



Target strength 

Backscattering cross section in situ σbs or target strength (TS) when expressed in dB is an important scalar for converting sv measurements to absolute numbers.  In the Great Lakes, in situ σbs values, taken from fish observed during the survey, are commonly used as the sv scaling factor.  For that reason, in situ σbs data must be collected with the goal of gaining a representative distribution.  Fish TS is primarily dependent on swimbladder size, but also on swimbladder shape and compression, state of maturity, and fat content (Ona 1990, Horne 2003).  The TS is also strongly affected by the orientation of the fish relative the sound beam (often referred to as aspect). The aspect depends on behavior, such as vertical migration, swimming, and feeding behavior. In addition, pressure changes during vertical migration can affect TS. In the case of fish with swimbladders, maximum TS occurs when the major axis of the swimbladder is aligned perpendicular to the transducer. TS decreases significantly as the major axis of the organism aligns parallel to the acoustic axis. TS of a fishcan vary over 30 dB due to different tilt and roll angles (Reeder et al. 2004, Frouzova et al 2005).  Note that all calculations of fish density should be done with σbs including calculations of averages. When referring to mean TS, this is the dB transformation of the mean σbs . 

Detection probability 

The detection probability is the likelihood of detecting echoes from individual organisms. Single target detection probability is dependent on the imposed thresholds and the behavior of the organisms. Organism orientation strongly affects TS, as does the vertical distribution. Organisms on the edge of the beam will have lower detection probabilities due to the acoustic beam pattern. The echo level from a fish located at the half intensity beam angle (-3 dB) will be 6 dB lower than if located in the center of the beam (-3 dB for transmitting and 3 dB for receiving the signal in that direction). Organisms near the bottom will have lower detection probabilities due to the bottom dead zone (see below). Organisms close to the surface will not be detected if they are above the depth of the transducer and will give unstable returns if in the near-field. Near surface fish may also have higher avoidance reactions to the survey vessel (see below). 

Uncertainty in detection probabilities of single fish affects interpretation of Sv measurements and the efficacy of post-processing techniques. Systematic and random changes in detection probabilities during the survey will have linear and non-linear effects on Sv measurements. A systematic change in fish orientation, for example, from a horizontal to a more vertical position during vertical migration, will cause a decrease in Sv. If factors such as orientation are not taken into account, it might appear that there are fewer or smaller fish. For that reason, surveys should avoid periods of vertical migration.  This is less problematic when using in situ TS to scale Sv values.  However, more work on this topic is needed.

Vessel noise and avoidance

All vessels radiate underwater noise.  Fish species are able to detect this vessel noise over a range of frequencies from tens to at least several hundred Hz (Mitson 1995).  Whether the fish react to the vessel noise, thereby altering their behavior and detection probability, has been the subject of much research ( Mitson 1995, Handegard et al. 2003).  Avoidance reactions typically occur when fish are 100-200 m from the vessel, but particularly noisy vessels may elicit such a response at distances as great as 400 m (Mitson 1995).  Vessel lighting may cause avoidance reactions as well.  In addition to vessel avoidance, some fish (alewives) avoid broadband sound pulses at relatively high frequency (>100 kHz) and source levels of typical scientific echosounders (Ross et al. 1996). 

Fish may react to a survey vessel by swimming away from the vessel or by diving.  Horizontal avoidance includes herding, which results when fish respond to the sound field of an approaching vessel by swimming ahead of the vessel on the vessel track.  This may occur as fish move into a null in the emitted vessel sound field that exists ahead of the vessel (Aglen 1994).  Fish remain in this null until the vessel is visible at which time they may swim perpendicular to the vessel track to avoid it (Soria et al. 1996; Volpatti et al. 2002) or they dive vertically (Soria et al. 1996; Vabø et al. 2002).  The degree of horizontal avoidance varies among and within species, age classes, time of day, season, and even within a single survey of the same aggregation of fish (Volpatti et al. 2002).  Vertical avoidance may be dependent on fish depth distribution, with no response occurring below a given depth (Vabø et al. 2002).  In addition to affecting estimates of depth distribution, vertical avoidance can also affect density/biomass estimates in two ways.  First, active head-down swimming will increase tilt angle and decrease scattering strength for individual fish.  Second, change in pressure resulting from rapid changes depth can reduce swimbladder volume, also leading to a decrease in scattering strength.  On the other hand, fish attraction to survey vessels has also been observed and would induce an opposite bias (Røstad et al. 2006).  

Mitson (1995) provides guidelines for making noise measurements and gives recommendations for dealing with vessel noise and avoidance.  Noise-reducing innovations in new survey vessels have minimized avoidance-related biases to negligible levels (Fernandes et al. 2000).  Avoidance has received little attention in the Great Lakes.  Noise levels are also important for data collection and detection probability as both mechanical and electrical noise are added to the signal of interest by the echosounder.  

Near surface and near bottom dead zones 

Although acoustic methods are efficient for water column measurements, they are less effective at measuring backscattering by organisms near boundaries such as the sea surface or sea floor.  Surface and bottom dead zones (Ona and Mitson 1996) inherent in the design and application of typical echosounders are important limitations in many survey areas.  

Fish that are near the sea surface are not observed with echosounders as vessel-mounted or surface towed downward-looking transducers do not sample the water column above the depth of the transducer.  Additionally, data within the transducer near-field are not valid for survey estimates.  For post-processing, a surface exclusion zone is selected, accounting for both transducer depth and the near-field.  Surveys interested in near surface species should consider horizontally oriented echosounders or sidescan and multibeam sonars.  

 The near-field distance (Rnf) may be calculated as:
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where:
a is the radius of the active elements of the transducer (m), and

λ is the wavelength (m)

To be safely in the far-field region, we need to multiply this value by 2 (Simmonds and MacLennan 2005) or 3 (Medwin and Clay 1998). The example on near-field distance calculation provides a sample calculation for determining the near-field.

The bottom dead zone is important in the Great Lakes because bloater, kiyi, rainbow smelt, and alewife in some of the lakes are often closely associated with the bottom during the day (Janssen and Brandt 1980; Tewinkel and Fleischer 1998; Yule et al. 2007).  The detection of a fish close to the bottom is not possible after the wave front of the sound pulse first strikes the bottom, as the bottom generates a much stronger echo than any fish.  When the beam is circular, a fish located at the angle θ relative the acoustics axis cannot be detected if it is closer to the bottom than the bottom depth (BD) multiplied with (1-cos(θ)) (Ona and Mitson 1996).  In addition, fish will be only partially integrated when closer to the bottom than the resolution (cτ/2).  The distance from the bottom at which there is a bias (HBotBias) associated with both processes therefore depends on pulse duration, angle to the fish, and depth (see Ona and Mitson 1996) as follows:
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Note that if the bottom slope (nõlvak, kallak eesti keeles) is steep (as is the case in e.g., Lake Champlain), the bottom dead zone is larger.
	Frequency

The selection of an optimal frequency, or frequencies, is not trivial and depends on a large number of factors.  


	 


Target size (L)
Higher frequencies have short wavelengths (λ) and therefore can discern smaller targets than lower frequencies (Table 2).  Scientific echosounders operate in the range where target length (L) is larger than the wavelength (λ), thus in the geometric scattering region (L >> λ).  When the wavelength is larger than the target (λ > L, the Rayleigh scattering region), very little sound is reflected and the echo is weak (Simmonds and MacLennan 2005).  Smaller targets achieve geometric scattering at higher frequencies.  But this is not always desirable, as invertebrates can contribute substantially to Sv at high frequencies.

Table 2. Calculation of λ for common fisheries acoustic frequencies in freshwater at a sound speed of 1450 m•s-1.  

	Frequency (kHz)
	λ (cm)
	Absorption 
(α,dB•km-1)

	38
	3.82
	0.45

	70
	2.07
	1.52

	120
	1.21
	4.47

	200
	0.72
	12.41

	420
	0.34
	54.72


Absorption (α)  
Higher frequencies have higher absorption (α) and therefore reduced ranges for observing targets (Table 2, Fig. 2).  This would suggest intermediate or lower frequencies are appropriate choices, particularly for deep-water applications.  
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Figure 2.  Loss of acoustic signal strength (dB) due to absorption for common acoustic frequencies.

Pulse duration (τ)  
Organisms must be sufficiently separated to be identified as individual targets to obtain valid TS measurements.  Pulse duration (t, s) and sound speed (c, m•s-1) affect the separation of echoes through the relationship: 

	[image: image4.png]AR=Fy-Ry >




	
	[18]


where ∆R is the range between two resolvable targets (R1 and R2, m).  Targets that are closer together than ∆R cannot be separated (Simmonds and MacLennan 2005).  Although frequency is not a factor in the calculation of acoustic resolution, higher frequencies can generally operate at shorter pulse durations (e.g., 0.2-0.3 ms), thus allowing the resolution of targets closer together.

Target Strength (TS)  
Fish TS is more variable at higher frequencies because the effects of tilt and roll (aspect) are larger (Fig. 3).  Higher variability makes it more difficult to identify species or age-groups in the TS distributions and detection thresholds become more variable.  This suggests lower frequencies to be a better choice for fisheries surveys. 

	Beam width 

Choice of beam width depends on several considerations that can affect data collection or quality.   


	Fish density (ρv and ρa)
Narrow beams (i.e., smaller half intensity beam width) increase horizontal resolution and improve the ability to separate echoes from individual fish (Fig. 6).   
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Fig. 6.  Transducer resolution and beam width.  Fish within a pulse volume (delineated with dashed lines) cannot be resolved separately.  More fish are within a pulse volume when the pulse duration is longer and when the beam is wider.  Reproduced from Brandt (1996) with permission from the American Fisheries Society.

Bottom dead zone (heq)
Narrower beam angles have smaller bottom dead zones.  In deadzone height calculation example (120 kHz, θ3 dB=7º, depth=100 m) we had a bottom dead zone of 0.5 m.  A narrower beam (120 kHz, θ3 dB=5º, depth=100 m) would have a dead zone value of 0.4 m.  


	 


	Beam configuration 

There are three different transducer configurations – single beam, dual beam, and split beam (Fig. 7).  TS measurements are affected by differences in the processing of sound received in different portions of the transducer.  Ona (1999) reviewed in situ TS measurements with all three configurations.  For Sv, the three configurations are equivalent.  

Single beam 
Single beam systems provide no information on target location and the measured echo level combines the effect of TS and location in the beam (Fig. 6).  TS distributions have to be estimated from echo statistics.  

Dual beam
Dual beam systems transmit sound on a narrow beam and receive the echo on both this narrow beam and a wide beam.  The ratio between the two echo levels is used to calculate the distance from the target to the center of the beam and allows for compensation for directivity in the calculation of TS.  

Split beam
Split beam transducers calculate target location in three dimensions by comparing phase deviations of the returning signal in 4 sections of the transducer. This also allows for compensation of directivity and calculation of TS and for calculation of fish swimming speed in situ (Arrhenius et al. 2000, Torgersen and Kaartvedt 2001).  In addition, split beam units can be elliptical – dual beam units are always circular.      

With current developments in both hardware and software, we recommend acquiring split beam systems.  While more expensive, the increased capabilities of a split beam system are worth the cost.

Figure 7.  Transducer configurations.  Single beam transducers give information on 1 dimension (depth), dual beam transducers gives information on 2 dimensions, depth and distance from the acoustics axis, and split beam transducers gives information on the location in all three dimensions. Reproduced with permission from Simrad A/S. 
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