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A B S T R A C T

Several routes are available for the downstream migration of silver eels in the river Rhine system. Very different
effects on migration success can result from this choice, such as speed and migration duration or escapement
rate. We studied the downstream migration of silver eels in a river section with two different routes. The first
route is the initial and old riverbed, with two dams equipped with two rather small or medium sized hydropower
plants (HPPs) located at the beginning and at the exit of the bypass stretch. Both HPPs have small bar spacing
(10mm and 20mm, respectively) and the second HPP has two downstream bypasses. The second route is a
power canal, supplying four major HPPs (maximum discharge capacity= 1400m3 s−1) and a nuclear power
plant with cooling water. Firstly, this study focused on highlighting the factors influencing route choice.
Secondly, we focused on the consequences of this choice. We demonstrate that water current management in the
old riverbed at the study site had a 40% higher negative effect on eel survival than that by a consecutive passage
in four turbines.

1. Introduction

The European eel is a catadromous species widely distributed in
Europe and northern Africa with an outstanding life cycle consisting of
a single breeding in the Sargasso Sea, a first transatlantic migration as
larvae, called leptocephali, which use oceanic currents that lead them
from the spawning area to the continental shelf, and a growth stage in
coastal and inland habitats where they remain and grow for 5–25 years
(Tesch, 2003). Then, the silver eels swim downstream and undertake
their breeding migration back to the Sargasso Sea, some 5000 km away
from their growth habitats (Righton et al., 2016).

Because of the complexity of their life cycle, European eels are ex-
posed to a number of threats, all caused by human activity (oceano-
graphic regime shifts, river management, habitat destruction and re-
lated connectivity disruption, organic and metallic contaminants,
fisheries, etc.) (Feunteun, 2002; Miller et al., 2016). Consequently, the

recruitment of European eels is currently estimated below 10% of the
maximum level recorded in the late seventies (ICES, 2018), and the
species is now far outside its safe biological limits, and thereby con-
sidered by the IUCN as an endangered species (Jacoby and Gollock,
2014). In order to protect the European eel (Dekker and Casselman,
2014), the European Union has demanded that measures be taken to
allow at least 40% escapement of reference silver eel biomass, relative
to unexploited, unpolluted circumstances in unobstructed rivers
(European Commission, 2007). A full understanding of the eel down-
stream migration biology and behavior are, thus, an absolute require-
ment to complete these objectives, and numerous studies have been
conducted.

At the end of the growth stage, a complex hormonal activity en-
hances the silvering metamorphosis (Dufour, 2003; van den Thillart
et al., 2009). The silver eels are then ready as potential migrants, but
external cues are needed to trigger the downstream migration. In
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unobstructed European rivers, the main downstream migration peaks
occur in November with great regional and interannual variations
(David Righton et al., 2016). Numerous environmental parameters are
known to trigger downstream migration of silver eels: rainfall, river
flow, temperature, lunar phase, wind, atmospheric pressure, turbidity,
and conductivity (see reviews in Haro, 2003; Bruijs and Durif, 2009;
Trancart et al., 2013).

The impacts of hydroelectric complexes are well known: they can
cause injuries (Bruijs and Durif, 2009), direct mortality (Winter et al.,
2006; Bruijs and Durif, 2009), delay (Behrmann-Godel and Eckmann,
2003), or stop downstream migration (Durif et al., 2003). Navigation
canals or bypassed stretches of rivers may also be used as routes during
silver eel downstream migration (Klein Breteler et al., 2007; Verhelst
et al., 2018). Heavily managed rivers are often transformed into com-
plex networks of river sections regulated by dams that provide a wide
range of routes for silver eels on their downstream migration to the sea.
The consequences of route choice on migration success of silver eels has
been poorly documented.

In the complex aquatic network of the lower Rhine, Klein Breteler
et al. (2007) showed that numerous different routes were used by silver
eels but with great temporal differences. In the same study site,
Breukelaar et al. (2009) concluded that the route choice cannot simply
be explained by the river water discharge. In a highly regulated river
(river Stour, Southeast England), the gate position and the upstream
water level had significant effects on the migration routes selected by
eels (Piper et al., 2013).

The Rhine is one of the most important rivers in Northern Europe
(1240 km long, 198,000 km2 catchment area, 1053m3 s−1 mean water
flow at Rheinalle). For a long time, this high discharge has been used
for hydropower and cooling water purposes: 28 hydropower plants
(HPPs) (including 10 large plants in France) and 5 nuclear plants have
been built along the river between 1898 and 2012. On the Rhine, the
historical riverbed has been diverted to create navigation canals.
Numerous pathways have become available for eel migration, and this
route choice can have very important consequences. For example, in
the case of the upstream part of the upper Rhine, where the river is
diverted to the Grand Canal d’Alsace (GCA) in Kembs, a passage by GCA
will induce turbine mortalities (8–27% depending on HPP (De Oliveira,
2012a)). On the other hand, a passage by the almost turbine-protected
bypassed stretch, called the Vieux Rhin (two rather small or medium
HPPs, both equipped with fish-friendly racks [10 and 20mm] and with
downstream bypasses for the second one), may probably induce higher
survival probabilities rates.

A large and long telemetry experiment was conducted to study the
migration behavior and success of silver eels on their downstream mi-
gration of one the largest hydropower complex of the Rhine River lo-
cated in France. Silver eels could either choose the hydropower canal
(the Grand Canal d’Alsace, hereafter called GCA) and the bypassed
riverbed (Vieux Rhin, hereafter called VR). Our aim was to assess the
consequences of route choice on the downstream migration of silver
eels. In order to accomplish this, we specifically addressed the following
objectives: 1) investigate the factors triggering the downstream silver
eel migration; 2) to analyze the proportion of eels in each of the
pathways (GCA and VR) and the factors controlling route choice; and 3)
to investigate the migration characteristics (duration and speed) and
the escapement rates in the two possible routes.

2. Material and methods

2.1. Study site

This study was conducted on the large and complex river Rhine
system (1320 km long, 185000 km2, across 6 countries, Fig. 1). This
river is extensively used for freight transport and hydro-electrical pro-
duction (10 large power plants (> 100MW) in France). The fish were
released downstream Bâle (47.613°N, 7.578°E, Swiss, PK 170), 3–4 km

upstream Kembs. Seven kilometers further downstream (Kembs, Kilo-
meter Point 163), the Rhine river divides into 2 sections: the “Grand
Canal d’Alsace” (GCA) and the “Vieux Rhin” (VR) (Fig. 1).

A dam is located at the beginning of VR in order to control the flow
in the GCA (Kembs dam), which has a maximum discharge capacity of
1400m3 s−1 and is 50 km long, from Kembs to Vogelgrun (Kilometer
Point 120). There are four HPPs along the GCA: Kembs, Ottmarsheim,
Fessenheim, and Vogelgrun, all managed by Electricité De France
(EDF).

The second pathway for downstream migration is the VR section.
This section is 50 km long and is the historical natural Rhine riverbed.
The minimum flow in this stretch of the river changed during the course
of this study due to relicensing of the Kembs hydroelectric complex.
Before 2011, the minimum flow was set at 20 or 30m3 s−1, depending
on the period of the year: 20 between December and February; 30 the
rest of the year. Since 2011, the minimum flow in the bypass stretch has
been raised to 52m3 s−1 in the winter period (November-March) and a
maximum of 115m3 s−1 in the summer period (June-August), with
intermediate discharge thresholds in the periods in between. The first
major dam of VR (Kembs’ dam) located upstream is equipped with a
small HPP (Qmax= 27m3 s−1) which used to deliver nearly all of the
minimum flow in the bypass stretch (the complement being supplied by
a fishway). The screen of this HPP has a small bar spacing (10mm)
which physically blocks the eels at this part of the river basin (Courret
and Larinier, 2008). Since the raise of the minimum flow in 2011, this
HPP continues to drive the turbine, although at a lower ratio of the
minimum flow (from 23% to 52%). A second dam, built for agricultural
purposes, is located at the end of the VR (Brisach dam). This dam is also
equipped with an HPP (Qmax= 60m3 s−1) whose screen has a small bar
spacing (20mm) to prevent fish from entering turbines and which is
also equipped with two fishways for upstream and downstream mi-
gration. The four gates (45m wide each) of the Brisach dam (190m
wide) begin to open only when the HPP is at full capacity (60m3 s−1).
The VR river stretch remains relatively “pristine” compared to the GCA,
despite the regulation of the water flow and the alteration of sediment
transport. However, as mentioned above, minimum flow has been
raised since 2011 and a major renaturation program has been con-
ducted (sediments reinjections, habitats creations) (Garnier and
Barillier, 2015). The canal and the river then reconnect just down-
stream of Vogelgrun (48.036°N, 7.568°E).

2.2. Tracking technology

The tracking technology used in the present study was Radio
Frequency Identification (RFID), with the NEDAP Trail System (www.
nedaptrail.com). This telemetry system consists of active transponders
(including a battery), each with a unique code, implanted in the fish
and a network of detection and recording stations. A detection station is
composed of antenna cables stretched across the entire width of the
river bed and the recording station. Preliminary tests showed a 10–20m
mean detection range in some NEDAP sites used in this study (Tétard,
2013). High non-detection rates are possible with this technology, as for
instance 43% of fish were never detected in Breukelaar et al. (2009).

2.3. Location of the NEDAP sites

The tagged fish were recorded in the passage at several detection
points distributed along the study site. The first NEDAP loop (called
hereafter NEDAP 1) was located upstream from the diversion between
the VR and the GCA (47.616°N, 7.573°E, Fig. 2). The second NEDAP
loop (NEDAP 2, 47.627°N, 7.569°E) controlled the entry in the VR
(located at about one hundred meters downstream of the Kembs dam).
The entry in the GCA was controlled by two NEDAP loops (3 and 4,
47.652°N, 7.525°E) located downstream of the Kembs hydropower
plant. The output of these two sections was controlled in the unified
Rhine River, near Marckolsheim (NEDAP 5, 48.065°N, 7.573°E) (Fig. 2),
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downstream the GCA and VR junction.

2.4. Fishing collection, tag implementation and eels release

One thousand and ninety-nine eels were collected at four sites lo-
cated in two tributaries of Rhine (Ill and Moselle rivers, respectively,
101 and 254 eels), and at two different locations on the Rhine River
(592 from the German location and 152 from the French locations).
These four fishing sites show very different characteristics (Table 1).

Highly significant fishing-site dependent differences in eel biometry
were observed for total length (p < 0.005) and total weight
(p < 0.005). Post-hoc analysis (Tukey test) showed that the largest and
heaviest eels were those in Ill river and in the French part of Rhine
river, with no difference between the two sites (p=0.88 for length and
p=0.92 for weight). The smallest eels were caught in Moselle and in
the German Rhine, without significant difference in eels for length

(p= 0.99) or weight (p=0.96).
Fishing and tagging were performed from 2010 to 2015.

Approximately 200–220 fish were released each year, except in 2010
(∼30), with several different sessions by year, mainly (96%) during the
downstream migration period in this area (October to January). The
site of release is located 7 km upstream from Nedap 1. Some sporadic
releases were made in June (n= 7 eels) and August (n= 32 eels) at the
same site. Supplementary releases have been made directly in VR, just
downstream from the Kembs dam, to study the escapement from this
route during the winter in 2011 and 2012 (n=95). The mean size of
the tagged eels was 855mm (sd=58mm, Table 2) and the mean
weight was 1256 g (sd=277 g, Table 3), and their stage of silvering
were III (16.5%), IV (15.7%) and V (67.8%), according to the Durif
classification (Durif et al., 2005).

The tag weight in air was 25 g, implicating a ratio tag/body mass
slightly above the 2% rule of thumb (Winter, 1996). However, this
value is often objected to (Jepsen et al., 2003) and, given the large size

Fig. 1. Location of the study area in the Rhine river
basin (in dark grey). The names of the main cities are
in black frames. The red points indicate the location
of the detection stations; black crosses indicate the
location of the major hydropower plant with tur-
bines, and red crosses indicate the location of the
dam with small and protected turbines. The main
release site was located 7 km upstream from Nedap 1
site. The second release site was 2 km downstream
from Nedap 2. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 2. Schematic graphic of the study site.

Table 1
Characteristics of the fishing sites.

Ill Moselle Rhin
(France)

Rhin (Germany)

Size of the watershed
(km2)

4760 11400 185 000

Total length (km) 216 560 1233
Mean discharge (m3 s−1) 60 290 1053
Fishing method Traps Fyke nets Fyke nets/Electrofishing

Table 2
Total length (mm) of tagged eels according to migration stages (Durif classifi-
cation) and fishing sites.

Ill Rhin (FRA) Moselle Rhin (GER)

St III 846 ± 15 847 ± 16 831 ± 18 844 ± 16
St IV 807 ± 14 799 ± 19 812 ± 15 812 ± 15
St V 888 ± 6 891 ± 8 867 ± 8 859 ± 7
TOTAL 877 ± 5 (a) 872 ± 7 (a) 850 ± 7 (b) 849 ± 6 (b)
Number of tagged

eels
101 152 254 592

Different letters denote factor categories that were different (P < 0.05) using
Tukey’s multiple comparisons tests.
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of eels studied here, we assumed that the mass of the tag was not dis-
advantageous. Moreover, absolutely no difference was statistically
highlighted in the pre-downstream behavior (i.e., duration of pre-mi-
grating period) according the class of length, a finding which reinforced
the assumption that the mass of the tag was not disadvantageous.

2.5. Data treatment and modeling

This experimental protocol provided location information from 12/
23/2010 to 06/26/2016.

2.5.1. Factors triggering the downstream silver eel migration
Firstly, to identify the environmental conditions that favored

downstream migration, we used the presence/absence model. The re-
lationships between the environmental data (predictor variables) and
eel presence/absence in the different river sections were explored using
Boosted Regression Trees (BRTs) (Elith et al., 2006; Elith et al., 2008;
Buston and Elith, 2011). This technique is considered to be a powerful
modeling technique to assess fish distribution (França and Cabral,
2015). In the present models, we considered the presence/absence data
in two different boxes: box 0 was the release site upstream from the first
Nedap loop; while, box 1 was the river section just before the diversion
of the Kembs dam (Fig. 2).

Data were regulated to obtain daily presence/absence data, fol-
lowing Trancart et al. (2017). An eel is supposed to be present in a
given box until its detection in another box. In case of a “box drop,” i.e.,
when a fish was recorded in a n box without be recorded in the n-1 box,
the data from this fish were removed from analysis. In these models,
environmental factors have been collected close to the NEDAP stations.
The following parameters were collected on a daily basis: rainfall (in
mm), mean water temperature (°C), atmospheric pressure (hPa), tur-
bidity (FNU), luminosity (lx), and water flow (m3 s−1). The daily mean
has been used for all these data. For water flow, three different mea-
sures were available: total Rhine flow measured upstream of the GCA
(Rheinalle), and one value of flow in each pathway (GCA and VR).

We considered the environmental factors that occurred between the
first detection in box 0 and the first detection in box 1; while, en-
vironmental factors that occurred after the movement from box 0 to box
1 were not considered. The analyses were fitted with the “gbm”
package (Ridgeway, 2006) and “dismo” supplement functions (Elith
et al., 2008) in R 3.3.1 (R Development Core Team, 2008). Two im-
portant parameters were adjusted in the BRTs (learning rate and tree
complexity) following Elith et al. (2008). Model performance was as-
sessed via the amount of cross-validated deviation explained, cross-
validated correlation between model prediction and observed data, and
the area under the Receiver Operating Characteristic (ROC) curve, after
recent reports (e.g., Amorim et al., 2016). The ROC score ranged from 0
to 1, where a score of 1 indicates perfect discrimination, a score of 0.5
implies predictive discrimination that is no better than a random guess,
and values< 0.5 indicate performance worse than random (Elith et al.,
2006).

2.5.2. Route choice and factors explaining this distribution
We used Ivlev’s electivity index, (Ivlev, 1961) for route choice. This

index is commonly used to describe predator preference for prey. We
used it to investigate route choice according to the intensity of water
flow, since migration pathways to the migration runs are thought to
depend upon water discharge (Legault et al., 2003). Ivlev’s index was
scaled from −1 to 1; where −1 indicates total avoidance of a route; 0
indicates that a route is taken in proportion to water flow, and 1 in-
dicates total preference for a route. This index is used to determine if
the route choice is voluntary (some factors attract or repulse) or in-
voluntary (water discharge proportional).

After this, when route choice was voluntary, we investigated what
factors could cause this choice. For this, to identify the environmental
conditions favoring the passage by a given pathway (VR or GCA), we
used the same methodology as for the first point, i.e., presence/absence
model. The relationships between environmental data (predictor vari-
ables) and eel presence/absence in the two pathways were explored
using BRTs. In the present models, we considered presence/absence
data in three different boxes: box 0 was the release site, box 2 was GCA
and box 3 was VR (Fig. 2). Each box (except for the first) was located
within two NEDAP stations.

2.5.3. Migration pattern and escapement
For the third part of this study, we compared the characteristics of

the migration along the two routes using classical metrics: speed, transit
time and escapement rate.

3. Results

3.1. Biometrical and stage effects on silver eel migration

There were no significant differences in length or weight between
migrant and non-migrant eels (ANOVA Gaussian GLM, p=0.46 and
p=0.20 respectively). The proportion of each migration stage (III, IV
and V) were also similar between migrant and non-migrant eels.

3.2. Factors triggering downstream silver-eel migration

The final model describing eel movements from Box 0 to Box 1
showed a large predominance of a unique factor: the number of days
after release, with a huge peak during the first seven days (Fig. 3). Great
differences between the four fishing sites were observed for this factor.
Eels collected from Ill river (60m3 s−1 mean water flow) and in-
troduced in the Rhine river exhibited a great downstream migrating
behavior, since 61% migrated downstream the first day after release,
and 90% during the first week (Fig. 4). Eels from Moselle (290m3 s−1

mean water flow) exhibited this same behavior, although to a lesser
extent (40 and 66%, respectively, for the first day and the first week
after release). Finally, a few eels from the Rhine (1053m3 s−1 mean
water flow) migrated just after release (23 and 13% the day after for
German and French Rhine, and 53 and 38% in the first week for the
same sites, respectively).

In order to avoid behavioral bias related to the impact of the fishing
site, all movements that occurred less than seven days after release
(348/616) were considered as false bias movement and not real
downstream migration. For that reason, they were removed from the
analysis of movements, as suggested by previously studies (e.g., Le
Pichon et al., 2015).

Without these data, the final model describing eel movements from
Box 0 to Box 1 highlighted four main factors triggering downstream
movement (68.6% of total deviation accounted for) (Fig. 5). The first of
these factors is phenology, which showed two main periods during
migration: one peak during the fall (October-December) and a second
peak during the spring (April-June). The second factor is river flow,
with an abrupt threshold at about 1400m3 s−1. The third factor is
temperature, with an 8 °C threshold. Finally, the last factor triggering

Table 3
Total weights (g) for tagged eels according to migration stages (Durif classifi-
cation) and fishing sites.

Ill Rhin (FRA) Moselle Rhin (GER)

St III 1140 ± 66 1165 ± 72 1102 ± 79 1121 ± 69
St IV 987 ± 48 1049 ± 63 1055 ± 51 1040 ± 50
St V 1462 ± 29 1499 ± 40 1285 ± 36 1288 ± 32
TOTAL 1394(a) 1373(a) 1211(b) 1221(b)
Number of tagged eels 101 152 254 592

Different letters denote factor categories that were different (P < 0.05) using
Tukey’s multiple comparisons tests.
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migration is rainfall, with a low threshold at about 0.2 mm day−1.

3.3. Route choice and factors explaining this distribution

The analysis of water flow distribution showed that 85% of the days
in the study period had a water flow ranging from 448 to 1440m3 s−1

(Fig. 6), which is the low limit for opening of the VR floodgates. Days
with higher values were scarce (Fig. 6).

The proportion of eels migrating through VR and CGA was not

proportional to the flow distribution between the two routes (Fig. 7). At
low water flow values in the Rhine (500–1000m3 s−1), the percentage
of water flow discharged in VR accounted for approximately 10% of the
River Rhine flow, and the percentage of eels migrating through VR was
twice as small. After 1000m3 s−1, the percentage of eels choosing VR
increased strongly. At 1400m3 s−1 in GCA, corresponding with
1700–1750m3 s−1 in the Rhine, the water capacity in GCA was full and
the floodgates in VR were largely opened, and then the proportion of
eels choosing VR increased more markedly again. For instance, at
2500m3 s−1, the proportion of eels choosing VR was twice the pro-
portion of water in VR. The electivity index showed a non-stable evo-
lution (Fig. 8), with negative values below 1200m3 s−1, suggesting a
rejection of the VR route during low flow. On the other hand, this index
became positive above 1200m3 s−1, suggesting a slightly but sig-
nificant attraction for the VR route. However, results from high water
flow have to be considered carefully, because of the low number of fish
migrating during these high-water flow regimes.

The four main factors influencing the passage (74.4%) by the GCA
were: phenology (two peaks, as in the previous model), flow in GCA
with a 1200m3 s−1 threshold, turbidity, and luminosity (Fig. 9). The
movement by GCA was totally repressed by low turbidity and high
luminosity.

The four main factors (77.1%) influencing the passage by VR were:
water flow in GCA with a 1400m3 s−1 threshold, water flow in VR with
a 200m3 s−1 threshold, month with a unique peak in the fall, and
temperature, with a highly significant decrease below 10 °C (Fig. 10).

3.4. Migration pattern (duration and speed) and escapement rate

Ninety-nine hundred and thirty-nine eels were marked and released
at site A during the 5 years of this study. A great majority of them went
through the GCA route (598 eels), whereas only 45 went through the
VR. The others (296 eels) were never recorded or never observed be-
yond NEDAP1. An analysis of variance showed no difference (p= 0.48)
in the total length of eels taking the GCA route and then taking the VR

Fig. 3. Partial plots of the functions fitted for the
final Boosted Regression Trees (BRT) models de-
scribing movement from Box 0 to Box 1 (n= 616).
The relative contribution to explain the variance of
each descriptor is shown in parentheses (black lines
are raw data and red lines are smoothed data). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Fig. 4. Influence of fishing site on the first movement between box 0 and box 1
after release.
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route, nor any difference in total weight (p=0.48).
A total of 95 eels were released in the VR immediately downstream

of the dam of Kembs to better understand the migration behavior in this
section of the Rhine. From all the fish observed at the mouth of VR
(95+45), only 30.7% were detected again, at the exit. The two esca-
pement rates from VR for eels released at the first site (and observed
crossing the dam) and at the second site were equal (31.1% and 30.5%,
respectively).

Out of the 598 eels observed at the beginning of the GCA, only 301
were detected at the exit (i.e., at station Nedap 5), indicating that only
50.3% of the eels escaped from the GCA, which is a larger percentage of
eels than the proportion escaping from the VR section.

The median time for travelling the VR route was 15.25 days, but
with a large variability. The fastest individual travelled this route in
0.26 day, and the slowest in 308.43 days. The median duration for
travelling the GCA route was 5.75 day, with a large variability
(range=0.32 day/209.88 day).

Fig. 5. Partial plots of the functions fitted for the
final Boosted Regression Trees (BRT) models de-
scribing movement from Box 0 to Box 1 without fish
moving less than 7 days after the release (n= 268).
The relative contribution of each descriptor is shown
in parentheses (black lines are raw data and red lines
are smoothed data). (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Distribution of days with a given water flow during the 6-year study
period.

Fig. 7. Comparison between water flow in VR/water flow in GCA and between
the number of eels crossing via VR/number of eels crossing via GCA.

Fig. 8. Electivity index for route choice.
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4. Discussion

4.1. Post-surgery and location of fishing site

Our results clearly supported our allegation that the location of the

fishing site had highly significant consequences on post-release eel
behavior. With all the data, the main factor triggering the onset of the
downstream movement from the release site was the number of days
after release, with a very high contributive effect (56.8%, and only
7.4% for the second effect). Moreover, a very high peak was observed

Fig. 9. Factors influencing the selection of the pathways trough GCA (n=289 eels).

Fig. 10. Factors influencing the selection of the pathways trough VR (n=40 eels).
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for the smallest values (less than seven days), suggesting a very fast
beginning of the migration after release. This phenomenon is usually
observed in telemetry studies (e.g., Bultel et al., 2014).

Fish from Ill and Moselle rivers started migrating mainly the first
week after release (90 and 66%, respectively). A lower proportion of
eels collected from the two sites in the river Rhine started migrating the
first week after release (53 and 38%, respectively). The size of the
watershed and the mean water flow is directly linked with the pro-
portion of eels that started migrating during the first week after release
(60m3 s−1 mean discharge for river Ill, 290m3 s−1 for river Moselle
and 1053m3 s−1 for river Rhine). Eel growth may last several years
during which individuals may imprint hydrological regimes, and abrupt
change of water flow regimes from one river system to another may
lead to over-sensibility of water conditions. Whatever the causes, this
result highlights the importance of the fishing site origin in telemetry
studies, and strongly suggests favoring fishing sites with similar hy-
drodynamic characteristics.

4.2. Double period of migration

In the present study, the movement probabilities were clearly time
dependent, with two main periods of maximal activity. The first one
during autumn and early winter is typically observed for silver eels
(Vollestad et al., 1986; Poole and Reynolds, 1990; Cullen and
McCarthy, 2003; David Righton et al., 2016). The second period, which
takes place during spring (April–May–June) is more rare but has al-
ready been observed (Westin, 1998; Tesch, 2003; Aarestrup et al., 2008;
Stein et al., 2016). The main assumption for this late migration in the
Baltic is the low water flow in early autumn (Westin, 1998). In Danish
rivers, no environmental cues apparently explained the springtime runs
(Aarestrup et al., 2008). In a recent study, two peaks were also observed
in silver eel migration in the Elbe River (Germany), and the triggering
factors were different: spring migration seems to be triggered solely by
water temperature (Stein et al., 2016) and water flow. In the current
study, high water flow periods were observed during spring and au-
tumn. It is likely that the spring river floods are caused by snow
melting, which triggered the migration of the remaining silver eels from
the previous season or precocious migrants.

4.3. Triggering factors

The migration of silver eels on the Rhine was also triggered by water
flow, temperature and rainfall, which confirmed the current knowledge
on European silver eel migration (Feunteun, 2002; Bruijs and Durif,
2009; Trancart et al., 2013). The main benefit of the employed method
is to precisely highlight threshold values in the factors structuring the
eel presence/absence. For instance, below 1300m3 s−1, silver eel mi-
gration is totally repressed. On the other hand, over 2000m3 s−1, a
plateau is observed: the probability of presence will not increase any-
more, indicating migration behavior is stabilized at this value.

4.4. Route selection

Our study depicted the pathways chosen by silver eels on their
downstream migration: the hydropower canal (GCA) or the natural
Rhine River (VR). The dominant way was clearly the GCA (598 vs 45
for VR), as a result of the water management in this river section.
Indeed, floodgates divert most of the river flow to the GCA and limit the
discharge towards the VR most of the time to 20–100m3 s−1 in order to
maintain legal minimum water flow, representing an average of 10% of
the total water flow in Rhine (during the study). The floodgates are
widely open only when water flow in GCA exceeds 1400m3 s−1. During
low flow conditions (i.e., < 1200m3 s−1), the electivity index for VR
way is negative, suggesting that silver eels did not voluntary select VR
and then actively select the GCA. On the other hand, in our study, when
the water flow was higher than 1200m3 s−1, the electivity index was

positive, suggesting a preference for VR way once the floodgates are
opened. A clear route choice in silver eels migrating downstream,
which cannot be fully explained by different discharge ratios between
two possible routes, was previously observed in the lower Rhine
(Breukelaar et al., 2009). However, on some sites, escapement rates via
spillways (compared to passages through powerplants) were closer to
discharge ratios (Bau et al., 2013). This reveals that downstream mi-
gration of silver eel may not only be a passive drift with flow and that
route selection may highly depend on the behavior of fish and on the
geometry of sites (e.g., orientation of intakes, orientation of dams, or-
ientation of main stream before obstruction). The cause of this selection
is still unclear, and data provided are not relevant to conclude.

The proposed scenario is that eel migration is favored when the
Rhine River flow exceeds 1200m3 s−1. When they reach the bifurcation
between the hydropower canal (GCA) and the old Rhine River (VR),
they follow the main current stem because the flow drives them there.
When the river flow is> 1400m3 s−1, the floodgates are more largely
opened (according the Rhine flow) and eels seemingly prefer to pass the
floodgates and travel by the natural Rhine River. However, this route is
more dangerous, because only 30% silver eels are detected 54 km far-
ther, downstream the junction between GCA and VR, whereas, “only”
50% seem to survive to the travel through the Grand Canal d’Alsace. In
other words, the water discharge regulation seems to be problematic for
silver eel migration.

4.5. Increasing the number of migrating eels via VR and escapement

When VR is open (i.e., water flow in GCA > 1400m3 s−1), a
minimal additional 200m3 s−1 is required to increase the probability of
presence in VR; and, although a higher water flow in VR does not seem
to significantly increase the probability of presence, this may be an
artefact due to detection failure. For management purposes, this result
suggests that a water flow of 200–300m3 s−1 in VR is enough to favor
passage by VR and then without turbine passages. However, other re-
sults showed that escapement was much lower in VR than in GCA
(30.7% vs 50.3%), while four dams with turbines and one nuclear
powerplant cooling system are located on GCA. The passage by the dam
at the beginning of the VR cannot explain this lower escapement, be-
cause there is no difference in escapement rate between eels that have
experienced the passage by this dam (i.e., released in the first site) and
eels that have not experienced this passage (i.e., released directly in VR,
downstream from this dam). This lower escapement success came as a
surprise. Due to low intake capacities of hydro power plant Brisach
(Qmax= 60m3 s−1), high passage rate from spillways were expected
and then a low mortality.

We hypothesize that it could be a consequence of the artificial low
water flow regulation maintained in VR, which prevented eels from
getting environmental stimuli from their environment. Eels do not
usually display a uniform migratory behavior (Stein et al., 2016),
making stops when environmental cues decrease or disappear, but in
the case of a highly regulated system, this phenomenon could be ex-
acerbated. Under such conditions, eels are exposed to increased hazards
as predation by fish or avifaunae. Indeed, catfish Silurus glanis is
abundant in river Rhine with a population statistically increased during
the last decades (Pawlowski et al., 2012), and could take advantage of
corridors with low water flow. Another possible explanation could be a
loss of orientation cues caused by low water flow. The decrease or the
loss of these cues, very important for downstream migration in the river
(Acou et al., 2008; Trancart et al., 2013), could cause a stop in the
migration, as observed in front of dams (Durif et al., 2003). Indeed, the
selection of the VR pathway implies exposure to a loss of river flow
gradient in a very short time. For instance, an eel can experience a
drastic reduction in water flow from 1600m3 s−1 before selection (in
the Rhine), to and average flow no greater than 200m3 s−1 once in VR.
Although habitat and river morphology, are strikingly different in the
two river sections, this strong difference in water flow is bound to have
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a strong impact on eel behavior.
Finally, we can also hypothesize that the low escapement rate from

VR could be a consequence of blockage of the final dam (Brisach) by
natural, industrial and domestic wastes, as frequently reported by
Brisach dam managers. Nevertheless, the low intake capacities of this
HPP suggest a main passage by spillways, and then rejects this as-
sumption.

Mortality tests made by the power company EDF (Electricité De
France) highlighted a 21.6% mortality rate for the Ottmarsheim pow-
erplant and a 7.4% mortality rate for the Fessenheim powerplant (De
Oliveira, 2012). For the two other dams with turbines, considering the
type of the turbines, the authors estimate the mortality at equal rates,
i.e., around 20% for the Kembs dam and around 7% for the Vogelgrun
dam. Thus, a realistic estimation of cumulative turbine mortality for
GCA is around 50%, which nearly corresponds to the remaining esca-
pement rate (50.3%) measured by this telemetry study. This suggests
that no other cause for mortality was at play in this section of the river.
On the other hand, this study showed that, once silver eels have man-
aged to migrate through the floodgates leading to the VR, this migration
route may prove up to 40% more dangerous than migrating through
four hydropower plants.

5. Conclusion

Overall, our study unequivocally demonstrates that, besides direct
mortality caused by turbines, which is already well-known, the reg-
ulation of water flow in very long bypass stretches of the river, or
waterways obstructed in any way, must be properly managed, in order
to increase silver eel escapement and survival success.
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