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11 Abstract: In this experiment, we analyzed live fish (silver carp) trajectories recorded in an
12 experimental vertical-slot fishway. Combined with a numerical simulation, we demonstrated that
13 randomness shown in fish trajectories might not merely be attributed to the fish's random choices
14 in its swimming, but could also be a consequence of adaption to the bulk unsteady turbulent flow
15 structures. Simple superposition of a fish trajectory on the time-averaged flow field obtained either
16 by interpolating on discrete point measurements or numerical simulation data is not an ideal
17 method for description of fish movement. How to model the fish paths in transient flow and the
18 necessity of simultaneous recording of the flow field and the fish locomotion are challenging topics.
19 We also discussed the possible integration of currently existing methods to promote the
20 development of fish trajectory modelling.
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23 1. Introduction

24 River fragmentation by dams and weirs is heavily responsible for the dramatic decline in the
25  range and abundance of freshwater fish, making the fisheries development unsustainable. In order
26  to minimize such consequences, fishways are designed in a watercourse for mitigating the
27  fragmentation and keeping the sustainability of the river systems and the fisheries. One crucial
28  problem worth discussing is how to solve the coupling between the complex unsteady flow field
29  around the fish and the response made by fish during the fish pass, for which live fish tracing is an
30 effective method. As Lacey et al. (2012) proposed, relating the quantitative observational data on
31  spatial fish positions to their preference is the simplest level to start. Silva et al. (2011), Goettel et al.
32 (2015), and Tan et al. (2019) superposed the fish trajectories on the mean flow field in their studies.
33  They made statistics among the hydraulic variables and the residence times or appearance frequency
34  for the target fish. Hence, the "water preferences"” of a target fish can be found for given hydraulic
35  conditions. For later usage we refer to this approach of superposition of the fish path on time-
36  averaged flow fields as Method L

37 However, the flow in fishway is essentially a turbulent flow, which is comprised of unsteady
38  eddies of different sizes or length-scales. The existence of large eddies or coherent flow structures
39  implies that hydraulic variables at adjacent points possess close correlations, which are also
40  dynamically changing with time. In Method I, the prominent features of the contours of specific
41  hydraulic parameters are time-averaged at spatial points. During the averaging process, the vital
42  linkage between hydraulic variables at relevant space points is ignored, and replaced by the
43  turbulence intensity or turbulence kinetic energy. This represents only the velocity fluctuations at
44 each isolated position and the information of the vortex structures is accordingly lost.
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45 In contrast to Method I, the other kind of approach, referred to as Method II herein, was used in
46 the works carried out by Liao et al. (2003a, 2003b), Tritico and Cotel (2010) and Liao and Akanyeti
47 (2017), and describes the fish movement with the temporal vortical structures in the flow. Liao et al.
48  (2003b) pointed out that fish tend to exploit vortices to decrease muscle activity. Therefore, if the
49 vortical structures are random in a turbulent flow, fish will actively utilize the random eddies to assist
50  their swimming. Naturally, its movement reflects the randomness. In other words, randomness in
51  fish locomotion may be partially explained as an adaption consequence of velocity fluctuations,
52 which could not merely be interpreted as a fundamental feature of animal choices. This new
53  perspective leads us to reconsider our method used in fish trajectory modelling, as well as the concept
54  of "water preferences." In our opinion, "water preferences" seems not to be a feature at a fixed point
55  in space, but a series of continuously changing flow structures, which is better to be termed as
56  "hydraulic stimuli."

57 Besides the experimental methods, a Computational Fluid Dynamics (CFD) technique often
58  appears as a complementary tool to understand flow field details at any interested time and locations
59  over variable scales of view from microscopic to macroscopic. The Lagrangian Individual-Based
60  Model (IBM) combined with an Eulerian CFD-model is an emerging method in fish-path modelling
61 (Weber et al., 2006; Goodwin et al., 2006 &2014; Gao et al., 2016; Zielinski et al., 2018; Jager &
62 DeAngelis, 2018; Tan et al., 2018; LaBone et al., 2019; Gilmanov et al., 2019; Padgett et al., 2020). Based
63  on Lagrangian tracking of individual virtual fish, this kind of method evaluates the fishway design
64 by calculating the passage ratios of virtual migratory fish. However, proper modelling of the response
65  made by fish to its surrounding hydraulic stimuli is an unavoidable problem in the applications of
66  CFD tools, and reliable experimental results are a prerequisite.

67 In this paper, by experimenting with an experimental fishway with live fish (silver carp) as well
68 as a CFD simulation, we demonstrated the strengths and weaknesses of Method I, Method II and the
69  CFD technique in a descriptive way. The silver carp (Hypophthalmichthys molitrix) is a species of
70  freshwater cyprinid fish, one of the most well-known commercial fish in China (Shi et al., 2018). This
71  is a typical potamodromous fish and has regular migratory activities in spawning and nursery
72 periods. The species is currently classified as near-threatened in its original range, as its habitat and
73 reproductive behaviour are heavily impacted by the construction of dams. No matter from fish
74 conservation, economic values, or the convenience of access, this fish species is an ideal research
75  objective for this study.

76 The objective of this study is threefold. Firstly, to demonstrate that randomness shown in fish
77  trajectories might not merely be attributed to a fish's random choices in its swimming, but could also
78  be a consequence of adaption to the bulk unsteady turbulent flow structures. Secondly, to invoke
79  researchers to evaluate the effectiveness and practicability of the two typical methods used in fish
80  behavior studies, i.e., superposing a fish trajectory on the time-averaged flow field, and simultaneous
81  measurements of fish movement and the flow field around them. Thirdly, the internal hydraulic links
82  between the three methods and a proposed integrative framework of combining them are discussed,
83  which renders a new perspective for future experimental and numerical studies in fishway science.

84 2. Material and methods

85  2.1. Experimental setup

86 The experiments were conducted in an indoor Vertical Slot Fishway (VSF) at the Engineering
87  Research Center of Eco-Environment in the Three Gorges reservoir region, Yichang (China). The
88  major facility was 7m long, 0.5m wide, and 0.7m high, as shown in Figure 1.

89
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96 Figure 1. Schematics of experimental set-up: (1) side view; (b) plane view; (c) details of pool geometry
97 (L=0.625m, W=0.5m) and ADV measurement grid distribution in a plane parallel to the flume bottom
98 at z=9cm in pool 3. Points A and B are marked with the symbol %, as an example, where transient

99 velocity characteristics will be described in section 2.4.4.2. (Dimensions are not to scale).
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100 The fishway consisted of seven pools divided by Polyethylene hard boards; the uppermost and
101  thelowest pools are not labelled. The middle five pools with identical geometry and sizes are the test
102  sections. The fishway was set at a slope of 1%. Baffles were always vertical, despite of the slope in the
103  fishway model. The flume was connected to a head tank of the same width with a streamlined bottom
104  and a flow straightener net to smoothen the entrance flow. A pump was used to supply the head tank
105  from the laboratory sump. The flow rate was measured by a magnetic flowmeter installed in the
106  supply pipe and controlled by a valve. The fishway also encompassed an acclimation chamber at the
107  downstream end of the channel, which was created by installing two fine mesh screens 0.5m apart,
108  thereby preventing fish from entering the channel before the experiments began. The water used in
109  the experiments was drawn from the domestic water supply, recirculated through the laboratory
110  pumping system for at least two weeks before the tests, and checked for temperature, pH, and
111  dissolved oxygen at the beginning and the end of experiments (Silva et al., 2011). The water surface
112 levels were measured using graduated scales placed on the sidewall of the pool, in the vicinity of the
113 cross-walls and the middle point of the pool. The water level within the structure was regulated by a
114 slot gate at the downstream end of the fishway to obtain a "uniform flow," the definition of which is
115  that the mean flow depth in a pool is the same for all the pools, as suggested by Rajaratnam et al.
116 (1986). Table 1 provides the primary details of the experiments. In a preliminary test, we observed
117  that the fish swimming almost in a plane parallel to the bottom at a distance of 0.3ho (i.e., 9cm from
118  the fishway bottom, ho is the water depth in the fishway). Hence 102 sample points were measured
119  inthat plane, as shown in Figure 1(c).

120 Table 1. Parameters of the Experiments.
S 0 Velocity measured in the plane with z ADYV sampling time Water depth
(deg.) (m’/s) (cm) (s) (mm)
1 0.0135 9 30 30
121 Detailed instantaneous velocity measurements were conducted with a SonTek 16 MHz Micro

122 Acoustic Doppler Velocimeter (ADV). The advantage of using this device relies on its ability to
123 adequately measure the three-dimensional velocity components of flowing water (Silva et al., 2011).
124 Velocity measurements were recorded at 50 Hz over a sampling period of 30 seconds in each point
125  of the measurement grid. In a post-processing phase, ADV measurements were filtered with
126 WiIinADV (release 2.031) software to remove samples with low correlation scores or signal-to-noise
127  ratios.

128  2.2. Experimental fish

129 All experimental silver carps (with a total length of 11.49cm + 0.63cm and total weight of 20.74g
130  + 8.64g) were supplied by Yidu hatchery, Yichang city, China. Before fish were used in the
131  experiments, they were held at least for 3 days in 3,000L circular tanks at water temperatures of 19-
132 21°C, with additional air supply to maintain dissolved oxygen at > 6.0 mgL-'. 30% of the water in the
133 tanks was replaced every 2 days. Fish excrement and uneaten food were removed daily. Test fish
134  were unfed for 24 hrs before the tests (Ke et al., 2019). A total of 30 age-0 silver carps were individually
135  tested to avoid confounding schooling effects. Each fish was used only one time. At the beginning of
136 each experiment, the fish were held in the downstream acclimation chamber for 15 minutes. In the
137  acclimation chamber, the fish were exposed to the freestream velocity in the flume. After this period,
138  the screens were removed, and the fish were allowed to explore the fishway autonomously.

139 2.3. Fish tracking

140 Fish movements were recorded in each trial using a video recording system, which was mainly
141 composed of one 25 fps digital video camera (DS-2CD3345-1, Hikvision Corporation, Hangzhou,
142 China), a video recorder (DS-7808N-K1/C, Hikvision Corporation) and a computer. The camera was
143 suspended above the flume by a specific stand with an adjustable height. The height of the camera
144  was selected to capture continuous clear images of the fish swimming through from Pool 2 to Pool 5.
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145  Pool 1 was not considered due to the limited shot scope of the camera. A reference grid containing
146 25 cells was attached to the bottom of the five pools to aid the quantification of fish locations.

147 All fish were manually tracked from video images relative to the bottom grid with positions by
148  software Logger Pro 32. From the video recordings, the fish location and time spent in each cell of the
149  grid (transit time) were determined and further analyzed in combination with the time-averaged
150  hydraulic data (i.e., interpreted by the earlier defined Method I). The corresponding results derived
151 from these tracks using Method I can be found in the work of Tan et al. (2018).

152 2.4. Numerical model

153  2.4.1. Flow equations

154 The governing 3D unsteady Navier-Stokes equations in their compact form are:

155

156 Vu =0 (1)

157 a—u+U-VU:—1Vp+vVZU+f_b 2
ot P

158 where u is velocity, p is the pressure, v is the kinematic viscosity, fb is a body forces (gravity

159 and inertial force), and f is the time.

160  2.4.2. Turbulence modelling

161 Intermittently, all kinds of different scale fluctuations in vorticity, pressure, and velocity are the
162  essential characteristics of the flow within the fishway. Thus, accurate modeling of these flow features
163  is a basis of the successful design of a fishway with high performance.

164 Theoretically, Direct Numerical Simulations (DNS) is the best tool to resolve the turbulence, but
165  itistoo computationally demanding to be applied in a fishway flow. The Reynolds-Averaged Navier-
166  Stokes (RANS) method and the Large-eddy Simulation (LES) model are the most appropriate options.
167  Most earlier studies implemented RANS methods as the numerical tool for the 3D modeling of flow
168 in the fishway (Quaresma et al., 2018; Fuentes-Perez et al., 2018; Fuentes-Perez et al., 2018; An et al,,
169  2016; Lindberg et al., 2013) due to their extensive and robust applications in all kind of flows in
170  different industrie, as well as representing a balance between computational cost and accuracy.
171  However, a significant shortcoming in using RANS is that the approach only resolves mean flow
172 characteristics, mainly omitting the more rapid turbulent structures in the flow. In contrast to RANS,
173 LES includes large-scale turbulent flow structures. It provides time-resolved flow fields, including
174  turbulent structures, which are the basis in the analysis of fishway performance by decoding the
175  coupling of fish trajectories and the surrounding flow field. Due to the rapid development of
176  computing capabilities, the LES model has become an available option for flow field simulations in
177  the fishway study.

178 In the present study, the LES method has been evaluated utilizing the Smagorinsky model
179  (Smagorinsky, 1963). In the Smagorinsky model, an effective viscosity is defined as:

180

181 Vet =V + ngs (3)
182 Vegs = CKA\/E 4)
183 where vsgs is the subgrid-scale kinematic viscosity, A is the filter width, defined as the cube root

184  of the volume of each cell, and k is calculated from the velocity field by using equation (5).
185
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188  Here, |S | =2 SijSij and Sj is the rate of strain tensor of the large-scale or resolved velocity field.

189 Cx, Ce, and Cs are classical Smagorinsky constants; their values are 0.094, 1.048, and 0.168, respectively
190 (Deardorff, 1970; Lilly, 1966).

191
192 2.4.3. Mesh and boundary conditions
193 The final choice of mesh element size is highly case-specific; therefore, a mesh sensitivity

194  analysis should be performed according to the American Society of Mechanical Engineers (ASME)
195  criteria (Celik et al., 2008). Regarding LES, it is essential to mention that the Smagorinsky method is
196  animplicit approach, and thus the filter size will change with the selected grid size; as a result, there
197  is no genuinely grid-independent solution. Thus, the selected LES method approaches DNS if the
198  grid size is refined (Celik et al., 2009). Klein and Oertel (2016) and Fuentes-Perez et al. (2018) indicated
199  that based on comparison of macro parameters, such as flow depths in pools or flow rate under
200  various mesh resolutions, a mesh width of 3~4 cm is sufficient for practical use when a LES model is
201  chosen. In the present study, a mesh width of 3cm is selected. However, as a traditional practice, the
202 outcome of 3D numerical models was additionally validated by comparing it with results from the
203  experimental study.

Flume bottom

Water inlet

204
205 Figure 2. Computational domain and mesh.
206 The computation domain shown in Figure 2 is defined as the volume enclosed by the faces of

207 the flume walls, baffles, water inlet cross-section, water outlet cross-section, flume bottom, and water
208  surface. Because the head drop per pool is tiny, the water surface can be modelled as a smooth plane
209  parallel to the flume bottom with zero shear stress. At the water inlet surface, a uniform velocity
210  distribution is assigned, while at the water outlet surface, a pressure-outlet boundary condition is
211 applied. A total of 65 098 hexahedral cells are used to mesh the domain. The calculation is initiated
212 from a status of zero velocity everywhere in the domain. The timestep size is 0.01 second. When the
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213 velocity at a predefined monitor point shows an oscillatory behaviour in time, the end of the
214 simulation has been reached. However, the simulation was extended for another 30 seconds, in order
215  to compare the results with the ADV measurements at least for a sampling period of 30 seconds at
216  steady flow state.

217  2.4.4. Validation

218 2.4.4.1 Velocity contours

(a) Experiments

Pool 3 + ADV measurements
e

Fish movement direction Velectylim's) Water flow direction
219 0.00 0.09 0.18 0.27 0.36
220 Figure 3. Velocity contours in the plane of z=0.09m, black dots represent the ADV measurements. (a)
221 Contours made from discrete ADV measurements. The region near the wall is blank because there
222 are no measurements that could be used to interpolate contours. (b) Time-averaged velocity contours
223 made from CFD transient simulation series The length of the averaging period is 30 seconds and the
224 time interval of the transient simulation series is 0.1s.
225 Velocity contours measured by ADV are plotted in Figure 3(a). At each ADV measurement, the

226  transient velocities are acquired at 50 Hz for a sampling period of 30 seconds. The contours from
227  discrete ADV measurements are shown in Figure 3(a). In contrast, the contours obtained by averaging
228  the transient velocity during 30 seconds through the CFD technique is shown in Figure 3(b). The flow
229  pattern and velocity magnitude of the experimental and computational results are close.

230
231 2.4.4.2 Point velocity
232 Velocity components measured at points A and B are shown in Figure 4. The fluctuation patterns

233 and amplitudes of velocity signals in x- and z-direction computed from CFD are very close to those
234 measured by ADV.
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239 Figure 4. Velocity components signal (50Hz) measured by ADV and simulated by the LES method in
240 two spatially separated points A and B in Pool 3, the locations of A and B are shown in Figure 1(c). (a)
241 Variation of Vz (velocity component in the z-direction) along time axis for 30s sampling time at point
242 A. (b) Variation of Vx (velocity component in the x-direction) along the time axis for 30s sampling time
243 at point B.
244 Based on the above comparisons, we conclude that the simulation results are in overall good
245  agreement with the experiments and could be used to further analysis.
246
247
248
249

250 3. Results and discussion
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251  3.1. Mean flow

252 In the experiment, water depths are identical in the consecutive five pools. According to the
253  definition suggested by Rajaratnam et al. (1986) for the uniform flow in a fishway, we could regard
254  the flow as "steady and uniform,” however if we carefully inspect the velocity contours shown in
255  Figure 5, the assertion of uniform flow is not accurate.

256

A Mean velocity [m/s]

Fish movement direction T s — Water flow direction

L : 000 009 018 027 036
257 '
258 Figure 5. The randomness of fish trajectories observed during the fish tracking in an experimental
259 vertical slot fishway. The dots represent the live fish trajectories. Each color represents one individual
260 fish. The background is the mean velocity contours produced at the plane at 0.3h0 from the fishway
261 bottom (hois the water depth in the fishway).
262 In Figure 5, the flow structures at the entrance and exit are quite different from those in the

263  middle part of the fishway, although all the pools have the same water depth. In many fishway
264  studies, researchers often adopted intermediate ponds as the representative case to describe the flow
265  structures, thereby ignoring the differences between the flow at the inlet and outlet. This overlook
266  will discount the application effects of the fishway since fish will take different paths in response to
267  varying flow patterns.

268  3.2. Velocity barrier

269 It is generally believed that the high velocity at the vertical slot of the fishway is always an
270  upstream obstacle, which is observed from the time-averaged speed. If we see the velocity at a slot
271  from the perspective of the transient flow field, the flow barrier at the slot does not always exist. At
272 certain moments, the flow rate at the vertical slot decreases to zero, as shown in Figure 6. Even at
273  certain moments, as shown in Figure 7, the direction of local water flow is in line with the ascending
274  path of the fish, which can also be partially verified from the velocity fluctuations seen in Figure 4(b),
275  ie. the alternating sign of the velocity component.

276 The appearance of a "velocity barrier" varies over time, which may be an explanation of the
277  phenomenon that fish occasionally are wandering in a pool for quite a long time, and then suddenly
278  swim through consecutive pools in a row. Fish swimming behind the baffles may not always be
279  resting to recover. They could simply wait for the opportunities (windows) of "velocity barrier
280  disappearance,” and then they could take the lucky moments to easier swim upstream.

281

282

Flow_time = 205.1 [s]

Fish movement direction Water flow direction

283 0.00 0.15 0.30 0.45 0.60
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284 Figure 6. At some instants, low-velocity areas appear in the fish passage, which the fish can use to aid

285 their ascent. For example, at time 205.1 seconds, the circled area has zero velocity. For an upstream

286 fish, the velocity barrier is temporarily removed, and the fish can move laterally in this area.

Flow_time = 275.8 [s] Flow_Ume =.307.9/[s]
Pool 3 g : 3 7-~:p°°|3"ﬁ_j,,
RE ==y 4 . 4
R ) S\ } A ==
Velocity [m/s]
Fish movement direction — —— — Water flow direction
000 015 030 045 0.0

287

288 Figure 7. At some moments, the local flow direction could point in the fish ascending direction, e.g.,

289 in the area circled, the fish may utilize the flow to "drift" themselves to the upstream locations without

290 consuming much energy.

291  3.3. Trajectory of fish

292 In Figure 5, although the fish paths were limited in some particular areas in the plane, the

293  trajectories show a characteristic randomness. One explanation for this kind of randomness, as
294  Farnsworth et al. (1999) pointed out, is that randomness is a fundamental feature of animal choices.
295  Additionally, we can see the typical practice of superposing the recorded live fish trajectories on the
296  mean flow fields, meanwhile in Figure 8, another method of superposing the recorded live fish
297  trajectories on the transient velocity contours obtained by CFD (specifically LES here). Both
298  approaches are not ideal analysis methods because both of them neglect the fact that live fish
299  trajectories primarily originate under unique turbulent flow conditions with specific vortical
300  structures at particular time series. In other words, an ideal analysis of fish behavior strictly requires
301  that a live fish trajectory and the corresponding flow environment should be recorded at exactly the
302  same time.

303 According to the random characteristics of the flow field seen in Figures 7 and 8, the randomness
304  of fish movement is likely to be the superposition of the randomness of the flow field and the
305 randomness of movement selection of aquatic animals. Further similar figures showing random
306 trajectories can be found in the works of Smith et al. (2005), Rodriguez et al. (2011), Puertas et al.
307  (2012), Rodriguez et al. (2015), and Goettel et al. (2015).
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Flow_time = 205.1 [s] Flow_time = 206.1 [s]

Flow_time = 207.1 [s] Flow_time = 208.1 [s]

=t Velocity [m/s]  —

Fish movement direction - . — Water flow direction

308 0.00 0.15 0.30 0.45 0.60

309 Figure 8. Velocity contours at different moments of time (205.1s, 206.1s, 207.1s, 208.1s) in the plane at

310 z=0.09m in pool 3, respectively. The dots represent the recorded live fish trajectories, separate colors

311 for each individual fish.

312 The discussion about the randomness of fish trajectories has practical implications for fish path

313  modelling. For example, if someone wants to simulate the fish paths based on superposing the
314  recorded live fish trajectories on the mean flow fields, a workaround is to introduce some random
315  functions or constants, such as advocated by Goodwin et al. (2006) and Gao et al. (2016). However,
316  the random functions or constants seriously depend on the specific cases, limiting their universality
317  in practical applications.

318  3.4. New requirement for experiments

319 Method II conquers the shortcoming of Method I by simultaneously obtaining precise fish
320  positions and the corresponding flow field around the fish. Furthermore, muscle activity (oxygen
321  consumption) could be additionally measured at the same time, to understand the energetic demands
322  (swimming costs) of fish under different turbulent flow conditions. Theoretically, this is an ideal
323  method to describe the fish movement. However, there are still many limitations to the application
324  of this method. For example, the illumination range of the laser sheet is narrow, there is a shadow on
325  thebacklit side of the illuminated object, how to use a full set of measuring devices outdoor, whether
326  the laser sheet will affect the swimming behaviour and physiological indexes of fish. Those may be
327  the reasons why studies published in the literature using Method II are often limited to simple flow
328  fields. For example, research relevant to the motion of fish in a vortex street generated by a single
329  Dblunt body with simple geometry. Applications in fishways are rarely to be found.

330

331
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332 3.5. How to use CFED tools

333 Fast Fourier Transform (FFT) converts data from the temporal domain to the frequency domain,
334  which allows a direct comparison of different temporal series in the frequency domain. FFT is of
335  particular interest in turbulence since an exact repetition of two temporal series representing the same
336  turbulent flow phenomenon is impossible. So, we may speculate that FFT might possibly provide a
337 new way to analyze and model the fishway flow field in the frequency domain. For example, a
338  specific physical flow field, from which a live fish trajectory was obtained, may have highly similar
339  spectral features as a computed flow field obtained by modern CFD. If we could obtain a
340  comparatively stable relationship between the live fish trajectory and the spectrum of the physical
341  flow field, then we can use the computed flow field to replace the physical flow field. This can be
342  justified since the calculated flow field and the real flow field have similar spectral characteristics in
343  the frequency domain. If this way is feasible, then we have a new design framework to extend an
344  experimental or in situ study results to other scenarios.

345 In Figure 9, the normalized Power Spectrum Density (PSD) of the velocity components at point
346  Aand B are shown, respectively. When the frequency is larger than 1~2Hz, the PSD curves computed
347 Dby the numerical and experimental method are not overlapped anymore. Because LES filters out
348  high-frequency oscillations according to the used cell size [equation 4], this model shows a difficulty
349  in estimating the high-frequency oscillations. However, this can be remedied by adjusting and
350  refining the cell size. Fish are sensitive to those vortices with a size larger or comparable to their body
351  length (corresponding to a relatively low frequency), as shown in the work of Tritico and Cotel (2010).
352  The small eddies are not needed to be precisely computed. Coincidently in LES, those tiny eddies
353  (corresponding to high frequencies) are also modelled or filtered out without computing.
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358 Figure 9. Power spectral density (PSD) of (a) V- at point A, and (b) Vx at point B.
359 In this paper, 65098 hexahedral cells are used to mesh the computational flow domain; this

360  provides a relatively cheap cost compared to currently available computing conditions. Nevertheless,
361  itisyet to be determined which frequencies or ranges of spectrum that are relevant for fish, which is
362  only obtained in experiments.

363 With the development of the CFD technique, for the sake of convenience, time discretization is
364  usually dynamically controlled using the Courant number to guarantee computational stability. Still,
365  the time step is also a sensitive parameter for fish movement description. Details of fish movement
366  will likely be lost if a more significant time step is chosen, especially when they swim in specific flow
367  patterns with a particular spatial-temporal scale. However, a smaller time step will consume more
368  computer resources (computer time and storage) and usually produce an overwhelming amount of
369  data; if we could not find an effective way to analyze such huge data sets, the data will be useless to
370  wus. So, the information process technique relevant to fish trajectory modelling is urgently needed in
371  this field.

372 4. Conclusion

373 Reduced fish mortality (or improved fishway passage efficiency) is the end objective of almost
374 all attempts to model fish trajectories. In the work of Roscoe et al. (2011), migration failure occurred
375  in all sections of the migration route, including the fishway, which supports the hypothesis that
376  dam/fishway passage has post-passage consequences on survival. So, the precise description of fish
377  trajectories is a necessary and powerful tool to help us understand how fish suffer in this kind of
378  hydraulic structures and why the paths are like that. However, an accurate description of a trajectory
379  means not only obtaining precise fish positions but also corresponding measurements of the flow
380 field around the fish.

381 In this paper, we have demonstrated that method based only on time-averaged point values (by
382  ADV measurements or numerical simulation) is a "have no alternative" way due to the limitations of
383  currently available technology in this field. Readers should therefore adopt conclusions derived from
384  this method in literature cautiously. It seems that "water preferences" should best be explained as
385  that the fish utilized some flow structures along the trajectories to help themselves swim through the
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386  vertical slot fishway. A local transient planar or volumetric measurement of the flow field with
387  simultaneous recording of fish movement is an urgent and critical demand. However, many
388  challenges still exist in this technique. A CFD technique might provide a by-pass tool to understand
389  the mechanisms of why fish trajectories have an appearance like that. Converting data from the
390 temporal domain to the frequency domain and determining which frequencies or spectra are relevant
391  for fish, may be a new approach in CFD to conquer the puzzle of how to reproduce the basic features
392 of the target fish trajectory in different flow scenarios. However, the first step is to make sure the
393  relationship between the frequency and the fish trajectory still starting from the challenging
394  experiments using Method II.

395 The species selected here is merely an easily acquirable representative of fish, which is used to
396  help to demonstrate that the simultaneous measurements of fish movement and the flow field around
397  them are necessary for fish behaviour studies. Therefore, the statements of these thoughts do not
398  depend on a specific species. In other words, using another species to repeat the experiment will only
399  rich the proofs of our thoughts stated in this study.

400 Fish in a more natural status could make a more realistic response to hydraulic stimuli and
401  produce a more realistic fish trajectory. Careful biological and environmental considerations for
402  specimens should be included in this experiment, such as the light/dark cycle control and water
403  composition. In the current study, we focused on evaluating the reasonability of the way of a
404  superposing. A not so perfect (not the most natural) fish movement will not affect the conclusions of
405  this study. However, in future more intensive research, the complete biologically and
406  environmentally experimental conditions must be taken into account, in order to reproduce a more
407  realistic fish trajectory in indoor experiments.

408 Despite the above difficulties, the future of these approached is promising, because, for a given
409  fish species, their responses to specific stimuli or flow structures are unchanged. Once researchers
410 grasp that constant information, we obtain a new general design tool, no matter how the flow
411  conditions change with the variations in hydrology, geometry, or operation of fishway running. We
412 just let the virtual fish swim in the numerical flow field. The trajectories will tell us which design or
413  running conditions are better than the others.

414
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427 Supplements: two YouTube videos of the transient velocity contours and vector fields in the
428  plane of z=0.09m

429 https://youtu.be/3rjW70yZh0g

430 https://youtu.be/UwAu LgqquY

431 References

432 An, R. D, J. Li R. F. Liang, and Y. C. Tuo. 2016. Three-dimensional simulation and experimental study for
433 optimizing a vertical slot fishway. Journal of Hydro-Environment Research 12:119-129.

434 Celik, I, M. Klein, and J. Janicka. 2009. Assessment Measures for Engineering LES Applications. Journal of Fluids
435 Engineering-Transactions of the Asme 131:10.


https://youtu.be/3rjW70yZh0g
https://youtu.be/UwAu_LqqquY
https://doi.org/10.20944/preprints202008.0434.v1
https://doi.org/10.3390/su12176765

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2020 d0i:10.20944/preprints202008.0434.v1

15 of 16

436 Celik, I. B., U. Ghia, P. J. Roache, and C. J. Freitas. 2008. Procedure for estimation and reporting of uncertainty

437 due to discretization in CFD applications. Journal of Fluids Engineering-Transactions of the Asme 130:4.
438 Deardorff, ]. W., A numerical study of three-dimensional turbulent channel flow at large Reynolds numbers. J.
439 Fluid Mech 1970, 41, (2), 453-480.

440 Farnsworth, K. D., J. A. Beecham, and P. Associate Editor: Hugh. 1999. How Do Grazers Achieve Their
441 Distribution? A Continuum of Models from Random Diffusion to the Ideal Free Distribution Using Biased
442 Random Walks. The American Naturalist 153:509-526.

443 Fuentes-Perez, J. F., A. T. Silva, J. A. Tuhtan, A. Garcia-Vega, R. Carbonell-Baeza, M. Musall, and M. Kruusmaa.
444 2018. 3D modelling of non-uniform and turbulent flow in vertical slot fishways. Environmental Modelling
445 & Software 99:156-169.

446 Gao, Z., H. I. Andersson, H. C. Dai, F. . Jiang, and L. H. Zhao. 2016. A new Eulerian-Lagrangian agent method
447 to model fish paths in a vertical slot fishway. Ecological Engineering 88:217-225.

448 Gilmanov, A ; Zielinski, D.; Voller, V.; Sorensen, P., The Effect of Modifying a CFD-AB Approach on Fish Passage
449 through a Model Hydraulic Dam. Water 2019, 11, (9), 16.

450 Goettel, M. T., J. F. Atkinson, and S. J. Bennett. 2015. Behavior of western blacknose dace in a turbulence modified
451 flow field. Ecological Engineering 74:230-240.

452 Goodwin, R. A, J. M. Nestler, J. J. Anderson, L. J. Weber, and D. P. Loucks. 2006. Forecasting 3-D fish movement
453 behavior using a Eulerian-Lagrangian-agent method (ELAM). Ecological Modelling 192:197-223.

454 Goodwin, R. A., M. Politano, J. W. Garvin, J. M. Nestler, D. Hay, J. J. Anderson, L. ]J. Weber, E. Dimperio, D. L.
455 Smith, and M. Timko. 2014. Fish navigation of large dams emerges from their modulation of flow field
456 experience. Proceedings of the National Academy of Sciences of the United States of America 111:5277-
457 5282.

458 Jager, H. I; DeAngelis, D. L., The confluences of ideas leading to, and the flow of ideas emerging from,
459 individual-based modeling of riverine fishes. Ecol. Model. 2018, 384, 341-352.

460 Ke, S. F.; Li, Z. M,; Jiang, Z. W.; Goerig, E.; Kynard, B.; Liu, D. F.; Shi, X. T., Effect of a vertical half cylinder on
461 swimming of silver carp, Hypophthalmichthys molitrix: Implications for microhabitat restoration and
462 fishway design. River Res. Appl. 2019, 35, (4), 436-441.

463 Klein, J., and M. Oertel. 2016. Vertical Slot Fishway: Evaluation of numerical model quality. 6th IAHR IJREWHS
464 2016, Liibeck, Germany.

465 LaBone, E; Justic, D.; Rose, K.; Wang, L.; Huang, H., Modeling Fish Movement in 3-D in the Gulf of Mexico
466 Hypoxic Zone. Estuaries Coasts 2019, 42, (6), 1662-1685.

467 Lacey, R. W.J,, V.S. Neary, J. C. Liao, E. C. Enders, and H. M. Tritico. 2012. The IPOS Framework: Linking Fish
468 Swimming Performance in Altered Flows from Laboratory Experiments to Rivers. River Research and
469 Applications 28:429-443.

470 Liao, J. C., and O. Akanyeti. 2017. Fish Swimming in a Karman Vortex Street: Kinematics, Sensory Biology and
471 Energetics. Marine Technology Society Journal 51:48-55.

472 Liao, J. C., D. N. Beal, G. V. Lauder, and M. S. Triantafyllou. 2003a. Fish Exploiting Vortices Decrease Muscle
473 Activity. Science 302:1566-1569.

474 Liao, ]J. C.,, D. N. Beal, G. V. Lauder, and M. S. Triantafyllou. 2003b. The Karman gait: novel body kinematics of
475 rainbow trout swimming in a vortex street. Journal of Experimental Biology 206:1059-1073.

476 Lilly, D.K., 1966. The Representation of Small Scale Turbulence in Numerical Simulation Experiments. National
477 Center for Atmospheric Research. Boulder, Colorado, USA.

478 Lindberg, D.E., K. Leonardsson, A. G. Andersson, T. S. Lundstrom, and H. Lundqvist. 2013. Methods for locating
479 the proper position of a planned fishway entrance near a hydropower tailrace. Limnologica 43:339-347.
480 Padgett, T. E.; Thomas, R. E.; Borman, D. J.; Mould, D. C., Individual-based model of juvenile eel movement
481 parametrized with computational fluid dynamics-derived flow fields informs improved fish pass design.
482 R. Soc. Open Sci. 2020, 7, (1), 17.

483 Puertas, J., L. Cea, M. Bermudez, L. Pena, A. Rodriguez, J. R. Rabunal, L. Balairon, A. Lara, and E. Aramburu.
484 2012. Computer application for the analysis and design of vertical slot fishways in accordance with the
485 requirements of the target species. Ecological Engineering 48:51-60.

486 Quaresma, A. L., F. Romao, P. Branco, M. T. Ferreira, and A. N. Pinheiro. 2018. Multi slot versus single slot pool-
487 type fishways: A modelling approach to compare hydrodynamics. Ecological Engineering 122:197-206.

488 Rajaratnam, N., G. V. d. Vinne, and C. Katopodis. 1986. Hydraulics of Vertical Slot Fishways. Journal of
489 Hydraulic Engineering 112:909-927.


https://doi.org/10.20944/preprints202008.0434.v1
https://doi.org/10.3390/su12176765

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 August 2020 d0i:10.20944/preprints202008.0434.v1

16 of 16

490 Rodriguez, A., M. Bermudez, J. R. Rabunal, and J. Puertas. 2015. Fish tracking in vertical slot fishways using

491 computer vision techniques. Journal of Hydroinformatics 17:275-292.

492 Rodriguez, A., M. Bermudez, J. R. Rabunal, J. Puertas, J. Dorado, L. Pena, and L. Balairon. 2011. Optical Fish
493 Trajectory Measurement in Fishways through Computer Vision and Artificial Neural Networks. Journal of
494 Computing in Civil Engineering 25:291-301.

495 Roscoe, D. W., S. G. Hinch, S. J. Cooke, and D. A. Patterson. 2011. Fishway Passage and Post-Passage Mortality
496 Of Up-River Migrating Sockeye Salmon In The Seton River, British Columbia. River Research and
497 Applications 27:693-705.

498 Shi, X.; Jin, Z.; Liu, Y.; Hu, X; Tan, J.; Chen, Q.; Huang, Y.; Liu, D.; Wang, Y.; Gu, X., Can age-0 Silver Carp cross
499 laboratory waterfalls by leaping? Limnologica 2018, 69, 67-71.

500 Silva, A. T., J. M. Santos, M. T. Ferreira, A. N. Pinheiro, and C. Katopodis. 2011. Effects of Water Velocity and
501 Turbulence on the Behaviour of Iberian Barbel (Luciobarbus Bocagei, Steindachner 1864) in an
502 Experimental Pool-Type Fishway. River Research and Applications 27:360-373.

503 Smagorinsky, J. 1963. General circulation experiments with the primitive equations: I. The basic experiment.
504 Monthly weather review 91:99-164.

505 Smith, D. L., E. L. Brannon, and M. Odeh. 2005. Response of Juvenile Rainbow Trout to Turbulence Produced by
506 Prismatoidal Shapes. Transactions of the American Fisheries Society 134:741-753.

507 Tan, J., Z. Gao, H. Dai, Z. Yang, and X. Shi. 2019. Effects of turbulence and velocity on the movement behaviour
508 of bighead carp (Hypophthalmichthys nobilis) in an experimental vertical slot fishway. Ecological
509 Engineering 127:363-374.

510 Tan, J. J., L. Tao, Z. Gao, H. C. Dai, and X. T. Shi. 2018. Modeling Fish Movement Trajectories in Relation to
511 Hydraulic Response Relationships in an Experimental Fishway. Water 10:16.

512 Tritico, H. M., and A.]. Cotel. 2010. The effects of turbulent eddies on the stability and critical swimming speed
513 of creek chub (Semotilus atromaculatus). Journal of Experimental Biology 213:2284-2293.

514 Weber, L. ., R. A. Goodwin, S. Li, J. M. Nestler, and J. J. Anderson. 2006. Application of an Eulerian-Lagranglan-
515 Agent method (ELAM) to rank alternative designs of a juvenile fish passage facility. Journal of
516 Hydroinformatics 8:271-295.

517 Zielinski, D. P., V. R. Voller, and P. W. Sorensen. 2018. A physiologically inspired agent-based approach to model
518 upstream passage of invasive fish at a lock-and-dam. Ecological Modelling 382:18-32.

519


https://doi.org/10.20944/preprints202008.0434.v1
https://doi.org/10.3390/su12176765

