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Annotation 

This Ph.D. thesis is focused on the new developed mobile upward-looking 

system, which allows to study with non-destructive method invertebrates and 

fish near the water surface. In the first part, we studied behaviour of a 

horizontal sound beam, using a standard target at a known depth.  The second 

part, I compared the newly developed upward-looking system with fry trawl to 

possibly monitoring juvenile fish whether the recorded data correspond to 

reality. In the third part, we used two different frequencies to differentiate 

Chaoborus larvae from the smallest juvenile fish. In last part, I compared new 

system and a very used passive gillnets method. This work provides an initial 

step towards the improvement of study water surface layer. 
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Study of surface layers of water bodies using 

hydroacoustic method 

 

Introduction 

Acoustic instruments which transmit and receive sound waves can be 

used to detect fish or other objects far beyond the range of vision. The pulse 

travels through the water environment and is scattered by the objects with 

different homogeneities than that the surrounding medium. Consequently, a 

backscattered sound, called an echo, returns back and is detected by a receiver 

of the sonar. The received signal contains information about the ensonified 

objects. Acoustic technology has had a major impact on research of fish at 

environment where it is the only method capable of surveying of large volumes 

of water. The information provided by sonars and echosounders is also an 

important factor in the efficiency of modern fishing operations (Simmonds and 

MacLennan, 2005).  

 Historically, the greatest progress and development of underwater 

acoustics took place in marine environment mainly due to the military 

activities in First and Second World War, (Simmonds and MacLennan, 2005). 

Acoustic methods of fish abundance estimation were started in the 1950s. 

Initially these were based on simple ideas of counting individual echoes. The 

calibration methods of the time were imprecise, and the target strength of fish 

was uncertain. Intensive theoretical and experimental investigations in the 

1970s and 1980s led to a better understanding of what acoustic techniques 

could and could not do (Keiner and Rozwadowski, 2007). 

 Open water represents the largest volumes in larger lakes and 

reservoirs. Hydroacoustics is an obvious option covering large areas without 

disturbing fish. The most commonly used acoustic approach for study open 

water is downward-looking transducers, which beam from the surface to the 

bottom. This principle is well usable for sampling of seas or unstratified lakes. 

However, there is a blind zone at the surface created by the depth of the 

deployed transducer (at least several cm) and the physical near-field where the 

acoustic beam is not fully formed. Additionally, near the transducer, the 
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sampling volume is very low and provides a very limited coverage of the near-

surface layers (Simmonds and MacLennan, 2005) (Fig.1)   

 

 

Fig. 1 Blind zones near the water surface during three types of sonar beam 

orientation. 

 A) vertical down-looking beaming, b) horizontal side-looking beaming, c) 

vertical upward-looking. Double hatching - blind zones due to transducer 

deployment, nearfield and phase boundary, single hatching – 

underestimated volume above and below the beam during horizontal 

beaming. 

 

 In stratified lakes and reservoirs the fish are predominantly near the 

surface(Bohl, 1979; Godlewska and Jelonek, 2006; György et al., 2012; Hrabik 

et al., 2006; Prchalová et al., 2003; Vašek et al., 2009; Yule et al., 2013) 

especially at night. Fish may occur only a few metres under the surface (Vašek 

et al. 2008) and, for this reason, the downward-looking approach does not 

provide reliable data near the surface. A suitable solution could be to operate 

the transducer horizontally (Kubečka and Wittingerová, 1998). Horizontal 

echo sounding, also called horizontal beaming, covers the surface layers well. 

This method proved to be very suitable and therefore it was used to explore 

fish in stratified reservoirs or lakes(Godlewska et al., 2012; Muška et al., 2013; 
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Tátrai et al., 2009; Yule, 2004). However, each technique has advantages and 

disadvantages and horizontal echo sounding is no exception. 

 The most critical problem is that the estimated size of fish changes at 

different orientations relative to the transducer axis, the so-called side aspect 

(Frouzová et al., 2005). It is obvious that while in the horizontal plane the fish 

may be visible at all angles during one turn of its body around its dorso-ventral 

axis, during vertical observations only narrow range pf aspects close to well-

defined dorsal aspect are recorded. The difference between different fish body 

orientations at horizontal plane is up to 30+ decibels (Frouzová et al., 2005, 

Fig. 2) and when the target strength was converted to size and then to the 

biomass, the differences were striking (Boswell et al., 2008). 

 

 

 

Fig. 2 The relationship between body aspect and target strength for all 

aspects of fish horizontal plane  (data kindly provided from Frouzová et al., 

2005). 
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 The determination of  size is often performed using deconvolution (Kubečka 

et al 1994), which is based on stochastic assumptions of random aspect 

orientation that may not be entirely true (Tušer et al., 2009). So, the uncertainty 

about the aspect and TS interpretation in terms of real fish size still remains a 

major difficulty connected with fish assessment by horizontal sonar. 

 Higher acoustic noise levels due to reverberation and lower signal-to-

noise ratio also complicate the detection of mainly small fish with horizontal 

beaming (Kubečka, 1996).  Under the conditions of thermal stratification, the 

acoustic beam can also bend due to the effect of water temperature on the speed 

of sound on the edge of beam at different temperature layers (Trevorrow, 

2001). In this case it is very important to observe the summer stratification and 

if there is a big difference between the temperature layers, then it is better to 

use another date of sampling. Alternatively, it may be feasible to shorten the 

surveyed range thus reducing the sampling volume and limiting major 

advantage of acoustic sampling.  

 Still, this is not the end of horizontal beaming problems list. New 

findings on the multipath signals in the horizontal beam show strong 

interference near the surface (Balk et al., 2017, Paper I). This phenomenon 

discovered during the course of my PhD study significantly reduces the 

possibility of correct fish size and depth detection near the surface. The error 

arises mainly in determining the proper depth of targets and target strength. 

This difficulty together with all other mentioned above caused the decision to 

abandon originally designed PhD topic of Seasonal changes in the spatial 

occurrence of fish in reservoirs as this was planned with using horizontal 

beaming as the main sampling tool. All problems with horizontal beaming 

together would lead to a great uncertainty in estimation of observed fish size 

and depth and we faced a real risk of accurate analysis of highly inaccurate 

data. The errors can be as large as over 30 dB and this is hardly compatible 

with reliable fish analysis. 

 

 All identified shortcomings of horizontal echo sounding do not allow 

us to obtain accurate data from sampling lakes or reservoirs. For sampling fish 

near the surface, it was necessary to develop a different suitable acoustic 
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principle. A potential solution to address the aforementioned disadvantages 

horizontal echo sounding beaming is an upward-looking system, where the 

transducer is oriented vertically, but the direction of beaming is from the water 

column towards the surface. This arrangement makes it possible to record fish 

in the near surface layer (Fig. 1) and to accurately determine their size and 

depth. So far, this type of system has been mostly restricted to stationary 

locations where the transducer is fixed to the bottom of the water body and 

continually samples the same place (Arrhenius et al., 2000; Čech and Kubečka, 

2002; Jarolím et al., 2010).  In the case of stationary upward-looking, we 

observe only one location and do not take advantage to survey the large volume 

in a short time. Fish records with stationary upward-looking is to a large extent 

a passive method that depends on the movement of fish. This dissertation offers 

a method how to overcome this limitation. 

 

Results  

 This dissertation is composed of four original papers – three of them 

already published (Papers I, II and III) in impacted international scientific 

journals, one is in a form of unpublished manuscript (Paper IV). 

 

Paper I  

Balk, H., Søvegjarto, B.S., Tušer, M., Frouzová, J., Muška, M., Draštík, V., 

Baran, R., Kubečka, J., 2017. Surface-induced errors in target strength and 

position estimates during horizontal acoustic surveys. Fish. Res. 188, 149–156. 

https://doi.org/10.1016/j.fishres.2016.12.017 

 

 New findings on the multipath signals in the horizontal beam show 

strong interference near the surface. Errors in target strength up to 10 dB and 

depth position up to 0.5 m were observed. Simulations suggested that multi-

path signal propagation interfered with the direct path of that signal. When 

standard target (calibration copper sphere) was moved away from the 

https://doi.org/10.1016/j.fishres.2016.12.017
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transducer at fixed depths, the estimated target strength and depth of the 

target (1) stayed as it should be, (2) started to oscillate as a function of range. 

The amplitude increased with increasing range. The frequency decreased 

from the oscillation start until (3) at certain range the oscillation stopped (Fig. 

3). The first zone (about 5-10 m) is free from interference and it is possible to 

use it for monitoring. This zone can be maximized by shortening the pulse 

length and lowering the transducer. However, the target depth does also 

influence on the range of the zone. Since the range of useable zone get 

shorter when targets approach the surface, the shallowest targets will limit 

the possible range to be surveyed. Lowering the transducer will help, but at 

the same time reduce the observable part of the surface zone.  These results 

significantly limit the possibility of exploration near the water surface using 

horizontal beaming. 

 

 

 

Fig 3:  Estimated depth of standard target (real depth= 0.5 m) from 

different ranges from the transducer. 
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Paper II 

Baran, R., Jůza, T., Tušer, M., Balk, H., Blabolil, P., Čech, M., Draštík, V., 

Frouzová, J., Jayasinghe, A.D., Koliada, I., Mrkvička, T., Muška, M., Ricard, 

D., Sajdlová, Z., Vejřík, L., Kubečka, J., 2017. A novel upward-looking 

hydroacoustic method for improving pelagic fish surveys. Sci. Rep. 7. 

https://doi.org/10.1038/s41598-017-04953-6 

 

 Information about fish distribution and abundance in the upper water 

column is often fundamental. However, this information is extremely hard to 

obtain using classical hydroacoustic methods. A new rigid frame system was 

developed for pushing upward looking transducers of the scientific echo 

sounder (38 and 120 kHz) in front of the research vessel. No statistically 

significant differences in the estimated abundance of juveniles were found 

between the two sampling methods. The comparison of abundance estimates 

gathered by the two frequencies were also not significantly different. The 

predicted mean lengths from acoustic sampling and the trawl catches differed 

by less than 10 mm in all comparisons. The new acoustic system circumvents 

the known disadvantages of horizontal and downward-looking hydroacoustic 

transducers when sampling above the thermocline. Mobile upward-looking 

hydroacoustics is a promising fish-friendly method for further quantitative 

studies of pelagic upper layer fish communities, which are of great importance 

in many aquatic ecosystems where fish inhabit productive surface layers. 

 

 

Paper III 

Baran, R., Tušer, M., Balk, H., Blabolil, P., Čech, M., Draštík, V., Frouzová, 

J., Jůza, T., Koliada, I., Muška, M., Sajdlová, Z., Vejřík, L., Kubečka, J., 2019. 

Quantification of chaoborus and small fish by mobile upward-looking 

echosounding. J. Limnol. https://doi.org/10.4081/jlimnol.2018.1837 

 

Chaoborus larvae inhabit frequently the water column of lakes, when they can 

be mistaken for small fish. Because larvae ascend up to the blind zone of 

https://doi.org/10.1038/s41598-017-04953-6
https://doi.org/10.4081/jlimnol.2018.1837
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downward-looking echo sounding at night, quantitative acoustic estimation of 

them is possible only with upward-looking approach. In the target strength 

range of invertebrates (smaller than -59 dB), the 38 kHz echosounder recorded 

only a small proportion of targets while the 120 kHz echosounder recorded 

distinct peaks corresponding to high densities of Chaoborus (target strength, 

range -70 to -60 dB, average -66 to -64 dB). Data obtained with the 120 kHz 

frequency echosounder confirms that this frequency, primarily used to study 

fish, is capable of studying Chaoborus as well. Using the lower frequency of 

38 kHz offers the potential separation of a very small cohort of fish (6-20 mm 

TL) from Chaoborus larvae when the investigation of such extreme application 

is needed. The study demonstrates the applicability of the mobile upward-

looking hydroacoustic system to survey Chaoborus. 

 

Paper IV 

Baran, Blabolil, P., Čech, M., Draštík, V., Frouzová, J., Holubová, M., Jůza, 

T., Koliada, I., Muška, M.,  Peterka, J., Prchalová, M., Říha, M., Sajdlová, Z., 

Šmejkal, M., Tušer, M., Vejřík, L., Kubečka, J., New way to investigate fish 

density and distribution in the shallowest layers of the open water, 

manuscript 

 

While paper 2 deals with young of the year fish detection, this manuscript 

assess the usability of mobile up-looking system to study larger fish. It also 

focuses on the very surface layers where it is extremely hard to obtain reliable 

quantitative records using conventional hydroacoustic methods. For this 

reason, the mobile hydroacoustic upward-looking system (38 kHz split-beam 

echosounder) in combination with a passive sampling method (gillnets) was 

tested to investigate the fish community (fish larger than 8 cm total length) in 

the upper 3 m of water column. Most fish are located in the depth layer closest 

to the surface down to 1 m – 50-78 % by acoustics (layer 0.3 – 1 m) and 55-71 

% by gillnets. The size structure of both methods was generally similar, but the 

acoustic results contained a higher proportion of small fish (< 12 cm SL). It 

was found most fish occur very close to the surface and these would be mostly 
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missed by down- or side-looking acoustic sampling. Comparison with gillnets 

showed that upward-looking records provided similar fish size distribution. 

 

Discussion  

 The presented dissertation contributes to the development new system 

of hydroacoustic research for the surface layer. New research has shown that 

the used horizontal beaming method has quite a few shortcomings and 

quantitative data interpretation is very complicated. The most commonly used 

down-looking method for physical reasons cannot record the layer near the 

surface at all, for this reason, data from a depth of more than two meters below 

the surface are used (Emmrich et al., 2012; Yule et al., 2009).  

  

 The smooth surface can introduce errors when acoustics is applied to 

monitor fish horizon-tally in the surface layer, even when the beam is tilted 

away from the surface. The influence of the surface depends not only on the 

depth and tilt of the transducer but also on the depth of the target. A scientist 

using horizontal echo-sounder applications near the surface should be very 

careful surveying water bodies when the surface is smooth. Earlier, a smooth 

surface has also been regarded as optimal for horizontal surveys since it 

provides better stability for the beam and lower noise  (Trevorrow, 2001).  Our 

results showed that the mirror reflections can be more serious than the noise 

from a slightly wavy surface. On the other hand, even quite small ripples on 

the surface were sufficient to remove the interference problem and stop the 

oscillations. The researchers using horizontal beaming applications to cover 

the surface layer must pay attention to interference and seek to avoid surveying 

when the surface is smooth. For this reason, it is necessary to set the transducer 

deeper from the surface and then it is not possible to view the surface layer in 

a holistic perspective (Fig. 1). 

 

Mobile upward-looking is based on the principle of stationary upward-

looking, which had very good results in record fish near the water surface 

(Arrhenius et al., 2000). There are two ways to convert a stationary upward-
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looking mobile – towed system for back the ship and pushing the system in 

front of the ship. However, towed system was had very poor manoeuvrability 

(Guihen et al., 2014). For this reason, the second option was used, not 

dragging, but pushing the system in front of the ship (Paper II). The mean 

lengths of trawl-caught fish and those predicted by the upward-looking method 

differed by less than 10 mm. In all synoptic comparisons fish sizes predicted 

from acoustic data usually have a wider spread (higher variance) when 

compared with direct catch measurements (Emmrich et al., 2010; Mason et al., 

2005). Newly developed mobile upward-looking hydroacoustic system is a 

promising fish-friendly method for further quantitative studies of pelagic upper 

layer fish communities, which are of great importance in many aquatic 

ecosystems where fish inhabit productive surface layers. 

 

On the other hand, not only fish, but also aquatic insects and other 

invertebrates such as chaoboridae live near the water surface, which may cause 

a certain error during the study of juvenile fish near the surface (Knudsen et 

al., 2006; Malinen et al., 2005). For this reason, invertebrates had to be partially 

selected from the upward-looking record to reduce the error in juvenile fish 

research (Paper III). The 120 kHz frequency can efficiently record Chaoborus 

larvae or pupae, which can bias the hydroacoustic estimates of fish in 

waterbodies. The peak of Chaoborus was recorded between -70 and -60 dB 

target strength with the top between -64 dB and -65 dB. These values 

correspond to other published results for pelagic invertebrates (Knudsen et al., 

2006; Prchalová et al., 2003). Observations with an echosounder using a higher 

frequency of 200 kHz suggest slightly higher range of modal TS -64 to -60 dB 

(Bezerra-Neto et al., 2012; Jones and Xie, 1994). We confirmed earlier 

findings that the frequency of 38 kHz does not record Chaoborus larvae (Jones 

and Xie, 1994; Knudsen et al., 2006). For this reason, if we use multiple 

frequencies, fish can be reliably distinguished from Chaoborus larvae.  

 

 In (Paper IV) study demonstrates that mobile upward-looking acoustic 

surveys have potential to be a reliable tool in fish community assessment other 

epilimnion of stratified lentic waters. It was found that fish occur in the largest 
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numbers and biomass only 1 m from the surface. These results correspond to 

earlier studies (M. Prchalová et al., 2009; Řiha et al., 2015; Vašek et al., 2008) 

but with finer depth resolution. Clumping of fish in the surface layers seems to 

be a common feature especially in eutrophic and strongly thermally stratified 

waters (Bohl, 1979; Eckmann, 2007; Quinn et al., 2012; Yule et al., 2013).  

However, for the gillnets, the effective sampling volume of gillnets is not 

known (Deceliere-Vergès et al., 2009; Prchalová et al., 2011a). For this reason, 

only the comparison of the size composition of the captured fish and the 

reconstructed size from the acoustics could be used.  The results were similar 

indicating that both approaches sample similar fish communities.  

 

 Each sampling method has its advantages and disadvantages, and 

mobile upward-looking is no exception. 

1. The most fundamental advantage of the new system is the ability to obtain 

data by non-destructive method near the water surface up to a depth of 10 m. 

With the combination with down-looking, the entire water column can be 

sampled.  

2. Upward-looking system provides reliable data when compared to the active 

fry trawl method as well as the passive gillnets method. When comparing size 

and abundance, similar results were found with the active and passive method. 

3. The new hydroacoustic system allows sampling of both juvenile to adult 

fish.  

4. New upward-looking system allows to use combination of several 

transducers with several frequencies. This system records data in greater detail 

and therefore it is possible to study fish and Chaoborus larvae at the same time.  

 

On the other hand, upward-looking system in front of the ship also has some 

drawbacks. 

1. Upward-looking system cannot survey in shallow lakes or reservoirs or 

shallow areas of deeper waterbodies, because the carrying construction needs 

certain depth (certainly more than 5 m) and there is a danger of damage by various 

structures at the bottom (such as stones, branches, aquatic plants etc.). 
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2. The upward-looking device is quite large and requires a larger research 

vessel. Extensive lever which has to be driven through the water efficiently 

slows the device down to the speed of 4 km/hours. However, this functional 

prototype can be significantly modified with the modern materials to reduce 

weight and size. For this reason, it is not possible to explore a large area or 

volume quickly. Lifting of sampling grab to a smaller depth would increase the 

speed but decrease the sampling volume. The use of several wide transducers 

in upward-looking system can be a way forward.  

3. Day period is not suitable because of sinusoidal movement of planktivorous 

fish (Čech and Kubečka, 2002, Jarolím et al. 2010). In day sampling, escape 

reactions before the upward-looking system were recorded (Baran unpubl. 

data). On the other hand, in the recordings that were recorded at night, these 

reactions do not occur (Baran et al., 2017,2020). 

 

Conclusions 

Upward-looking system is a non-destructive method that has promising 

results and makes it possible to explore fish or invertebrate near water surface. 

Thanks to this acoustic system, it is possible to explore surface layers the lakes 

and reservoirs which has been neglected or examined by sidelooking 

horizontal beaming.  The surveying is limited to nights, depths >5 m and the 

speed is slow. The recording fish near the surface is an undisputed advantage 

that was not possible with other the non-destructive method. By further 

developing and investigating shortcomings, we can more easily handle or 

largely eliminate them. 

   

 

Perspectives 

The upward-looking system does not allow data acquisition at shallow 

depth, mainly due to the large size of the existing system. The size can be 

adjusted using lighter and stronger materials such as carbon fibers. However, 

this device will still be limited by the possibility of exploration at shallow 

depths. Autonomous underwater vehicles (AUVs) can be a possible solution 

for this problem. In many respects, AUVs are ideal platforms for acoustic 
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surveys. They can be directed to a variety of depths in the water column and 

can therefore be positioned at sufficient distance so as not to have an effect on 

the natural behavior of the resource they are to survey (Fernandes et al., 2003; 

Stoner et al., 2008). If we use wireless data transmission and modern 

navigation systems AUVs work very well and you can get high quality data 

from any depth (Benoit-Bird and Waluk, 2020; Moline et al., 2015).  

 

Classifications based on acoustic methods ideally rely on accurate 

knowledge of the organisms responsible for the backscattering responses. This 

is usually obtained from dedicated and concurrent sampling using capture 

devices such as nets, optical methods, or other forms of physical sampling 

(Fernandes et al., 2016). It is possible to distinguish fish from invertebrates by 

using several acoustic frequencies (Knudsen, Larsson and Jakobsen, 2006; 

Axenrot et al., 2009, Paper III). Moreover, recently emerged broadband 

acoustic systems transmitting frequency modulated (FM) signals, typically 

linearly-frequency modulated signals, for characterizing fish and other marine 

organisms (Lavery, Chu and Moum, 2010; Stanton et al., 2010) can increase 

power of taxonomic resolution of acoustic targets. This setting is called 

“wideband” refers to a system that combines multiple transducers, each with 

different broadband or narrowband signals and capabilities, to span a range of 

frequencies larger than can be achieved with a single transducer (Lavery et al., 

2017).  

We developed mobile rigid system using the principle of upward 

looking acoustic which allows researchers to study fish near the surface. This 

principle can add further interesting insights into the occurrence and behavior 

of fish in stratified lakes and reservoirs. Results of our studies (Paper II and 

IV) showed that comparing this method with active and passive sampling 

methods give similar results and the data obtained by this principle are reliable. 

In paper III we used two different frequencies to distinguish juvenile fish and 

Chaoborus larvae. This shows that the use of modern knowledge and methods 

can eliminate the shortcomings of this system. In the future, AUV will make it 

possible to study even small depths and larger volume. The broadband system 
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may make it possible to gradually distinguish individual taxonomical groups 

of fish. 

Another promising perspective lies in the application of multibeamy 

systems combining the information from many beams into three-dimensional 

picture (acoustic cameras). Systems like DIDSON and ARIS revolutionized 

fish migration and behavior studies (Jůza et al., 2013; Rakowitz et al., 2012a) 

and have the possibility to overcome the directivity and multipath scattering. 

Early models had too low sensitivity towards small fish and weaker aspects 

(Tušer et al., 2014) but this limitation is likely to be surpassed by further signal-

to-noise improvements. So there is a good hope that ultrasonic systems will 

provide quantitative fish results in notoriously difficult environment like 

stratified reservoirs with the bulk of fish stock close to the surface. 
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Abstract 

Information about fish distribution and abundance in the upper part of 

the water column are often fundamental for both research and management. 

However, this information is extremely hard to obtain using conventional 

hydroacoustic methods. For this reason, the mobile hydroacoustic upward-

looking system (38 kHz split-beam echosounder) in combination with a 

passive sampling method (gillnets) was tested to investigate the fish 

community (fish larger than 8 cm total length) in the upper  3 m of water 

column  of Římov Reservoir (Czech Republic) during the growing season. We 

found most fish located in the depth layer closest to the surface down to 1 m – 

50-78 % by acoustics (layer 0.3 – 1 m) and 55-71 % by gillnets. The size 

structure of both methods was generally similar, but the acoustic results 

contained a higher proportion of small fish (< 12 cm SL). The hydroacoustic 

and gillnet sampling recorded similar number of fish per one-night sampling. 

mailto:kubecka@hbu.cas.cz
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The upward-looking system is a promising approach to study the fish 

community in the neglected surface layer, but more studies of its efficiency for 

large fish monitoring are needed. 

 

1. Introduction 

Open water represents often the largest volumes of lakes and reservoirs. 

Quantitative fish sampling of these volumes still represents a challenge 

(Kubečka et al., 2012). Hydroacoustics is an obvious option covering large 

areas without disturbing fish and causing sampling-related mortality. 

However, most fish utilize shallow water closest to the surface (Jarolím et al., 

2010; Kubečka and Wittingerová, 1998; Vašek et al., 2009) and it is difficult 

to obtain sound estimates with conventional downward-looking acoustics due 

to narrow beam width close to water surface. Only a small proportion of the 

fish stock can be assessed with downward-looking echosounding in eutrophic 

waters (Kubečka and Wittingerová, 1998). Another option for pelagic fish 

assessment, the horizontal beaming, seems to be rather difficult and influenced 

by unwanted interference of multipath reflection (Helge Balk et al., 2017). 

Therefore, reliable quantitative assessments of fish community in the 

shallowest layers of the open water are rare. 

An alternative approach of mobile upward-looking surveying was 

developed to mitigate this unsatisfactory situation. This approach was showed 

to provide very clear data recordings of small fish and even invertebrates 

(Baran et al., 2017 and 2019). Upward-looking echosounding has been used 

for surveying of fish populations at fixed location (Čech and Kubečka, 2002; 

Jarolím et al., 2010), but rarely in mobile mode (Probst et al., 2009). 

 Upward-looking surveys are more reliable when provided at night 

(Baran et al. 2017 and 2019). During the surveys of  Baran et al., (2017 and 

2019) it was observed, that at daytime, fish are very likely to react to the survey 

vessel in front of it as was previously recognized by Rakowitz et al., (2012) 

and Muška et al., (2013). Daytime is also not a suitable period for surveying 

because most reservoir fish perform sinusoidal swimming to search the 

zooplankton more efficiently (Čech and Kubečka, 2002; Jarolím et al., 2010). 
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While performing sinusoidal swimming, the fish body aspect exposed to the 

upward-looking transducer is very difficult to define as the fish can have any 

aspect within the range of + 30 to –30 degrees tilt (Čech and Kubečka, 2002).  

In this study, we explored whether night mobile upward-looking 

represents a reliable tool for community assessment of yearling-and-older fish. 

During the summer season in the Římov Reservoir (Czech Republic), we used 

the upward-looking acoustics and CEN multimesh gillnets simultaneously to 

enable comparison of size distributions obtained from the two gears. CEN 

multimesh gillnets (CEN, 2015) are relatively free of size selective biases for 

a wide range of fish sizes larger than 8 cm (Prchalová at al., 2009) and smaller 

than 30 cm standard length (Šmejkal et al., 2015). Further, we analyzed vertical 

micro-distribution of fish within the uppermost 3 m of the water column. We 

assumed high overlap between fish size distributions from the two gears as an 

indication of absence of avoidance behavior of fish being surveyed by upward-

looking.  

 

2. Material and method 

2.1 Study area 

This study was conducted in the Římov Reservoir (48°50'N, 19°30'E, 

471 m above sea level., Fig. 1), 170 km south of Prague, Czech Republic. The 

reservoir was constructed on the Malše River in 1978. It is a canyon-shaped 

reservoir with a length of 12 km (on original riverbed), a maximum volume of 

33 x 106 m3, a surface area of 2.1 km2, and an average and maximum depth of 

16 m and 43 m, respectively. The trophic state of the reservoir is mesotrophic 

to eutrophic with well-developed thermal stratification during the summer. 

Dominant fish are common bream (Abramis brama (Linnaeus, 1758)), roach 

(Rutilus rutilus (Linnaeus, 1758)) and bleak (Alburnus alburnus (Linnaeus, 

1758). 

 

2.2 Fish sampling 

The fish community was investigated in the pelagic habitat of Římov 

Reservoir over the course of three nights - 19/20 August 2013 (night named 

N1), 21/22 May 2014 (N2) and 8/9 August 2014 (N3). Two localities (Fig. 1) 
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with similar stratification conditions during sampling nights (Fig. 2) were 

surveyed by the two methods. 

 

2.2.1 Acoustic sampling 

The acoustic part of the study was performed using a newly developed 

approach based on a mobile upward-looking acoustic system (Baran et al., 

2017 and 2019). A research vessel (11 m long with a 210 HP engine) was 

equipped with two 12 m long submersible arms on either side that held a 

tiltable platform with attached transducers between their front ends. During the 

acoustic survey, the arms submerged the platform to a depth of 8 m with 

transducer emitting towards the surface in front of a research vessel. An exact 

vertical position of the acoustic beam was measured using an electronic 

clinometer, the RIEKER H5A1-90. 

A frequency of 38 kHz (circular split-beam transducer SIMRAD ES38-

12 with a nominal angle of 12 degrees) was used in the study. The operating 

power of the echosounder was set to 100 W with 0.05 s pulse interval (20 pings 

s-1) and the pulse duration was set to 256 μs. Before each survey, the system 

was calibrated using a 60 mm diameter copper sphere  as described by Demer 

et al. (2015). 

The acoustic survey was performed using straight-line transects (1 km 

long) at a constant speed of 1 m.s-1 near the gillnet set (Fig. 1). Two localitions 

were studied; L1 near the reservoir dam, and L2 in the middle part near the 

town of Velešín. Sampling occurred at depths greater than 10 m to avoid 

striking the bottom with the submerged platform. The GPS coordinates of the 

survey cruise were measured using a Garmin GPSMAP 60CSx GPS handheld 

unit connected to an external antenna for better reception of the signal. 

Raw acoustic data were analyzed using the Sonar5-Pro post-processing 

software (CageEye A/S, Oslo, Norway). Beyond the theoretical blind zone 

(half of the pulse width from the phase boundary – water surface), we defined 

a surface line 0.3 m below the actual water surface so that surface echoes were 

safely excluded from data processing prior to data analysis (surface blind 

zone). The acoustic data were analyzed only to depths of 270 cm below the 

defined surface line. The acoustic system sampled the depth range of 0.3-3 m; 
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the gillnets 0-3 m. Automatic single echo detection (SED) threshold 

boundaries were set from -45.5 dB (corresponding to a theoretical fish length 

of about 80 mm). No maximum TS threshold was applied. To convert the 

captured fish size to the target strength (TS) from the 38 kHz echosounder we 

used the TS-to-length regression of Love (1977). A valid track was defined as 

at least two subsequent echoes from the same target, separated by a maximum 

of one missing ping within a 0.1 m vertical range gate. 

Fish abundance (A) was calculated according to the track counting method 

(CEN, 2014; Simmonds and MacLennan, 2005):  

 

A = 𝑡𝑟𝑎𝑐𝑘𝑠 𝑣𝑤⁄  *100 
 

where tracks stands for the number of tracks in a given transect, divided by the 

sampled wedge volume vw in m3. Fish abundance was expressed as the number 

of fish in 100 m3 of sampled water (fish 100 m-3). 

 

Length-weight relationship to convert recorded fish of known length to 

biomass was used from the gillnets catch from the reservoir without regard to 

species (general length-weight relationship for all species captured by pelagic 

gillnets). 

 

2.2.2 Gillnet sampling 

Standard CEN pelagic gillnets were used 3 m high x 30 m long, having 

twelve 2.5m long panels with the following mesh sizes:5, 6.25, 8, 10, 12.5, 

15.5, 19.5, 24, 29, 35, 43, 55 mm, knot to knot; CEN, 2015). Additionally, this 

gang was extended with large mesh gillnets (3 m high x 40 m long with 10 m 

long panels having 70, 90, 110 and 135 mm, knot to knot (Šmejkal et al., 2015). 

The large mesh panels (≥ 70 mm) had four times higher effort than the small 

mesh panels (< 70 mm). Therefore, the catches of large mesh gillnets were 

divided by four to standardize the length of each panel to 2.5 m for all meshes.  

The gillnets were set in a straight line approximately parallel to the 

shore over maximum depths (30-40m at L1 and 20-25m at L2). Three gillnets 

of each type were set as a basic effort at each location each night (3x90 m2 and 
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3x120m2 for CEN gillnets and large mesh gillnets, respectively). The gillnets 

were set two hours before sunset (approximately at 18:30) and pulled two 

hours after sunrise (approximately at 7:00) (Prchalová et al., 2010). The total 

gillnet effort was 36 nets (2 locations x 3 nights x (3+3) nets/night). 

The catch was sorted by species. For each captured individual, the 

right-angled distance from the floating upper line representing the water 

surface was measured with the accuracy of 5 cm (=depth of fish capture). Total 

length (TL) to the nearest 0.5 cm and weight (g) was measured for each 

individual fish.  

 

2.3 Statistics  

Differences in fish sizes from gillnet catches and sizes predicted from 

the acoustic sampling were compared using the Kolmogorov-Smirnov paired 

test for all fish larger than 8 cm TL. Only fish and acoustic data from the 0.3-

3 m depth layer 0.30 were compared. Statistical analyses were carried out using 

the R software (R Core Team 2019). 

 

3. Results 

3.1 Comparison of total catches and records 

A total of 699 fish larger than 8 cm were caught in gillnets. The 36 

gillnets altogether caught 451 bleak, 84 common bream, 120 roach, 26 

European perch (Perca fluviatilis) and 18 individuals of other species. During 

hydroacoustic surveys, 463 targets bigger than 8 cm (-45.5 dB) were recorded 

and 15,526 m3 of water was sampled. The number of captured fish and 

recorded targets were similar except N2 at L2, when gillnets caught more fish 

than were recorded with the hydroacoustic survey (Fig. 3). 

 

3.2. Vertical fish distribution 

In pelagic gillnets we captured between 55 to 71 percent of all caught fish in 

the topmost 1 m from the surface (Fig. 3). The percentages of acoustic targets 

detected in the 0.3 to 1 m depth layer represented 50 to 78 percent of all targets 

sampled in the top 3 m (Fig. 3).  Depth distribution compared by the two 
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methods was not statistically different except Night 2, L. 2 when too few fish 

were recorded at the surface by acoustics. With more than 50% of all catches, 

the dominant species was bleak, occurring most often at a depth of less than 1 

m (Fig. 4).  In N3 bleak dominated all depths down to 2.5 m.  The second most 

common species was roach, which occurred mainly at the site 2 at depths >1 

m below the surface. Common bream was found at any layer of the studied 

depth range. The size structure was distributed as follows - bleak dominated in 

the range 8-22 cm, roach was most abundant at sizes 24-38 cm and common 

bream dominated the largest size groups (Fig. 5). 

 

3.3. Fish and target sizes comparison  

 Mean length of caught fish was usually greater than the estimated mean 

size from acoustic targets (Table 2, Fig. 6). Two times (N2 at L2 and N3 at L1) 

the estimated fish lengths from acoustic targets were significantly smaller than 

the caught fish from gillnets (Table 2). However, on N1 at L1 the mean length 

of the estimated acoustic sizes were bigger than the mean length of caught fish, 

but these differences were not statistically significant (Table 2). 

 Mean weight fish captured by gillnets was in four cases bigger than the 

reconstructed mean weight of acoustic targets (Table 3). However, only once 

was the average reconstructed weight significantly lower than that of fish 

caught in gillnets (Table 1). In two cases, the average weight of fish 

reconstructed from acoustic targets was higher than the weight of fish caught 

by gillnets. 

 Both approaches measured frequency peak corresponding to bleak and 

small roach (Fig. 5). Size resolution of gillnets was higher to dominant group 

for bleak 12-14 cm. The two pooled length distributions of overall sample on 

Fig. 5 were not significantly different between the gillnets and acoustic records 

Ks- test (>0.05, df 18). 

   

4. Discussion 

 The current study demonstrates that mobile upward-looking acoustic surveys 

have potential to be a reliable tool in fish community assessment other 

epilimnion of stratified lentic waters. All studied parameters of the acoustic 
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assessment including size distributions, overall recorded fish/targets, and 

vertical distributions corresponded well with the same parameters obtained by 

gillnets. 

 Both methods revealed that fish had an affinity to the topmost 1 m of 

the water column. Given this vertical distribution, it is practically impossible 

to obtain representative samples of the fish community by both classical down-

looking and side-looking horizontal beaming (Fig.7). With both these 

approaches we underestimate the organisms living in the topmost surface layer. 

Side-looking horizontal beaming covers the surface layers, however, the most 

critical problem is that the estimated size of fish changes at different 

orientations relative to the transducer axis, the so-called side aspect (Frouzová 

et al., 2005; Rudstam et al., 2003). The determination of abundance and size is 

often performed using deconvolution (Kubečka and Wittingerová, 1998), 

which is based on stochastic assumptions of random aspect orientation that 

may not be entirely true (Tušer et al., 2009). The newly-discovered problem of 

the so-called mirror effect (Helge Balk et al., 2017) significantly affects the 

actual depth of targets and their target strength. Down-looking precludes 

sampling of about the topmost 3 m, due to transmitter deployment depth, blind 

zone and the very small sample volume near transducer (Simmonds and 

MacLennan, 2005). For this reason, down-looking is used for a depth of more 

than 2 m below the  surface (Emmrich et al., 2012; Guillard et al., 2014; 

Knudsen et al., 2006; Yule et al., 2009). Alternative ways of surveying, such 

as upward-looking system, should be considered for waters with abundant 

surface-oriented fish, which appear to be rather frequent in many kinds of 

waters (Busch and Mehner, 2011; Helland et al., 2007; Jarolím et al., 2010; 

Marie Prchalová et al., 2009; Vašek et al., 2009). 

 Acoustic data were collected with a 38 kHz transducer with opening 

angle of 12 degrees which was the widest split-beam transducer available at 

the time of our survey work. A 38 kHz transducer,  operating with the pulse 

duration of 256 µs, have nearly a 20 cm blind zone from the phase boundary, 

where fish echoes are obscured by much stronger reflections from the surface 

(Simmonds and MacLennan, 2005). However, the benefit of large sampling 

volume at the surface prevails over the loss of data near the surface (Fig.7). 



 
 

65 
 
 

The blind zone in the near surface layers with the upward-looking system is 

still much smaller in comparison to vertical or horizontal acoustics.  

 Both gillnet and acoustic surveys sampled similar numbers of recorded 

fish except during N2 at L2. The N2 data collection was in May when the 

gillnet catch may have been influenced   by enhanced swimming activity 

connected with spawning. Fish swimming activity is one of the major factors 

affecting gillnet catch (Prchalová et al., 2010) and a general increase in activity 

connected with spawning can lead to might cause extraordinarily high catch. 

Another explanation for the differences is the fact that the gillnets integrate 12 

hours of effort and some of the fish captured by the gillnets may be absent in 

the open water at night when the acoustic sampling took place in mid night. 

Outside of the spawning season, upward-looking system had reasonable 

agreement with the gillnet catches. We have to keep in mind that while 

sampling volume of acoustic sampling is defined by ultrasonic beam 

parameters, the effective sampling volume of gillnets is not known (Deceliere-

Vergès et al., 2009; Prchalová et al., 2011b). Therefore, it is not possible to 

compare absolute abundance or biomass estimates directly. In this respect, the 

comparison of upward-looking system with an active sampling gear like a 

pelagic trawl with known efficiency should be considered in the future.  

 The estimated average sizes from up-looking were generally smaller 

than the average sizes of the fish caught by the gillnets. Two times the 

predicted lengths and one time for the weight there was a were significantly 

smaller than the average sizes of fish caught by gillnets. These differences 

could be due to several reasons: 

1. TS-length regression is one potential source of error for predicting fish size 

from acoustic records. We have used 38 kHz generalized (multispecies) 

regression for vertical aspect (Love, 1977). However, this regression is not 

created for upward-looking and was not developed using European freshwater 

fish. On the other hand, the regressions of Love, 1977 has been found to 

provide realistic fish sizes in many freshwater studies (Boswell et al., 2008; 

Eckmann and Engesser, 2019; Frouzová et al., 2005) so we may assume that it 

did not cause most differences we observed. 
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2. Even if performed at very close locations on the same night, the two methods 

may not record the exact same fish. Peak sampling times are different. The fish 

are mostly caught by the gillnets when they swim intensely before sunset and 

then at sunrise (Millar, 2011; Prchalová et al., 2010). Acoustic surveys took 

place during the middle of the night when only a portion of larger fish reside 

in the open water (Muška et al., 2013) while many small fish migrate to the 

open water (Řiha et al., 2015). These distributions could explain why smaller 

fish were recorded by the acoustic approach, and reinforces the need for the 

comparison of instantaneous results obtained with active sampling gear like a 

pelagic trawl or purse seine. 

3. Although the fish reactions at night are limited (Rakowitz et al., 2012b), we 

cannot fully exclude the possibility of avoidance behavior of larger fish from 

the upward-looking system. This phenomenon should be studied by assessing 

the fish behavior directly in front of the sampling boat or by comparing with a 

robust active sampling method (see above). In the same time, we should keep 

in mind that the gillnet have generally lower efficiency in capturing small fish 

due to their lower inertia when entering the mesh (Marie Prchalová et al., 

2009). Therefore, the proportion of fish under 150 mm length could be slightly 

underestimated in the gillnet catch. 

  

Conclusions 

 The new sampling method circumvents the disadvantages of horizontal 

and downward looking hydroacoustic transducers when sampling near the 

surface (upper 3 m) to a large extent. We found most fish very close to the 

surface and these would be mostly missed by down- or side-looking acoustic 

sampling. Comparison with gillnets showed that upward-looking records 

provided similar fish size distribution. Evaluation of upward-looking mobile 

echo sounding could be enhanced by the comparison with quantitative active 

sampling gears or by a detailed assessment of fish behavior in front of the 

research vessel. 
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Fig. 1 A map of the Římov Reservoir and sampling locations (L1 and L2) 

in the Czech Republic.  

The black lines show the location of pelagic gillnets and the gray lines 

indicate the acoustic transects.  
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Fig. 2 Dissolved oxygen and temperature vertical profiles measured during 

each sampling night. Dashed black lines indicate N1 (19/20 August 2013), 

solid black N2 (21/22 May 2014), and the dark grey N3 (8/9 August 2014). 
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Fig. 3 Number of fish caught by gillnets and predicted lengths estimated 

from acoustic sampling by depth below the lake surface at the two locations 

(L1 and L2) over three nights (N1, N2 and N3 (see methods for details).  

Black bars indicate size distributions measured by gillnets and white bars 

estimated with acoustic sampling. 

The acoustics did not record data at a depth of 0-30 cm from the surface. 
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Fig. 4 Species composition of fish species captured in different depths by 

the gillnets. 

White indicates bleak (Alburnus alburnus), oblique striped indicates common 

bream (Abramis brama), grey indicates roach (Rutilus rutilus), horizontal 

striped indicates European perch (Perca fluviatilis) and black indicates other 

species. N stands for nights, L for localitions. 
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Table 1. Statistical comparisons of depth distributions shown in Fig. 3. 

N1, N2 and N3 are night 1, night 2 and night 3, respectively; L1 and L2 are 

location 1 and location 2, respectively.  

* Bonferroni correction (0.0083 for 6 same test); df were 27 in all test 

 

Compare p-value* 

Vertical distribution N1 – L1 >0.008 

Vertical distribution N1 – L2 >0.008 

Vertical distribution N2 – L1 >0.008 

Vertical distribution N2 – L2 <0.001 

Vertical distribution N3 – L1 >0.008 

Vertical distribution N3 – L2 >0.008 

 

Table 2. Mean total length of caught fish and estimated mean total length 

from acoustic targets  

N1, N2 and N3 refer night 1, night 2 and night 3; L1 a L2 refer locality 1 and 

locality 2  

* Bonferroni correction (0.0083 for 6 same test); df were 27 in all test 

 

Sampling 

night 
Locality 

Mean 

length (cm) 

Reconstructed mean length 

of target (cm) 
P-Value* 

Gillnets Acoustic 

N1 L1 17.05 22.42 >0.008 

N1 L2 22.05 17.45 >0.008 

N2 L1 18.84 12.77 >0.008 

N2 L2 20.34 10.07 <0.001 

N3 L1 15.28 7.96 <0.001 

N3 L2 16.03 9.53 >0.008 
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Fig. 5 Length frequency distribution of caught fish and recorded targets (all 

three nights and both sites pooled) 

Black indicate hydroacoustic, second column caught fish - white indicates 

bleak (Alburnus alburnus), oblique striped indicates common bream 

(Abramis brama), light grey indicates roach (Rutilus rutilus), vertical striped 

indicates European perch (Perca fluviatilis) and dark grey indicates other 

species. N stands for nights, L for localitions. 
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Fig. 6 Mean total length of caught fish and recalculated size of targets in 

individual nights and depth intervals. 

Black indicates gillnet catch and white acoustic measurements. The acoustics did 

not record data at a depth of 0-30 cm from the surface 
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Table 3. Mean weight of caught fish and reconstructed mean weight of 

acoustic targets  

N1, N2 and N3 refer night 1, night 2 and night 3; L1 a L2 refer locality 1 and 

locality 2 

* Bonferroni correction (0.0083 for 6 same test); df were 27 in all test 

 

Sampling 

night 
Locality 

Mean 

weight (g) 

Reconstructed mean 

weight of target (g) 
P-

Value* 
Gillnets Acoustic 

N1 L1 67.58 105.46 >0.008 

N1 L2 59.11 95.28 >0.008 

N2 L1 74.24 51.68 >0.008 

N2 L2 154.56 64.68 <0.001 

N3 L1 101.14 60.79 >0.008 

N3 L2 145.69 69.56 <0.008 
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Fig. 7 Blind zones near the water surface during three types of sonar beam 

orientation. 

 A) vertical down-looking beaming, b) horizontal side-looking beaming, c) 

vertical upward-looking. Double hatching - blind zones due to transducer 

deployment, nearfield and phase boundary, single hatching – 

underestimated volume above and below the beam during horizontal 

beaming. 
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