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Abstract

:

Featured Application


The hydroacoustic setup in this investigation enabled the monitoring of riverine fish in challenging conditions posed by deep, dark and turbulent waters. Specifically, it allowed for the collection of fish position in front of a vertical trash rack at a run-of-river hydropower plant. Information on fish assemblages was furthermore combined with in-situ flow velocity and pressure turbulence data, revealing new insights regarding fish hydrodynamic preferences. The applied combined acoustic-hydrodynamic method can be used to support planning processes as well as the design and monitoring of suitable mitigation measures for downstream fish migration.




Abstract


The spatial distribution of fish upstream of a vertical trash rack was investigated at the hydropower plant Kirchbichl in the alpine River Inn (Tyrol, Austria). The objective of the research project “FIDET” was to establish a non-invasive methodology to study fish presence and flow characteristics at large hydro power sites. A new monitoring approach was developed combining hydroacoustic observations of fish locations with multivariate hydrodynamic data. This was accomplished by utilizing complementary observations from multiple underwater sensor technologies: First, an array of echosounders were deployed at a fixed cross-section upstream of the trash rack for long-term monitoring. Afterwards, detailed underwater surveys with “acoustic cameras” (DIDSON and ARIS) revealed that the spatial distributions of fish in front of the trash rack were highly heterogeneous. The spatial distribution of the flow field was assessed via the time-averaged velocity fields from acoustic Doppler current profiler (ADCP). Finally, a custom pressure-based flow turbulence probe was developed, providing spatial estimates of flow turbulence immediately upstream of the trash rack. The significant contribution of this work is to provide a multi-modal monitoring approach incorporating both fish position data and hydrodynamic information. This forms the starting point for a future objective, namely to create an automated, sonar-based detection and control systems to assist and monitor fish protection operations in near real-time.
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1. Introduction


European research on downstream migration of fish began some 30 years ago [1,2,3,4], and has increased substantially in the last decade, especially in Germany [5,6,7]. The majority of studies are focused on diadromous fish, such as Atlantic salmon [8,9] and European eel [8,10,11]. Most studies have been limited to small hydropower plants [12,13]. Research on large hydropower plants is therefore needed to develop suitable measures for the full spectrum of European hydropower facilities. Currently, the ongoing discussion on fish protection and downstream migration focuses on three key aspects: (1) The catchment area and its representative target species; for example, the Danube versus the Rhine, where Atlantic salmon and European eel naturally occur only in the Rhine catchment. (2) The biocoenotic region (rithral versus potamal) as alpine waters that have only a few species differ widely from lowland waters, which commonly have >25 species. (3) Differences in the hydropower plant design, especially the turbine size and type. Based on these three aspects, it has been established that a case-by-case examination is necessary to determine the balance between ecological need and economic utility at each hydropower facility [14,15,16].



Currently, there is no best practice concerning the provision of facilities for downstream migration of fish and/or fish protection in Austria [17]. To address this, three research projects are underway. The first is a project on downstream migration at small hydropower plants [18]. Secondly, the project “Downstream fish migration on medium-sized rivers in Austria: population basics and implications for fish protection and fish descent” [19]. And finally, the project “Fish detection and fish behavior: hydroacoustic investigations for the assessment of presence and behavior of fish in front of the trash rack of-run of-river plants” (FIDET). This paper reports the main findings of the third project, FIDET.



The major challenge of in-situ research is to develop practical field measurement methods capable of addressing knowledge gaps. This can be achieved by combining multiple measurement technologies, both in the lab and in the field [20,21,22]. Currently, there are no published datasets on fish presence and behavior in the vicinity of trash racks of large HPPs in the Alpine region, with its potamodromous fish fauna. Thus, the FIDET project was initiated to establish new methodological approaches to assess the presence and behavior of fish in front of trash racks [15,23].



Further, it is important to assess the local flow conditions directly upstream of physical barriers to compare fish presence with the spatial distribution of the time-averaged velocity and turbulent fluctuations. Indeed, it is well-established that the local flow environment can have a strong influence on fish swimming behavior, orientation of movement, act as flow cues, and be strongly related to the swimming speed of fish [24]. While the presence and intensity of flow turbulence is known to affect fish swimming and hydraulic preference [25,26], there is a lack of suitable measuring methodology capable of providing turbulence metrics for field studies. The “Differential Pressure Box” (DBox) was specially developed as part of the FIDET project, and presents a new type of turbulent flow sensing device.



Due to the challenging conditions encountered in the field, we provide one of the few in situ investigations of local hydrodynamic conditions upstream of hydropower intakes [18,27]. We show the potential of combining hydroacoustic and flow field turbulence measurement methods to detect periods with increased fish occurrence as well as to analyze spatial distributions of fish at mechanical barriers at the individual level. We applied a multi-modal fish monitoring method using a case study in the Austrian Alps based on a three-staged approach:




	
Seasonal patterns of fish presence in the headrace channel using long-term assessments from single-beam echosounders,



	
Observations of fish behavior (spatial distribution) in front of the trash rack with acoustic cameras,



	
Assessment of local flow field hydrodynamics via combined time-averaged flow velocity and pressure turbulence measurements.








When combined, the different data sources can provide key parameters to assess the relevance of downstream migration and to develop suitable measures regarding fish passage.




2. Materials and Methods


2.1. Case Study Site


The Austrian hydropower plant (HPP) Kirchbichl on the River Inn was built between 1938 and 1941 as a diversion plant, however, it is operated as a run-of-river power plant [28]. At Kirchbichl an omega-shaped loop of the River Inn, with a length of 3.5 km, is cut off by a ~1 km long headrace channel (Figure 1). In order to increase the fall head of the HPP, the River Inn is impounded to 6 m by a weir at the beginning of the river loop. The HPP utilizes the head difference across the river loop, which varies between 7.5 and 9.7 m, depending on the discharge. Three turbines with a design discharge of 250 m3 s−1 and an output of 19.2 MW generate an average of 130.6 GWh a−1 of electricity. Currently, an extension project is under construction. The extension project was developed on the basis of three complementary goals: (1) To achieve compliance with the EU Water Framework Directive by improving the aquatic ecosystem. This includes the establishment of a minimum residual flow as well as the mitigation of surge (related to upstream hydropower plants) and the establishment of fish passage. (2) Compliance with the EU Floods Directive to improve flood protection at the existing HPP. (3) Following the EU Renewable Energy Directive, the extension project includes a refurbishment as well as an increase of the design flow of the existing HPP. In the future, the extended HPP will have an increased design discharge of 484 m3 s−1 (plus additional 15 m3 s−1 at a HPP for residual flow at the weir). The new total output of ~38 MW will generate about 165 GWh a−1 of electricity. The catchment size of the gauging station Bichlwang is 9310 km2 and an analysis of the time series data from 1985 to 2011 established a mean discharge (MQ) of 293 m3 s−1, a maximal mean discharge (HJMQ) of 374 m3 s−1 (1999), a mean flood event (MJHQ) of 1187 m3 s−1 and a maximal discharge (HQ) of 2454 m3 s−1 (23.08.2015), with typical discharges of ≥400 m3 s−1 in the summer months (May–August).



The fish region in this section of the River Inn is assigned to “Epipotamal large” (barbel region); however, due to the presence of glaciers in the catchment, the maximum summer water temperatures are ~15 °C. These characteristics are indicative of an alpine river with a strong glacial influence, which is also reflected in the composition of the fish fauna as well as their biomass. A mean fish biomass of 25.1 kg ha−1 (296 fish ha−1) in the Kirchbichl reservoir and a mean fish biomass of 22.6 kg ha−1 (134 fish ha−1) in the Langkampfen reservoir, located below HPP Kirchbichl, was assessed via a hydroacoustic survey in 2012 [29]. In addition, an electrofishing campaign was carried out in the Kirchbichl reservoir in 2012: with 461 individuals ha−1 accounted for a biomass of 23.4 kg ha−1. In total, only five fish species were detected, and their abundance (brown trout 6.3%, bullhead 6.7%, rainbow trout 77.9%, grayling 2.6% and common nase 6.5%; in % of the total density) indicate that the water body is affected by stocking activities [30]. Within the Austrian national monitoring framework (GZÜV), electrofishing was carried out the river stretch below HPP Langkampfen in November 2008. A total of 14 fish species were found, which represents a wide range for an Alpine catchment. However, the fish density and biomass remained low at 92.1 individuals ha−1 and 5.1 kg ha−1. Based on the aggregation of these findings, the site-specific conditions regarding fish downstream migration can be summarized as follows: (1) The target species are potamodromous fish. (2) Due to the alpine catchment, the number of species is low and also fish biomass is comparatively low [23]. Over the last centuries, multiple hydromorphological pressures have been documented, including land reclamation, flood protection, the establishment of civil transportation infrastructure (e.g., railway, motorway) as well as hydropower development. Accordingly, the River Inn has been classified as a heavily modified water body in the Austrian province of Tyrol [17].




2.2. Long-Term Assessment Using Echosounders


In order to analyze seasonal patterns of fish presence in the headrace channel and identify optimal deployment times for the multibeam systems, fixed location echosounders were used for long term assessment. Data collection was carried out over 13 months from February 2015 to March 2016. Three Simrad EK15 single-beam echo sounders (Simrad A/S, Horten, Norway) with a frequency of 200 kHz and an opening angle of 28° [31], were mounted on floats to detect temporal occurrence of fish in the headrace channel [32]. The floats were manufactured polyester-coated styrofoam bodies with mounting space for the transducer and mounting points. The three units were placed approximately 200 m upstream of the trash rack, covering the majority of the channel width. This location was selected due to suitable flow conditions; i.e., the low acoustic noise level. The floats were held in place using a double rope assembly. An upstream cable assembly was used for deployment and to fix the position of the floats. A second cable, located some six meters downstream was used to lift the floats from the surface during times of high water, in the presence of large floating debris and drifting ice. The use of the three parallel echosounders enabled a large volume of the channel to be sampled with only the embankment zones missed (Figure 2). Despite the occurrence of some blind spots (unsampled regions), the setup ensured a constant sampling volume. The three echosounders were connected to each other via the EK15 software and controlled sequentially every 50 ms, which corresponds to approx. 7 pings per second per channel. This was done to exclude mutual interference or “cross-talk”. Raw data was collected with a pulse length of 80 μs at a threshold of −70 dB. The systems were calibrated separately “on-axis” using the procedure provided by the manufacturer (Simrad EK15, Reference manual / Interactive version, Release 1.2.4, 2014). Exact information on the near-field of the 200-28 CM-transducer was not provided in the manual. However, the first meter of the water column remained unconsidered for analysis to avoid potential near-field effects. Remote access to the echosounders allowed a continuously monitored data acquisition via LAN connection.



The echosounder data was post-processed using the software Sonar 5 Pro (Cage Eye A/S, Oslo, Norway). The raw data collected in the field are first converted (Figure 3a). The amplitude (AMP) echograms display the digitized sample data for each ping, whereas the single echo echograms (SED) contain only the individual echoes that were detected. From individual echoes (based on threshold parameters) a fish echo track can be generated (Figure 3b). To determine the threshold parameters, detection experiments were first carried out using stocked rainbow trout of two known size classes (15–18 and 25–30 cm). The fish were released in close range to the echo sounder in small groups over a period of three hours.



Tracking tests formed the basis for all echosounder data analyses: all 112 manually detected and evaluated fish echoes or tracks had target measures in the range from −40 to −56 dB with an average of −48.2 dB. The number of individual echoes per track was at least ten and was a maximum of 37 echoes per track (Figure 4). The maximum distances of the individual echoes within each track (i.e., the vertical extent of a track in the water column) were between 0.05 and 0.82 m with a mean of 0.14 m. Based on these evaluations and the observed signal to noise ratio, the field data assessment and subsequent post-processing threshold was set to −50 dB. The minimum number of individual echoes per track was set at twelve; i.e., every track included at least twelve consecutive individual echoes.




2.3. Detailed Investigation of Fish Behavior


DIDSON (Dual-Frequency Identification [33]) and ARIS (Adaptive Resolution Identification [34]) sonars, which produce video-identical image sequences, represent the state of the art technology in the field of visualization sonars and are often referred to as “acoustic cameras” [35]. The technology is most commonly used in dark and turbid waters where optical systems cannot capture meaningful data. Their applications are diverse and allow for the direct observation and recording of fish migration, fish behavior near migratory barriers, cooling water withdrawals, hydroelectric plants, bypass systems, spawning grounds, natural and artificial structures and fishing equipment [9,36,37,38,39,40,41].



The imaging properties of DIDSON and ARIS are principally determined by their operating frequencies, which range from 0.7 to 3.0 MHz [42]. The multibeam opening angle is typically 14° (vertical) and 29° (horizontal) and the number of single beams forming the array is a function of the operating frequency, varying between 48 and 128 single beams. The range of the projected sound cone depends on the frequency and varies from a few meters to >20 m for long range applications [43]. This allows for the two-dimensional detection of fish and other underwater objects. Depending on the application and the recording settings, the multibeam sonar used in this work can capture up to 16 images per second. This high rate of recording facilitates the recording of sonar video. The frame rate depends on the device frequency and the site-specific acoustic conditions. In this study a range of 8–12 frames per second (fps) for the DIDSON and 10–16 fps for the ARIS were achieved. The raw data files (.ddf or .aris, respectively) were stored on mobile hard drives for further transfer and processing.



To record the sonar data in front of the trash rack of the HPP Kirchbichl, an innovative setup was developed, taking into accounts the simultaneous use of three imaging sonars (Figure 5a). Two DIDSON sonars (DIDSON 300 with 1.8 MHz) were positioned in front of the trash rack on the left and right bank by means of a rail mounting for depth adjustment (Figure 5b). The ARIS (ARIS 3000 with 1.8 MHz) was mounted on the provided scrape cleaner and/or jib and could thus move along the trash rack at six horizontal positions (Figure 5c). The use of both sonar systems mainly had two advantages, i.e., practical setup performance but furthermore the chance for higher resolution data. De-mounting one of the DIDSONs for the trash rack setup was unnecessary due to availability of the ARIS and thus both systems could be left at their mountings during the whole survey. While the resolution of the DIDSON is always limited to 512 range bins per frame, the ARIS range resolution is adaptive and delivered 2000 samples for the given range setting. Gathering such high-resolution data to evaluate potential of the ARIS in this novel setup was a crucial technical aspect of this study.



The first data collection took place from 6–10 September 2016 (>170 h sonar data). Despite favorable acoustic conditions, no fish contacts were recorded during this period. The second data collection took place in the period 4–8 April 2017, corresponding to earlier long-term monitoring results that indicated increased fish presence in the spring [15,23]. Overall, the data from spring 2017 covers a total period of >170 h sonar data (Table S1): The data collection in the horizons 1–3 with a 90° angle from the shore and a window length of 10 m (Figure 5d) were carried out in parallel with two devices, and twice a day for 15 min per horizon during three consecutive days (9 h sonar data). Although originally planned, data acquisition deeper in the water column was not possible due to sediment deposits on the side walls (Figure 5d). During the rest of the time (day and at night) the two sonars, located at the left and right bank were used to continuously record data in the 3 m depth (horizon 3) at a 45° angle towards the trash rack (81 h sonar data from each DIDSON).



The vertical data collection was carried out from d 5–7 April 2017 once a day in six positions (0–5) along the 45 m wide trash rack and ten minutes per position from one meter below the water surface to the bottom. The position 0 corresponds to the starting point on the left bank and the position 5 to the end point at the right bank (Figure 5d). During the vertical data collection, the DIDSON sonars were turned off, in order to eliminate interference. The analyses of the data, which included an assessment of fish contacts, were carried out in depth steps of 0.5 m water columns.



The sonar data were post-processed with the Sonar 5 Professional software package (version 6.0.4; Cage Eye A/S, Oslo, Norway) and ARISFish (version 2.1; Sound Metrics, Bellevue, USA). In ARISFish the echogram mode was used to identify fish echoes and measured in the video playback window of the software. No file-shortening processes were used prior to the analysis. Records from the horizons and the vertical setup were analyzed completely. The continuous records (horizon 3; 45° angle towards the trash rack) were analyzed in sub-samples of 15 min per recorded hour, in the last quarter of each full hour. Every fish inside the sound cone represented a fish contact. However, as fish swam into and out of the sound cone and may re-enter several times, multiple contacts of the same fish during the observation period are highly probable. Thus, absolute quantification was not possible. However, the observation did provide clear probabilities and information on fish behavior and spatial distribution. In addition to the fish contact numbers, we assessed the length of the detected individuals by measuring a back-bone poly-line [44]. Every frame was checked and the one showing the best image was used for measuring along with their position in the sound cone.




2.4. Flow Field Hydrodynamics


In addition to fish position estimates using sonar, our aim was to compare these estimates with in situ measurements of the flow field. This required the development and testing of a new device and method for turbulent flow measurements needed for in situ studies of down-stream migration. To achieve this, we developed a new pressure-based field probe for flow turbulence measurement (“Differential Pressure Box”; DBox). The device is based on the Fechheimer Pitot concept [45], which the authors have successfully developed and tested extensively for underwater vehicles [46,47]. It was designed and implemented for application in rivers with highly turbulent flows ranging from 0 to 3 m/s, and calibrated using in situ ADCP measurements [48]. The combination of spatially explicit, time-averaged flow velocities recovered from ADCP in conjunction with the DBox differential pressure turbulence measurements thus form a spatially resolved, dynamic picture of the complex flow field experienced by fish in front of hydropower intakes.



Estimation of the time-averaged flow velocity as well as its fluctuations caused by turbulence are achieved using the optimized, Fechheimer arrangement of the pressure sensors; the differential pressure is measured at the nose at the stagnation point where velocity goes to zero, and kinetic energy is transferred into pressure. In addition, two pressure ports are located at 35° to the left and right of the stagnation point, which correspond to the locations of local hydrostatic pressure on a cylindrical surface (Figure 6a). The relationship (Equation (1)) between the pressure difference (ΔP) for both sides of the prototype (ΔP1 and ΔP2) and the time-averaged flow velocity (V) is defined by the Pitot equation for 0° of angle of attack, where ΔP1 = ΔP2. Note that with two transducers the equation can be applied including angular deviations of up to 45°:


    V =     a  (    Δ P  1 2    +   Δ P  2 2   )   4     



(1)




where a is an empirical coefficient to be fitted according to the prototype geometry and chosen sensors. The calculation of the flow-induced turbulence was performed using the dynamic pressure coefficient, Kpv. The coefficient is defined as the dynamic pressure coefficient, calculated using the standard deviation of the pressure fluctuations [49]. The Kpv describes the flow turbulence at the measurement location as the ratio between the fluctuating pressure field as experienced by the sensor body, scaled against the average velocity magnitude at each measurement point:


     K  p v   =       ∑    [  Δ P  ( t )  −   Δ P  ¯   ]   2       1 2  ρ   v ¯  2       



(2)




where ΔP is the data recorded at each time, t of the differential pressure sensor (P1 or P2),     Δ P  ¯    the time-averaged differential pressure calculated over a single point measurement,  ρ  is the density of water (here taken as a constant value of 1000 kg/m3) and     v ¯  2    is the square of the time-averaged bulk flow velocity at the measurement location.



This approach to assess the local flow turbulence follows the use of Kpv in a comprehensive study on the 3D hydrodynamics of a trash rack, with different bar element angles to assess the turbulence in the local flow [50]. Here we adopt the same formulation to assess the relationship between the differential pressure fluctuations and time-averaged velocities, which were obtained using the DBox at selected measuring points. Measurements were recorded at 5 m intervals across the channel and at three depth ranges (0.5–1, 1.5–2.0 and 2.0–2.5 m). Afterwards, the measurements were compared to the spatial map of the velocity field measured by the ADCP.



Measurements were taken at each location by mounting the DBox on the large debris removal arm (Figure 6c). To mitigate external effects of measurement system on the sensor body, it was mounted on a 1 m long rectangular steel pipe, and the large mass of the arm relative to the upstream flow was found to effectively dampen against oscillations of the mounting system. Bulk velocity estimates (n = 24, range: 0.3–1.2 m/s) used in Equation (2) were calibrated using a linear regression fit (R² = 0.73) based on the time-averaged data obtained from an acoustic Doppler current profiler (ADCP Workhorse 1200 kHz; RDI Teledyne). The software WinRiver II (Teledyne Marine, Poway, USA) and Agila 7.6 (Bundesanstalt für Gewässerkunde, Koblenz, Germany) was used for processing the ADCP data. Once calibrated using field data, the high-speed (50 Hz) velocity fluctuations from the DBox provide a flow turbulence distribution, which is not possible when using a moving ADCP [51]. The probe thus provides a new source of spatially distributed flow turbulence data. When combined with the ADCP time-averaged velocity field and fish spatial preferences, it becomes possible to study a wider range of hydrodynamic stimuli, which fish experience upstream of trash racks. Spatially resolved data is needed in order to understand the underlying mechanisms, which control fish migration in terms of the timing, direction and distances associated with underwater stimuli [52].





3. Results


3.1. Long-Term Assessment Based on EK15 Echosounders


The long-term data acquisition and fish detection tests were carried out from February 2015 to March 2016. Based on long-term monitoring, it was observed that the majority of fish were detected in the spring [23]. It should be noted that difficulties arose during the summer (false positive detections), caused by noise related to higher discharges as well as grass cutting. Noise was also problematic in autumn due to falling and entrained leaves, as well as in winter, caused by floating snow from urban snow clearance activities.



A sample of the long-term dataset is presented for April 2015 (Figure 7), taking into account the abiotic parameters from the river gauging station at Rattenberg. The number of detected fish-echoes (contacts) resulted in between 2 and 23 tracks per day, with multiple detections being likely.




3.2. Investigation of Fish Behavior


Acoustic cameras were used for observations of individual fish, providing information on the spatial distribution of fish. In the depth horizons (DIDSON 1 and 2) a total of 871 fish contacts (from 9 h sonar data ≙ 97 fish contacts h−1), with n = 192 on the orographic right (i.e., true right-hand bank, looking downstream) and n = 679 on the orographic left bank were registered within the survey in spring 2017 (e.g. Video S2). Most detections (Σ 376 ≙ 125 fish contacts h−1) took place in the 1 m horizon, with 110 detections right and 266 on the left side. The cumulative contact numbers on the left are significantly higher in all horizons than on the right. In the 2 m horizon 46 detections were registered on the right and 164 on the left (Σ 210 ≙ 70 fish contacts h−1). The largest difference in contacts between the right (n = 36) and left bank (n = 249) was observed in the 3 m horizon (Σ 285 ≙ 95 fish contacts h−1).



The evaluation of continuous data from the 3 m horizon revealed 6776 fish contacts (897 on the right and 5879 on the left bank). Thus, in both DIDSON setups (horizons + continuous) 7647 fish contacts (n = 1089 right and n = 6558 left) were recorded. Regarding their length distribution, there is a clear peak of the length classes 20–30 cm and 30–40 cm. Taking into account the significantly different contact numbers, there were no significant differences for the length of frequencies on the right and left (Figure 8). This also applies to the comparison of the contact numbers in the day and night aspect, with more fish contacts being registered on the left bank in the night aspect than during the day (Figure 8). No-cross-talk was observed for the two DIDSONs running in parallel. The signal to noise ratio provided high quality data at 1.8 MHz but resolution was too poor at 1.1 MHz. However, cross-talk would have been likely for the lower frequency.



Considering the vertical data acquisition (ARIS, Figure 9a) over six positions along the trash rack, a total of 343 fish contacts (≙114 fish contacts h−1) were registered up to a water depth of 9 m (e.g. Video S3). Considering all depth intervals, position 1 accounted for about one third of all contacts (n = 117), while towards the right bank the contacts continuously decreased (Figure 9b). Within position 1 more than two-thirds of the contacts (n = 81) were found at depths between 4 and 8 m.




3.3. Flow Turbulence


The evaluation of the ADCP data shows that under the design flow of 250 m3/s, the highest flow velocities were found in the right half of the trash rack entrance (Figure 9c). The lower flow velocities and sweeping currents on the left bank are caused by the entrance geometry, as the trash rack begins with a short, 10 m horizontal offset from the left bank (Figure 5c).



The simple regression relation, Kpv = −162.1 ∗ V + 241.9 (n = 48, R2 = 0.73), between the time-averaged velocity and differential pressure turbulence was used to generate cross-sectional plots based on the ADCP data. Specifically, our interest was the interrogation of local regions within the flow field, which exhibited combinations of velocity and turbulence found in slower flowing areas that could indicate the presence of large coherent eddies (Figure 10).





4. Discussion


It is not feasible to simultaneously monitor fish presence and behavior in a large alpine river using conventional methodologies, such as netting (german “Hamen” [53]). Therefore, the FIDET project developed a multimodal sensing approach by combining hydroacoustic observations of fish with hydrodynamic variables by measuring the time-averaged velocity and pressure turbulence.



Single-beam echosounders have been successfully applied to assess and monitor fish presence at several hydroelectric sites [54,55,56]. We used a comparable setup in a large alpine river, which provided the first long-term dataset of this river type. In terms of practicality, it was found that the echosounder installation has the potential to detect fish under the wide range of natural conditions demanded for in situ investigations. However, it should be noted that an unfavorable ratio of signal strength to background noise can severely limit detection [57]. In addition, it is necessary to devise a deployment strategy, which allows for the quick removal of the echosounders during discharges with high debris loadings or during flood events. Therefore, it is highly recommended that the experimental plan explicitly includes a maintenance design and hands-on training for responsible personnel, as periodic cleaning and removal of the floats is a key factor enabling long-term measurements. Furthermore, the device positioning should be determined on a case-by-case decision. However, in an alpine river with strong flood events and related floating debris (wood, sediment) the proposed setup (floats that can be recovered) is the only feasible one. An upward-looking array would require installation, inspection, and safe removal by divers prior to floods. This was considered impractical at this site.



The development of site-specific tracking criteria was found to provide a useful basis for future studies under similar conditions. For example, the variability in TS values in the field trials was expected to be large, as it is a single-beam system with large opening angles. The detection of an object’s orientation and absolute size determination is thus at best only partially feasible. While the detection was satisfactory in spring and early summer, problems did occur due to (1) noise caused by high discharges, (2) organic material (e.g., grass clippings, leaves, wood) and (3) snow and ice related to dumping of snow into rivers. In general, the echosounder-based fish tracking system provided a cost-effective long-term monitoring system, however the mentioned limitations need to be considered.



In order to assess fish behavior, a multimodal hydroacoustic and pressure measurement system was developed and implemented for the first time, taking into accounts the parallel use of three imaging sonars. The data collected present new insights using non-invasive measurement technologies on fish presence and behavior in front of a large, run-of-river hydropower intake. Specifically, the combination of spatially distributed, time-averaged flow velocities recovered from the ADCP and pressure turbulence measurements form the dynamic picture of the complex flow field experienced by fish in front of hydropower intakes. While acoustic cameras are capable of capturing underwater videos, which enable investigations of fish behavior, a long-term deployment “in the field” is limited due to equipment as well as operational costs. During the deployment of the DIDSON and ARIS systems, personnel had to be present on site in order to avoid damage caused by floating debris and to adapt the setup due to operational requirements (e.g., different depth horizons). Also, the manual post-processing is time-consuming; i.e., a factor of 1:3 between field work and post-processing has to be considered. We used the sonar data for individual fish observation, but the data could also support the analyses of swimming paths of individual fish [58]. However, acoustic cameras could either be used in a certain case study (as presented herein) or possibly be installed at a safe-site for long term monitoring (e.g., within a chamber of a by-pass system).



There are limitations due to orientation and range, but acoustic cameras have a high potential for underwater investigations, including technical inspections as well as biological surveys. Acoustic cameras have been sporadically used to detect and investigate fish and their behavior in close vicinity of hydroelectric sites in recent years [39,59]. ARIS was used by Mendez et al. [60] to investigate activity of adult lake trout in the headrace channel of a hydropower plant in Switzerland. In this regard, our setup of an acoustic camera triplet in front of an alpine run-off river power plant is a novel application to assess the temporal and distribution pattern of fish.



The majority of fish contacts were found to occur in the border area (ARIS position 1; Figure 9b) between turbulent and recirculating flow. Thus, our data suggest that different flow fields in the border area between turbulent and recirculating flow are preferred by fish. Considering the evaluation of the data from the horizontal setup this difference is significant and formed the basis for detailed design of a bypass. Confirmed by visual contacts and expert opinion, the majority of the fish are rainbow trout. The spatial analysis of the fish contact numbers (taking into accounts the sonar locations, alignments, ranges, and water depths) with the flow field, indicate that the majority of fish contacts was made at the interface between turbulent and calm water on the orographic left side. This is an important key for the design of a sustainable mitigation measure, in order to guide the fish into a bypass system. Further, it was shown that the use of a new differential pressure-based field turbulence measurement device can be correlated to ADCP measurements of the time-averaged flow field, revealing turbulent flow regions that may guide or repel fish. These regions could be more attractive to larger fish because studies on trout swimming in such eddies have shown that fish can use such eddies to reduce their energy consumption [61]. Based on this hypothesis, it could be the case that adult fish are observed on the leftmost 10 m of the hydropower intake and are less likely to be present in high-velocity regions with an overall lower turbulence parameter (Figure 10b). These patterns were confirmed by the analyses using DIDSON sonar or ARIS (Figure 9c), indicating the potential of the proposed turbulence parameter for predicting fish behavior in front of hydropower intakes.



The combined time-averaged velocity and pressure turbulence measurements were chosen based on literature studies of fish sensory capabilities, where it has been experimentally determined that fish respond to bulk fluid forcing in conjunction with local fluctuations in the pressure field [62]. Within a turbulent flow field, fish experience these fluctuations at a rate directly proportional to the local flow speed, and thus the ratio of the fluctuations to the local flow speed may prove to be a useful indictor of fish behavior considering in situ flow environments [63]. Further studies should compare the distribution of flow turbulence using the proposed methodology with additional field observations to determine hydraulic preferences relevant to fish.



It is also important to consider plant-specific characteristics including the turbine type and discharge conditions. At the HPP Kirchbichl, there currently exist downstream migration pathways via the weir during overflow, via the open weir during flood events, or by turbine passage (Kaplan turbine). After the ongoing expansion of HPP Kirchbichl there will be additional migration pathways: (1) Through a newly constructed fishway, (2) through a new bypass at the weir and (3) a new bypass at the end of the headrace canal. Within the extension of the HPP among other measures, the headrace channel in front of the HPP will extend beyond the left bank, promoting a larger area with reduced flow velocity. In this region, a fish descent corridor (by-pass), with two entrance structures (an upper one and a lower one), is being built [30]. Our study suggests that fish accumulate in the border area between turbulent and recirculating flow regions, which supports attraction. Additionally, underwater lighting (at the entrance structures) will be used to guide the fish into the by-pass system. The attraction by light is known from various studies (e.g., [64]) and was recently successfully implemented to guide fish into a fish sluice [65]. The planned monitoring at the HPP Kirchbichl after the implementation of these measures will provide a further contribution to knowledge about fish descent routes under real conditions.




5. Conclusions


Overall, further field testing of the proposed methodology should be carried out at additional large hydropower sites covering additional biocoenotic regions. This should include multi-species environments as well as locations with dense fish assemblages (i.e., shoals). The latter aspect can be especially important for the identification of the young-of-the-year downstream drift in lowland rivers. A critical improvement for cross-comparing field sonar studies in rivers is the standardization of sonar output metrics (e.g., contacts h−1 per sampling volume; both for day-time as well as night). This is crucial, as a wider range of study sites are needed to be able to evaluate the relevance and possible scenarios for downstream fish passage. Our future goal is to develop an automated system for detection of fish in front of hydropower plants. This could support the operation of bypass systems on demand, in near real-time. For imaging sonars DIDSON and ARIS, early development steps have been carried out recently [66]: Although data processing remains a challenge in the face of large raw data file sizes generated by imaging sonars, image analysis tools can be used to simplify the required input data, and rapidly classify categories of like eel-shaped targets, single fishes, shoals, and debris.
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Figure 1. Overview on the study area, including information on the ongoing extension of the HPP Kirchbichl. 
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Figure 2. Overview of the headrace channel with the installation of the EK15 sounders indicated, the power station itself and the tailwater (a) Plan view using an orthoimage of the site (photo: droneproject.at). (b) Schematic cross-section through the headrace channel, showing the setup of the EK15 echosounders. (c) Image of the installation, facing into flow direction. 
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Figure 3. EK15 echosounder post-processing workflow. (a) The raw data files are converted to amplitude echograms (AMP) and single echo detection echograms (SED). The selected region (examination layer) is analyzed using an automated tracking algorithm. (b) The fish tracking process: (I) Fish target determination in the AMP-echogram. (II) Identification of the same fish target in the SED echogram. (III) Single echoes of the fish target over time. (IV) The completed track by with connecting single echo location. Note that three single echoes were not included in the track, as they did not match the tracking criteria and were not considered. 
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Figure 4. Results (box plots: line = median, black dots = outliers) from the fish detection test for each of the three channels (Ch01 = right, Ch02 = middle position, Ch03 = left). (a) target strength TS [dB]; (b) number of single echoes per track [n]; (c) maximal distance of single echoes [m]. 
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Figure 5. Hydroacoustic imaging setup with DIDSON and ARIS sonar systems in front of the trash rack: (a) Overview of site. (b) DIDSON. (c) Plan view (the DIDSON were installed close to profile 193, approximately 8 m from the uppermost edge of the inclined trash rack). (d) Front view (orange = sediment deposits in front of the trash rack). The vertical trash rack is inclined at an angle of 70°; i.e., when measured from the top of the trash rack, the bottom of the trash rack ends at the river bed 4 m in the upstream direction. 
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Figure 6. (a) Computational fluid dynamics (CFD) simulation results showing the spatial distribution of the pressure coefficient, Cp, for a freestream velocity of 50 cm/s. The solid circle corresponds to the stagnation point, and the open circles the two differential ports ΔP1 and ΔP2. (b) Photograph of the device including the two differential pressure sensors, as well as the 9V power supply and SD data storage card. (c) Image of the DBox in the field at the HPP Kirchbichl, mounted on the large debris removal arm. Water flow direction shown as a blue arrow. 
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Figure 7. EK15 fish contacts summary compared with the abiotic parameters of water temperature, runoff and turbidity during April 2015. Discharge and turbidity are from gauging station Rattenberg (about 20 km upstream), while water temperature was measured in the headrace channel of the HPP Kirchbichl. Additional measurements of turbidity at Kirchbichl show, that the data from the upstream gauging station is representative. 
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Figure 8. (a) Day versus night comparison (in early April sunrise = 06:45, sunset = 19:50; according to www.zamg.at) of the number of fish contacts h−1 and (b) the length frequency of the detected fish (based on the evaluated data sets of 49 h sonar data from the period 4–8 April 2017). 
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Figure 9. (a) Two fish echoes at the trash rack (video frame from the ARISFish software). (b) Cumulative plot of fish contacts (in depth steps of 0.5 m water column) in front of the trash rack (based on 3 h of vertically recorded sonar data in the period 05–07 April 2017) and (c) Plot of ADCP (black lines form lower and upper bounds) and DBox calibration data as box plots. 
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Figure 10. Cross-section plots of the bulk velocity (in profile 189) measured by the ADCP, the locations of the 24 DBox measurements are shown as white circles with a black border (a). The plot of the pressure turbulence by combining the differential pressure fluctuations and bulk velocity measurements following Equation (2) (b). Note the linear relationship between the bulk velocity and turbulence (dynamic pressure coefficient). Thus, the spatial distribution of the intensities was found to be inversely proportional for this case study. At Kirchbichl, regions with high Kpv had on average, lower flow velocities. 
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