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Abstract

Tidal sluices are a frequent element in the tidal regions of Europe's rivers and may
hinder downstream migrating European eels Anguilla anguilla. Sea level rise will
reduce the possibility for tidal sluices to freely discharge water, further compressing
windows of opportunity for the passage of eels. Understanding how eels utilize the
discharge events of tidal sluices and which conditions facilitate successful passage is
pivotal for the design of effective fish migration measures. To investigate eel migra-
tion at a tidal sluice, acoustic receivers were placed at the tidal sluice Nieuwe Staten-
zijl and in its tributary of the Westerwoldse Aa, the Netherlands. Of the 30 tagged
eels, 26 eels reached the tidal sluice and passage success was 100%. The mean
migration speed of eels in the unobstructed part of the tributary was slow
(0.14 m s7Y). The eels were delayed in their migration by the sluice and delay was
right-skewed distributed with most eels showing moderate delays (<2 days), while
about 10% of the tagged individuals experienced extensive delays of more than
3 weeks. The number of missed sluicing events prior to successful passage was influ-
enced by biological characteristics such as migration speed in the tributary, weight
and condition. In addition, sluicing events with rapidly increasing and high maximum
discharge levels increased the success rate of an individual eel to pass the sluice.
Compromising sluicing duration in favour of higher and faster increasing discharge
could facilitate eel migration at tidal barriers and contribute to the recovery of this

endangered species.

KEYWORDS
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1 | INTRODUCTION

Diadromous fish species rely on successful and timely migration to
fulfil their life cycle. However, diadromous fish around the world
increasingly face man-made barriers (Belletti et al. 2020) that are
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hindering migration and contributing to their decline (Baras & Lucas,
2001; Limburg & Waldman, 2009). Tidal barriers such as sluices, weirs
and pumping stations are of especial importance to migratory fish as
they govern access to and departure from estuarine areas and rivers
(Lucas et al., 2009; Nunn & Cowx, 2012). Removal or mitigation of
barriers is one of the big five considerations in conserving diadromous
species but fundamental knowledge is needed to further support
management (Verhelst et al., 2021). However, removal of barriers in
populated coastal areas is often not possible and therefore basic
knowledge on how to design and utilize mitigation measures for diad-
romous fish in coastal zones is necessary.

The population of the catadromous European eel Anguilla anguilla
L. 1758 has steeply declined and it is listed as a critically endangered
species (ICES, 2021; IUCN, 2021). The primary causes of the decline
include fisheries, pollution and migration barriers (Castonguay &
Durif, 2016; Hanel et al., 2019). Measures to recover the eel stock pri-
marily aim to increase the number of potential spawners, i.e., silver eel
migrating towards the sea (EU, 2007). Enabling successful downstream
migration of silver eels at tidal barriers is of importance as it focuses on
the last physical barrier before the marine phase. Moreover, Lennox
et al. (2018) stated that the coastal zone could be an important focus in
protecting European eels. Eels are particularly affected by tidal barriers,
as successful and timely movement in both upstream and downstream
directions is essential to complete their life cycle.

Pumping stations, tidal gates and tidal sluices are common ele-
ments in the landscape of coastal ecosystems such as the Wadden
Sea. These structures are primarily built to manage water levels and
prevent tidal influence or the ingress of salt water in tributaries but
may also hinder or delay fish migration. Delay of silver eels at tidal
barriers may affect migration timing (Bolland et al., 2019; Lucas &
Baras, 2001) and could deplete the energy reserves essential for suc-
cessful spawning migration (Belpaire et al., 2009). Moreover, delays
may lead to an aggregation of individuals in constrained areas, where
they may become more vulnerable to predation or fishing mortality
(Chaput et al., 2014; Garcia de Leaniz, 2008; Venditti et al., 2000;
Wright et al., 2015). While mortality and migration delays of eels at
pumping stations has received more attention in recent years (Baker
et al., 2021; Bolland et al., 2019; Buysse et al., 2015; van Keeken
et al., 2020) less is known about similar effects at tidal sluices. Silver
eel passage has been studied at tide gates, revealing a potential for
substantial migration delays for eels, although tide gates open auto-
matically every tide (Wright et al., 2015). Indeed, Bourgeaux et al.
(2022) highlighted the importance of regular discharge events to facili-
tate eel migration. In contrast to tide gates, tidal sluices may not be
opened for multiple tides and may therefore impact silver eel
migration.

The frequency and duration at which tidal sluices are opened
depend on the amount of excess water in the tributary and on water
levels on the sea side that enable free discharge, and this is highly site-
specific. Little is known about how eels utilize discharge events of tidal
sluices, including the potential delays that this barrier type might induce.
A study by Piper et al. (2013) indicated that seaward migrating eels
were delayed up to 68.5 days in a complex of water control structures
including a tidal sluice. In another study, Piper et al. (2015) ascribed

migration delays at a hydropower station to the exploratory behaviour
of eels. Similarly, Jellyman and Unwin (2019) observed that eels
(A. dieffenbachii) were generally attracted towards the outlet areas of a
power station but showed hesitancy to exit. Behrmann-Godel and Eck-
mann (2003) found that some eels retreated upstream after arrival at a
hydropower dam before approaching the structure again and similar
observations have been made at a pumping station (Baker et al., 2021).
To explain the varying degrees of delay experienced at a barrier, some
studies suggest a stepwise response to different cues that may be pre-
sent (van Keeken et al., 2020) which depend on individual characteris-
tics or site-specific environmental cues. Vergeynst et al. (2021)
concluded that the success of passing a barrier depends on an interplay
of intrinsic fish characteristics and environmental conditions. Some
pumping stations also possess the ability to freely discharge water,
depending on the difference between polder water levels and the tide.
A study by Baker et al. (2021) showed that free discharge at a pumping
station may assist silver eel migration and as such may prove to be an
interesting mitigating measure. Likewise, Vergeynst et al. (2021) stated
that increased flow at a navigation lock could attract silver eels and
therefore facilitate passage. In the light of sea level rise more tidal bar-
riers will be built and the frequency, duration and magnitude of sluicing
events at existing sites will diminish (Bormann et al., 2020). It is there-
fore crucial to understand the factors that contribute to the passage of
fish and eels in particular at tidal sluices.

Empirical information on escapement success, migration delay of
eels and which individual characteristics of eels or site-specific envi-
ronmental cues (e.g., discharge) influence passage at tidal sluices is
scarce. This study aimed to increase our knowledge on (a) passage
efficiency and potential migration delays at a tidal sluice and (b) the
characteristics of migrating eels and sluicing events that are associ-
ated with timely passage.

2 | MATERIALS AND METHODS

21 | Studyarea

The Westerwoldse Aa is a small river and canal system in the north-west
of the Netherlands and a tributary of the Ems River (Figure 1). Recent
monitoring (Vis, 2021) indicated this tributary contains a high biomass of
eel (9 kg haY) and could therefore substantially contribute to the escape-
ment of eels from the Ems catchment. The Westerwoldse Aa is heavily
modified by measures ensuring flood protection (e.g., canalisation, dikes
and weirs) and consist of two parts, a small brook system upstream and a
regulated canal system of ~25 km that flows into the Dollard estuary at
Nieuwe Statenzijl. The tidal sluice at Nieuwe Statenzijl (latitude
53.2316N, longitude 7.2090E) regulates water levels in the Wester-
woldse Aa. The sluice has four hydraulically operated doors that can be
opened or closed vertically depending on the amount of excess water
that needs to be discharged. Each sluice door is 4.9 m wide and 6.6 m
high. Maximum discharge of the sluice depends on the water level differ-
ence between both sides of the sluice but is estimated by the water
authority at 1,5 - 2 x 10° m® per tide. Adjacent to the discharge sluice
lies a shipping lock that is extensively used for recreational boating. The
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TABLE 1 Distribution of the

Map of the Westerwoldse Aa, the Netherlands. Receiver locations are indicated with dots and numbers. Release sites of eels

X N Stage Degree of silvering n TL (mm) BW (g) K
maturation stages of eels (Anguilla
anguilla) (following Durif et al., 2005) with Yellow F2 2 600 £ 14.1 430+ 40 0.20 £ 0.004
the number of individuals (n) and Pre-migrant F3 2 685 £ 63.6 673 +163 0.21 + 0.007
ass‘?lc's‘lted morphological variables Migrant Fa 5  830+570  1143+138 0200018
avallable
Migrant F5 21 680 + 60.6 620 + 160 0.19 +0.018

Note: TL, total length; BW, body weight; K, Fulton's condition factor. Means and standard deviations are

indicated.

lock is only operated when the tide is higher than the polder water levels.
The canal system varies in width between ~30 m (upstream) and ~90 m

(close to the sluice) and has a mean depth of ~2.5 m.

2.2 | Receiver and tagging data

Acoustic telemetry is a proven and useful tool to investigate the migra-
tion behaviour of silver eels and to quantify the impacts of migration
barriers (Béguer-Pon et al., 2017). Five acoustic receivers (VR2W-
69 kHz; Innovasea, Halifax, Canada, http://www.innovasea.com) were
placed in September 2017 and retrieved in April 2018 (Figure 1). Four
receivers were placed in the Westerwoldse Aa upstream of the tidal
sluice Nieuwe Statenzijl, creating three inter-receiver sections (station
1-station 2 = 14 km, station 2-station 3 =5 km, station 3-station
4 = 6 km). One receiver (station 5) was placed on the seaside of the

sluice. Silver eels for this study were caught using fyke nets near the

sluice. One eel was caught in the riverine section of the Westerwoldse
Aa. Eels were anesthetized using benzocaine at a concentration of
40 mg L~ and tagged on 17 October 2017. A V13-2L (ping interval of
20-50 s, weight in water 6 g; Innovasea) transmitter was then placed in
the abdominal cavity by making a mid-ventral incision of about 2-3 cm.
The incision was closed by two to three sutures (absorbable, braided
Vicryl 3/0, FS2 needle). Once anaesthetized, each eel was measured
(total length, left pectoral fin length, left eye horizontal and vertical
diameters, all in mm, weight in grams) to determine the maturation
stage according to Durif et al. (2005) (Table 1). Mean total length was
700 mm, s.0. £ 83.9 mm and mean weight was 697.8 g, s.0.+ 254.7 g.
Based on length all tagged eels were considered females (Durif
et al., 2005). To avoid tag signal collisions, eels were released at two dif-
ferent sites not far apart (release site a = 53.0523N, 7.0772E and
release site b = 53.0257N, 7.0825E) in the upstream part of the tribu-
tary (Figure 1). The distance from the release sites to the sluice was
between 25.6 and 30.3 river-km.
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2.3 | Data and statistics

Discharge (measured as the elevation height of the sluice doors in centi-
metres) was measured every 10 s, and water levels (15-min intervals) and
the number of opened sluice gates, including the duration of opening,
were logged by the water authority Hunze en Aa's. Day-time or night-
time at the moment of sluice opening was defined as a binary variable
based on times of sunrise and sunset, extracted through the ‘getSunlight-
Times’ function from the package ‘suncalc’ (Thierumel, 2019) in the
R-software environment (R-Core-Team, 2022). Fulton's condition factor
(K) was calculated for every eel as K= 100 x weight (g)/total length
(cm)® (Cone, 1989). Migration speed was calculated for each individual eel
and for each inter-receiver section using two metrics. First, to compare
migration speed between inter-receiver sections (including eventual
delays), speed was calculated as the time difference from the first detec-
tion of a receiver to the last detection on the consecutive receiver,
divided by the distance in river-km between the two receivers (i.e., first-
to-last detection; following Verhelst, Buysse et al., 2018). Second, to study
the relationship between migration speed in the unobstructed part of the
tributary and the number of missed sluicing events before passage, the
migration speed of eels was calculated as the mean migration speed across
the three inter-receiver sections upstream of the sluice (as first-to-first
detection), thus excluding delays at the sluice. The distance between two
stations in river-km was determined using a shapefile of the river catch-
ment and functions from the R-package ‘actel’ (Flavio & Baktoft, 2021).
Following Piper, Wright et al. (2013), the migration delay of an eel at the
sluice was calculated as the time difference between the first and last
detection on station 4 (i.e., the receiver on the canal side of the sluice).

Differences in migration speed across inter-receiver sections
were examined by conducting a nonparametric Friedman's test. Fol-
lowing identification of a significant difference, pairwise comparisons
were carried out using a paired Wilcoxon signed-rank test. P values
were adjusted using the Bonferroni correction for multiple testing.

To investigate if the biological variables of eels (weight, condition
factor and migration speed) were correlated with the number of sluicing
events missed by eels, representing migration delay, we used data from
all 26 eels that passed the sluice. We first used simple Pearson correla-
tion coefficients (r) to examine the linear relationships between the bio-
logical variables. This procedure allowed us to identify potential
multicollinearity among variables. An |r| > 0.7 indicates that multicolli-
nearity starts having notable consequences (Brun et al., 2020). There
was no strong collinearity among these predictor variables (all |r| < 0.22).
We then used a generalized linear model in R (glm.nb function from the
‘mass’ package version 7.3-55; Ripley et al., 2013) with negative bino-
mial error and a log link function to assess the effects of eel characteris-
tics on the response variable. For every eel, all sluicing events were
considered during which the eel was present in vicinity of the sluice,
indicated by its detection on receiver station 4. Thus, our global model
featured the characteristics weight, condition and speed of the eel in
the tributary, and as a response variable we used the number of missed
sluice events before passage. The StepAlC (‘mass’ R package) stepwise
regression, both forward and backward selection procedure, was used

to achieve the model with the lowest Akaike information criterion (AIC)

value. As a control variable we also included the release site to verify
possible differences between the two release sites.

To investigate the relationship between the discharge characteris-
tics of any sluicing event and the passage of eels, we used the data
from 25 of the 26 eels that passed the sluice. We excluded one eel
that passed the sluice much later in the year than all other individuals
and at a discharge level that was substantially higher compared to the
main migration period, causing an outlier observation (Supporting
Information Figure S1). To describe the discharge characteristics of
any sluicing event, we defined a set of four variables: (a) discharge
level at 15 min after sluice opening, (b) discharge level at 30 min,
(c) maximum level of discharge and (d) duration of discharge in
minutes. The maximum level of discharge within a sluicing event and
the discharge at 15 min (as another measure of flow increase that was
explored) were both highly correlated with the discharge at 30 min
(both |r| > 0.76). Therefore, only the discharge at 30 min was retained
because this variable had the strongest univariate relation with the
dependent variable. There was no strong collinearity among the dis-
charge at 30 min and the duration of a sluicing event (r = 0.33). We
then used a generalized linear mixed-effect model in R (glmmTMB
version 0.2.3; Brooks et al., 2017) with binomial error and a logit link
function to assess the probability of a sluice passage by an eel in rela-
tion to the characteristics of the sluice event. Individual differences
between study animals were accounted for by fitting random inter-
cepts for each individual eel. More eels could be present at the same
sluice event so we also included crossed random intercepts for each
event. However, the distribution of the number of sluice events that
an individual encountered before passage was very skewed. This led
to an imbalance of the random factor ‘individual’, with few individuals
contributing a vast number of observations (four out of 26 eels con-
tributed 149 out of 202 observations in total). For reasons unknown
to us, the mentioned individuals may have temporarily ceased their
migration (Breukelaar et al., 2009) but resided in the sluice area. How-
ever, these eels finally did pass the sluice and to include them in our
analyses and deal with the imbalance, we used only their latest eight
observations. Eight observations were chosen as a threshold as this
corresponds to the mean number of encountered sluice events before
the passage of all 26 eels. A logarithmic transformation was applied
on the discharge at 30 min to account for outliers in this variable
(Zuur et al., 2010). Our global model therefore featured the following
sluice event characteristics: discharge level at 30 min after sluice
opening (log-transformed), duration of the sluice event in minutes and
if it was day or night at the time of sluice opening. Our binary
response variable indicated whether the eel did not successfully pass
(= 0) or did successfully pass the sluice (= 1) within a given event. As
before, a StepAlC (‘mass’ R package) stepwise regression, both for-
ward and backward selection procedure, was used to achieve the
model with the lowest AIC value.

Residual diagnostics on the analyses of delays and passage events
were performed by using the ‘DHARMa’ R package version 0.2.6
(Hartig, 2017). Predictor effect plots were used (‘effects’ R package; Fox,
2003) to visualize the partial effect of each predictor of the final model
on the response variable with the other predictors set to the median.
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section 4-5 included the sluice Nieuwe Statenzijl

24 | Animal welfare

The tagging experiment was approved by the Dutch Board on Animal
Experiments (Project AVD223000002015110, experiment nr. VA2017_26).
Eels were caught by a professional fisher. The surgical procedure was

done by trained and experienced professionals of VisAdvies.

3 | RESULTS

3.1 | Migration in the tributary

Of the 30 eels released, 26 eels were detected at the sluice, while four
eels were lost after being detected at station 1. Mean migration speed
in the unobstructed part of the tributary (i.e., arrival at station 1 to
arrival at station 4) was 0.14 m s~! (s.0. = 0.09). The mean migration
speed of 26 eels across the studied river stretch including the sluice (i.
e., arrival at station 1 to departure from station 5) was 0.07 m s 1s.
p. = 0.07). There was a significant difference in migration speed
between inter-receiver sections in the Westerwoldse Aa (Friedman, x?
[3] = 42.62, P < 0.001). Median migration speed decreased towards
the sluice. Pairwise comparisons showed that the migration speed of
eels in the river stretch between stations 4 and 5 was significantly

lower than in the other three inter-receiver sections (Figure 2).

3.2 | Passage and delay at the sluice

All 26 eels that arrived at the tidal sluice passed successfully, that is,
passage efficiency was 100%, and no eels used the shipping lock. The
degree to which eel migration was delayed at the sluice (i.e., the time

difference between the first and last detections at station 4) was

right-skewed distributed. Seventeen of 26 eels (65%) experienced

delays of less than 2 days and the median delay of eels at the sluice
was 1.3 days (mean = 4.7 days, s.0. = 8). Three eels were extensively
delayed by 23-29 days. Eels encountered a median of two sluice
events between arrival at station 4 and passage (mean = 7.8 events, s.
D. = 14.5), while the aforementioned three eels missed 38-53 sluice
events before passage. Seven eels (27%) passed the sluice during the
first opening of the sluices on arrival.

Of all eels that passed the sluice, 24 eels (92%) passed the sluice
during the night and two eels during the day (Figure 3a). Individual
eels usually passed quickly within a sluice event, with 22 out of
26 individuals passing the sluice within <90 min after gate opening
(Figure 3b). Fourteen eels passed during periods of increasing dis-
charge (defined as the time period from the opening of the sluice up
to 0.9 x maximum discharge level), 10 eels used peak discharge
(defined as discharge larger than 0.9 x maximum discharge level) and
two eels passed during decreasing discharge. Three eels retreated
about 6 km upstream and arrived at station 3 after being detected at
the sluice (station 4), likely representing an upstream retreat after ini-
tial failure to overcome the barrier.

3.3 | Eel characteristics related to migration delay
and passage at the sluice

Weight, condition factor and migration speed in the unobstructed
reach were retained in the best model to explain the number of sluice
events that an eel encountered before passage (Table 2). Weight and
condition factor had a positive significant relationship with the num-
ber of missed events (Figure 4a,b). The migration speed of eels in the
tributary showed a positive but not significant relationship with the
number of sluice events (Figure 4c). The characteristics of passage
events (discharge at 30 min, duration of the sluice events and day-
night) in relation to the passage of 25 eels were also analysed. Of all
sluicing event variables, only the discharge level at 30 min after sluice
opening was retained in the final model. The probability that an eel
passed the sluice increased with higher discharge at 30 min
(x*(1, N = 83) = 6.11, P = 0.013) (Figure 5).

4 | DISCUSSION

This study investigated silver eel migration behaviour in a regulated
tributary and passage through a tidal sluice. Tidal sluices only open if
there is a need to discharge excess water and thus offer only tempo-
rary opportunities for downstream migration of silver eels, potentially
inducing delay. It is important to understand the factors that facilitate
eel passage at tidal barriers to inform water managers in the design of
suitable management measures supporting eel migration.

Water levels in the canal part of the Westerwoldse Aa are
managed by the tidal sluice at Nieuwe Statenzijl. This results in
negligible flow, unless the sluice is opened, resembling conditions

found in highly regulated canal and polder systems. As a result,
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Parameters in final model B SE(B) zvalue Pvalue Exp(B) 95% ClI for Exp(B) TABLE 2 Fstlmated regression
parameter B with SE, z value, P values

Intercept 1.20 0.30 4.06 <0.001 3.34 1.91-6.14 and Exp(B) with 95% Cl of the final

Weight 1.09 029 373  <0.001 2.99 1.70-5.72 negative binomial model for the number

Condition factor 062 031 202 0043 187 0.91-4.07 of sluice events an eel missed before
passage.

Speed -0.61 0.31 -1.93 0.053 0.54 0.24-1.21

Note: All predictors were standardized to allow for comparison of effect sizes. P values < 0.05 are
highlighted italic and bold. B, model parameter estimate; Cl, 95% confidence interval of exp(B); Exp(B),
incidence rate ratio; P value, significance value; SE(B), standard error of the model parameter; z value, z

score of the statistical test.

the mean migration speed of eels across the unobstructed part of
the canal was slow (0.14 ms~%). The migration speed of silver
eels in the rivers Meuse (in Belgium and the Netherlands), Finn
(Ireland) and Gudenaa (Denmark) have been reported to be 0.62,
0.45 and 0.27 ms™ %, respectively (Aarestrup et al., 2008; Barry
et al., 2016; Verbiest et al., 2012), which is considerably higher
than found in this study. Progression rates across the studied
river reach including the sluice were even slower (0.07 ms™2).
This value is comparable with the reported low swimming speeds
(<0.06 ms~1) found in a shipping canal in Belgium by Verhelst,
Baeyens, et al. (2018). In general, downstream migration speed of
eels is faster in river habitats with continuous discharge, as
opposed to habitats with absent, very low and/or intermittent dis-
charge (Lenihan et al., 2019).

All eels that arrived at the sluice (N = 26) migrated successfully to
sea, that is, passage efficiency was 100%. Four eels were lost in the
tributary, two of which were classified as nonmigratory yellow eels.
The fate of these four eels is unknown, but predation and postponed
migration may explain the loss of tagged eels (Verhelst, Buysse,
et al., 2018; Verhelst, Reubens, et al., 2018). Eel passage efficiency at
Nieuwe Statenzijl is in line with eel passage efficiency (98.3%) (Wright
et al., 2015) and for juvenile sea trout (95.8%-100%) observed at tide
gates (Wright et al., 2014), and suggests that tidal sluices do not con-
stitute an impassable barrier for fish. However, the downstream
migration of eels in this study was delayed at the sluice. Reported
delays that eels experience at tidal barriers are highly variable and the
difference in the types of tidal barriers (pumping stations, weirs,

sluices, etc.) will contribute to these differences. Piper et al. (2013)
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passage through the sluice in relation to the discharge level at 30 min
after sluice opening. Shaded areas represent 95% confidence intervals

found that eels were delayed for up to 68.5 days at several structures,
including a tidal sluice, in a heavily regulated river. In contrast, van

Keeken et al. (2021) found that most silver eels were delayed less than

a day after arriving at a pumping station. Baker et al. (2021) observed
long passage delays (up to 21 days) at a pumping station equipped
with a gravity sluice and found that it took two eels 3 h to 2.35 days
before passing the gravity sluice. Most eels in this study experienced
moderate delays of less than 2 days, but extensive delays exceeding
3 weeks were found for three individuals (= 10%). Eels encountered
on average eight sluice openings (median = two events) and up to
54 events for successful passage, while only seven eels (27%) passed
within the first sluice event. This indicates that temporarily providing
an opening for eels to utilize may not be enough to facilitate migra-
tion. Indeed, Besson et al. (2016) found that eels only successfully
migrated across a high dam near the estuary of the Fremur river at
highly advantageous hydrological conditions.

Condition and weight influenced delay of eels at the tidal sluice,
suggesting that bigger and well-conditioned individuals are affected
most by the sluice. One possible explanation may be that size differ-
ences in eels may lead to a different stimulus threshold value, as
stated by Piper et al. (2015), and thus how individual eels experience
discharge events. In addition, the asset-protection principle by Clark

(1994) relates higher fitness of individuals to an increase in avoidance
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of risks. In this study eels in better condition missed more sluice

events, suggesting that eels consider passing the sluice as a higher risk
than momentarily delaying their migration. As fecundity in eels is posi-
tively correlated with size (MacNamara & McCarthy, 2012), this result
could have severe implications for eel management. Although no sig-
nificant relationship was found between migration speed in the unob-
structed reach and the number of missed sluicing events, this study
suggests that faster eels may pass the barrier within fewer sluicing
events after arrival. This may be related to the trade-off between
migration speed and safety (Lennox et al., 2018). Faster progressing
individuals might accept more risks during downstream migration and
therefore might also more boldly explore and overcome an unknown
structure such as a sluice. Our observation of faster swimming eels
overcoming the sluice sooner could also be environmentally influ-
enced as rainfall and downstream tide height influence the frequency
and size of discharge of sluice events and migration speeds
simultaneously.

Peaks in discharge often start the onset of eel migration (Buysse
et al, 2014; Marohn et al, 2014; Teichert et al., 2020; Verbiest
et al., 2012). Similarly, sluicing events with steeply increasing dis-
charge levels and higher peak discharge fostered successful eel pas-
sage in our study, validating that the amount of discharge (related to
current velocity) is also an important migratory cue at barriers (Egg
et al., 2017). We further observed that eels preferentially passed dur-
ing the early parts of sluicing events and mostly before the maximum
level of discharge was actually reached. This indicates that the pace at
which discharge increases rather than the maximum discharge level
might be the decisive mechanism in guiding eels to overcome the bar-
rier. This is in accordance with findings by Verhelst, Baeyens, et al.
(2018), who observed that low flow velocities were not strong enough
to attract migratory eels. In contrast, it has been reported that too fast
and sudden a change in water movement might lead to rejection
behaviour and upstream retreat, suggesting that there might be an
upper threshold to the positive relation between flow velocities and
passage success (Piper et al., 2015).

Nocturnal migration behaviour of eels at barriers is well known
(Egg et al., 2017; Lowe, 1952; Piper et al, 2017; Vgllestad
et al., 1986). Twenty-six eels migrated through the tributary towards
the sluice, of which 24 passed the sluice during the night. Two individ-
uals used sluicing events during the day, further validating the impor-
tance of the nocturnal migratory behaviour of eels at barriers. Thus,
night-time sluicing events are of particular importance for the escape-
ment of eels.

This study shows that eels are able to successfully pass tidal sluices,
but that these barriers can cause migration delays. Findings from this
work suggest that to assist eel migration the duration of discharging
excess water could be reduced in favour of discharging excess water
more quickly and at higher volumes. However, the amount of water to
be discharged through sluices is usually determined by climatic condi-
tions and specific traits of tributaries. We therefore suggest that water
managers devise a site-specific trade-off between day and night-time
sluicing and between the number of sluicing events and the amount of

water discharged as a suitable management option to assist migration

of eels. Further studies should focus on the site-specific compromises

between eel behaviour and sluice management.
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