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The design and positioning of a fishway’s entrance is one of the crucial construction criteria, determining its 

overall effectiveness. In accordance with the literature, entrances are positioned as close as possible to the lateral 

barriers. However, specifically in this location, turbine outlets or weir discharges increase flow velocity, 

turbulence, particle suspension and noise, severely limiting high resolution underwater observations and in situ 

research. Therefore, little is known of fish behavior right in front of the entrance. Do fish in deeper waters swim 

up to the fishway entrance, or do vertical dead ends hem entrance attempts? Knowledge of such behavior is 

important for the entrance design. Without knowledge of the total amount of fish that are motivated for upstream 

migration, fishway efficiency assertions are incomplete. Sonar and multi-beam sonars prove to be valuable 

instruments, able to deal with limited visibility but, at the moment, still display one main deficiency:  only two 

dimensional data are obtained. In an experimental setup, we have overcome this deficiency by using two multi-

beam sonars perpendicular to each other and programmed an algorithm to combine the fish tracks from both 2D-

data outputs into a 3D dataset. Besides pointing out important methodical pitfalls and challenges, our results 

provide new insights into entrance approach behavior. 

 

1 INTRODUCTION  

According to the amendment of the German Water Act in 2010 the Federal Water and Shipping Administration 

(WSV) has to restore the ecological continuity in German waterways. On a local scale, building a new fishway 

into an existing large barrage system causes special ecological and technical challenges as well as open questions 

related to fish migration behavior in loud, turbid and turbulent zones. The research activities of the Federal 

Institute of Hydrology (BfG) and the Federal Water Engineering and Research Institute (BAW) aim to close 

existing gaps of knowledge related to fish behavior and effective fishway construction, in the interest of restoring 

fish migration.  

In order for a fishway to be effective, migratory fish both have to be able to find the entrance and to pass the 

fishway with as little delay as possible. Finding and crossing the entrance is the most important of both 

components, but it is unfortunately also the most difficult to accomplish since it requires intricate understanding 

of fish behavior [1]. Since fish try to swim as far upstream as possible until their migration route is blocked, the 

entrance of a fish pass should be situated as close as possible to the obstruction. In the case of a hydroelectric 

power plant, the migratory fish are attracted to the turbine draft tubes and the fishway entrance should therefore 

be positioned adjacent to the powerhouse [2]. Unfortunately little is known about fish behavior in environments 

with this degree of turbulence and, especially in these locations, visibility is severely limited by suspended solids 

and air bubbles. Entrance strategies (e.g. do fish cross or avoid high velocity areas?), search patterns (e.g. at 

what distance or depth are dead ends surpassable?) and even abortion parameters (e.g. number, time, direction) 

are important for the entrance design. 

Fortunately, real-time acoustic-imaging technology has rapidly developed over the past decades and 

mechanically scanning or multi-beam systems with a wide variety of frequencies, ranges and resolutions are now 

commercially available [3]. The dual-frequency identification sonar (DIDSON
TM

) system, which was originally 

developed for the US Department of Defense, produces two dimensional (2D) video-like imagery and was used 

by a number of authors studying fish behavior [4-6]. In freshwater, absorption is often viewed as the primary 

cause of signal attenuation outside of wave spreading and although absorption coefficients are small for low 

frequency sonars, they become large at high frequencies [7]. At the high DIDSON frequencies, the small 

wavelengths scatter off smaller objects, and can rapidly lose intensity with range. In addition, the target must be 

visible above the background reverberation levels [8]. The high sediment load exiting turbine draft tubes might 

severely restrict the applicability of such high frequency devices. Furthermore, despite its capabilities, 2D 

acoustics has its limitations. The two dimensional sample (one horizontal position, one distance data), requires 

some assumptions on the vertical position of the individual. These limitations become more critical when there is 



a need for an understanding of the spatial behavior of fish. In this extended abstract, we assess the advantage of 

3D data generated vs 2D data regarding information gain and failure avoidance.  

2 MATERIALS AND METHODS 

2.1 Study Site 

The study was conducted at the Koblenz Fishway, a vertical slot fishway located on the Moselle River in the 

federal state of Rhineland-Palatinate, Germany. The Moselle’s total length from source to mouth is 

approximately 546 kilometers and its average discharge is 290 m³s
-1

. The barrage in Koblenz and its adjacent 

fishway are located 1.94 kilometers upstream from the confluence between the Moselle and Rhine. The fishway 

was constructed between the south bank and the hydropower station to facilitate both upstream and downstream 

fish migration in order to restore the river’s connectivity across the barrage. It consists of an entrance basin with 

two entrances, perpendicular to each other, followed by 20 uniform and 5 elongated basins, connected by 3 

rectangular turning pools. Both fishway entrances are situated 4.25 m above the river bed. The vertical slot width 

is 0.45 m and the water level difference between two adjacent basins is 0.15 m. The fishway discharges ±1 m³s
-1

 

with a capacity for an additional 4.5 m³s
-1

 attraction flow added to the entrance basin.  

The fishway passes more than 32 different species; the total number of fish varies from year to year but 

from 2012 to 2014, more than 50.000 individuals were counted.  

2.2 Experimental Design 

The experimental setup was executed late in spring 2015 and repeated in autumn. Two DIDSONs were attached 

to a trolley and winched down a rail bolted into the concrete bank wall. With a spreader lens, the sonar beams 

form a 29
○
 horizontal and 29

○
 vertical field-of-view. One of the sonars was oriented parallel, the other 

perpendicular to the water surface, both a few centimeters apart. In order to avoid surface reflections and reduce 

air bubble interference, both sonars were oriented 14.5
○ 

downward, resulting in beams parallel to the water 

surface. The sonars operated in high-frequency identification mode (1.8 MHz). The window length was set to 10 

m (starting at 4 m). Since both sonars have to ping alternatingly, the maximum frame rate for this length of 6 has 

to be halved to 3 frames per second. Data were collected 24 h per day, except when the unit was cleaned, or 

power outages affected operations.  

As a post-processing tool, SONAR5
TM

 was selected based on the high amount of exportable variables and 

cubic cross filter for multi-beam target detection [9]. The cross filter allows a pre filtering of raw data to reduce 

variation and noise of grainy images caused by high sediment loads, without suppressing the fish’s foreground 

signal. The second part of the cross filter detects the less dynamical background. A comparator function 

subtracts the background from the pre-filtered data. If this difference exceeds a set threshold, the target is 

detected. An additional evaluator function can eliminate detections based on perimeter and area specifications.  

The exported 2D-tracks from both sonars were linked in R, based on their correlation in detection time (in 

milliseconds) and distance (along the Z-axis, in millimeters) from the sonar. Because the sonars are dephased, 

the correlation in the targets Z value between both instruments has to be calculated, not between the individual 

detections, but on linear interpolations thereof. This means that the start and end detections of the combined 

track have to be dropped. Unpaired detections from a single sonar are likewise discarded. The algorithm 

combines single fish tracks with only moderate data loss, but at the moment still fails to correctly join milling 

fish swarms.  

 

A number of criteria have to be considered in determining the position of the sonar. The instrument has to be 

near enough to the target to reduce possible interference and optimize detection possibility. However, since the 

beams spread out in a fixed angle, placing the sonar further away distinctly broadens the section of the water 

column that can be recorded. This balancing act is even more complicated if two sonars are deployed 

simultaneously. The spreader lens admittedly doubles the standard 14○, squaring the detection extent and 

thereby maximizing the amount of overlap, but at the cost of halving the resolution in this dimension. Both 

sonars can only send out signals opposite in phase, therefore the number of frames per second for each has to be 

halved to reduce reciprocal interference, which severely reduces the detection probability. Since the number of 

frames per second is directly linked to the required detection distance, this reinforces the proximity argument. 

Also, since Windows© is not a real time operating system, a relevant amount of variation in frame intervals has 

to be taken into account, leading to interference despite halving the number of frames per second. A decreased 



resolution in space and time, combined with reciprocal interference, causes the fish tracks to be interrupted quite 

often. Consequently, for 3D track detection, taking into account the restrictions of currently available 

technology, the sonars should be positioned to capture only the minimum detection area. 

3 RESULTS 

3.1 Information gain 

Using 3D analysis, we tried to determine the importance of vertical dead ends in the construction of the entrance 

of a fishway. With only horizontal 2D tracks, fish can be detected entering, exiting and swimming past the 

entrance of the fishway. If the fishway entrance does not lead down to the river bed, a number of questions go 

unanswered like: do bottom dwelling fish swim up to the entrance or not; do fish swim against the current 

exiting the entrance, or below the current; do fish change their swimming speed when entering the fishway or 

not; etc. Each of these questions bears direct implications to the fishway entrance optimization: if fish can be 

shown to swim up to the entrance, fishway floors do not necessarily have to line up with the river bed. If fish 

prefer avoiding the main current or change their swimming speed, maybe the added attraction discharge could be 

reduced.  

 

3.2 Failure avoidance 

In shallow waters, the 2D beam can encompass the entire water depth from bed to surface. But in deeper waters, 

a common source of error is fish dropping in or out of the middle of the beam without any track detections from 

the side. For example: a high number of fish, apparently swimming out of the fishway, are detected in the 2D 

sonar data of Koblenz (see Figure 1, left). However, since the bottom of the fishway is situated more than 4.75 m 

above the river bed, the horizontal 2D beam cannot cover the entire water column. Only after matching the 

synchronized perpendicular detections, we were able to interpret this behavior correctly: fish are ascending from 

the river bed towards the entrance. Their tracks often run near the fishway wall; it’s highly reflecting material 

often masking the track (see Figure 1, right). As soon as the fish are aligned with the fishway bottom they can be 

seen following the current away from the entrance. Likewise, apparent fishway entrances may be fish breaking 

off their entrance attempt and swimming vertically downward.  
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Figure 1. Information gain and failure avoidance in 3D fish track detection. 

 

 

One might argue that the vertical component questions could be solved by tilting the 2D multibeam sonar 

90°. Vertical fish movement up to the fishway entrance can then be detected, but whether fish (horizontally) 

enter or swim away cannot be distinguished without a second sonar. 

In the ISE Symposium, multi-beam video-like footage will be presented showing the preliminary results of 

the two 2D sonars, operated simultaneously. Most individual fish and milling fish swarms detected late in the 

spring of 2015 swim up from the river bed to the fishway entrance, evidently overcoming the vertical dead end. 

However, the horizontal sonar also shows most fish swimming past the entrance and sometimes returning or 



even pausing in front of entrance 1, before swimming away. Simultaneously, the vertical sonar positions the fish 

not exactly in front of entrance 1, but one to 1.5 m below the entrance. This behavior seems to endorse the 

findability of the entrance in Koblenz, but also indicates that the entrance design or additional discharge amount 

might require a critical review. The experiment will be repeated in the fall of 2015. Results of both campaigns 

will be presented at ISE2016. 

 

4 CONCLUSIONS 

Sonar analysis for fish tracking purposes is not easy, even in shallow, non-turbulent environments. In front of 

fishways entrances, the suspended solids and air bubbles mixed into the water reflect the sound waves and thus 

enhance the noisiness of the image, impeding fish detection. The outlet of hydropower turbines especially 

exacerbates sonar analysis. Under these arduous circumstances, multibeam 2D sonar analysis is very challenging 

and researchers should be acutely aware of their instrument’s blind angle. 3D track analysis can help in avoiding 

important mistakes in the interpretation of 2D data. Moreover, 3D track analysis delivers new insights in fishway 

entrance behavior, which help to optimize design and management. Fish live in a 3D environment and a deeper 

understanding of fish behavior is difficult if only 2D data are available.  

An understanding of fish behavior is imperative for the Federal Institute of Hydrology (BfG) in order to 

support the Federal Water and Shipping Administration (WSV) in designing and constructing economical and 

effective fishways.  

 

REFERENCES 

 

[1] DWA, Merkblatt DWA-M 509, Fischaufstiegsanlagen und fischpassierbare Bauwerke - Gestaltung, 

Bemessung, Qualitätssicherung. 2014, Hennef: DWA Deutsche Vereinigung für Wasserwirtschaft, 

Abwasser und Abfall e.V. 340. 

[2] Larinier, M., Location of fishways. Bull. Fr. Pêche Piscic., 2002(364): p. 39-53. 

[3] Simmonds, J. and D. MacLennan, Fisheries Acoustics: Theory and Practice. Second Edition ed. 2005: 

Wiley-Blackwell. 

[4] Moursund, R.A., T.J. Carlson, and R.D. Peters, A fisheries application of a dual-frequency 

identification sonar acoustic camera. ICES Journal of Marine Science: Journal du Conseil, 2003. 60(3): 

p. 678-683. 

[5] Handegard, N.O. and K. Williams, Automated tracking of fish in trawls using the DIDSON (Dual 

frequency IDentification SONar). ICES Journal of Marine Science: Journal du Conseil, 2008. 65(4): p. 

636-644. 

[6] Xie, Y., et al., Observations of avoidance reactions of migrating salmon to a mobile survey vessel in a 

riverine environment. Canadian Journal of Fisheries and Aquatic Sciences, 2008. 65(10): p. 2178-2190. 

[7] Francois, R.E. and G.R. Garrison, Sound absorption based on ocean measurements. Part II: Boric acid 

contribution and equation for total absorption. The Journal of the Acoustical Society of America, 1982. 

72(6): p. 1879-1890. 

[8] Maxwell, S.L. and N.E. Gove, Assessing a dual-frequency identification sonars’ fish-counting 

accuracy, precision, and turbid river range capability. The Journal of the Acoustical Society of 

America, 2007. 122(6): p. 3364-3377. 

[9] Balk, H., T. Lindem, and Kubečka J., New Cubic Cross filter detector for multi-beam data recorded 

with DIDSON acoustic camera. . 2009, Foundation for Research & Technology. 

 

 


