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A check-up of the opening of a fish migratory axis on multi-dimensional
and multi-annual scales

Justine Gelder @), Jean-Philippe Benitez ) and Michaél Ovidio

Management of Aquatic Resources and Aquaculture Unit, Freshwater and Oceanic Science Unit of Research-FOCUS, University of
Liege, Liege, Belgium

ABSTRACT

River fragmentation disrupts essential fish migrations, threatening aquatic ecosystems. In
2021, a fishway was installed at the Coo waterfall on the Ambleve River to restore ecological
continuity. This study combined a multi-annual and multi-dimensional approach with elec-
trofishing and fishway monitoring over three years to assess fish populations before and
after the fishway’s opening. Before installation, upstream populations were less diverse, with
13 species compared to 20 species downstream (diversity indices: H' = 1.21 vs. 2.93). After
the fishway’s opening, a diverse and equitably distributed community used it (H' = 2.02 and
J=0.71). The fishway facilitated migrations throughout the year, with an opening effect
observed for barbel and pike (50% captured during the first year). Seasonal patterns
revealed adult migrations during spawning (April to July) and juvenile movements in
autumn. Results highlighted that spirlin, absent upstream before the fishway, were captured
in large numbers in the fishway, demonstrating their role in facilitating recolonisation.
Recapture data confirmed that some individuals moved freely between upstream and down-
stream habitats by re-using the fishway. This study underscores the value of multi-method,
multi-year monitoring to understand fish population responses to river defragmentation and
highlights the importance of fishways in restoring connectivity and enabling ecological
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recovery.

1. Introduction

Rivers are fragmented by more than 1.2 million
obstacles in Europe (Belletti et al. 2020). The frag-
mentation of riverine habitats is a major environmen-
tal issue and has far-reaching consequences for
aquatic ecosystems. These barriers interrupt the con-
nectivity between habitats essential for many fish spe-
cies that rely on access to different functional habitats
to complete their life cycle, including spawning, feed-
ing and growth (Haworth and Bestgen 2024; Kowal
et al. 2024). Physical barriers can hinder these migra-
tions, creating genetic isolates, reducing genetic diver-
sity, and making populations more vulnerable to
environmental stressors (Yamamoto et al. 2004; Falke
and Gido 2006; Moccetti et al. 2024). Moreover, bar-
riers disrupt hydrological and sedimentary regimes,
affecting the quality of habitats and modifying biotic
communities (Poff and Hart 2002; Baldan et al. 2023;
Haworth and Bestgen 2024).

The adoption of the European Union Water
Framework Directive (2000/60/EC) has played a cru-
cial role in highlighting the damaging impacts of river
fragmentation and has catalysed substantial river

restoration efforts across Europe. The demolition of
dams and the installation of crossing devices have
been used as solutions to restore connectivity (Benitez
et al. 2018; Silva et al. 2018; Ovidio et al. 2020).
Although dam removal is the best solution, this alter-
native is relatively costly and not always feasible,
depending on the site’s topography (Dodd et al. 2017;
Barbarossa and Schmitt 2024). Building a fishway is
an alternative that facilitates fish movements, enabling
them to explore and use habitats both upstream and
downstream of the obstacle (Roscoe & Hinch 2010;
Benitez et al. 2015; Gelder et al. 2023). In recent years,
fishways have evolved to become suitable for multiple
species with less restrictive characteristics in terms of
swimming capacity (Benitez et al. 2015; Grimardias
et al. 2022). Numerous studies on potamodromous
species have highlighted their ability to travel tens or
even hundreds of kilometres (Garcia-Vega et al. 2018;
Ovidio et al. 2023; Gelder et al. 2024b). Consequently,
these species, like diadromous species, are also severely
affected by anthropogenic barriers and the consequen-
tial loss of longitudinal connectivity.
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Although many watercourses have been defrag-
mented, relatively few studies have been conducted
following this defragmentation (Poff and Hart 2002;
Jones et al. 2023; Gelder et al. 2024b). Most studies
have focused on the physical aspects (e.g. flow, tem-
perature, sediment) or on the effectiveness of the
fishway, with few studies concentrating on the eco-
logical aspect, taking into account changes in fish
communities (Ryan Bellmore et al. 2017; Cook and
Sullivan 2018; Romao et al. 2018; Debowski et al.
2022; Gelder et al. 2024a). In addition, few studies
include data on the initial state of fish populations
prior to site defragmentation, which would enable a
complete before and after analysis of habitat defrag-
mentation (Tummers et al. 2016; Jones et al. 2023;
Bower et al. 2024). When installing a fishway, it is
interesting to include monitoring of individuals
using a telemetry device (Panagiotopoulos et al.
2024). Several studies have highlighted the use of
the fishway and the dynamics of individual colonisa-
tion towards newly available habitats (Legrand et al.
2020; Benitez et al. 2022; Gelder et al. 2023).
However, the performance of these facilities requires
rigorous evaluation. With the increasing number of
crossing devices being installed, it seems important
to have an overall view of fish population evolution
compared to the initial state in order to determine
the impact of defragmentation on fish populations.

The Ambleve River has several dams that impede
the free movement of fish, the most important of
which is the Coo waterfall, which is 11.8m high. In
2021, a fishway was installed at the foot of the Coo
waterfall to restore upstream movement and fully
restore ecological continuity. This study aims to deter-
mine the utilisation of the fishway from the opening
during a three consecutive years period and to study
the impact of habitat defragmentation on fish popula-
tions by observing the state of these populations
downstream and upstream of the obstacle before and
after the opening of the migratory axis. To do this, we
conducted electrofishing before and after the opening
of the migratory axis and monitored the individuals
using the fishway since its opening. The combination
of these methods allows us to determine the number,
biomass and size of individuals per species captured
in the fishway, which can then be related to individu-
als present downstream and upstream of the waterfall.
This makes it possible to determine the use of the
fishway on a seasonal and multi-annual scale and
whether the abundance, biomass and size of individu-
als captured by species are representative of the fish
populations present downstream and upstream before
the opening of the migratory axis. The result of this
study contributes to the management and restoration
of fragmented river ecosystems.

2. Materials and methods
2.1. Study area and monitoring

The Coo waterfall is located in the Ambleve River,
in the Meuse basin. The Ambleve River is the
Ourthe’s largest tributary, with a catchment area of
1,076.79 km?, a length of 88.4km and an average
annual discharge of 19.3m’/s (Figure 1A). The
downstream section of the river is qualified as a
grayling/barbel fish zone (Huet 1949), with 23 dif-
ferent species recorded (Gelder et al. 2024a). The
Coo waterfall is one of the major obstacles in the
Ambleve River. This semi-artificial barrier, 11.8 m
high, was created during the Middle Ages through
the artificial cutoff of a meander. Until 1970, a natu-
ral meander on the left bank of the Ambleve River
allowed fish to bypass the Coo waterfall. However,
in 1970, the construction of the Coo pumped-
storage hydropower plant transformed this meander
into a water storage reservoir, cutting it off from the
main flow and making the waterfall completely
impassable for upstream migration, although down-
stream passage remains possible via the waterfall. In
addition, a small hydroelectric facility, the Coo
Dérivation Plant, diverts part of the river’s flow
upstream of the waterfall into a inlet channel to
power a turbine, and discharges it downstream via a
restitution channel on the left bank of the waterfall
(Figure 1B). To restore the connectivity, a capture-
transport fishway equipped with a 2.8 X 1.9 x 1.8 m
capture cage was built in 2021 in the restitution
channel of the Coo derivation hydroelectric power
station, 100m from the foot of the waterfall, on the
left bank. The cage includes a cone entrance that
prevents most fish from exiting once inside. This
fishway is unique in Belgium, as it requires manual
transport of fish upstream due to the lack of any
hydraulic connection between downstream and
upstream sections.

Monitoring of the capture cage started on 15
March 2021 and continued at intervals of one to
four times per week. The monitoring frequency
increased during periods of intense migration and
decreased during periods of low captures. Fish cap-
tured in the cage were identified at the species level,
weighed (+ 1g) and measured (+ 1 mm, fork length)
after anaesthesia (Eugenol, 0.1mL L™'). Non-
chipped individuals over 200mm in length were
marked with a radio frequency identification (RFID)
tag in the intraperitoneal cavity in order to identify
them for potential recaptures. The individuals were
then placed in a tank of water with oxygen to
recover (+/— 20 min). After recovery, the fish were
manually transported in oxygenated tanks using a
vehicle and released into the main river channel
with a tank, 500 m upstream of the waterfall, at a



JOURNAL OF ECOHYDRAULICS 3

@
o A
g Ambléve
&
s °
Aywaille
Coo w*'b\
waterfall
Malmed
e S
o
Trois-Ponts’
Flow
c
Bl
2
°©
5km
ga\™ }N\

Upstream

Coo waterfall
Obstacles

Fishway

z 1 5 B

Electrofishing site

Release site

]

§ Downstream

Figure 1. Maps of the Ambleéve river with the coo waterfall (A). Pictures showing aerial views of the coo site, the waterfall,
the fishway, and schematic representation of the electrofishing sites and the fish release point upstream (B).

sufficient distance from the inlet channel to ensure
they remained in the natural river flow. The release
site provides sufficient depth, moderate current, and
the presence of rocks offering shelter. All fish were
released the day of capture, with no holding period
beyond recovery. This protocol ensured a rapid
release to minimise stress.

2.2. Electrofishing and fish inventories

Fish inventories were carried out using a two-pass
electrofishing (EFKO 7000) technique with a hand
net (diameter 40 x 40 cm, mesh 2 X 2mm) along a
150m stretch of the river at two different sites
(Figure 1B): one upstream and one downstream of
the waterfall. A total of 10 electrofishing were car-
ried out from 2005 to 2023: six 150 m downstream
(August 2005, October 2010, March 2011, May
2011, November 2011 and April 2014) and four
700 m upstream of the waterfall (August 2005, April
2021, March 2022 and June 2023). All sampled sites

are located within the barbel/grayling fish zonation,
characterised by moderate current, well-oxygenated
water and coarse substrates, providing comparable
habitat conditions. At each electrofishing session, all
individuals of all species were captured in order to
obtain a complete inventory of the site. The fish
were then anaesthetised with 0.1 mL/L of a solution
of Eugenol, counted, measured (+1 mm, fork length)
and weighed (%1 g). Individuals longer than 200 mm
were scanned to check whether they had been
chipped. Individuals captured during the first pas-
sage were kept in tanks in the river with oxygen
during the second passage. At the end of the ses-
sion, all the individuals were released on the site.

2.3. Data analysis

In order to determine the state of the populations
upstream and downstream before the opening of the
migratory axis, we combined the data from six elec-
trofishing samples downstream (August 2005,
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October 2010, March 2011, May 2011, November
2011 and April 2014) and two upstream (August
2005 and April 2021). Although the fishway was
installed on 15 March 2021, we assumed that the
electrofishing carried out on 1 April 2021 still
reflected the initial state in view of the short lead
time. Abundance and biomass data for each species,
obtained during electrofishing, were combined and
expressed in terms of proportions to smooth out the
potential recaptures of the same individual during
different electrofishing sessions, and these were rep-
resented by a histogram. We chose to use data from
several electrofishing samples to minimise seasonal
biases and provide a more accurate representation
of the population dynamics. The abundance and
biomass of the upstream and downstream popula-
tions were compared using the Mann-Whitney test
for all species present in the Ambleve River. To
assess the biodiversity of the fish community, the
following biodiversity indexes were applied to char-
acterise the alpha and beta diversity of the fish
communities:

e Species richness (S): the number of species pre-
sent on a site

e Shannon-Wiener diversity index (H’): measures
the species diversity by considering both the
number of species (richness) and the relative
abundance of each species (evenness)

H' = =5 p; In p; (Shannon and Weiner 1963)

e Simpson’s diversity index (D,): measures species
diversity by assessing the probability that two
randomly selected individuals from a community
belong to different species, emphasising domin-
ance.

Di= 1 — > ni(ni— 1)/N(N— 1) (Simpson
1949)

o Pielou’s index (J): measures the species even-
ness, calculated as the ratio of the Shannon-
Wiener diversity index (H’) to the logarithm of
species richness (S)

J = H'/InS (Pielou 1966)

e Bray-Curtis dissimilarity index (Dpc): measures
the dissimilarity between two samples based on
species abundance.

Dpc = Z(xi + yi)/2|xi—yi|

where S represents the number of species on a site,
n; is the total number of individuals occurring for
each species i, N is the total number of individuals,
p; is the relative abundance of each species, x; is the
abundance of species i in the sample x, and y; is the
abundance of species i in the sample y. The alpha
diversity index was calculated for the upstream part
of the waterfall (before and after the opening), the
downstream part of the waterfall (before the

opening) and the fishway. Beta diversity was calcu-
lated between upstream and downstream sites before
the opening of the migratory axis, downstream of
the fishway (before opening), and upstream of the
fishway (after opening). For upstream populations
after opening, abundances are based on two electrof-
ishing surveys (March 2023 and June 2023). Beta
diversity was not calculated between the fishway
and upstream of the waterfall before it was opened
because individuals could not move from down-
stream to upstream at that time.

The use of the fishway was studied for three
years, from 15 March 2021 to 15 March 2024.
Abundance, biomass and size data were grouped by
species and by monitoring year in terms of total
abundance, total biomass and minimum, maximum
and mean size. The abundance and biomass data
were then transformed into proportions covering
the three years of monitoring for comparison with
downstream data. Spearman’s rank correlation test
was used to assess the relationships between the
abundance and biomass found in the fishway and
those downstream. The Mann-Whitney test was
also used to compare the abundance and biomass
between downstream and upstream of the fishway.
To analyse the dynamic of capture in the fishway,
we used cumulative curves for native species with a
minimum of 10 individuals captured. The number
of captures was expressed as a proportion, where
100% represented the total number of individuals
captured throughout the three consecutive years of
monitoring. A chi-square test was used to determine
whether the captures were homogeneous or hetero-
geneously distributed over the three years compared
to a theoretical number of captures (corresponding
to the total capture divided by the number of years
of monitoring). To analyse the use of the fishway
throughout the year, we added up the monthly cap-
ture data over three years for species with a min-
imum of ten individuals captured during that
period. A distinction was made between adults and
juveniles by size of individual (Philippart and
Vranken 1983): adult trout (Salmo trutta) >
250 mm, barbel (Barbus barbus) > 250mm, chub
(Squalius cephalus) > 160 mm, spirlin (Alburnoides
bipunctatus) >50mm, grayling (Thymallus thymal-
lus) > 240mm, loach (Barbatula barbatula) >
50 mm, bullhead (Cottus rhenanus) > 50 mm, roach
(Rutilus rutilus) > 150 mm, gudgeon (Gobio gobio)
> 70 mm, minnow (Phoxinus phoxinus) > 45mm,
pike (Esox lucius) > 35mm and perch (Perca fluvia-
tilis) > 100mm. We compared whether juveniles
and adults were captured at the same time of the
year by performing a Mann-Whitney test according
to the months of capture.



We studied the size ranges of individuals belong-
ing to three species with a minimum of 20 individu-
als captured per year of monitoring: barbel, chub
and trout. We combined, in boxplot form, the size
data from individuals captured during electrofishing
downstream before the opening of the axis and the
size data from individuals captured in the fishway
capture trap for each year of monitoring. The size
ranges were then compared between the different
periods using a Kruskal-Wallis (KW) test, and a
post hoc Dunn test was conducted to identify which
periods differed.

Statistical tests were performed using the R
Studio statistical programme version 3.6.1 packages
vegan, car, FSA, ggplot2, tidyr and dplyr, and the
significant threshold was set at 5%.

3. Results

3.1. Initial status of populations upstream/
downstream

The most abundant species in terms of the number
of individuals was the minnow both upstream and
downstream, with 76.7% and 40% of capture,
respectively. In terms of biomass, barbel was the
most important species upstream and downstream,
with 59% and 51.4%, respectively. A significant dif-
ference was identified between the proportions of
the abundance of species present upstream and
those present downstream (KW test, p < .05), but
no significant difference was observed between the
proportion of biomass downstream and upstream
(KW test, p > .05; Figure 2).

The species richness (S) showed a greater number
of species present downstream of the waterfall, with
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20 species downstream and 13 species upstream.
Shannon-Wiener, Simpson’s, and Pielou’s diversity
indexes showed a diverse and equitably distributed
fish community downstream (H” = 2.93, D, = 0.79
and J=0.98), and a community composed of dom-
inant species upstream (H = 1.21, D; = 0.39 and
J=0.47), with abundance distributed unevenly
between species. The beta diversity indicated a dis-
similarity between upstream and downstream fish
populations (Dgc = 0.44), indicating a difference in
the composition of the two communities (Table 1).

3.2. Use of the fishway and comparison with
downstream populations

Since the opening of the fishway on 15 March 2021,
17 species and 2,328 individuals have been captured
in the capture cage for a total biomass of 333.7 kg.
The fishway was used by a diverse and equitably
distributed community (H = 2.02, D; = 0.81 and
J=0.71; Table 1). Over the three years, the commu-
nity was consistently dominated by rheophilic spe-
cies, which represented more than 70% of the total

Table 1. Alpha diversity index with species richness (S),
Shannon-wiener diversity index (H’), Simpson’s diversity
index (D), Pielou’s index (J) and beta diversity with Bray—
Curtis dissimilarity index (Dgc) for upstream, downstream
and fishway populations.

Alpha diversity

Beta diversity

S H Ds J Dgc
Upstream 13 1.21 039 0.47 Upstream-downstream 0.44
Downstream 20 2.93 0.79 0.98 Downstream-fishway 0.60
Fishway 17 2.02 0.81 0.71 Upstream®fishway 0.70
Upstream® 11 1.71 0.76 0.71

Dy, J and Dgc ranged from 0 to 1.
After the opening of the migratory axis.
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Figure 2. Proportion of the number of individuals captured and the biomass by species (%) upstream and downstream of the
waterfall before the opening of the migratory axis and in the fishway.
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Figure 3. Cumulative frequency of individuals captured (%) per species according to the monitoring days during three con-

secutive years.

individuals captured each year (82.7% between 2021
and 2022, 72.4% between 2022 and 2023 and 72.7%
between 2023 and 2024). The most abundant species
was the barbel between 2021 and 2022 (n=69), the
spirlin between 2022 and 2023 (n=766), and the
loach between 2023 and 2024 (n=89).

In terms of biomass, the highest total biomass
was in the first year of monitoring, with 196,907 g,
after which the biomass decreased from year to
year. The barbel was the dominant species during
the three years of monitoring (11.3, 36.1 and
15.6 kg, respectively), representing 48.8% of the bio-
mass. The largest species captured in each year was
pike (850, 793 and 840 mm, respectively). The small-
est species captured was the minnow between 2021
and 2022 and 2023 and 2024 (size = 45mm and
32 mm, respectively) and the gudgeon between 2022
and 2023 (size = 30 mm). During the three years of
monitoring, 304 individuals were tagged with RFID
tags, including 136 between 2021 and 2022, 128
between 2022 and 2023 and 40 between 2023 and
2024. Of the 306 individuals marked, 28 were recap-
tured in the fishway, and four were recaptured
upstream during electrofishing (Table 2).

*Non-native species.

The most abundant species captured in the fish-
way after three years of monitoring was the spirlin
(35.3%). No dace was captured in the fishway, and
11.3% were counted downstream. The Spearman’s

rank correlation test showed a significant correlation
between the fish populations present downstream of
the waterfall and those captured in the fishway dur-
ing the three years of monitoring (p =0.58, p <
.01; Figure 2). The Bray-Curtis dissimilarity index
showed greater similarity with downstream popula-
tions (Dpc = 0.60) than upstream (Dpc = 0.70;
Table 1). No significant differences were observed
between the biomass and abundance of species pre-
sent downstream and those captured in the fishway
and between species present upstream and those
captured in the fishway (Mann-Whitney test,
p > .05).

The cumulative frequency of fish captured during
the three consecutive years of monitoring showed
that trout was homogeneously captured over the
monitoring period (Chi’ test, p > .05). The other
species had a heterogeneous capture distribution:
barbel, chub, spirlin, grayling, loach, bullhead,
roach, gudgeon, minnow, pike and perch (Chi® test,
p < .05). Pike and barbel reached 50% of their cap-
ture in the first year of monitoring, after 17 and
42 days of monitoring, respectively. Several species
reached 50% of their capture during the second year
of monitoring: the grayling (after 83 days), the trout
(after 115days of monitoring), the chub (after
144 days), the spirlin (after 128days), the bullhead
(after 105 days), the roach (after 151 days), the gudg-
eon (after 123 days), the minnow (after 92 days) and
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Figure 4. Histograms of the periodicity of captures throughout the year (by months) expressed as a percentage of individuals
captured for each species (trout, barbel, chub, spirlin, grayling, loach, bullhead, roach, gudgeon, minnow, pike and perch) with

a distinction between adults and juveniles.

the perch (after 144 days). The loach had 50% of
their capture in the last year of monitoring, after
188 days of monitoring (Figure 3).

The periodicity of fish captured showed that
some species were captured evenly throughout the
year, while other species had peaks at specific times.
Trout were captured throughout the year, with the
highest capture rate in May (n=16.5%). Some spe-
cies (chub, spirlin, perch, roach and gudgeon) were
not or poorly captured during the winter
(December, January and February) but were cap-
tured during the rest of the year with the highest
capture rates in July (spirlin = 18.1% and gudgeon
= 30.3%) and October (chub = 25.1%, roach =
25% and perch = 32.5%). We observed that other
species had capture peaks at specific times of the
year, like the barbel, the loach, the bullhead and the
minnow, with 57.1%, 61.1%, 44% and 43.1%,
respectively, of the capture rate in May. The pike
was mainly captured in March and April, with 55%
and 40%, respectively, of captures, and only adults
were captured. The periodicity with which juveniles
were captured was significantly different from that

of adults for the barbel, the chub, the grayling, the
bullhead, the minnow and the perch (Mann-
Whitney test, p < .05). The highest captured rate of
juveniles occurred during the autumn for chub
(n=21.2% in October), spirlin (n=16.8% in
November), gudgeon (n=9.8% in November) and
minnow (n=12.9% in November). The barbel and
the grayling had their highest number of juvenile
captures in summer, with 12.7% in August and
40.0% in May, respectively. Most of the roach cap-
tured were juveniles, with the highest captured rate
in May (n=21.4%; Figure 4).

Analysis of the sizes of the individuals captured
showed that the median size of the individuals cap-
tured during the first year of monitoring (2021-
2022) after the opening of the migratory axis was
very significantly greater than the median size of the
individuals present downstream for all species
(Dunn test, p < .001): the barbel, 494 mm and
372mm; the chub, 222mm and 115mm; and the
trou,t 324mm and 197mm, respectively. The
median size of individuals for barbel and chub was
also significantly greater in 2021-2022 than in the
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following two years (2022-2023 and 2023-2024),
with 208 mm for barbel and 146 mm for chub in
2022-2023 and 117 mm for babel and 148 mm for
chub in 2023-2024. Although the median sizes of
the trout were smaller in 2022-2023 (263 mm) and
2023-2024 (225mm) compared to the first year, a
significant difference was only observed between
2021-2022 and 2023-2024 (Dunn test, p < .0l;
Figure 5).

4, Discussion

Multi-dimensional and multi-annual analysis is a
good strategy for determining the effect of defrag-
mentation on a river section. The use of fishways
through seasons has mainly been studied using
automatic video recordings (Hatry et al. 2016;
Grimardias et al. 2022), although some studies have
used hand-held monitoring of individuals captured
in cages to obtain the identification of each species
as well as biometric data (Benitez et al. 2022; Tan
et al. 2024). Some studies have also examined the
impact of opening up the migratory axis on the fish
populations present upstream and downstream of
the obstacle using electrofishing (Tummers et al.
2016; Birnie-Gauvin et al. 2020). In our study, we
examined the fishway use and the state of fish pop-
ulations upstream and downstream to obtain an
overall view of the impact of defragmentation by
combining several complementary methods and
analysis over several years to analyse what happens
before, during and after the opening of a migratory
axis.

Our results revealed differences between the fish
populations upstream and downstream of the water-
fall before the opening of the migratory axis, with a
more diverse and equitably distributed community
downstream. We can hypothesise the historical
impact of the waterfall, which represented an obs-
tacle to upstream migration for more than 50 years,

limiting the specific diversity upstream (Junker et al.
2012; Coleman et al. 2018; Vega-Retter et al. 2020).
The difference in species richness between upstream
and downstream could also be explained by hydro-
morphological conditions upstream that would be
less favourable to some species (e.g. ubiquitous or
limnophilic species) present downstream of the
waterfall. Although the entire site is located in a
grayling/barbel zone, it is likely that hydromorpho-
logical conditions differ locally between the
upstream and downstream sectors of the waterfall.
These potential differences could influence habitat
suitability for certain species. In addition, as down-
stream migration was possible, the populations pre-
sent upstream could feed the populations present
downstream and thus contribute to equitability.
Valenzuela-Aguayo et al. (2019) showed that natural
or anthropogenic barriers annihilated upstream gene
flow but that downstream movements remained
possible despite major falls, enabling downstream
populations to be fed. Tan et al. (2024) also showed
that alpha diversity indices were higher downstream
of a 7.8 m high obstacle before the opening of the
migratory axis, with greater species richness and
greater equitability between species.

As upstream migration was previously impossible,
the recolonisation of species absent upstream and
present downstream could not occur. Given that the
removal of the Coo waterfall is not an option, recol-
onisation was only achievable through the installa-
tion of a crossing device. The installation of the
fishway has enabled upstream movements to be re-
established. Ideally, the entrance to the fishway
would be located directly adjacent to the obstacle.
However, due to topographic and landscape con-
straints, it was positioned 100m away on the left
bank of the waterfall. Despite this suboptimal place-
ment, results demonstrated that more than 2,000
individuals from 17 of the 20 downstream species
used the fishway and used new habitats available
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upstream, as shown by the four individuals recap-
tured upstream during electrofishing. However, a
complementary study by Gelder et al. (2024) esti-
mated the efficiency of the fishway at 7.9%, suggest-
ing that the quantity of fish using the fishway
underrepresents the real number of fish attempting
to migrate upstream. Nevertheless, the structure is
used by a wide range of species, confirming its
multi-species functionality,
ongoing to improve its overall efficiency. In add-
ition, the populations using the fishway were signifi-
cantly  correlated  with  those  downstream,
confirming that the fishway effectively facilitates
upstream migration of the established population
(Tan et al. 2024). The fishway was mainly used by
rheophilic species, which is consistent with the habi-
tat characteristics of this sector of the Ambleve
River. The results also showed that the spirlin was
the most abundant species captured during the
second year of monitoring, with 766 individuals.
This capture peak could potentially reflect the cap-
ture of a migrating school of this gregarious species,
which may contribute to interannual variation in
fishway use (Prchalova et al. 2011; Benitez et al.
2015). No spirlin were captured during electrofish-
ing upstream of the waterfall prior to the opening
of the migratory axis, underscoring the fishway’s
role in enabling the recolonisation of species previ-
ously absent upstream (Tummers et al. 2016;
Kiffney et al. 2018). In terms of biomass, total bio-
mass decreased from year to year, with the highest
total biomass during the year following the opening
of the migratory axis, which suggests an opening
effect (Benitez et al. 2015). Although spirlin and
loach were captured in much higher numbers over
the last two years of monitoring compared to barbel
(766 spirlin vs. 34 barbel between 2022 and 2023
and 89 loach vs. 23 barbel between 2023 and 2024),
underlining the importance of the multi-species
nature of the fishway, barbel accounted for the high-
est biomass each year due to their larger size. Chub
were also captured in large numbers, but the aver-
age size of these individuals indicated that they were
mostly juveniles (mean size < 160 mm), while the
barbel were, on average, adults (mean size >
250 mm). The abundance and biomass of some spe-
cies decreased over the monitoring period, while for
others, the biomass and abundance fluctuated from
year to year. This trend was also shown by the
cumulative frequency of individuals captured which
showed that for some species an opening effect has
been visible, such as for barbel and pike, which
reached 50% of their captures in the first year. The
barbel is a species known in the literature to move
regularly and over great distances (Ovidio et al.
2007; Le Pichon et al. 2016). What we observed for

and discussions are

pike can be associated with quick colonisation, with
17 individuals captured in the first year of monitor-
ing, followed by a large decrease in the number of
individuals captured in the next two years (Gelder
et al. 2023). The majority of species (grayling, trout,
chub, spirlin, bullhead, roach, gudgeon and min-
now) reached 50% of their captures during the
second year, and the loach reached this during the
last year of monitoring. Except for trout, which
were homogeneously captured throughout the year,
the other species showed notable variations in their
captures from one year to the next. Captures can
fluctuate based on environmental conditions.
Although we did not analyse the temperature and
flow data as part of this study, it is likely that envi-
ronmental conditions during 2022-2023 and 2023-
2024 were favourable for stimulating the migration
of these species and consequently increased the
number of fish captured. Fishway monitoring over
several consecutive years has enabled us to analyse
in greater detail the colonisation dynamics of fish
populations on a multi-annual scale, as well as on a
seasonal scale.

The periodicity of captures showed that adult
individuals were mainly captured during the months
corresponding to the species spawning period,
between April and July and between March and
April for the pike (Prchalova et al. 2011). These
potamodromous species are known in the literature
to migrate upstream during the spawning period to
find suitable habitats (Ovidio et al. 2007; Benitez
et al. 2015; Romao et al. 2019; Gelder et al. 2023).
Significant differences between captures of adults
and juveniles were observed, with a higher capture
rate in summer and autumn. To meet their onto-
genic needs and allow them to grow, juveniles take
advantage of optimal environmental conditions to
move around in search of suitable habitats. Benitez
et al. (2022) showed that juveniles moved mainly
during the summer when temperatures were higher
and flow lower. The movements of juveniles may be
explained in the following ways: (i) after spawning
in spring/early the individuals have
reached a sufficient size in autumn to swim against
the current and migrate upstream, and (ii) individu-
als migrate to find suitable habitats to overwinter
(Prchalova et al. 2011). These results show that juve-
niles are also able to use the fishway, enabling eco-
logical recovery for the entire life cycle of the fish.
Analysis of the size of the individuals showed that
significantly larger individuals first colonised the
fishway compared with the individuals present
downstream and the individuals that used the fish-
way during the second and third year of monitor-
ing. Larger individuals are known to have better
swimming capacity and are, therefore, better able to

summer,



cross larger currents (Baudoin et al. 2015; Grimardias
et al. 2022; Eggers et al. 2024). They are also more
likely to cover greater distances in response to the
need of migratory individuals to explore and have
larger home ranges, likely resulting in extended move-
ments over longer distances (Minns 1995; Woolnough
et al. 2009; Burbank et al. 2023;). Griffiths (2006)
showed that resident individuals were smaller in size
than migratory potamodromous fish. It is likely that,
depending on environmental conditions, if food
resources become scarce and available habitats less
suitable, some individuals will adopt migratory behav-
iour. The opening up of the migratory axis has
enabled individuals to gain access to new habitats and
to balance the use of different habitats. Moreover, the
marking individuals revealed that some fish moved
downstream, crossed the waterfall and re-used the
fishway. Consequently, these results proved that the
individuals could cross the waterfall and decide to
move back downstream, probably to return to known
habitats. Although the number of recaptures upstream
is low compared with the number of individuals
marked, it is very likely that the individuals moved
and dispersed upstream, as demonstrated by Gelder
et al. (2023) in the same study site.

5. Conclusion

This study contributes to the growing body of
knowledge on river defragmentation and the
response of fish populations to the opening of a
migratory axis. It highlights the importance of
understanding the states of fish populations down-
stream of an obstacle before the installation of a
fishway. This knowledge is crucial for selecting the
right type of device and placing it in the optimal
location (Jones et al. 2023; Bower et al. 2024). Very
few studies have analysed the effect over several
years of restoring connectivity on fish populations.
Our study emphasises the need for continuous mon-
itoring over several years to fully understand the
dynamics involved, taking into account the initial
state of the populations before the opening of the
migratory axis as well as what happens within the
fishway as soon as it is opened. The results showed
the importance of opening up the migratory axis
upstream for spawning and accessing other func-
tional habitats or completing their life cycle not
only for diadromous species but also for potamodr-
omous species (Romao et al. 2018; Bao et al. 2019).
We demonstrated the usefulness of the multi-species
nature of the fishway, which has enabled many spe-
cies, including those considered less migratory and
juveniles with varying swimming capacities, to bene-
fit from this opening. Indeed, potamodromous spe-
cies also migrate within rivers, and studying their
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movements can offer important insights for future
management strategies. In addition, our capture
periodicity results showed that the fishway is used
throughout the year and not only during the spawn-
ing period, showing the importance of keeping this
type of device open continuously (Benitez et al.
2022; Gelder et al. 2023). In order to obtain a com-
plete overview and refine our understanding of
habitat connectivity, it would be interesting to con-
tinue the monitoring and to carry out new electrof-
ishing upstream of the site after several decades of
opening in order to study any changes in the popu-
lations upstream of the waterfall.
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