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Abstract: Restocking of the critically endangered European eel Anguilla anguilla is widespread, but it
is rarely scientifically evaluated. Methods used to assess its associated performance by estimating
the survival rate and implement restocking for maximum recruitment in rivers have not yet been
investigated. Based on two glass eel restocking events using a single release site/point and multiple
sites per river performed in upland rivers (>340 km from the North Sea), the recruitment success of
stocked eels was scientifically evaluated during a 3-year study using multiple capture-mark-recapture
methods and mobile telemetry. We compared the observed data with the data estimated from the
Telemetry, De Lury and Jolly-Seber stock assessment methods. For recruitment data, Telemetry was
very close to Jolly-Seber, an appropriate stock assessment method for open populations. Using
the best model of Jolly-Seber, survival probability was higher (>95%) in both restocking practices,
but recruitment yields were higher and densities of stocked eels were lower in multiple sites compared
to a single site. Our results suggest that Telemetry can help to rapidly assess cryptic juvenile eel stocks
with good accuracy under a limited number of capture-mark-recapture sessions. Artificial dispersal
of glass eels on several productive habitats/sites per river appears to be the better-suited practice
for restocking.

Keywords: stock assessment; capture-mark-recapture; RFID telemetry; restocking; juvenile;
European eel

1. Introduction

The European eel (Anguilla anguilla L.) is a critically endangered fish species because of human
activities and climate change in continental and oceanic ecosystems [1,2]. Habitat loss, fragmentation
by barriers along the freshwater systems, turbine mortality, overfishing, parasite dissemination,
pollution and changes in oceanic currents caused the decline of the eel population. This species is a
panmictic and semelparous species, and it spawns and dies in the Sargasso Sea [3–6]. After emergence,
the eel leptocephali larvae migrate along with the Gulf Stream, the North Atlantic Current and the
Azores Current towards the coasts of Europe and northwest Africa [7]. They metamorphose into the
post-larval transparent glass eels upon reaching the continental shelf [8]. Some individuals remain in
brackish and marine waters without ever entering freshwaters [9], while others enter inland waters
and colonise, as pigmented elvers, a wide range of upstream habitats (depending mainly on eel density
and water temperature) [10–13]. Elvers become yellow eels, the highly sedentary period of the life

Sustainability 2020, 12, 1124; doi:10.3390/su12031124 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-7098-9972
https://orcid.org/0000-0002-5643-070X
https://orcid.org/0000-0002-0136-5840
http://www.mdpi.com/2071-1050/12/3/1124?type=check_update&version=1
http://dx.doi.org/10.3390/su12031124
http://www.mdpi.com/journal/sustainability


Sustainability 2020, 12, 1124 2 of 17

cycle [14]. Yellow eels remain in freshwaters for 3–15 years, until they are ready to migrate out of rivers
and estuaries as silver eels, a pre-pubertal stage [2,15]. Silver eels achieve sexual maturation as they
swim actively to the Sargasso Sea spawning grounds where they reproduce and die [3,16–19].

Since the 1970s, the eel stocks have steadily declined throughout their distribution ranges and
appear to have reached a historical minimum level in recent years [13,20,21]. For more than half a
century, the decline in the abundance of eel stocks and fishing yields worldwide has been estimated
to be approximately 5% per year, which is less than 10% of their historical levels [21]. From 1980 to
2010, recruitment of glass eels from the ocean towards the continent has continuously decreased by
approximately 15% per year, which is 1% to 10% of its previous levels [20,21]. In inland water of the
Meuse River in Belgium, more than 320 km upstream from the North Sea, the estimated yellow eel
stocks have dropped by about 4.9% per year from 1993 to 2013. In 2013, the level was 1.6% of the stock
recorded in 1993 [22,23]. Similarly, the number of new yellow eels that enter the Belgian Meuse River
basin from the North Sea via the Dutch Meuse River has drastically declined by about 3.7% per year
from 1992 to 2019. In 2019, the level was 1.2% of the historical number recorded in 1992 [20]. These
declines of eels in the Belgian Meuse River have been accompanied with an increase in body size and
a loss of upstream colonisation behaviour linked to a density dependence mechanism, and thus the
reason for these declines is clearly the riverine recruitment failure from the North Sea [2,13,24]. In this
context, the upper habitats of inland waters in the Belgian Meuse River are continually emptying
themselves of their eels because of the progressive departure of the oldest individuals at the silver eel
stage and the shutdown of the natural immigration of wild eels from the North Sea.

These critical eel stock levels led to the application of conservation measures for stock recovery
and management plans for eel fisheries [25]. Among the conservation measures for inland waters
that are distant from the sea, restocking is the only solution that enhances the local stocks and is
probably the best long-term plan to meet the silver eel escapement target in the Eel Recovery Plan of
the European Union [2,26,27]. As the success of artificial reproduction in captivity has not yet been
achieved, restocking is totally dependent on wild-caught glass eels and elvers that were translocated
from estuarine environments to riverine habitats with low or no natural immigration [2,28]. In their new
freshwater environments, the stocked young eels are surviving, dispersing, growing and maturing into
silver eels that are displaying similar seaward migration behaviour to the naturally recruited wild eels.
Therefore, they are probably able to successfully contribute to the spawning stocks [2,27,29–37]. Such
encouraging outcomes are signs of significant progress in the knowledge restocking practice; thus, there
is a great hope for inland waters where the eel stocks are declining [38]. Restocking of eels is widespread,
but it is rarely scientifically monitored. Few studies have focused on survival, growth, dispersal and
movement of the stocked eels in lowland rivers [39,40], marshes and lagoons [31,41] and lakes [27,29,34].
Indeed, little is known about which procedure is best for implementing restocking with maximum
survival in opened inland riverine ecosystems and how to accurately assess the level of restocking
success in absence of multiple mark and recapture sessions for early developmental stages of species
exhibiting cryptic behaviour that are unnaturally present in upland riverine ecosystems [2,28,39,40].
The poor understanding of the restocking practice and the lack of knowledge in appropriate stock
assessment methods to precisely measure the real level of restocking success for producing higher catch
yields are limiting the implementation of the effective conservation-restocking programme [41,42].

To bridge this knowledge gap, we examined the survival of the stocked glass eels at two reference
sites located in upland Belgian rivers, stocked using the single and multiple release site strategies.
During a 3-year study, at each reference site, the same river stretch was monitored and the level of
restocking success assessed using four different stock assessment methods. The Observation, Telemetry
and De Lury stock assessment methods that shared the advantage of being able to assess stock at each
electrofishing session [2,43–45]. The Observation and De Lury methods are based on the catch success,
while the Telemetry method is based on the catchability of the tagged eels detected during a tracking
session that precedes an electrofishing session performed on the same day. The Jolly-Seber method is
based on multiple time-spaced electrofishing sessions before providing a stock history associated with
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each electrofishing session [46–48]. The present study aimed to determine the most appropriate stock
assessment method in terms of abundance, yield in abundance and density of stocked eels given the
lack of multiple capture-mark-recapture sessions, as well as the best restocking practice of glass eels in
rivers (single or multiple sites).

2. Materials and Methods

2.1. Study Site

The study was conducted in two upland rivers (Mosbeux and Berwinne) that belong to the Belgian
Meuse River basin in Southern Belgium, located > 340 km from the North Sea (Table 1 and Figure 1).
These rivers are typical of the brown trout Salmon trutta fish zone [49], with large stones and blocks
as predominant substrata. The Mosbeux River has a catchment area of 19.16 km2 and is 6.36 km in
length, with a mean width and depth of 2.70 m and 15.20 cm, respectively. It flows directly into the
Vesdre, a tributary of the Ourthe, which drains into the Meuse. The Berwinne River runs directly into
the Meuse, with a catchment area of 118.0 km2, and is 32.0 km in length, while the mean width and
depth are 5.8 m and 20.0 cm, respectively.

Table 1. Characteristics of the two selected rivers and their reference sites. Physicochemical parameters
are expressed in mean values of data assessed from restocking to age 2+. SE is Standard error.

Parameter Mosbeux Berwinne

Reference site Trooz Val Dieu
Longitude 5◦41′E 5◦48′E
Latitude 50◦34′N 50◦41′N

Altitude (m) 97 161
Catchment area (km2) 19.16 118.0

Distance from the North Sea (km) 359.3 341.0
Year of restocking 2013 2017
Origin of glass eels UK France

Pigment stages VIA1 and VIA2 VB, VIA0, VIA1 and VIA2
Length of glass eels (mean ± SE) 7.0 ± 0.4 cm 6.7 ± 0.4 cm
Weight of glass eels (mean ± SE) 0.26 ± 0.07 g 0.23 ± 0.04 g

Total number of release site 1 8
Glass eels (number per site) 4155 1586

Daily temperature (◦C) 9.8 9.1
Width in May (m) 2.7 5.8
Depth in May (cm) 15.2 20.0

Predominant substratum Large stones and blocks (60%) Large stones and blocks (81%)
Conductivity (µs cm−1) 473.5 591.2

pH 7.9 7.7
Ammonium (mg L−1) <0.05 <0.05

Nitrate (mg L−1) 2.0 2.0
Nitrite (mg L−1) 0.10 0.11

Calcium carbonate (mg L−1) 90 100
Phosphates (mg L−1) 0.19 0.22

Trophic status Eutrophic Eutrophic
Fish community (species number) 11 9

Predominant species Bullhead, brown trout Bullhead, loach
Resident eels > 55 cm (number m−1) 0.003 0.005
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Figure 1. Location of the two selected rivers in the Belgian Meuse River basin (a), the reference site of
Trooz in the Mosbeux River for the restocking practice using a single release site/point of glass eels
(b) and the reference site of Val Dieu in the Berwinne River for the multiple release sites (c).

These study sites were selected because they were subjected to restocking with imported glass
eels and presented the highest level of eel recruitment. The reference site of Trooz in the Mosbeux River
was the best site selected among three sites that belong to three rivers stocked on 22 May 2013 with a
single release site/point per river using n = 4155 glass eels caught in the UK freshwater environment
and imported through a commercial eel trade company (UK Glass Eels Ltd., Gloucester, UK) [2,28].
The reference site of Val Dieu, located in the Berwinne River, was the best site selected among 43
sites from six rivers stocked on 21 March 2017, with multiple release sites per river using glass eels
(density 2.4 kg/ha) caught on France’s Atlantic coast and imported through a commercial eel trade
company (SAS Gurruchaga Marée, France). The Berwinne River had eight release sites spaced 250 m
apart, and each site was stocked with n = 1586 glass eels. Pigment stages of imported glass eels were
identified according to description made by Elie et al. [50].

During the study period (2013 to 2019), at each reference site, the water temperature was
continuously recorded using TidbiT v2 data loggers (Onset Computer Corporation, Bourne, Massachusetts).
The physicochemical parameters were measured monthly and revealed a physicochemical proximity of the
two rivers that are within the normal tolerance range of eel with regard to its vital requirements [2,51,52].
The fish community at the reference sites was analysed by using electrofishing surveys. The Mosbeux
River community was found to contain 11 species, with the most abundant species being the bullhead
Cottus rhenanus and the brown trout, and the Berwinne River had nine species, with the most abundant
species being the bullhead and the stone loach Barbatula barbatula. The number of old resident eels
(total length > 55 cm) was very low in both study areas (density: Mosbeux = 0.003 eels m−1; Berwinne
= 0.005 eels m−1).
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2.2. Demographic Assessment Methods

At each reference site, the same river stretch was electrofished throughout the study period
from 0+ to 2+ age of eels after restocking. Ten electrofishing sessions were performed, including six
sessions (S1–S6) in the Mosbeux River over a 160-m long river stretch and four sessions (S1–S4) in the
Berwinne River over a 200-m long river stretch (Table 2). An electrofishing session was performed in
two passages using exactly the same protocol and fishing effort. DC electrofishing (EFKO, 3.0 kVA FEG
5000, 150–300/300–600 volt DC, in accordance with VDE 0686, IEC 60335-2-86, Leutkrich im Allgäu),
using hand nets with a 40 × 40 cm diameter and 2 × 2 mm mesh, was used to capture the stocked
eels according to the technique described by Ovidio et al. [28]. The captured eels were anaesthetised
with a 1:10 ratio of eugenol to alcohol (0.5 mL L−1), measured (total length [TL] ± 1 mm), weighed
(± 0.01 g) and scanned to identify the eels already tagged in preceding sampling sessions. The untagged
eels were equipped with small biocompatible radio frequency identification (RFID) tags (half duplex,
134.2 kHz, size/weight in air: 12 × 2 mm/0.095 g; Texas Instruments Inc., Dallas). Tagging took place in
the field during the electrofishing sessions. Tags were inserted into a 2-mm-long incision made in the
eel visceral cavity using a scalpel in the pre-anal position [2]. Tagged eels that fully recovering from
the anaesthetic were released into the river at their capture point, and no mortality due to tagging
was observed.

Table 2. Detailed information about the electrofishing sessions. Date, time interval between sampling
session i and i+1, time after restocking and age, number of stocked eels captured at the first and the
second passage and their body length. SE indicates standard error.

Sampling
Session

Date
Time

Interval
(Weeks)

Time after
Restocking

(Weeks)

No. of Eels per Passage Total Length
(cm)

Age First Second Mean ± SE

Mosbeux:
Single site

S1 29 Oct. 2013 0 22.7 0+ 73 14 8.9 ± 1.0
S2 7 Apr. 2014 22.9 45.6 0+ 87 12 10.0 ± 1.6
S3 18 Nov. 2014 32.1 77.7 1+ 18 22 12.6 ± 2.1
S4 19 May 2015 26.0 103.7 1+ 27 22 13.1 ± 2.3
S5 27 May 2015 1.1 104.9 2+ 39 21 14.0 ± 2.8
S6 9 Jun. 2015 1.9 106.7 2+ 24 27 13.2 ± 2.7

Berwinne:
Multiple

sites
S1 8 Sep. 2017 0 24.4 0+ 99 43 12.1 ± 1.7
S2 16 May 2018 36.6 61.0 1+ 41 29 14.1 ± 1.7
S3 25 Sep. 2018 18.9 79.9 1+ 85 40 21.2 ± 4.0
S4 15 May 2019 33.1 113.0 2+ 34 19 22.1 ± 3.3

We compared the observed data from electrofishing (the Observation assessment method) with
the data estimated using the Telemetry, De Lury and Jolly-Seber stock assessment methods. The
Observation, Telemetry and De Lury methods all shared the advantage of being able to assess stock at
each electrofishing session, while Jolly-Seber requested multiple time-spaced electrofishing sessions
before providing a stock history associated with each electrofishing session.

The Observation method reported data of the eels caught during an electrofishing session through
the addition of the individual eels captured during the two passages. The population size and capture
probability for this method were calculated using the following formulae [28]: NOB = n1 + n2 and EOB

= (nr)/(nm), respectively, where NOB is the population size, EOB is the capture probability, nm is the
number of eels tagged released at session i and nr is the number of eels from nm that was recaptured at
the next session i + 1.

The De Lury method comprised adjusting the observed data by estimating the most likely
stock in the reference site from the catch data observed at the first and the second passage during
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an electrofishing session [43,44]. For this method, the following formulae were used to calculate
population size and capture probability [44]: NDL = n1

2/(n1 – n2), and EDL = (n1 + n2)/ NDL, respectively,
where NDL is the population size, EDL is the capture probability and n1 and n2 are the number of eels
caught at the first and the second passage during an electrofishing session, respectively.

The Telemetry method involved, on the same day, a tracking session conducted prior to an
electrofishing session. It used a mobile RFID detection system to assess the number of tagged eels
present in the reference site. During a tracking session, a submerged antenna (OREGON, mobile
RFID reader with antenna of 48.0 × 58.6 cm in diameter, Portland) connected to a backpack electronic
recorder and a handy reader by Blueterm software was moved near the river bottom to detect the
tagged eels [2,45]. The Telemetry method used the following formulae to calculate population size and
capture probability: NTL = NOB/ETL, and ETL = Ndr/(nd + nur), respectively, where NTL is population
size estimated according to the Telemetry method, NOB is population size observed according to the
Observation method, ETL is the capture probability, Ndr is the number of tagged eels detected and
recaptured, nd is the number of tagged eels detected and nur is the number of tagged eels undetected
and recaptured.

The Jolly-Seber method used multiple capture-mark-recapture sessions to estimate effective demographic
parameters of eels at each reference site using the Program MARK 8.0 POPAN module [46–48]. Each
capture-mark-recapture session occurred during an electrofishing session. The POPAN module allows
estimation of capture probability (p i), survival probability (φ i), arrival probability (pent i), abundance
(N-hat i), net immigration (B-hat i) and net emigration (B*-hat i) at time or session i and a single
parameter for both overall population (N) and superpopulation (N*-hat). The overall population was
all eel individuals that occupied the reference site during the entire study period. The superpopulation
included all eel individuals who occasionally used the reference site. They were present on the site
between the sampling sessions and left it before they were counted [53]. In total, four models were
fitted, and the most parsimonious model was selected using the quasi-likelihood Akaike information
criterion (QAICc) (Table 3) [47,53]. The selected model was {p(.}, φ{.}, pent{t}, N(.)} showing capture
probability and survival being constant over time and arrival probability varying with time/sampling
sessions. Similarly, this model better corresponded to the biology of the species through dynamics of
its earlier developmental stages (0+, 1+ and 2+) and the survey design (a same sampling site studied
over a 3-year period). The time interval between sampling sessions used to estimate demographic
parameters was presented in Table 2 for each of release practice. The outcomes from the two release
practices of glass eels were also compared using this best-selected Jolly-Seber model, an appropriate
stock assessment method for open populations.

Table 3. Model selection. QAICc is Quasi-likelihood Akaike information criterion, ∆QAICc differences
with the best model, number of parameters, deviance values and N overall population for each of the
tested models in release practice of glass eels. * The model we selected as most appropriate based on
survey design and biological data. p probability of capture, φ survival, pent arrival probability, N
overall population, (t) parameter varies with sampling session, (.) parameter is held constant over time
and SE is standard error.

Model
description QAICc ∆QAICc AICc

Weights
Model

Likelihood
No. of

Parameters Deviance −2Log(L) N ± SE

Mosbeux:
Single site
{ p(.), φ(t),

pent(t), N(.)} 386.56 0.00 0.59 1.00 11 −1046.14 363.86 930 ± 135

{ p(.), φ(.),
pent(t), N(.)}* 388.10 1.53 0.27 0.47 7 −1036.19 373.80 926 ± 113

{ p(t), φ(.),
pent(t), N(.)} 390.52 3.96 0.08 0.14 11 −1042.18 367.81 1043 ± 173

{ p(t), φ(t),
pent(t), N(.)} 391.07 4.51 0.06 0.11 14 −1048.05 361.94 1378 ± 910
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Table 3. Cont.

Model
description QAICc ∆QAICc AICc

Weights
Model

Likelihood
No. of

Parameters Deviance −2Log(L) N ± SE

Berwinne:
Multiple sites

{ p(.), φ(.),
pent(t), N(.)}* 346.41 0.00 0.83 1.00 5 −798.51 334.68 924 ± 132

{ p(.), φ(t),
pent(t), N(.)} 351.07 4.65 0.08 0.10 8 −800.09 334.68 857 ± 128

{ p(t), φ(.),
pent(t), N(.)} 351.50 5.08 0.07 0.04 8 −799.65 335.11 641 ± 083

{ p(t), φ(t),
pent(t), N(.)} 353.16 6.74 0.03 0.03 10 −802.21 332.55 693 ± 125

2.3. Statistical Analyses

For each stock assessment method, the relationships between the demographic parameters of
stocked eels, such as abundance, density, yield in abundance and capture probability, and the sampling
time were tested using Pearson’s correlation (r) coefficient. Abundance was the population size
observed or estimated at each sampling session, density was calculated by dividing the abundance
by the area electrofished, while abundance yield was calculated by dividing the abundance by the
number of glass eels released. To test whether abundance, density and yield in abundance, as well
as capture probability, were independent of the stock assessment methods used, a non-parametric
Kruskal-Wallis (χ2) test and a post-hoc Dunn’s test with Bonferroni correction were run for multiple
pairwise comparisons of mean rank sums since assumptions of normality and homogeneity were not
meet. To compare release practices of glass eels between the use of single site per river and the use of
multiple sites per river, we performed the one-sided Wilcoxon (W) signed rank-test for paired samples
with normal continuity correction on recruitment data of survival estimate, arrival estimate and yields
in abundance, overall population and superpopulation of stocked eels. Overall population yield or
superpopulation yield was the ratio calculated by dividing the overall population or superpopulation
by the number of glass eels released. Statistical analyses were performed using the R statistical software
version 3.3.2 packages Rcmdr 2.3-2 and dunn.test [54–56]. Results were considered significant when p
values were less than 0.05.

3. Results

3.1. Comparison between Stock Assessment Methods

Using the restocking practice of multiple sites per river (the Berwinne River), demographic
parameters of the abundance, density, yield in abundance and capture probability of stocked eels were
not significantly correlated with time (Pearson correlations: range, r =−0.856 to 0.948; p = 0.1440–0.9592)
for all stock assessment methods (Figure 2). The capture probability matched a mean value (± standard
error) of 0.121 (± 0.03) for the Observation method. It was estimated at 0.349 (± 0.02) and 0.695 (± 0.10)
for the Telemetry and De Lury methods, respectively. The capture probability p(.) was estimated at 0.250
(± 0.05) with 95% confidence interval limits of 0.173–0.350 for the Jolly-Seber method. The De Lury’s
capture probability was significantly higher than that of the Observation method (Kruskal-Wallis test:
range, χ2 = 9.182 with 3 df, p = 0.030 and Dunn’test: t = 2.961, p = 0.009). The Jolly-Seber estimates were
closest to the Telemetry than those made by the two other methods. For 2017–2019, mean estimates
(± standard error) of abundance were 231 (± 61) versus 373 (± 131) individuals, density was 0.201
(± 0.05) versus 0.329 (± 0.115) individuals per m2 and abundance yield was 0.146 (± 0.038) versus 0.235
(± 0.820) for the Telemetry and Jolly-Seber methods, respectively. However, estimates for these three
demographic parameters were significantly higher in the Jolly-Seber than in the Observation method
(Kruskal-Wallis test: range, χ2 = 10.685–10.892 with 3 df, p = 0.010 and Dunn’test: t = 3.004–3.007,
p = 0.010).
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Figure 2. Abundance, yield in abundance, density and capture probability of stocked eels according to
stock assessment methods and sampling sessions for diadromous species individuals aged 0+ to 2+

from restocking using multiple release sites of glass eels per river (the Berwinne River).

With regards to multiple sites, some trends were similar to the Mosbeux River, with the single
site restocking practice, for the assessment methods that had complete data (e.g., the Observation
and Jolly-Seber methods; Figure 3). In these two methods, demographic parameters also were not
significantly correlated with time (range, r = −0.691 to 0.608; p = 0.1286–0.5408). The capture probability
matched a mean value (± standard error) of 0.115 (± 0.06) for Observation, and 0.244 (± 0.04) with
95% confidence interval limits of 0.181–0.319 for Jolly-Seber, which was close to estimates made for
multiple sites. Two of six sampling sessions had missing data for the Telemetry and De Lury methods,
and thus it was difficult to make an objective comparison among the four assessment methods in terms
of demographic parameters. Data were missing for S3 and S6 for De Lury, because of the lower number
of eels caught during first passage compared to the second passage (see Table 2), and S2 and S3 for
Telemetry due to its late implementation.
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from restocking using a single release site of glass eels per river (the Mosbeux River). ‡Data are missing.

3.2. Comparison between Restocking Practices

Using the best model of the Jolly-Seber method according to QAICc, the results showed that
yields in abundance, overall population and superpopulation of stocked eels were lower with a single
site compared to a multiple site restocking practice (Table 4, Figure 4). The survival probability φ(.)
on weekly basis was estimated at 0.953 (standard error = 0.006, 95% confidence interval limits =

0.940–0.964) for the single site versus 0.974 (0.004, 0.965–0.980) for the multiple sites. This translates a
lower annual survival rate for the single site (0.082) than for the multiple sites (0.254). On basis of the
time interval length between sampling sessions used in the Jolly-Seber model, the survival rate was
estimated at 0.333 (age 0+), 0.213–0.286 (1+) and 0.914–0.946 (2+, higher estimates due to shorter time
intervals) for the single site and 0.382–0.608 (1+) and 0.418 (2+) for the multiple sites. In both restocking
practices, the abundance of eels peaked in the S2 sampling session, which corresponded to 0+ and 1+

age for the single site and multiple sites, respectively (Figures 2 and 3). Immigration and emigration
at reference sites stopped during the third year post-restocking (Table 4). Conversely, the density of
stocked eels was significantly higher in the single site compared to the multiple sites (Wilcoxon test:
W = 0; p = 0.0339).
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Table 4. The selected model of {p(.}, φ{.}, pent{t}, N(.)}. Parameters of overall population (N), Superpopulation (N*-hat), arrival probability (pent), net immigration
(B-hat) and emigration (B*-hat) estimated. B-hat, B*-hat and pent are calculated between sessions i and i + 1. 95% CI is the lower and upper 95% confidence interval
limits. SE is standard error.

River and
Release
Practice

Session
Time

Interval
(Weeks)

Age
Overall Population

(N)
Superpopulation

(N*-hat) Arrival Probability (Pent) Net Immigration(B-hat) Net Emigration(B*-hat)

Estimate
± SE 95% CI Estimate ±

SE 95% CI Estimate ±
SE 95% CI Estimate ± SE 95% CI Estimate ± SE 95% CI

Mosbeux
Single site 926 ± 113 742–1191 1301 ± 161 1022–1656

29 Oct. 2013 0 0+ - - - - - -
07 Apr. 2014 22.9 0+ 0.314 ± 0.039 0.244–0.395 291 ± 52 205–411 478 ± 87 336–681
18 Nov. 2014 32.1 1+ 0.097 ± 0.029 0.052–0.171 89 ± 28 49–163 174 ± 60 91–337
19 May 2015 26.0 1+ 0.146 ± 0.030 0.097–0.214 135 ± 31 87–210 236 ± 55 151–369
27 May 2015 1.1 2+ 0.058 ± 0.031 0.020–0.157 54 ± 28 21–140 55 ± 29 21–144

9 Jun. 2015 1.9 2+ 0.417×10−6
±

0.206×10−3 <0.001–1.00 0.389×10−4
±

0.190
<0.001–0.384 0.404×10−3

±

0.199
<0.001–0.402

Berwinne
Multiple sites 924 ± 132 716–1244 1058 ± 139 820–1366

8 Sep. 2017 0 0+ - - - - - -
16 May 2018 36.6 1+ 0.094 ± 0.043 0.037–0.219 87 ± 37 38–195 136 ± 62 57–320
25 Sep. 2018 18.9 1+ 0.336 ± 0.037 0.268–0.412 311 ± 51 226–428 395 ± 65 288–543

15 May 2019 33.1 2+ 0.769×10−6
±

0.513×10−3 <0.001–1.000 0.711×10−3
±

0.475
<0.001–0.835 0.001 ± 0.714 <0.001–1
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4. Discussion

In this study, we provided new scientific knowledge for implementing restocking practice using
glass eels and assessed the evolution of their demographic trend in open upland waters. We applied
an approach that combined two release practices of glass eels and four stock assessment methods that
was, to our knowledge, never done before. The interest of this study is further strengthened by the
cryptic and diadromous traits of the target species, which is rarely studied during its early life cycle in
freshwaters farther from the sea.

With the weekly survival probabilities greater than 95% in both restocking practices during the
3-year study, the glass eels unmistakably survived in upland rivers farther from the sea. This fact
clearly reflects the absence of any influence of the origin and characteristic of glass eels stocked and
the experimental period, as well as the release practices on survival probability. The lack of influence
of glass eel origin on survival observed in this study is explained by the fact that the European
eel comprises a single panmictic population that is genetically unstructured in meta-populations
throughout its entire range [4–6]. Thus, there is no genetic argument against translocation of eels within
its distribution area or between river basins for restocking purposes. The data may also reflect the
excellent quality of the glass eels stocked at an optimal time in spring with a good water temperature
and availability of natural prey. These data demonstrate the great biological capacity of this life
stage to survive in very diverse aquatic ecosystems where they are more less abundant and with
physicochemical conditions very far from its natural ecosystems. The survival rates of stocked eels in
this study (up to 94.6%) were higher than the survival range of 55%–75% assessed in an eutrophic
lake in an 8-year study that used the mark-recapture method and adjusted Petersen estimate [29],
and 5%–45% reported in small lakes in a 6-year study that performed mark-recapture experiment and
estimated Bailey’s modification of the Lincoln-Petersen [34]. In a marsh environment of the River Rhône
Delta in France, a lower survival (<30%) was reported in undifferentiated eels three years after their
restocking using passive net traps and a multistate capture-recapture model [40]. This low survival
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was a consequence of a negative density-dependent effect of the restocking of glass eels performed
each year [40,57]. Freshwater stream/river habitats increase eel survival because they are generally
less risky in terms of predation [58] and offer a lower density of eels compared to marine/brackish
ecosystems as a result of population diffusion processes [11,15]. Similarly, stream/river ecosystems
have an increased availability of shelters that provide better burial for increased protection of the
eels [2,28]. However, in freshwater environments, eels often deal with negative factors such as a higher
parasite load, pollutant contamination, downstream migration delays, turbine mortality and reduced
growth [59–61]. Higher survival rate in the multiple site practice than in the single site may be due to
the presence of several glass eel release sites close to each other. From a total of eight sites on the same
river, one site was studied, one was located downstream and six sites were upstream of the studied
site. Some eels caught in the studied site may come from the other restocking sites.

On the other hand, mean recruitment values, in terms of abundance, density and yield in
abundance, were closer between the Telemetry and Jolly-Seber methods. These data indicate that these
methodologies provide better estimates of stocks that should be close to reality. Therefore, they should
be regarded as valid assessment procedures for estimating stocks of cryptic juvenile eels after restocking
in upland rivers. The good performance for the Telemetry method is likely due to its methodology,
which is based on the catchability of the tagged eels being detected during a tracking session that
precedes an electrofishing session performed on the same day [2,45] before providing stock estimates
at the end of each fishing session. This tracking session offers the advantage of detection of the mobile
individuals as well as the uncatchable immobile eels buried under shelters [2], which improved the
stock estimation performance. Indeed, this estimation was close to that of the better-suited method for
open populations, namely the Jolly-Seber. However, scanning of the river stretch increased the workload
during the inventory of stocked eels. This factor could make the implementation of telemetry very
difficult for long-term monitoring of stocks. The robustness of the Jolly-Seber method is based on the
capture histories of the tagged individuals for modelling demographic parameters [48,62,63]. Notably,
the Observation and De Lury stock assessment methods are only based on the catch success [43,44,64],
which can vary greatly according to seasonal changes in river flow and water level at reference sites.
Thus, great caution should be taken when interpreting their stock data, especially for the cryptic
juvenile eels with low electrofishing recapture rates (this study, Observation method, mean value: single
site = 0.121 and multiple sites = 0.115 in a 3-year study). The methods based only on the catch success
like the Observation have the bias of underestimating demographic parameters explaining thereby the
higher estimates for the Jolly-Seber method, which corrects this bias.

Between the two restocking practices, the single site showed low yields in abundance, overall
population and superpopulation of stocked eels. This finding could reflect less efficient performance for
this practice in recruitment success. The single site was an overdensity restocking practice that released
glass eels at a single point. This practice favours natural dispersal of glass eels after their release at a
single point in a watercourse [2]; this means it is easier to implement due to the reduced human resource
requirement. In contrast, the multiple sites practice that produces significant low densities of stocked
eels artificially disperses glass eels across several sites in a watercourse (1586 glass eels/site; 250 m
distance between 2 sites; 8 sites in a river). With this practice, the major disadvantage of producing
an overdensity of eels, observed in single site was eliminated, and the multiple sites are therefore a
particularly interesting restocking practice for countries that are distant from the sea. This practice
should also reduce the negative effect of high density on the sex ratio of the stocked eels and thus
increase the probability that conservation goals of restocking will be achieved, which could be beneficial
for the management of the species. Environmental factors, including eel density, natural recruitment
levels and catchment characteristics [65–67], mainly determine sex in eels. Lower densities favour
production of females, as generally found in rivers, whereas high densities produce higher proportions
of males, as observed in estuaries, lagoons and other water bodies [40,68–70]. The stocked eels stay
within the vicinity of the restocking location [2], and therefore artificial dispersal of glass eels across
several sites in a watercourse makes them less exposed to negative density-dependent factors that
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decrease the population size [59–61]. Although the restocking practice that used a single site provided
interesting results, the multiple sites practice was apparently the best release practice of glass eels
during the restocking, but it required more human resources for its implementation.

With arrival probability and net immigration and emigration stopping during the third year
after restocking in the two reference sites, the studied rivers displayed typical signs of the beginning
of the sedentary lifestyle of stocked eels as well as the shutdown of the natural recruitment of wild
eels from the North Sea. The immigration and emigration observed in this study were therefore
unnatural because they depended exclusively on the stocked young eels exhibiting behaviours of
both incoming and outgoing movements at reference sites. High immigration and emigration during
the first two years that coincided with high densities could be explained by the fact that young eels,
under density-dependent movements, are still searching for growing territories or habitats where
they can live and feed. The higher densities produce dispersal behaviour, particularly for this highly
migratory developmental stage of the eel lifecycle [71–73]. In contrast, from the third year onwards,
juveniles begin to settle at reference sites and develop sedentary behaviour, while mobile individuals
have already left the sites [13,24]. At 3 years old, these stocked juveniles are sexually undifferentiated
and belong to stage I resident eels, according to protocol for determining stages of eels made by
Durif et al. [74]. This finding is consistent with the fact that this study was done generally in the
Western Europe, where the sexual maturity and associated metamorphosis of silver eels are reached at
6–10 years old [2,75], compared to 3–6 years old in the Mediterranean region [40,76].

5. Conclusions

Our results highlight that artificial dispersal of glass eels over several productive habitats/sites
during a restocking practice in an upland freshwater may represent a beneficial management option.
This practice may efficiently enhance the local stocks of eels in inland waters with no or low natural
recruitment of wild eels, and in the long-term, ensure the sustainability of this species through a greater
contribution of these waters to the production of stocked-origin silver eels. This phenomenon would
boost the numbers or biomasses of potential spawners that escape to the sea. Restocking juveniles,
a highly cryptic developmental stage of eels, in open running waters and using the Jolly-Seber assessment
method, which requires multiple capture-mark-recapture sessions, is strongly recommended as the
better-suited method to assess eel stocks and understand their population dynamics in a site farther
from the sea. Given the lack of multiple capture-mark-recapture sessions, the Telemetry method
can be used to rapidly assess stocks with good accuracy after fishing sessions, but it requires an
original telemetry event before each fishing session. Further investigations over several years using
capture-mark-recapture and tracking sessions, with a determination of the degree of silvering of eels
called the silver index, the sex ratio, the concentration of lipids and pollutants and the parasite load,
are needed to better understand and assess the quality and number of future genitors produced under
these two restocking practices in inland waters.
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