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Abstract: The efficiency of glass eel restocking as a conservation measure to restore the altered local 

eel stocks has never been evaluated by integrating the dimension of typological diversity of fresh-

water habitats in eel recruitment performance in terms of the abundance, density, growth, silvering, 

survival, catchability and eel yields. Here, we used the electrofishing method during a 6-year study 

to catch eels, and the most appropriate Jolly–Seber model was applied to estimate the demographic 

parameters in open populations. We found that most eels were yellow eels in the growth phase with 

a low abundance (eels 3+: 2.8% and eels 5+: 7.1%) of silver eels, which were only males at the MII 

migrating phase. Eel recruitment performance varied between sector/river habitats. Restocked eels 

showed annually positive allometric growth type with good length increments and better condition 

factors. They have survived in almost all sectors with a survival rate > 0.810. Eels were more abun-

dant and denser (maximum 0.128 individuals m−2) in one sector with a high quality of habitats of-

fering optimal living conditions in terms of the protection against predators and water flow, settle-

ment and food availability, as revealed by it having the highest eel yields. In contrast, no eels were 

found in two sectors whose habitats offered a high threat of predation, poor burial properties and 

insufficient protection against water flow. Sector/river habitats play a key role in the success of yel-

low eel production and certainly, over time, future genitor production. This study provides recom-

mendations for the management of eels and their habitats during restocking aimed at the conserva-

tion of this threatened species. 

Keywords: eel restocking; silvering; growth; density; survival; yields; freshwater; habitat;  

conservation; endangered species 

 

  

Citation: Nzau Matondo, B.;  

Fontaine, F.; Detrait, O.; Poncelet, C.;  

Vandresse, S.; Orban, P.; Gelder, J.; 

Renardy, S.; Benitez, J.P.; Dierckx, 

A.; et al. Glass Eel Restocking  

Experiments in Typologically  

Different Upland Rivers: How Much 

Have We Learned about the  

Importance of Recipient Habitats? 

Water 2023, 15, 3133. https://doi.org/ 

10.3390/w15173133 

Academic Editor: Antonia Granata 

Received: 2 June 2023 

Revised: 30 July 2023 

Accepted: 28 August 2023 

Published: 31 August 2023 

 

Copyright: © 2023 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Water 2023, 15, 3133 2 of 16 
 

 

1. Introduction 

Anguilla anguilla, commonly known as the European eel, is a critically threatened fish 

characterized by its panmictic and semelparous nature [1–4]. It breeds in the Sargasso Sea, 

exhibits remarkable adaptability with respect to phenotypic traits and colonizes an exten-

sive spectrum of habitats encompassing marine, brackish and freshwaters, which poten-

tially affects its growth and survival [5–8]. The prevalence of the eel, which exceeds that 

of most other teleost fish, can be attributed to its exceptional migratory adaptability as a 

marine species that originally experienced a continental developmental phase in which 

diadromy was not mandatory [7,9,10]. Significant numbers of eels stay and grow in the 

marine and brackish habitats for their entire life and never enter or live in freshwater hab-

itats [1,7,11]. The eel’s migratory plasticity would be a fitness compromise between the 

pursuit of the most productive environments, which offer ample space, shelter and food, 

and the active avoidance of the intra- and interspecific competition, favoring movement 

towards less productive habitats to minimize the impact of competition on their overall 

fitness [10,12–14]. Marine and brackish habitats allow better eel growth than freshwater 

[15,16]. In contrast, freshwater river/stream habitats allow better eel survival because there 

is generally less risk of inter- and intraspecific agonistic interaction and predation, and eel 

density is also lower there due to the population diffusion process [17–20]. The 

river/stream ecosystems have an increased shelter availability, providing better burial 

conditions for increased eel protection [21–24]. In freshwater habitats, however, eels fre-

quently encounter detrimental factors that include increased exposure to pathogens and 

pollutants, difficulties in downstream migration, mortality stemming from turbine oper-

ation and decreased growth rates [20,23,25–28]. 

Since the 1980s, stocks of this species in its whole distribution area dramatically de-

clined, raising serious concerns, which led to its classification as  critically endangered 

[29]. There exist multiple factors that contribute to the eel decline, which may cumula-

tively intensify the adverse impact. These include overfishing, obstacles to both up- and 

downstream migration, habitat degradation, pollution and contamination by pathogens 

during its growing phase [30–33]. As the species colonizes freshwater habitats through 

population density pressure, this decline is more perceptible in inland zones distant from 

coastal regions [34,35]. This phenomenon can be ascribed to a substantial decrease in ju-

venile recruitments in marine environments, coupled with the cessation of the young eels’ 

upstream colonization process. Within the Belgian Meuse basin, situated over 320 km up-

stream of the North Sea, there has been a notable decrease in the local eel stocks. The 

numbers of wild yellow eels that migrate through the Dutch Meuse from the sea and ascend 

towards the river’s headwaters have exhibited a significant decline over the period of 1992 to 

2020 [22–24,28,35,36]. Several streams that formerly harbored prolific eel stocks have become 

depleted of eels as a result of the reduction in glass eel recruitment within the North Sea [37]. 

It is likely that the eels in the Belgian Meuse basin will become extinct within the next decade 

if restocking measures are not implemented [24,28,36]. Consequently, optimizing the restock-

ing of eels is imperative, as is comprehending the benefits of this approach in the context of 

typological heterogeneity in freshwater river/stream habitats. 

As the species has not yet been bred in captivity [38], eel restocking remains depend-

ent on the wild-caught young stages of eels like elvers and glass eels. These are translo-

cated from areas with elevated eel densities to rivers/streams that have minimal or no 

natural eel colonization [21,39–45]. The efficacy of restocking has been a topic of debate. 

However, for nations that are geographically distant from the ocean and situated within 

the species’ natural boundaries, restocking appears to be the only solution to enhance the 

eel stocks in freshwater ecosystems [22,24,28,44–46]. Some scientific works have employed 

the electrofishing methodology to capture the eels and have reported the success of 

growth, survival, sex ratio, quality and health of the individuals [21,22,24,28,40,44–46]. 

Other studies, using the telemetry method, have stated the success of restocked eels in 

mobility, habitat utilization, resilience after extreme environmental events, ubiquity and 

sedentary lifestyles [22,47]. Restocking for scientific objectives has been implemented in 
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Belgium/Wallonia, along with persistent surveillance of the reintroduced eels through the 

utilization of electrofishing and telemetry techniques. The application of eel monitoring 

mechanisms has identified high growth and survival rates, stocks composed mainly of 

females and a low prevalence and load of pathogens and contaminants [22–24,28,46]. 

However, these results were gained without integrating the dimension of the typological 

diversity of freshwater habitats. 

For this reason, many biological aspects of the species after restocking in freshwater 

river/stream habitats—such as initiation of the silvering process, density, growth and de-

mographic parameters, e.g., survival, catchability and yields in eel recruitment—are still 

insufficiently understood, especially when including the dimension of typologically dif-

ferent freshwater habitats. Yet, they hold significant implications for implementing con-

servation approaches for this threatened fish. This investigation was conducted over a 6-

year period since the glass eel release in 2017; it included six rivers, which are typologi-

cally distinct on the hydromorphological, physicochemical and trophic levels and which 

were regularly fished to assess the success levels of the local eel stock restoration. More 

specifically, it aimed at understanding sector/river levels and time/age after restocking to 

(1) evaluate the eel abundance and density; (2) characterize the growth performance; (3) 

precisely determine the onset age of the biological phenomenon called “silvering”; and (4) 

examine the riverine habitat impacts on the eel demographic parameters including the 

survival, catchability and yields in the eel recruitment assessed using the adequate Jolly–

Seber model to estimate the local eel stocks in open populations [23,28]. 

2. Materials and Methods 

2.1. Study Area 

The study was carried out in Southern Belgium, in the six following upland rivers: 

Berwinne (A), Gueule (B), Wayai (C), Hoegne (D), Winamplanche (E) and Oxhe (F) (Figure 

1). They belong to the Belgian Meuse River and were selected to receive glass eels on the 

basis of their typological difference on the hydromorphological, physicochemical and 

trophic levels, as described by our previous research [24,47]. The experimental sites were 

situated at a distance exceeding 320 km from the North Sea. The thermal patterns of these 

rivers exhibit regularity, with temperatures exceeding 8 °C from April to the end of Octo-

ber [22,24,48,49]. Furthermore, the glass eel stage is absent, and there is a drastic decline, 

if not total absence, of yellow eels [35,36,50–52]. Rivers A and F are direct tributaries of the 

Meuse, alkaline, typical of the brown trout Salmo trutta fish zone, have a similar width and 

exhibit morphodynamic units of runs and rapids alternating with pools [24,47,53,54]. The 

occurrence of large stones (particle diameter 13–25 cm) and blocks (26–102 cm) is preva-

lent in eutrophic river A, whereas in oligotrophic river F, large and fine (6.4–12.8 cm) 

stones were found to be more frequent [54]. The eutrophic, alkaline and deep river B flows 

into the Meuse in the Netherlands, displays high species richness, abundant fine stone 

and coarse gravel (0.8–1.6 cm) substrates, high vegetation cover and runs and rapids al-

ternating with lentic channels and is typical of the lower grayling Thymallus thymallus fish 

zone [50]. Rivers C, D and E are oligotrophic with runs and rapids, hosting dense brown 

trout populations that prey on young eels [24]. River E flows into C, which is a tributary 

of D, then the rivers Vesdre, Ourthe and finally Meuse in Belgium. Rivers C and D are 

typical upper and lower brown trout fish zones, respectively [53], with boulders (>102.4 

cm) and blocks as the main substrates [54]. Boulders and coarse pebbles dominate in E 

which is typical of the brown trout zone [53,54]. D and E have acidic properties due to 

their alkaline-poor substrates. 
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Figure 1. Map of study areas in Southern Belgium (A) and site locations in rivers (B) where glass 

eels were released. * indicates restocked sites. * indicates restocked sites surveyed. * indicates unre-

stocked sites surveyed. 

2.2. Restocking Using Glass Eels 

On the date of arrival, 21 March 2017, 17.3 kg of glass eels captured on the French 

Atlantic coast were released into the selected rivers. These glass eels had the following 

characteristics: pigment stages from VB to VIA2, total length (mean ± standard error) of 

67.0 ± 3.6 mm, weight of 0.23 ± 0.04 g, Fulton’s condition factor of 0.0007 ± 0.00009 and free 

of pathogens [20,24,55,56]. Five rivers, A to E, each had 5 to 11 release sites (density: 1.07 

± 0.37 ind. m−2) spaced at least 250 m apart, of which 2 to 4 restocked sites were surveyed. 

After a full day in the field, river F had received the rest of the glass eels which were 

released at a single site (3.75 ind. m−2). This site was investigated together with an unre-

stocked neighboring site. We had a total of 43 restocked sites and 19 fished sites. All of 

these sites were chosen because of accessibility on foot, efficient electrofishing and suitable 

eel habitat presence [22,24,46]. 

2.3. Eel Collection and Tagging 

Restocked eels were collected in autumn by electrofishing (EFKO, 3.0 kVA FEG 5000, 

150–300/300–600 volt DC), and using hand nets (diameter 40 × 40 cm, mesh 2 × 2 mm) [23–

25,46]. At each site, a river stretch  of 200 m was fished. From 2017 (eels 0+) to 2022 (eels 

5+), we performed six electrofishing sessions [24]. Additional electrofishing sessions were 

performed in spring 2018 and 2019 on a more eel productive site, sector 2 in river A. We 

anesthetized with eugenol (0.5 mL L−1), measured (total length [TL], ±1 mm; weight [W], 

±0.01 g) and tagged the untagged (tag: half duplex,134.2 kHz, size 12 × 2 mm, weight in air 

0.095 g) eels captured during each electrofishing session using the techniques described in 

[22,24,47,57]. After the complete dissipation of the anesthetic effects, eels were released into 

their capture location. No instances of mortality were observed because of tagging. 

2.4. Demographic Metrics in Eels 

The following formulae were used to demographically characterize the restocked eels: 

• The observed abundance is determined by counting the number of individuals caught 

at each age, and the biomass is the sum of the weights of all eels caught at each age. 
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Age is expressed as the number of years after the glass eel restocking in the rivers. A 

value of 0+ means that the eels are in their first-year river life. 

• The relative abundance is defined as the total number of eels captured in a sector/river 

divided by the sum of all eels caught in all sectors/rivers. 

• The eels’ density is represented by the ratio between the number of eels caught and 

the total area electro-fished at each eel age. 

• The Durif Silvering Index was assessed to ascertain the eel developmental phase. This 

index is predicated upon the variables of TL, pectoral fin length (±1 mm) and mean 

eye diameter (±1 mm) [58,59]. Given that eels restocked in rivers are in the growth 

phase during their first two years (from 0+ in 2017 to 1+ in 2018), we evaluated this 

index in these individuals from their third year (2+ in 2019) of river life. 

• The condition factor of Fulton (K) was calculated using the following mathematical for-

mula: K = 100 × W [g] × [(TL [cm])3]−1 [60,61]. 

• The length (TL) and weight (W) relationship at each age was calculated using the equa-

tion W = a × TL b that was logarithmically transformed into a linear relation as log10 

(W) = b × log10 (TL) + log10 (a), where W is the weight (g), TL is total length (cm) and 

a and b are the coefficients. a is the intercept or coefficient referring to body shape, 

and b indicates the slope or growth coefficient to identify the type of growth with b = 

3 meaning isometric growth, b < 3 negative allometric growth and b > 3 positive al-

lometric growth [62]. 

• The mean annual TL increment (G in mm.year−1) was assessed in eels 5+ using the fol-

lowing formula: G = (TL − TL0) × (T)−1, where TL is the TL (mm) at their capture, TL0 

is the TL (mm) of glass eels at release and T is the age after restocking [63]. It was also 

evaluated between two successive ages using the following equation: G = (TLi + 1 − 

TLi) × (T)−1, where TLi + 1 and TLi were the TL of eels at ages i + 1 and i, respectively. 

• The demographic parameters of eels 0+ (2017) to 3+ (2020) were estimated using the 

Jolly–Seber method by means of the Program MARK 8.0 POPAN module [64–67]. 

The strategy involved conducting multiple capture–mark–recapture sessions on the 

same site at different time intervals. We selected only data collected in autumn from 

2017 to 2020. Data from 2021 (eels 4+) to 2022 (eels 5+) were not used in this demo-

graphic evaluation due to changes observed in the sites/sectors after the severe floods 

of July 2021, which completely changed the availability in cryptic habitats [47]. The 

model used was {p(.}, ϕ{.}, pent{t}, N(.)}, where p(.}, ϕ{.} and N(.) are constant over 

time and represent the capture probability, survival and overall population, respec-

tively; pent{t} is the arrival probability varying with time or age [23,28,67]. Overall 

population was all individuals who inhabited the site throughout the study duration. 

This model also determined the superpopulation (N*-hat) that is constant over time, 

and the estimated abundance (N-hat i), net immigration (B-hat i) and net emigration 

(B*-hat i) which vary with time or session i. Superpopulation included eels that occa-

sionally frequented the site and disappeared prior to the counting operation. It was 

selected based on Akaike’s Quasi-Probability Information Criterion (QAICc), species 

biology and study design as the same unaltered sampling site/sector was fished over 

a three (2018–2020) to four (2017–2020) year period. To allow objective comparisons 

between sites/rivers, demographic parameters were standardized as the yields in es-

timated abundance, overall population and superpopulation and the ratio between 

net immigration and net emigration. Yields were the quotient between the value of 

each estimated parameter and the number of glass eels released. 

2.5. Statistical Analyses 

Relationships between the age and density, mean annual TL increment and K were 

tested using Pearson’s correlation coefficients (r). We used the Fisher’s exact test (FET) to 

compare the relative eel abundance between sectors/rivers and between silvering phases 

as well as the estimated probability of capture, survival and arrival and the yields in over-

all population and superpopulation between rivers. Data of eels’ density, TL and K at each 
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age, yield in abundance and immigration-to-emigration net ratio between rivers were 

shown in box plots and analyzed using the nonparametric Kruskal–Wallis (KW) test fol-

lowed by the post hoc Dunn’s test (PD) with the Bonferroni correction for multiple pair-

wise comparisons of mean rank sums. In these box plots, line inside the box was median 

values; hinges indicated first and third quartiles and circles showed outliers. All statistical 

analyses were made with the Rcmdr 2.3.-2, Hmisc and dunn.test packages of R statistical 

software version 3.3 [68–70] and the significance level was set at p < 0.05. 

3. Results 

3.1. Abundance and Density of Eels 

We electrofished 44.2% (n = 19) of the 43 restocked sites/sectors. In two of the 19 sec-

tors fished, notably sectors 5 (in river D) and 3 (in E), no eels were captured (Figure 2). We 

captured 1921 eels, corresponding to 95.971 kg biomass, over the course of eight electro-

fishing sessions performed from 2017 to 2022. The relative abundance of eels caught dif-

fered between sectors within the same river as well as between the rivers studied (Figure 

2). It peaked significantly in sector 2 in river A (FET, p < 2.200 × 10−16). Among rivers, river 

A had the greatest contribution, corresponding to nearly half of the observed abundance 

of eels (FET, p < 2.200 × 10−16). The density of eels decreased significantly with the age from 

0.040 ind. m−2 in 2018 (eels 1+) to 0.019 ind. m−2 in 2022 (eels 5+) (Pearson’s correlation coef-

ficients: r = −0.884, p = 0.019). It stayed above 0.025 ind. m−2 from 2017 (eels 0+) to 2020 (eels 

3+). After age 3+, abundance as well as density of eels decreased. We observed a signifi-

cantly high eel density in sectors 2 (maximum 0.128 ind. m−2) and 10 (0.065 ind. m−2) in 

river A, and in sector 2 (0.087 ind.m−2) in F (KW test: df = 16, χ2 = 36.926, p = 2.148 × 10−3; 

PD test: p < 0.05). Between rivers, A and F showed the highest densities of eels (KW test: 

df = 5, χ2 = 33.293, p = 3.292 × 10−6; PD test: p < 0.05). 

 

Figure 2. Abundance and biomass (A), relative abundance (B) and density (C,D) of eels according 

to ages and sectors/rivers. (n) indicates the number of electrofishing sessions. Rivers or sectors with 

at least one common letter are not statistically different (KW and PD tests, p < 0.05). 
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3.2. Growth Performance of Eels 

The mean TL of eels increased with age (r = 0.999, p = 3.135 × 10−5) after restocking in 

the rivers, from 67 mm in 2017 (glass eels) to 400 mm in 2022 (eels 5+), which means an 

annual average TL increment of 67 mm year−1 (Figure 3). Between two successive ages, the 

annual average TL increments varied from 34 mm year−1 (eels 4+ to 5+) to 128 mm year−1 

(glass eels to eels 1+), but they were not related to age (r = −0.789, p = 0.113). The annual 

average TL increment was 77 mm year−1 from eels 0+ to 1+. At each age, eels showed a large 

TL variability, which also increased with age (r = 0.984, p = 3.631 × 10−4). A positive length–

weight relationship was observed in these eels, whose lengths explained 90 to 96% (ad-

justed R2, p < 2.200 × 10−16) of the variance in weights (Table 1). The a coefficient varied 

between −2.810 and −3.137 while b ranged from 3.019 to 3.285, meaning a positive allome-

tric growth (b > 3.0 indicating a tendency to be thick and therefore have optimal growth 

conditions). K, as a fitness indicator, was positively related to age (r = 0.851, p = 0.032), with 

its highest mean value of 0.194 recorded in eels 4+ (in 2021: KW test: df = 5, χ2 = 126.410, p 

< 2.200 × 10−16; PD test: p < 0.01). Between rivers, eels at the same age tended to be signifi-

cantly larger in river C and smaller in F (eels 0+ to 5+, KW test: range, df = 4–5, χ2 = 30.413–

76.617, p = 1.223 × 10−5 to 4.215 × 10−15; PD test: p < 0.05). The mean annual TL increment in 

the eels was 64 and 82 mm year−1 in F and C, respectively. It was 70 mm year−1 in A, the 

river with the greatest eel abundance. In this last river, TL tended annually to be close to 

that of river C with large eels (Supplementary Figure S1). 

 

Figure 3. Total length (TL) (A) and K Fulton’s condition factor (B) according to age and TL according 

to rivers (C). n is sample size. Ages with at least one common letter are not significantly different 

(KW and PD tests, p < 0.05). 
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Table 1. Eel length–weight relationships in rivers pooled: a, intercept; b, slope; and K, Fulton’s con-

dition factor (in mean ± standard error values). *** indicates p < 2.2 × 10−16. K values with different 

letters are significantly different (KW and PD tests, p < 0.05). 

Year Age n b a F−Statistic Adjusted R² K, Mean ± SE 

2017 0+ 327 3.285 −3.103 2927 0.901 *** 0.162 ± 0.027a 

2018 1+ 524 3.019 −2.81 9659 0.950 *** 0.166 ± 0.043a 

2019 2+ 403 3.129 −2.95 9746 0.963 *** 0.171 ± 0.034b 

2020 3+ 329 3.156 −2.998 5277 0.945 *** 0.174 ± 0.037c 

2021 4+ 143 3.269 −3.137 2301 0.946 *** 0.194 ± 0.040e 

2022 5+ 195 3.102 −2.92 7858 0.944 *** 0.181 ± 0.050d 

3.3. Silvering Stage of Eels 

Fine analysis of the Durif Silvering Index estimation revealed that up to age 5+, more 

than 75% of the eels were still in the growth phase (Figure 4). This phase included the FI 

growth phase (mean TL, range: 263 mm eels 2+ to 367 mm eels 4+) and FII female growth 

phase (mean TL: 469 mm eels 3+ to 556 mm eels 4+). The FIII female pre-migrant phase 

only appeared at age 5+ and represented 16.8% of the 113 individual eels 5+ (TL, mean = 

524 mm, and range = 403–706 mm). The MII male migrating phase appeared at low abun-

dances accounting for 2.8% (n = 3; TL, range = 304–384 mm) and 7.1% (n = 8; 345–398 mm) 

for eels at ages 3+ and 5+, respectively (FET, p < 2.200 × 10−16). These MII males were in 

rivers A (sector, 2: n = 1 eel 3+ and 1 eel 5+; 10: n = 1 eel 3+ and 4 eels 5+), B (sector 2: n = 1 

eel 3+ and 1 eel 5+) and F (sector 2: 2 eels 5+). We also observed a high number of silvering 

phases including FI, FII, FIII and MII when eels had reached age 5+. At this age, silver eels were 

low and only represented by male individuals. The low abundance of males (11.4%, n = 4, 255–

331 mm) has also been recorded by gonadal microscopic examination from n = 35 eels 5+ sam-

pled and studied in a laboratory. The male had a tiny paired elongated gonad structure (testis) 

attached dorsally to the body wall, while the more abundant female individuals (88.6%, n = 

31, 244–621 mm) revealed a large gonadal structure with oocytes. 

 

Figure 4. Relative abundance of silvering phase and mean TL according to silvering phase at each 

age of eels. (n) is the sample size. 
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3.4. Influence of Rivers in Recruitment Yields 

As for the abundance of eels caught, the estimated demographic parameters related 

to recruitment also varied between sectors within the same river (Figure 5 and Table S1 in 

the Supplementary Materials). We observed significantly higher yields in eel recruitment 

in sector 2 in river A, particularly in terms of the yields in overall population (estimate = 

0.794, FET, p < 0.05), superpopulation (estimate = 0.941, FET, p < 0.01) and abundance 

(mean = 0.332, KW test: df = 8, χ2 = 23.153, p = 3.174 × 10−3; PD test: p < 0.05) as well as the 

immigration-to-emigration net ratio (mean = 0.712, KW test: df = 8, χ2 = 16.737, p = 3.297 × 

10−2; PD test: p < 0.05). Conversely, the capture probability (estimate = 0.207) and arrival 

probability (mean = 0.151) were low in sector 2 in river A (FET, p < 0.05), while they peaked 

in sector 2 in river B (capture probability, estimate = 1.000 and arrival probability, mean = 

0.422) (FET, p < 0.0001). The monthly survival probability was high and above 0.810 in all 

sectors/rivers, with its highest values observed in sector 1 (estimate = 0.958) in river B and 

sectors 2 (estimate = 0.942) and 10 (estimate = 0.940) in river A. The lowest values of sur-

vival were observed in sector 2 (estimate = 0.823) in river B and sector 2 (estimate = 0.816) 

in river C (FET, p < 0.05). The emigration was higher than immigration in all sectors/rivers 

as expressed by the immigration-to-emigration net ratio < 1. Emigration peaked in two 

sectors with the lowest immigration-to-emigration net ratios, notably sector 2 (net immi-

gration/net emigration, mean = 0.389) in river B and sector 2 (0.290) in river C. In sector 2 

in river B, high emigration was accompanied by a high arrival of eels (0.422), while in 

sector 2 in river C, high emigration was accompanied by a low arrival of eels (0.182). This 

explains why the lowest survival levels of eels were found in these two sectors as the spe-

cies does not breed in freshwater. 

 

Figure 5. Capture probability (A), survival (B), arrival estimate (C), yields in overall population (D), 

superpopulation (E), estimated abundance (F) and immigration-to-emigration net ratio (G) of re-

stocked eels using Jolly–Seber model. Sampling occasion number was 3 from 2018 (eels 1+) to 2020 

(eels 3+) in all sectors except sector 2 in river A where it was 4 from 2017 (eels 0+) to 2020 (eels 3+). 

Sectors/rivers with different letters are statistically different (FET test: (A–E), KW and PD tests: (F–

G) and p < 0.05). 
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4. Discussion 

We provide in the present study new insights on the role of glass eel host habitat 

during their life in freshwater after restocking operations. It involved six typologically 

different rivers that were annually surveyed using the electrofishing method to catch the 

restocked eels. Indeed, the host habitat has a crucial importance in the restocking success 

and efficiency, in terms of the abundance, density, growth and demography parameters 

of the recruited eels. Undoubtedly, the new knowledge gained from this study, with re-

gards to the drastic eel stock decline, should help to improve the restocking practice using 

imported glass eels released in freshwater through an optimal selection of habitats to be 

restocked. This should lead countries farther from the sea to improve the eel host habitats 

and the local stocks as well as, probably over time, increase restocked-origin silver eel 

production [22,24,28,44–47]. 

The decreasing abundance and density of eels observed after age 3+ (after 2020) could 

be related to the extraordinary floods observed in July 2021. These have destroyed habitats 

and caused eels to move downstream in search of new shelters, as highlighted by a telem-

etry study previously performed on the same sites [47]. However, each year, the density 

of the eels stayed overall above 2 individuals per 100 m−2 with the highest density of 4 

individuals per 100 m2 observed in 2018 (eels 1+) before the flooding events. These densi-

ties are higher than those recently observed in a study performed from 2015–2020 by 

Dorow et al. [71], who reported a mean eel density of up to almost 2 individuals (yellow 

eels TL > 36 cm) per 100 m2 in a lagoon located along the Baltic Sea coastline in Germany. 

At the level of the river sector, we observed up to 13 individuals per 100 m2 in sector 2 in 

A with a greater abundance of the recruited eels. Similar recruitment after restocking has 

already been reported in our previous study, which was performed in a highly productive 

habitat that was a brook belonging to the same Meuse River basin [28]. The sector with 

the highest eel density (sector 2 in A) was also the best contributor in terms of eel abun-

dance. It has a high recruitment rate due to its high habitat quality offering optimal living 

conditions to eels in terms of the high protection against predators and water flow, food 

availability and water physicochemical quality. The sector with a high abundance of eels, 

sector 2 in A, had a bottom substrate made up of 74.6% large-grained materials (26.8% 

blocks and 47.8% large stones) and a low threat of predation through a low brown trout 

density evaluated at 0.2 individuals per 100 m2. In contrast, in the sectors without eels, we 

observed a high threat of predation through a high presence of brown trout that was as-

sessed at 0.9 individuals per 100 m2 in sector 3 (with dominant fine-grained riverbed ma-

terial represented by 73.4% coarse pebbles) in E and 2.4 individuals per 100 m2 in sector 5 

(with very large-grained riverbed material represented by 65% boulders) in D. The very 

unbalanced riverbed material composition, the high abundance of brown trout and the 

succession of runs and rapids observed in sectors 3 in E and 5 in C do not provide optimal 

conditions for growing, burying, protecting and settling of eels. Similarly, the difference 

in the abundance and density levels observed between the sectors within the same river 

as well as between the rivers is explained by the diversity of the host habitat quality for 

the young eels because this quality changed between the sectors within the same river as 

well as between the rivers studied. In addition, rivers D (sector 5) and E (sector 3) are 

acidic and the very low availability of cryptic shelters and the high-water currents, rather 

than the acidity of these two rivers, would explain the absence of eels in these two sectors, 

as the species exhibits cryptic behavior. In contrast, the abundance of cryptic shelters in 

sector 2 in F, without a glass eel release site but located near sector 1 with a glass release 

site, explains the good performance in the abundance and density of eels observed. Eels 

can live in very acidic rivers (pH 4–5) because they have a biological mechanism that reg-

ulates blood ions [72,73]. 

Eels restocked in freshwater grew in body length, which was positively correlated to 

the weight. In a 6-year study since 2017, annual growth coefficient b (range 3.019 to 3.285) 

was of a positive allometric growth type (b > 3.0), indicating, therefore, optimal growth 

conditions for eels in the rivers studied. The growth performance expressed as a mean 
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annual increment of eel length varied in these rivers between 64 and 82 mm year−1 with 

river A having the greatest abundance/density of eels being set at 70 mm year−1. Also, in 

this last river, the size of the eels tended annually to be close to that of river C with the 

largest eels. Undoubtedly, performance levels of both the annual length increment and 

the body size of eels observed in river A could translate this sector/river into a good habitat 

for eels. The annual length increments of our results were higher than those recorded in 

many European waters (20–50 mm year−1: [74]; 36–51 mm year−1: [21]; 22 mm year−1: [75]; 

23–49 mm year−1: [40]; 24–62 mm year−1: [46]; 30–69 mm year−1: [76]; 31 mm year−1: [22]). 

From 2017 to 2019, the same study site revealed yearly growth rates of 21–192 mm year−1 

(mean = 88 mm year−1) [23]. This variability in annual length increments is explained by 

the difference in eel ages, study methods and growing habitats. Silm et al. [76] reported 

that eel growth rates decreased with age. This has also been observed in this study but 

without this relationship being significant (r = −0.782, p = 0.118). Additionally, due to cold 

temperatures and insufficiently protective shelters, Pedersen [77] noted a lack of or weak 

growth of eels that were restocked in rivers. Similarly, by K showing mean values fluctu-

ating from 0.162 (eels 0+) to 0.194 (eels 4+), this study provides an additional encouraging 

element for the success of the glass eel restocking performed in freshwater. Positive K 

values of restocked eels were already reported in our previous study that was conducted 

in a brook with mean values of 0.166 in eels 4+ and 0.197 in eels 7+ [28]. They have also been 

observed in Estonian eels (mean values: K = 0.19, age = 8 years) [76]. K values in our study 

are in the upper range of K values determined in eels that have completed the growth 

stage (K = 0.16–0.22 [78]). 

Silvering degree assessment was suggested in our sites by Nzau Matondo et al. [24] 

after studying the eels 2+ (in 2019). Our recent results revealed that most eels 5+ (in 2022) 

were mainly yellow eels at the growth phase and only a few individuals have reached the 

silver eel migrating stage, accounting for 2.8% (n = 3; TL, range = 304–384 mm in 2020) in 

eels 3+ and 7.1% (n = 8; 345–398 mm in 2022) in eels 5+. These silver eels were all males at 

MII stage; some of these tagged individuals were detected downstream during their sea-

ward migration leaving the rivers thanks to detection antennas placed at the river mouths. 

As the species has sex-specific life-history strategies, these lead to length and age differ-

ences between the sexes during the silver eel migrating stage [6,59,79]. Our study also 

demonstrated that, from ages 3+ to 5+, the restocked male eels can silver and migrate to the 

sea because they have the life-history strategy of minimizing the yellow eel stage duration. 

Their observed lengths and ages in this study corroborated the lengths of 29–39 cm rec-

orded in tributaries of the Minho River in Portugal [80] and the age around 6 years recog-

nized in Western Europe [80] for male silver individuals. Other studies reported that male 

eels stay in freshwater for 3–8 years and female eels for 5–12 years before their reproduc-

tive migration to the sea [18,22,42]. A low abundance of the silver eel phase could indicate 

a low abundance of males and, therefore, could mean that the eel stocks in our study areas 

are predominantly female, as observed during the sexing of samples and the results of a 

study conducted in a brook [28]. Females have the life-history strategy of optimizing body 

size to achieve a greater fecundity and they display high energetic demands because they 

take a long time to mature. These leads them to spend a longer lifespan in freshwater and 

to silver at large sizes of 40–130 cm [6,59,79]. A higher ratio of females in eel stocks is an 

interesting biological trait for the conservation of this endangered species. This finding 

suggests that the habitats in our study area are favorable for eel growth. 

With the estimated demographic parameters related to recruitment varying in sectors 

located inside the same river, the right choice of the sector or the habitat itself should no 

longer be neglected when selecting environments for eel restocking. This influences sub-

stantially the success of eel recruitment. In this 4-year study since the glass eel release in 

2017, survival was high (monthly >81%) in all sectors/rivers restocked in their typological 

diversity at the hydromorphological, physicochemical and trophic levels. A particularly 

high monthly survival rate (>90%) was previously reported in an 8-year study of restocked 

eels performed in a brook that was highly productive [28]. Undoubtedly, the species is 
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hardy with a remarkable adaptability to a wide range of aquatic environments during its 

freshwater life phase. They can tolerate environmental (drought, severe flooding, river 

acidity) and physiological (long fasting periods) conditions that only a few other species 

can survive [24,47,81]. The observed survival (>81%) was in the higher range of survival 

of 5–97% assessed in diverse aquatic environments, study durations and demographic 

assessment methods (survivals: 55–75% in a eutrophic lake, 8-year study and adjusted 

Petersen estimate [82]; 5–45% in small lakes, 6-year study and Bailey’s modification of the 

Lincoln–Petersen estimate [83]; 30% in a marsh, 3-year study and multistate capture–re-

capture model [42]; 91% in a brook, 8-year study and Jolly–Seber model [28]; and 95–97% 

in rivers, 3-year study and Jolly–Seber model [23]). In our study, the lowest survivals of 

eels estimated under conditions of high emigration accompanied by high arrival of eels 

(sector 2 in river B) as well as high emigration with low arrival of eels (sector 2 in river C) 

clearly demonstrated that the species does not breed in freshwater as well as the im-

portance of the recipient habitat quality, or rather of its carrying capacity, which plays an 

important role in the recruitment level and, therefore, in the restoration goals of the local 

eel stocks altered through restocking operations. Moreover, all the eel recruitment de-

scriptors, e.g., the yields in overall population, superpopulation and abundance as well as 

survival were evaluated at their maximum levels in one sector, sector 2 in A, having high 

habitat quality and hosting capacity with high availability of good cryptic shelters and 

high abundance of diverse prey. The hydromorphological, physicochemical and trophic 

characteristics of the habitats in this sector should serve as a model of the habitat to be 

selected for the glass eel restocking operations but also a model of the habitat to be recre-

ated to improve the quality of the recipient habitats in freshwater. Sector 2 in A had the 

abiotic (elevated conductivity and total hardness, great riverbed roughness and abundant 

run, pool and riffle) and biotic (less predation threat and high prey availability and diver-

sity) features which provided suitable living environments for eel survival and growth 

[24,47,83–87]. 

5. Conclusions 

Through this study, we concluded that glass eel restocking practices are efficient to 

produce yellow eel phase and, certainly in the long term, to produce future genitors called 

silver eels escaping to the ocean. However, the observed high diversity between sectors in 

the same river as well as between rivers in terms of eel abundance, density, growth and 

yields in recruitment could suggest the existence of a certain preference for habitat in this 

very rustic species currently threatened with extinction. As the species exhibits a highly 

sedentary and cryptic lifestyle, this preferred habitat type should provide greater protec-

tion and abundant prey [12,22,44,45,84]. Its characteristics are defined by many authors as 

a eutrophic alkaline riverine habitat with numerous cryptic shelters, pools and riffles. 

These are favorable to a high eel density and biodiversity because of a primary production 

that is higher [22,24,28,47,85,86]. Such habitats should be selected and restocked with pri-

ority for enhancing the local eel stocks, but they should also be recreated in the rivers via 

artificial inputs of ecological shelters (blocks) that are environmentally friendly to improve 

the low riverbed roughness observed in some sectors/rivers. Similarly, the low abundance 

of males at ages 3+ and 5+ and their onset of silvering, and the absence of the silvering 

process in females, could suggest that the eel sexing is performed early at age 2+ (mean TL 

= 247 mm) before any possible silvering process and downstream migration to assess the 

sex ratio, which is the element with a capital importance in fish population management 

as well as in the evaluation of the restored eel stock quality. For this, the sexing method 

using histological sections of the eel gonads will be the most appropriate as it has already 

successfully sexed very young eels of 200–299 mm [28]; however, this method requires 

sacrificing individuals. The high density of eels observed in sector 2 (in A) should be re-

duced through the artificial distribution/translocation of eels from this sector to other in-

tra- and inter-river sectors with little or no colonization by eels but with quality recipient 

habitats available for eels. Another question would consist of examining the possibility to 
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use the sector 2 (in A) as the first host environment in freshwater for glass eels captured 

at an early stage when they enter the estuaries, as at this stage and time they are free of 

pathogens [20]. This should facilitate a good organization of restocking operations 

through a young eel translocation carried out without haste and in accordance with the 

rules of the art, from this host environment to other suitable and more productive recipi-

ent habitats, which can sometimes be far from each other while remaining located within 

the natural range of the species. However, for all these, studies are requested to better 

understand the benefits of these eel transfers. Also, as Desprez et al. [42] have suggested 

further studies assessing the quality of the eel genitors, we recommend in our river con-

ditions that ages 4+ and 5+ constitute key ages for assessing the quality of restocked-origin 

male genitors produced in terms of fat accumulation and contamination to pathogens and 

pollutants. Considering the very encouraging signals resulting from the first eel sanitary 

evaluation in freshwater [20,28], eel restocking would be a powerful management tool to 

achieve the eel conservation objectives. However, our study suggests that this practice 

should be accompanied in continental freshwaters by the improvement/creation of the 

cryptic habitats conducive to the survival and growth of juveniles and safe downstream 

routes for genitor adults escaping to the sea as well as safe upstream routes for future 

catadromous offspring colonizing freshwater habitats [23,24,28,35,36,87,88]. 
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