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Abstract

1.

Most freshwater fish need to move freely through rivers to complete their life
cycles. Thus, river barriers (e.g. dams, culverts and gauging stations) may delay,
hinder or even block their longitudinal movements, affecting fish conservation.
The most widespread solution to allow upstream fish migration are fishways,
whereas downstream migration is basically facilitated through spillways, turbines
or specific solutions such as bypass systems.

So far, studies and scientific discussions concerning bidirectional movements
through fishways are scarce and focused on large dams and reservoirs, mainly
with large migratory species such as salmonids, rather than smaller facilities and

lesser known species.

. This study investigated bidirectional movements through a small run-of-the-river

hydropower plant with a pool-and-orifice type fishway, using the Iberian barbel
(Luciobarbus bocagei), a potamodromous cyprinid, as the target species. Passive
integrated transponder and radio tracking data were collected over 4 years and
combined to characterize upstream and downstream movements. The study
focused primarily on fish movements through the fishway, but also estimated the
multiple associated routes of passage.

The results show diverse fish movements with inter- and intra-annual variability,
with several individuals performing bidirectional movements and even some fish
returning over the years.

The documented movements and observations indicate that fishways can serve
as an effective bidirectional migration corridor for fish, potentially enhancing the
conservation efforts for potamodromous species. This study supports the
decision to use fishways as an overall mitigation tool to reduce the impact of

small hydropower facilities on fish.
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1 | INTRODUCTION

Many freshwater fish rely on the ability to move freely through rivers
to complete their life cycles, especially migratory fish that require
long-, medium- or short-distance movements (Thurow, 2016).
Therefore, river barriers may delay, hinder or even block the
longitudinal movements of migratory fish. This impact directly affects
their reproduction, feeding and habitat use (Lucas et al., 2001; Nilsson
et al., 2005). Among all the possible threats to fish, the installation of
dams and weirs is known to have the most severe consequences.
Dams and weirs generate a barrier effect, as well as creating a flooded
area that transforms lotic to lentic habitats (Larinier, 2001).
Depending on the dimensions of the flooded area and the water
reservoir residence time, many fish species may not find the trophic
and environmental resources to which they are adapted or require
(Santos et al., 2018). Flooded areas can act as mazes where fish have
few chances to find the exit to continue their way (Pelicice,
Pompeu & Agostinho, 2015; Lopes et al., 2021). A holistic solution to
these impacts would need to allow safe, directed, undistracted and
bidirectional fish migration between different habitats (Lucas
et al., 2001; Makrakis et al., 2007; Tamario et al., 2019); that is to say,
it would need to allow a complete two-way migration (Calles &
Greenberg, 2009; Fjeldstad, Pulg & Forseth, 2018), enabling fish to
move safely both downstream and upstream of the barriers
(Katopodis & Williams, 2016; Silva et al., 2018). However, despite the
existence of mitigation measures at dams and weirs, they may have
further implications (e.g. phenotypic selection, stress, energy
expenditure or accumulative efforts) with long-term effects on
communities of native fish populations (Birnie-Gauvin et al., 2017;
Lothian et al., 2020; Sanchez-Gonzalez et al., 2022).

The most common effort related to fish conservation in
fragmented rivers is to allow upstream fish migration through fish
passes (or fishways), which include various designs and devices such
as technical fishways, fish lifts, nature-like channels and ramps,
culverts, and mixed systems (Larinier, 2002; Makrakis et al., 2019).
Technical fishways are an interesting design choice because they have
shown to be a simple and functional solution for maintaining the
migratory flow of fishes (Godinho & Kynard, 2008; Gutfreund
et al., 2018; Bravo-Cérdoba et al., 2018a). These structures consist of
low-slope channels that divide the total height of a barrier in smaller
water drops or reduce the velocity of water flowing through them
using baffles or roughness. Numerous studies have investigated the
efficiency of fishways as upstream fish passage mitigation measures,
by observing the proportion of fish that pass upstream (Bunt, Castro-
Santos & Haro, 2012; Noonan, Grant & Jackson, 2012; Bravo-
Cérdoba et al., 2021b). However, downstream efficiency of fishways

has received comparatively little research attention, with most studies

focused on anadromous salmonids (Calles & Greenberg, 2009; Havn
et al., 2017) and only a small number examining potamodromous fish
(Gutfreund et al., 2018; Celestino et al., 2019; Sanz-Ronda
et al.,, 2021). For downstream migration, apart from fishways, fish
have other alternative routes such as spillways, turbines or specific
bypass systems (Antonio et al., 2007; Celestino et al., 2019; Algera
et al,, 2020).

In recent years, the usefulness of fishways as two-way migration
routes has been called into question, as it seems that, in some cases,
they allow the bidirectional movement of fish (Makrakis et al., 2007;
Celestino et al., 2020). Bidirectional fish movements are defined as
successful upstream or downstream movements through the fishway,
coming back to the starting point after spending a period of time on
the other side of the dam (Silva et al., 2018; Celestino et al., 2019).
The possibility of these movements ensures that fish, especially
iteroparous species, are free to choose the better habitat (upstream or
downstream) over time for feeding, shelter or even reproduction
(Celestino et al., 2020).

The lack of research on bidirectional connectivity in fishways,
particularly downstream movements, can be attributed to several
factors, including: (i) the complexity of the problem and data analysis;
(i) the inter-annual time required for experiments; (iii) the need for
fine-tuning of equipment owing to the faster downstream movements
that require higher sampling rates (Castro-Santos, Haro & Walk, 1996;
Gutfreund et al., 2018; Celestino et al., 2019); (iv) the resulting higher
costs; and (v) the premise that fishways are designed for upstream
passage, assuming that downstream migration through them is
unusual (Makrakis et al., 2011; Fontes et al., 2012; Bravo-Cérdoba
et al., 2018a; Birnie-Gauvin et al., 2019; Geist, 2021). This argument is
often reinforced by concerns about fish disorientation in reservoirs.
The physical characteristics of reservoirs (e.g. extension, low visibility
or flow conditions) can make it difficult for fish to find the way out
upstream from the reservoir or the fishway entrance when migrating
downstream (Kraabgl et al, 2009; Pelicice, Pompeu &
Agostinho, 2015; Williams & Katopodis, 2016; Li et al., 2020; Lopes
etal, 2021).

Although there has been some discussion and research into
bidirectional movements through fishways in large dams and
reservoirs, particularly in the Neotropical region (Celestino
et al, 2020), it is difficult to extrapolate these findings to other
studies owing to differences in region, size of the facilities and species
composition and their physiological characteristics. For instance, in
smaller dams and weirs (with lower reservoir residence time), which
represent the larger proportion of longitudinal barriers all over the
world (Makrakis et al., 2019; Belletti et al., 2020; Brewitt &
Colwyn, 2020), it is possible to hypothesize that the smaller spatial
dimensions of the dams could trigger bidirectional movements more
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easily, thus contributing significantly to fish conservation (Santos
et al, 2006). Therefore, confirming or refuting safe bidirectional
connectivity in these facilities is essential.

Considering the above, this study aimed to analyse the
longitudinal connectivity in a small hydropower plant (HPP) facility.
The specific objectives were: (i) to study bidirectional movements
through the fishway (fine spatial resolution of fish movements); (ii) to
evaluate fish movements through alternative routes in the area
influenced by the HPP (coarse resolution); and (jii) to consider the
implications for fish conservation. For this, passive integrated
transponder (PIT) and radio tracking data collected over 4 years were
combined to characterize fish movements in an HPP facility located in
the Duero River (Spain). The Iberian barbel Luciobarbus bocagei
(hereafter referred to as barbel), a potamodromous cyprinid, was
selected as the target species. The selection of this species was
motivated by its strong migratory behaviour and the available
information about its home range (Alexandre et al., 2016; Branco
et al., 2017), as well as its known fishway passage performance
(Sanz-Ronda et al., 2021; Bravo-Cdrdoba et al., 2021b). This species
may be considered a representative of several medium-sized
potamodromous cyprinids in the lberian Peninsula and circum-
Mediterranean region (Sanz-Ronda et al., 2019). Assessing and
understanding the contribution of a fishway to bidirectional
connectivity, as well as determining its limitations, is vital for
identifying the need for further fish migration mitigation measures at
river barriers. This, in turn, may help to define more precise
conservation strategies to promote the long-term survival and

sustainability of fish species.

2 | MATERIAL AND METHODS

21 | Studysite

The HPP facility studied is located in the mainstream of the Duero
River, between Guma and Vadocondes villages (Burgos) in the north-
west part of Spain (41°38'13.9” N, 3°32/36.9” W; Figure 1). The river
reach is limited by two dams, one 16 km downstream of the HPP
facility (Aranda village) and the other 4 km upstream (Guma village),
both with unfavourable fishways (Valbuena-Castro et al., 2020), thus
representing the potential limits for fish dispersal. This river section is
characterized by low flows in summer (4-5 m® s~%) and medium to
high flows in winter and early spring (30-45 m® s71). The fish
assemblage is composed mainly of native cyprinids (L. bocagei,
Pseudochondrostoma duriense, Squalius carolitertii and Gobio lozanoi)
and the increasing presence of the invasive alien species Alburnus
alburnus.

The HPP facility has an influence of approximately 3,000 m
upstream of the dam (the reservoir length). The downstream direct
influence extends only 300 m below the dam until the union between
the tailrace channel and the natural river channel, where the river
flows freely again with full discharge (Figure 1). The HPP is a run-of-
the-river type with a total water height of 8.85 m and two Kaplan S

Voith turbines (total installed capacity of 2.25 MW and maximum
flow discharge of each turbine of 7 and 25 m® s~2). The powerhouse
is located on the left river bank, whereas on the right bank there is a
pool-and-orifice type fishway. This fishway is composed of 36 cross-
walls with notches and submerged orifices (FAO/DVWK, 2002)
(notch width = 0.3 m; sill height = 0.8 m; orifice
size = 0.175 m x 0.175 m) and 35 pools (length = 2.6 m;
width = 1.6 m; slope = 8.8%) with mean water drops of 0.25 m, mean
water depth in the pools of 1.2 m, mean volumetric power dissipation
of 121 + 10 W m~2 and total fishway length of 101 m (3D scheme in
Figure 1). More details about the study site, fishway geometrical
characteristics and previous fishway efficiency studies can be found in
Bravo-Cérdoba et al. (2018b) and Sanz-Ronda et al. (2021).

2.2 | Fish collection and tagging

Barbel were captured by electrofishing (Hans-Grassl ELT60II
backpack equipment; 180-250 V and 1.5-2.5 A) downstream and
upstream of the dam as well as by landing nets into the fishway
between May and October of 2018 and 2019 (27 tagging events in
total, Table 1). All fish were anaesthetized with eugenol (50 mg L™*
diluted in ethanol in proportion 1:10, exposure time between 1 and
2 min), measured (fork length, +0.1 cm) and intraperitoneally tagged
with an HDX PIT tag (Oregon RFID®) by an incision posterior to the
left pectoral fin. Tags measured 12 or 23 mm long by 2.12 or 3.65 mm
diameter and 0.1 or 0.6 g (in all cases respecting the relationship of
tag weight lower than 2% of fish weight). Fish were held in aerated
recovery tanks (80 x 80 x 60 cm; 15-20 fish per tank) at ambient
temperatures and with water supplied directly from the river. After
visual evidence of recovery from anaesthetic and tagging effects
(minimum recovery time of 2 h), fish were released in two locations:
700 m upstream from the dam for those fish captured downstream or
400 m downstream from the dam for those fish captured upstream
(Table 1 and Figure 1). This procedure of translocation was followed
to increase the probability of fish moving as a consequence of
possible homing behaviour (Wagner et al., 2012; Alexandre
et al., 2016; Branco et al, 2017; Bravo-Coérdoba et al., 2018a;
Celestino et al., 2019).

In addition, 20 barbel were double-tagged with radio transmitters
(radio tags) and PIT tags: 10 in 2018 (TXC007! Scubla S.R.L®) and
10 in 2019 (NTF-6-1 Lotek®; Table 1), half captured upstream and the
other half downstream of the dam. The Scubla model has an internal
coil antenna, whereas the Lotek model has an external antenna, both
with a size of 19 x 10 mm (length x diameter) and a weight of 2.9
and 2.5 g, respectively. Their theoretical battery life is about 4 months
(20-40 pulses per minute) and their frequency is between 151.0 and
164.2 MHz. The radio tags were implanted in the intraperitoneal
cavity through an incision of about 1.5 cm (deep anaesthesia with
eugenol 80 mg L1 diluted in ethanol in proportion 1:10). The wound
was closed with three absorbant stitches and a liquid cutaneous
suture (Wagner et al., 2011). The external antenna stood out of the

body via a small incision of about 3 mm between the pelvic and anal
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FIGURE 1

Location of the hydropower plant (HPP) complex. Upper part: orthoimage of the HPP complex, its influence area (delimited by

square brackets) and the upstream and downstream fish release points. Bottom part: plan view of the HPP complex with passive integrated
transponder antennas (A) and fixed radio antennas (R) location; accompanied by the scheme of the Computational Fluid Dynamic model for a
straight section of the fishway (more details in Bravo-Cérdoba et al., 2021a).

fins, using a catheter as a guide (this incision was without a suture
because of its small size). The surgical processes were performed in a
portable fish surgery box, where barbel could stay in a fixed position,
with the gills completely submerged in fresh water and with
continuous water oxygenation with maintenance doses of anaesthetic
(eugenol 50 mg L7Y). The mean time of fish surgery was
approximately 5 min. After surgery, the recovery of fish was
confirmed and they were released following the same procedure and
locations as for the PIT-tagged fish (Figure 1 and Table 1).

All experiments were performed following European Union ethical
guidelines (Directive 2010/63/UE) and Spanish Act RD 53/2013, with
the approval of the competent authorities (Regional Government on

Natural Resources and Water Management Authority).

2.3 | Monitoring

Barbel movements were monitored from 24 May 2018 to 23 May
2021. A PIT tag antenna system was used to detect and record fish
movements through the fishway (fine spatial resolution approach). Four
pass-through antennas were installed in four cross-walls of the
fishway, covering both the notch and the orifice. Two were located at
the most downstream (A1) and upstream (A4) pools, covering the
downstream and upstream fishway entrances respectively, and the
others were halfway up the fishway (antenna A2 and AS3; Figure 1).
Antennas were connected to a reader (Half Duplex multiplexer reader,
Oregon RFID®) programmed to send and receive information at 14 Hz

(3.5 Hz or 0.29 s per antenna). The reader was supplied with solar
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TABLE 1 Fish sample characteristics.

Fork length (mm)

Month Tag Release place N Mean = SD Range
May Only PIT Downstream 66 140 + 10 88-236
Upstream - - -
Radio and PIT Downstream 3 248 + 69 229-280
Upstream - - -
June Only PIT Downstream 142 144 + 6 91-260
Upstream 21 146 + 20 77-243
Radio and PIT Downstream 7 224 £ 20 200-250
Upstream 334 +93 241-420
July Only PIT Downstream 73 136 + 10 92-320
Upstream 71 132+8 85-249
Radio and PIT Downstream - - -
Upstream 5 233+ 29 200-255
August Only PIT Downstream 1 288 -
Upstream 24 147 + 12 112-245
Radio and PIT Downstream = = =
Upstream - - -
September Only PIT Downstream 37 146 + 11 98-210
Upstream 125 1416 93-265
Radio and PIT Downstream - - -
Upstream - - -
October Only PIT Downstream 26 126 + 10 93-189
Upstream 21 142 + 16 99-229
Radio and PIT Downstream = = =
Upstream - - -
GLOBAL Only PIT*€ Downstream 345 141+ 4 88-320
Upstream 262 140+ 4 77-265
Radio and PIT?¢ Downstream 10 231+18 200-280
Upstream 10 283 + 54 202-420

Note: Tag: type of tag used for fish monitoring. Release place: release location relative to the dam
location. N: number of available fish. Range: minimum-maximum.

Abbreviations: PIT, passive integrated transponder; SD, standard deviation

*There were no significant differences in fork length between release places for the PIT-tagged fish

(P =0.706).

bThere were marginal significant differences in fork length between release places for the radio-tagged

fish (P = 0.052).

“There were significant differences in fork length between fish tagged with PIT and radio (P < 0.001).

power and lead-acid batteries connected via a charge controller (power
of solar panel of 140 W and capacity of the battery of 110 Ah),
allowing continuous operation throughout the year, except for some
night hours from mid-November to mid-February (approximately
between 2:00 and 8:00 am depending on how sunny the day was), and
during January and February 2020 (as a result of extraordinary flood
events). The system was functional for about 98% of the study period.
In addition, radiotracking was used to detect other possible
migration routes (coarse spatial resolution approach). From June to
October (2018 and 2019), mobile radiotracking (walking near the river
bank) was carried out once or twice a week with a three-fold element

Yagi antenna and a VHF portable receiver (Telenax® R-1000) in the

river reach located 4,000 m upstream and 3,000 m downstream from
the HPP. From 17 May to 5 November 2019, two stationary
radiotracking stations (Datasika SRX400 Lotek®) were also used to
monitor possible passes through the turbines, one installed just
downstream (antenna R1) and the other one upstream (antenna R2) of
the turbines of the HPP (Figure 1).

24 | Data processing

Data recorded by antennas were classified considering the following

criteria for the different metrics used:
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1. ‘Fishway downstream or upstream location’ was assigned to those
fish with at least one record at the uppermost antenna (A4;
fishway location during the downstream passage) or the
lowermost antenna (A1; fishway location during the upstream
passage), respectively.

2. ‘Fishway downstream or upstream entry’ was assigned to those
fish with records in A4 and A3 (and/or A2) during the downstream
passage or in A1 and A2 (and/or A3) during the upstream passage,
respectively.

3. ‘Successful fishway downstream or upstream passage’ was
assigned to fish with records in A1 and A4, and at least one in A2
or A3 (if upstream the sequence was A1-A2-A3-A4 and if
downstream A4-A3-A2-Al, respectively). To ensure a successful
passage, those fish that passed the last antenna but turned back in
less than 2 h were excluded (failed passage attempt), according to
the criterion used in Celestino et al. (2019). This conservative
calculation aimed to ensure that no fish remained in the first or
last pool of the fishway after passing the first or last antenna.

4. ‘Fishway bidirectional movements’ were assigned to those fish that
completed an upstream or downstream passage through the
fishway and returned at an interval greater than 7 days completing
again the inverse upstream or downstream passage of the fishway.
This period of 7 days was established according to the criterion
used in Celestino et al. (2019) and Frechette, Goerig & Bergeron
(2020), so as not to account for possible fallbacks (successful
fishway passages with returns between 2 h and 7 days). This
criterion aimed to minimize the allocation of bidirectional
movements to fish that successfully passed upstream and
downstream of the fishway but were unable to leave the area of
influence of the HPP facility and reach the natural sections of the
river and thus have the choice of completing their life cycles. It is
worth mentioning that 7 days were considered for conservative and
comparative reasons, as different HPP facilities may have different
fallback limits, depending on their spatial influence (see Section 2.5).

5. ‘Record in another year’ was assigned to those fish with any
record at any antenna in more than one calendar year.

6. ‘Downstream passage through the turbines-spillway’ was defined

using several criteria:

o For radio-tagged fish: it was assigned to those fish with
detections first in R2 and then in R1 or Al.
o For PIT-tagged fish it was assigned to:

e Those fish that were released upstream of the dam and had
the first record in Al.

e Those fish with previous records in A4 and subsequent
records in A1, without records in A2 and A3, and with an
elapsed time between them of at least 24 h (this time is above
the 90th percentile of the transit time of the downstream
passage for this fishway; Sanz-Ronda et al., 2021). It was

considered for conservative and comparative reasons.

It is important to note that not all downstream movements could

be identified. As PIT antennas were in the fishway, some barbel

could have descended through the turbines or spillways, but if
they neither approached nor entered the fishway, they could not
be accounted for as downstream passage events.

7. ‘Location time of the fishway’ was calculated based on the elapsed
time between the release and the first detection at Al (upstream
passage) or A4 (downstream passage). Therefore, location time
refers only to the closest fishway location event from the release.

8. ‘Return time for those fish with fishway bidirectional movements’
was obtained as the difference from the time between the last
record of a successful downstream or upstream passage event
and the first record of the next successful upstream or
downstream passage event, respectively (considering the return
interval criterion of at least 7 days). This metric was subdivided as:

o ‘Intra-annual’: those that happened in the same year.

o ‘Inter-annual’: those that happened between different years.

2.5 | Data analysis

To check possible differences in the proportion metrics (fishway
location, fishway entry, successful fishway passage, fishway
bidirectional movements, record in another year, downstream passage
through turbines-spillway) between release zones (upstream
vs. downstream) and/or tag type (only PIT vs. radio and PIT) the chi-
square test of independence was used.

In addition, a Mann-Whitney U test was used (owing to the non-
normality of the data) to evaluate if there were any significant
differences in time-related metrics (location time of the fishway,
return time for fishway bidirectional movements, both intra-annual
and inter-annual), selecting one event per fish (the first event). For
avoiding the possible bias resulting from the date of fish release in the
analysis of location time, when comparing PIT-tagged fish to radio-
tagged fish only fish released in the same period (from May to July)
were considered.

To evaluate the potential impact of selecting different time
periods for defining fallbacks (e.g. 7 days) on the number of counted
bidirectional movements, a frequency distribution curve was used.
This analysis examined the evolution of the number of bidirectional
movements in relation to various possible time periods.

All data analyses were performed in Statgraphics Centurion
statistical software (Statgraphics Technologies, Inc.,, The Plains,
Virginia, USA; Version 19).

3 | RESULTS

In total, 627 barbel were captured and tagged (607 with only PIT and
20 double-tagged with PIT and radio tags; Table 1). During the
monitoring period, 55.5% of those fish released below the dam
located the fishway via the downstream route, whereas 41.2% of
those fish released above the dam located it via the upstream route

(Table 2; metrics related to fishway location). Most of them, as well as
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locating the fishway, managed to enter it (95.4% for downstream and
86.4% for upstream), and more than half performed successful
passages (50.4% for upstream passage and 61.0% for downstream
passage; Table 2; metrics related to fishway entry and successful
passage). In addition, fishway bidirectional movements were
confirmed for the 7.7% of fish that made any movement registered by
the antennas (33/(260 + 169); Figure 2), and evidence of fish
returning to the fishway another year was also found (9.6% of the
total fish tagged; Table 2).

There were no significant differences by tag type for most
proportion metrics, except for the successful fishway upstream
passage and the passage through turbines-spillways, where, despite
the lower number, the proportion of radio-tagged fish was
significantly greater. In addition, and as expected, for both tag types
the fishway downstream location was significantly greater for those
fish released downstream, whereas the upstream location and entry
were significantly greater for those fish released upstream (Table 2).
The diversity and complexity of the barbel movements observed in
the HPP facility are shown in Figure 3 (focus on fish tagged only with
PIT), separately for those released downstream and upstream of the
dam, shown diagrammatically.

Owing to limitations in the monitoring system, it is possible that
passage through the turbines-spillways was underestimated. If a fish
tagged only with PIT descended through these routes and did not
return to the fishway afterwards, then it could not be taken into
account as there were no records that would allow its passage to be
confirmed. However, the following estimation could be made.
Considering a similar probability (P) of fishway location after a descent
event for those fish moving through turbines-spillways and through
the fishway (i.e. P(Fishway location after fishway downstream
passage/Fishway downstream passage) ~ P(Fishway location after
turbine-spillway downstream passage/Turbine-spillway downstream
passage) — (16 + 41)/(66 + 36) ~ (32/Turbine-spillway downstream
passage)). If the unknown quantity is solved, potentially 57 fish could
descend through the turbines-spillways route. This would represent
36% of the total downstream passage (57 * 100/(102 + 57)).

Regarding metrics related to time (Table 3), there were no
differences in the location time of the fishway by tag type.
Nevertheless, significant differences were observed depending on the
release zone for PIT-tagged fish. Fish released upstream needed 2 days
to locate the fishway, being significantly lower than the location time
for fish released downstream of the dam, which needed 9 days.
Regarding bidirectional movements through the fishway, radio-tagged
fish did not provide information. PIT-tagged fish took a median of
17.7 days in returning to the fishway in the same year and 218.9 days
(~7.7 months) between different years, with no significant differences
between fish that remained in the upstream or downstream zone
during the no-detection period. In this regard, most fish remained
downstream of the dam in this inter-year period (Figure 2), mainly
coinciding with the winter season, whereas more variability in the area
where they remained was observed within the same year (Figure 2).

Regarding the time criteria used for the definition of bidirectional

movements and the passage through the turbines-spillway, Figure 4

shows the frequency distribution of all these possible movements.
Specifically, Figure 4a represents the probability of fish to stay
upstream or downstream of the fishway for a certain number of days
between successful fishway passages. They are related to
bidirectional movements and their link to the possible fallbacks,
probably caused by behaviour in response to the new environment or
a mechanism of homing (Frank et al., 2009). As can be seen, there is
an initial accelerated decrease in the curve until a first probability
plateau is reached from 3.5 to 7 days, being the criterion adopted for
assigning bidirectional movements (7 days) in the upper limit and
therefore being conservative. By contrast, Figure 4b represents the
probability associated with the transit time of all the fishway
downstream passages. Again, there is a clear initial decrease in the
curve with a significant change in slope and beginning of the plateau
before 24 h (coinciding with criterion 6 of data processing for
assigning passage through turbines-spillway for fish with records in
the uppermost and the lowermost fishway antennas). These curves
give a unique and study site-dependent signature of their metrics and
their relationships with time variables that define them.

The results of distance travelled by fish (assessed via mobile
radiotracking; Figure 5) showed that 35% (7/20) crossed the reservoir
and reached the spawning areas just below an impassable dam
located 4,000 m upstream from the HPP facility, spending a median
time of less than 7 days in performing this migration, whereas 45%
(9/20) moved 500 m downstream from the dam. However, most of
the fish that approached the dam from downstream (six out of seven
fish) did it by the fishway branch instead of the turbine outlet
(Figure 1).

4 | DISCUSSION

Fishways are one of the most common tools for mitigating impacts on
longitudinal connectivity. Most studies related to fishway
effectiveness have focused on upstream pre-reproductive movements
(Noonan, Grant & Jackson, 2012; Bunt, Castro-Santos & Haro, 2016;
Hershey, 2021; Bravo-Cérdoba et al., 2021b), while downstream
migration remains almost unexplored and mainly focused on
anadromous salmonids or large dams in Neotropical rivers (Pelicice,
Pompeu & Agostinho, 2015; Havn et al., 2017; Havn et al., 2020). The
number of studies on bidirectional connectivity in the same stream is
decreasing and continues to focus on the same type of location or
species (Calles & Greenberg, 2007; Reischel & Bjornn, 2011;
Celestino et al., 2019; Snow & Goodman, 2021). However, this does
not stop researchers from hypothesizing about two-way connectivity
and it is possible to find many current works discussing the
phenomenon (Katopodis & Williams, 2016; Fjeldstad, Pulg &
Forseth, 2018; Silva et al, 2018; Pelicice, Pompeu &
Agostinho, 2020), illustrating its interest and importance. On this
basis, the overall aim of this study was to analyse bidirectional
movements in the framework of a small HPP and, more specifically, to
show the relevant role that fishways can play in mitigating the

impacts of hydropower. The results show a variety of barbel
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FIGURE 2

Schemes of the 33 bidirectional movements performed by barbel along the different years of tracking. Grey dashed line

represents the dam location. Movements above this dashed line represent upstream migration and movements below represent downstream
migration. Red dashed line refers to descending movements through routes different from the fishway (spillway or turbines). Coloured bars
represent the seasons of the year: blue: winter; green: spring; yellow: summer; brown: autumn. Abbreviations and numbers on the right side of

each scheme represent passive integrated transponder (P.T.) tag numbers.

movements upstream and downstream through the facility, with
different intra-annual and inter-annual migration patterns, confirming
the existence of a two-way migration corridor through the HPP
facility and demonstrating that a fishway can act as a key bidirectional

route.

41 | Bidirectional movements

Bidirectional movements through the fishway were confirmed in
several individuals (27.7%). However, it should be noted that the
minimum return period (7 days) used to quantify bidirectional
movements was the same established by Celestino et al. (2019) and
Frechette, Goerig & Bergeron (2020). This value serves as a
breakpoint to separate reproductive migration from fallback events,
and it is expected to be unique for each study site and species.
Considering the small size of the HPP complex, together with the
evolution of the probability curve of barbels to stay upstream or

downstream between successful fishway passages, it seems that, in

this study site, the return period may have been lower. Indeed, from
3.5 to 7 days, the value of the probability curve is quite similar;
however, it was decided to follow the criterion of previous studies so
as not to overestimate bidirectional movements and to make easier
comparisons. Considering this, radiotracking records reveal that fish
need less than 7 days to surpass the reservoir and return to the
fishway.

Intra-annual bidirectional movements were completed within the
range of 11-36 days (median 18 days), mainly in the spring-summer
period, with no differences regarding the release area. This suggests
that barbel can use downstream and upstream zones interchangeably
as refuge, feeding or spawning areas. Similarly, a low fidelity of
seasonal habitats and spatiotemporal variability has also been
observed in partial migrators (Philippart & Baras, 1996; Penaz
et al, 2002; Benitez & Ovidio, 2018). Inter-annual bidirectional
movements (last successful passage of the year until the first of the
next year) lie between 6 and 9 months (median 7 months), coinciding
with the autumn-winter period, preferring the downstream zone

during this period. Although some studies have related cyprinid
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FIGURE 3

Scheme of the main movements made by fish tagged only with passive integrated transponders. Left: fish released downstream of

the dam. Right: fish released upstream of the dam. Y-axis represents the longitudinal distance of the river reach under study (not to scale).
Question marks mean fish with unknown paths. The median movement times in hours (H) or days (D) are shown in brackets. Fish with
downstream passage via spillway + turbines are necessarily those that have been able to locate the fishway afterwards (for more details see

Section 2.4).

TABLE 3

hydropower plant facility under study; median and interquartile range in brackets).

Metric

Location time of the fishway

Return time for those fish with bidirectional
fishway movements (Intra-annual)

Return time for those fish with bidirectional
fishway movements (Inter-annual)

Global - Only
PIT

8.0 (3.0-16.5)

P=0.646

17.7 (11.4-
35.5)

NA

218.9 (197.8-
286.0)

NA

Release zone

Results of time metrics (in days) by tag type and release zone (downstream and upstream takes as reference the location of the

Global - Radio

and PIT
12.0(2.0-17.5)

Only PIT Radio and PIT
Downstream Upstream Downstream  Upstream
9.0(5.0-18.0) 2.0 (1.0-5.0) 12.5(12.0- 2.0(1.0-
17.5) 14.0)

P <0.001 P=0.211
16.3 (14.1- 19.9 (10.8- - -

25.5) 46.2)
P=0.858 NA
221.8(198.4- 209.4 (184.1- - -

286.0) 260.4)
P=0.457 NA

Note: See Section 2.4. Data processing: for the details related to the selection criteria on each metric. P corresponds to the P-value of the Mann-Whitney
test between groups; P in bold for significant comparisons (@ = 0.05).-No data available.
Abbreviations: NA, not applicable; PIT, passive integrated transponder.
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(a) Probability curve of passive integrated transponder-tagged fish to stay upstream or downstream between fishway successful

passages, for a certain number of days. The vertical line represents the threshold of 7 days adopted here and according to the literature (Celestino
et al., 2019; Frechette, Goerig & Bergeron, 2020). (b) Probability curve of passive integrated transponder-tagged fish for fishway downstream
passage transit time (in hours). The vertical line represents the threshold taken in this study.

upstream movements to the pre-spawning season, and downstream
movements to the post-spawning season (summer/winter habitats)
(Ovidio et al., 2007; Britton & Pegg, 2011), depending on river reach
and habitat availability they can move both upstream or downstream
searching for spawning and refuge habitats (Aparicio & De
Sostoa, 1999; Lucas et al., 2001).

4.2 | The variety of movements

Several movement patterns were observed throughout the
monitoring period. The variety of movements registered, and their
repetition inter- and intra-annually, shows the extensive use of
fishways by potamodromous fish. All movements recorded are part of
the normal behaviour of some species; for instance, exploration or
habitat selection (Frank et al., 2009). These movements require
further investigation to recognize their diversity and ecological
relevance (Birnie-Gauvin et al., 2019; Sanchez-Pérez et al., 2022), as it
has even been suggested that pool-type fishways can serve as
spawning areas in the gravel piles that are naturally formed within the
pools (based on the authors' observations in a nearby and similar
pool-type fishway, and the evidence shown in nature-like fishways
(Nagel et al., 2021)).

Barbel showed upstream and downstream movements of up to
4 km, in line with the usual home range of this species (Alexandre
et al, 2016; Branco et al., 2017); however, this distance may be
greater owing to the constraints imposed by the dam at that point
(several radio-tagged fish were detected at the foot of the dam).
Considering the minor influence of the reservoir, barbel could easily
leave the affected area in a short time (mean water velocity is below
0.01 m s ! (Sanz-Ronda et al., 2021)), without disorientation.
Moreover, in contrast to larger reservoirs (Lopes et al., 2021), a
generalized fallback phenomenon was not observed and most of the

bidirectional movements were for long periods (consecutive or

subsequent years) coinciding with the seasonality of this species. This
seems to confirm the hypothesis that fishways serve as a route for
complementing annual fish cycles, which is in agreement with the
results presented for Neotropical rivers or other small HPPs (Havn
et al, 2017; Celestino et al, 2019; Celestino et al., 2020).
Nevertheless, fishway effectiveness is mainly related to its attraction,
i.e. competing discharge and proximity to bulk flow and shoreline;
therefore, general conclusions and extrapolation of the results should

be made with caution.

4.3 | Alternative routes for downstream migration

Bidirectional movements through fishways are not essential for
ensuring the completion of fish life cycles, as there are alternative
routes for downstream migration (e.g. spillways and turbines).
However, bidirectional movements through fishways prove to be a
safer downstream route than spillways or turbines as they avoid the
possibility of barotrauma or mechanical shock (Larinier &
Dartiguelongue, 1989; Felizardo et al., 2010; Wilkes et al., 2018). In
this study, the possible spillway passage was dismissed as the pre-
analysis revealed that flow through the spillway was a low probability
event. Spillway overflow only happened for a few days in the entire
study period (about 20 days) coinciding with the cycle of the least
movement of fish (December-March). Without a bypass and no
discharge through the spillway, the most probable downstream
passage route (together with the fishway) was the turbines. Many
authors have confirmed that downstream movements through
turbines are a common route for many fish species (Antonio
et al., 2007; Pracheil et al., 2016; Mueller, Pander & Geist, 2017;
Celestino et al., 2019). In the present study, a rough estimation of
36% of fish moved downstream through turbines. This percentage
may have been higher as fish might suffer disorientation (Coutant &
Whitney, 2000; Pracheil et al., 2016) or even lack of motivation due
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FIGURE 5 Ascending and descending movements of radio-tagged fish. Distance O represents the location of the hydropower plant complex.
In red: fish released upstream of the dam; in blue: fish released downstream of the dam. Points represent fish that were impossible to locate after

release.

to stress, making it difficult for them to locate the fishway afterwards
(and therefore be recorded). In addition, confirmed turbine passage
events appeared to be harmless or at least without severe injuries, as
many fish were recorded with normal activity after those events. This
is in accordance with Pracheil et al. (2016), who classified Kaplan-type
turbines as the least harmful for fish.

44 | Aspects to take into account in monitoring
bidirectional movements

An analysis of bidirectional connectivity should consider factors such
as the number of fish and seasonality during the monitoring period.
Short monitoring periods and the use of a low number of fish can
influence results owing to the seasonal changes in river discharge
(Garcia-Vega, Sanz-Ronda & Fuentes-Pérez, 2017; Garcia-Vega
et al, 2021), the partial migration behaviour of some species
(Alexandre et al., 2016; Branco et al, 2017; Bravo-Cérdoba
et al., 2018a), the handling and tagging effect (Thiem et al., 2011;
Radinger et al., 2019; Davies et al., 2023) or other factors such as fish
mortality during the monitoring period. For instance, 27 barbel started
providing data 1 year after their tagging. Thus, in this study, to absorb
the effect of uncontrollable factors, several years have been
considered in the analysis. The challenge of considering monitoring
over long periods is that the efficiency of the antennas could be
compromised during high flow, although in the present study this only
happened for a few days, coinciding with the winter, which is the

season with lower fish activity (Sanz-Ronda et al., 2021). In addition, a

reduction in the PIT-tagged fish population over years might be
expected as a result of tag losses and natural mortality (Grieve
et al, 2018), which reinforces the need for tagged fish
supplementation over time. However, the response of long-term
monitoring using PIT technology can reveal bidirectional movements
and provides a better understanding of the ecology of migratory fish
(Gutfreund et al., 2018; Celestino et al., 2019; Celestino et al., 2020).
It is also important to note that regular maintenance of the structure
is crucial for this type of fishway, as orifices and notches often
become clogged and can disrupt fish movements and their

monitoring.

4.5 | Relevance to fish conservation

Fish conservation is undoubtedly associated with the recovery of
longitudinal connectivity in rivers (Roscoe & Hinch, 2010). The need
to maintain and restore river connectivity is an urgent challenge
around the world, especially in Europe, where there are at least 1.2
million instream barriers over 36 European countries, representing a
mean of 0.74 barriers per kilometre of river network, 68% of which
are structures less than 2 m high that are often overlooked (Belletti
et al., 2020). Dam removal and fishway construction have been the
main strategies to restore the connectivity where there are existing
barriers. In contrast, in other regions where a large number of new
dams are planned, such as Africa, Asia and South America, the
challenge is still to find the best way to provide bidirectional
connectivity (Winemiller et al., 2016; Makrakis et al., 2019).

25U9017 SUOWILIOD BRI 8|0l [dde 2} Ad PauRACE 8.2 SOOI VO ‘35N J0 SN Joj AT 8UIIUO A3 1A UO (SUO1HIPUGO-PUB-SLLLIBILICD"B| W AIRIGIPUIIUO//ST1Y) SUONIPUCD PUE SWiS 1 81295 *[£20Z/90/9T] U0 AIGIT8U1IUO AB]1M ‘PIIOPEI A 8Q PEPSIRAIUN AQ 0G6E 90/Z00T OT/10p/w00 /o i AReidjou juoy/Sdny Wwo1y pepeojumod ‘9 ‘€202 ‘GG20660T



BRAVO-CORDOBA ET AL.

WILEY_| *

The importance of detecting bidirectional movement lies not only
in quantifying passages through the facility but also in ensuring a
minimum gene flow to secure a diverse fish population between
fragmented river sections and access to critical habitats on both sides
of the barrier (Pompeu, Agostinho & Pelicice, 2012; Gouskov
et al,, 2016; Ferreira et al., 2017; Tamario et al., 2019). For instance,
gene flow contributes to maintaining potamodromous cyprinid
populations that show partial migration in fragmented rivers
(De Leeuw & W.inter, 2008; Chapman et al., 2012; Branco
et al., 2017). That is to say, fish metapopulations with mobile and
resident individuals can show a shift between population percentages
from mobile to resident ones in fragmented rivers (Branco
et al,, 2017; Jones et al., 2021a). One of the findings in the present
study was the confirmation of multiple upstream and downstream
passage events through different routes, including the fishway,
turbines and spillways. This indicates the presence of a mobile
proportion of the fish population that needs to migrate over the dam
throughout its life cycle. However, a potential drawback of improving
longitudinal connectivity is that in some rivers fishways may serve as
routes for the spread of alien species. To confirm the magnitude of
this drawback, specific studies of these species at the study site are
necessary. Previous research has already suggested this possibility
(Castro-Santos, Shi & Haro, 2016; Rahel & McLaughlin, 2018; Zielinski
et al., 2020). For example, the controversial construction of the Canal
da Piracema, at the Itaipu Dam (Makrakis et al., 2007), led to
Hemiodus orthonops, which, until recently, was absent from the Upper
Parana River basin but is now invading of the new environment,
notable both for its rapid colonization of the new environment and
for its abundance (authors' observations). For this reason, it is
necessary to assess the presence of natural barriers, such as large
waterfalls, which may make the installation of fishways unjustifiable.
Recent studies have proposed that flow velocities inside the fishways
could act as a physical barrier to avoid non-native species dispersal
(Moran-Lopez & Uceda Tolosa, 2016; Jones et al., 2021b). Although it
seems an interesting option, there would need to be an important
leap in fishway science to meet this challenge.

The aim of this article is not to underestimate or ignore the
variety and severity of impacts associated with HPPs or dams,
particularly the fragmentation of critical habitats and migration routes,
well reviewed in the scientific literature. The better solution for the
maintenance of fish populations is to preserve free-flowing rivers
(Sun, Galib & Lucas, 2021). However, it is crucial to for researchers
not to start from the premise that fishways are unidirectional and to
apply the broad package of technical solutions available to maintain
fish populations present in fragmented rivers. It is necessary to strike
a balance between the ‘green’ and ‘red’ aspects of hydropower
(Geist, 2021), especially critical in the current energy crisis, at least
until the services provided by dams are no longer needed (Celestino
et al., 2019). Therefore, it is relevant to highlight the existence of
bidirectional movements in fishways and their surroundings in some
cases, scarcely analysed to date, but with the potential of contributing
to the conservation of fish populations. This study has shown a

feasible route both for downstream and upstream movements of a

potamodromous fish (the Iberian barbel) in a small HPP facility.
Although fishways cannot by themselves restore river connectivity,
they can play an important role as an element in a broader

conservation strategy for migratory fish.

AUTHOR CONTRIBUTIONS

Conceptualization and developing methods: Francisco Javier Bravo-
Cérdoba, Leandro Fernandes-Celestino, Sergio Makrakis and
Francisco Javier Sanz-Ronda. Conducting the research: Francisco Javier
Bravo-Cérdoba, Ana Garcia-Vega, Juan Francisco Fuentes-Pérez and
Francisco Javier Sanz-Ronda. Data analysis: Francisco Javier Bravo-
Cérdoba and Francisco Javier Sanz-Ronda. Data interpretation:
Francisco Javier Bravo-Cérdoba, Ana Garcia-Vega, Juan Francisco
Fuentes-Pérez and Francisco Javier Sanz-Ronda. Preparation of figures
and tables: Francisco Javier Bravo-Cérdoba, Juan Francisco Fuentes-
Pérez and Francisco Javier Sanz-Ronda. Writing: Francisco Javier
Bravo-Cérdoba, Ana Garcia-Vega, Juan Francisco Fuentes-Pérez,
Leandro Fernandes-Celestino, Sergio Makrakis and Francisco Javier
Sanz-Ronda.

ACKNOWLEDGEMENTS

We specifically thank Juan Carlos Romeral de la Puente (SAVASA)
for letting us use his installations in Guma HPP and for his
technical support. We would also like to thank the GEA staff and
the Itagra.ct technological centre for logistical support, as well as
the fishing services of the Regional Government (Castilla y Ledn)
and the Water Management Authority (Confederacién Hidrografica
del Duero). The contribution of J.F. Fuentes-Pérez was funded by
the European Union's Horizon 2020 research and innovation
programme under the Marie Sktodowska-Curie grant agreement
No. 101032024 (Smart Fishways). This work was promoted and
partially funded by the 3rd Agreement between the Confederacién
Hidrografica del Duero, Itagra.ct and the University of Valladolid.
This work was also partially funded by the European Union's
Horizon 2020 research and innovation programme (grant number
727830, FIThydro).

CONFLICT OF INTEREST STATEMENT

The authors certify that they have no affiliations with or involvement
in any organization or entity with any financial interest or non-
financial interest in the subject matter or materials discussed in this

manuscript.

DATA AVAILABILITY STATEMENT
The datasets generated and/or analysed during the current study are

available from the corresponding author on reasonable request.

ORCID
Francisco Javier Bravo-Cordoba
9902

Ana Garcia-Vega

https://orcid.org/0000-0003-3687-

https://orcid.org/0000-0002-3765-9007
Juan Francisco Fuentes-Pérez "> https://orcid.org/0000-0003-2384-

9085

85U8017 SUOWIWIOD A0 Bedldde au Aq peusenob ase sspoie YO ‘88N Jo SN 10} Aeiq18ulUQ 431 UO (SUORIPUOD-PUe-SWLRIW0D" A3 1M Afe.d Ul juo//Sdny) SUORIPUOD pue swie | 8L 88s *[£202/90/9T] Uo ArigiTauljuo A8 |1 ‘PliopeA 2Q PepsRAILN AG 0S6€0./Z00T OT/10p/W0D A8 |imAeIq Ul UO//:SARY WO14 papeojuMOq ‘9 ‘€202 ‘SSL0660T


https://orcid.org/0000-0003-3687-9902
https://orcid.org/0000-0003-3687-9902
https://orcid.org/0000-0003-3687-9902
https://orcid.org/0000-0002-3765-9007
https://orcid.org/0000-0002-3765-9007
https://orcid.org/0000-0003-2384-9085
https://orcid.org/0000-0003-2384-9085
https://orcid.org/0000-0003-2384-9085

2 | WILEY

BRAVO-CORDOBA ET AL.

Francisco Javier Sanz-Ronda
9499

https://orcid.org/0000-0003-4566-

REFERENCES

Alexandre, C.M., Almeida, P.R., Neves, T., Mateus, C.S., Costa, JL. &
Quintella, B.R. (2016). Effects of flow regulation on the movement
patterns and habitat use of a potamodromous cyprinid species.
Ecohydrology, 9(2), 326-340. https://doi.org/10.1002/eco0.1638

Algera, D.A., Rytwinski, T., Taylor, J.J., Bennett, J.R., Smokorowski, K.E.,
Harrison, P.M. et al. (2020). What are the relative risks of mortality
and injury for fish during downstream passage at hydroelectric dams
in temperate regions? A systematic review. Environmental Evidence,
9(1), 1-36. https://doi.org/10.1186/513750-020-0184-0

Antonio, R.R., Agostinho, A.A., Pelicice, F.M., Bailly, D., Okada, E.K. &
Dias, J.H.P. (2007). Blockage of migration routes by dam
construction: can migratory fish find alternative routes? Neotropical
Ichthyology, ~ 5(2), 177-184.  https://doi.org/10.1590/51679-
62252007000200012

Aparicio, E. & De Sostoa, A. (1999). Pattern of movements of adult Barbus
haasi in a small Mediterranean stream. Journal of Fish Biology, 55(5),
1086-1095. https://doi.org/10.1111/j.1095-8649.1999.tb00743.x

Belletti, B., de Leaniz, C.G., Jones, J., Bizzi, S., Borger, L., Segura, G. et al.
(2020). More than one million barriers fragment Europe's rivers.
Nature, 588(7838), 436-441. https://doi.org/10.1038/s41586-020-
3005-2

Benitez, J. & Ovidio, M. (2018). The influence of environmental factors on
the upstream movements of rheophilic cyprinids according to their
position in a river basin. Ecology of Freshwater Fish, 27(3), 660-671.
https://doi.org/10.1111/eff.12382

Birnie-Gauvin, K., Aarestrup, K., Riis, T.M.O., Jepsen, N. & Koed, A. (2017).
Shining a light on the loss of rheophilic fish habitat in lowland rivers as
a forgotten consequence of barriers, and its implications for
management. Aquatic Conservation: Marine and Freshwater Ecosystems,
27(6), 1345-1349. https://doi.org/10.1002/AQC.2795

Birnie-Gauvin, K., Franklin, P., Wilkes, M. & Aarestrup, K. (2019). Moving
beyond fitting fish into equations: progressing the fish passage debate
in the Anthropocene. Aquatic Conservation: Marine and Freshwater
Ecosystems, 29(7), 1095-1105. https://doi.org/10.1002/AQC.2946

Branco, P., Amaral, S.D., Ferreira, M.T. & Santos, J.M. (2017). Do small
barriers affect the movement of freshwater fish by increasing
residency? Science of the Total Environment, 581-582, 486-494.
https://doi.org/10.1016/j.scitotenv.2016.12.156

Bravo-Cérdoba, F.J., Fuentes-Pérez, J.F., Valbuena-Castro, J., de Azagra-
Paredes, A. & Sanz-Ronda, F.J. (2021a). Turning pools in stepped
fishways: biological assessment via fish response and CFD models.
Water, 13(9), 1186. https://doi.org/10.3390/w13091186

Bravo-Cérdoba, F.J.,, Sanz-Ronda, F.J., Ruiz-Legazpi, J., Fernandes
Celestino, L. & Makrakis, S. (2018a). Fishway with two entrance
branches: understanding its performance for potamodromous
Mediterranean barbels. Fisheries Management and Ecology, 25(1), 12-
21. https://doi.org/10.1111/fme.12260

Bravo-Cérdoba, F.J.,, Sanz-Ronda, F.J., Ruiz-Legazpi, J., Valbuena-
Castro, J. & Makrakis, S. (2018b). Vertical slot versus submerged notch
with bottom orifice: looking for the best technical fishway type for
Mediterranean barbels. Ecological Engineering, 122, 120-125. https://
doi.org/10.1016/j.ecoleng.2018.07.019

Bravo-Cérdoba, F.J., Valbuena-Castro, J., Garcia-Vega, A. Fuentes-
Pérez, J.F., Ruiz-Legazpi, J. & Sanz-Ronda, F.J. (2021b). Fish passage
assessment in stepped fishways: passage success and transit time as
standardized metrics. Ecological Engineering, 162, 106172. https://doi.
org/10.1016/j.ecoleng.2021.106172

Brewitt, P.K. & Colwyn, C.L.M. (2020). Little dams, big problems: the legal
and policy issues of nonjurisdictional dams. Wiley Interdisciplinary
Reviews: Water, 7(1), e1393. https://doi.org/10.1002/WAT2.1393

Britton, J.R. & Pegg, J. (2011). Ecology of European barbel Barbus barbus:
implications for river, fishery, and conservation management. Reviews
in Fisheries Science, 19(4), 321-330. https://doi.org/10.1080/
10641262.2011.599886

Bunt, C.M., Castro-Santos, T. & Haro, A. (2012). Performance of fish
passage structures at upstream barriers to migration. River Research
and Applications, 28(4), 457-478. https://doi.org/10.1002/rra.1565

Bunt, C.M,, Castro-Santos, T. & Haro, A. (2016). Reinforcement and
validation of the analyses and conclusions related to fishway
evaluation data from Bunt et al.. ‘performance of fish passage
structures at upstream barriers to migration’. River Research and
Applications, 32(10), 2125-2137. https://doi.org/10.1002/rra.3095

Calles, E.O. & Greenberg, L.A. (2007). The use of two nature-like fishways by
some fish species in the Swedish River Eman. Ecology of Freshwater Fish,
16(2), 183-190. https://doi.org/10.1111/j.1600-0633.2006.00210.x

Calles, O. & Greenberg, L. (2009). Connectivity is a two-way street. The
need for a holistic aprroach to fish passage problems in regulated
rivers. River Research and Applications, 25(10), 1268-1286. https://doi.
org/10.1002/rra

Castro-Santos, T., Haro, A. & Walk, S. (1996). A passive integrated
transponder (PIT) tag system for monitoring fishways. Fisheries Research,
28(3), 253-261. https://doi.org/10.1016/0165-7836(96)00514-0

Castro-Santos, T., Shi, X. & Haro, A. (2016). Migratory behavior of adult
sea lamprey and cumulative passage performance through four
fishways. Canadian Journal of Fisheries and Aquatic Sciences, 74(5),
790-800. https://doi.org/10.1139/CJFAS-2016-0089

Celestino, L., Sanz-Ronda, F.J., Miranda, L.E., Cavicchioli Makrakis, M.,
Dias, J.H.P. & Makrakis, S. (2020). Bidirectional connectivity via fish
ladders in a large Neotropical river: response to a comment. River
Research and Applications, 36(7), 1377-1381. https://doi.org/10.
1002/rra.3687

Celestino, L.F., Sanz-Ronda, F.J., Miranda, L.E., Makrakis, M.C., Dias, J.H.
P. & Makrakis, S. (2019). Bidirectional connectivity via fish ladders in a
large Neotropical river. River Research and Applications, 35(3), 236-
246. https://doi.org/10.1002/rra.3404

Chapman, B.B., Hulthén, K. Brodersen, J., Nilsson, P.A. Skov, C.,
Hansson, L.A. et al. (2012). Partial migration in fishes: causes and
consequences. Journal of Fish Biology, 81(2), 456-478. https://doi.org/
10.1111/J).1095-8649.2012.03342.X

Coutant, C.C. & Whitney, R.R. (2000). Fish behavior in relation to passage
through hydropower turbines: a review. Transactions of the American
Fisheries Society, 129(2), 351-380. https://doi.org/10.1577/1548-
8659(2000)129%3C0351:FBIRTP%3E2.0.CO;2

Davies, D.P., Britton, D.J.R., Castro-Santos, D.T., Crundwell, M.C.,
Dodd, D.J.R,, Nunn, D.AD. et al. (2023). Tracking anadromous fish
over successive freshwater migrations reveals the influence of tagging
effect, previous success and abiotic factors on upstream passage over
barriers. Canadian Journal of Fisheries and Aquatic Sciences. https://doi.
org/10.1139/cjfas-2022-0196

De Leeuw, J.J. & Winter, H.V. (2008). Migration of rheophilic fish in the
large lowland rivers Meuse and Rhine, the Netherlands. Fisheries
Management and Ecology, 15(5-6), 409-415. https://doi.org/10.1111/
J.1365-2400.2008.00626.X

FAO/DVWK. (2002). Fish passes: design, dimensions, and monitoring.
Rome: FAO.

Felizardo, V.D.O., Andrade, E.D.S., Murgas, L.D.S.,, Winkaler, EU. &
Wouters, F. (2010). Swimbladder abnormalities in piapara (Leporinus
obtusidens) captured downstream of the Funil dam. Neotropical
Ichthyology,  8(3), 661-665.  https://doi.org/10.1590/51679-
62252010000300012

Ferreira, D.G., Souza-Shibatta, L., Shibatta, O.A., Sofia, S.H., Carlsson, J.,
Dias, J.H.P. et al. (2017). Genetic structure and diversity of migratory
freshwater fish in a fragmented Neotropical river system. Reviews in
Fish Biology and Fisheries, 27(1), 209-231. https://doi.org/10.1007/
s11160-016-9441-2

25U9017 SUOWILIOD BRI 8|0l [dde 2} Ad PauRACE 8.2 SOOI VO ‘35N J0 SN Joj AT 8UIIUO A3 1A UO (SUO1HIPUGO-PUB-SLLLIBILICD"B| W AIRIGIPUIIUO//ST1Y) SUONIPUCD PUE SWiS 1 81295 *[£20Z/90/9T] U0 AIGIT8U1IUO AB]1M ‘PIIOPEI A 8Q PEPSIRAIUN AQ 0G6E 90/Z00T OT/10p/w00 /o i AReidjou juoy/Sdny Wwo1y pepeojumod ‘9 ‘€202 ‘GG20660T


https://orcid.org/0000-0003-4566-9499
https://orcid.org/0000-0003-4566-9499
https://orcid.org/0000-0003-4566-9499
https://doi.org/10.1002/eco.1638
https://doi.org/10.1186/S13750-020-0184-0
https://doi.org/10.1590/S1679-62252007000200012
https://doi.org/10.1590/S1679-62252007000200012
https://doi.org/10.1111/j.1095-8649.1999.tb00743.x
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1038/s41586-020-3005-2
https://doi.org/10.1111/eff.12382
https://doi.org/10.1002/AQC.2795
https://doi.org/10.1002/AQC.2946
https://doi.org/10.1016/j.scitotenv.2016.12.156
https://doi.org/10.3390/w13091186
https://doi.org/10.1111/fme.12260
https://doi.org/10.1016/j.ecoleng.2018.07.019
https://doi.org/10.1016/j.ecoleng.2018.07.019
https://doi.org/10.1016/j.ecoleng.2021.106172
https://doi.org/10.1016/j.ecoleng.2021.106172
https://doi.org/10.1002/WAT2.1393
https://doi.org/10.1080/10641262.2011.599886
https://doi.org/10.1080/10641262.2011.599886
https://doi.org/10.1002/rra.1565
https://doi.org/10.1002/rra.3095
https://doi.org/10.1111/j.1600-0633.2006.00210.x
https://doi.org/10.1002/rra
https://doi.org/10.1002/rra
https://doi.org/10.1016/0165-7836(96)00514-0
https://doi.org/10.1139/CJFAS-2016-0089
https://doi.org/10.1002/rra.3687
https://doi.org/10.1002/rra.3687
https://doi.org/10.1002/rra.3404
https://doi.org/10.1111/J.1095-8649.2012.03342.X
https://doi.org/10.1111/J.1095-8649.2012.03342.X
https://doi.org/10.1577/1548-8659(2000)129%3C0351:FBIRTP%3E2.0.CO;2
https://doi.org/10.1577/1548-8659(2000)129%3C0351:FBIRTP%3E2.0.CO;2
https://doi.org/10.1139/cjfas-2022-0196
https://doi.org/10.1139/cjfas-2022-0196
https://doi.org/10.1111/J.1365-2400.2008.00626.X
https://doi.org/10.1111/J.1365-2400.2008.00626.X
https://doi.org/10.1590/S1679-62252010000300012
https://doi.org/10.1590/S1679-62252010000300012
https://doi.org/10.1007/s11160-016-9441-2
https://doi.org/10.1007/s11160-016-9441-2

BRAVO-CORDOBA ET AL.

WILEY_L *

Fjeldstad, H.-P., Pulg, U. & Forseth, T. (2018). Safe two-way migration for
salmonids and eel past hydropower structures in Europe: a review and
recommendations for best-practice solutions. Marine and Freshwater
Research, 69(12), 1834-1847. https://doi.org/10.1071/MF18120

Fontes, H.M., Castro-santos, T., Makrakis, S., Gomes, L.C. & Latini, J.D.
(2012). A barrier to upstream migration in the fish passage of Itaipu
Dam (Canal da Piracema), Parana River basin. Neotropical Ichthyology,
10(4), 697-704. https://doi.org/10.1590/51679-622520120004
00002

Frank, H.J., Mather, M.E., Smith, JM. Muth, RM, Finn, JT. &
McCormick, S.D. (2009). What is “fallback”?: metrics needed to assess
telemetry tag effects on anadromous fish behavior. Hydrobiologia,
635(1), 237-249. https://doi.org/10.1007/5S10750-009-9917-3

Frechette, D.M., Goerig, E. & Bergeron, N.E. (2020). Factors influencing
fallback by adult Atlantic salmon following transport into a novel river
reach. Fisheries Management and Ecology, 27(1), 20-31. https://doi.
org/10.1111/FME.12378

Garcia-Vega, A., Fuentes-Pérez, J.F., Bravo-Cdrdoba, F.J., Ruiz-Legazpi, J.,
Valbuena-Castro, J. & Sanz-Ronda, F.J. (2021). Pre-reproductive
movements of potamodromous cyprinids in the Iberian Peninsula:
when environmental variability meets semipermeable barriers.
Hydrobiologia, 849(6), 1317-1338. https://doi.org/10.1007/s10750-
021-04537-6

Garcia-Vega, A., Sanz-Ronda, F.J. & Fuentes-Pérez, J.F. (2017). Seasonal
and daily upstream movements of brown trout Salmo trutta in an
Iberian regulated river. Knowledge and Management of Aquatic
Ecosystems, 418(9), 9. https://doi.org/10.1051/kmae/2016041

Geist, J. (2021). Editorial: green or red: challenges for fish and freshwater
biodiversity conservation related to hydropower. Aquatic Conservation:
Marine and Freshwater Ecosystems, 31(7), 1551-1558. https://doi.org/
10.1002/AQC.3597

Godinho, A.L. & Kynard, B. (2008). Migratory fishes of Brazil: life history
and fish passage needs. River Research and Applications, 25(6), 702-
712. https://doi.org/10.1002/rra

Gouskov, A, Reyes, M., Wirthner-Bitterlin, L. & Vorburger, C. (2016). Fish
population genetic structure shaped by hydroelectric power plants in
the upper Rhine catchment. Evolutionary Applications, 9(2), 394-408.
https://doi.org/10.1111/EVA.12339

Grieve, B., Baumgartner, L.J., Robinson, W., Silva, L.G.M., Pomorin, K.,
Thorncraft, G. et al. (2018). Evaluating the placement of PIT tags in
tropical river fishes: a case study involving two Mekong River species.
Fisheries Research, 200, 43-48. https://doi.org/10.1016/J.FISHRES.
2017.12.009

Gutfreund, C., Makrakis, S., Castro-Santos, T., Celestino, L.F., Dias, J.H.P. &
Makrakis, M.C. (2018). Effectiveness of a fish ladder for two
Neotropical migratory species in the Paranid River. Marine and
Freshwater Research, 69(12), 1-9. https://doi.org/10.1071/MF18129

Havn, T.B., Szther, S.A., Thorstad, E.B., Teichert, M.A.K,, Heermann, L.,
Diserud, O.H. et al. (2017). Downstream migration of Atlantic salmon
smolts past a low head hydropower station equippped with
Archimedes screw and Francis turbines. Ecological Engineering, 105,
262-275. https://doi.org/10.1016/J.ECOLENG.2017.04.043

Havn, T.B., Thorstad, E.B., Borcherding, J., Heermann, L., Teichert, M.AK,,
Ingendahl, D. et al. (2020). Impacts of a weir and power station on
downstream migrating Atlantic salmon smolts in a German river. River
Research and Applications, 36(5), 784-796. https://doi.org/10.1002/
rra.3590

Hershey, H. (2021). Updating the consensus on fishway efficiency: a meta-
analysis. Fish and Fisheries, 22(4), 735-748. https://doi.org/10.1111/
FAF.12547

Jones, P.E., Champneys, T., Vevers, J., Borger, L., Svendsen, J.C.,
Consuegra, S. et al. (2021a). Selective effects of small barriers on river-
resident fish. Journal of Applied Ecology, 58(7), 1487-1498. https://doi.
org/10.1111/1365-2664.13875

Jones, P.E., Tummers, J.S., Galib, S.M., Woodford, D.J., Hume, J.B., Silva, L.
G.M. et al. (2021b). The use of barriers to limit the spread of aquatic
invasive animal species: a global review. Frontiers in Ecology and
Evolution, 9, 43. https://doi.org/10.3389/FEV0.2021.611631/BIBTEX

Katopodis, C. & Williams, J.G. (2016). Not all fishways are created equal.
Advances in Fish Passage Research. In: Proceedings of the 11th
International Symposium on Ecohydraulics. Melbourne, Australia: The
International Association for Hydro-Environment Engineering and
Research (IAHR), pp. 7-12.

Kraabgl, M., Johnsen, S.I., Museth, J. & Sandlund, O.T. (2009). Conserving
iteroparous fish stocks in regulated rivers: the need for a broader
perspective! Fisheries Management and Ecology, 16(4), 337-340.
https://doi.org/10.1111/j.1365-2400.2009.00666.x

Larinier, M. (2001). Environmental issues, dams and fish migration. In:
Marmulla, G. (Ed.) Dams, fish and fisheries: opportunities, challenges and
conflict resolution. FAO Fisheries Technical Paper N°419. Rome: Food &
Agriculture Organization of the United Nations (FAO), pp. 45-89.

Larinier, M. (2002). Pool fishways, pre-barrages and natural bypass
channels. Bulletin Francais de la Péche et de la Pisciculture, 364(364
supplément), 54-82. https://doi.org/10.1051/kmae/2002108

Larinier, M. & Dartiguelongue, J. (1989). La circulation des poissons
migrateurs: le transit a travers les turbines des installations
hydroélectriques. Bulletin Francais de la Péche et de la Pisciculture, 62,
312-313. https://doi.org/10.1051/kmae: 1989011

Li, M., Shi, X,, Jin, Z., Ke, S., Lin, C., An, R. et al. (2020). Behaviour and
ability of a cyprinid (Schizopygopsis younghusbandi) to cope with
accelerating flows when migrating downstream. River Research and
Applications, 37(8), 1168-1179. https://doi.org/10.1002/rra.3686

Lopes, J.D.M,, Alves, C.B.M., Peressin, A. & Pompeu, P.S. (2021). Dazed
and confused: behavioural constraints impose major challenges to fish
passage in the neotropics. Aquatic Conservation: Marine and Freshwater
Ecosystems, 31(12), 3403-3415. https://doi.org/10.1002/AQC.3716

Lothian, A.J., Schwinn, M., Anton, A.H., Adams, C.E., Newton, M., Koed, A.
et al. (2020). Are we designing fishways for diversity? Potential
selection on alternative phenotypes resulting from differential passage
in brown trout. Journal of Environmental Management, 262, 110317.
https://doi.org/10.1016/J.JENVMAN.2020.110317

Lucas, M.C,, Baras, E., Thom, T.J., Duncan, A. & Slavik, O. (2001). Migration
of freshwater fishes. Oxford, UK: Blackwell Science Ltd.

Makrakis, S., Bertao, A.P.S., Silva, J.F.M., Makrakis, M.C., Sanz-Ronda, F.J.
& Celestino, L.F. (2019). Hydropower development and fishways: a
need for connectivity in rivers of the Upper Parand basin.
Sustainability, 11(13), 3749. https://doi.org/10.3390/SU11133749

Makrakis, S., Makrakis, M.C., Wagner, R.L., Dias, J.H.P. & Gomes, L.C.
(2007). Utilization of the fish ladder at the Engenheiro Sergio Motta
Dam, Brazil, by long distance migrating potamodromous species.
Neotropical Ichthyology, 5(2), 197-204. https://doi.org/10.1590/
S$1679-62252007000200014

Makrakis, S., Miranda, L.E., Gomes, L.C., Makrakis, M.C. & Junior, H.M.F.J.
(2011). Ascent of neotropical fish in the Itaipu reservoir fish pass. River
Research and Applications, 27(4), 511-519. https://doi.org/10.1002/
rra.1378

Moran-Lépez, R. & Uceda Tolosa, O. (2016). Relative leaping abilities of
native versus invasive cyprinids as criteria for selective barrier design.
Biological Invasions, 19(4), 1243-1253. https://doi.org/10.1007/
s10530-016-1328-6

Mueller, M., Pander, J. & Geist, J. (2017). Evaluation of external fish injury
caused by hydropower plants based on a novel field-based protocol.
Fisheries Management and Ecology, 24(3), 240-255. https://doi.org/10.
1111/FME.12229

Nagel, C., Mueller, M., Pander, J., Stoeckle, B.C., Kuehn, R. & Geist, J.
(2021). Going with the flow: spatio-temporal drift patterns of larval
fish in a large alpine river. Freshwater Biology, 66(9), 1765-1781.
https://doi.org/10.1111/FWB.13790

25U9017 SUOWILIOD BRI 8|0l [dde 2} Ad PauRACE 8.2 SOOI VO ‘35N J0 SN Joj AT 8UIIUO A3 1A UO (SUO1HIPUGO-PUB-SLLLIBILICD"B| W AIRIGIPUIIUO//ST1Y) SUONIPUCD PUE SWiS 1 81295 *[£20Z/90/9T] U0 AIGIT8U1IUO AB]1M ‘PIIOPEI A 8Q PEPSIRAIUN AQ 0G6E 90/Z00T OT/10p/w00 /o i AReidjou juoy/Sdny Wwo1y pepeojumod ‘9 ‘€202 ‘GG20660T


https://doi.org/10.1071/MF18120
https://doi.org/10.1590/S1679-62252012000400002
https://doi.org/10.1590/S1679-62252012000400002
https://doi.org/10.1007/S10750-009-9917-3
https://doi.org/10.1111/FME.12378
https://doi.org/10.1111/FME.12378
https://doi.org/10.1007/s10750-021-04537-6
https://doi.org/10.1007/s10750-021-04537-6
https://doi.org/10.1051/kmae/2016041
https://doi.org/10.1002/AQC.3597
https://doi.org/10.1002/AQC.3597
https://doi.org/10.1002/rra
https://doi.org/10.1111/EVA.12339
https://doi.org/10.1016/J.FISHRES.2017.12.009
https://doi.org/10.1016/J.FISHRES.2017.12.009
https://doi.org/10.1071/MF18129
https://doi.org/10.1016/J.ECOLENG.2017.04.043
https://doi.org/10.1002/rra.3590
https://doi.org/10.1002/rra.3590
https://doi.org/10.1111/FAF.12547
https://doi.org/10.1111/FAF.12547
https://doi.org/10.1111/1365-2664.13875
https://doi.org/10.1111/1365-2664.13875
https://doi.org/10.3389/FEVO.2021.611631/BIBTEX
https://doi.org/10.1111/j.1365-2400.2009.00666.x
https://doi.org/10.1051/kmae/2002108
https://doi.org/10.1051/kmae:1989011
https://doi.org/10.1002/rra.3686
https://doi.org/10.1002/AQC.3716
https://doi.org/10.1016/J.JENVMAN.2020.110317
https://doi.org/10.3390/SU11133749
https://doi.org/10.1590/S1679-62252007000200014
https://doi.org/10.1590/S1679-62252007000200014
https://doi.org/10.1002/rra.1378
https://doi.org/10.1002/rra.1378
https://doi.org/10.1007/s10530-016-1328-6
https://doi.org/10.1007/s10530-016-1328-6
https://doi.org/10.1111/FME.12229
https://doi.org/10.1111/FME.12229
https://doi.org/10.1111/FWB.13790

s | WILEY

BRAVO-CORDOBA ET AL.

Nilsson, C., Reidy, C.A., Dynesius, M. & Revenga, C. (2005). Fragmentation
and flow regulation of the world's large river systems. Science,
308(5720), 405-408. https://doi.org/10.1126/science.1107887

Noonan, M.J, Grant, JW.A. & Jackson, C.D. (2012). A quantitative
assessment of fish passage efficiency. Fish and Fisheries, 13(4), 450-
464. https://doi.org/10.1111/j.1467-2979.2011.00445.x

Ovidio, M., Parkinson, D., Philippart, J.-C., Baras, E., Guillaume, N.,
Hallot, E. et al. (2007). Multiyear homing and fidelity to residence
areas by individual barbel (Barbus barbus). Belgian Journal of Zoology,
137(4), 183-190.

Pelicice, F.M., Pompeu, P.S. & Agostinho, A.A. (2015). Large reservoirs as
ecological barriers to downstream movements of Neotropical
migratory fish. Fish and Fisheries, 16(4), 697-715. https://doi.org/10.
1111/faf.12089

Pelicice, F.M., Pompeu, P.S. & Agostinho, A.A. (2020). Fish conservation
must go beyond the concrete: a comment on Celestino et al.(2019).
River Research and Applications, 36(7), 1373-1376. https://doi.org/10.
1002/rra.3626

Penaz, M., Barus, V., Prokes, M. & Homolka, M. (2002). Movements of
barbel, Barbus barbus (Pisces: Cyprinidae). Folia Zoologica (Czech
Republic), 51(1), 55-66.

Philippart, J.-C. & Baras, E. (1996). Comparison of tagging and tracking
studies to estimate mobility and home-range in Barbus barbus. In:
Underwater Biotelemetry. Proceedings of the First Conference and
Workshop on Fish Telemetry in Europe. Belgium: Université de Liége,
pp. 3-12.

Pompeu, P.S., Agostinho, A.A. & Pelicice, F.M. (2012). Existing and future
challenges: the concept of successful fish passage in South America.
River Research and Applications, 28(4), 504-512. https://doi.org/10.
1002/RRA.1557

Pracheil, B.M., DeRolph, C.R., Schramm, M.P. & Bevelhimer, M.S. (2016). A
fish-eye view of riverine hydropower systems: the current
understanding of the biological response to turbine passage. Reviews
in Fish Biology and Fisheries, 26(2), 153-167. https://doi.org/10.1007/
5$11160-015-9416-8

Radinger, J., Britton, J.R., Carlson, S.M., Magurran, A.E., Alcaraz-
Hernandez, J.D., AlImodédvar, A. et al. (2019). Effective monitoring of
freshwater fish. Fish and Fisheries, 20(4), 729-747. https://doi.org/10.
1111/FAF.12373

Rahel, F.J. & MclLaughlin, R.L. (2018). Selective fragmentation and the
management of fish movement across anthropogenic barriers.
Ecological Applications, 28(8), 2066-2081. https://doi.org/10.1002/
eap.1795

Reischel, T.S. & Bjornn, T.C. (2011). Influence of fishway placement on
fallback of adult salmon at the Bonneville Dam on the Columbia River.
North American Journal of Fisheries Management, 23(4), 1215-1224.
https://doi.org/10.1577/M02-113

Roscoe, D.W. & Hinch, S.G. (2010). Effectiveness monitoring of fish
passage facilities: historical trends, geographic patterns and future
directions. Fish and Fisheries, 11(1), 12-33. https://doi.org/10.1111/j.
1467-2979.2009.00333.x

Sanchez-Gonzalez, J.R., Morcillo, F., Ruiz-Legazpi, J. & Sanz-Ronda, F.J.
(2022). Fish morphology and passage through velocity barriers.
Experience with northern straight-mouth nase (Pseudochondrostoma
duriense Coelho, 1985) in an open channel flume. Hydrobiologia,
849(6), 1351-1366. https://doi.org/10.1007/510750-021-04712-9/
FIGURES/5

Sanchez-Pérez, A., Torralva, M., Zamora-Marin, J.M., Bravo-Cérdoba, F.J.,
Sanz-Ronda, F.J. & Oliva-Paterna, F.J. (2022). Multispecies fishways in
a Mediterranean river: contributions as migration corridors and
compensatory habitat for fish. Science of the Total Environment, 830,
154613. https://doi.org/10.1016/J.SCITOTENV.2022.154613

Santos, J.M., Ferreira, M.T., Pinheiro, A.N. & Bochechas, J.H. (2006).
Effects of small hydropower plants on fish assemblages in medium-

sized streams in central and northern Portugal. Aquatic Conservation:
Marine and Freshwater Ecosystems, 16(4), 373-388. https://doi.org/10.
1002/AQC.735

Santos, J.M., Rivaes, R., Boavida, I. & Branco, P. (2018). Structural
microhabitat use by endemic cyprinids in a Mediterranean-type river:
implications for restoration practices. Aquatic Conservation: Marine and
Freshwater Ecosystems, 28(1), 26-36. https://doi.org/10.1002/AQC.
2839

Sanz-Ronda, F.J., Bravo-Cérdoba, F.J., Sdnchez-Pérez, A., Garcia-Vega, A.,
Valbuena-Castro, J., Fernandes-Celestino, L. et al. (2019). Passage
performance of technical pool-type fishways for potamodromous
cyprinids: novel experiences in semiarid environments. Water, 11(11),
2362. https://doi.org/10.3390/w11112362

Sanz-Ronda, F.J., Fuentes-Pérez, J.F., Garcia-Vega, A. & Bravo-Cérdoba, F.
J. (2021). Fishways as downstream routes in small hydropower plants:
experiences with a potamodromous cyprinid. Water (Switzerland),
13(8), 1041. https://doi.org/10.3390/w13081041

Silva, A.T., Lucas, M.C., Castro-Santos, T., Katopodis, C., Baumgartner, L.J.,
Thiem, J.D. et al. (2018). The future of fish passage science,
engineering, and practice. Fish and Fisheries, 19(2), 340-362. https://
doi.org/10.1111/faf.12258

Snow, C.G. & Goodman, B.J. (2021). Passive Integrated Transponder Tag
monitoring reveals complex migration and life history patterns in
mountain whitefish in Upper Columbia river tributaries. North
American Journal of Fisheries Management, 41(6), 1691-1702. https://
doi.org/10.1002/NAFM.10686

Sun, J., Galib, S.M. & Lucas, M.C. (2021). Rapid response of fish and
aquatic habitat to removal of a tidal barrier. Aquatic Conservation:
Marine and Freshwater Ecosystems, 31(7), 1802-1816. https://doi.org/
10.1002/AQC.3576

Tamario, C., Sunde, J., Petersson, E., Tibblin, P. & Forsman, A. (2019).
Ecological and evolutionary consequences of environmental
change and management actions for migrating fish. Frontiers in
Ecology and Evolution, 7, 271. https://doi.org/10.3389/FEV0O.2019.
00271

Thiem, J.D., Taylor, M.K,, McConnachie, S.H., Binder, T.R. & Cooke, S.J.
(2011). Trends in the reporting of tagging procedures for fish telemetry
studies that have used surgical implantation of transmitters: a call for
more complete reporting. Reviews in Fish Biology and Fisheries, 21(1),
117-126. https://doi.org/10.1007/511160-010-9194-2

Thurow, R.F. (2016). Life histories of potamodromous fishes. In:
Morais, P. & Daverat, F. (Eds.) An introduction to fish migration. Boca
Raton, Florida, USA: CRC Press, pp. 29-54.

Valbuena-Castro, J., Fuentes-Pérez, J.F., Garcia-Vega, A., Bravo-
Coérdoba, F.J., Ruiz-Legazpi, J., Martinez de Azagra-Paredes, A. et al.
(2020). Coarse fishway assessment to prioritize retrofitting efforts: a
case study in the Duero River basin. Ecological Engineering, 155,
105946. https://doi.org/10.1016/j.ecoleng.2020.105946

Wagner, G.N., Cooke, S.J., Brown, R.S. & Deters, KA. (2011). Surgical
implantation techniques for electronic tags in fish. Reviews in Fish
Biology and Fisheries, 21(1), 71-81. https://doi.org/10.1007/s11160-
010-9191-5

Wagner, R.L., Makrakis, S., Castro-Santos, T., Makrakis, M.C., Dias, J.H.P. &
Belmont, R.F. (2012). Passage performance of long-distance
upstream migrants at a large dam on the Paranid River and the
compounding effects of entry and ascent. Neotropical Ichthyology, 10(4),
785-795. https://doi.org/10.1590/51679-62252012000400011

Wilkes, M., Baumgartner, L., Boys, C., Silva, L.G.M., O'Connor, J., Jones, M.
et al. (2018). Fish-Net: probabilistic models for fishway planning,
design and monitoring to support environmentally sustainable
hydropower. Fish and Fisheries, 19(4), 677-697. https://doi.org/10.
1111/faf. 12282

Williams, J.G. & Katopodis, C. (2016). Commentary—incorrect application
of data negates some meta-analysis results in Bunt et al. (2012). River

25U9017 SUOWILIOD BRI 8|0l [dde 2} Ad PauRACE 8.2 SOOI VO ‘35N J0 SN Joj AT 8UIIUO A3 1A UO (SUO1HIPUGO-PUB-SLLLIBILICD"B| W AIRIGIPUIIUO//ST1Y) SUONIPUCD PUE SWiS 1 81295 *[£20Z/90/9T] U0 AIGIT8U1IUO AB]1M ‘PIIOPEI A 8Q PEPSIRAIUN AQ 0G6E 90/Z00T OT/10p/w00 /o i AReidjou juoy/Sdny Wwo1y pepeojumod ‘9 ‘€202 ‘GG20660T


https://doi.org/10.1126/science.1107887
https://doi.org/10.1111/j.1467-2979.2011.00445.x
https://doi.org/10.1111/faf.12089
https://doi.org/10.1111/faf.12089
https://doi.org/10.1002/rra.3626
https://doi.org/10.1002/rra.3626
https://doi.org/10.1002/RRA.1557
https://doi.org/10.1002/RRA.1557
https://doi.org/10.1007/S11160-015-9416-8
https://doi.org/10.1007/S11160-015-9416-8
https://doi.org/10.1111/FAF.12373
https://doi.org/10.1111/FAF.12373
https://doi.org/10.1002/eap.1795
https://doi.org/10.1002/eap.1795
https://doi.org/10.1577/M02-113
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1111/j.1467-2979.2009.00333.x
https://doi.org/10.1007/S10750-021-04712-9/FIGURES/5
https://doi.org/10.1007/S10750-021-04712-9/FIGURES/5
https://doi.org/10.1016/J.SCITOTENV.2022.154613
https://doi.org/10.1002/AQC.735
https://doi.org/10.1002/AQC.735
https://doi.org/10.1002/AQC.2839
https://doi.org/10.1002/AQC.2839
https://doi.org/10.3390/w11112362
https://doi.org/10.3390/w13081041
https://doi.org/10.1111/faf.12258
https://doi.org/10.1111/faf.12258
https://doi.org/10.1002/NAFM.10686
https://doi.org/10.1002/NAFM.10686
https://doi.org/10.1002/AQC.3576
https://doi.org/10.1002/AQC.3576
https://doi.org/10.3389/FEVO.2019.00271
https://doi.org/10.3389/FEVO.2019.00271
https://doi.org/10.1007/S11160-010-9194-2
https://doi.org/10.1016/j.ecoleng.2020.105946
https://doi.org/10.1007/s11160-010-9191-5
https://doi.org/10.1007/s11160-010-9191-5
https://doi.org/10.1590/S1679-62252012000400011
https://doi.org/10.1111/faf.12282
https://doi.org/10.1111/faf.12282

BRAVO-CORDOBA ET AL.

WILEY_L *

Research and Applications, 32(10), 2109-2115. https://doi.org/10.
1002/rra.3076

Winemiller, K.O., McIntyre, P.B., Castello, L., Fluet-Chouinard, E.,
Giarrizzo, T., Nam, S. et al. (2016). Balancing hydropower and
biodiversity in the Amazon, Congo, and Mekong. Science, 351(6269),
128-129. https://doi.org/10.1126/science.aac7082

Zielinski, D.P., MclLaughlin, R.L, Pratt, T.C., Andrew Goodwin, R. &
Muir, A.M. (2020). Single-stream recycling inspires selective fish passage
solutions for the connectivity conundrum in aquatic ecosystems.
Bioscience, 70(10), 871-886. https://doi.org/10.1093/BIOSCI/BIAA090

How to cite this article: Bravo-Coérdoba, F.J., Garcia-Vega, A.,
Fuentes-Pérez, J.F., Fernandes-Celestino, L., Makraksis, S. &
Sanz-Ronda, F.J. (2023). Bidirectional connectivity in fishways:
A mitigation for impacts on fish migration of small hydropower
facilities. Aquatic Conservation: Marine and Freshwater
Ecosystems, 33(6), 549-565. https://doi.org/10.1002/aqc.
3950

25U9017 SUOWILIOD BRI 8|0l [dde 2} Ad PauRACE 8.2 SOOI VO ‘35N J0 SN Joj AT 8UIIUO A3 1A UO (SUO1HIPUGO-PUB-SLLLIBILICD"B| W AIRIGIPUIIUO//ST1Y) SUONIPUCD PUE SWiS 1 81295 *[£20Z/90/9T] U0 AIGIT8U1IUO AB]1M ‘PIIOPEI A 8Q PEPSIRAIUN AQ 0G6E 90/Z00T OT/10p/w00 /o i AReidjou juoy/Sdny Wwo1y pepeojumod ‘9 ‘€202 ‘GG20660T


https://doi.org/10.1002/rra.3076
https://doi.org/10.1002/rra.3076
https://doi.org/10.1126/science.aac7082
https://doi.org/10.1093/BIOSCI/BIAA090
https://doi.org/10.1002/aqc.3950
https://doi.org/10.1002/aqc.3950

	Bidirectional connectivity in fishways: A mitigation for impacts on fish migration of small hydropower facilities
	1  INTRODUCTION
	2  MATERIAL AND METHODS
	2.1  Study site
	2.2  Fish collection and tagging
	2.3  Monitoring
	2.4  Data processing
	2.5  Data analysis

	3  RESULTS
	4  DISCUSSION
	4.1  Bidirectional movements
	4.2  The variety of movements
	4.3  Alternative routes for downstream migration
	4.4  Aspects to take into account in monitoring bidirectional movements
	4.5  Relevance to fish conservation

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


