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A B S T R A C T   

Fish Target Strength (TS) is a requirement for estimating abundance from surveys of pelagic fish using 
echosounders. This paper describes a novel in-situ method to estimate TS as a function of fish body length (L), 
according to the standard equation TS = 20 log (L) +b20, where b20 is the species-specific factor to be estimated. 
We made measurements of TS with a broadband scientific echosounder, which is becoming the new tool of 
choice in fisheries acoustics due to its enhanced signal-to-noise ratio, and higher range resolution and the ability 
to measure the frequency response. A split-beam 38 kHz broadband transducer was pole-mounted on a small boat 
in the fjords of Nuuk, Greenland. With the boat stationary, individual Atlantic cod Gadus morhua were detected 
as echotraces, caught with a fishing line, measured in length and then released. Video footage, from a camera 
attached to the line, was inspected to verify a single individual was attracted to the lure and caught. Fish 
echotrace tracking techniques were applied to estimate the tilt of the fish from each acoustic sample and the 
measured TS was adjusted accordingly with the use of a Kirchhoff-Approximation scattering model. The b20 
parameter was estimated by linear regression. This method combines the benefits of associating TS from single 
fish of known length, which is typical of ex-situ methods, with the in-situ advantages of measuring TS of an 
undisturbed fish in its natural environment. Results yielded a b20 of − 65.6 dB ( ± 0.83 dB C.I.), which is within 
the range of previously published values for Atlantic cod measured with narrowband systems. Large variability of 
TS was observed within fish tracks (average s.d. of 5.55 dB). This is the first description of TS for Atlantic cod 
with broadband equipment. The high variability could not be attributed to variation in fish length nor tilt angle. 
Other physiological and behavioural aspects were also discarded. It is possible that this may be an intrinsic 
property of broadband acoustics, which indicates a need for re-evaluating TS to length relationships as fisheries 
science moves towards the wider application of broadband acoustics.   

1. Introduction 

Fish target strength (TS) is an essential requirement for estimating 
abundance from surveys of pelagic fish using echosounders, typically 
referred to as fisheries acoustics surveys. TS is a measure of the pro-
portion of acoustic energy backscattered by a single fish in the form of an 
echo. In general, given similar material properties, the larger a fish, the 
stronger its echo and thus its TS. Therefore, knowledge of TS allows for 
the estimation of the number of individuals in echoes from a school 
(assuming the lengths are known, e.g. by obtaining information from an 
alternative sampling tool such as a trawl); or for the estimation of the 

length of an individual fish from its echo. The standard TS to length 
relationship (Foote, 1979, 1987) is described as the linear function: 

TS = 20logL+ b20 (1)  

Where TS = target strength (dB re 1 m2); 20 = a fixed slope, L = fish 
length (cm), b20 = intercept and empirical parameter specific to species 
and frequency. All dB units hereafter refer to dB re 1 m2. 

The b20 parameter has typically been estimated by linear regression 
of measurements of TS of fish of known species and length. TS has been 
published for many narrowband frequencies and species (Simmonds and 
MacLennan, 2005), including Atlantic cod Gadus morhua (Table 1). The 
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TS measurements required to estimate b20 are usually carried out either: 
ex-situ, in controlled systems such as cages (Gauthier and Rose, 2001), 
pens (Brooking and Rudstam, 2009; Edwards et al., 1984) or with 
tethered fish (Chen et al., 2012; Gurshin, 2012; Manik, 2015); or in-situ, 
by acoustically recording and subsequently sampling those of fish (e.g. 
with a pelagic trawl) to then apply a probabilistic approach (MacLennan 
and Menz, 1996; Rose and Porter, 1996). 

Active acoustic systems, such as echosounders, are non-invasive, 
cost-effective tools used to survey large areas at high spatial resolution 
to estimate the abundance and distribution of a variety of aquatic animal 
populations (Dunlop et al., 2018; Horne and Jech, 1999; J. E. Purcell 
et al., 2000; Warren and Demer, 2010). Acoustic surveys of commercial 
fish stocks have become common practice in many countries (Eriksen 
et al., 2018; ICES, 2014; Ormseth, 2019; Roberts et al., 2019). One of 
two methods is usually applied: echo-integration or echo-counting. The 
former is the most common and used in conditions where fish form 
aggregations so that individuals cannot be resolved by the acoustic 
system, such as schooling fish. Echo-integration estimates the density of 
fish from the ensemble (school) echo intensity (Scherbino and Truska-
nov, 1966). However, the length distribution of the fish within the 
ensemble needs to be known to estimate the density, as the same echo 
could come from a small number of large fish (with a high TS) or a large 
number of small fish (with a low TS). The TS to length relationship then 
needs to be known to convert the length to an acoustic quantity that can 
be divided into the backscatter from the ensemble to estimate density. 
The second method, echo-counting, is used when single fish can be 
resolved. It works by detecting and counting single targets (a.k.a. single 
echo detections or SED). Fish density is then estimated by accounting for 
the [known] volume of water sampled. TS can then be used to estimate 
the length of fish (Eq. 1) which is essential for estimates of population 
dynamics. Fish length distribution is usually estimated by some alter-
native sampling method, such as pelagic trawling, often referred to as 
groundtruthing (McClatchie et al., 2000), however, Fernandes et al. 
(2016), prefer the term “alternative evidence” as most types of under-
water sampling tools have inherent biases. 

To date, both echo-integration and echo-counting have relied on 
single or multi-frequency narrowband systems. However, thanks to ad-
vancements in technology, broadband systems are becoming more 
widely available. Broadband systems have several advantages over 
traditional narrowband systems, including: spectral analysis of targets to 
estimate their frequency response (Bassett et al., 2018; Benoit-Bird and 
Waluk, 2020); higher range resolution thanks to pulse compression 
(Demer et al., 2017; Kubilius et al., 2020; Stanton and Chu, 2008); and 
better signal-to-noise ratio (SNR) (Lavery et al., 2017). Disadvantages of 
these systems include the output requiring an order of magnitude 
greater data storage; more complex signal processing (Demer et al., 
2017); and, due to its infancy, fewer examples of applications and 

standard protocols. 
The improved SNR and range resolution of broadband are desirable 

traits for echo-counting, a technique that has been limited, largely, to 
freshwater ecosystems due to their shallower depths (Simmonds and 
MacLennan, 2005). However, echo-counting has also been applied in 
marine systems: for example, Atlantic bluefin tuna Thunnus thynnus in 
Nova Scotia (Melvin, 2016), black rockfish (Sebastes melanops) in Alaska 
(Tschersich, 2018; Tschersich and Gaeuman, 2019), and mesopelagic 
organisms in New England (Cotter et al., 2021). Another application of 
echo-counting is the detection of single targets at the periphery of fish 
schools (Gastauer et al., 2017; Scoulding et al., 2017). The fjords of 
Greenland are an ideal site to test this technique because the upper 
approx. 200 m of this species-poor marine ecosystem is dominated by 
Atlantic cod, and single individuals are well distributed across the water 
column especially during the dark hours (Fig. 1). 

With the prospect of conducting an echo-counting survey for Atlantic 
cod in Greenland, this study produced an estimate of b20 from a 
broadband pulse. Results were compared with previously published 
narrowband data on the same species. We achieved this by adopting a 
novel method that allowed the in-situ direct measurement of TS and 
length of individual fish, along with estimates of its tilt angle. The length 
was measured after catching the ensonified individual using rod, line, 
camera and a precisely positioned lure that was viewed ‘live’ on the 
same echosounder. 

2. Materials and methods 

TS of numerous Atlantic cod were measured as SED in the wild. At-
tempts were made to catch each clearly resolved individual SED, to 
measure their length, after which they were released back into the wild. 

2.1. Equipment 

Data was collected within Nuup Kangerlua, the fjord system around 
Nuuk in south west Greenland, between 08th-13th October 2019. A 
Simrad WBT (Wide Band Transceiver) mini EK80 wideband scientific 
echosounder was deployed on a 5.5 m long motor-powered dinghy. The 
echosounder was connected to a dual frequency pole mounted trans-
ducer (Simrad ES38–18/200–18 C), consisting of a split-beam unit with 
a nominal frequency of 38 kHz (34–45 kHz band) and a single beam unit 
with central frequency of 200 kHz (190–230 kHz band), both with an 
18◦ beam opening angle. Only the data from the split-beam 38 kHz 
transducer was considered. The transmitted signal was set to slow 
ramping and a pulse duration of 1.024 ms. Due to the size of the boat 
and exposure to the elements, data was collected during the day (from 
08:00–20:00) and in good weather conditions (no precipitation, mini-
mal wind and flat sea). Calibration of the echosounder was performed 

Table 1 
Previous studies on TS and length of Atlantic cod Gadus morhua and other gadoids using narrowband data at given frequency (f). Parameters m and b refer to the 
general equation { TS = m log(L) + b} whereas the parameter b20 refers to the standard equation { TS = 20 log(L) + b20}. To translate m and b into a b20 value the 
following formula was used { (m − 20) log(Lref)+ b}, where Lref is the midpoint of the length range. Methods key: DB= in-situ observations with dual-beam 
echosounder; SB= in-situ observations with split-beam echosounder; M= metadata from multiple studies; CF= ex-situ measurements on captive fish; DF= ex-situ on 
dead fish. References: 1 = Nakken and Olsen (1977); 2 = McClatchie et al. (1996); 3 = McQuinn and Winger (2003); 4 = Rose and Porter (1996); 5 = Ermolchev and 
Zaferman (2003); 6 = Foote (1987); 7 = Foote et al. (1986).  

Species Location Fish length 
(cm) 

Time of day f (kHz) m (dB) b (dB) b20 (dB) Method Ref. 

Atlantic cod Bergen (NO) 6–95 Any 38  24.6  -66.6 -58.8 DF, CF  1 
Atlantic cod Bergen (NO) 6–95 Any 120  24.6  -67.6 -59.8 DF, CF  1 
Atlantic cod (Various) ? Any 30, 38     -61 M  2 
Atlantic cod Newfoundland (CA) 40–53 Night 38     -63.4 SB  3 
Atlantic cod Newfoundland (CA) 18–60 Night 38     -66 CF, DB  4 
Atlantic cod Kola Bay (RU) 15–21 Any 120  31.6  -80.7 -66.1 SB  5 
Gadoids (Various) 9–105 Any 38     -67.4 M  6 
Atlantic cod Lofoten (NO) 50–105 Any 38     -68.9* SB  7  

* average from 3 samples 

J. Dunning et al.                                                                                                                                                                                                                                



Fisheries Research 261 (2023) 106611

3

Fig. 1. A 35–45 kHz pulse compressed echo-
gram (40 log range compensation) from the 
Nuuk fjord system taken during cruising from a 
research vessel at 6 knots (3.1 m s− 1) and a 
transmission rate of 2 Hz, on 10th October 
2019. Colour scale refers to uncompensated TS 
(no beam compensation). The thick red line is 
the seabed, sloping from 110 m to 71 m; each 
thin blue-green curved line (a.k.a. fingernails) 
are the consecutive echoes from a single indi-
vidual (target) of Atlantic cod Gadus morhua.   

Fig. 2. Visual representation of the catch 
method. (A) 35–45 kHz pulse compressed 
echogram (40 log range compensation) as 
viewed on the echosounder display to monitor 
the catch of single target Atlantic cod Gadus 
morhua. Colour scale refers to uncompensated 
TS (TSu). A second fish can be seen approaching 
the lure, coming from ~60 s, 65 m depth. 
However, video footage confirmed that only the 
fish candidate attempted and caught the lure. 
(B) Screenshot of video footage 4 s before catch.   
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off site in a 4 m deep tank, using a 38.1 mm tungsten carbide sphere 
according to standard methods (Demer et al., 2015). 

The fishing gear consisted of a rod and line with a 500 g metal jig as 
lure. A specialised underwater camera (Water wolf) was mounted 1 m 
above the hook, to record the catch. However, due to the long hours and 
the availability of only one video camera battery, only about half of the 
catches were recorded. 

2.2. Procedure 

The boat was kept stationary on the water while live-viewing the 
echogram generated by the echosounder. This was achieved with none 
or little use of the boat motor given the very calm wind and sea condi-
tions. When a single target fish candidate was identified and sufficient 
amount of acoustic data had been collected, then the hook and line were 
deployed to catch it. The descent of the hook was visible on the echo-
gram so it could be stopped at the same depth as the fish of interest 
(Fig. 2A). A video description of the procedure is available at https:// 
drive.google.com/file/d/1EraUy2HDSeECHSp4lPuwdTsrGFRgJuOj/ 
view?usp=sharing. 

To increase the chances of getting acoustic data from a single fish 
which could be caught, a fish candidate was defined as: (i) being isolated 
from other fish in the water column; (ii) with no other fish above it 
which may otherwise take the lure; (iii) positioned well within the beam 
so that it would not be lost by the acoustic system during the descent of 
the lure; and (iv) at less than 60 m depth to allow enough ambient light 
for the video camera to operate. Once the candidate fish was caught, it 
was reeled onto the boat and its length was measured as total length 
without pinching the tail (Hansen et al., 2018). It was then, immediately 
after, released back alive into the water. The video footage, when 
available, was examined back in the laboratory to ensure that the 
echotrace was generated from a single fish (Fig. 2B). 

2.3. TS measurement 

Acoustic data were first processed using Echoview® 11.0.255 
(Echoview Software Pty Ltd, Hobart, Australia). Echotraces from a 
35–45 kHz pulse compressed, uncompensated TS (TSu) echogram were 
processed through the wideband single detection algorithm to yield 
beam compensated TS (TSc) for each of the measured fish. Beam 
compensation corrected the TSu of targets for transducer directivity by 
taking into account the target location in the beam pattern. Single echo 
detection parameters were set as follows: TS threshold = − 50 dB; pulse 
length determination = 6 dB; normalised pulse length range: 0.5–1.5; 
minimum target separation = 0 m; maximum beam compensation 
= 19 dB; maximum standard deviation of minor- and major-axis angles 
= 0.6 deg. Each echotrace of interest was visually scrutinised for evi-
dence of noise or other bad data which were excluded from analysis. For 
instance, all detections where fish altered their swimming behaviour to 
chase the fishing lure were excluded. Echoview’s built-in tracking al-
gorithm (based on Blackman, 1986) was adopted to confirm that 
echotraces were generated by the same fish. Settings included a mini-
mum track length of 3 targets, maximum gap between single targets of 3 
pings, and the weights for detection were set to 30% for both major and 
minor axes, and 40% for range. SEDs and associated statistics were then 
exported and processed in the statistical programming language R (R 
Core Team, 2020) as tracks of detections of the same individual. The TS 
exported from broadband SEDs should not be mistaken as a narrowband 
value. Both narrowband and broadband TS are representative of the 
proportion of transmitted acoustic energy that is received by the trans-
ducer. In the case of broadband data, energy transmitted/received in-
cludes contributions from a wider range of frequencies. Therefore, TS 
exports from broadband SEDs represent the full frequency band 
(35–45 kHz in this case), not just 38 kHz (Haley Viehman, Echoview, 
pers. comm., 2022). 

The tilt angle of the fish was also estimated for each ping across the 

fish track. This was achieved by determining the xyz coordinates of the 
fish from the alongship (θ) and athwartship (ϕ) angles of the target 
detected within the echosounder beam, and the range (r), as measured 
by the split beam echosounder (Eq. 2). The X and Y axes (alongship and 
athwartship respectively) characterise the horizontal plane, and the Z 
axis runs concurrent to the depth dimension. 
⎧
⎨

⎩

x = ztan(θ)
y = ztan(φ)

z =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 − (x2 + y2)

√

⎫
⎬

⎭
(2)  

Where z was: 

z =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2

tan2(θ) + tan2(φ) + 1

√

(3) 

xyz coordinates were then smoothed on each axis with a cubic 
smoothing spline function (smoothing parameter 0.75) to reduce noise 
in spatial localisation. To calculate tilt, the movement of fish from ping 
to ping was assumed to be the result of their active motion in a straight 
line, assuming minimal movement of the boat. The tilt between two 
points (pings) was identified as the angle (α) between their distance on 
the XY plane and their distance in the 3D system (Fig. 3). The tilt of the 
fish at a given ping was calculated as the average between the two tilts 
associated with the previous and following pings. For the first ping of an 
acoustic track, which has no previous ping, no average was taken but 
estimated simply as the angle (α) between it and the next acoustic 
sample. Similarly, for the last ping of a track. Positive tilt angles 
described fish swimming towards the surface, negative tilt angles to the 
seabed, and a value of zero described a horizontal fish. 

To estimate the effect of tilt on TS, a Kirchhoff-Approximation model 
(hereafter referred to as KA model) was constructed (Clay and Horne, 
1994) but modified to work in a broadband framework. This model is 
accurate for fish tilts between − 25◦ and 25◦, therefore, any data 
exceeding these limits was discarded. To determine the theoretical 
broadband TS of Atlantic cod, narrowband TScw were calculated with 
the KA model for an array of frequencies equal to the bandwidth of the 
echosounder used in this study (34 – 45 kHz, sampled every 100 Hz), 
and then applied to the following equations: 

σbs(f ) = 10TSCW(f )∕10 (4)  

σbs =
(∑n

f=1
σbs(f )

)/
n (5)  

TSFM = 10Log(σbs) (6)  

Where σbs(f) was the backscattering cross-section at a given narrowband 
frequency, TSCW(f) was the theoretical narrowband (continuous wave) 
TS estimate from the KA model, n was the number of narrowband fre-
quencies sampled to simulate the bandwidth of broadband (in this case 

Fig. 3. Graphic representation of the tilt angle (α) estimation method for a 
single target moving between two points (P1,P2) in successive pings. K is the 
projection of P2 on the XY plane. 
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n = 111), and TSFM was the theoretical broadband (Frequency Modu-
lated) TS. 

Along with fish length, tilt angle, and pulse frequencies, the KA 
model required other acoustic parameters, and a geometric construction 
of the fish body and swimbladder (Fig. 4), all described by Clay and 
Horne (1994). The geometric model was set to maintain the same shape 
and proportions relative to the fish length. 

With all parameters assumed to be constant, the theoretical TSFM was 
then estimated according to fish length and tilt. From this, the measured 
broadband TSu of wild Atlantic cod at a given length was compensated 
for tilt at every acoustic sample as: 

TSt = TSc +Δ (7)  

whereΔ = TSFM(0) − TSFM(α) (8)  

Where TSc is the beam compensated target strength, TSt is the beam and 
tilt compensated target strength, Δ is the tilt compensation factor, TSFM 

(0) is the theoretical target strength at tilt zero, TSFM(α) is the theoretical 
target strength at tilt α (angle estimated from fish tracking). 

The TS to length relationship was then fitted by linear regression to 
estimate b20 from Eq. 1. Multiple b20 values were estimated (from TSc 
and TSt, and including/excluding echotraces with no video verification). 
To test for significance between these, their 95% confidence intervals 
(CI) was assessed for overlap. Finally, to check whether it was correct to 
assume a slope of 20, a modified version of Eq. 1 was fitted: 

TS = (20+m) ∗ logL+ b (9)  

Where (20 + m) is the slope and b is an unknown intercept different than 
b20. If m was not found to be a significant parameter of the linear 
regression (p < 0.05), this model was discarded and the standard form 
(b20) was used instead. 

3. Results 

A total of 27 fish were successfully caught and measured in length 
with suitable SEDs. Of these, 12 had clear single target tracks, of which 2 
were discarded after video analysis. Of the remaining ten sets of data, 
two were discarded, the first because only one single target acoustic data 
point was available, the other because all of its 10 acoustic samples were 
associated with tilts outside the KA model limits of ± 25◦ (− 67.7◦ to 
− 34.5◦). Therefore, 8 single targets, of lengths ranging from 46.1 to 
58.5 cm were analysed. These 8 targets were associated with 261 
acoustic SEDs, of which 222 of them (85%) were with tilts within the KA 
model boundaries, yielding the equivalent number (222) of valid 
acoustic samples. The mean tilt angle was + 3.7◦ (head up) with a 
standard deviation of 21.6◦ (Fig. 5). 

Of the fish analysed, 4 were successfully filmed with the underwater 
camera attached to the fishing line. Depth and time of the day played a 
significant role in the clarity of the footage, yet fish could be 

distinguished at depths of around 50 m in the middle of the day, and 
25 m in the late afternoon without the need of external light sources. 
The remaining 4 fish were not recorded on camera due to power 
exhaustion. 

For any given fish, there was large variability in TS measurements 
from ping to ping. The average standard deviation of TSu (no beam and 
tilt compensations) per fish track of 5.9 dB, and the largest range of TSu 
spanned 34 dB (− 58.9 to − 25.1 dB). After beam compensation the 
standard deviation of TSc was 4.76 dB, and greatest range was 22 dB 
(− 45.6 to − 23.6 dB). After beam and tilt compensation the standard 
deviation of TSt was 5.55 dB, and greatest range was 30 dB (− 49.8 to 
− 20.3 dB). Therefore, accounting for fish tilt did not reduce the high 
variation in TS. 

The TSc/length standard relationship produced an estimated b20 
= − 66.2 dB (95% CI = − 66.40 to − 64.74 dB) (Fig. 6A). With compen-
sation for tilt, the TSt/length standard relationship yielded an estimate 
of b20 = − 65.6 dB (95% CI = − 67.07 to − 65.30 dB). This was equal to a 
0.6 dB increase in b20 compared to the one estimated without tilt 
compensation, although it was not statistically different (95% CIs 
overlap). Further, compensating for tilt resulted in a better fit to the 
linear model (Fig. 6B) (Akaike Information Criterion: with tilt 
compensation: AICc = 1447.89, weight = 1, LL = − 721.92; without tilt 
compensation AICc = 1477.67, Δ AICc = 29.78, weight = 0, LL =
− 736.81). Further, when fitting the data with a model where the slope 
was estimated (Eq. 9), the slope did not significantly deviate from the 
standard value of 20 (m = − 11.03, p = 0.42). Therefore, the use of the 
standard (b20) relationship was accepted. To check for sensitivity to the 
video verification, analysis was also performed excluding data from fish 
without video footage. This resulted in a b20 = − 66.6 dB (95% CI 
= ± 1.48 dB), which was not significantly different from the previous 
estimate of − 65.6 dB (95% CIs overlap). 

4. Discussion 

The present study is the first description of a standard TS to length 
relationship for Atlantic cod with a broadband pulse using an in-situ 
method. The method for in-situ studies that does not require a broadband 
system, provided the targets are resolvable, and has the advantage of 
linking the acoustic trace of an individual wild fish to their measured 
length with observations of the inferred tilt behaviour. The estimated 
b20 of − 65.6 dB is well within the range of previously published values 
obtained with narrowband data (Table 1). This lends support to the 
validity of the method in spite of the observed high TS variability. There 
have been few published methods that share the quality of measuring 
both TS and length from individually identified wild fish. Ermolchev and 
Zaferman (2003) describe a system that integrated a video camera and a 
laser on the same platform as the echosounder. At the passage of a single 
fish in the field of view, the acoustic data were recorded for TS and the 
footage combined with the laser was used for estimating the fish length. 

Fig. 4. Shape and proportions of the cod-like object used in the KA model to estimate theoretical TS of Atlantic cod Gadus morhua (Clay and Horne, 1994). L, H, W 
coordinates were length, height, and width respectively. In this example the fish length was 50 cm. The left side of each plot represents the head, whereas the tail is 
on the right. The inner shape represents the swimbladder. The dots show all the coordinates input in the KA model. 
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Similarly, Scoulding and Kloser (2021) describe an acoustic-optical 
system (AOS) attached to a trawl net able to measure the length of 
acoustically detected single fish with a stereo camera. In contrast to 
Ermolchev and Zaferman (2003) and Scoulding and Kloser (2021), the 
method described here provides a direct measurement of fish length and 
uses standard acoustic equipment coupled with an inexpensive, low tech 
fishing rod. The capture of specimens allows a one-to-one connection 
between in-situ measured TS and other fish properties such as stomach 
contents, gonad development, and fat storage which could be beneficial 
for future studies. The direct connection between TS and length mea-
surements from individual wild fish allowed to measure and account for 
fish tilt as a source of TS variability. Large variations in TS are often 
attributed to unknown fish tilts and lengths. Enabled by the novel 
method presented, this study provides evidence that there may be other 
sources at play. 

Thanks to the single target detection and tracking algorithms, the 
method here described could also be applied without a video camera to 
greater depths and/or at night. This is further supported by the fact that, 
in this study, the estimated b20 excluding non-video verified data was 
not significantly different from the full data value. This method can be 
further applied to any aquatic environment where fish are well distrib-
uted to produce SEDs and can be caught easily; some modification on the 
fishing gear may be necessary to best suit the species of interest. For 
instance, in Lake Champlain (New York, Vermont, Quebec) and Eastern 
Lake Erie (New York, Ontario), rainbow smelt Osmerus mordax is the 
dominant pelagic species, contributing to 99% of trawl catches (Ein-
house et al., 1997), and yields a large number of single targets (Rudstam 
et al., 2003). This method could also be deployed in proximity of fish 
aggregating devices (FADs) for tuna species. Over 50% of commercial 
tuna, such as Bigeye Thunnus obesus, skipjack Katsuwonus pelamis, and 
yellowfin Thunnus albacares, are caught using FADs (Fonteneau et al., 
2013). There has also been interest to acoustically discriminate between 
different species of tropical tuna in order to target those with healthy 
populations (Moreno et al., 2019). The method presented here can be 
used for collecting data both on TS and frequency response of single 
target tuna found in association with FADs (Boyra et al., 2019). Finally, 
this method needs not to be limited to fish species. In recent years, 
attention has been given to jellyfish (scyphozoans, cubozoans, hydro-
zoans, ctenophores, and salps) and their acoustic properties to monitor 
the increasing abundance in worldwide ecosystems (Brotz et al., 2012; 
Kogovšek et al., 2018; Mills, 2001). For example, single target TS was 
measured for jellyfish (Chrysaora hysoscella and Aequorea Aequorea) that 

were caught, tethered, and re-suspended in water for acoustic mea-
surement (Brierley et al., 2004). Although great care was reported, each 
step could have damaged the jellyfish or introduced air bubbles. 
Although jellyfish would not be caught with a fishing rod, a dipnet 
would prove effective (Brierley et al., 2004). Therefore, the method 
described in the current study could have been more advantageous. The 
adoption by the scientific community of the method presented here in 
different environments and with different species would help in deter-
mining the observed sources of TS variability from broadband SED 
targets. 

Despite its importance, there is no single preferred method of esti-
mating TS of fish. Each method has its strengths and weaknesses. Ex-situ 
methods typically involve tethered or encaged fish. Tethered fish are 
either dead or stunned (Chen et al., 2012; Gurshin, 2012; Manik, 2015), 
and, therefore, fish lose physiological control of their swimbladder 
which is the main source for sound reflection, contributing up to 95% of 
the total backscatter (Foote, 1980). McClatchie et al. (1996) found a 
significant difference in measured TS between dead and live fish. 
Another approach is to confine living fish in monofilament cages 
(Edwards et al., 1984; Gauthier and Rose, 2001) or pens (Brooking and 
Rudstam, 2009; Gurshin, 2012). This allows for direct association of the 
TS to the known length of fish. However, fish depth is often shallow 
(Gauthier and Rose, 2001; He and Wardle, 1986) and fish may display 
different behaviours than in the wild (e.g. altered swimming pattern and 
tilt in a confined space) which can alter the observed TS. On the other 
hand, classic in-situ methods typically record the acoustic traces of wild 
fish schools before sampling them to acquire their length distribution, 
typically with a trawl net. This allows for the collection of a large 
amount of acoustic and biological data, however there are issues about 
catching the same school of fish as seen on the echogram. It is techni-
cally challenging to target a trawl at the correct depth and location, fish 
may move by chance or active avoidance, and bycatch can be caught in 
the process (Fernandes et al., 2016). All of these issues ultimately 
weaken the connection between the acoustically observed and caught 
fish, and lead to biases (MacLennan and Menz, 1996). The method 
described here combines the benefit of direct measurement of TS and 
length of single fish (typical of ex-situ studies) with the advantage of 
observing wild fish in their natural environment (typical of in-situ 
studies). 

As might be expected, there are disadvantages to the method being 
presented and scope for improvement. First of all, this was a time- 
consuming process. There is an element of chance in finding a single 

Fig. 5. Frequency distribution of tilt angles estimated from 261 Single Echo Detections from 8 single target tracks of Atlantic cod Gadus morhua. Vertical dashed lines 
represent the range within which the KA model (Kirchhoff-Approximation model) is applicable. 

J. Dunning et al.                                                                                                                                                                                                                                



Fisheries Research 261 (2023) 106611

7

fish that meets all the requirements, in particular, one that is well iso-
lated from other fish and remains in the acoustic beam for enough time 
to sample data and subsequently to position the lure. In our case, the 
sampling of 8 individuals (222 measurements of TS) took 22 h across 3 
days with ideal weather conditions. However, there was a learning curve 
in optimising the efficiency of this method (e.g. development of the fish 
candidate criteria and best locations for fishing). Therefore, future 
studies will be more time effective. To increase the accuracy of b20 
estimation, improvements could be applied on the calculation of fish tilt. 
In this study the boat was assumed to be stationary on the water given 
the pristine environmental conditions. However, the method could be 
adopted in less favourable conditions with the adoption of a motion 
reference unit (MRU) mounted on the transducer to account for vessel 
movements such as roll and pitch. 

The model to base the tilt compensation factor Δ (Eq. 8) may also 
have an effect on the estimated b20. The KA model is frequently used in 
fisheries acoustics (Foote and Francis, 2002; Gauthier and Horne, 2004; 
Macaulay et al., 2013) and was chosen as the best model for this study. 
However, a simpler approach that did not require modelling was 
considered in early stages by applying the empirical relationship 
described by McQuinn and Winger (2003). Yet, this relationship lacks a 

theoretical support and is tested only on tilt angles between − 0.6 and 
10.4◦ (McQuinn and Winger, 2003) which only applied to 24% of data in 
this study. The range of tilts observed (Fig. 5) is consistent with previous 
measurements of swimming Atlantic cod, e.g. Olsen (1971), which 
ranged between − 40 and + 40◦, and Rose and Porter (1996), between 
− 30◦ and + 10◦. Tilt is an important variable in the estimation of TS 
(Nakken and Olsen, 1977), and has been recognised for a number of 
species other than cod such as mackerel (Fernandes et al., 2016), herring 
(Huse and Ona, 1996), anchovy (Aoki and Inagaki, 1988; Sawada et al., 
2009), sandeel (Kubilius and Ona, 2012; Safruddin et al., 2013), and 
orange roughy (O’Driscoll et al., 2012). 

In each fish track, the high variability in TS (all TSu, TSc, TSt) was not 
explained by the fish tilt nor by variation in length. Therefore, other 
sources of variability need to be considered. The standard TS/length 
relationship is widely used within fisheries science; however, it is a 
simplistic model. TS is also dependent on a variety of biological and 
behavioural factors that influence size and/or shape of the swimbladder. 
For example, under Boyle’s law, a swimbladder is compressed (decrease 
in TS) when fish swim to deeper waters and expands (increase in TS) 
when they rise towards the surface (Mukai and Iida, 1996; Ona, 1990). 
However, gadoids such as Atlantic cod, are physoclistous and, therefore, 

Fig. 6. TS (target strength) (dB re 1 m2) against Length (cm) of 8 individual Atlantic cod Gadus morhua. (A) TSc = beam compensated TS; (B) TSt = tilt and beam 
compensated TS. Acoustic measurements were taken with a 38 kHz broadband echosounder (35–45 kHz bandwidth). Each fish, of a particular length, had multiple 
broadband acoustic single echo detections along a detected fish track. Dots represent data from single targets that were video verified, opposed to crosses that were 
not video verified. The continuous black line was fitted by least square regression of the standard form TS = 20 log L + b20. Dotted lines represent the 95% con-
fidence intervals. 

J. Dunning et al.                                                                                                                                                                                                                                



Fisheries Research 261 (2023) 106611

8

are thought to be neutrally buoyant in midwater by maintaining a 
constant swimbladder volume (Arnold and Greer Walker, 1992). 
Further, in this study, fish were not selected if they had been observed to 
significantly change depth, and being fished from mid-water, they were 
not likely to have been diving before sampling. Stomach contents, gonad 
development, and fat storage may also compress the swimbladder (Ona, 
1990). In particular, full stomachs and ripe gonads may lead to a 2–5 dB 
reduction in TS (Ona, 1990). However, these factors would not influence 
TS at a rate of seconds from one ping to the next. Therefore, it is not 
expected that the measured TS was affected by behavioural nor physi-
ological factors. 

The transducer used for this study was found to have an 11% error in 
transducer angle sensitivity (compared to the one reported by the 
manufacturer), and a 16.9◦ beamwidth (compared to the nominal 18◦) 
(Renfree et al., 2019). Suspicion was raised regarding the accuracy of 
angular measurements due to these errors, and the manufacturer was 
reported to agree with the assessment (Renfree et al., 2019). With faulty 
angular positions of targets, the beam compensation for TS of SEDs 
would also result inaccurate and could thus introduce a source of vari-
ability. However, Renfree et al. (2019) also reported accurate mea-
surements of uncompensated TS of a calibration sphere at different 
off-axis angles. We also did not see large variations in TS variability 
during calibration activities with our ES38–18. At the same time, we did 
see high variability in uncompensated TS. Therefore, the inaccurate 
angular measurements may have played a role in stochasticity but they 
do not resolve the issue. Other studies which have used this (ES38–18) 
transducer did not mention TS variability (Levine et al., 2021; Malin 
et al., 2021; Puckeridge et al., 2021; Scoulding et al., 2020; Villalobos 
et al., 2021). 

The high variability of TS for each fish track remains, therefore, 
unexplained. In traditional studies, variability in TS is often attributed to 
differing tilt and size of fish despite the inability to measure them 
directly (e.g. McQuinn and Winger, 2003; Zhang et al., 2021). Further, 
under normal survey conditions, at cruising speed, each single target 
trace may only composed by one or a handful of SEDs (e.g. Linløkken 
et al., 2019; Zeng et al., 2018). On the contrary, here, the length of each 
fish is known, tilt is accounted for, and many acoustic samples were 
taken (around 30 per fish). This may suggest that broadband acoustics 
could have an unknown source of TS variability previously confounded 
by tilt and size of fish, and scarce acoustic samples. Jaya et al. (2019), 
measured TS of a single, tethered mackerel tuna Euthynnus affinis with a 
160–240 kHz EK80, and reported a range of approximately 24 dB (− 72 
to − 48 dB), not far from the 30 dB range found in this study. Similarly, 
Hasegawa et al. (2021) reported a high variability (in the order of 
20–40 dB) in TS spectra from single targets of walleye pollock Gadus 
chalcogrammus and pointhead flounder Cleisthenes pinetorum, although 
the variation of mean TS was only a few dB within each frequency band. 

Another hypothesis is the high variability we measured in TS of in-
dividual fish may be an intrinsic effect of the use of broadband systems. 
First, the measurement of TS with a broadband pulse is influenced by 
nulls determined by frequency and tilt (Lavia et al., 2020; Lee, 2015). 
Small variations in tilt, smaller than fish tracking can estimate, could 
therefore lead to large variations in TS. Second, the high range resolu-
tion of broadband, smaller than the height of Atlantic cod, in the order of 
1–10 cm, may be recording the acoustic trace of sections of fish rather 
than the whole individual, therefore introducing an element of sto-
chasticity. The higher variability may be dependent on which section of 
the fish is being recognised as a single target from ping to ping. Testing 
this hypothesis will need further studies. Understanding and solving this 
phenomenon is important as the use of broadband systems is becoming 
more common in the scientific community and their TS measurements 
are thought to be compatible with those from narrowband (Demer et al., 
2017). Therefore, there may be a need to re-evaluate the acoustic 
properties of fish in a broadband acoustic context. 

5. Conclusion 

This study describes a novel method to acquire the TS/length rela-
tionship of wild fish by exploiting split-beam broadband acoustics and 
single target detection algorithms in situations where single fish are 
dispersed and easily sampled by hook and line. The estimated b20 of 
− 65.6 dB for Atlantic cod is in line with previously published data with 
narrowband systems but was associated with high TS variability. This 
study paves the way for the estimation of abundance and biomass of 
Atlantic cod in Greenland based on echo-counting. 
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