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Abstract: Fish need to move upstream and downstream through rivers to complete their life cycles.
Despite the fact that fishways are the most commonly applied solution to recover longitudinal con-
nectivity, they are not considered viable for downstream migration. Therefore, alternative facilities
are recommended to facilitate downstream migration. However, a few recent studies have disa-
greed with this general assumption, showing the potential for bidirectional movements. This study
advances our understanding of the potential of fishways for downstream migration by studying
their efficiency in a run-of-the-river hydropower plant in the Duero River (Spain). To achieve this,
downstream movements of the Iberian barbel (1 = 299) were monitored in a stepped fishway for
two years with passive integrated transponder (PIT)-tag technology, considering the effect of fish
origin and release zone. The results showed that 24.9% of barbels descended through the fishway,
with the origin and release zone affecting the fishway location. In addition, downstream movements
were observed throughout the whole year, except in winter. The study concludes that, under spe-
cific scenarios, fishways could act as safe alternative routes for downstream migration.

Keywords: downstream migration; bidirectional movement; fish passes; potamodromous fish; Ibe-
rian barbel

1. Introduction

Many fish species display migratory movements between different habitats as a
strategy to optimize their fitness and complete their life cycles [1,2]. The nature and extent
of these displacements differ in space and time. It is possible to find fish species that com-
plete their life cycles in marine environments (oceanodromous), strictly riverine species
(potamodromous), and even species that share different stages between seas and rivers
(diadromous) [2]. Moreover, these movements may differ between individuals in a pop-
ulation (partial migration), with the existence of some fish that only develop short move-
ments (resident fish) and others that complete long-distance movements (mobile fish) [3-
5]. Migratory behavior is a complex and variable phenomenon which shows differences
between species, life stages, individuals, and regions [2].

Rheophilic potamodromous cyprinids, such as barbels (genus Luciobarbus and Bar-
bus), perform movements during most of the year, with the greatest migratory activity
taking place during spring and early summer. During this period they ascend to the head-
waters for reproduction [6,7], looking for shallow waters with high oxygen concentra-
tions, gravel and pebble bottoms, and a moderate current velocity [8,9]. Within a few days
(females) to several weeks (males) after spawning, barbels move to deeper waters, search-
ing for summer refuge habitats [5,10-12], and then, they reduce their mobility [13]. From
late summer to autumn, barbels move to overwinter places [14,15], where they enter a
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dormancy period during winter (i.e., without activity) as a consequence of the low tem-
peratures [6,16]. Barbels exhibit partial migration, with both resident and mobile individ-
uals being present in the same population. Resident fish show a shorter home range (up
to 1 km) and fidelity to spawning and summer/winter refuge sites. Alternatively, mobile
individuals display a larger home range (more than 20 km) and low fidelity to seasonal
habitats [17,18]. Upstream movements are usually, but not always, related to the pre-
spawning season, whereas downstream movements are related to post-spawning and the
search for summer/winter habitats [5,6]. However, a spatiotemporal variability is ex-
pected, depending on the river position and environmental conditions [2,19].

Therefore, considering the mobility requirements of fish, bidirectional river connec-
tivity is essential in order to ensure that they can complete their life cycles [20,21]. How-
ever, many obstacles (e.g., dams, weirs, culverts, etc.) hinder fish movement and block
their migration routes, causing direct impacts on fish population fitness and endangering
their conservation [22]. Fishways, such as pool-type, baffle-type, rocky ramps, nature-like
bypass channels, locks, lifts, etc., are the most commonly used devices to recover upstream
longitudinal connectivity [23-25]. In the case of downstream connectivity, there are also
specific devices for bypassing obstacles and protect migratory fish [26,27], such as barriers
(physical, mechanical, and/or behavioral) that hinder entry to hazardous facilities (tur-
bines or diversion channels), or guiding structures to safety bypasses (e.g., sluices) [27,28].
Despite the existence of downstream migration aids, many water managers and hydro-
power operators assume that spillways or turbines are effective downstream migration
routes [26,28-30], thus, downstream movement is frequently devalued [29], especially for
non-diadromous species. In the case of Spain, river connectivity projects that consider
downstream migration measures are unusual and mainly target diadromous fish (e.g.,
IREKIBAI (LIFE 14 NAT/ES/00186; www.irekibai.eu)).

Rheophilic fish follow and drift with the main flow during their downstream migra-
tion [26,28,31]. Their preferred corridors are waterways with the highest flow volume [29].
According to this behavior, in the case of hydropower plants (HPP), fish tend to be at-
tracted to areas of high flow, such as those near spillways or the intake of the turbines
[32]. On the one hand, if the total river discharge is abstracted and the dam/weir does not
overflow, the only option to go downward is entering the diversion channels (if they exist)
or through the turbines [26], with an associated probability of injury or mortality [33].
Mortality may be immediate or delayed (e.g., cuts, strikes, barotrauma), or may even af-
fect the fish indirectly (e.g., susceptibility to predation), and it varies with turbine design
and operation [34,35]. When the dam/weir is overflowing, fish prefer to approach spill-
ways [28,32,36] as these are usually a safer path. On the other hand, fishways could be a
possible route for downstream movements, but their viability as downstream routes is
considered nil or minimal in large rivers and dams [30,37,38], although some studies show
effective downward passage [39,40].

Statistically, small dams (associated with small HPP facilities) and weirs (usually for
irrigation) contribute more to the disruption of river connectivity than large dams
[22,41,42]. In general, small HPPs (considered as those with installed capacity up to 10
MW in the EU) present a run-of-the-river scheme installation [43]. These facilities make
use of the entire river flow except for those to guarantee the fishway operation (when it
exists). Thus, spillway overflow is not common, reducing its availability as a route for the
descent only during high-flow events. Moreover, in Mediterranean climates, high-flow
events are scarce and concentrated outside the downstream movement period of cypri-
nids (due to summer droughts, saving water for irrigation, consumption, etc.) [44,45]. In
these cases, and the absence of specific downstream migration devices, the intake of the
HPP and fishways are the only possible routes. Therefore, it is crucial to determine the
effectiveness and to understand the performance of fishways as possible downstream pas-
sage routes, to confirm or refute safe bidirectional connectivity in these common HPP con-
figurations.
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Considering the above, this study analyzes the performance of a fishway located in
a run-of-the-river hydropower plant as a possible route for downstream fish movement.
The studied facility is located in the Duero River (Spain) and the target species was the
Iberian barbel (Luciobarbus bocagei, Steindachner, 1864) (hereafter referred to as barbel), a
representative species of several medium-sized potamodromous cyprinids in the Iberian
Peninsula and circum-Mediterranean region [46]. The main objectives of the study were
to (1) assess the fishway as a downstream migration route, (2) determine the influence of
the origin and release zone in the fishway location, and (3) define the main downstream
moving periods. To achieve this, fishway location and passage success were monitored
using tagged fish for two years. The delivered results improve the understanding of mi-
gration routes and raise awareness of the possible use of fishways as bidirectional connec-
tivity devices.

2. Materials and Methods
2.1. Study Site

The study was carried out in the mainstem of the Duero River, near the village of
Guma (Burgos), northwest part of Spain (Figure 1). The Duero River basin presents a high

degree of fragmentation, with nearly 5200 obstacles in the Spanish part of the basin alone,
from which, 141 are small HPPs and 23 are large HPPs [43,47].

Figure 1. Location of Guma hydropower plants (HPP) and associated facilities.

The hydrology of the Duero River in the study river section is characterized by low
flows in summer (5 m3/s; exacerbated by upstream water diversions for irrigation) and
medium-high flows during winter and early spring, associated with the rainy season and
snow-melting episodes (30—-45 m?/s). The mean annual flow is about 17.6 m%/s.

The river reach is dominated by small and medium-sized potamodromous rheophilic
endemic cyprinids, such as the barbel, northern straight-mouth nase (Pseudochondrostoma
duriense Coelho, 1985), northern Iberian chub (Squalius carolitertii Doadrio, 1987), and Pyr-
enean gudgeon (Gobio lozanoi Doadrio and Madeira, 2004). Their populations are currently
suffering an important decrease (specially nase, categorized as endangered [48]), whereas
the presence of alien species is increasing (mainly bleak Alburnus alburnus Linnaeus, 1758).
River discharge during cyprinid upstream migration (April-July) is between 7 and 30
m3/s. The river reach belongs to the Epipotamon zone [49] with an average altitude of
around 810 m a.s.l. and corresponds to the C6 Rosgen category [50]. There are two unsur-
passable dams 15.8 km downstream and 4.1 km upstream, respectively, of the studied
river section (both have a fishway, although its efficiency is nil) which supposes the limits
for fish movement.

The Guma HPP is a run-of-the-river HPP with a total height of 8.85 m, an installed
capacity of 2.25 MW, and two Kaplan turbines. Due to the run-of-the-river configuration,
there is no legal requirement for maintaining a minimum environmental flow through the
dam. In the right bank of the dam, there is a pool and weir type fishway (Figure 2) com-
posed of 36 cross-walls with submerged notches and bottom orifices (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 =
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1.6; depth 1.2 m; slope = 8.6%), with mean water drops of 0.25 and a volumetric power
dissipation of 121 + 10 W/m3. All the hydraulic parameters of the fishway are within the
recommended ranges according to the most important design guidelines for this fishway
type and target species [24,51,52]. Moreover, this fishway has been previously evaluated
for barbel upstream movements, showing a passage success of between 73 and 94% (con-
fined and free trials; [53]). The fishway discharge operation varies from 0.25 to 0.50 m3/s
in order to ensure the correct operation of the fishway and that fish can correctly locate
the downstream by-pass access from the river to the fishway. Likewise, the facility has an
additional channel that joins the turbines outlet and the entrance bypass access, which
provides a supplementary attraction flow near the fishway entrance (5% of the competing
flow between the fishway and the turbines).

Orifice:
0.175x0.175m

LtV (m/s)

‘o.o 05 1.0 15 20 25

Figure 2. (a) Plan view of Guma fishway and passive integrated transponder (PIT) antenna location
(A). (b) 3D scheme of the submerged notch with bottom orifice fishway together with principal hy-
draulic variables.

2.2. Fish Collection and Tagging

Fish collections were carried out during summer and autumn 2018 and 2019, with a
variable frequency. Fish were captured by electrofishing (Hans-Grassl ELT60II backpack
equipment; 180-250 V and 1.5-2.5 A) and/or by landing nets. Barbels were captured in
two different locations, one into the Guma HPP fishway and near the downstream part of
the fishway, and the second one 4 km downstream of the Guma HPP, near the following
HPP in the same river (Vadocondes). Thus, fish were grouped depending on their origin:
(1) fish captured at Guma were considered presumably acquainted with the fishway
(hereinafter experienced fish); (2) fish captured at Vadocondes, presumably without ex-
perience of the Guma river section (hereinafter naive fish) (Table 1).

All fish were anesthetized with eugenol (50 mg/L diluted in ethanol in the proportion
1:10), measured (fork length (FL), + 0.1 cm), weighted (= 1 g) and tagged intraperitoneally
with a half-duplex (HDX) passive integrated transponder (PIT) tag by an incision poste-
rior 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). After tagging, fish could recover for at least two hours before their release into
the river. They were held in recovery boxes at ambient temperatures and with water sup-
plied directly from the river. After visual evidence of recovery from anesthetic effects, fish
were released in two groups corresponding to the release riverbanks of the reservoir (i.e.,
right and left banks) (Table 1, Figure 2) approximately 700 m upstream of the Guma fish-
way.
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Table 1. Fish tagging samples. Experience: related to the fish origin. Release bank: release location
of the riverbank side (700 m upstream Guma fishway). n: number of tagged barbels. SD: Standard
Deviation. Range: minimum and maximum fork length (mm).

. Fork Length (mm)
Experience Release Bank n Mean + SD Range
Experienced Left 104 149+ 8 91-293
Right 81 144 +7 100-245
Naive Left 38 139+ 13 80-235
Right 76 155+ 15 77-420

In addition, during field visits in summer and mid-autumn, a large number of fish
were always observed in the fishway and, to clarify their movement direction (resident,
descent migrants, or ascent migrants), a complementary experiment was carried out be-
tween June and October 2020 (monthly frequency). This simple experiment consisted of
the complete emptying of the fishway (i.e., all fish inside the fishway were captured and
then released in the downstream section outside the fishway), followed by the installation
of a close mesh halfway up the fishway. After 24 h, all fish that were found in the fishway
were captured and categorized into two groups: (1) descent migrants, if they were found
above the close mesh, i.e., in the upper part of the fishway; (2) ascent migrants if they were
found below the close mesh, i.e., in the lower part of the fishway. It is worth mentioning
that possible resident fish were classified as ascent migrants.

All experiments were performed following the 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 Author-

ity).

2.3. Data Collection

Fish movements were monitored through PIT tag technology. This technology con-
sists of a set of pass-through antennas that cover both the notch and the orifice of fishway
cross-walls and records the passage of a PIT-tagged fish. Each antenna was connected to
a reader (HDX multiplexer reader, ORFID®, Portland, Oregon, USA) programmed to send
and receive information at 14 Hz (3.5 Hz or 0.29 s per antenna). Four antennas were placed
into the fishway, two located at the most downstream (antenna 1) and upstream (antenna
4) pools, and the other two (antennas 2 and 3) halfway up the fishway. For antenna data
processing, several assumptions and metric-definitions were made:

1)  For each fish, only records of the same year of the release date were considered (as
the experiments lasted two years, recaptures in different years were possible).

2) For each fish, a fishway location occurred if the fish was recorded first, and at least
once in the uppermost antenna (antenna 4). If there was more than one location reg-
istered by fish, only the earliest one was considered.

3) Location time of the fishway was defined as the time between the release and the first
detection in the uppermost antenna (antenna 4).

4)  For each fish, a fishway entry occurred if the fish was recorded first in the uppermost
antenna (antenna 4) and then in antenna 3 or 2. If there was more than one entry by
fish, only the first one was considered.

5) A success in the fishway downstream passage was defined for fish with a first record
in antenna 4, a last record in antenna 1, and at least one intermediate record in anten-
nas 3 and/or 2.

6) The downstream transit time was only calculated for the fish with a successful down-
stream passage. If there were more than one success by fish, the one with the lowest
downstream transit time was considered.

7) Downstream transit time was defined as the time between the last detection in the
uppermost antenna (antenna 4) and the first detection in the lowermost antenna
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(antenna 1).

8) As complementary information, downstream passage through turbines or spillways
was assigned to the fish with (1) first records in the lowermost antenna (i.e., they
passed downstream through the turbines or spillways, and they came back to the
fishway for upstream migration), or (2) first records in the uppermost antenna and
subsequent records in lowermost antenna with an elapsed time between them of at
least one day (i.e., fish tried to enter the fishway but exited, then passed through tur-
bines or spillways, and then, came back to the fishway for upstream migration).

2.4. Hydraulic Characterization

To characterize the upstream region of Guma HPP and to compare the fish move-
ments with the discharge and velocity distribution of the intake area of the turbines and
the associated intake of the fishway, a set of bathymetries were conducted (Figure 3). All
bathymetries were performed with an acoustic Doppler current profiler boat (OTT Q
Liner 2 ADCP Boat). Next, all bathymetries together with on-site velocity measurements
(Swoffer Model 2100 Current Velocity Meter) in the fishway and HPP intakes were com-
bined to develop a surface contour plot (depth <1 m) of the study area.

Figure 3. Studied sections, on-site velocity measurements, and release sites.

The combination of data in a single contour map was performed on a five-step pro-
cedure: (1) calculation of mean velocity up to 1.00 m of depth in each measured point, (2)
peak removal by average filtering for each bathymetry section, (3) combination in Auto-
desk AutoCAD® of all measures in a single spatially referenced dataset, (4) a low-density
linear interpolation in Autodesk AutoCAD® and (5) a high-density interpolation using the
triangulated natural neighbor interpolation method from Matlab R2019a.

2.5. Data Analysis

All data analyses were performed in Statgraphics Centurion statistical software (Stat-
graphics Technologies, Inc., The Plains, Virginia, USA; Version 18.1).

To check possible differences between fish origin/experience (experienced and naive)
and release bank (left and right) on the metrics of fishway location, entry, and downstream
passage, the chi-square test of independence was used. In addition, the Mann—-Whitney
(MW) test was used to evaluate if there were any significant differences in location time
and downstream transit time by origin/experience and release bank. Additionally, the
MW test was used to evaluate the effect of fork length in the downstream passage propor-
tion.

To identify major downstream migration periods, a frequency analysis of the number
of fishway locations and downstream success was performed. Additionally, to detect a
possible influence of day-hours on downstream movement, an hourly frequency analysis
(GMT +01:00) was conducted, considering possible differences by origin/experience and
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release bank. Additionally, frequency analysis of captures during the period summer—
autumn 2020 was carried out to identify the proportion of fish demonstrating downstream
movement.

3. Results

Nearly a quarter of the tagged barbels (n = 74) were able to descend through the fish-
way, whereas only 26 were identified passing downstream by other routes (i.e., first rec-
orded by the most downstream antenna). The hydraulic characterization of the river sec-
tion allowed us to identify the area of the turbine intake as the most probable attractive
route for downstream migration, as it provided a larger area of high flows than the intake
of the fishway (Figure 4). Overflows by the spillways rarely occurred during the study
period, only registering four possible barbels (of those 26) descending on dates in which
sufficient water depth conditions occurred in the spillway.

Figure 4. 2D velocity contour in the upstream area of the facility (discharge: 9.71 m3/s).

Downstream metrics are summarized in Table 2. On the one hand, nearly 40% of
tagged barbels were able to locate and approach the fishway, with an overall median time
of approximately 2 days. From said barbels, 85.8% (34.5% of the total) were able to enter
the fishway and 61.7% (24.9% of the total) completely descended the fishway. Experienced
fish showed significantly greater proportions in fishway location, entrance and passage
success metrics than naive fish, although without differences in median location time. As
regards the release bank, fish released in the right bank showed significantly greater pro-
portions of fishway location and entry, but with no significant differences for passage suc-
cess and location time. Experienced barbels that were released on the right bank showed
the best ratings, with a 70.4% location success rate and within these, a 66.7% downstream
success rate (46.9% of the total). Meanwhile, the naive barbels released on the left bank
offered the worst ratings, with a 26.6% location success rate and within these, a 50% down-
stream success rate (13.2% of the total).

On the other hand, fork length was found to significantly affect the downstream suc-
cess rate (p-value = 0.002), larger barbels were more successful (median FL =146 mm; n =
74) than smaller barbels (median FL = 132 mm; n = 225).
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Table 2. Proportion of fishway location, entry and downstream success, as well as median time to locate the fishway after release (in days) by origin/experience and release bank. p
corresponds to the p-value of the tests for the comparisons of proportions (chi-square test of independence) or time (Mann-Whitney test) between groups. n: number of fish.

Experience Release bank
Metric Global Experienced Naive : Left Right :
Release Bank Global  Global Release Bank Experience Global Global Experience
Left Right Left Right Experienced Naive Experienced Naive
01°% 34.6% 70.4% 50.3%  237%  26.3% 22.4% 34.6% 263%  324%  47.1% 70.4% 22.4%
Location (120/299) (36/104)  (57/81)  (93/185) (27/114)  (10/38) 17/76) (36/104) (10/38)  (46/142)  (74/157) (57/81) (17/76)
p <0.001 p <0.001 p=0.640 p=0.350 p =0.009 p<0.001
2450 29.8% 67.9% 465%  149%  21.1% 11.8% 29.8% 211%  275%  40.8% 67.9% 11.8%
Entry * (103/299) (31/104)  (55/81)  (86/185) (17/114)  (8/38) (9/76) (31/104) (8/38)  (39/142)  (64/157) (55/81) (9/76)
p <0.001 p <0.001 p=0.193 p=0.301 p=0.016 p<0.001
23.1% 335%  105%  13.2% 9.2% 23.1% 132%  204%  28.7% 46.9% 9.2%
Downstream 24.8% (ari04) H09PGEBY g a1 538 (7/76) (24/104) (5/38)  (29/142)  (45/157) (38/81) (7/76)
passage sticcess (74/299) p <0.001 p <0.001 p=0517 p=0.194 p =0.099 p <0.001
. . 1.9 days 1.8 days 19days 2.0days 2.3 days 2.0 days 1.9 days 23days 19days 1.8days 1.8 days 2.0 days
Locangr_l time 1'9_dlazyos n=36) (=57 (1=93) (=27) (=100 (n=17) (n = 36) (n=10) (n=46) (n=74) (n=57) (n=17)
(median) (n=120) p=0.303 p=0.843 p=0744 p=0947 p=0.267 p=0.898

* Entry proportion could be underestimated since barbels could be recorded at the most upstream antenna (4), entered the fishway but did not reach the antenna 3 due to the distance
between them (15 pools).



Water 2021, 13, 1041

9 of 15

Downstream transit time lasted, in general, less than 10 h with a median value of 2.2
h, although with significant differences depending on the release bank (Table 3), with
lower transit times for barbels that were released on the left bank. The origin/experience
did not show a significant effect on the transit time, however, when considering its cross-
effect with the release bank, the experienced barbels showed a significantly lower time if
released on the left bank (p-value = 0.015), whereas the naive barbels did not show differ-
ences by release bank (p-value = 0.418).

The downstream movements of barbel were recorded during most of the year except
for winter, with the highest number of records between July and September (both in-
cluded) (Figure 5). Complementary observations during June-October 2020 showed that,
within this period, most of the barbel displacements corresponded with downstream
movements (Table 4). Additionally, it was observed that most of the movements of the
tagged barbels occurred during the daylight hours, with peak records during sunrise,
midday and sunset (Figure 6).

U T T T T T T T I 12
- | | [ | | R
© =] M AN Q ) Discharge 110
‘;_’40 r g: ';':: &: g: g: g: Iemrt)lerature
I | ocation
% 30 : } } } } } I Downstream success | |8 T
e | | | | — — — - Release date _cé
I [ I | | 5
@ 20 =
el 1A 3
. |
S0 |
D i | [
(=) [ Iy !
P I 1
Jul Aug Sep
50 T T T 12
) Discharge : m}
= it 10
“ 40 - Temperature oo
g— I | ocation (I
S 4 I Downstream success : : 18 m
'_, — — — - Release date | ‘ 2
c
o | | [0
SN Ll 2
E i <
: I
3] |
©
0
o
L1
2019 Apr May Jun Jul
50 T 1 T 12
Fy | | -
(@] el © Discharge
E’.’ 40 (E\ E Temperature 110
g‘ ! | I | ocation
@ } } I Downstream success | |8 T
l_. I | — — — ~Release date 2
I | | 16 5
@ I B g
£ | h— 4 <
; \
S |
® \ -2
2
| i L

Aug Sep Oct 2019

Figure 5. Location and downstream success, related to river discharge and water temperature. The logging system was
running continuously from 05/01/2018 to 12/31/2019, however, periods without fish records were excluded from the illus-

tration for clarity reasons.
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Table 3. Downstream transit time (in hours). p corresponds to the p-values of the Mann-Whitney
test for the comparison of downstream transit time between the origin/experience and release bank
categories. IQR: Interquartile range. n: number of fish.

Experience Release Bank

Global Experienced Naive Left Right

Median 22h 22h 32h 1.5h 4.8h
Downstream n=74) (M=62) n=12) (n=29) (n=45)
transit time IQR 1.0-8.7h 1.0-7.8h 0.8-9.3h0.7-3.1 h1.2-99 h
p-value p=0.988 p=0.011

Table 4. Proportion of barbel moving downstream considering the total sampled in the fishway.
Between brackets (number of barbel descending/sum of barbel descending and ascending).

Month (2020) June July August September October
Downstream proportion 58% (11/19) 71% (12/17) 35% (6/17) 50% (21/42) 100% (3/3)

14
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Figure 6. Location frequency at different hours in the day (GMT +01:00). (a) Considering the re-
lease bank. (b) Considering fish origin/experience.

4. Discussion

Most of the research resources and efforts invested in the study of the effectiveness
of fishways have been focused on upstream migration, while research studies on evaluat-
ing the potential of these devices as possible routes for downstream migration are still
scarce and, in general, it is assumed that their viability is minimal [30,37,38]. In many
cases, such studies were conducted in large river dams, where the fishway dimension was
negligible in respect to turbines and spillways [36,54]. However, even so, some encourag-
ing results can be found for both large [39] and small dams [55]. Therefore, it seems that
this general assumption may not be right. Being a site/flow-dependent situation, that is to
say, it seems that the viability of fishways as a downstream migration route depends on
the dam, the HPP operation and/or configuration, fishway placement, as well as on the
relative discharge of the fishway in comparison with other possible routes.

In this particular case, considering the general configuration of the studied facility,
with a distance of 135 m from the fishway to the HPP intake and an average ratio of dis-
charge between the fishway and the HPP intake of 5%, a low use of the fishway for down-
stream migration was expected. However, the results show that downstream movements
were noticeable. A total of 40.1% of fish located the fishway in the same season they were
released and more than 61.7% of them used this route to move downwards (24.8% of total
fish). Moreover, considering that the tagged fish, depending on their motivation, could
move upstream, stay in the reservoir or go downstream, the real downstream passage
success (i.e., the percentage of fish that really wanted to move downwards) could be
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greater. Additionally, some descending fish seemed to use the fishway as a summer hab-
itat and they did not contribute to the passage success metric (as they did not exit the
fishway). Thus, downstream fishway global efficiency could also be underestimated. In
this sense, also taking into consideration the results from the complementary experiments,
where approximately half of the captured barbels inside the fishway were moving down-
ward, it is possible to conclude that a fishway may serve as a complementary route both
in the study site as well as on other run-of-the-river small HPPs with similar characteris-
tics.

Nevertheless, it is worth mentioning that the Guma HPP makes use of all the river
discharge except for the proportion flowing through the fishway, thus, the spillway is
only a downstream migration option under peak-flow events (winter season [44]). Ac-
cording to the results, the downstream movement of fish occurred during the whole year,
except for the wintertime, reaching the maxima between June and September during day-
light hours (mainly from 7:00 to 20:00 h GTM+1). Therefore, as the downstream spillway
route is only available in winter, when cyprinids are overwintering and show very low
activity [2], the fishway usage probability increases during the rest of the year.

A greater proportion of fish collected in the Guma fishway and surrounding area
(experienced fish) were shown to have located and entered the fishway when compared
with those captured at 4 km downstream (naive fish). Since captured fish could have been
resident, ascending, or descending fish, the resident and descending experienced fish
could have explored the reservoir beforehand, and consequently, their probability of find-
ing the fishway could be greater. In contrast, naive fish had a lower probability of being
previously inside the fishway and the reservoir area beforehand. Therefore, considering
that real descending fish should have acquired experience of the reservoir and the fishway
when performing upstream spawning migration, experienced fish results may be closer
to reality. The importance of fish origin has been highlighted in previous field work
[56,57], thus, special attention has to be paid to the origin when conducting this type of
fishway assessment and interpreting their results. Furthermore, the size of fish also has to
be taken into consideration, as the present study shows that large fish were more success-
ful in descending the fishway, probably due to higher levels of motivation. These results
are in accordance with the results by Havn et al. [55].

Rheophilic species, such as barbels, tend to move downstream following the highest
flow volume areas [28,31], which are characterized by the highest water velocities but the
lowest velocity gradients. Furthermore, non-salmonids species generally prefer surface
waters [29] and shorelines [31]. In the studied site, the highest flow volume area is visible
from the water intake of the HPP up to 150 m upstream. In this area, the main flow volume
travels from the middle of the cross-section to the powerhouse intake. Fish were released
700 m upstream of the dam, a site without a clear pattern in the flow towards the HPP
intake. This suggests that fish released in the right-side bank could have followed the right
shoreline, not detecting the main waterway, being able to locate the entrance of the fish-
way in a higher proportion. Likewise, the fish origin showed a clear cross effect with the
release place. a higher proportion of experienced fish than naive fish released at the right
bank located the fishway, whereas both experienced and naive fish had a poor success
rate in locating the entrance when released at the left bank. This may indicate that the fish
with real experience in the area may have only previously explored the right side (for
example, by continuing near the shoreline when exiting the fishway during the upstream
migration), behaving like inexperienced fish when released at the left bank. The return of
fish to previously occupied places is related to the topographic mid-term memory, involv-
ing the visual or olfactory identification of landmarks and surface topography [2,58].
Therefore, a fish may choose a route for downstream migration by considering its previ-
ous experiences.

Despite their effect on fishway location, both the release bank and the fish experience
did not influence the fishway location time. Fish took about 2 days to locate the entrance
of the fishway. This location time may be considered fast when compared with location
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times for barbel during upstream movements (5-12 days [57,59]). This corroborates the
possible previous experience acquired by the fish, which may have facilitated locating the
fishway entrance without exploring other areas.

As regards the descent through the fishway, fish expended a median transit time of
around 2.2 h; a lower value than ascent transit time for the same fishway (median =3.5 h
and IQR =2.4-45.7 h [60]) and this seems to suggest a non-relevant downstream migration
delay. Experienced fish released at the left bank descended faster than those released at
the right bank (the same as the fishway). This result may indicate that the low proportion
of experienced fish from the left margin which managed to cross the reservoir and located
the fishway were probably the most motivated and skilled individuals.

When downstream migration occurred through the turbine route, the fish that reach
the turbine intake following the bulk flow may experience a rapid change in water veloc-
ity and depth, especially if they are near the surface, which may stop or delay the passage
[26]. Once the fish approaches the HPP intake, the location of alternative routes is quite
difficult (due to the surrounding hydrodynamics), thus, even if passage through deep tur-
bines is not their preferable route, it may be a passage of last resort [31]. At least 26 barbels
(8% of sampled fish) moved downwards through the turbines (probably the majority) or
spillway (a few of them, only during high flow events). Considering the experimental de-
sign and the complementary nature of this result, it is very probable that the number of
barbels selecting these routes was higher. Previous experiences with salmonids in small
HPP dams with a strong bulk flow to the turbines and spillway, showed a clear preference
for spillway routes, especially for juveniles [32,61]. Havn et al. [55], in a small HPP with
two separately groups of turbines, detected a descent passage ratio of 19% and 25%
through the two associated fishways (vs. 81% and 75% through turbines), with competing
flows of about 1.5 and 8%, respectively. Celestino et al. [39], in a large neotropical dam,
revealed a 14% efficiency for downstream migration of a fishway with an entrance located
close to the turbines and the shoreline, with a competing discharge of 0.1%. Taking this
into account, the correct placement of the fishway (e.g., near the turbine intakes and shore-
line) in combination with specific downstream facilities such as sluices or guiding-bypass
systems, could increase their usage probability. Another possibility to attract fish to the
fishway would be to increase the flow in the surrounding area of the fishway. However,
this would reduce the discharge through turbines and, consequently, the power plant
profit.

This study shows that downstream movements of potamodromous fish occurred al-
most throughout the whole year, with an increase in records during summer and autumn,
probably related to post-spawning and summer refuge movements [5,10-12], as well as
movements to search for overwinter places, respectively [14,15]. Thus, downstream move-
ments must be considered in any connectivity restoration projects, as their importance for
fish is comparable to upstream movement. To survive and complete their life cycle, fish
need to move, both upstream and downstream. Fishways could also be a route for down-
stream migration, but are not a complete solution by themselves. The correct placement
and dimensioning of the fishway, supported by guidance structures and attractive flows,
could improve its descent efficiency, turning fishways into a bidirectional migration facil-
ity. However, further research efforts and resources are necessary to achieve this. Among
others, it is necessary to improve the knowledge on relationships between fish behavior
and their ability to locate and use downstream bypasses. Taking this into consideration,
the results of this study may be used to help operators, engineers and biologists turn HPPs
into environmentally friendly energy production facilities.

5. Summary and Conclusions

e A considerable percentage of barbel used the fishway for downstream movements,
despite the low ratio between discharge and velocity fields at the turbines and the
fishway, as well as the great distance between them.
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e  The distribution of fish along the cross-section affects the selection of passage routes
in reservoirs with low water velocity and without clear waterways up to the turbine
intakes.

e  Previous experience of barbels affects their ability to locate the fishway.

e  Barbels perform downstream movements from spring to autumn, and mainly during
daylight.

e Fishways may serve as a complementary route in run-of-the-river small HPP with
similar characteristics to the study site.
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