage efficiency (PE%; ratio of successful upstream passages per number of attempts × 100) for
the control low-head ramped weir and the retrofitting designs (RD) selected, considering the tested
discharges (Q) of 55 L·s−1 (first rows) and 110 L·s−1 (second rows).

Retrofitting Designs (RD)

Q Control Small Boulders
Aligned

Small Boulders
Offset

Large Boulders
Aligned

Large Boulders
Offset Nature

Ap 55
110

377
28

646
155

532
103

389
22

655
34

411
95

At 55
110

132
20

300
79

178
46

153
10

314
20

308
25

S 55
110

12
3

1
7

0
5

7
3

7
6

23
12

AE
%

55
110

35
71

46
51

34
45

39
46

48
59

75
26

PE % 55
110

9
15

0
9

0
11

5
30

2
30

8
48
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In general, more movements of Ap (n = 3010) and At (n = 437) were observed with Q = 55 L·s−1,
relative to 110 L·s−1 (1385 and 200, respectively). Regarding S, more successes (n = 50) were also
registered with Q = 55 L·s−1 when compared to 110 L·s−1 (n = 36), except for the two designs using the
small boulders, in which only one successful passage was registered in the configuration Small Boulders
Aligned, and no successes were attained in the Small Boulders Offset configuration. Concerning
Q = 110 L·s−1, the poorest results were registered for the configurations Large Boulders Aligned and
Control, with only three successes, and the total number of Ap (22 and 28 total approaches, respectively)
and At (10 and 20 attempts to negotiate the ramp, respectively) observed in these configurations were
also the lowest. For both discharges tested, the Nature design was the most successful configuration in
terms of S, achieving 23 and 12 upstream passages for Q = 55 and 110 L·s−1, respectively. Regarding
the metrics of passage performance, although Q = 55 L·s−1 registered an overall high number of fish
movements, as mentioned above, AE (average of 46%) and PE (average of 4%) were lower than those
recorded with Q = 110 L·s−1 (average of 50% and 24%, respectively). The Nature design was, in general,
the configuration most efficient, registering values of AE = 75% and PE = 8%, for Q = 55 L·s−1, and
PE = 48%, for Q = 110 L·s−1. However, for Q = 110 L·s−1, this configuration was the least attractive,
registering the lowest value of AE (26%). In terms of PE, the poorest results were registered in the
configurations Small Boulders Aligned (0% and 9%, for Q = 55 and 110 L·s−1, respectively) and Small
Boulders Offset (0% and 11%, for Q = 55 and 110 L·s−1, respectively), for both discharges tested.

Results of the PERMANOVA analysis indicated that the number of Ap and At were significantly
influenced by RD (Ap: F = 2.99; p = 0.03; and At: F = 2.84; p = 0.03) and by Q (Ap: F = 74.13; p <

0.01; At: F = 122.18; p < 0.01), but the combination of these factors (RD × Q) was not influencing fish
movements (Ap: F = 1.41; p = 0.24; At: F = 2.01; p > 0.05). Concerning the influence on S, results reveal
that successes were significantly influenced by RD (F = 6.55; p < 0.01) and by the combination RD ×
Q (F = 2.82; p = 0.02), but the influence of Q per se was not confirmed (F = 1.86; p > 0.05). Results
of the pairwise comparisons (Table 2), performed after the main PERMANOVA test, showed that
configurations had no differences in terms of S, except for Control vs. Small Boulders Offset, and
especially for the Nature design, which registered more upstream successful passages when compared
with all other configurations tested.

Table 2. Results of the pairwise comparisons, performed after the main test PERMANOVA, on the
number of successful upstream passages (S) for the factor retrofitting design (RD). Bold values highlight
significant differences (α = 0.05).

Retrofitting Design (RD)

P Control Small Boulders
Aligned

Small
Boulders

Offset

Large Boulders
Aligned

Large Boulders
Offset

Small Boulders Aligned 0.22
Small Boulders Offset 0.01 0.65

Large Boulders Aligned 0.30 0.79 0.29
Large Boulders Offset 0.72 0.45 0.12 0.65

Nature 0.02 0.01 <0.01 0.01 0.02

3.2. Hydrodynamics

Results from the LES IQ quality index show that the finer mesh has an average value of 0.86, for
Q = 55 L·s−1, and 0.89, for Q = 110 L·s−1. According to Pope [57], a good LES should have an LES
IQ higher than 0.80, which means that 80% of the TKE was resolved. Thus, the values obtained for
the finer mesh indicate that sufficient grid resolution was used. Regarding the results from MAD,
computed from observed and modelled values, they ranged from 0.01 to 0.02 m for h, registering a
coefficient of determination (R2) between 0.96 and 0.99. When comparing observed and modelled U,
MAD ranged from 0.2 to 0.3 m·s−1, registering an R2 between 0.75 and 0.90. Therefore, the numerical
model accurately reproduced the laboratory experiments.
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Three-dimensional contour maps, showing the variation of U (Figure 4) and TKE per unit
mass (Figure 5) for the tested configurations, indicate that both hydraulic parameters increased with
discharge. Moreover, Small Boulders Aligned, Small Boulders Offset, Large Boulders Aligned, and
Large Boulders Offset, were configurations especially turbulent, registering values of TKE per unit
mass above 0.4 m2

·s−2, even with Q = 55 L·s−1. As for the configurations Control and Nature, lower
values of TKE per unit mass (Control: <0.3 m2

·s−2, and Nature: <0.25 m2
·s−2) were registered, for both

Q tested. However, in terms of U, in both discharges tested, higher magnitudes were registered, as
expected, in the Control configuration (max mean magnitude of 2.6 m·s−1 for Q = 55 L·s−1, and 3.4 m·s−1

for Q = 110 L·s−1), along with the Nature design (max mean magnitude of 2.5 m.s−1 for Q = 55 L·s−1,
and 2.7 m·s−1 for Q = 110 L·s−1). As for the other RD, values of U were lower, registering overall max
mean magnitudes of 2.2 m·s−1 for Q = 55 L·s−1, and 2.5 m·s−1 for Q = 110 L·s−1. Nevertheless, for
configurations Large Boulders Aligned and Large Boulders Offset, 3D-contour maps showed localized
zones of low-velocity (< 0.5 m·s−1) between boulders.

Regarding h (Figures 4 and 5), mean depths varied according to Q and the RD tested. Higher depths
were registered, as expected, with Q = 110 L·s−1 (>4 cm, on average, except for the configuration Large
Boulders Offset that registered a variation of 10 cm), and in the configurations with the larger boulders,
especially in the Large Boulders Offset (h = 27 cm, for Q = 55 L·s−1, and 37 cm, for Q = 110 L·s−1).
Shallower water depths were observed in the configurations Control (h = 6 cm, for Q = 55 L·s−1, and
10 cm, for Q = 110 L·s−1) and Nature (h = 9 cm, for Q = 55 L·s−1, and 13 cm, for Q = 110 L·s−1).
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4. Discussion

The present study focused on the influence of RD and Q, as well as their interaction, on the passage
performance of Iberian barbel negotiating low-head ramped weirs. The high number of observed
movements (approaches, attempts to negotiate the ramp, and successful upstream passages) show
that Iberian barbel were stimulated to move upstream and negotiate the ramped weirs. However,
passage successes and efficiencies of designs varied among configurations tested, indicating that some
substrates and spatial arrangements, along with discharge, provided more favorable hydrodynamic
conditions for successful upstream passages of fish. Thus, to assess the effects of hydrodynamics on
the fish behavior, numerical modelling (the 3D CFD model FLOW-3D®) was used in this study to
characterize influential hydrodynamic variables, such as velocity magnitude, TKE, and water depths,
present in each configuration tested, in order to identify areas of high velocity and turbulence gradients
that might have affected the fish movements. Over the last few years, 3D CFD models have proved to
be a practical and robust tool to characterize hydrodynamics on several hydraulic structures, being
widely used for the assessment of fish passages (e.g., studies on functioning over a wide range of
discharges, prediction of suitable conditions for fish), optimization of designs, and evaluation of
different retrofitting solutions [52–54,58–64]. However, given that uncertainty in CFD modelling for
environmental fluid mechanics in complex flow fields, like the flow field in the vicinity of a macro-scale
roughness (e.g., wake region), can arise from a very wide range of sources, care should be taken when
performing a numerical model study [65]. In the present study, a careful verification and validation of
the numerical model was done, to ensure that a substantial reduction in the uncertainty of the results
was achieved, by carefully following CFD best practice guidelines [65].

Like in other studies [9,23,25,66], Q, associated with velocity magnitude and turbulence, proved
to be an important variable on the negotiation of the experimental low-head ramped weirs. In general,
more approaches and attempts were registered with the lowest Q tested (55 L·s−1), which had almost
seven times more records when compared to Q = 110 L·s−1. Nevertheless, for both Q, it was observed
that, of the total number of fish approaches, only less than half resulted in effective attempts to
negotiate the ramped weir, suggesting that many non-oriented Ap occurred, especially with 55 L·s−1.
Consequently, lower values of AE (%) were registered with 55 L·s−1, as initially envisaged, except for
the Nature design that achieved the highest value (75%). These results generally agree with previous
studies on negotiation of low-head obstacles (e.g., [9,66,67]), and may indicate that, except for the
Nature design, velocity magnitude (0.5–1.0 m·s−1) and TKE per unit mass (0.2–0.3 m2

·s−2) occurring
close to the ramps, which are parameters directly related with Q and influenced by RD [5,30], were not
the most suitable to create attractive paths for fish to attempt to negotiate the obstacle and successfully
pass it [32,68,69].

In addition to hydrodynamics though, biological factors beyond swimming ability may affect
attraction and passage efficiency, as the following field assessment indicates. Landsman et al. [33]
evaluated a nature-like fishway, for passage of Rainbow Smelt (Osmerus mordax) and Brook Trout
(Salvelinus fontinalis). In each of the two study years, AE at the fishway for Rainbow Smelt was almost
the same, 30.1% (2014; mean TL = 17 cm, range 15–24 cm) and 30.4% (2016; Mean TL = 15.9 cm,
range 14–26 cm), while PE was 26.5% and 28.6%, respectively (not significantly different). In contrast,
although AE for Brook Trout was only 9.2% in 2016 (Mean TL = 28.1 cm, range 16–52 cm), PE was
91.7%. The rather low but close AE and PE values for the shorter Rainbow Smelt, compared to the very
high PE, despite the very low AE for the longer Brook Trout, implies that biological factors beyond
length and corresponding swimming performance may contribute to successful passage effectiveness.
Moreover, as Plesiński et al. [70] mentions, although for successful upstream passages fish may only
need one usable path, for approaching the obstacle accurately and successfully attempt to negotiate
it, fish primarily need to be able to detect the most functional paths when confronted with varied
hydrodynamic conditions. Thus, metrics of attraction such as AE, which are directly dependent
on the movements of Ap and At, vary substantially depending on the type of obstacle, its design
and specificities (e.g., different retrofitting solutions, as tested in this study), and the consequently
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surrounding hydrodynamic conditions [5,71–73]. Therefore, future studies should focus on the
quantification of the attraction in further subcomponents [74], such as guidance (i.e., arrival at the
entrance) in response to hydrodynamic cues, and entry (i.e., decision to enter), using, for example,
biotelemetry techniques to monitor fine-scale behavior [75,76].

Regarding S, as initially expected, the number of successes decreased with the increase of Q,
except for the two RD using small boulders (Small Boulders Aligned and Small Boulders Offset).
However, in terms of PE, higher values were unexpectedly achieved in all the configurations with
Q = 110 L·s−1. Nevertheless, in both Q tested, configurations Small Boulders Aligned and Small
Boulders Offset registered the lowest values of PE (0% for both configurations with 55 L·s−1; 9 and
11% with 110 L·s−1). In these two configurations, high values of velocity (2.0–3.0 m·s−1) and TKE per
unit mass (0.3–0.5 m2

·s−2) were registered and, especially, unpredictable fluctuations in both hydraulic
parameters occurred along the ramp and at its toe, as shown in the CFD 3D-contour maps (Figures 4
and 5). These conditions, together with the chaotic and small water depths over the ramp (ranging
from 7–8 cm and 13–14 cm, for 55 L·s−1 and 110 L·s−1, respectively), may have influenced the fish
passage because, as mentioned by Plesiński et al. [25], Liao [31], and Elder and Coombs [32], fish tend
to avoid unexpected fluctuations of velocity, chaotic flows, and other flow conditions that may interfere
with their swimming trajectories (e.g., vortex systems with diameters similar or greater than the fish
body length; [77]). Moreover, the size of the boulders used in these configurations (7.5 cm long × 7.5 cm
wide × 15 cm high) may have been unsuitable to provide sizeable low-velocity zones, which could
have been used by fish as resting areas, to recover energy and prepare for the successful upstream
passage [20,23,25,27,31]. As for the two configurations using larger boulders (25 cm long × 7.5 cm wide
× 30 cm high), Large Boulders Aligned and Large Boulders Offset, CFD 3D-contour maps showed
localized zones of low-velocity (<0.5 m·s−1) between boulders, which could have provided conditions
for fish to shelter and rest, as observed during the trials. Nevertheless, despite the occurrence of lower
velocities and higher water depths (12–16 cm with 55 L·s−1, and 27–37 cm with 110 L·s−1, for Large
Boulders Aligned and Large Boulders Offset, respectively), these two configurations were also not
the most successful. The high TKE per unit mass (above 0.4 m2

·s−2) present along the ramp, and
especially at its toe, resulting from the combination of RD and Q, should have been the main condition
that hampered the fish upstream movements. As referred by Knapp et al. [20], although localized
low-velocity areas displaying high turbulence may provide resting conditions for fish, in the upstream
negotiation of obstacles this turbulence per se may be limiting on the fish swimming ability. Finally,
concerning the best results, the configuration Nature was, overall, the best RD tested. Comparing with
the Control configuration, velocity magnitudes along the ramp (Control: 2.6–3.4 m·s−1, and Nature:
2.5–2.7 m·s−1), and especially TKE per unit mass registered downstream (Control: <0.3 m2

·s−2, and
Nature: <0.25 m2

·s−2), were lower for both Q tested. Therefore, the random placement of natural
cobbles on ramped weirs, as in this study, may generate an effective energy dissipation, reducing
velocity and turbulence along the ramp, and especially downstream [5,23,24,26,73]. Consequently,
more suitable conditions for fish to approach and successfully negotiate ramped weirs may be promoted
upon retrofitting these structures with natural cobble substrate, as it may provide important “flow
refugia,” creating homogeneous areas, with reduced velocity and turbulence, that fish may use to
rest during the upstream negotiation of the ramp [28]. Future studies, contemplating distinct fish
species with different ecological traits (e.g., small-bodied fish that utilize the upper portion of the water
column), additional biological groups (e.g., macroinvertebrates), and a different range of discharges
should be considered to enhance the knowledge on species passage effectiveness. Improved biological
and hydrodynamic conditions at low-head ramped weirs are needed to help engineers and biologists
to design more holistic structures, or retrofitting solutions, for low-head instream obstacles.

5. Conclusions

This study highlighted the importance of RD and Q, and especially of hydrodynamics resulting
from the combination of these two factors, on the passage performance of the Iberian barbel,
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a medium-sized potamodromous cyprinid, negotiating low-head ramped weirs. The fact that
experiments were carried out under laboratory conditions allowed the detailed observation of fish
behavior (e.g., fish approaching the ramp, attempts to pass, successful upstream passages), as well
as the control and the analysis of all the physical and hydraulic factors (e.g., substrate arrangements,
discharges) considered preponderant in the successful passage of fish. Moreover, by using the 3D CFD
model FLOW-3D® to characterize the hydrodynamics in each configuration tested, it was possible to
identify areas of high velocity and turbulence gradients that might have affected fish movements.

Overall, results showed that the type of substrate, especially the size and the spatial arrangement
selected to retrofit this type of low-head obstacles, together with discharge, played an important role
in the creation of suitable hydrodynamics for the upstream successful negotiation of ramped weirs.
As observed in other studies [22–24,26,28,33,78], the use of natural substrate may help to increase
the permeability of these structures to fish movements, by providing an effective energy dissipation
along the obstacle. That energy dissipation, together with the occurrence of low-velocity areas and
small turbulence intensities, and the essential prevalence of spatial and temporal predictable flows,
have proved to be key factors to consider in planning these type of retrofitting solutions [5,20,25,26].
Moreover, as mentioned by Knapp et al. [20] and Katopodis et al. [69], in addition to hydrodynamics,
it is also crucial to analyze fish swimming behavior and passage performance in order to establish
more applicable design guidelines. Thus, the outcomes from the present work, complemented with
further research on hydrodynamics of low-head ramped weirs and fish passage performance, engaging
laboratory experiments and in situ studies [18], may significantly contribute to help engineers and
biologists to design more appropriate passage structures for low-head instream obstacles.
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