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Abstract: Few studies have documented the biology, demography, and ecology of eels in deep and
large riverine ecosystems, which nevertheless contain important growing areas for this endangered
species. Using an original eel sampling technique, this 6-year study, started in 2018, aims to charac-
terise the bioecology and demography parameters of eels in a deep and wide riverine ecosystem,
the Meuse in Belgium. It was performed over a 125.8 km stretch and included four sampling sites.
This technique, never previously used in the Meuse, trapped the eels in fyke nets when they swam
back upstream, swimming against the current, after an avoidance reaction generated by the screens
of hydropower facilities. Results revealed a high performance in catching eels as well as their sym-
patric biodiversity. The inter-site growth of eels was good. Yellow eels were mostly caught in the
spring and summer under the influence of rising water temperatures, and silver eels were caught
during autumn in October-December when flow and turbidity were high. A down-to-upstream
decreasing demographic gradient was observed, but this pattern was not found for entry rate, catch-
ability, survival, and immigration and emigration nets. Survival was low, and net emigration was
high at a site experiencing noise pollution and hydraulic disturbance due to the work of expanding
the ship lock to facilitate the passage of large boats. Effective strategies for the local eel stock and
habitat management have been provided for deep and large riverine ecosystems.

Keywords: eel; fyke net; biology; ecology; demography; conservation measure; deep and large
freshwaters

1. Introduction

Due to its panmixia, semelparity, and diadromy nature, the European eel Anguilla
anguilla has fascinated scientists from different fields for several decades [1-3]. Interest in
this species, which is unique in its very particular biology, has increased further due to its
ubiquity, expressed by its ability to colonise an extremely wide range of marine, brackish,
and freshwater habitats [4-8]). Unfortunately, it is currently experiencing a drastic drop
in its stocks around the world. Since the 1980s, a decline has been observed in both local
stocks and recruitment at sea [9]. This decline has been estimated globally at about 5% per
year since the 1970s for eel stocks and fishing yields, now representing less than 10% of
their historical levels [10,11]. The decline in eel stocks is particularly evident in inland
regions located far from coastal areas [12-14]. Glass eel recruitment from the ocean to the
continent was about 15% per year from 1980 to 2010, representing 1-10% of its previous
levels, and 1.4% of the 1960-1979 average in the North Sea [15]. In the Belgian Meuse
basin, more than 320 km from the North Sea, local eel stocks have declined significantly
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and the number of wild yellow eels migrating up the Meuse from the North Sea declined
by around 3.6% per year from 1992 to 2020. In 2020, this number was 0.6% of the record
level recorded in 1992 [13,14]. The species breeds in the Sargasso Sea and colonises inland
waters by density-dependent migrations of juvenile eels [2,12,16]. Some of the causes of
this decline are located at sea, such as global warming, which is leading to sea tempera-
tures rising and ocean currents changing, which are detrimental to the survival of lepto-
cephali, and another is glass eel overfishing in estuaries [17-19]. Others are linked to the
poor quality of continental environments, such as obstruction of free movement prevent-
ing juveniles from accessing the best growing habitats and spawner adults from returning
safely to reproduce at sea, pollution, and contamination by pathogens [3,20-25]. Commer-
cial and recreational fishing and predation by piscivorous animals also weaken local
stocks without the possibility of supporting them with the addition of individuals pro-
duced on farms, as artificial reproduction is not yet possible [26]. The species is critically
endangered and is on the Red List of the International Union for Conservation of Nature
[27]. It is listed in [28] of the Convention on International Trade in Endangered Species of
Wild Fauna and Flora [28] and, at the European level, benefits from numerous protection
measures described in Regulation (EC) No. 1100/2007 of the European Commission pub-
lished in the Official Journal of 22 September 2007 [29].

A better understanding of the species, its diversity of habitats, and its different life
phases is urgent [30-32] and would help in the implementation of effective eel conserva-
tion management measures. During the continental life phase, eels exploit shallow and
deep aquatic ecosystems and show nocturnal activity and cryptic habits during the day,
making their capture very difficult in deep rivers [5,33,34]. Fortunately, eel catch and
study methods have improved, thanks to recent studies. These include the use of traps
placed in fish passes, eel traps, and electrofishing [9,35-38]. These conventional capture
methods, in combination with biotelemetry, have made it possible to document eel biol-
ogy and ecology in terms of seasonal periodicity, migration intensity, habitat use, growth,
and silvering stage [35-38]. However, if this is true for shallow aquatic environments, it is
paradoxical that few studies document the biology, demography, and ecology of eels in
deep and large riverine ecosystems, which contain important growing areas for the spe-
cies.

In the Belgian Meuse, the collapsed local stocks are supported by restocking using
imported glass eels [9,39]. However, information remains lacking in terms of their ecol-
ogy, growth, stocks, and demographic parameters due to the inefficiency of conventional
sampling methods and monitoring efforts [13,14]. The Meuse River is deep, wide, and
fragmented by numerous dams for boat navigation and hydropower production. Some
data are available, but they are incomplete and often obtained by trapping wild eels in
fish passes at Lixhe when they enter Belgium and travel up the Meuse from the North Sea
via the Dutch Meuse [14,35,40]. Using an original eel sampling technique with fyke nets
placed at the river bottom, this 6-year study, started in 2018, aims to characterise the bio-
ecology and demography parameters of eels in a deep and wide riverine ecosystem like
the Meuse in Belgium. This technique, never previously used in the Meuse, was discussed
by Behrmann-Godel and Eckmann [41] and developed by the professional fishermen of
the Mosel River. It consists of trapping the eels in fyke nets when they swim back up-
stream and swim against the current from the screens of a hydropower facility. The spe-
cific goals were to (1) identify the sympatric biodiversity; (2) evaluate the efficiency of this
sampling methodology in our experimental conditions; (3) analyse the diversity of size,
silvering stage, and annual growth; (4) specify the catch phenology; and (5) assess the
survival, catchability, arrival rate, population size, and net immigration and emigration
using a suitable Jolly-Seber model for open populations [38,42—45].
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2. Materials and Methods
2.1. Study Sites

The study area included four sites. These were in southern Belgium, in the Meuse
River, and extended over 125.8 km upstream from Lixhe, site A (Table 1, Figure 1). Site A
was the most downstream site, located 323 km from the estuary in The Netherlands. The
sites were 42 km apart on average (range = 19-62 km), and each one had a dam equipped
with a ship lock except site A, which had a dam without a lock. The international Meuse
is 925 km long and supplies a catchment area of 36,000 km?, encompassing France, Lux-
embourg, Belgium (Wallonia and Flanders), Germany, and The Netherlands, with a con-
centration of 36% in Wallonia [13,40]. It flows mostly from south to north through France,
Belgium (both Wallonia and Flanders), and The Netherlands before entering the North
Sea. In the Walloon Region, the Meuse River receives water from two major rivers: the
Sambre at Namur and the Ourthe at Liege. In our study area, a large part of the Meuse is
highly artificial, with several dams (n = 15 from site A to D) for navigation and hydro-
power, bank rectification, and flow regulation. Eels have also been subject to effective
management measures, such as restocking practices, in the last decade [9,39].

From 2018 to 2023, eels in experimental sites experienced a monthly average of daily
mean water temperatures of 14.6 (+6.3 °C) and flows of 194.9 (+189.2) m3-s™'. The temper-
ature of the Meuse increased, exceeding 10 °C from April to August (Figure 2). Its flow
rate also increased, reaching values above 60 m®s™ from October to January—February.
Site A had a greater width and flow compared to the other sites. Site B was the warmest
site, while sites C and D were the coldest, with the lowest flow rates. The water tempera-
ture was measured constantly using temperature loggers (Onset® Computer Corporation,
Bourne, MA, USA). The Walloon Public Service for Mobility and Infrastructure in the Hy-
draulic and Environment Expertise Department of the Hydrological Management Direc-
torate (Rue Del” Gréte 22—5020 Namur (Daussoulx)) provided the flow data.
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Figure 1. The studied sites (A, B, C and D) in the Meuse (a), fyke net lines (L1 and L2) before pow-
erhouse (b), fyke net line (c), fyke net (d), line monitoring by boat with eels trapped (e), and eel
caught (f). (a,c—f), source: this study. (b), source: Google Maps.



Sustainability 2024, 16, 10607

4 of 18

“

Table 1. The Meuse site characteristics. “-” means data is not available. Temperature and flow rate
data are expressed as mean values (+standard errors).

Distance (km)

From Type of Current Dam Number
i i tructi f D t
Site Code Mouth  Source Wide Deep Temperature Flow Rate Construction rom Downstream
Name (m) (m) Q) (m3. s71)
Lixhe A 323.0 612.8 230.0 6.0-8.0 14.7 (£6.2) 219.3 (¥221.0) Dam 1
Ampsin B 368.3 567.5 150.0 6.0 15.6 (£6.3) 208.9 (+190.3) Dam and ship lock 4
Andenne C 386.8 549.0 125.0 6.0 13.4 (+6.1) - Dam and ship lock 5
Hastiere D 448.8 487.0 125.0 4.0 - 156.6 (+145.0) Dam and ship lock 15
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Figure 2. The monthly average of daily mean temperature and flow experienced by eels from 2018
to 2023. All sites pooled.

2.2. Sampling Techniques

Our capture protocol involved the use of three five-fyke net lines (Figure 1). Each line
measured 25 m, and each fyke net was 3.2 m long. The first line was located 3 m away,
parallel to the bank. The second and third lines were installed toward mid-river, about 3—
5 m from the previous line. The fyke net was made of 15 mm diameter nylon mesh. It
consisted of three funnel-shaped capture sections separated by stainless steel rings, the
first of which had a 55 cm diameter. Each line had five fyke nets tied along an 8 mm di-
ameter rope. Upstream and downstream of each line, a 5 m chain served as ballast to an-
chor the line by attaching to a steel weight (approximately 15 kg) on the river bottom and
on the surface to a floating buoy. Each line had two chains: the first was set at the start
and the second at the end of the line. The buoys helped to determine the up and down-
stream sides when monitoring the traps performed weekly by boat. Their entrance was
set at the downstream side, and eels were trapped as they swam upstream after a U-turn
in front of the powerhouse’s trash screens. This eel catch device was designed following
the guidelines of professional fishermen from Mosel practising silver eel fishing [41]. The
circular swimming behaviour of eels as close as possible to the water intake of the hydro-
power turbine is associated with the exploitation of areas located near the banks, the mi-
gration near the riverbed, and the use of principal current during their passage down-
stream of the dams were all factors that explain the choice of location and opening orien-
tation of our sampling devices [46—49].

Each time the traps were monitored, the captured fish were anesthetised with clove
oil (10%, 0.2 mL-L-') and identified and counted by family, ecological group, and species
to evaluate fauna diversity abundance [50]. Eels were measured for their total length (TL,
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#1 mm) and weighed (W, #1 g), and untagged individuals were tagged with a passive
integrated transponder tag (HDX, 134.2 kHz, dimension 12 x 2 mm, weight 0.095 g in air).
Other morphological measurements, such as vertical and horizontal eye diameter (+0.1
mm) and pectoral fin length (+0.1 mm), were taken to determine the Durif silvering stage
[51,52]. After recovering from anaesthesia, the tagged eels were released, on average, 2.5
km (range = 1.3-3.3 km) upstream of the fyke nets. Tagging did not result in any mortality.

2.3. Data Processing

For each species, absolute abundance was the number of individuals counted, and
relative abundance was this absolute abundance divided by the number of fish caught
belonging to all species. In eels, the sampling performance, monthly pattern of capture,
relationship between TL and W, silvering stage and increment in TL, and demographic
parameters were analysed. Sampling performance was defined as a ratio calculated by the
number of days with eel capture divided by the total number of days of trap control. The
monthly pattern of capture was expressed in the relative abundance calculated as the
number of eels caught in a month divided by the total number of eels caught in a year.
The correlation between TL and W was determined using the formula W = a x TLb, which
was then logarithmically transformed into a linear correlation as log10 (W) =1og10 (a) + b
x log10 (TL), with W in g, TL in cm, and a and b as coefficients; a was the body shape
coefficient, and b was the growth type coefficient. The silvering-to-yellow eel ratio was
the number of yellow eels (S, FII, and FIII stages) divided by the number of silver eels
(FIV, FV, and MII). TL increment (mm.day') was assessed in tagged eels and expressed
as TL at last recapture reduced by TL at first capture divided by the number of days sep-
arating these two events. To estimate demographic parameters, we used the Jolly-Seber
method carried out using the POPAN module of the MARK 8.0 programme [38,42—45].
By using weekly capture/mark/recapture data from a site, four models were fitted, of
which one model was selected as the best and most parsimonious model (Table 2). The
selection was based on the lowest Akaike’s Quasi-Probability Information Criterion
(AICc) value, the lowest number of parameters assessed, the biology of the species, and
the use of the same riverine site. This model was {p(.), ¢(.), pent(t), N(.)}, with p(.}, ¢f.}
and N(.) as constant time parameters representing catchability, survival, and overall pop-
ulation, respectively, and pent{t} the time-varying arrival probability. Overall population
was the total number of eels that inhabited the site during the whole study. It also allowed
the evaluation of the superpopulation (N*-hat) as a time-constant parameter and the ratio
between net immigration (B-hat i) and net emigration (B*-hat i), which were both time-
varying parameters. Superpopulation represented the number of eels that occasionally
visited the site and disappeared before the counting started. Data from all trap lines at
each site were pooled, summarised, and presented as mean values + standard errors.

Table 2. Model selection. AICc is Akaike’s Quasi-Probability Information Criterion, Delta AICc dif-
ferences with the best model, number of parameters, and deviance values. * is the selected model, p
catchability, ¢ survival, pent arrival probability, (.) fixed-time parameter, and (t) time-dependent
parameter.

Model Description AlCc Delta AICc  AICc Weight Model Likelihood n Parameters Deviance -2log(L)

Site A

{p(.), d(), pent(t), N()} * 337.49 0.00 1.00 1.00 16 -663.30 302.70

{p(.), O(t), pent(t), N(.)} 356.33 18.84 0.00 0.00 24 ~745.29 220.71

{p(t), d(.), pent(t), N(.)} 388.84 51.35 0.00 0.00 29 -739.60 226.40

{p(t), d(t), pent(t), N(.)} 399.85 62.36 0.00 0.00 47 -761.04 204.97
Site B

{p(.), (), pent(t), N(.)} 70.94 0.00 0.66 1.00 14 -335.19 36.86

{p(), d(), pent(t), N()} * 72.31 1.36 0.34 0.51 12 -328.13 4291

{p(t), d(.), pent(t), N(.)} 111.49 40.54 0.00 0.00 24 -328.90 43.15

{p(t, d(t), pent(t), N()} 137.01 60.07 0.00 0.00 31 -335.19 36.86

Site C
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{p(), d(t), pent(t), N(.)} 171.97 0.00 0.97 1.00 22 -693.00 120.90
{p(.), d(), pent(t), N()} * 178.59 6.62 0.04 0.04 14 -666.09 147.81
{p(t), d(.), pent(t), N(.)} 214.94 42.97 0.00 0.00 35 -688.34 125.56
{p(t, d(t), pent(t), N(.)} 220.34 48.37 0.00 0.00 39 -696.32 117.58
Site D
{p(.), d(), pent(t), N()} * 114.03 0.00 1.00 1.00 9 -169.61 92.75
{p(.), d(t), pent(t), N(.)} 133.06 19.03 0.00 0.00 19 -184.20 78.17
{p(t), d(.), pent(t), N(.)} 140.23 26.20 0.00 0.00 23 -195.06 67.30
{p(t, d(t), pent(t), N(.)} 140.98 26.96 0.00 0.00 24 -199.38 62.98

We tested the relationship between TL and time and TL increment and TL in eels
using Pearson’s correlation coefficients (r). Fisher’s exact (FE) test was used to compare
the relative abundance of fish between species and between sites, as well as the observed
relative abundance, survival, and catchability of eels between sites. We compared the
number of yellow-to-silver eels, the number of trap monitoring days, and the number of
eels caught between months using Pearson’s chi-square (x?) test. The non-parametric
Kruskal-Wallis (KW) test followed by Dunn’s post hoc test with Bonferroni adjustment
for multiple pairwise comparisons of mean rank sums were performed to compare TLs,
TL increments, immigration-to-emigration net ratios between sites, and TL increments be-
tween silvering stages. Data from these three parameters did not meet a normal distribu-
tion (Kolmogorov-Smirnov, p < 0.001). We used the Remdr 2. 3-2, Hmisc, and Dunn test
tools in R software version 3. 3 to run these statistical tests [53-55]. We considered results
important if they had a p-value less than 0.05.

3. Results
3.1. Fauna Diversity

There were 4827 fish caught, comprising 16 species, divided into six families and
three ecological groups (Table 3). The Cyprinidae family, with eight species, was the most
prevalent fish family. The rheophilic group had three species belonging to two families,
the Cyprinidae and Salmonidae, and was the least represented ecological group. At sites
Cand A, the number of fish species was 10 and 11, respectively, and it was seven at sites
B and D. The round goby of the Gobiidae family represented >60% of the total number of
fish caught, and it was the most abundant species at sites A, B, and C (FE test, p < 2.2 x
10-16). However, at site D, catfish (>60%) was the most-caught species. Based on an abun-
dance of >10% of the total number of fish caught, the fish community included two main
species: round goby and eel. These were found at all four sites, along with perch at sites
A and B and catfish at site D. Rheophilic species were not found at sites A and B, while
they were represented at site C by only one chub and one trout, and at site D by six barbels.
Two non-native fish species, round goby and catfish, were present at all sampling sites.
The fish species targeted by this study, the eel, represented an overall relative abundance
of 11.5%, with inter-site variation ranging from 10.3% (site A) to 14.9% (site B). However,
the highest abundance of eels (n =226, 40.8% of the total eels caught) was found at site A,
the most downstream site (FE test, p < 1.165 x 10-%). We also caught two species of non-
native crustaceans: Chinese crab Eriocheir sinensis at all four sites (n, range = 16-31) and
crayfish Astacus pacifastacus at site C (n = 27).

Table 3. Fauna diversity at sampling sites. # indicates non-native species.

. . Ecological n (%)
Family Species Common Name Group A B C D
Fish
Anguillidae
European eel Anguilla anguilla Eurytopic 226 (10.32) 84 (14.89) 175 (11.21) 69 (13.50)
Cyprinidae
Roach Rutilus rutilus Eurytopic 103 (4.70) 15 (2.66) 14 (0.90) -
Common bream Abramis brama Eurytopic 6 (0.27) - 1 (0.06) -
Common bleak Alburnus alburnus Eurytopic 2 (0.09) 1(0.18) 2 (0.13) -
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Silver bream Blicca bjoerkna Eurytopic 1 (0.05) - - -
Tench Tinca tinca Limnophilic 18 (0.82) - - -
Crucian carp Carassius carassius Limnophilic 1 (0.05) - - -
Barbel Barbus barbus Rheophilic - - - 6 (1.17)
Chub Leuciscus cephalus Rheophilic - - 1 (0.06) -
Esocidae
Pike Esox lucius Limnophilic - 1(0.18) - -
Gobiidae
Round goby Neogobius melanostomus * Limnophilic 1567 (71.52) 364 (64.54) 1264 (80.97) 111 (21.72)
Percidae
Perch Perca fluviatilis Limnophilic 236 (10.77) 68 (12.06) 84 (5.38) 6 (1.17)
Zander Sander lucioperca Limnophilic 9 (0.41) - 6 (0.38) 4(0.78)
Ruffe Gymnocephalus cernua  Limnophilic - - - 2(0.39)
Salmonidae
Trout Salmo trutta Rheophilic - - 1 (0.06) -
Silurae
Catfish Silurus glanis Eurytopic 22 (1.00) 31 (5.50) 13 (0.83) 313 (61.25)
TOTAL 2191 (100.00) 564 (100.00) 1561 (100.00) 511 (100.00)
3.2. Eel Sampling Performance, Size, and Silvering Stage
The total number of trap monitoring days was the highest at site C (120 days) and the
lowest at site D (45 days; 2 tests, p < 0.001; Table 4). Site A had 104 days, which were not
significantly different from those at sites C and B (86 days; p > 0.05). Overall, 79% of the
trap monitoring days had at least one eel captured. This eel trapping performance ex-
pressed in terms of the eel capture-to-trap monitoring day ratio varied across sites. It
ranged in mean values from 73 (site D) to 85% (site A). The number of yellow-stage eels
(n = 269) was similar to that of silver-stage eels (n = 268). At site B (mean TL = 861 mm)
and site C (829 mm), eel individuals caught were predominantly silver eels (x? tests, p <
0.0001) and larger than those captured at site A (731 mm) and D (735 mm; KW test, range:
df =3, x2=57.863, p = 1.682 x 102, Dunn test, p < 0.05; Figure 3).
Table 4. Sampling performance in eels.
TL (mm) W (g) Day Ratio:
Trapping Period Site NTI(I’I:;IeI' Mean * SE Range Mean * SE Range n ]CD(:;:()] w1th]])£:;/:’otal
2018
5 September 2018-18 December 2018  C 15 883 +£123 520-986 1324 + 481 291-2205 6 1.00
2019
17 July 2019-15 January 2020 A 28 841 £ 128 570-1007 1239 + 625 270-2525 22 0.64
10 July 2019-23 January 2020 B 30 891 £ 111 588-1035 1271 + 437 340-2063 37 0.81
26 July 2019-23 January 2020 C 44 847 + 141 575-1076 1127 + 644 238-2715 26 0.62
2020
2 July 2020-17 December 2020 A 21 861 +135 554-1051 1425 + 593 337-2243 30 0.70
2 July 2020-17 December 2020 B 24 871 +137 477-1042 1452 + 627 172-2422 29 0.86
2 July 2020-17 December 2020 C 26 886 £ 115 623-1092 1432 £ 518 438-2673 33 0.79
2021
7 September 2021-23 December 2021 A 38 731171 344-963 904 + 545 83-1980 11 1.00
7 September 2021-9 November 2021 C 17 825+173 352-988 1341 £ 727 70-2896 9 0.89
7 September 2021-8 November 2021 D 3 935 + 40 906-963 1651 + 198 1433-1820 6 0.50
2022
29 March 2022-11 October 2022 A 83 704 £ 165 358-1040 792 + 529 76-2120 30 0.83
7 July 2022-11 October 2022 B 30 824 + 161 474-1115 1303 + 698 150-2962 20 0.80
29 March 2022-11 October 2022 C 51 823 +£190 414-1110 1345 £ 780 105-2889 35 0.63
29 March 2022-20 September 2022 D 40 775 + 184 448-1030 1075 + 794 142-2665 24 0.63
2023
21 February 2023-18 July 2023 A 56 666 + 137 385-943 648 + 433 80-1880 11 1.00
21 February 2023-29 August 2023 C 22 709 £170 381-999 686 + 491 93-1810 11 0.82
21 February 2023-29 August 2023 D 26 650 + 174 286-1042 637 + 598 131-2076 15 0.87
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Figure 3. TL distribution (a) and silver-to-yellow eel ratio (b) according to sampling sites. Sites with
common lowercase letters in the TL boxplot did not differ statistically (KW and Dunn tests, p <0.05).

From 2018 to 2023, n = 554 eels were caught and had a mean TL of 782 mm (range:
96.4% = 455-1115 mm and 100% = 344-1115 mm), which decreased over time (r = —-0.929
with 95% CI =-0.992 to —0.476 and p = 7.430 x 1073; Figure 4). The relation between TL and
W was defined by the equation: log W (g) =-3.065 + 3.180 log TL (cm) (R?=0.938; p <2.2
x 10716 and n = 553) and varied between sites. At site A, it was described by the formula:
log W (g) =-3.066 + 3.187 log TL (cm) (R?=0.952; p <2.2 x 10716 and n = 223). At site B, the
formula was: log W (g) = -3.256 + 3.217 log TL (cm) (R?=0.930; p <2.2 x 10716 and n = 84).
For site C, the formula was: log W (g) =-3.204 + 3.245 log TL (cm) (R2=0.925; p <2.2 x 1016
and n = 174). Finally, at site D, this relationship was shown by the formula: log W (g) =

-3.040 + 3.163 log TL (cm) (R2=0.909; p <2.2 x 106 and n = 69).
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Figure 4. TL-frequency distribution (a) and mean TL evolution over time (b).
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MII male silver eels were extremely rare (n =2, representing 0.04% of the eels caught)
(Figure 5). They were found only at sites A and D and had a mean TL of 415 mm (range =
380-450 mm). From the SI to FIV stages, eels increased in TL at each sampling site. How-
ever, the stages of 17 eels (S?, 536 mm, 344-743 mm) were missing because they were not
assessed. During the year, eels were caught each month. The TL of eels caught from Sep-
tember to December tended to be larger (mean TL = 828 mm, range = 776-890 mm), and
individuals were predominantly silver eels (silver-to-yellow eel ratio >1). It should be
noted that the data for March are missing because the traps were not set during that
month.
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Figure 5. TL per site and silvering index (a) and monthly mean TL and silver-to-yellow eel ratio
(b). SI was the smallest, S? unassessed sex, M male and F female eels. Yellow eels are SI, FII and
FIII stages, and silver eels (MII, FIV and FV stages).

3.3. Increment TL of Recaptured Eels

The daily increment in TL averaged 0.221 mm day! (n = 40) (Table 5). It varied from
0.009 (class for tagging/recapture time interval, n and silvering stage composition: 7-12
months, 2FIV) to 0.614 mm day~! (1-6 months, 1FIII) (Table 5). This increment decreased
significantly with TL (r = -0.615 with 95% CI = -0.777 to —0.375 and p = 2.437 x 1075).
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Conversely, there was no increase in TL during the tagging/recapture time interval classes
of <1 month (2FII + 2FIV) and 1-6 months (1FII + 1FIV). Between silvering phases, FI indi-
viduals (mean values = 0.551 mm day-'and 505 mm in TL) grew faster in size, but they
were smaller at tagging compared to FIV eels (0.096 mm day~! and 933 mm) (KW test,
range: df =3, x2=9.681-29.324, p = 0.022 to 1.914 x 10-%). In contrast, the sampling sites did
not significantly affect the daily TL increment (KW test, p > 0.05). Most eels (n =37, 92.5%)
were captured and recaptured at the same site. Three FIII eels (7.5%) changed their cap-
turing sites. Two of them (600 mm, 0.138-0.614 mm day~') showed downstream-oriented
movement from site D (the most upstream site) to A (the most downstream site). One eel
(687 mm, 0.019 mm day!) moved upstream from site C to D.

Table 5. Growth of the recaptured eels.

TL at Tagging (mm) TL Increment (mm.day?)
Time Class Between _.. . . .
Tagging and Recap- Silvering ¥ndex at Site (Recapture Site Mean * SE Range Mean + SE Range
ture (Month) Tagging Change)
<1 FII A 2 560 +2 558-561 0.421 +0.191 0.286-0.556
C 1 720 - 0 -
D 1 539 - 0 -
FIII A 1 660 - 0.222 -
C 1 824 - 0.133 -
FIV B 1 994 - 0.214 -
C 2 932 +26 914-950 0.107 +0.051 0.071-0.143
D 1 1009 - 0 -
1-6 FII A 2 570 + 38 543-597 0.302 +0.427 0-0.604
D 1 560 - 0.286 -
FIII A 2 615 +29 594-635 0.197 +0.050 0.162-0.232
C 1 893 - 0.064 -
D-A 1 600 - 0.614 -
FIV A 1 870 - 0.260 -
C 1 1016 - 0.086
7-12 FI A 2 505+ 0 505-505 0.551 0.543-0.558
FII A 1 549 - 0.064 -
FIII A 1 666 - 0.337 -
A-C 1 742 - 0.121 -
C 1 575 - 0.485 -
C-D 1 687 - 0.019 -
FIV A 1 796 - 0.326 -
D 2 950 + 18 937-963 0.009 + 0.004 0.007-0.012
13-18 FII A 3 561 + 60 526-630 0.419+£0.017 0.399-0.429
D 1 716 - 0.258 -
FIII D-A 1 600 - 0.138 -
19-24 FIII C 2 717 £170 597-837 0.271 +0.149 0.166-0.377
FIV C 1 912 - 0.030 -
>24 FII C 1 674 - 0.197 -

3.4. Monthly Pattern of Catching Eels

Eels were caught every month when traps were set, with a peak of 21.4% in July
(Figure 6). However, most eels were caught from April to September (72.9%, x? tests, p <
0.00001). From October to December, the catch amount reached 23.8%. The maximum
number of eels caught per trap monitoring day varied between sites. This ranged from 4
(at site B on 9 July 2020 and 28 July 2022) to 15 individuals (at site C on 1 January 2018). It
was 10 at site A, and 12 at site D, observed on the same date (25 May 2022).
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Figure 6. Monthly repartition of eels caught: sites pooled (a) and by site (b). A-D are sampling
sites.

3.5. Demographic Parameters of Eels

The magnitude of demographic parameters assessed showed similarities between sites
for arrival probability (mean range = 0.06-0.09; Figure 7). However, this varied significantly
between sites for survival, catchability, overpopulation, superpopulation, and immigration-
to-emigration (I-to-E) net ratio. Site B had the lowest weekly survival rate (estimate = 0.435,
FE test, p <0.0001), the lowest I-to-E net ratio (mean = 0.188 and upper limit 95% CI = 0.34,
KW test: df =3, x2=23.788, p=3.682 x 1075, Dunn test, p <0.01) and the lowest overpopulation
(estimate = 83) (2 tests, p < 2.2 x 1071). The estimated superpopulation was also low at site
B (estimate = 528) and D (447) (x? tests, p <0.001). At sites A, C, and D, survival was greater
than 0.870, and the I-to-E net ratio ranged from 0.555 to 0.805 with an upper limit of 95% CI
> 0.90. At these last three sites, the weekly catchability was low (estimate range = 0.070—
0.152), while it peaked at site B (1.000; FE test, p < 2.2 x 10-1¢). Eel populations were more
numerous at site A (overpopulation and superpopulation, estimate = 821 and 2629) and site
C (869 and 2167) than at sites B and D (x?2 tests, p <2.2 x 10716).
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Figure 7. Comparison of demographic parameters between sites using FE (a—c), x? (d,e), and KW
and Dunn (f) tests, p < 0.05). For each parameter, sites with common lowercase letters did not differ
significantly.

4. Discussion

We successfully carried out fish sampling using fyke nets installed directly in deep
and large river-type aquatic ecosystems. This is something that has never been done be-
fore in the Belgian Meuse. Our experimental system enabled the inventory of biodiversity
in the depths of the sites studied and for the targeted species, highlighting growth, sex
ratio, silvering stage, catch periodicity, and demographic parameters.

With 79% of the days of monitoring the traps exhibiting at least one captured eel, it
can be concluded that our experimental setup is highly effective for catching eels. This
efficiency was also shown by the catch of 16 different fish species and 2 crustacean species
as well as the wide size ranges of the eels. The overall biodiversity mentioned in this study
remains low compared to the biodiversity composed of 35 fish species reported at site A
[50]. Certainly, the short duration, the chosen deep environment, and the fyke nets placed
toward the banks upstream of the obstacles are all elements retained in this study. These
would be very selective in favour of benthic species as well as eurytopic and limnophilic
species. Furthermore, the fish community at the four sites was mainly characterised by
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the presence of a eurytopic species (the eel) and a limnophilic species (the round goby),
the extreme rarity of rheophilic species, and the proliferation of two allochthonous limno-
philic species: the round goby at all sites and the catfish at site D. The success of the eel
catch may be related to the benthic nature of its movements, predominantly in routes close
to the riverbanks in dark and often turbid conditions that reduce visual cues and result in
positive thigmotactic behaviour [56-58].

Inter-site growth was good, as indicated by positive allometric growth (b, range =
3.187-3.245), reflecting thick-bodied eels and aquatic environments optimal for growth.
These favourable growth conditions were also revealed by high TL increments (mean = 81
mm.year~!, up to 224 mm.year') observed in the tagged eels recaptured. These growth
performances would be within the upper limits of growth values reported in European
aquatic ecosystem behaviour [38,45,59,60]. Similarly, with more than 96% of eels caught
having a TL >455 mm, the stocks of the sites studied could be predominantly female. High
growth performance and female-predominant individuals are good indicators of good
quality eel stocks in inland waters. However, their mean TL decreased over time, con-
trasting the time-increasing mean TL of wild eels entering site A by ascending the Meuse
from the North Sea via the Dutch Meuse [13]. A 20-year movement study of these wild
eels has revealed a long-term decline in abundance that is now described as being far too
insufficient to colonise the Meuse upstream [13,14,35]. Within the framework of the Eel
Management Plan implementation for Belgium accepted by the EU in January 2010, con-
servation measures to restore eel stocks through glass eel restocking were undertaken in
2011-2017 in the Meuse tributaries and in 2018-2019 in several Walloon rivers, including
the Meuse, which received 104 kg of imported glass eels released in 66 sites in 2018 and
101 kg in 80 sites in 2019 [9,39]. Undoubtedly, the decreasing trend observed in the TL of
eels could be attributed to the restocked-origin eels that were caught during our study.

The catch phenology showed that eels were caught throughout the year in their di-
versity of life stages and sizes as well as types of migratory movement behaviours (resi-
dent, ascending, and descending individuals) in the Meuse. Other species were also cap-
tured along with eels. This reflects that the Meuse, along its entire length and in the sites
studied, contains good dwelling habitats and growing environments for several fish spe-
cies. It also benefits migratory routes for many fish species that ascend as well as descend
the Meuse, depending on the period of their life cycle, in unfragmented river conditions.
These movements would be particularly spectacular in diadromous species, mainly the
eel, whose juveniles, yellow eels, showed high catch in the spring and summer under the
influence of rising water temperatures. In contrast, the catch of subadults, silver eels,
peaked in autumn in October-December, as revealed by silver-to-yellow stage ratios 22,
which would be most often associated with episodes of high flow and high turbidity. This
migratory phenology is consistent with the results reported by other studies [14,60-64]. In
terms of species management, the period for catching a specific life stage of eel should be
guided by our findings, suggesting the organisation of capture operations for juveniles
mainly from April to September and those for subadults from October to December.

Similarities in the trends of trap control results (e.g., counted numbers) and those of
estimates (e.g., overpopulations and superpopulations) were observed during eel quanti-
fication. Eels were significantly more numerous at site A, the most downstream site, com-
pared to the most upstream, site D. This could suggest the existence of a down-to-up-
stream decreasing demographic gradient, as already reported in other studies, which was
explained by the low recruitment of wild eels and the loss of their colonisation behaviour
[12,14,16]. Similarly, the lower number of trapping days at site D could favour this trend.
The observed and estimated stocks are low compared to the results of historical eel stocks
previously reported in our study area over the past decades, confirming, therefore, the
drastic decline of local stocks and the need to apply conservation measures in favour of
the species [13,35,40]. In contrast, this gradient was not seen in entry rate, catchability,
survival, and I-to-E net ratio at the sites that were studied. At site B, survival was low,
while catchability and net emigration were high. This observation could be related to the
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noise pollution and hydraulic disturbance that this site experienced due to the work ex-
panding the ship lock to facilitate the passage of large boats. This work lasted 4 years,
from the summer of 2018 to the summer of 2022. At sites A, C, and D, the weekly survival
was >0.870 (up to 0.974 for 95% CI upper limit), translating to a monthly survival >0.573
(up to 0.900). This monthly survival was lower than those estimated upstream of the Bel-
gian Meuse basin in brooks (>0.900: [45,65]) and Meuse tributaries (>0.810: [38]). This con-
firms the literature’s findings that eel survival is low downstream of the watersheds due
to the higher risk of predation. However, the reduced survival rate is compensated by a
faster growth rate, which is beneficial for future offspring recruitment [45,66]. These three
sites had high habitat quality and carrying capacity, with a high availability of good cryp-
tic shelters and a high abundance of diverse prey. However, they could harbour large
populations of invasive and predatory sympatric species such as catfish, increasing pre-
dation and competition for more productive habitats. This affects the survival of eels. The
pressure of these negative factors is low upstream of the Meuse catchment. The up-to-
downstream resemblance observed in entry rates and I-to-E net ratios could be explained
by operations to support local eel stocks through restocking using imported glass eels in
Meuse tributaries as well as in the Meuse itself [9,39]. The estimated catchability (mean =
12.3%, up to 27.3% for 95% CI) was found to be superior to conventional mark/recapture
approaches using fishways and trapping systems to catch ascending eels [35,40,67,68].
This would suggest the efficiency of our sampling method, which caught eels as they
moved upstream after a U-turn in front of the screens of hydropower facilities [41]. Com-
pared to shallow ecosystems investigated upstream in the Meuse basin (brooks and trib-
utaries), the catchability in this study was inferior to those assessed using the same Jolly—
Seber model with data collected by capture/mark/recapture methods through electrofish-
ing techniques [38,45,65].

5. Conclusions

The sampling method used was easy to implement, cheap, and less risky in the tur-
bine flow conditions of hydropower facilities. This allowed successful sampling of fish
directly in deep and large freshwater ecosystems, where data are rare [13,14,35,40]. It
highlighted the biodiversity of the river and the bioecology and demography of the target
species, the eel. However, its main limitation was observed during very high flow condi-
tions, which often occurred at the peak of seaward migration of silver eels, when eels
moved downstream, mainly above dams. In terms of the eel local stock and habitat man-
agement, the findings of this study suggest the use of a well-implemented glass eel restock-
ing programme in the Meuse to improve the declining local stocks [37,38,45,69,70]. For
greater effectiveness, restocking actions should be performed by spreading young eels
across several sites selected along the longitudinal river profile, with the organisation of
annual restocking monitoring as well as the quality of restocked eels [45,71-73]. The resto-
ration of habitats such as seagrass beds, riparian roots, shelters, substrates, and access to
lateral connections and wetlands in the most altered river reaches (canals, derivations)
should be conducted according to ecological principles [37,38]. It is also necessary to limit
noise pollution and hydraulic disturbance in rivers and to choose suitable periods of the
year outside the peak seasons of both up and downstream migrations to carry out essential
repair and maintenance works such as dredging, cleaning, mowing, and navigation lock
enlargement. The species is diadromous; therefore, particular attention should also be paid
to the creation/improvement of safe routes for up and downstream migrations at dams
[74,75]. Dam removal might be difficult locally, socially, and economically and might not be
free of negative collateral effects, such as biological invasions, toxic sediment discharges,
and sudden changes in hydromorphology [76-79]. Like other sampling techniques, our de-
vice fails to catch all eels, both migratory and resident individuals. It can, therefore, be
used in conjunction with other trapping systems installed on up and downstream migra-
tion facilities, such as bypass rivers and fish passes, to refine our biological knowledge of
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the species [80,81]. Another technical approach would be to consider increasing the num-
ber of fyke net lines.
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