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Over the last five decades, an increasing number of studies on fish behaviour in turbulent flows have been carried out, predominantly under laboratory conditions. The majority of these works correlate fish behaviour and time-averaged velocity and turbulence parameters, derived from the fluctuations of the three velocity components. However, fish experience the changing flow field through fluid-body interactions, and thus the comparison of velocity measurements and fish swimming behaviour is always missing the interaction with the flow field, as experienced by fish. This study presents a multiparameter fish-shaped probe which measures flow in a more “fish-like” way – the Fish Sensory Sonde (FSS). The probe body is equipped with three pressure sensors (right, left, center) for mimicking the anterior lateral line, and is also outfitted with an inertial measurement unit (IMU) which acts as a digital vestibular system. An interesting parameter which the FSS provides is the pressure asymmetry, which is directly related to a force imbalance acting on the left and right sides of the fish body. Since fish use undulatory locomotion, regions of a flow field with strongly changing or zero crossing pressure asymmetries are hypothesized as being avoided by fish, and are compared to laboratory studies of live fish in this work. Regions of asymmetric pressure will require constant adjustments to a fish’s body posture relative to the bulk flow field for a fish to maintain its swimming gait. We also show the advantage of a moving FSS probe to provide gapless measurements in a shorter time compared to a stationary probe. The FSS, hence, has the potential to improve future eco- and ethohydraulic investigations by providing new ways and means of measuring fluid-body interactions more similar to that of living fish.
1 Introduction 

Many studies have focused on the fish’s lateral line as a kind of “hydrodynamic antenna” during the last century (e.g. [1], [2], [3], [4], [5]). Today, it is well-established that fish use the superficial neuromasts on their skin as flow sensitive velocity-detectors and the canal neuromasts under their skin for the detection of pressure gradients (e.g. [6], [7], [8], [9]). Since the superficial neuromasts protrude from the skin surface by some 100 μm [10], they are largely within the boundary layer on the fish’s body. Therefore, fish do not sense the free stream velocity directly, but experience instead an altered velocity due to the presence of their body in the flow. Here it is worth pointing out that as the velocity in the boundary layer changes, the pressure remains almost unaffected, which is why the pressure-sensitive canal neuromasts are able to perceive changes in pressure [11]. Under subcritical conditions, the flow upstream of the fish is also affected because of the bow wake caused by the deceleration of the bulk flow as it approaches a fish’s head [12]. Together, these aspects emphasize the importance of considering the flow field, the fish’s body and its geometry when studying fish responses to changing flow conditions.
Furthermore, velocity and pressure are not the only parameters a fish is able to sense, as Montgomery et al. [13] state: “The sensory processing of water currents by fishes is a multimodal sensory task. Inner ear, vision, tactile sense and mechanosensory systems all make significant contributions.” Many fish also orientate at temperature or chemical plumes [14], and not least, some species are even able to sense magnetic fields for orientation (e.g. [15], [16]). This multimodal sensing requires a multivariate analysis of different parameters and the operationalised fish behaviour [17].
But still, the most commonly investigated physical flow parameter is the time-averaged velocity at one unaffected point in the flow, followed by the turbulent kinetic energy and turbulent intensity – especially in regard to vertical slot fishways or fish protection and guidance systems. Although these hydraulic parameters are useful for cross-comparison with numerical simulations as well as laboratory and field measurements of the flow field, they neglect that the sensing system of fish themselves do not directly use these physical parameters. One major reason for this persistent deficit in eco- and ethohydraulic research is the simple lack of suitable measurement devices for fish-like flow sensing [18].
To address this, within the MeMo project (“Development of a Combined Measuring/Modelling System for the Design, Evaluation und Optimization of Facilities for the Downstream Migration of Fish at Hydropower Plants”), a bioinspired fish-shaped probe (Fish Sensory Sonde – FSS) has been developed and tested. The FSS records multiparameter data in a similar manner as a fish. Artificial three-dimensional bodies, representing nine different common freshwater species, were equipped with three miniature pressure sensors (central, right and left) to mimic the anterior lateral line. Furthermore, a “digital vestibular system” was created using an inertial measurement unit. A novel aspect of the FSS is that they record the local magnetic field anomaly, allowing for the creation of high-resolution maps of the magnetic field intensity. 
2 Methods and Materials
2.1 Measurement Devices
To measure flow in a more fish-like way, a new fish-shaped device was developed by researchers at Tallinn University of Technology in the MeMo project. Nine different fish body shapes which cover a range of eight common freshwater fish species used during the real fish tests were manufactured (Figure 1). 
The computer aided drafting software SolidWorks 2019 (Dassault Systems, France) was used to design each fish body, and the models of each fish were donated by Dosch Design Kommunikationsagentur GmbH (Marktheidenfeld, Germany) from imagery collected of live fish, and modified to fit the morphometric ratios presented in Schwevers and Adam [19]. The anterior 1/3 of the FSS bodies were kept rigid for mounting purposes, while the remaining posterior 2/3 was made from cast flexible silicone with a Shore hardness of 8. The anterior portions of each body were 3D printed using the Form 3 stereolithography printer (Formlabs Inc, USA) with Formlabs Durable resin. The posterior (tail) sections were molded and 3D printed using the same technique and material. The fins were cast using a non-toxic duplication silicone Elite Double 8 (Zhermack SpA, Italy).

The anterior solid part of the probe is equipped with the sensory components: an inertial measurement unit (IMU) and three pressure sensors (central, left, right) which enable synchronized measurement of several parameters a fish may percept in its aquatic, hydrodynamic environment (Figure 1). The data were recorded with 50 Hz and written in a text-file during the measurements including the absolute pressure (pc, pl, pr) in millibar [mbar] as well as the temperature of the three sensors and the magnetic field in millitesla [mT], the angular acceleration in degree per second [deg/s] and the acceleration in meter per seconds squared [m/s²] – all in three dimensions. The absolute pressure includes the local atmospheric pressure, hydrostatic and hydrodynamic pressures. Since all sensors have small offsets, an important consideration when using FSS is that the atmospheric pressure must be measured before and after each test, and the mean of both needs to be subtracted from the raw measurements afterwards to obtain the relative pressure for each sensor (prel,c, prel,l, prel,r). In this work, we focus on the pressure gradient between the both sides of the FSS – meaning the pressure difference between the left and right pressure sensor Δpl-r.
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Figure 1. Nine different fish body shapes used for manufacturing the fish sensory sonde (FSS), which are equipped with an IMU and three pressure sensors for the investigation of the flow field from a fish’s perspective. (right part from [20]; fish on the left to scale)
An acoustic Doppler velocimeter (ADV) was applied additionally for synchronized measurement of the three-dimensional velocity components, but these are not discussed in greater detail in the presented work. All ADV velocity data were post-processed to remove spikes using the software WinADV [21] applying the phase-space threshold despiking method of Goring and Nikora [22], modified by Wahl [23], and the time-series were post-processed using Python (Version 3.7.11). For analyzing and visualization of the data Python as well as ParaView (Version 5.7.0) software were applied.
2.2 Laboratory Setups
All measurements in this study were conducted in a large glass-walled laboratory flume at the Technical University of Darmstadt, Germany. The flume has a constant width of 2 m, a wall height of 1.2 m, a total length of 40 m and no slope. Since it was one goal to test the FSS for its application in the area of downstream passage around hydropower plants, a 1:1 scale horizontal fish protection rack (bar spacing = 18 mm, bar size = 8 mm) was built in the flume. It was angled 30° to the main streamwise flow direction and included a vertical bypass slot extending from the flume bottom to the water surface (Figure 2a).
A gallery tank and a roof tank were used as water supplies and the water level in the flume was adjusted and maintained throughout the experiments by manually operating a sluice gate at the end of the flume. After passing the sluice gate, the water was led back to the internal water cycle of the hydraulic laboratory. The hydraulic conditions for all here presented setups consisted of a discharge of 770 l/s (700 l/s from the gallery tank and 70 l/s from the roof tank), which was adjusted using the valves at the inlet of each feeding pipe, at a water depth of around 75 cm.
There are three main tests for which the application of the FSS was tested: Test a) stationary FSS grid measurements in front of the rack; Test b) moving FSS grid measurements in front of the rack; Test c) moving FSS measurements parallel to the rack (Figure 3). Even though the measurements for Test a) have been conducted using three different FSS (gudgeon, roach, large chub) in three different planes above the bottom, we especially focus on the roach-shaped FSS in this work. For Test c) we applied the gudgeon-FSS as smallest probe to record data as close to the rack as possible in a height of 30 cm above bottom. 
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Figure 2. 30° angled rack in the hydraulic laboratory at the Technical University of Darmstadt: a) View in the direction of flow, where the vertical parts of the framework of the rack and hence their blockage of the total cross-section is clearly visible; b) Roach-FSS and a group of real roaches in the starting area at the upstream end of the flume before conducting the experiment.

[image: image3.png]Gudgeon-/ Roach-/ Chub-FSS
plane close to bottom and
o, 6 cm, 13 cm above bottom

measurement .
in cell center

10cmx 10cm

R6

S6

T6

ue

V5| Ve

W5 | We

B

Roach-FSS
6 cm above bottom

Y5 | Y6

Y10/ Y11

Z5 | Z6

zZ10|z11

B

AA7.AA9

AA
10

12

BB4|BB5 BB6

BB7/BB8 BB9

BB
10

BB
11

BB
12

CC4/CC5/CC8!

CC7/CCc8|CC9

cC
10

cc
1

cCc
12

DD4|DD5/DD6

DD7|DD8|DD9;

DD
10

DD
11

DD
12

EE4.EE6

EE7. EE9

EE
10

EE
12

[ J S

B | B3 \

¢ -2

;

&

I

I

L

T

il

S i

L

N M9

5
N9

&

Ra-Ra R4 25 o6l a7 polog

T

kb

I

Y O P VP Y Y VP YOS VO OO YOS YO0

u’l" 5

S I o e e 5

I

L

Fprao—arus —=

N S N N P P IS Y N Y MY N YN P Y NPT
10T T 1T 13714715
BB | BB | BB | BB | BB | BB

BB2|BB3 BB4 BBS5 BB6|BB7|BB8 BB9 10011012 13| 14 | 15
cc|cc|ccfcecicc|ce

CC2|CC3|CC4/CC5/CCB|CCT7|CCBICCY| J5' | 11| 12 | 13 | 14 | 15
DD | DD | DD | DD | DD | DD

DD2|DD3|DD4/DD5 DD6|DD7|DD8|DD9 100111213 | 14 | 15
EE | EE | EE | EE | EE | EE

EE2|EE3|EE4 EES|EE6|EE7 EE8|EE9| 15| 11| 12| 13 | 14 | 15

2m

Gudgeon-FSS
30 cm above bottom

]





Figure 3. Top view of different test setups: a) Stationary FSS grid measurements using a 10 cm x 10 cm grid; Data were recorded in the cell center of the cells marked in darker grey for 90 seconds each using the gudgeon, roach and large chub FSS and the ADV, where the plane close to the bottom differed due to their size; b) Moving FSS grid measurements using an automated gantry for a possible improvement of the efficiency for future application, the speed of the gantry was about 9 mm/s and could not be adjusted; c) Moving FSS measurements in several distances parallel to the rack and in both direction; The probe was moved up- and downstream manually as uniform as possible along an aluminum profile using a rope. Therefore, the speed differed from around 3 to 4 cm/s.
In Test a) the ADV was also placed 1 cm upstream of the FSS to simultaneously record the three-dimensional velocity field in front of its anterior most point for each cell of the measurement grid with a duration of 90 seconds (Figure 3a). Since the real fish showed a movement close to the bottom during the behavioural experiments, we used the hydraulic data of the bottom plane – which for the roach was in a distance of 3.5 cm above the flume bottom – for the comparison with the real roach behaviour in the results section.
The probe movement patterns of Test b) and c) are shown in Figure 3. Test b) is used as a comparison to the stationary measurement to test for an improvement of the handling efficiency. Because of the limited range of the automated gantry by which the FSS was moved, the measurement grid could not be covered completely (Figure 3b). Since the gantry was moving with a constant speed over the predefined path, the unique conversion dependency between the temporal and location data can be derived. This allows to average the data that were recorded while moving the FSS in space to a mean value for each 10 x 10 cm² cell. In Test c) the smallest FSS was just moved in parallel paths and different distances along the rack (Figure 3c).
2.3 Behavioural Experiments
To investigate how different fish move in front of the rack, we conducted 63 tests with real fish (497 individuals in total) in different sized groups (groups of mixed and equal species, an example in shown in Figure 2b). The approval for keeping and testing of real fish was given by the Regional Council of Darmstadt (permission number for keeping: DA 8/Haltung Wabau; permission number for experiments: DA 8/1011).
The experiments took place in autumn 2020 and spring of 2021, when the fish have been caught by electrofishing in a nearby river, were kept and tested in the hydraulic laboratory at TU Darmstadt and brought back to the same river section after finishing the tests. 
The test procedure and the handling of fish were oriented towards the specifications in Adam et al. [24] and in Adam and Lehmann [25] - following the ethohydraulic method. Therefore, the fish were put in the starting area at the upstream part of the flume to acclimate to the flow conditions, and the duration of each test was 30 minutes to avoid learning behaviour. The behaviour upstream of the angled rack was observed and documented in a protocol. Additionally, the movement was recorded using several cameras from the side of the flume as well as from the top using an underwater camera. For the evaluation of the test videos the Kinovea Software was applied to extract swimming paths and the orientation of individual fish with a frequency of three positions every second. More detailed information about the data processing can be found in Kopecki et al. [26]. Two exemplary extracted movement patterns of different roaches are shown in the results section (Figure 6).
3 Results
First the stationary and moving FSS have been evaluated and compared (Figure 4). The reason for this comparison is that more spatial data can be obtained in far less measurement time by using moving measurement – similarly to the moving boat procedure for discharge measurements. This may especially in the field be very useful, when time for the measurements is limited and the hydrological and hence hydraulic conditions may change.
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Figure 4. Comparison of the pressure gradient between the relative pressure of the left and the right sensor for the stationary and the moving FSS measurement - since the roach-FSS has a length of 20 cm, this is the minimum streamwise distance between the rack and the measurement point upstream of it: a) Stationary, time-averaged FSS measurement where the dashed line shows the area at which the moving FSS measurements had to be stopped due to the limited range of the gantry; b) Moving FSS measurement, where a conversion from time to space dependent data with a cell size of 10 cm x 10 cm was carried out.
The results show that the data of the moving FSS are effected by the movement (Figure 4b). Moving in positive y-direction the pressure on the right side of the FSS is increasing since it receives an additional dynamic pressure component by the movement against the water body. Moving in negative y-direction shows the same effect but on the left pressure sensor. Therefore, the pattern of the pressure gradient shows a line-by-line alternating chance (Figure 4b).
The stationary measurements show a clearer picture of the hydrodynamic condition, e.g. a greater change in the pressure gradient directly upstream of the vertical supporting rods of the rack and in some areas even a shift from a positive to a negative pressure gradient (Figure 4a). But these measurements also have a coarser resolution in the distant field due to the preselected measurement grid for keeping the time within limits. The resolution of the moving FSS data can be varied, but since the distances in x-direction was fixed to 10 cm of one line to the next (Figure 3b), the data were plotted on quadratic cells of 10 cm x 10 cm.
To investigate the flow conditions closer to the rack with regard to the greater pressure gradients in this area, the data of Test c) with a parallel movement to the rack have also been evaluated (Figure 5). Most of the data are located in the upper part of the diagram and therefore correspond to a pressure gradient from left to right (from a fish’s view against flow direction) – hence, in direction of the bypass. It is also noticeable that the pressure gradient crosses or gets close to zero in areas of the vertical framework. Additionally, further results showed that the pressure fluctuations are much higher when moving the probe against the flow direction.
Finally, to show a first exemplary evaluation of the behavioural analysis, we contrasted the pressure gradients of the bottom plane (for the roach FSS 3.5 cm above bottom) measurements to the movement pattern of two fish to check if this hydraulic parameter could be a triggering stimulus (Figure 6).
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Figure 5. Moving FSS measurement of Test c) parallel to the rack towards the bypass in 15 cm streamwise distance; The lower light grey area corresponds to a pressure gradient away from the bypass while the upper white part of the diagram corresponds to a pressure gradient towards the bypass. The vertical bars show the blocked areas by the framework of the rack in a streamwise view as perpendicular cross section to the flume walls. The black line shows the moving average of the raw data using a window size of 51.
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Figure 6. Exemplary positions and orientation of two different roaches close to the bottom of the flume during the behavioural experiments (arrow head = fish head). Since fish positions were recorded with a constant time interval, a greater distance between the arrows indicates a higher swimming speed. Colour plots from Test a) are Delaunay-triangulated and show pressure gradients (red colours indicating a positive gradient towards the bypass and blue colours a negative gradient away from the bypass). At some areas directly upstream of the rack and at the wall measurements were not possible due to the size of the FSS or the limited range of the gantry.
4 Discussion and Outlook
4.1 Application of the FSS

The moving application of the FSS showed first good results since the general pattern and magnitude of the pressure gradient is visible (Figure 4). Nevertheless, a slight alternating shift in the gradients can be seen in the moving measurement. Here, the probe was moved in parallel lines in the y-direction between the walls of the flume, which is why a dynamic pressure was acting on the respective pressure sensor facing the moving direction. Since the moving measurement parallel to the rack in both direction – upstream and downstream – did not show this conspicuous pattern, it may be better for future application to move the FSS not directly along the axis of the left and right sensor. The results also showed that moving the probe against the flow results into much noisier data because of occurring vibrations. This on the one hand may lead to further recommendations for the handling and on the other hand it may show the forces fish have to overcome to swim upstream against the flow. 
The moving measurement in principle has the potential to identify areas with near-zero pressure gradients or a change in its sign between positive and negative (zero crossing). This in contrast may not be possible in this detail by a stationary measurement due to spatial data loss as a result of its coarser resolution. Since it also takes less time, it may be an efficient measurement method for the investigation of fish migration or protection structures.
Therefore, further investigations in the field are needed and instructions for the best-practice usage have to be given. Additionally, there are some ideas on how to improve the FSS in future studies like adding a GNSS (Global Navigation Satellite System) for automated, real-time spatial referencing of the data.
4.2 Pressure Gradient, Asymmetry and the Fish Body
Tuhtan et al. [27] first suggested the pressure asymmetry on fish, describing it as a potentially destabilizing hydrodynamic force acting on the fish body, which fish may wish to avoid or to use for passive locomotion. Ristroph et al. [28] also stated that the fish’s orientation to the flow direction can be gained by the pressure gradient between both sides of the body. Thus the pressure gradient between both sides of the fish as a parameter of eco- and ethohydraulic studies has not been investigated in greater detail until now. This asymmetry creates a force imbalance on the fish’s body. Additional analysis using three different FSS (from Figure 3a) showed an expected correlation between the pressure gradient and the y-velocity component. These correlations revealed differences between fish body geometries, whereby the larger the fish, the higher was the pressure gradient for the same velocity value in this particular example. This highlights that the fluid-body interactions are highly dependent on the length scale of the fish. 
In 15 cm streamwise distance from the rack a significant influence of the rack’s framework is clearly visible. The raw data of the side pressure sensors showed a pressure peak in front of each vertical rack structure (hereinafter referred to as “pillar”), which was decreasing with increasing distance from the rack. The pressure gradient also shows a clear pattern in front of the rack with (nearly) zero asymmetry or even a zero crossing upstream of each pillar (Figure 5). Especially in the latter case, the gradient switches its sign and therefore its direction. This course of the asymmetry also shows that there are notable areas at which the pressure gradient is directed away from the bypass (light grey areas below zero in Figure 5). Here, the often neglected role of the fish’s body plays a crucial part, as the forces acting on it depend on the fish’s orientation in the flow. In contrast, the decomposition of the velocity as tangential and perpendicular components to the rack as commonly found in the literature may lead to wrong interpretations. As an example, it can very well be that the tangential velocity component of angled rack structures does not induce a guiding effect as intended (e.g. [29], [30]). This decomposition hypothesis remains a theoretical consideration. However, yawing fish which orient themselves off-axis to the lateral flow to passively drift across the flume have been established in a previous work as energy conserving movement along the angled rack [31]. 
Even though the results regarding fish behaviour are not statistically verified because of the small sample sizes, there are a few observations to state. In most tests with fish (not just the ones given in Figure 6), they preferred zones directly upstream of the pillars for station holding. Not only the asymmetry which gives in some way information about the direction of flow – as Ristroph et al. stated [28] –, but also the magnitude of velocity and hence the drag is smaller in this zones due to the backwater or “bow wake” (could be proven in conducted ADV measurements and hydrodynamic simulations). This behaviour was also observed by Kerr et al. [32] upstream of cylinders and was called “bow riding” as a special kind of station holding. They are describing it as an energy conservation strategy movement. The upstream area of the pillar therefore seems to offer symmetric and low intensity flow conditions. The station holding behaviour might on the one hand offer resting areas, but on the other hand it also delays the migration and increases the risk to be struck by the trashrack cleaner. Interestingly, there is also a zone in the middle of the flume, where a zero crossing of asymmetry occurs and where fish often show a change in the moving direction or a movement pattern along the zero gradient contour (e.g. Figure 6). This might eventually not work for wider fish than the roach-FSS used for measurement. We will also investigate the relation of fish body geometry and orientation to pressure gradient and velocity direction in future works. 
Another aspect in which the fish body itself plays an important role is schooling, since neighbour fish also alter the hydrodynamics of the flow field and can therefore offer optimised flow conditions for others (e.g. [33], [34]). The behavioural investigations clearly showed different kinds of movement when testing individuals or fish schools - whereby station holding upstream of a pillar was more often observed as individual behaviour. Group dynamics therefore is a complex aspect in eco- and ethohydraulic investigations.
Still, further investigations need to be conducted to confirm these first results, because the computationally analysed fish positions in contrast also showed a high spatial usage of areas in front of the rack fields. Here it has to be distinguished between areas of moving fish and staying fish: while fish were moving along the rack (often close to the bottom), they often held position in front of the pillars. Therefore, swimming directions and swimming speed need to be taken into account to gain a bigger picture of the behaviour. We also want to point out that real fish observations are necessary for a correct interpretation of the computationally analysed fish tracks or positions. 
Finally, we want to emphasize that there remain several unknown factors to investigate concerning the asymmetry of flow, its correspondence to fish behaviour and how to measure both properly. A major remaining challenge is the reliable use of fish tracks to operationalise behaviour and gain useful ethological information which may be used to develop reproducible hydraulic-reactive relations. Future works should consider multiple observation and analysis methods in order to rigorously test any inferences between flow properties and swimming behaviour. Therefore, more systematic investigations under a wider variety of flow conditions and an extensive research of ethological fish tracking methods are needed to understand the flow from “a fish’s perspective”.
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