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Abstract: Frequent changes in the tide levels in estuaries cause constant changes in the hydraulics
of fish passage systems, with important effects on successful fish passage and swimming behavior.
In most cases, Japanese eels often have low passage rates in engineered fishways because of their
special habits. In this study, we established a 1:4 scaled-down weir-hole combination bulkhead
fishway, studied the effects of different tidal differences and water depths on the passage rates and
swimming behavior of yellow-phase Japanese eels, and analyzed the response of the Japanese eels to
the hydraulic factors by superimposing their swimming trajectories and the flow field simulation
results. We found that the passage rate of the eels decreased from 68.18% to 50.00% and 45.45%
under extreme high tide differences and extreme low tide differences, respectively. The eels tended
to use the low-velocity area to climb up the wall, and when crossing the mainstream, the yellow-
phase Japanese eels preferred the area with a flow velocity of 0.1~0.36 m/s and a turbulent kinetic
energy range of 0.001~0.007 m?/s?. Their upstream swimming speed was maintained at a range of
0.1~0.3m/s.

Keywords: physical model; fish migration; Japanese eel; track superposition; combined bulkhead
fish passage

1. Introduction

In the context of the development boom of hydropower resources, a large number of
weirs, dams, and other water-retaining structures have been built to cut off river channels,
and the spawning and breeding channels of migratory fish have been cut off, resulting in
the threat of population decline and the depletion of economic fish resources. Therefore, fish
passage facilities have become an important means of transportation for fish to complete
their reproductive migration [1-3]. Fish passage facilities in estuaries are relatively unique,
and they need to take into account both tidal changes and the migratory needs of brackish
and freshwater migratory fishes. The structural type of fish passage facilities is worthy of
more consideration [4-6]. Unlike vertical slot fishways (VSFs), which have the obvious
duality of water flow characteristics, combined bulkhead fishways combine vertical slits,
submerged orifices, overflow weirs, and ecologically similar fishways to make full use of
the advantages of various forms of fishways [7]. They are more adaptable to large water
level variations and, thus, suitable for the simultaneous passage of a variety of fish, greatly
improving the efficiency of fish passage systems, which have been popularized in the
estuaries in eastern China.

The Japanese eel, an important economic fish migrating downstream, is widely dis-
tributed in China at the mouths of the Yangtze River, the Min River, and the Pearl River
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estuaries near the junctions of salt and freshwater basins. The abundance of global eel
populations, including in China, has declined significantly over the past few decades, with
a 90% reduction in fishing production [8-11]. Eels migrating upstream are easily drawn into
the blades of different turbines by their attraction currents and even die [12,13]. Although
mechanical damage to the turbine is avoided, the continuous climbing of the eels over the
spillway greatly increases their migration time and covertly reduces their survival rate [14].
The presence of multiple dams on their migration path has had a cumulative effect on the
eels’ passage delay and has also increased their mortality rates.

The current conservation of eels is mainly based on stocking and reducing their migra-
tory barriers, and the design of fishways in China is mostly based on foreign studies on
fish with strong swimming abilities, such as salmonids and trout, while eel-type swimmers
(eels and seven-gill eels) are relatively weak swimmers. Previous studies have shown that
eels have a burst swimming speed of 0.5 m/s on unmodified weir surfaces [15]. Some
individuals have also shown a greater swimming speed, but for only a few seconds [16],
and therefore, they tend to perform poorly when passing through vertical channel fishways
and Daniel-type fishways (with channel flow velocities greater than 1.2 m/s), developed for
salmonids, carps, and other species with strong swimming ability [17]. The eel is usually
considered a typical benthic aquatic organism, especially when it is in the yellow eel stage,
and it often feeds and migrates near the riverbed. However, under some specific conditions,
eels can also show excellent climbing abilities. Legaul [18] demonstrated that juvenile
eels less than 10 cm in length also have the ability to climb vertical walls, especially when
the surfaces of these walls are covered with moss or algae. Cowx et al. [19] discovered
that when the height of falling water approached the body length of an eel, it showed
obvious difficulty in moving upwards. In order to solve the problem of the migration
difficulties of eels, some research progress has been made through field observations and
model tests, but there have been relatively few studies on the behavioral response of eels to
hydraulic factors.

In this study, a reduced-scale hydraulic model was used to solve the high-cost problem
caused by constructing the original-size model [20]. The transformed hydraulic indexes
based on the Froude similarity criterion were used to analyze the response of fish to
hydraulic characteristics so as to obtain regular data about their upstream trajectories
and swimming ability [21-24]. The analysis of the upstream response of Japanese eels is
essential for the future design of fish passage facilities in Chinese estuaries.

2. Materials and Methods
2.1. Research Fishway Overview

In this study, the right bank fishway project of the Cao’e River sluice gate in Shaoxing,
China (30°22' N, 120°45’ E) was used as a prototype. The design of fish passage structure
and observed passage of eels at the Cao’e River sluice are shown in Figure 1.The water level
changes upstream and downstream of the fishway were observed and counted throughout
April 2017, with a maximum difference of 6.2 m between the upstream and downstream
water levels. The species distribution in the right bank fishway was investigated by net
fishing in November 2017. The normal storage level of the sluice gate is 3.90 m. The design
is based on the calibrated standards for 100- and 300-year-flood events. The fishway is
429 m long, and the head is 1.0 m, which is a low-head fishway. The upstream and
downstream sections of the fishway have an open rectangular channel structure, and
the middle section is a closed box-shaped channel structure with a bottom slope of 0.21%.
The net width of the fishway is 2.00 m, the wall thickness of the inner tank is 0.40 m, and
the bottom thickness of the tank is 0.50 m. The spacing between the partitions is 3.00 m,
the thickness of the partitions is 0.20 m, and there are 167 partitions. A resting pool is
set up at every 27 m interval; the resting pool is 6.00 m long, and the inlet water level of
the fishway is mainly influenced by the tide level from the outer river (Qiantang River),
showing obvious day-to-day cycle changes. The outlet of the fishway is mainly influenced
by the scheduled operation of the inner river (Cao’e River). From 2020 to 2022, using
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underwater video camera equipment, eels were observed crossing the dam and climbing
over the weir surface at the same time.

le— — — — —Local fishway pool— — — — —»

Climb over the crest of the weir &

Throughsubmerged orifice ;
Right bank near inlet of fishway
Figure 1. Design of fish passage structure and observed passage of eels at the Cao’e River sluice.

2.2. Scaling Scale Experiment
2.2.1. Experimental Facilities

A scaled-down physical model with a length ratio of 1:4 was designed and developed
to study the hydrodynamic characteristics of the combined bulkhead fishway and the
upstream behavior of Japanese eels, as shown in Figure 2. The model was arranged in
a wide flume at the Zhejiang Institute of Water Resources and Hydroelectricity. It has
dimensions of 12.5m (L) x 0.5 m (W) x 0.9 m (H), with 10 pool chambers (9 standard pools
and 1 resting pool*), of which the standard pool is 0.75 m long, and the resting pool is 1.5 m
long. In order to clearly capture the images of eels passing through, white reflective stickers
were put on the bottom slope of the fishway and the side of the Plexiglas retaining wall.
The Plexiglas partition was arranged between the retaining wall and the glass outer wall of
the tank, and the external steel frame of the tank was reinforced. The whole structure was
placed in a circulating water circuit, with a water supply circulating through the pump and
the water level adjusted by a gate downstream.

With reference to the operating conditions of the fish passage project at the Cao’e River
Lock and the tide level monitoring results, the passage of Japanese eels was studied under
four different combinations of upstream water levels H; and downstream tide levels Hj.
AH is the difference between the upstream and downstream water levels (AH = H1 — H2),
where W1 is the normal design condition of the Cao’e River Lock, and W2 and W3 are
cases of low and very low tide levels downstream (the difference between the upstream
and downstream water levels is 3.0 m). When the actual Cao’e River Lock is in operation,
the difference between the downstream tide level and the upstream reservoir level can be
as high as 6.1 m. W4 and W2 have the same head difference but different water depths,
which was mainly used to investigate the effect of a low water depth at the inlet on the
passage of the eel. The design conditions are shown in Table 1.

A square net box was set in the inlet section of the fish passage system as an activity
area for the test fish to adapt to the flowing water, and a block net was set at the outlet of
the fish passage system to collect the test fish. The water flow pattern was photographed
by a camera, and the water level was measured by an infrared water level acquisition
terminal with a sampling frequency of 5 HZ. The analysis of fish upstream behavior
by video monitoring has been widely recognized by scholars [25-27], and two infrared
network cameras (DS-2DC2D401W-D3 /W, Hikvision, Hangzhou, China) with automatic
zoom were set up directly above the fishway. Two infrared network cameras were set
up directly in front of the fish passage to achieve a monitoring field of view covering the
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entire fish passage system, which could completely capture the behavior of the test fish in
three dimensions.

Table 1. Test condition design.

Group H; ? (m) H, ? (m) AH € (cm) AZ 4 (cm)
w1 0.561 1.5 0.6
W2 0.575 0.525 5 1.8
W3 0.475 10 3.6.
W4 0.500 0.450 5 1.8

Notes: ? Denotes the model upstream water level; b denotes the model downstream water level; ¢ denotes the
model upstream and downstream water level difference; ¢ and denotes the average water level difference of the
bulkhead before scaling.
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Figure 2. Layout of the scaling experiment: hetero-lateral arrangement of partitions, with a total
of 10 pool chambers set up and the 3* pool chamber as a representative pool for measuring flow.
(a) Infrared water level meter suspended above the pool, six in total, 5 HZ; (b) infrared cameras used,
four in total, two directly above the pool and two on the side; (c) pool chamber for experimental
recording; (d) model partition size in m; (e) Japanese eel (yellow eel stage) used in the experiment.

2.2.2. Hydraulics

The combined mode of the overflow weir and submerged hole makes the water
flow in the fish passage system relatively complex, so it was necessary to make fine mea-
surements [28]. The experiments were conducted using an acoustic Doppler velocimeter
(Vectrino velocimeter (ADV), Nortek, Boston, MA, USA) for water-layer heights of 0.2 H,
0.5 H, and 0.8 H at the bottom of the parallel pool as the study pool. Considering that
the bottom hole and the top of the weir are the key parts of the fish passage system, four
longitudinal measurement lines were arranged at the bottom hole and the top hole of the
weir in the No. 3 bulkhead with equal spacing in the transverse longitudinal direction,
totaling 32 measurement points. The arrangement of measurement points in pool 3* is
shown in Figure 3.
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Figure 3. Distribution of measurement points in the plane of pool 3*. The black points are distributed
at 0.2 H, 0.5 H, and 0.8 H heights; the red points indicate the measurement points at the weir and

submerged holes; and the blue lines A and B are the measurement lines used to verify the accuracy of
the numerical model.

The hydraulics calculations inside the combined bulkhead fishway were carried out
by computational fluid dynamics (CFD), a common tool used in previous studies [29,30]. In
this study, we focused on the flow velocity and turbulent energy inside the pool chamber of
the fishway, two hydraulic factors that have been shown to have an important influence on
the successful upstream movement of fish. We solved the Navier-Stokes equations within
a reasonable computational cost based on the multiphase flow theory (VOF) and the k-¢
dual-equation turbulence model, with the simulation object at a given water level of import
and export, a set pressure boundary, and an iterative accuracy of 10~°.

2.2.3. Fish

The test eels were selected from yellow-phase Japanese eels produced in the Cao’e River
and Qiantang River basins in China, provided by local farms, and tested on the day of
delivery (Table 2). Quite a number of studies have confirmed that yellow-phase Japanese
eels are more active and have an anadromous migratory demand [31], and their size is
convenient for model observation after size reduction. The test eels were divided into two
groups, large and small, according to body length, and they were temporarily reared in a
transient pond before the test, with an oxygenation pump turned on during the process
to ensure that the dissolved oxygen was greater than 8 mg/L. The transient pond was
replenished and updated with 1/3 of the water volume every day. The eels were retrieved
with a net after the test, and all eels were released into the Xiasha Riverside section of the
Qiantang River after all tests were completed.

Table 2. Body length and weight of test eels.

Group ID L L+ SE w W £ SE
cm cm g cm
I 26.6~39.5 4.4 80.0~119.2 9.8
I 42.5~68.4 7.8 131~334 62.2

Notes: I—Denotes the small-bodied long yellow-phase Japanese eel; [I—denotes the large-bodied long yellow-
phase Japanese eel; L denotes the body length of the test eel; and W denotes the weight of the test eel.

2.2.4. Test Method

The fish release experiment was carried out in November 2022. Welsh et al. [32] found
that the nocturnal activity of eels was significantly higher than that in the daytime, so
the experimental time chosen was from 16:00 to 22:00. To prevent the test water quality
from causing harm to the eels, the basement was released a week in advance to flush the
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reservoir, which was then filled with tap water and natural water from the river on campus
for 7 days of aeration. The water temperature during the test was 15 &+ 1.8 °C, with a
pH value of 7.2 and dissolved oxygen of about 8 mg/L. Before the test, the eels were put
into the taming section near the inlet of the fish passage system so that they could fully
feel the water flow. Then the net was opened, and the test eels swam freely to explore the
upstream section while the infrared camera recorded the whole test process. The head of
the fish entering the first partition was regarded as the beginning of the upstream section,
and the tail of the fish leaving the last partition was regarded as the end. An eel was
considered to have failed if it did not reach the 10th pool room. A total of 22 healthy and
vigorous eels were randomly selected from the temporary pond at the beginning of each
test, and a total of 88 tests were completed in 4 groups of conditions. The eels were not
reused throughout the whole test.

2.3. Data Analysis

The test videos were all taken by infrared network cameras (DS-2DC2D401W-D3/W,
Hikvision, Hangzhou, China) and stored in MP4 (H264) format, with 4 cameras recording
the motion trajectory of each eel, for a total of 352 video files, of which a total of 50 successful
upstream videos were collected. The processing of the eel swimming trajectory data were
carried out by ZooTracker software (https://www.microsoft.com/en-us/research/project/
zootracer/, accessed on 16 May 2023), which exported the coordinates of the eel movement
trajectories frame by frame with the head of the eel and intercepted the position of the fish
head in the new frame every 0.4 s so as to facilitate the subsequent unified analysis of the
behavioral characteristics and swimming speed of the eel. In order to reflect the whole
process of upstream swimming of the eel more intuitively, the test counted the passage rate,
the upstream swimming time, the number of times the eel turned back, the turnback rate,
the number of obstacles passed (the bottom holes and weirs), and the maximum upstream
distance of the eel in the process of swimming upstream under four groups of working
conditions. The eel was considered to have successfully passed through the last partition
of the fish passage system (the 10th section of the pond). If the eel’s head and body turned
around during the process of passing through the fish passage, it was defined as “turning
back”, and the number of times the eel turned back was the total number of times the eel
had passed through the fish passage to the farthest distance. The total time it took the eel
to pass through the fish passage was the time it took the eel to pass the farthest distance.

The experiment obtained the passage strategy (trajectory type, use of low-speed reflux
zone) of the eel in each section of the pool chamber under four combinations, as well as each
passage speed (the maximum burst swimming speed and the average speed appearing
in the process) in the 3* study pool. The swimming speed of the eel was obtained by
synthesizing the motion speed obtained from the trajectory points in ZooTracker software
and overcoming the flow velocity vector of the corresponding point in the background of
the simulated flow field. The eel’s migration preference was determined by superimposing
the flow velocity and turbulent energy of the hydraulic factors on the path chosen by the
eel and the simulation results in order to facilitate the analysis of the response relationship
between the eel’s migration behavior and the hydraulic factors. Statistical analysis of the
experimental data were performed in IBM SPSS Statistics, and the variability among the
samples was tested by the one-way ANONA method of variance. All tests were two-sided
with a significance level.

3. Results
3.1. Flow Field Results Verification

The test found that the eels mainly completed their migration through the bottom hole.
The numerical simulation results at the 0.2 H water-layer and the submerged hole under
W1 were compared with the physical model ADV measurements, and the simulated and
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measured flow velocities of measurement lines A and B were compared. In assessing the
measurement accuracy, the mean absolute percentage error (MAPE) was introduced.
1 n
MAPE = —
n i;

M- S

i

x 100% 1)

where Mi represents the measured value and Si represents the simulated value. Related
studies generally agree that when the MAPE value is less than 10%, the simulated prediction
results are within the acceptable range [33,34].

The numerical simulation results of all measurement lines basically match the mea-
sured results of the physical model (Figure 4). Most of the measurement points of measure-
ment line A and the simulation comparison error value of the MAPE were in the range of
4.6~10%. The difference was only slightly larger in the position near the baffle, while the
MAPE range of measurement line B was 2.2~6.7%. The numerical simulation had good
accuracy overall and can truly reflect the hydrodynamics of the fish passage flow field.
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Figure 4. Flow measurement results of the 3* study pool. (a) Comparison between the measured
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and simulated values of the flow velocity of the A-line in the pool chamber area. (b) Comparison
between the measured and simulated values of the flow velocity of the B-line at the top of the weir.
(c—e) Distribution of the plane flow field measurements at the surface layer 0.8 H, the middle layer
0.5 H, and the bottom layer 0.2 H under the working condition W1, respectively.

The distributions of the surface and bottom layers of the fishway were similar. There
was a main flow area (0.1~0.2 m/s) and a reflux area, and the main flow was distributed on
the side of the orifice. The flow velocity of the middle layer was smaller compared to the
surface and bottom layers, and the water flow was influenced by two jets moving up and
down. The water flow structure was relatively complex, and there were two reflux areas,
one large and one small, on the left and right sides.
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3.2. Pass Rate and Pass Time

The results of the eel passing test are shown in Table 3 and Figure 5. Analysis of the
data on passing in the four groups of working conditions revealed that under the flow field
conditions of W1, a total of 19 out of 22 test eel samples exhibited upstream behavior, of
which 10 eels successfully completed upstream swimming, with a passage rate of 45.45%.
Among the 19 test samples with upstream behavior, a total of 16 showed turnback behavior,
with a turnback rate of 84.21%. In the channel selection, the total number of fish crossing

the bottom holes was 189, and a total of 2 eels crossed the weirs, with an incidence rate
of 10.53%.

Table 3. Passage data of test eels.

Total Number Number of Over-Weir
Group Number of Samples Passage Rate of Turns Back Turnback Rate Weir Crossings Occurrence Rate
W1 22 45.45% 32 84.21% 2 10.53%
W2 22 68.18% 15 31.82% 3 12.50%
W3 22 50.00% 25 75.00% 12 18.75%
W4 22 54.55% 23 62.50% 9 37.50%

Notes: The groups represent the working conditions in Table 1: W1, W2, W3, and W4. The turnback rate was
calculated as the percentage of the eels that turned back out of the eels that swam upstream; The over-weir
occurrence rate was calculated as the percentage of eels that went over the weir out of those that swam upstream.

18 275
154 |:| Pass failure = Total passing time (log,)
V] Pass successfully a
12 1 2250t
5 Z
6 o 2.25
= 3] 7 £
0" %/,,,//% 52001
=
agu=mi
<175}
-6
9 1.50
WI1W2W3 w4 WI1W2W3W4
(a)

Figure 5. Passage of eels in different body length groups and the total time of eel passage. (a) Passage
of eels in different body length groups; the red line indicates the small body length group (17 eels
were used randomly in each working group), and the blue line indicates the large body length group
(5 eels were used in each working group). (b) Total time of eel passage, with a large extreme difference
in upstream swimming time, and logjp-processed.

Under W2, the downstream tide level was lowered, and 15 eels swam upstream
successfully, with a passage rate of 68.18%. A total of 15 returns were made, with a
turnback rate of 31.82%, which was the lowest among all conditions. This may be an
important reason why the passage rate for W2 was the highest among the four groups of
conditions. There were 196 fish crossings in the bottom holes; a total of 2 eels crossed the
weirs; and 3 eels crossed the top of the weir, with an incidence rate of 12.50%.

W3 further lowered the tide level on the basis of W2, which was a high-flow rate
condition for eels. A total of 16 eels swam upstream, but only 11 passed successfully, with
a passage rate of 50.00%. Out of the 16 upstream samples, 12 eels turned back, for a total of
25 returns, all of which occurred in the samples that swam successfully upstream, with a
turnback rate of 75.00%. However, weir-crossing behaviors mainly occurred in the pool
room after the resting pool, and the bottom hole was still the main crossing point for most
of the fish. The bottom holes were crossed a total of 164 times, while the weirs were crossed
12 times, resulting in a weir-crossing rate of 18.75%.
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W4 was based on the head drop of W2, and the inlet water depth was reduced to
explore the effect of the inlet water depth on fish crossing. A total of 16 eels showed
upstream behavior, and a total of 14 eels completed the upstream swimming, with a
passage rate of 54.55%. In addition, 10 eels showed turnback behavior a total of 23 times,
which occurred 15 times in the samples that successfully swam upstream, with a turnback
rate of 62.50%. Six eels crossed the weir, crossing the bottom holes 174 times and the weirs
9 times, and the rate of crossing the weir was 37.50%.

The difference between the minimum and maximum time it took the eels to swim
upstream was large, and for the purpose of our analysis, the upstream swimming time
was bottom-logged by 10. The total time it took the Japanese eel to swim upstream in
W1 and working condition 4 was significantly greater than that in W2 and W3 (p < 0.05),
indicating that both low-flow and low water depth prolonged the swimming time of the
eels, indirectly indicating that the eels were prone to disorientation or disturbed passage
selection under such conditions. In addition, many eels were found to turn back during the
experiment, and the increase in the number of turns means that the eels needed to spend
more time and consume more energy, which is not conducive to eels” upstream swimming.

Overall, the yellow-phase Japanese eels in the small-length group seemed to perform
better in the fish passage pool, with a higher passage rate. The surveillance video showed
that they had more motivation to try to cross the weir and were able to climb over the top
of the weir at some specific times, with a total of 13 groups of individuals successfully
crossing the weir. The Japanese eels in the large-length group did not climb over the top of
the weir in any of the four groups, and the test water showed a lower induction effect on
them with a lower passage rate compared with that of the small-length group. (p > 0.05).

3.3. Upstream Paths and Access Strategies

By comparing the upstream trajectories of Japanese eels in the yellow-phase of the
four groups of working conditions collected, taking pool 3* as an example, we found
that the upstream trajectories of the Japanese eels can be summarized into four types
(Figures 6 and 7), namely, “L” trajectories, “S” trajectories, “linear” trajectories, and climbing
over the top of the weir. The “L” trajectory indicates that the eel crossed the mainstream
against the wall, then followed the right side of the wall and the lower baffle in the reflux
area, and finally passed the bottom hole. The “S”-typed trajectory means that the eel
briefly used the reflux area to adjust and continued to enter the mainstream to complete
the upstream trajectory. The “linear” trajectory means that the eel was in the mainstream
for almost the entire upstream trajectory. Climbing over the top of the weir means that the
eel climbed up and over the weir along the bulkhead or went up along the side wall of the
sink first and then waited for an opportunity to swim from the mainstream area along the
weir and swam through with burst speed.

(@) (b) (©)

Mainstream zone Maigslm&m—zenc -

/ 1714 g

RN |
(=]

Figure 6. Three typical trajectories of the bottom passage. (a) L-type trajectory in the text eels.

(b) S-type trajectory in the text eels. (c) line-type trajectory in the text eels. Between the red lines is
the mainstream area, inside the blue circles is the reflux area, and the dashed lines indicate typical
trajectories, from left to right: using reflux almost the entire time (L-type), using only the mainstream
(line-type), and briefly using the low-speed reflux area for reflux (S-type).

Whether passing from the bottom hole or on the weir, most of the yellow-phase
Japanese eels chose to pass through the mainstream quickly by pressing their bodies
against the low-flow velocity area on the wall during the upstream process. The eels tended
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Percentage of path

to avoid the center of the mainstream under high-flow, obviously slowed down and turned
after their bodies contracted when their heads touched the bulkhead and continued to pass
quickly after finding the mainstream along the bulkhead. Some of the eels continued to
pass through the mainstream on an “S” trajectory. A small number of eels with strong
swimming abilities passed through the bottom hole in a sprint line. However, the video
playback showed that many eels that chose the “L” trajectory had attempted to cross the
weir before reaching the bulkhead.

N \Eel tries to climb

Figure 7. Typical behavior of eels passing the top of the weir.

Figure 8 shows the proportion of eels choosing the trajectory type under each working
condition. The proportion of the “linear” trajectory in the four working conditions did
not change significantly with the change in the working conditions. In the analysis of the
representative pool chamber, the trajectory over the weir was only extracted in the lower
flow condition 1 and the lower overall water depth condition 4. In general, the eels still
mainly swam in their unique wall-adhesive style when moving upstream, and the change
in the hydraulic conditions affected their upstream swimming strategy to a certain extent.
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Figure 8. Percentages of various trajectories and corresponding upstream swimming times.
(a) Percentages of trajectories collected by the 3* pool under different combinations of working tide
levels. (b) The corresponding passage times of the trajectories. For the purpose of analysis, log;o was
processed.

The infrared camera recorded the upstream swimming time of each eel in pool 3%,
aiming to study the differences in the upstream swimming times of different trajectories.
The analysis of Figure 8 shows that, among the three trajectories, the eels with the “L”
trajectory had a significantly longer travel time than those with the “S” and linear trajecto-
ries (p < 0.05). Compared to the other trajectory types, the travel times of the individuals
with the “L” trajectory were significantly longer than those with the “S” trajectory. The
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time difference for the individuals with the “L” trajectory was large compared to the other
trajectory types, with the longest time reaching 144 s.

The flow slices in the fish passage system in Figure 9a reflect the three-dimensional
distribution of water flow inside the fish passage, with the two jets spreading and mixing
with each other. Analysis of the data collected from each section of the fishpond revealed
(Figure 10) that, overall, the eels” utilization of the reflux area increased with increasing flow,
and they showed a sprint-rest pattern. Most eels chose to use the reflux zone to preserve
their strength under the four groups of conditions, and compared to the inlet chamber
(1%, 2%, and 3*) of the fish passage, the eels passed through the outlet chamber (10*) more
easily. The spacing of points in Figure 9c reflects the passage speed of the eels (adjacent
points At = 0.4 s). It can be seen that under all working conditions, the eels mainly moved
at 0~4 cm from the bottom plate and chose to sprint through the mainstream of the bottom
hole at a faster speed, slowing down before the next baffle. The overall swimming speed of
the eels increased with the increase in flow.

(b)

Pool lenth (m)
e e
> 3

1
=
g

S
o

0.0 4
00 0.1 02 03 04 05

(©)

Pool height (m)

o
)

() -
00 01 02

-
flow direction

Pool width (m)

flow direction
-

W2 W3 W4
Q=15.3L/s Q=20.9L/s Q=13.5Lss
Velocity Velocity Velocity 3
M os ™ os W os k %
04 04 04 —
LB LB B ‘
1 0.1
H LN -
08]: % 084 054
;0.5-.,.' 3 < 061 E £ o6t g
3 2 e 2 3 B
2 04 B 2 04 3 g 04 z
= = =
02 02 02
i |

0.0+ ———
0.0 0.1 0.2 03 04 05
Pool width (m)

flow direction

bt S o
o RO

Pool height (m)

o
)

0.1

. K
. ' :5.!':i. :.'.:;1“
oL i i T HHEENEE-3 S

0.04 WYY
0.0 0.1 0.2 03 04 05
Pool width (m)

flow direction
-

0.4

ji.ii;:ii

bt
by

Pool height (m)

o
)

03 04 05 06 07
Pool lenth (m)

0.8

0.1
0.0 01 02 03 04 05 06 07 08
Pool lenth (m)

0.1
0.1
0.0 01 02 03 04 05 06 07
Pool lenth (m)

0.0 4 -
00 0.1 02 03 04 05

bt S o
PO Y

Pool height (m)

o
)

Pool width (m)

flow direction
-

.3 04 05 06 07
Pool lenth (m)

Figure 9. Three-dimensional spatial distribution of the trajectory of the test eel. (a) Flow velocity
clouds of sections in the long direction of each working pool. The initial and end sections on the left
and right sides were taken at the middle axis of the thickness of the bulkhead (y = 0.025 m), and the
sections were equally spaced with a spacing of 0.25 m. (b) Top view of the trajectory of the test eel
(xy-axis). (c) Side view of the trajectory of the test eel (yz-axis). Different colors have been used to
differentiate the tracks of each test fish.

3.4. Upward Preference
3.4.1. Flow Rate Selection Preference

According to our previous findings, the eels passing through the bottom hole were
basically active at a height of 0~5 cm from the bottom of the pool, and the flow field
data of the 2.5 cm height section (median) from the bottom of the pool were extracted
as the background flow field of the eel’s upstream trajectory. The eels’ trajectories were
imported and coupled with them. It can be seen in Figure 11 that after passing through the
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mainstream area of the upper bottom hole, only a small proportion of eels chose to pass
through the mainstream area continuously, and most eels passed through the low-flow
velocity area against the wall or along the edge of the mainstream. Under the high-flow
velocity conditions, the eels hardly chose to pass through the center of the mainstream. The
trajectory distribution of W4 appears to be relatively discrete compared to the first three
groups. Many eels swam through the center of the reflux area, indicating that the hydraulic
conditions of low water depth and low-flow velocity were indeed more likely to disorient
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Figure 10. Utilization of the reflux zone by eels in each section of the pool chamber under various
working conditions. (a-d) refer to the utilization of the reflux zone by the test eel at working
conditions W1, W2, W3 and W4, respectively. TS1 refers to eel passage utilizing the low-velocity reflux
zone; TS2 refers to eel passage relying only on the mainstream to complete upstream swimming; the
bottom axis number corresponds to the pool chamber number; and the rightmost column indicates
the mean value of the low-velocity reflux zone utilization statistics of the test samples.

The upstream swimming strategy of fish can be attributed to the selection preferences
of the hydraulic factors. When fish appear frequently or gather in a certain area, excluding
resting midway in this area, it is generally because the flow field conditions in this area
are more suitable for them to go upstream. Induction conditions can provide suitable
turbulence, and fish can pass through with relatively less effort, thus being selected by the
fish many times. By analyzing Figure 12, it can be seen that when crossing the mainstream
of the bottom hole, the eels in the lower-flow velocity of W1 and W4 preferred to pass from
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the flow velocity of 0.12~0.18 m/s to the 0.10~0.30 m/s region, and as the flow continued to
increase, the eel’s flow velocity preference increased to 0.20~0.36 m/s in W2, while in W3,
where the flow was the largest, the mainstream flow velocity increased. The eels preferred
to pass through the outer edge of the mainstream at 0.10~0.36 m/s. After passing through
the bottom hole, the eels were driven by habit to go up along the wall. This stage was also
the stage where the eels were most likely to become lost, and when they reached the next
section of the bulkhead, they sensed the mainstream and continued to go up.

(b) (d)
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Figure 11. Superimposed diagram of the trajectories and flow velocity fields of the eels in the 3* pool
test. The flow velocity fields are W1, W2, W3, and W4 from left to right, and the red box in (a) is the
area near the bottom hole. (a-d) are the superimposed effects of the eels trajectories and background
flow field cloud maps under the working condition W1, W2, W3 and W4.
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Figure 12. Selection of the background velocity fields by the test eels when passing through the
mainstream of the bottom hole. (a-d) are the eel’s choice of background flow rate for W1, W2, W3
and W4 conditions. Statistics from trajectory points in the red boxed area in Figure 12a, fitted curves
obtained using multi-peak analysis, Gauss fit.
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3.4.2. Disordered Turbulent Kinetic Energy Selection Preference

The overall turbulence of the model pool chamber was low, and the distribution of the
turbulent kinetic energy (TKE) was similar to that of the mainstream (Figure 13). Under
high-flow, the eels preferred to move up from the outer edge of the mainstream near a TKE
of 0.002~0.005 m?/s2. The overall performance of the whole upward movement was as
follows: when passing through the high-turbulence area, the preferred swimming path
was towards the area with lower turbulence, and when the overall turbulence around the
area was at a low level, the eels started to move towards the area with higher turbulence
(looking for the mainstream).

(b) . ‘I-'KE

W2 W3 W4

Figure 13. Superposition of eel trajectories and TKE fields in the 3* pool test. The TKE fields are W1,
W2, W3, and W4, from left to right. (a—d) are the superimposed effects of the eels trajectories and
background TKE field cloud maps under the working condition W1, W2, W3 and W4.

3.4.3. Swimming Speed

The upstream movement of the eels in the flow field required them to overcome
the flow velocity of the flow field itself and rely on their own muscle contractions to
obtain forward momentum. The swimming velocity V was calculated according to
Equation (2) by superimposing the relative motion velocity extracted from the ZooTracker
software (https:/ /www.microsoft.com/en-us/research/project/zootracer/, accessed on
16 May 2023) and the magnitude of the background flow velocity corresponding to the
trajectory point:

V=V +u 2

In the above equation, u is the value of the flow velocity corresponding to the trajec-
tory point in the background flow field, and V' is the relative motion velocity of the eel
and others.

Figure 14 shows the average swimming speed of the eels in the four working con-
ditions, and Figure 15 shows the statistical results of the swimming speed of the eels in
each working condition at all trajectory points. It can be seen that the swimming speed of
the eels in the test fish passage was basically proportional to the flow level of the working
condition (Figure 15). The overall average swimming speed of the eels in W3 reached a
maximum value of 0.37 m/s (p < 0.05), while the swimming speed in W1 was the smallest
at 0.20 m/s. The swimming speeds of the eels in W2 and W4 were close to each other,
and there was no significant difference in the swimming speeds of the eels (p > 0.05). The
maximum swimming speed of the eels was 0.94 m/s near the bottom hole, and most eels
preferred to maintain a swimming speed of 0.1~0.3 m/s to pass through the center of the
mainstream. In addition, the swimming speed of the eels with a longer body length in
the fish passage did not show any obvious advantage over the eels with a smaller body
length (Figure 14), which indicates that the test flow velocity was less stimulating for the
eels of such a body length while it was obviously stimulating for the eels with a smaller
body length. Especially under W2 and W3, some of the eels swam at a speed of 0.60 m/s or
more, which was higher than that of the eels with a longer body length in the unmodified
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bottom of the fish passage pool and the maximum bursting speed of eels of such a body
length in the unmodified bottom of the fish passage [15].
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Figure 14. (a) Average swimming speed (m/s) of the test eel in the 3* pool and (b) relationship
between average swimming speed and flow rate (m3/s). (b) The scattered points in the figure are
10.1L/s,15.3L/s,20.9 L/s, and 13.5 L/s from left to right flow rate in order.
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Figure 15. Swimming speed (m/s) of the test eels through the 3* pool under each working condition.
(a—d) are the swimming speeds of each test eel under W1, W2, W3 and W4 conditions. The yellow
bars indicate that the eels used belonged to the large body length group, while the dark blue bars
indicate that they belonged to the small body length group. The vacancies indicate that the eels did
not reach the 3* pool.
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4. Discussion

In this study, we established a scaled-down combination bulkhead fishway and carried
out eel release tests to study the upstream behavior of eels. After verifying the accuracy of
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the numerical simulation, the results show that the combined bulkhead fishway was differ-
ent from the vertical slit fishway, with obvious three-dimensional structural characteristics,
which is consistent with the findings of Dong Z Y et al. [7].

There were also differences in the performance of different tide level combinations
on the upstream response of yellow-phase Japanese eels. In this study, after referring to
the observation results of the actual water level, four groups of working conditions with
different flow rates and different water levels were set, and the lowest passage rate (45.45%)
and the highest turnback rate (84.21%) of overfishing in W1 were due to the poor induction
effect of the low-flow velocity and low turbulence in the pool chamber of the fishway for
eels of the test body length, especially in the area behind the bulkhead. The flow velocity
may have been lower than the induction velocity of the eels of this length, which may have
easily disoriented the eels. This is similar to the results of Foulds [17] in a study on the
effects of passing eels in a pool-weir fishway, in which this is a common problem. When
the downstream tide level dropped slightly, these conditions improved, but when the tide
level dropped further to the very low tide level of W3, the main current (V > 0.5 m/s)
began to become an obstacle to the passage of eels [15], and the eels reappeared with a
low passage rate (50.00%) and high turnback rate (75.00%). Analysis of the video playback
showed that most of the return of eels in this working condition was due to overcoming
the high-flow velocity. We were surprised to find that, in comparison to W2, with the same
head difference and better performance in fish crossing, the overall reduction of the water
depth of the fishway still maintained a higher rate of turning, but the incidence of eels
crossing the weir was significantly higher, so it seems that the reduction of the water depth
of the fishway inlet may have increased the rate of turning and thus reduced the rate of
successful upstream passage. The low water depth and low-flow rate induced more eels to
cross the weir; six eels crossed the weir a total of nine times, and the incidence of crossing
the weir was 37.50%.

CaiL and Li G et al. [22,35] studied the effects of different body lengths on the upstream
swimming efficiency of grass carp juveniles in a vertical slit fishway. Kjeeras [31] found that
small-bodied eels showed a stronger intention to pass the weir than large-bodied eels by
monitoring the three-dimensional trajectory of European eels passing in the Atran River. In
most cases, the fish swimming speed and body length showed a positive correlation [36,37],
but in this study, eels in the large-length group did not show an advantage in passage
time or passage rate relative to eels in the small-length group, which may be related to the
fact that the model water flow conditions were not attractive enough for this type of body
length eel.

The utilization of the reflux area by the Japanese eels increased with the increase
in the flow rate, and they showed a strategy of sprinting, resting, and sprinting again
during the upstream swimming process. The long-time length of the “L”-shaped trajectory
(t > 60 s) in the single-section cell was mostly related to the disorientation of the eels, and
the retrospective video showed that the eels kept wandering in front of the bulkhead in
search of the mainstream or resting in the reflux zone in front of the bulkhead. From
the comparison of the working conditions, the low-flow speed in W1 affected the eels’
induction, and they were easily disoriented. The high-flow speed in W3 required a longer
rest time after the eels overcame the mainstream, and the upstream swimming time was
longer. Under the low water depth in W4, some eels also lost their direction in front of the
bulkhead, and in general, the “L”-shaped trajectory of the eels under W2 had the shortest
upstream swimming time and were the least disoriented. The “S” trajectory and the
linear trajectory basically indicate that the eels did not lose their way during the upstream
swimming process but chose to face the mainstream or quickly finish their upstream
swimming against the edge of the mainstream. There was a large individual difference
in the linear trajectory type only under W1, and there were no significant individual
differences in the upstream swimming times under the other working conditions (p > 0.05).
The overall upstream swimming times were also close to each other. Thus, it seems that
Japanese eels use the reflux area more than other fish, have a relatively weaker swimming
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ability, and prefer to choose the path with which they can preserve their physical strength,
and which suits their swimming habits using the pool chamber strategy. In addition, there
was obvious wall-hugging behavior in their upstream swimming.

By superimposing the upstream trajectory of the Japanese eel with the flow velocity
and turbulent kinetic energy fields, it was found that, compared to the Iberian barbell
preference (flow velocity range of 0.2~0.4 m/s and a TKE less than 0.05 m?/s?) studied
by Silva [38], the preference of the Japanese eel for the flow velocity and turbulent energy
appeared to be relatively low. The yellow-phase Japanese eel preferred a flow velocity
range of 0.1~0.36 m/s and a turbulent energy range of 0.001~0.007 m? /s when crossing
the mainstream. On the one hand, this may be related to the poor swimming ability of the
Japanese eel, and on the other hand, it could be closely related to the structure of the model
fishway itself, which had a low slope (0.21%) and produced a low level of turbulence.

Regarding the swimming speed of eels, Barbin G P and Mccleave ] D [15,39] concluded
that European and American eels of about 20 cm could maintain a swimming state for
30 min in a current of 0.26 m/s without fatigue, and when the flow speed continued to
increase to 0.3 m/s, their maintained swimming state quickly shortened to 11 min, which
indicates that eels prefer the former current. It is worth mentioning that the maximum
swimming speed of the eels in this test reached 0.94 m/s, which is higher than the maximum
swimming speed previously reported, but this swimming speed only lasted for a few
seconds.

In addition, the structure and slope of the fish passage system also had a great influence
on the water flow conditions, and these are the things to focus on in future studies in order
to give full play to the system’s efficiency.

5. Conclusions

In this study, we established a physical model of a weir-hole combination bulkhead
fishway, relied on the results of a refined fishway 3D numerical simulation, set up four dif-
ferent working conditions to create different water flow conditions, and used the behavior
of Japanese eels as the basis for the response to the hydrodynamics. The main conclusions
reached are as follows:

The success of Japanese eel passage through a fishway with a weir-hole combination
bulkhead was affected by water depth and flow rate. When downstream tide levels were
high or low, passage rates decreased to 45.45% and 50.00%, respectively, from the optimal
rate of 68.18%. Shallow water depth at the fishway inlet not only reduced eel passage
success but also increased the likelihood of eels climbing over the weir. As a result, the
occurrence rate of eels climbing over the weir increased to 37.50%.

In the process of swimming upstream, the eels tended to stick to the wall and use
the low-velocity zone to go upstream. Their overall performance was as follows: when
passing through the high-turbulence zone, the preferred swimming path was towards the
area with lower turbulence, and when the overall turbulence around was at a low level, the
eels started to move towards the area with higher turbulence and look for the mainstream.

When crossing the mainstream, the yellow-phase Japanese eels preferred to choose
the area with a flow velocity of 0.1~0.36 m/s and a turbulent kinetic energy range of
0.001~0.007 m?/s?, and they preferred to maintain a swimming speed of 0.1~0.3 m/s in the
fish passage pool room to complete the upstream movement.
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