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ABSTRACT
Hydropower dams come with high ecological and social costs, not least concerning longitudinal connectivity in rivers, which 
causes declines and sometimes local extinctions of fish species. Fishways are widely used to allow fish to pass dams, but their ef-
ficiency is highly variable between species and sites. Many species, and at places entire fish communities, remain understudied, 
likely hindering the implementation of effective remedial measures. Here, we studied fish passage behaviour in a vertical slot 
fishway in the Po River, Italy. Almost 1000 individual fish of nine species, representing the local fish community, were tagged 
and released within and downstream of the fishway. The only species passing the fishway at relatively high numbers were pota-
modromous barbel and Italian chub, and for these species passage success was positively related to fish size. Passage was more 
likely to occur at night than during the day for barbel, but not for chub. In relation to the dispersal of invasive species, it is note-
worthy that a few individuals of wels catfish and common carp passed the fishway.

1   |   Introduction

Hydropower is an important renewable energy source rep-
resenting about 16% of the global electricity production 
(IHA  2023). It is expected to increase in importance with at 
least 3700 major dams planned or under construction world-
wide (Zarfl et al. 2015). Hydropower dams, however, come with 
high ecological and social costs (Olden 2015), not least concern-
ing longitudinal connectivity in rivers, causing declines and 
sometimes local extinctions of migratory fish species (Jonsson, 
Waples, and Friedland 1999; Lenders et al. 2016). Maintaining 

open migratory routes is therefore an important aspect of safe-
guarding ecological connectivity and conserving migratory fish 
species (McIntyre et al. 2015; Schiavon et al. 2024). Ideally, mi-
grating as well as non- migrating fish should be allowed to pass 
dams to maintain genetic diversity and dispersal in the river sys-
tem (Jones et al. 2021). In face of this, fishways and other fish 
passage solutions are used to restore longitudinal connectivity at 
hydropower dams (Noonan, Grant, and Jackson 2012).

Fish passage solutions must ensure safe passage routes for a 
substantial portion of the migrating fish. The functioning of a 
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fishway depends on local conditions (e.g., operation, discharge, 
temperature, physical structures) as well as fish characteristics 
(species, size, life stage, motivation) (Silva et al. 2018). Although 
interspecific differences in swimming capability and behaviour 
are widely acknowledged (Katopodis and Williams  2012; 
Williams et al. 2011), fishway design, monitoring, and research 
have long focused on strong swimmers, such as salmonids 
(Katopodis and Williams  2012; Mallen- Cooper  1999). Thus, 
knowledge about other species is often lacking, resulting in 
variable or low fish passage performance for many fish spe-
cies (Bunt, Castro- Santos, and Haro 2012, 2016; Hershey 2021; 
Noonan, Grant, and Jackson 2012; Sun et al. 2023). As for fish 
ecology and management in general, knowledge is particularly 
lacking for small- sized species with little commercial interest 
(Silva et al. 2018; Smialek et al. 2019; Vøllestad 2023).

Evaluations of existing fish passage solutions, as well as the 
behaviour of target species, are key to ensure the restoration 
of longitudinal connectivity (Benoit et  al.  2023; Roscoe and 
Hinch 2010). Fish counters (Pereira et al. 2021) or large sampling 
efforts (Panagiotopoulos et al. 2024) can give valuable informa-
tion on understudied species. One drawback of these methods, 
however, is that they do not account for the fish (individuals or 
species) that fail to pass the fishway, and they typically yield only 
low spatial and temporal resolution on behaviour in the fishway 
(Eggers et  al.  2024). To quantify fine- scale behaviour of fish 
in fishways, tracking of individual fish by telemetry is needed 
(CEN 2021; Eggers et al. 2024; Hershey 2021; Sun et al. 2023).

The composition of species and size of successfully and unsuc-
cessfully passing fish are straightforward study outcomes from 
tagging- based fishway evaluations. For example, specific pas-
sage efficiencies are standard evaluation metrics (Bravo- Córdoba 
et al. 2021; CEN 2021) and commonly used in meta- analyses of 
fish passage performance (Bunt, Castro- Santos, and Haro 2012, 
2016; Hershey  2021; Noonan, Grant, and Jackson  2012; Sun 
et al. 2023). Size- selective passage is a common issue in fish pas-
sage management (Haugen et al. 2008; Maynard, Kinnison, and 
Zydlewski 2017; Sullivan, Bailey, and Berlinsky 2023), and long 
durations to overcome migratory barriers—consisting of the 
time to enter and the transit time through a fishway—are asso-
ciated with excessive energy expenditure, migration failure and 
predation mortality (Agostinho et al. 2012; Baktoft et al. 2020; 
Castro- Santos, Cotel, and Webb 2009; Thorstad et al. 2008). In 
addition, diel movement dynamics may influence time- specific 
passage performance because many species are either diurnally 
or nocturnally active (Benoit et al. 2023; Jones and Hale 2020). 
Diel patterns in activity, although often neglected, may also 
be limited or shaped by the specific conditions of the fishway 
(Nyqvist et al. 2017). Diel passage patterns are particularly rele-
vant in face of the increase in, and disruptive potential of, artifi-
cial light illuminating rivers at nights (Tarena et al. 2023; Vega 
et al. 2024).

In this study, we evaluated fish passage behaviour in a recently 
constructed vertical slot fishway at a dam in the Po River, the 
largest river in Italy, by tracking multiple understudied species 
of the local fish community using PIT telemetry. With a focus 
on small- sized species and size classes, we investigated species- 
specific (1) passage success and fishway transit time, (2) potential 
size selection on successful passers and (3) diel passage patterns. 

In addition, we used radio telemetry on a subset of large individ-
uals (barbel and common carp) to detect fish movements in the 
vicinity of the dam and to describe large- scale behaviour around 
the fishway.

2   |   Methods

2.1   |   Study Site

The study was carried out at the hydropower plant Casale 
Monferrato (45°08′44.8″N 8°27′15.4″ E) on the Po River, in 
the Piedmont Region, NW Italy (Figure  1). Since 2020, the 
Casale Monferrato Dam is the second obstacle along the Po 
River, 468 km from the Adriatic Sea. The first barrier, the Isola 
Serafini Dam, is located 168 river km downstream (at river km 
300) and is equipped with a pool- weir fish passage solution, 
whereas the Canale Lanza Dam, located 3.4 km (at river km 
471) upstream from the Casale Monferrato Dam, constitutes 
an unpassable obstacle for upstream- migrating fish. The Po 
River near Casale Monferrato has a mean annual discharge 
of about 260 m3/s. River reaches upstream and downstream of 
the dam are part of the high- plain section of the Po, character-
ised by a low mean slope (0.08% around Casale Monferrato), a 
bottom substrate of mainly coarse gravel, and a general warm-
ing of the water (ADBPO 2009). The fish community is heavily 
impacted by non- native species (Bianco  2014), whose occur-
rence exceeds 50% (Abbà et  al.  2024; Castaldelli et  al.  2013; 
Puzzi et al. 2010). A systematic electrofishing campaign found 
16 native and seven non- native species in this section in 2007 
(ADBPO 2009).

The Casale Monferrato hydropower plant has been in oper-
ation since 2020 using a run- of- river hydropower scheme. A 
192- m- long weir with an inflatable rubber dam regulates the up-
stream water level at 105.55 m a.s.l., creating an average head of 
4.05 m. The mean annual abstracted discharge for hydropower 
generation is 72.1 m3/s (about 28% of the mean annual river dis-
charge) which is passed through an intake channel to an adjoin-
ing powerhouse equipped with four Kaplan turbines (installed 
capacity 4.4 MW). A vertical slot fishway (Figure  2) is located 
between the rubber dam and the intake channel, connecting the 
powerhouse tailrace to the upstream end of the intake channel. 
The fishway is approximately 85.5 m long (linear distance en-
trance to exit) and contains 26 large compartments (5.2–6.7 long 
× 3.0 m wide) with every second compartment divided by a 1.9 m 
wide deflector wall into two smaller pools to further dissipate 
energy and orient the stream flow. The pools are connected by 
1.10- m- wide, full- depth vertical slots with a head drop of 0.15 m. 
The design discharge in the fishway is 0.8 m3/s, with a maxi-
mum water velocity in the slots estimated to be 1.72 m/s, and 
a mean water velocity in the pools of approximately 0.35 m/s. 
Under these conditions, power dissipations in the differently 
sized pools are 76 W/m3 in the large pools and around 153 W/m3 
in the small pools. The upstream water level is kept ca. constant 
by operating the rubber dam inflation and the hydropower tur-
bines. The mean daily discharge of the fishway ranged from 0.60 
to 0.76 m3/s in the survey period.

Temperature was continuously recorded in the intake channel 
upstream the dam using a HOBO MX- 2202 data logger (HOBO, 
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USA; Figure 3). Hourly discharge data including flow over the 
weir, through the fishway and through the turbines, was ob-
tained from Idrobaveno Srl.

2.2   |   Fish Capture

Fishes were caught by electrofishing in the Lanza Channel (an 
artificial channel originating at the upstream part of the Canale 
Lanza Dam; Figure  1) between 26 October and 2 November 
2021 and upstream and downstream of the Casale hydropower 
dam on 7–8 April, 2022. A boat was used for electrofishing in 
the river itself and most fish were captured near the riverbanks 
and around shallows (Figure 2). After capture, fishes were held 
in fyke nets for up to 24 h near the riverbank at the dam until 
tagging.

2.3   |   PIT Tagging and Telemetry

Before tagging, fish were anesthetised in clove oil (Aromalabs, 
USA; approximately 0.2 mL clove oil/L water). Fish lon-
ger than 6 cm were tagged (Table  1) with 12 mm PIT tags 
(Biomark, USA; 12 × 2.1 mm, 0.10 g) using a gun injector. The 
needle of the injector was inserted at a 45° angle at the ventral 
side of the fish anterior of the pelvic fins, followed by a full 

insertion of the tag, almost parallel to the fish body, into the 
abdominal cavity (Schiavon et  al.  2023). Fork length (to the 
nearest 0.5 cm) and body mass (to the nearest g) were mea-
sured (Table  S1), and the fish were left to recover in tanks 
filled with regularly changed river water (between 20 min and 
3 h). All fish recovered in a span of 5 min and no tag loss or 
mortality was observed before release of fish into the river. 
Fishes were released at three sites (Figure 2): (1) in the middle 
of the fishway (release site: fishway), (2) 11.5 m downstream of 
the fishway entrance (release site: downstream) and (3) near 
the tailrace 85 m downstream (release site: tailrace). Small 
fish were gently released from buckets inside and down-
stream of the fishway in similar numbers, whereas large fish 
(> 30–45 cm, depending on species) could not be released from 
buckets, and were instead released from the riverbank into the 
tailrace (Figure 2). For the inferential analyses, only the 942 
small sized fish released in and downstream of the fishway 
were used (Table 1).

Nine species or taxonomic groups of fish were tagged 
(Table S1) and seven of those in sufficient numbers to be in-
cluded in the analyses (Table  1). All seven analysed species 
have been reported to be potamodromous, and flow prefer-
ences of these species reach from lentic environments to rhe-
ophilic (Table S2). Alburnus arborella (alborella) and Squalius 
squalus (Italian chub) are native to the Po catchment. Barbus 

FIGURE 1    |    The Casale Monferrato hydropower dam, with radio telemetry stations, Lanza Channel and Lanza dam without fish passage facili-
ties. The smaller map shows the position of the Po River with Isola Serafini dam (grey) and study reach (light grey) in Northern Italy.
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spp. (barbel) are hybrid populations formed by non- native 
and now dominant Barbus barbus and native Barbus plebejus 
(Meraner et  al.  2013). Cyprinus carpio (common carp) is an 
historical introduction in this catchment, but more recently 
introduced and spreading in other freshwater systems glob-
ally (Badiou, Goldsborough, and Wrubleski  2011). The non- 
native Carassius spp. (carassius) is most likely dominated 
by Carassius auratus, but intrusion of Carassius gibelio and 
Carassius carassius cannot be excluded (Fortini 2016). Silurus 
glanis (wels catfish) and Gobio gobio (gudgeon) are also non- 
native (Abbà et al. 2024; Bianco and Ketmaier 2005; Nyqvist 
et al. 2024). All nine species are part of the larger fish commu-
nity in the high- plain section of the river Po and five species 

have been observed in this stretch before the dam was con-
structed (ADBPO 2009).

Two PIT antennas (Model “Cord Antenna System”, Biomark, 
USA) were placed in the fishway, each encircling a vertical slot. 
One antenna was placed in the last slot before the exit of the fish-
way (the upper antenna), whereas the other antenna was placed 
in the middle of the fishway (hereafter called the lower antenna; 
Figure 2). The variable water levels downstream the dam pre-
vented the positioning of an antenna close to the fishway en-
trance. Detection ranges of both antennas covered the full width 
of the slots and about 30 cm in an up-  and downstream direc-
tion, and were regularly tested using a PIT tag identical to those 

FIGURE 2    |    (A) An aerial photo of the fishway at the Casale Monferrato hydropower facility on the Po River, with the evaluated vertical slot fish-
way and the position of PIT-  and radio antennas and the release sites of tagged fish. (B) Scheme of the vertical slot fishway (top view).
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in the tagged fish. No change in detection range over time and 
no downtime was observed for any of the antennas. The tag de-
tection probability (sensu CEN 2021) of the lower antenna was 
estimated from individual fish detections at the upper antenna 
missing at the lower antenna. It detected 71 of 81 detections, 
equalling a tag detection probability of 88%.

PIT detections on the two antennas were used to quantify 
fish behaviour in the fishway. We defined passage success as 
detection of a fish at the upper antenna and overall passage 
success as the proportion of successful fish of all fish released 
(overall FPS efficiency in CEN 2021; per cent passage in Silva 
et al. 2018). Entrance time was the time from release to first 
detection in the fishway (at the lower antenna). As the lower 
antenna was positioned mid- way up the fishway this time in-
cludes both entry and initiation of ascent and care should be 
exercised when comparing with other studies. Fishway transit 
time was the time from the last detection at the lower antenna 

to the first detection at the upper antenna. In case of multiple 
transits of an individual between lower and upper antenna, 
only the first successful attempt was analysed. To quantify 
diel activity patterns, times of detection were transformed 
from standard time to their relative positions between either 
sunrise and sunset (day) or astronomical evening twilight and 
morning twilight (night) with the help of a daytime calendar. 
An average day was then calculated for the observation pe-
riod (26/10/2021 to 26/06/2022) with mean values of sunrise, 
sunset and (astronomical) twilights. Times of detections were 
then transformed into times on the average day by using their 
relative position between either sunrise and sunset (day) or 
evening and morning twilight (night). First detections at the 
upper antenna were used to assign passage at either day or 
night (including twilight). Their corresponding times on the 
average day were used for plotting (Figure 6). In case of multi-
ple upstream movements by a single individual over the obser-
vation period, we only used the first passage in the analyses.

FIGURE 3    |    Daily mean total discharge (black line) and daily mean water temperature (grey line) at the Casale Monferrato hydropower plant over 
the observation period (26/10/2021 to 25/06/2022).
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2.4   |   Statistical Methods

Species with at least 150 released and at least 10 detected in-
dividuals were considered for inferential analyses, based on 
a power analysis of simulated Fisher's exact tests (α = 0.05, 
β = 0.20, first group proportion = 0.05 and second group pro-
portion to be compared = 0.20). Effects of fish length, release 
site, capture location and season of release were tested using 
logistic regression. The Akaike Information Criterion (AIC) 
was used to select the best model among all candidate mod-
els (Bolker 2008). All combinations of the covariates were in-
cluded among candidate models. Models with an AIC- value of 
−2 or lower from the null (Δ AICnull < −2) model and within 2 
AIC units from the best model (Δ AICmin > 2) were considered 
good models (Bolker 2008), and we considered the model with 
the fewest parameters among the good models to be the best. 
Mann–Whitney U- tests were used to test if release location af-
fected entrance and transit times. We used Fisher's exact tests 
to test for differences between groups of fish (release sites and 
day/night). We used R (version 4.3.1), with dplyr for data man-
agement, lme4 for logistic regression modelling and ggplot2 
for plotting data.

2.5   |   Large Fish and Radiotelemetry

Large fish (barbel and carp ≥ 40 cm, wels catfish ≥ 60 cm) 
could not be released within the fishway. To complement the 
small- sized fish data and describe large- scale behaviour down-
stream and upstream of the fishway, large fish taggable with 
external radio tags were tagged and tracked. Due to tag weight, 
size, and attachment position, radio tags were only attached to 
fish with a broad dorsal fin and a weight of 600 g and above, 
equalling up to 2.5% of body weight (Chittenden et al. 2009; 
Jepsen et al. 2005). Only large common carp (N = 15) and bar-
bel (n = 9) fulfilled this criterion. These fishes (Table 1) were 
tagged on October 26–27 and November 2, 2021 (13 carp) and 
April 8, 2022 (two carp and nine barbel) with external radio 

transmitters (model F2120; 16 g; 21 × 52 × 11 mm; 55 ppm; 
Advanced Telemetry System ATS, USA), each transmitting 
on a unique frequency (151.000–151.640 MHz) and two dif-
ferent pulse rates indicating an active (55 ppm) or a passive/
dead (30 ppm after 8 h without movement) fish. The tags were 
attached below the dorsal fin, using wires inserted horizon-
tally through the upper part of the musculature (Nyqvist 
et al. 2019). Large wels catfish were not taggable with external 
radio tags and were therefore only PIT- tagged (n = 19). After 
tagging, fish were let to recover in tanks before being released 
in the tailrace (Figure 2).

The movement of the radio- tagged fish were tracked using an 
array of stationary automatic receivers (model R4500S; ATS, 
USA), connected to a unidirectional antenna. One radio receiver 
was positioned 2.6 km downstream and one 3.4 km upstream at 
the Canale Lanza Dam (Figure 1), whereas four receivers were 
positioned at the Casale Monferrato Dam (Figure 2).

Passage success was inferred from the relative signal strength 
(upstream/downstream antennas) recorded on the receivers at 
the Casale Monferrato Dam. Presence at this dam was defined 
by detections above a signal strength of 120 on the dam receiv-
ers before passage. Detections by the antenna at the upstream 
Canale Lanza Dam indicated continued upstream movement 
after passage. Fishes were also regularly manually tracked in 
the river reach between the fixed downstream and upstream re-
ceivers using a handheld antenna and receiver (R4000 and R410, 
ATS, USA).

2.6   |   Ethics Statement

The study was performed in accordance with Ufficio Tecnico 
Faunistico e Ittiofauna della Provincia di Alessandria (autho-
rization DDAP2- 867, dated October 10, 2021), Ente di Gestione 
delle Aree Protette del Po Piemontese and ISPRA (prot.51778 
dated October 1, 2021).

TABLE 1    |    PIT- tagged fishes used in the study. Small sized fish (n = 954) were released in or just downstream the vertical slot fishway, while large 
sized fish (n = 42) were released in the tailrace of the hydropower plant.

Release Species English name N

Length (cm)

Median Min. Max.

Fishway and downstream Alburnus arborella Alborella 100 7.3 6.0 9.5

Barbus spp. Barbel 235 12.5 6.8 38.5

Carassius spp. Carassius 40 20.5 12.0 28

Cyprinus carpio Common carp 139 22.0 15.0 39.5

Gobio gobio European gudgeon 111 9.2 7.1 13.0

Silurus glanis Wels catfish 41 30.5 6.9 59.0

Squalius squalus Italian chub 276 15.9 6.2 34.5

Tail- race Barbus spp. Barbel 9a 58.0 53.0 75.0

Cyprinus carpio Common carp 15a 63.0 30.5 77.0

Silurus glanis Wels catfish 18 82.0 73.0 116.0
aOf the large fish, 9 barbel and 15 common carp were also radio- tagged.
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3   |   Results

Detections of 99 of 988 (10%) PIT- tagged fishes (470 small fish 
released in the fishway, 472 small fish downstream of the fish-
way, 46 large- bodied in the tailrace) belonging to five of seven 
species were recorded by the two PIT antennas over the whole 
observation period of 8 months (Tables S3 and S6). The majority 
of detections were recorded shortly after release, both in autumn 
and spring. Of the 99 detected fishes, 80 individuals successfully 
passed the fishway. Among the successfully passing small fish, 
barbel (n = 36) and Italian chub (n = 36) were the dominating 
species, but single individuals of alborella and common carp 
also passed (Table 2). No carassius or gudgeon were detected. 
Among the catfish, no small fish, but a few large fish passed 
the fishway. A small number of fish passing the upper antenna 
turned around and returned downstream in the fishway (one 
barbel and four chubs). Only barbel and Italian chub passed in 
sufficient numbers to allow for quantitative analysis (Table S3).

3.1   |   Passage Success

For both species, body size and release location significantly 
affected passage success, and passage of Italian chub was also 
affected by season (Tables 3, S4, and S5). Longer fish were more 
likely to pass than short fish. On average, each additional cm in 
body length increased passage success by 1.5% for barbel and 
2% for Italian chub (logistic regression; Table  3). The median 
fork length of barbel successfully passing the fishway was 23 cm 
(min. 8, max. 36), whereas it was 12 cm (min. 6.8, max. 38.5) for 
barbel not passing (Figure 4). For Italian chub the correspond-
ing lengths were 20 cm (min. 10.8, max. 34) and 15.2 cm (min. 
6.2, max. 34.5). Passage success of Italian chub was affected by 
season. Chubs released in spring had an on average 22% higher 
probability of passage than those released in autumn (Table 3).

3.2   |   Differences Between Release Locations

Overall passage success was significantly higher for fish released 
in the fishway (barbel 22.6%; Italian chub 17.6%) than for those 
released downstream (7.2% and 8.2%; Table 2; logistic regression; 
barbel, p = < 0.001; chub, p = 0.016; Table 3). Taking other factors 
into account, this corresponds to an average decrease of 16% for 
barbel when being released downstream instead of inside the 

fishway, and a decrease of 10% for Italian chub. The proportions 
of individuals passing successfully from the lower to the upper 
antenna (36 of 39 = 92.3% for barbel and 36 of 47 = 76.6% for 
chub) did not differ significantly between the release groups for 
any of the two species (Fisher's exact test, p > 0.05).

3.3   |   Entrance and Transit Times

Entrance and transit times were variable for both barbel and 
chub (Figure 5).

Barbel released in the fishway were detected significantly 
earlier after release (median 7.5 h, min. 0.7 h, max. 162 days; 
Figure  5A) than individuals released downstream of the fish-
way (median 13.1 h, min. 7.0 h, max. 174 days), as indicated by a 
Mann–Whitney U- test (U = 42, Z = 2.236, p = 0.025). Barbel from 
the fishway release group had a longer transit time (median 
2.1 h, min. 0.2 h, max. 22.1 h) than those released downstream 
(median 0.5 h, min. 0.3, max. 2.2; Figure 5B; U = 44, Z = 2.541, 
p = 0.011).

For Italian chub, there was no difference between release groups 
in entrance time (fishway release: median 17.1 h, min. 0.9 h, max. 
196 days; downstream release: median 82.1 h, min. 1.7 h, max. 
21 days; Figure 5A; U = 134, Z = 1.85, p = 0.064) or transit time 
(fishway release: median 0.7 h, min. 0.3 h, max. 13.8 h; down-
stream release: median 1.1 h, min. 0.2 h, max. 23.1 h; Figure 5B; 
U = 89, Z = 1.380, p = 0.167). A single passing alborella was de-
tected 27 h after release at the lower antenna and needed 1.7 h 
for transit. A single carp was detected after 3.6 h and had a tran-
sit time of 8.3 h.

3.4   |   Timing of Passage

The majority of successful barbel (84%, 31 of 37) and Italian chub 
(92%, 33 of 36) passed the fishway within a week after release under 
similar environmental conditions, respectively (Figure 3B). Daily 
mean discharge ranged from 15 to 195 m3/s and water temperature 
from 9.7°C to 26.3°C at days of passage (Figure 3A). On a scale of 
24 h, passages were not equally distributed between day and night 
(Figure 6). The first detection at the upper antenna was more likely 
to occur at night for barbel (nday = 6, nnight = 31, p = 0.006), but not 
for Italian chub (nday = 10, nnight = 26, p > 0.05).

TABLE 2    |    Detections of small- bodied PIT- tagged individuals of four fish species released inside, and downstream of, a vertical slot fishway at 
the Casale Monferrato hydropower station.

Species

Released in fishway Released downstream

Released Detected Released Detected

Ntot Nlower Nupper %tot Ntot Nlower Nupper %tot

Alburnus arborella 47 2 1 2.1 53 0 0 0

Barbus spp. 124 31 28 22.6 111 8 8 7.2

Cyprinus carpio 63 4 1 1.6 76 0 0 0

Squalius squalus 142 34 25 17.6 134 13 11 8.2

Note: The number of individuals released (Ntot), detections by the lower (Nlower) and upper (Nupper) antennas, and the overall passage efficiency (%tot) are provided 
separately for the two release sites (fishway and downstream). Info on other species in Table S3.
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3.5   |   Large Fish

Among the large fish released within the tailrace of the hydro-
power station, passage success was 9% (1 of 11) for barbel, 27% 
(4 of 15) for common carp, and 16% (3 of 19), for wels catfish 
(Table  S6). All eight fish passed in late spring or in summer. 

Among the common carps, three left in a downstream direc-
tion immediately after tagging (all in autumn) and were never 
seen again. The other carps were present by the dam from 15 h 
to 42 days (median = 9 days), distributed over 2–41 visits (me-
dian = 12 visits). Although carps were present at the dam for an 
extended period in autumn (n = 10), no fish passed upstream. 

TABLE 3    |    Binary logistic regression results for passage success of small- bodied barbel and Italian chub (released either in or downstream of the 
fishway).

Dependent variable/regressors Coefficient SE z p AME

95% CI

Lower Upper

Passage success of barbel (Barbus spp.; model ρ2 = 0.25, df = 232)

Intercept 4.57 0.58 −7.86 < 0.001 — — —

Fork length (cm) 0.15 0.03 5.72 < 0.001 0.015 0.01 0.02

Release location (downstream) −1.26 0.36 −3.54 < 0.001 −0.16 −0.24 −0.08

Passage success of Italian chub (Squalius squalus; model ρ2 = 0.14, df = 270)

Intercept −5.00 0.76 −6.58 < 0.001 — —

Fork length (cm) 0.18 0.04 4.50 < 0.001 0.02 0.01 0.03

Release location (downstream) −0.69 0.29 −2.41 0.016 −0.10 −0.17 −0.02

Season (spring 2022) 1.35 0.42 3.17 0.002 0.22 0.09 0.35

Abbreviations: 95% CI = 95% confidence interval; AME = average marginal effect; df = degrees of freedom; ρ2 = peudo- R2 (McFadden).

FIGURE 4    |    Boxplots of fork lengths of Barbus spp. or Squalius squalus released inside the vertical slot fishway (fishway), or downstream of the 
fishway (downstream). Data divided between fish that successfully passed (detected at the upper PIT antenna, i.e., fishway exit) and those that did 
not pass. Boxes show median with interquartile ranges, whiskers show the 1.5- fold interquartile range, dots represent outliers. Numbers of observa-
tions (n) written above each boxplot.
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After repeated visits, all of these carps left the dam in a down-
stream direction during October–November to overwinter in a 
deep slow flowing river reach 1–2 km downstream. Nine carp 
returned to the dam in April–May the following year. In spring, 
four of eleven carps (36%) present downstream of the dam suc-
cessfully passed the fishway. Fish passing did so from 1 to 25 
May after 9–32 visits to the dam. The final visit lasted 1.5–44 h 
before passage. Transit times from the lower to upper antenna 
inside the fishway were 17–28 min (n = 2). All four carp contin-
ued to move upstream until reaching the next dam in the system 
(Canale Lanza Dam).

Barbel were tagged only in spring 2022. Two barbel moved 
downstream immediately after tagging, seven individuals were 
present 6–104 days downstream of the dam, distributed over 
2–44 visits. No radio- tagged barbel passed in the observation 
period. For the barbel tracked at least twice, the median linear 
home range was 880 m (min.–max. = 400–1800 m). Four barbel 
and four carps started registering dead/inactive signals during 
the study, which was attributed to tag loss or mortality. Fishing 
is relatively intense in the area and may have contributed to this 
result.

The three passing wels catfish had transit times between 38 and 
51 min. One wels catfish moved up and down in the fishway 
twice in 1 day.

4   |   Discussion

We studied fish passage behaviour in a vertical slot fishway in 
the Po River, Italy. Almost 1000 individual fish of 10 species, 
representing the local fish community, were tagged and released 
within or downstream of the fishway. The only species passing 
the fishway at relatively high numbers were barbel and Italian 
chub, and for these species passage success was positively re-
lated to fish size. Passage was more likely to occur at night than 
during the day for barbel, but not for chub. In relation to the 
dispersal of invasive species, it is noteworthy that a few large 
individuals of wels catfish and common carp pass the fishway 
during spring and early summer.

Barbel and Italian chub had higher detection probabilities 
than the other surveyed species but still relatively low over-
all passage success (7% and 8% for the downstream group, 
respectively). From other studies in vertical slot fishways, 
however, both lower and higher overall passage success have 
been reported for species of the same genera. For barbel, 
overall passage efficiencies of 2%–29% (Benitez et  al.  2018; 
Grimardias et  al.  2022; Ovidio et  al.  2017; Ovidio, Dierckx, 
and Benitez 2023), but also 80%–83% (Ovidio et al. 2017; Sanz- 
Ronda et al. 2019) have been reported. For chub, overall pas-
sage efficiencies of 5%–16% (Grimardias et al. 2022; Lothian 
et al. 2019), but also 48% (Benitez et al. 2018) and 73% (Ovidio, 

FIGURE 5    |    Boxplots of (A) times towards the entry (entrance time) and (B) transit times between the lower and upper antenna inside the fishway 
for Barbus spp. and Squalius squalus released either inside (fishway) or downstream of the fishway (downstream). Three entrance times of Barbus 
spp. (161.7, 173.6, 196.7 days) and two values of S. squalus (197.9, 21.6 days) not shown in panel A. Boxes show median with interquartile ranges, whis-
kers show the 1.5- fold interquartile range, dots represent outliers.
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Dierckx, and Benitez 2023) have been observed. Proportions 
of passage from the lower to the upper antenna, on the other 
hand, were relatively high for both species (92% for barbel, 
77% for chub). They were also comparable to those described 
elsewhere. Passage efficiencies from entry to exit of a vertical 
slot fishway were observed to be 63%–95% for barbel (Benitez 
et al. 2018; Grimardias et al. 2022; Ovidio et al. 2020; Ovidio, 
Dierckx, and Benitez 2023; Sanz- Ronda et al. 2019) and 45%–
94% for chub (Benitez et  al.  2018; Grimardias et  al.  2022; 
Lothian et al. 2019; Ovidio, Dierckx, and Benitez 2023). The 
median transit times of 0.5–2 h for a height difference of 
2.55 m were also likely not long enough that they negatively 
affected fitness (Bravo- Córdoba et  al.  2021; Sanz- Ronda 
et al. 2019). These results imply that the reasons for the low 
overall passage efficiencies stem from further downstream: 
possible reasons could be low attraction towards or entering of 
the fishway, and low motivation to move upstream (Cooke and 
Hinch  2013; Hershey  2021; Kemp  2016; Ovidio et  al.  2017). 
Potentially, the large proportion of barbel and chub that did 
not pass could also reflect behavioural variability within 
the respective populations, in interaction with motivation. 
In large- scale observations, only 3%–20% of barbel and 10% 
of chub showed migratory behaviour, while the larger frac-
tion remained within a few kilometre of their release loca-
tions (Branco et  al.  2017; de Leeuw and Winter  2008). Both 
chub and barbel migrate towards spawning grounds in spring 

(Fortini 2016). Barbel has also been observed to migrate in au-
tumn as well (Benitez and Ovidio 2018; Epler et al. 2004), pos-
sibly driven by dispersal towards wintering habitats. In fact, 
in this study chub were more likely to pass in spring while 
no difference was seen between autumn and spring in barbel.

Despite a high number of fish tagged, only a relatively low num-
ber was detected in the fishway. The overall low proportion of 
fish detected (10%) across all species is heavily influenced by sev-
eral species with very low or no detections. To be detected, fish 
needed to ascend to the lower antenna, placed mid- way up the 
fishway. Entry into the study area hence include also some as-
cent in the fishway, regardless of release group. As many studies 
place the lower antenna at the entrance of the fishway (Benitez 
et  al.  2018; Grimardias et  al.  2022; Lothian et  al.  2019; Sanz- 
Ronda et al. 2019; Ovidio, Dierckx, and Benitez 2023), one can 
expect lower number detection and longer entrance times com-
pared to these studies. Only a few alborella and small carp were 
detected by any antenna while no carassius, gudgeon or small 
wels catfish ascended far enough to be detected by the lower 
antenna. This led to overall low numbers of detected fish. The 
reasons for the passage failure of these species remain unknown 
and warrant further studies, but may include lack of motivation 
(Chapman et  al.  2012; Cooke and Hinch  2013; Kemp  2016), 
stress from handling (Portz, Woodley, and Cech 2006; Sullivan, 
Bailey, and Berlinsky  2023) or low swimming performance 
(Jones et al. 2020). Nevertheless, individual alborella, common 
carp and wels catfish were detected at the fishway exit, albeit in 
low numbers. This demonstrates that the fishway was passable 
and may have offered longitudinal connectivity to some extent 
for these species, allowing genetic transfer from downstream 
to upstream of the dam (Jones et al. 2021; Tamario et al. 2019; 
Wilkes et al. 2019).

European gudgeon and carassius, however, were released 
and never detected again. While carassius is a rather len-
tic fish species, with limited fish swimming capacity (Yan 
et  al.  2012), the lack of passage events for gudgeon may be 
interpreted as a warning that the fishway may not function 
well for this species. Gudgeon showed a strong tendency to 
move upstream against a current and over a relatively mod-
est hydrodynamic obstacle in flume experiments (Tarena 
et al. 2023) and are commonly observed passing various fish-
way designs in the Netherlands (Panagiotopoulos et al. 2024), 
accentuating this warning. Swimming capacity is often 
considered a key characteristic to determine passage perfor-
mance in fishways (Castro- Santos et al. 2022; Katopodis and 
Gervais 2012). The maximum flow velocities downstream of 
the slots in the studied fishway is about 1.7 m/s. In the liter-
ature, the average maximum swimming speed for gudgeon 
has been estimated to 9.8–13.3 BL/s (Nyqvist et  al.  2024; 
Tudorache et al. 2008). For our gudgeon this corresponds to 
sufficient swimming capability only for the largest and/or 
best performing individuals (range: 1.02–1.73 m/s). The same 
species, however, has been observed to pass a pool- type fish-
way with submerged orifices in Poland with flow velocities of 
up to 2.3 m/s (Kotusz et  al.  2006) and in a vertical slot fish-
way in Belgium with flow velocities of up to 2.2 m/s (Benitez 
et  al.  2015). Fish that volitionally swim against strong cur-
rents could outperform fish in forced swimming performance 
tests (Castro- Santos, Sanz- Ronda, and Ruiz- Legazpi  2013). 

FIGURE 6    |    Number of first detections at the upper antenna in the 
fishway at hours of the day. The outer ring shows daylight (white) and 
night (black) including twilight (grey). Depicted are times on the av-
erage day of the observation period (26/10/2021 to 26/06/2022) due to 
changing daytime lengths over time. Calculation of the average day and 
times on the average day in methods section.
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In addition, tagging is unlikely to substantially have reduced 
swimming performance (Ficke, Myrick, and Kondratieff 2012; 
Nyqvist et  al.  2022, 2024; Schiavon et  al.  2023). As the ver-
tical slot fishway in Casale Monferrato solely relies on sub-
strate provided by the surrounding river and flow velocities 
do not change much from top to bottom (Katopodis, Kells, and 
Acharya 2001), the fishway likely lacks substrate and with it 
surface roughness around the slots. Small, bottom- oriented 
species such as gudgeon could therefore profit from arranged, 
stable substrate within the fishway (Muraoka, Nakanishi, and 
Kayaba 2017; Rodgers et al. 2017).

Some fishways select against small fish (Volpato et al. 2009). Also 
in our study, body size was positively related to passage success 
for barbel and chub. This is likely an effect of a positive relation-
ship between size and swimming ability (Castro- Santos  2005; 
Videler  1993). Larger fish are also likely more motivated to 
swim through fishways (Goerig and Castro- Santos  2017) and 
less prone to predation (Christensen  1996; but see Boulêtreau 
et al. 2018, for exclusive predation on large fish by wels catfish). 
Nevertheless, a large range of sizes passed in our study. Of rel-
evance to the functionality of the fishway, barbel and chub are 
both expected to migrate upstream mainly in relation to spawn-
ing, at sizes larger than most fish that failed to pass in our study 
(Britton and Pegg  2011; de Leeuw and Winter  2008; Fredrich 
et al. 2003). Consequently, size selection might not be an import-
ant problem for the longitudinal connectivity at the study site for 
these species.

Not only the fishway itself, but also the motivation of fish to 
swim through the fishway and its interplay with environmen-
tal conditions may have played a role for our results (Cooke and 
Hinch 2013; Dodd et al. 2023; Goerig and Castro- Santos 2017). 
Although releasing fish in or close to fishways or culverts is 
a commonly used method to study fish passage behaviour 
(Goerig and Castro- Santos 2017; Sanz- Ronda et al. 2019; Silva 
et al. 2020), one important caveat for our study is that fish were 
largely tagged and released outside the migratory season. In 
addition, the fish in our study were not enclosed, could leave 
and most likely had suitable spawning and feeding habitat avail-
able also downstream (ADBPO 2009). Hence, our evaluation of 
fish passage success is relying on the tendency of fish to return 
upstream and to swim against the current (Dodd et  al.  2023; 
Lucas and Baras  2001). The overall results are therefore not 
directly comparable with those of spawning and volitionally 
passing fish. The importance of motivation for fish passage is 
corroborated by the radio- tagged common carp being present 
by the dam for extended periods of time also during autumn 
but only passing the dam as part of a potential spring spawning 
migration (Fortini 2016; Finger et al. 2020; Banet, Fieberg, and 
Sorensen 2022).

Passage of non- native species may facilitate invasions and be 
detrimental for the local upstream fish community (Zaccara 
et al. 2021). Barbel, consisting mainly of the non- native European 
barbel, were the most successful in passing the fishway, but 
have already been dominant in the Po River basin before this 
fishway was built (Antognazza et al. 2023; Meraner et al. 2013). 
The successful passage of large individuals of common carp and 
wels catfish (although previously present upstream; Nyqvist 
et  al.  2022) show the potential of similar fishways offering 

colonisation pathways in other systems. Particularly, wels catfish 
is a large- sized voracious predator, sometimes even exploiting 
fishways themselves as feeding grounds (Boulêtreau et al. 2018; 
Copp et  al.  2009; Cucherousset et  al.  2018). Although the po-
tential of selective fish passage solutions that pass native fish 
but stop non- native fish is being discussed (Benoit et al. 2023), 
proposed solutions affect non- target species as well (Rahel and 
McLaughlin 2018; Vélez- Espino et al. 2011) and no good prac-
tises for the management of non- native species in fishways exist 
to our knowledge. Caution is warranted when building fishways 
connecting isolated native species with downstream non- native 
or invasive populations (Antognazza et al. 2023).

Barbel were more likely to pass the fishway at night than during 
the day, and a similar but not statistically significant tendency 
was seen in Italian chub. This is in line with diel fish passage 
patterns described for barbel and chub elsewhere (Ovidio 
et  al.  2020). Sometimes, hydrodynamically difficult passage 
routes may require visual cues and daytime passage (Nyqvist 
et al. 2017; Stuart 1962). Most fish species, however, display diel 
changes in behaviour, such as movement and migration, activ-
ity, anti- predator responses and habitat use (Helfman 1986). In 
relation to fish passage, for example, wels catfish, European eel 
(Anguilla anguilla), grayling (Thymallus arcticus) and a range 
of Iberian cyprinids have been observed to predominantly pass 
fishways at night (Ovidio, Dierckx, and Benitez 2023; Plymesser 
et  al.  2024; Santos et  al.  2005). The preference for diurnal vs. 
nocturnal passage proportions should be taken into account 
when designing the fishway. Particularly, light sources in the vi-
cinity of the fishway should be avoided to prevent artificial light 
from disturbing passage behaviour (Hadderingh et  al.  1999; 
Tarena et al. 2023; Vega et al. 2024).

A small number of large carps and barbel were radio tagged 
to provide data on fish behaviour relevant to fish passage dy-
namics beyond the reach of the PIT- antennas. Interestingly, 
although radio- tagged carps were present at the dam for an ex-
tended time in autumn, no fish passed upstream. In spring, on 
the other hand, four of eleven carps present downstream of the 
dam successfully passed the fishway. No radio- tagged barbel 
passed, whereas many small barbel released in the fishway (only 
PIT tagged) successfully passed the fishway. The larger radio- 
tagged individuals should have a substantially higher swim-
ming ability, and thus a higher physical capability to ascend the 
fishway, than their smaller conspecifics (Castro- Santos  2005). 
Fish released in the tailrace also lacked the direct current that 
likely served as the main motivator for upstream movement for 
fish released in the fishway (Lucas and Baras 2001). Similarly, 
the other large fish released in the tailrace mainly passed after a 
long time, with upstream movements likely related to a seasonal 
migratory or dispersal motivation. Also, all radio- tagged bar-
bel were initially captured in the downstream area of the dam 
and might have simply lacked incitement to move away from 
their original home range. These results, again, emphasise the 
importance of understanding the motivation of fish in relation 
to passage performance (Dodd et al. 2023; Goerig and Castro- 
Santos 2017), and underscore that the absence of passage does 
not necessarily imply the lack of ability.

Related to the fish passage solution as a whole, it is import-
ant to remember that successful passage is not only about 
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successfully moving upstream a fishway, but a series of events 
including approach, entering, passing through and exiting the 
fishway (Castro- Santos, Cotel, and Webb 2009). Each event is 
affected by local conditions and designs and may constitute 
a bottleneck for successful passage, leading to passage fail-
ure or substantial delays (McLaughlin et  al.  2013; Nyqvist 
et  al.  2017). Here we mainly studied the ability of fish to 
enter (downstream release group) and ascend the fishway (all 
groups). Lower passage success in the downstream release 
group indicates issues with locating and/or entering the fish-
way—but this could also be related to the lack of immediate 
exposure to a current enticing rheotactic upstream movement 
through the fishway (Lucas and Baras  2001). The upstream 
movement of fish released in the tailrace, although in low 
numbers, demonstrate the ability of fish to approach, enter 
and pass the fishway. Systematic telemetry studies are needed 
to pinpoint fish passage bottlenecks to truly evaluate passage 
efficiencies and thereby contribute to the development of fish 
pass design (CEN 2021).

5   |   Conclusion

Knowledge of fish behaviour in fishways is critical to preserve 
fish communities in fragmented rivers. The need for commu-
nity level conservation efforts is widely acknowledged; yet 
many species remain understudied, likely hindering the imple-
mentation of effective remedial measures (Vøllestad 2023). We 
evaluated fish passage behaviour for a range of species repre-
sentative of the local fish community at a vertical slot fishway in 
a large Italian river. We demonstrate successful passage of some 
species (chub and barbel), but failures of others (carassius and 
gudgeon). Fish size was positively related to passage success in 
both chubs and barbel, and a tendency of nocturnal passage was 
observed in both species. Additionally, caution is warranted in 
relation to fishways that are facilitating the spread of invasive 
species.

Acknowledgements

We want to acknowledge Michele Spairani, Tiziano Bo, Fabio Tarena 
and Claudio Ganora for assistance in the field. Thanks to Martin 
Österling for the helpful comments on some aspects of the manuscript 
and statistical analysis. We thank Idrobaveno Srl, Consorzio Irriguo 
Coutenza Canali Lanza e Mellana and Allara S.p.A for access to facili-
ties to deploy the upstream and downstream antenna. F.E. and A.S. have 
received funding from the European Union Horizon 2020 Research and 
Innovation Programme under the Marie Sklodowska- Curie Actions, 
Grant Agreement No. 860800. We are grateful to three anonymous re-
viewers providing extensive comments and perspectives that helped to 
improve the initial manuscript.

Data Availability Statement

The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

References

Abbà, M., C. Ruffino, T. Bo, et al. 2024. “Distribution of Fish Species in 
the Upper Po River Basin (NW Italy): A Synthesis of 30 Years of Data.” 
Journal of Limnology 83: 122–132. https:// doi. org/ 10. 4081/ jlimn ol. 
2024. 2194.

ADBPO. 2009. “Carta Ittica del Fiume Po. Tratto di alta pianura. 
Autorità di bacino del fiume Po.” https:// www. adbpo. it/ downl oad/ 
Carta Ittic aPo20 09/ pdf/ Risul tati_ AltaP ianura. pdf.

Agostinho, A. A., C. S. Agostinho, F. M. Pelicice, and E. E. Marques. 
2012. “Fish Ladders: Safe Fish Passage or Hotspot for Predation?” 
Neotropical Ichthyology 10, no. 4: 687–696. https:// doi. org/ 10. 1590/ 
s1679 -  62252 01200 0400001.

Antognazza, C. M., S. Quadroni, I. Vanetti, V. D. Santis, G. Crosa, and 
S. Zaccara. 2023. “The Increasing Spread of the European Barbel in 
the Italian Large Lowland Rivers Is Threatening the Native Species.” 
Journal of Limnology 81, no. s2: 2136. https:// doi. org/ 10. 4081/ jlimn ol. 
2022. 2136.

Badiou, P., L. G. Goldsborough, and D. Wrubleski. 2011. “Impacts of 
the Common Carp (Cyprinus carpio) on Freshwater Ecosystems: A 
Review.” In Carp: Habitat, Management and Diseases, edited by J. D. 
Sanders and S. B. Peterson, vol. 44, 1–20. New York, NY: Nova Science 
Pub Inc. https:// doi. org/ 10. 1002/ fsh. 10220 .

Baktoft, H., K. Ø. Gjelland, M. Szabo- Meszaros, et al. 2020. “Can Energy 
Depletion of Wild Atlantic Salmon Kelts Negotiating Hydropower 
Facilities Lead to Reduced Survival?” Sustainability 12, no. 18: 7341. 
https:// doi. org/ 10. 3390/ su121 87341 .

Banet, N. V., J. Fieberg, and P. W. Sorensen. 2022. “Migration, Homing 
and Spatial Ecology of Common Carp in Interconnected Lakes.” Ecology 
of Freshwater Fish 31, no. 1: 164–176. https:// doi. org/ 10. 1111/ eff. 12622 .

Benitez, J.- P., A. Dierckx, B. N. Matondo, X. Rollin, and M. Ovidio. 
2018. “Movement Behaviours of Potamodromous Fish Within a Large 
Anthropised River After the Reestablishment of the Longitudinal 
Connectivity.” Fisheries Research 207: 140–149. https:// doi. org/ 10. 
1016/j. fishr es. 2018. 06. 008.

Benitez, J.- P., B. N. Matondo, A. Dierckx, and M. Ovidio. 2015. “An 
Overview of Potamodromous Fish Upstream Movements in Medium- 
Sized Rivers, by Means of Fish Passes Monitoring.” Aquatic Ecology 49, 
no. 4: 481–497. https:// doi. org/ 10. 1007/ s1045 2-  015-  9541-  4.

Benitez, J.- P., and M. Ovidio. 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, no. 3: 
660–671. https:// doi. org/ 10. 1111/ eff. 12382 .

Benoit, D. M., D. P. Zielinski, R. G. Swanson, et  al. 2023. “FishPass 
Sortable Attribute Database: Phenological, Morphological, 
Physiological, and Behavioural Characteristics Related to Passage and 
Movement of Laurentian Great Lakes Fishes.” Journal of Great Lakes 
Research 49, no. 6: 102229. https:// doi. org/ 10. 1016/j. jglr. 2023. 08. 006.

Bianco, P. G. 2014. “An Update on the Status of Native and Exotic 
Freshwater Fishes of Italy.” Journal of Applied Ichthyology 30, no. 1: 
62–77. https:// doi. org/ 10. 1111/ jai. 12291 .

Bianco, P. G., and V. Ketmaier. 2005. “Will the Italian Endemic Gudgeon, 
Gobio benacensis, Survive the Interaction With the Invasive Introduced 
Gobio gobio?” Folia Zoologica 54: 42–49. https:// www. ivb. cz/ folia -  zoolo 
gica/ vol-  54-  suppl ement -  1/ .

Bolker, B. M. 2008. “Ecological Models and Data in R.” Princeton 
University Press. https:// press. princ eton. edu/ books/  hardc over/ 97806 
91125 220/ ecolo gical -  model s-  and-  data-  in-  r.

Boulêtreau, S., A. Gaillagot, L. Carry, S. Tétard, E. D. Oliveira, and 
F. Santoul. 2018. “Adult Atlantic Salmon Have a New Freshwater 
Predator.” PLoS One 13, no. 4: e0196046. https:// doi. org/ 10. 1371/ journ 
al. pone. 0196046.

Branco, P., S. D. Amaral, M. T. Ferreira, and J. M. Santos. 2017. “Do 
Small Barriers Affect the Movement of Freshwater Fish by Increasing 
Residency?” Science of the Total Environment 581: 486–494. https:// doi. 
org/ 10. 1016/j. scito tenv. 2016. 12. 156.

Bravo- Córdoba, F. J., J. Valbuena- Castro, A. García- Vega, J. F. Fuentes- 
Pérez, J. Ruiz- Legazpi, and F. J. Sanz- Ronda. 2021. “Fish Passage 

 15351467, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4409 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [11/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.4081/jlimnol.2024.2194
https://doi.org/10.4081/jlimnol.2024.2194
https://www.adbpo.it/download/CartaItticaPo2009/pdf/Risultati_AltaPianura.pdf
https://www.adbpo.it/download/CartaItticaPo2009/pdf/Risultati_AltaPianura.pdf
https://doi.org/10.1590/s1679-62252012000400001
https://doi.org/10.1590/s1679-62252012000400001
https://doi.org/10.4081/jlimnol.2022.2136
https://doi.org/10.4081/jlimnol.2022.2136
https://doi.org/10.1002/fsh.10220
https://doi.org/10.3390/su12187341
https://doi.org/10.1111/eff.12622
https://doi.org/10.1016/j.fishres.2018.06.008
https://doi.org/10.1016/j.fishres.2018.06.008
https://doi.org/10.1007/s10452-015-9541-4
https://doi.org/10.1111/eff.12382
https://doi.org/10.1016/j.jglr.2023.08.006
https://doi.org/10.1111/jai.12291
https://www.ivb.cz/folia-zoologica/vol-54-supplement-1/
https://www.ivb.cz/folia-zoologica/vol-54-supplement-1/
https://press.princeton.edu/books/hardcover/9780691125220/ecological-models-and-data-in-r
https://press.princeton.edu/books/hardcover/9780691125220/ecological-models-and-data-in-r
https://doi.org/10.1371/journal.pone.0196046
https://doi.org/10.1371/journal.pone.0196046
https://doi.org/10.1016/j.scitotenv.2016.12.156
https://doi.org/10.1016/j.scitotenv.2016.12.156


861

Assessment in Stepped Fishways: Passage Success and Transit Time as 
Standardized Metrics.” Ecological Engineering 162: 106172. https:// doi. 
org/ 10. 1016/j. ecole ng. 2021. 106172.

Britton, J. R., and J. Pegg. 2011. “Ecology of European Barbel Barbus bar-
bus: Implications for River, Fishery, and Conservation Management.” 
Reviews in Fisheries Science 19, no. 4: 321–330. https:// doi. org/ 10. 1080/ 
10641 262. 2011. 599886.

Bunt, C. M., T. Castro- Santos, and A. Haro. 2012. “Performance of 
Fish Passage Structures at Upstream Barriers to Migration.” River 
Research and Applications 28, no. 4: 457–478. https:// doi. org/ 10. 1002/ 
rra. 1565.

Bunt, C. M., T. Castro- Santos, and A. Haro. 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, no. 10: 2125–2137. https:// doi. org/ 10. 1002/ rra. 3095.

Castaldelli, G., A. Pluchinotta, M. Milardi, et al. 2013. “Introduction of 
Exotic Fish Species and Decline of Native Species in the Lower Po Basin, 
North- Eastern Italy.” Aquatic Conservation: Marine and Freshwater 
Ecosystems 23, no. 3: 405–417. https:// doi. org/ 10. 1002/ aqc. 2345.

Castro- Santos, T. 2005. “Optimal Swim Speeds for Traversing Velocity 
Barriers: An Analysis of Volitional High- Speed Swimming Behavior of 
Migratory Fishes.” Journal of Experimental Biology 208, no. 3: 421–432. 
https:// doi. org/ 10. 1242/ jeb. 01380 .

Castro- Santos, T., A. Cotel, and P. Webb. 2009. “Fishway Evaluations for 
Better Bioengineering: An Integrative Approach.” American Fisheries 
Society Symposium 69: 557–575.

Castro- Santos, T., E. Goerig, P. He, and G. V. Lauder. 2022. “Chapter 3 – 
Applied Aspects of Locomotion and Biomechanics.” In Fish Physiology, 
edited by S. J. Cooke, N. A. Fangue, A. P. Farrell, C. J. Brauner, and E. 
J. Eliason, vol. 39, 91–140. Cambridge, US: Academic Press. https:// doi. 
org/ 10. 1016/ bs. fp. 2022. 04. 003.

Castro- Santos, T., F. J. Sanz- Ronda, and J. Ruiz- Legazpi. 2013. 
“Breaking the Speed Limit – Comparative Sprinting Performance of 
Brook Trout (Salvelinus fontinalis) and Brown Trout (Salmo trutta).” 
Canadian Journal of Fisheries and Aquatic Sciences 70, no. 2: 280–293. 
https:// doi. org/ 10. 1139/ cjfas -  2012-  0186.

CEN. 2021. “EN 17233:2021. Water Quality – Guidance for Assessing 
the Efficiency and Related Metrics of Fish Passage Solutions Using 
Telemetry.” Comité Européen de Normalisation (CEN), CEN-
CENELEC Management Centre. https:// stand ards. cence nelec. eu/ dyn/ 
www/f? p= CEN: 110: 0:::: FSP_ PROJE CT,FSP_ ORG_ ID: 60432 ,6211& 
cs= 1C21F E9D5C D9316 CF57E 084F5 EF4152F5.

Chapman, B. B., K. Hulthén, J. Brodersen, et al. 2012. “Partial Migration 
in Fishes: Causes and Consequences.” Journal of Fish Biology 81, no. 2: 
456–478. https:// doi. org/ 10. 1111/j. 1095-  8649. 2012. 03342. x.

Chittenden, C. M., K. G. Butterworth, K. F. Cubitt, et al. 2009. “Maximum 
Tag to Body Size Ratios for an Endangered Coho Salmon (O. kisutch) 
Stock Based on Physiology and Performance.” Environmental Biology 
of Fishes 84, no. 1: 129–140. https:// doi. org/ 10. 1007/ s1064 1-  008-  9396-  9.

Christensen, B. 1996. “Predator Foraging Capabilities and Prey 
Antipredator Behaviours: Pre-  Versus Postcapture Constraints on 
Size- Dependent Predator- Prey Interactions.” Oikos 76, no. 2: 368–380. 
https:// doi. org/ 10. 2307/ 3546209.

Cooke, S. J., and S. G. Hinch. 2013. “Improving the Reliability of 
Fishway Attraction and Passage Efficiency Estimates to Inform 
Fishway Engineering, Science, and Practice.” Ecological Engineering 58: 
123–132. https:// doi. org/ 10. 1016/j. ecole ng. 2013. 06. 005.

Copp, G. H., J. R. Britton, J. Cucherousset, et  al. 2009. “Voracious 
Invader or Benign Feline? A Review of the Environmental Biology of 
European Catfish Silurus glanis in Its Native and Introduced Ranges.” 
Fish and Fisheries 10, no. 3: 252–282. https:// doi. org/ 10. 1111/j. 1467-  
2979. 2008. 00321. x.

Cucherousset, J., P. Horky, O. Slavík, et al. 2018. “Ecology, Behaviour 
and Management of the European Catfish.” Reviews in Fish Biology and 
Fisheries 28, no. 1: 177–190. https:// doi. org/ 10. 1007/ s1116 0-  017-  9507-  9.

de Leeuw, J. J., and H. V. Winter. 2008. “Migration of Rheophilic Fish 
in the Large Lowland Rivers Meuse and Rhine, The Netherlands.” 
Fisheries Management and Ecology 15, no. 5–6: 409–415. https:// doi. 
org/ 10. 1111/j. 1365-  2400. 2008. 00626. x.

Dodd, J. R., I. G. Cowx, D. A. Joyce, and J. D. Bolland. 2023. “Can't 
Pass or Won't Pass: The Importance of Motivation When Quantifying 
Improved Connectivity for Riverine Brown Trout Salmo trutta.” Journal 
of Fish Biology 104, no. 3: 851–865. https:// doi. org/ 10. 1111/ jfb. 15628 .

Eggers, F., O. Calles, J. Watz, M. Österling, and V. Hebrand. 2024. 
“Methods for the Assessment of Fishways (Upstream Fish Passage).” 
In Advances in Hydraulic Research, edited by M. B. Kalinowska, M. M. 
Mrokowska, and P. M. Rowiński, 67–79. Cham, Switzerland: Springer 
Nature. https:// doi. org/ 10. 1007/ 978-  3-  031-  56093 -  4_ 6.

Epler, P., R. Bartel, M. Woźniewski, M. Duc, and D. Olejarski. 2004. 
“The Passage of Fish Through the Fishway at Rożnów Dam in the 
1997–2003 Period.” Archives of Polish Fisheries 12, no. 2: 177–186. 
https:// fal. infish. com. pl/ index. php/ Fishe riesA ndAqu aticL ife/ artic le/ 
view/ 152.

Ficke, A. D., C. A. Myrick, and M. C. Kondratieff. 2012. “The Effects 
of PIT Tagging on the Swimming Performance and Survival of Three 
Nonsalmonid Freshwater Fishes.” Ecological Engineering 48: 86–91. 
https:// doi. org/ 10. 1016/j. ecole ng. 2011. 07. 011.

Finger, J. S., A. T. Riesgraf, D. P. Zielinski, and P. W. Sorensen. 2020. 
“Monitoring Upstream Fish Passage Through a Mississippi River Lock 
and Dam Reveals Species Differences in Lock Chamber Usage and 
Supports a Fish Passage Model Which Describes Velocity- Dependent 
Passage Through Spillway Gates.” River Research and Applications 36, 
no. 1: 36–46. https:// doi. org/ 10. 1002/ rra. 3530.

Fortini, N. 2016. “New Atlas of Fish in Italian Inland Waters. Complete 
Guide to Fish, Cyclostomes, Decapod Crustaceans of Fresh and 
Brackish Waters.” Aracne.

Fredrich, F., S. Ohmann, B. Curio, and F. Kirschbaum. 2003. “Spawning 
Migrations of the Chub in the River Spree, Germany.” Journal of Fish 
Biology 63, no. 3: 710–723. https:// doi. org/ 10. 1046/j. 1095-  8649. 2003. 
00184. x.

Goerig, E., and T. Castro- Santos. 2017. “Is Motivation Important to 
Brook Trout Passage Through Culverts?” Canadian Journal of Fisheries 
and Aquatic Sciences 74, no. 6: 885–893. https:// doi. org/ 10. 1139/ cjfas 
-  2016-  0237.

Grimardias, D., C. Chasserieau, M. Beaufils, and F. Cattanéo. 2022. 
“Ecological Connectivity of the Upper Rhône River: Upstream Fish 
Passage at Two Successive Large Hydroelectric Dams for Partially 
Migratory Species.” Ecological Engineering 178: 106545. https:// doi. org/ 
10. 1016/j. ecole ng. 2022. 106545.

Hadderingh, R. H., G. H. F. M. V. Aerssen, R. F. L. J. D. Beijer, and G. V. 
D. Velde. 1999. “Reaction of Silver Eels to Artificial Light Sources and 
Water Currents: An Experimental Deflection Study.” Regulated Rivers: 
Research & Management 15, no. 4: 365–371. https:// doi. org/ 10. 1002/ 
(sici) 1099-  1646(199907/ 08) 15: 4<; 365:: aid-  rrr55 2> 3.0. co; 2-  k.

Haugen, T. O., P. Aass, N. C. Stenseth, and L. A. Vøllestad. 2008. 
“Changes in Selection and Evolutionary Responses in Migratory Brown 
Trout Following the Construction of a Fish Ladder.” Evolutionary 
Applications 1, no. 2: 319–335. https:// doi. org/ 10. 1111/j. 1752-  4571. 2008. 
00031. x.

Helfman, G. S. 1986. “The Behaviour of Teleost Fishes.” In The 
Behaviour of Teleost Fishes, edited by T. J. Pitcher, 366–387. Surry Hills, 
NSW: Croom Helm Lid. https:// doi. org/ 10. 1007/ 978-  1-  4684-  8261-  4_ 14.

Hershey, H. 2021. “Updating the Consensus on Fishway Efficiency: A 
Meta- Analysis.” Fish and Fisheries 22, no. 4: 735–748. https:// doi. org/ 
10. 1111/ faf. 12547 .

 15351467, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4409 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [11/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.ecoleng.2021.106172
https://doi.org/10.1016/j.ecoleng.2021.106172
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.1565
https://doi.org/10.1002/rra.3095
https://doi.org/10.1002/aqc.2345
https://doi.org/10.1242/jeb.01380
https://doi.org/10.1016/bs.fp.2022.04.003
https://doi.org/10.1016/bs.fp.2022.04.003
https://doi.org/10.1139/cjfas-2012-0186
https://standards.cencenelec.eu/dyn/www/f?p=CEN:110:0::::FSP_PROJECT,FSP_ORG_ID:60432,6211&cs=1C21FE9D5CD9316CF57E084F5EF4152F5
https://standards.cencenelec.eu/dyn/www/f?p=CEN:110:0::::FSP_PROJECT,FSP_ORG_ID:60432,6211&cs=1C21FE9D5CD9316CF57E084F5EF4152F5
https://standards.cencenelec.eu/dyn/www/f?p=CEN:110:0::::FSP_PROJECT,FSP_ORG_ID:60432,6211&cs=1C21FE9D5CD9316CF57E084F5EF4152F5
https://doi.org/10.1111/j.1095-8649.2012.03342.x
https://doi.org/10.1007/s10641-008-9396-9
https://doi.org/10.2307/3546209
https://doi.org/10.1016/j.ecoleng.2013.06.005
https://doi.org/10.1111/j.1467-2979.2008.00321.x
https://doi.org/10.1111/j.1467-2979.2008.00321.x
https://doi.org/10.1007/s11160-017-9507-9
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/10.1111/jfb.15628
https://doi.org/10.1007/978-3-031-56093-4_6
https://fal.infish.com.pl/index.php/FisheriesAndAquaticLife/article/view/152
https://fal.infish.com.pl/index.php/FisheriesAndAquaticLife/article/view/152
https://doi.org/10.1016/j.ecoleng.2011.07.011
https://doi.org/10.1002/rra.3530
https://doi.org/10.1046/j.1095-8649.2003.00184.x
https://doi.org/10.1046/j.1095-8649.2003.00184.x
https://doi.org/10.1139/cjfas-2016-0237
https://doi.org/10.1139/cjfas-2016-0237
https://doi.org/10.1016/j.ecoleng.2022.106545
https://doi.org/10.1016/j.ecoleng.2022.106545
https://doi.org/10.1002/(sici)1099-1646(199907/08)15:4%3C;365::aid-rrr552%3E3.0.co;2-k
https://doi.org/10.1002/(sici)1099-1646(199907/08)15:4%3C;365::aid-rrr552%3E3.0.co;2-k
https://doi.org/10.1111/j.1752-4571.2008.00031.x
https://doi.org/10.1111/j.1752-4571.2008.00031.x
https://doi.org/10.1007/978-1-4684-8261-4_14
https://doi.org/10.1111/faf.12547
https://doi.org/10.1111/faf.12547


862 River Research and Applications, 2025

International Hydropower Association (IHA). 2023. “World 
Hydropower Outlook.” In Opportunities to Advance Net Zero, 71. 
London, UK: International Hydropower Association. https:// www. 
hydro power. org/ publi catio ns/% 20202 3-  world -  hydro power -  outlook.

Jepsen, N., C. Schreck, S. Clements, and E. B. Thorstad. 2005. “A 
Brief Discussion of the 2% Tag/Bodymass Rule of Thumb.” In Aquatic 
Telemetry: Advances and Applications. Proceedings of the Fifth 
Conference on Fish Telemetry Held in Europe, edited by M. T. Spedicato, 
G. Lembo, and G. Marmulla, 255–259. Ustica, Italy: FAO/COISPA. 
https:// www. fao. org/3/ y5999e/ y5999 e25. pdf.

Jones, M. J., and R. Hale. 2020. “Using Knowledge of Behaviour and 
Optic Physiology to Improve Fish Passage Through Culverts.” Fish and 
Fisheries 21, no. 3: 557–569. https:// doi. org/ 10. 1111/ faf. 12446 .

Jones, P. E., T. Champneys, J. Vevers, et al. 2021. “Selective Effects of 
Small Barriers on River- Resident Fish.” Journal of Applied Ecology 58, 
no. 7: 1487–1498. https:// doi. org/ 10. 1111/ 1365-  2664. 13875 .

Jones, P. E., J. C. Svendsen, L. Börger, et al. 2020. “One Size Does Not 
Fit all: Inter-  and Intraspecific Variation in the Swimming Performance 
of Contrasting Freshwater Fish.” Conservation Physiology 8, no. 1: 
coaa126. https:// doi. org/ 10. 1093/ conph ys/ coaa126.

Jonsson, B., R. S. Waples, and K. D. Friedland. 1999. “Extinction 
Considerations for Diadromous Fishes.” ICES Journal of Marine Science 
56, no. 4: 405–409. https:// doi. org/ 10. 1006/ jmsc. 1999. 0483.

Katopodis, C., and R. Gervais. 2012. “Ecohydraulic Analysis of Fish 
Fatigue Data.” River Research and Applications 28: 444–456. https:// doi. 
org/ 10. 1002/ rra. 1566.

Katopodis, C., J. A. Kells, and M. Acharya. 2001. “Nature- Like and 
Conventional Fishways: Alternative Concepts?” Canadian Water 
Resources Journal 26, no. 2: 211–232. https:// doi. org/ 10. 4296/ cwrj2 
602211.

Katopodis, C., and J. G. Williams. 2012. “The Development of Fish 
Passage Research in a Historical Context.” Ecological Engineering 48: 
8–18. https:// doi. org/ 10. 1016/j. ecole ng. 2011. 07. 004.

Kemp, P. S. 2016. “Meta- Analyses, Metrics and Motivation: Mixed 
Messages in the Fish Passage Debate.” River Research and Applications 
32, no. 10: 2116–2124. https:// doi. org/ 10. 1002/ rra. 3082.

Kotusz, J., A. Witkowski, M. Baran, and J. Błachuta. 2006. “Fish 
Migrations in a Large Lowland River (Odra R., Poland) – Based on Fish 
Pass Observations.” Folia Zoologica 55, no. 4: 386–398.

Lenders, H. J. R., T. P. M. Chamuleau, A. J. Hendriks, R. C. G. M. 
Lauwerier, R. S. E. W. Leuven, and W. C. E. P. Verberk. 2016. 
“Historical Rise of Waterpower Initiated the Collapse of Salmon 
Stocks.” Scientific Reports 6, no. 1: 29269. https:// doi. org/ 10. 1038/ 
srep2 9269.

Lothian, A. J., C. J. Gardner, T. Hull, D. Griffiths, E. R. Dickinson, 
and M. C. Lucas. 2019. “Passage Performance and Behaviour of Wild 
and Stocked Cyprinid Fish at a Sloping Weir With a Low Cost Baffle 
Fishway.” Ecological Engineering 130: 67–79. https:// doi. org/ 10. 1016/j. 
ecole ng. 2019. 02. 006.

Lucas, M. C., and E. Baras. 2001. Migration of Freshwater Fishes. Oxford, 
UK: Blackwell Science Ltd. https:// doi. org/ 10. 1002/ 97804 70999653.

Mallen- Cooper, M. 1999. “Developing Fishways for Non- Salmonid 
Fishes: A Case Study From the Murray River in Australia.” In 
Innovations in Fish Passage Technology, edited by M. Odeh, vol. 42, 
173–195. Bethesda, Maryland: American Fisheries Society. https:// doi. 
org/ 10. 1139/ f85-  227.

Maynard, G. A., M. T. Kinnison, and J. D. Zydlewski. 2017. “Size Selection 
From Fishways and Potential Evolutionary Responses in a Threatened 
Atlantic Salmon Population.” River Research and Applications 33, no. 7: 
1004–1015. https:// doi. org/ 10. 1002/ rra. 3155.

McIntyre, P. B., C. R. Liermann, E. Childress, et al. 2015. “Conservation 
of Migratory Fishes in Freshwater Ecosystems.” In Conservation of 

Freshwater Fishes, edited by G. P. Closs, M. Krkosek, and J. D. Olden, 
324–360. Cambridge, UK: Cambridge University Press. https:// doi. org/ 
10. 1017/ cbo97 81139 627085. 012.

McLaughlin, R. L., E. R. B. Smyth, T. Castro- Santos, et  al. 2013. 
“Unintended Consequences and Trade- Offs of Fish Passage.” Fish and 
Fisheries 14, no. 4: 580–604. https:// doi. org/ 10. 1111/ faf. 12003 .

Meraner, A., A. Venturi, G. F. Ficetola, S. Rossi, A. Candiotto, and 
A. Gandolfi. 2013. “Massive Invasion of Exotic Barbus barbus and 
Introgressive Hybridization With Endemic Barbus plebejus in Northern 
Italy: Where, How and Why?” Molecular Ecology 22, no. 21: 5295–5312. 
https:// doi. org/ 10. 1111/ mec. 12470 .

Muraoka, K., S. Nakanishi, and Y. Kayaba. 2017. “Boulder Arrangement 
on a Rocky Ramp Fishway Based on the Swimming Behavior of Fish.” 
Limnologica- Ecology and Management of Inland Waters 62: 188–193. 
https:// doi. org/ 10. 1016/j. limno. 2017. 02. 004.

Noonan, M. J., J. W. A. Grant, and C. D. Jackson. 2012. “A Quantitative 
Assessment of Fish Passage Efficiency.” Fish and Fisheries 13, no. 4: 
450–464. https:// doi. org/ 10. 1111/j. 1467-  2979. 2011. 00445. x.

Nyqvist, D., O. Calles, G. Forneris, and C. Comoglio. 2022. “Movement 
and Activity Patterns of Non- Native Wels Catfish (Silurus glanis 
Linnaeus, 1758) at the Confluence of a Large River and Its Colder 
Tributary.” Fishes 7, no. 6: 325. https:// doi. org/ 10. 3390/ fishe s7060325.

Nyqvist, D., L. A. Greenberg, E. Goerig, et al. 2017. “Migratory Delay 
Leads to Reduced Passage Success of Atlantic Salmon Smolts at a 
Hydroelectric Dam.” Ecology of Freshwater Fish 26, no. 4: 707–718. 
https:// doi. org/ 10. 1111/ eff. 12318 .

Nyqvist, D., A. Schiavon, A. Candiotto, and C. Comoglio. 2024. 
“Interspecific Differences in Swimming Performance, Behavior and 
Survival Between Native Italian Gudgeon (Gobio benacensis Pollini, 
1816) and Non- Native European Gudgeon (Gobio gobio Linnaeus, 
1758).” European Zoological Journal 91: 906–914.

Nyqvist, D., M. Zagars, O. Calles, and C. Comoglio. 2019. “Behavior of 
Trap- And- Transported Atlantic Salmon Spawners of Hatchery Origin 
in the Daugava River System (Latvia).” Journal of Limnology 78, no. 2: 
211–220. https:// doi. org/ 10. 4081/ jlimn ol. 2019. 1871.

Olden, J. D. 2015. “Challenges and Opportunities for Fish Conservation 
in Dam- Impacted Waters.” In Conservation of Freshwater Fishes, edited 
by G. P. Closs, M. Krkosek, and J. D. Olden, 107–148. Cambridge, UK: 
Cambridge University Press. https:// doi. org/ 10. 1017/ cbo97 81139 627085.

Ovidio, M., A. Dierckx, and J.- P. Benitez. 2023. “Movement Behaviour 
and Fishway Performance for Endemic and Exotic Species in a Large 
Anthropized River.” Limnologica 99: 126061. https:// doi. org/ 10. 1016/j. 
limno. 2023. 126061.

Ovidio, M., D. Sonny, A. Dierckx, et al. 2017. “The Use of Behavioural 
Metrics to Evaluate Fishway Efficiency.” River Research and Applications 
33, no. 9: 1484–1493. https:// doi. org/ 10. 1002/ rra. 3217.

Ovidio, M., D. Sonny, Q. Watthez, et  al. 2020. “Evaluation of the 
Performance of Successive Multispecies Improved Fishways to 
Reconnect a Rehabilitated River.” Wetlands Ecology and Management 
28, no. 4: 641–654. https:// doi. org/ 10. 1007/ s1127 3-  020-  09737 -  w.

Panagiotopoulos, P., A. D. Buijse, H. V. Winter, and L. A. J. Nagelkerke. 
2024. “A Large- Scale Passage Evaluation for Multiple Fish Species: 
Lessons From 82 Fishways in Lowland Rivers and Brooks.” Ecological 
Engineering 199: 107158. https:// doi. org/ 10. 1016/j. ecole ng. 2023. 107158.

Pereira, E., B. R. Quintella, M. J. Lança, et al. 2021. “Temporal Patterns 
of the Catadromous Thinlip Grey Mullet Migration in Freshwater.” 
Ecohydrology 14, no. 8: e2345. https:// doi. org/ 10. 1002/ eco. 2345.

Plymesser, K., M. Blank, M. Conley, et al. 2024. “A Scaled Denil Fishway 
for Upstream Passage of Arctic Grayling.” Journal of Ecohydraulics 9, 
no. 1: 96–106. https:// doi. org/ 10. 1080/ 24705 357. 2022. 2105756.

Portz, D. E., C. M. Woodley, and J. J. Cech. 2006. “Stress- Associated 
Impacts of Short- Term Holding on Fishes.” Reviews in Fish Biology 

 15351467, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4409 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [11/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.hydropower.org/publications/ 2023-world-hydropower-outlook
https://www.hydropower.org/publications/ 2023-world-hydropower-outlook
https://www.fao.org/3/y5999e/y5999e25.pdf
https://doi.org/10.1111/faf.12446
https://doi.org/10.1111/1365-2664.13875
https://doi.org/10.1093/conphys/coaa126
https://doi.org/10.1006/jmsc.1999.0483
https://doi.org/10.1002/rra.1566
https://doi.org/10.1002/rra.1566
https://doi.org/10.4296/cwrj2602211
https://doi.org/10.4296/cwrj2602211
https://doi.org/10.1016/j.ecoleng.2011.07.004
https://doi.org/10.1002/rra.3082
https://doi.org/10.1038/srep29269
https://doi.org/10.1038/srep29269
https://doi.org/10.1016/j.ecoleng.2019.02.006
https://doi.org/10.1016/j.ecoleng.2019.02.006
https://doi.org/10.1002/9780470999653
https://doi.org/10.1139/f85-227
https://doi.org/10.1139/f85-227
https://doi.org/10.1002/rra.3155
https://doi.org/10.1017/cbo9781139627085.012
https://doi.org/10.1017/cbo9781139627085.012
https://doi.org/10.1111/faf.12003
https://doi.org/10.1111/mec.12470
https://doi.org/10.1016/j.limno.2017.02.004
https://doi.org/10.1111/j.1467-2979.2011.00445.x
https://doi.org/10.3390/fishes7060325
https://doi.org/10.1111/eff.12318
https://doi.org/10.4081/jlimnol.2019.1871
https://doi.org/10.1017/cbo9781139627085
https://doi.org/10.1016/j.limno.2023.126061
https://doi.org/10.1016/j.limno.2023.126061
https://doi.org/10.1002/rra.3217
https://doi.org/10.1007/s11273-020-09737-w
https://doi.org/10.1016/j.ecoleng.2023.107158
https://doi.org/10.1002/eco.2345
https://doi.org/10.1080/24705357.2022.2105756


863

and Fisheries 16, no. 2: 125–170. https:// doi. org/ 10. 1007/ s1116 
0-  006-  9012-  z.

Puzzi, C. M., S. Trasforini, M. A. Bardazzi, et  al. 2010. “Monitoring 
of the Ichthyofauna and Fish Map of the Po River. Evaluation of the 
Recent Evolution and Current State of the Fish Fauna, Also in View of 
the Application of Directive 2000/60/EC.” Biologia Ambientale 24, no. 
1: 141–156. http:// www. cisba. eu/ images/ rivis ta/ biolo gia_ ambie ntale/  
ba-  2010-  1/ 13-  Puzzi_ Ittio fauna_ Po. pdf.

Rahel, F. J., and R. L. McLaughlin. 2018. “Selective Fragmentation and 
the Management of Fish Movement Across Anthropogenic Barriers.” 
Ecological Applications 28, no. 8: 2066–2081. https:// doi. org/ 10. 1002/ 
eap. 1795.

Rodgers, E. M., B. M. Heaslip, R. L. Cramp, M. Riches, M. A. Gordos, 
and C. E. Franklin. 2017. “Substrate Roughening Improves Swimming 
Performance in Two Small- Bodied Riverine Fishes: Implications for 
Culvert Remediation and Design. Conservation.” Physiology 5, no. 1: 
cox034. https:// doi. org/ 10. 1093/ conph ys/ cox034.

Roscoe, D. W., and S. G. Hinch. 2010. “Effectiveness Monitoring of Fish 
Passage Facilities: Historical Trends, Geographic Patterns and Future 
Directions.” Fish and Fisheries 11, no. 1: 12–33. https:// doi. org/ 10. 
1111/j. 1467-  2979. 2009. 00333. x.

Santos, J. M., M. T. Ferreira, F. N. Godinho, and J. Bochechas. 2005. 
“Efficacy of a Nature- Like Bypass Channel in a Portuguese Lowland 
River.” Journal of Applied Ichthyology 21, no. 5: 381–388. https:// doi. org/ 
10. 1111/j. 1439-  0426. 2005. 00616. x.

Sanz- Ronda, F. J., F. J. Bravo- Córdoba, A. Sánchez- Pérez, et  al. 
2019. “Passage Performance of Technical Pool- Type Fishways 
for Potamodromous Cyprinids: Novel Experiences in Semiarid 
Environments.” Water 11, no. 11: 2362. https:// doi. org/ 10. 3390/ 
w1111 2362.

Schiavon, A., C. Comoglio, A. Candiotto, F. Hölker, M. U. Ashraf, and D. 
Nyqvist. 2023. “Survival and Swimming Performance of a Small- Sized 
Cypriniformes (Telestes muticellus) Tagged With Passive Integrated 
Transponders.” Journal of Limnology 82: 2129. https:// doi. org/ 10. 4081/ 
jlimn ol. 2023. 2129.

Schiavon, A., C. Comoglio, A. Candiotto, et al. 2024. “Navigating the 
Drought: Upstream Migration of a Small- Sized Cypriniformes (Telestes 
muticellus) in Response to Drying in a Partially Intermittent Mountain 
Stream.” Knowledge and Management of Aquatic Ecosystems 425: 6. 
https:// doi. org/ 10. 1051/ kmae/ 2024003.

Silva, A. T., M. Bermúdez, J. M. Santos, J. R. Rabuñal, and J. Puertas. 
2020. “Pool- Type Fishway Design for a Potamodromous Cyprinid in 
the Iberian Peninsula: The Iberian Barbel—Synthesis and Future 
Directions.” Sustainability 12, no. 8: 3387. https:// doi. org/ 10. 3390/ su120 
83387 .

Silva, A. T., M. C. Lucas, T. Castro- Santos, et al. 2018. “The Future of 
Fish Passage Science, Engineering, and Practice.” Fish and Fisheries 19, 
no. 2: 340–362. https:// doi. org/ 10. 1111/ faf. 12258 .

Smialek, N., J. Pander, M. Mueller, R. van Treeck, C. Wolter, and J. 
Geist. 2019. “Do We Know Enough to Save European Riverine Fish? – A 
Systematic Review on Autecological Requirements During Critical Life 
Stages of 10 Rheophilic Species at Risk.” Sustainability 11, no. 18: 5011. 
https:// doi. org/ 10. 3390/ su111 85011 .

Stuart, T. A. 1962. “Studies of the Migrations, Reproduction and 
Behaviour of Salmon and Trout.” PhD diss., University of Glasgow.

Sullivan, K. M., M. M. Bailey, and D. L. Berlinsky. 2023. “Passage 
Efficiency of Alewife in a Denil Fishway Using Passive Integrated 
Transponder Tags.” North American Journal of Fisheries Management 
43, no. 3: 772–785. https:// doi. org/ 10. 1002/ nafm. 10893 .

Sun, J., J. Tan, Q. Zhang, et al. 2023. “Attraction and Passage Efficiency 
for Salmonids and Non- Salmonids Based on Fishway: A Meta- Analysis 
Approach.” River Research and Applications 39: 1933–1949. https:// doi. 
org/ 10. 1002/ rra. 4194.

Tamario, C., J. Sunde, E. Petersson, P. Tibblin, and A. Forsman. 
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/ fevo. 2019. 
00271 .

Tarena, F., C. Comoglio, A. Candiotto, and D. Nyqvist. 2023. “Artificial 
Light at Night Affects Fish Passage Rates in Two Small- Sized 
Cypriniformes Fish.” Ecology of Freshwater Fish: e12766. https:// doi. 
org/ 10. 1111/ eff. 12766 .

Thorstad, E. B., F. Økland, K. Aarestrup, and T. G. Heggberget. 2008. 
“Factors Affecting the Within- River Spawning Migration of Atlantic 
Salmon, With Emphasis on Human Impacts.” Reviews in Fish Biology and 
Fisheries 18, no. 4: 345–371. https:// doi. org/ 10. 1007/ s1116 0-  007-  9076-  4.

Tudorache, C., P. Viaene, R. Blust, H. Vereecken, and G. D. Boeck. 
2008. “A Comparison of Swimming Capacity and Energy Use in Seven 
European Freshwater Fish Species.” Ecology of Freshwater Fish 17, no. 
2: 284–291. https:// doi. org/ 10. 1111/j. 1600-  0633. 2007. 00280. x.

Vega, C. P., A. Jechow, J. A. Campbell, K. M. Zielinska- Dabkowska, 
and F. Hölker. 2024. “Light Pollution From Illuminated Bridges as a 
Potential Barrier for Migrating Fish – Linking Measurements With a 
Proposal for a Conceptual Model.” Basic and Applied Ecology 74: 1–12. 
https:// doi. org/ 10. 1016/j. baae. 2023. 11. 001.

Vélez- Espino, L. A., R. L. McLaughlin, M. L. Jones, and T. C. Pratt. 2011. 
“Demographic Analysis of Trade- Offs With Deliberate Fragmentation 
of Streams: Control of Invasive Species Versus Protection of Native 
Species.” Biological Conservation 144, no. 3: 1068–1080. https:// doi. org/ 
10. 1016/j. biocon. 2010. 12. 026.

Videler, J. J. 1993. Fish Swimming. Dordrecht: Springer. https:// doi. org/ 
10. 1007/ 978-  94-  011-  1580-  3.

Vøllestad, L. A. 2023. “A Paradoxical Bias in Knowledge About 
Norwegian Freshwater Fishes: Research Efforts During 1980–2020.” 
Fauna Norvegica 42: 6–30. https:// doi. org/ 10. 5324/ fn. v42i0. 4965.

Volpato, G. L., R. E. Barreto, A. L. Marcondes, P. S. A. Moreira, and M. F. 
de Barros Ferreira. 2009. “Fish Ladders Select Fish Traits on Migration 
– Still a Growing Problem for Natural Fish Populations.” Marine and 
Freshwater Behaviour and Physiology 42, no. 5: 307–313. https:// doi. org/ 
10. 1080/ 10236 24090 3299177.

Wilkes, M. A., J. A. Webb, P. S. Pompeu, et al. 2019. “Not Just a Migration 
Problem: Metapopulations, Habitat Shifts, and Gene Flow Are Also 
Important for Fishway Science and Management.” River Research and 
Applications 35, no. 10: 1688–1696. https:// doi. org/ 10. 1002/ rra. 3320.

Williams, J. G., G. Armstrong, C. Katopodis, M. Larinier, and F. Travade. 
2011. “Thinking Like a Fish: A Key Ingredient for Development of 
Effective Fish Passage Facilities at River Obstructions.” River Research 
and Applications 28, no. 4: 407–417. https:// doi. org/ 10. 1002/ rra. 1551.

Yan, G.- J., X.- K. He, Z.- D. Cao, and S.- J. Fu. 2012. “The Trade- Off 
Between Steady and Unsteady Swimming Performance in Six Cyprinids 
at Two Temperatures.” Journal of Thermal Biology 37, no. 6: 424–431. 
https:// doi. org/ 10. 1016/j. jther bio. 2012. 04. 006.

Zaccara, S., S. Quadroni, V. D. Santis, et  al. 2021. “Genetic and 
Phenotypic Displacement of an Endemic Barbus Complex by Invasive 
European Barbel Barbus barbus in Central Italy.” Biological Invasions 
23, no. 2: 521–535. https:// doi. org/ 10. 1007/ s1053 0-  020-  02379 -  2.

Zarfl, C., A. E. Lumsdon, J. Berlekamp, L. Tydecks, and K. Tockner. 
2015. “A Global Boom in Hydropower Dam Construction.” Aquatic 
Sciences 77, no. 1: 161–170. https:// doi. org/ 10. 1007/ s0002 7-  014-  0377-  0.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.

 15351467, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rra.4409 by Sw

edish U
niversity O

f A
gricultural Sciences, W

iley O
nline L

ibrary on [11/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s11160-006-9012-z
https://doi.org/10.1007/s11160-006-9012-z
http://www.cisba.eu/images/rivista/biologia_ambientale/ba-2010-1/13-Puzzi_Ittiofauna_Po.pdf
http://www.cisba.eu/images/rivista/biologia_ambientale/ba-2010-1/13-Puzzi_Ittiofauna_Po.pdf
https://doi.org/10.1002/eap.1795
https://doi.org/10.1002/eap.1795
https://doi.org/10.1093/conphys/cox034
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/10.1111/j.1439-0426.2005.00616.x
https://doi.org/10.1111/j.1439-0426.2005.00616.x
https://doi.org/10.3390/w11112362
https://doi.org/10.3390/w11112362
https://doi.org/10.4081/jlimnol.2023.2129
https://doi.org/10.4081/jlimnol.2023.2129
https://doi.org/10.1051/kmae/2024003
https://doi.org/10.3390/su12083387
https://doi.org/10.3390/su12083387
https://doi.org/10.1111/faf.12258
https://doi.org/10.3390/su11185011
https://doi.org/10.1002/nafm.10893
https://doi.org/10.1002/rra.4194
https://doi.org/10.1002/rra.4194
https://doi.org/10.3389/fevo.2019.00271
https://doi.org/10.3389/fevo.2019.00271
https://doi.org/10.1111/eff.12766
https://doi.org/10.1111/eff.12766
https://doi.org/10.1007/s11160-007-9076-4
https://doi.org/10.1111/j.1600-0633.2007.00280.x
https://doi.org/10.1016/j.baae.2023.11.001
https://doi.org/10.1016/j.biocon.2010.12.026
https://doi.org/10.1016/j.biocon.2010.12.026
https://doi.org/10.1007/978-94-011-1580-3
https://doi.org/10.1007/978-94-011-1580-3
https://doi.org/10.5324/fn.v42i0.4965
https://doi.org/10.1080/10236240903299177
https://doi.org/10.1080/10236240903299177
https://doi.org/10.1002/rra.3320
https://doi.org/10.1002/rra.1551
https://doi.org/10.1016/j.jtherbio.2012.04.006
https://doi.org/10.1007/s10530-020-02379-2
https://doi.org/10.1007/s00027-014-0377-0

	Fish Behaviour in a Vertical Slot Fishway: Multi-Species Upstream Passage Success, Size Selectivity and Diel Passage Patterns in a Large Italian River
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Site
	2.2   |   Fish Capture
	2.3   |   PIT Tagging and Telemetry
	2.4   |   Statistical Methods
	2.5   |   Large Fish and Radiotelemetry
	2.6   |   Ethics Statement

	3   |   Results
	3.1   |   Passage Success
	3.2   |   Differences Between Release Locations
	3.3   |   Entrance and Transit Times
	3.4   |   Timing of Passage
	3.5   |   Large Fish

	4   |   Discussion
	5   |   Conclusion
	Acknowledgements
	Data Availability Statement
	References


