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Abstract 

Historically the nutrient rich Benguela ecosystem supported large stocks of commercially 

important fish which sustained the Namibian fishing sector. Recently, non-exploited species i.e. 

bearded goby (Sufflogobius bibarbatus) and jellyfish (Chrysaora fulgida and Aequorea 

forskalea) have become more apparent and are described as key-species in this ecosystem. 

Empirical evidence for understanding the stock abundance and dynamics of S. bibarbatus and 

jellyfish are still sparse, as research focus has been mainly on commercially important fish. The 

abundance of these non-exploited species in relation to the environment and commercial species 

are also not well understood. Lack of methods to effectively assess jellyfish and S. bibarbatus 

have furthermore limited our knowledge. Acoustics can cover large water volumes and observe 

many trophic groups and interactions simultaneously hence currently proposed as the most 

reliable observation tool available to remotely study multiple species that are overlapping and 

widely distributed in marine ecosystems. 

For acoustic assessments using echo sounders, the ability to detect, identify and 

distinguish targets from each other and the echo ability (target strength: TS) of individual targets 

is pivotal to convert acoustic data from a calibrated system into significant biological measures. 

The lack of effective acoustic identification (ID) techniques and knowledge about TS of species 

may limit the application of acoustics. The swimbladder generally contributes more than 90% 

to the backscattered energy from fish, which makes knowledge of the swimbladder vital for 

understanding the acoustic properties of a fish. Prior to this study, the presence or absence of a 

swimbladder within S. bibarbatus has been uncertain. This thesis is an exploratory study 

addressing 1) the acoustic identification challenge of species in aggregating in mixed 

assemblages and 2) the acoustic characteristics of the target species. The latter two are of 

essence to assess the biomass, distributions and ecological interactions of these non-exploited. 

The multiple frequency data (18, 38, 70, 120 and 200 kHz) and trawl data used in this 

study were collected on a survey conducted by the RV G.O.Sars during April 2008 in the 

northern Benguela. Fifteen validated assumed to be ‘single species’ trawl and acoustic datasets 

were selected and used in the application and developing of ID techniques. Traditional acoustic 

identification techniques (Sv-differencing and relative frequency response r(f)) were adopted 

and found ineffective as standalones to discriminate the species under study. The overlaps in 

the Sv differences of the three species complicated separation. A multivariate statistical 

approach, Linear Discriminant Analysis (LDA) was applied to predict which of the variables 



  

sA, SA, ∆sA and r(f) discriminated the three species groups from each other with a higher 

accuracy. It was found that by combining backscattering strength SA and r(f) a correct 

classification accuracy of up to 95% could be obtained. Limitation is that the LDA technique 

as any classification method is not applicable in “real time” during surveys.     

A new technique, here within referred to as the Separator Technique, which incorporates 

the standard techniques, LDA results, a novel r(f) similarity comparison technique and a 

threshold sA response technique was established. The effectiveness of the Separator Technique 

is in the recognition of similarities and stability in frequency response by simple correlation of 

the observed frequency response at systematic Sv-threshold levels. Accurate acoustic 

classification depends on good and valid training datasets and there has so far not been a simple 

way of acoustically detecting if the selected assumed “pure” datasets is contaminated or not. 

Only available reliable source are the trawl samples. The r(f) similarity comparison method 

showed that some of the assumed ‘single species’ trawls were mixed and that presence of <1% 

of strong scatterers could mask a weaker scatterer. By evaluating the threshold sA frequency 

response, the proportion of thresholded backscattering could be quantified. A frequency which 

is more appropriate for the acoustic assessment of the respective species in mixed aggregations 

could also be identified. Further improvements of the Separator Technique are required in terms 

of the precise Sv-cut levels. 

The presence of S. bibarbatus’ swimbladder was confirmed from two thawed 

specimens. From further investigations on 26 dissections of sampled S. bibarbatus, the 

swimbladder was identified as a physoclist (closed swimbladder) with an extensive gas gland, 

and its morphology was roughly described as prolate spheroid shaped and with about 5o 

negatively tilted compared fish vertebra. This means that the strongest echo from a goby will 

be found when the fish is at about 5o head down relative to the horizontal.  

The in situ TS of 8 cm sized S. bibarbatus and the two jellyfish species: C. fulgida 

[umbrella diameter: 21.7 cm] and A. forskalea [16 cm] at multiple frequencies (18, 38, 70, 120 

and 200 kHz) was estimated. At 38 kHz, the TS was -53 dB for S. bibarbatus, -58 dB for A. 

forskalea and -66 dB for C. fulgida. The single echo detection (SED) approach which is 

assumed to be a more accurate method for estimating TS than the previously applied methods 

for jellyfish. The TS results for S. bibarbatus are of similar magnitude to other published TS 

values of C. fulgida. This suggests that estimates of jellyfish may be overestimated due to 

inaccuracies in target identification.   



  

This thesis established the acoustic characteristics of jellyfish and S. bibarbatus within 

the northern Benguela which makes it possible to acoustically assess and monitor jellyfish 

and/or fish. The identification technique though still in early phases of development, can be 

applied to enhance quality of training datasets (samples) used in classification. This piece of 

work can reduce variability in biomass estimates that arises from masking or misclassification 

of echoes.   
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1 General Introduction 

Anthropogenic influences such as overfishing, climate change and eutrophication have 

been hypothesised to alter the stability of several ecosystems to the benefit of non-

exploited species (Purcell and Sturdevant, 2001, Richardson et al., 2009, Utne-Palm et 

al., 2010). To increase the knowledge and understanding of the population dynamics of 

non-exploited species’ and their interannual variability in relation to these influences, 

long-term observations are needed (Lynam et al., 2011). Advances in fisheries acoustics 

combined with other technologies, e.g. underwater video and stereo cameras, have 

opened avenues to non-invasively detect, quantify, map distributions, and study the 

behaviour and ecological interactions of marine biota (Koslow, 2009, Trenkel et al., 2011, 

Handegard et al., 2012). As fisheries acoustics may cover large water volumes and 

observe many trophic groups and interactions simultaneously, it is currently proposed as 

the most reliable observation tools available for studying marine ecosystem (Simmonds 

et al., 1992, Aglen, 1994, Georgakarakos et al., 2011). For multi-species ecosystems 

acoustic assessments, the ability to detect, identify and distinguish species based on their 

acoustic reflectivity (target strength: TS) is pivotal to convert acoustic data from a 

calibrated system into significant biological measures. However, this conversion is 

challenging and several random and systematic errors may affect the acoustic survey 

results (Simmonds et al., 1992). Incorrect species identification and/or TS could result in 

up to 80% error in total biomass estimates (Simmonds et al., 1992, Petitgas et al., 2003). 

In this thesis, I address the challenges of acoustic species identification of three non-

exploited species in the northern Benguela ecosystem:  

• Bearded goby, Sufflogobius bibarbatus (von Bonde, 1923)  

• Red jellyfish, Chrysaora fulgida (Reynaud, 1830) (previously Chrysaora 

hysoscella) 

• Many-ribbed jellyfish, Aequorea forskalea (Péron & Lesueur, 1810) 

(previously Aequorea aequorea) 

Further, I aim to investigate the acoustic properties and establish reliable TS functions to 

convert acoustic backscattering to biomass measures of these three ecologically important 

species. Within this study, I shall refer to C. fulgida (Schyphozoa, Saematosomida, 
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Pelagiidae, “reds”) and A. forskalea (Hydrozoa, Hydroidmedusae, Leptomedusae, 

“mags”) as jellyfish and only consider Scyphozoa and Hydrozoa medusa classes (Section 

2.1.1) unless otherwise stated. For the bearded goby, the scientific name S. bibarbatus 

will be used. 

1.1 Motivation 

Fisheries play a key role in the wealth of Namibia including providing food, income and 

employment opportunities. Historically the nutrient rich Benguela ecosystem supported 

highly abundant stocks of commercially important fish such as sardine (Sardina sagax), 

anchovy (Engraulis capensis), hake (Merluccius capensis and M. paradoxus), horse 

mackerel (Trachurus capensis) and orange roughy (Hoplostethus atlanticus) (Figure 1.1), 

which sustained the Namibian fishing sector (Boyer and Hampton, 2001). However, it 

also supports non-exploited species such as the bearded goby (S. bibarbatus) and jellyfish 

(C. fulgida and A. forskalea), which are described as recent key-species in this ecosystem 

(Lynam et al., 2006, Moloney, 2010). Acoustic surveys and swept trawl surveys have been 

conducted on an annual and bi-annual basis since the 1990s to monitor and manage the 

pelagic and bottom commercial species respectively. In addition to the latter data sources, 

catch landing statistics and CPUE (Catch Per Unit Effort) time-series are available and 

well documented. Environmental variability and interannual variability in the northern 

Benguela ecosystem, and their relation to the commercial species seems to be well 

understood, or at least to have received ample attention (Hampton and Willemse, 2012). 

The environmental and commercial species’ relation to S. bibarbatus and jellyfish are not 

well understood. Empirical evidence for understanding S. bibarbatus and jellyfish stock 

abundance and dynamics is still sparse despite the efforts by Lynam et al. (2006), Staby 

and Krakstad (2008) and Flynn et al. (2012) to establish abundance and map distributions 

of these species.  

S. bibarbatus and jellyfish potentially play a strong role in controlling the northern 

Benguela ecosystem in both a top-down and bottom-up manner (Pauly et al., 1998). 

Jellyfish are known to feed on fish larvae and are strong competitors with planktivorous 

fish (Purcell, 1991), while S. bibarbatus are opportunistic feeders (Cedras et al., 2011, 

Van Der Bank et al., 2011, Hundt et al., 2011). The impact of the jellyfish (Figure 1.2) 

can be detrimental to the recruitment and productivity of stocks within an ecosystem, and 
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may thereby potentially have a major role in the ecosystem (Purcell, 1991, Purcell and 

Sturdevant, 2001, Roux and Shannon, 2004). The low nutrient S. bibarbatus are believed 

to have replaced the role of sardines  as a prey for seals and seabirds (Ludynia et al., 2012) 

and they are also noted in the diets of commercially important species e.g. hakes (M. 

capensis and M. paradoxus) and horse mackerel (T. capensis) in the Benguela (Staby and 

Krakstad, 2008). Figure 1.3 shows the role of S. bibarbatus as a key species within the 

northern Benguela.  

 

 

 

Figure 1.1 Northern Benguela landings by species from the 1950s to 2006 (Source: Sea Around 
Us). 

 

However, knowledge of S. bibarbatus and jellyfish population dynamics and their 

ecological role in the Benguela ecosystem is limited and this paucity of information has 

led to their exclusion from ecosystem models. One of the reasons is that previous stock 

assessment surveys were primarily focused on commercial important species, avoiding 

or even deleting backscattering from species and acoustic target categories which were 

assumed of low ecological and/or commercial significance. Before the introduction of 

multifrequency methods suitable for field use (Korneliussen and Ona, 2002), the normal 

procedure in acoustic surveys for single-stock biomass estimation was to concentrate the 
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effort on the main commercial target category, both with respect to the water column 

being acoustically sampled and the targeted, direct trawl sampling recommended for 

minimizing the total survey uncertainty (MacLennan, 1990, Simmonds and MacLennan, 

2005, Løland et al., 2007). It is also important to consider that jellyfish in general are 

fragile gelatinous organisms, which often occur in highly localised concentrations. Their 

body composition and concentrations makes them difficult to sample correctly using 

traditional trawling techniques.  

 

 

 

 

 

 

 

Figure 1.2 The impact of northern Benguela non-exploited species, jellyfish and S. bibarbatus, 
on fish stocks. These non-exploited species prey on eggs and larvae of fish stocks and as well 
compete with the planktivorous fish for food. This may result in low recruitment and low 
productivity. With external influences such as climate change, overfishing, the hydrogen 
sulphide eruptions and hypoxic waters, the fish stocks may be threatened or even collapse.  
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Figure 1.3 The current trophic role of S. bibarbatus within the northern Benguela marine 
ecosystem. S. bibarbatus has replaced sardine (Sardinops sagax) which in the past served as a 
keystone species; sustaining the seals, whales, large pelagic fish (e.g. tuna, horse mackerel, 
hake) and seabirds population.  

 

Developments in multi-frequency analysis have improved the species 

identification (echo integral partitioning) process, particularly with the introduction of 

synthetic (Kang et al., 2002, Korneliussen and Ona, 2002, Kloser et al., 2002) or virtual 

echograms (Higginbottom et al., 2000). These echograms are the combination of multiple 

echograms produced by algorithms using both arithmetic and logical operators to classify 

targets, with colours indicating levels of acoustic intensity. The algorithms function on 

the basis of the difference in mean volume backscattering (Sv, dB re 1 m-1) between 

pairwise comparisons of different discrete frequencies (Watkins and Brierley, 2002, Kang 

et al., 2002, Logerwell and Wilson, 2004, Jech et al., 2005, McKelvey and Wilson, 2006, 

de Robertis et al., 2010). Each target has a certain backscattering/echo ability, known as 

its target strength (TS, dB re 1 m2), which is a function of its size, orientation, shape, 

material properties and the operating frequency. The use of TS at one frequency is often 

not sufficient to distinguish between species, e.g. at 38 kHz a 10 cm-long swimbladdered 
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fish may have the same TS as a 30 cm-long non-swimbladdered fish (Simmonds and 

MacLennan, 2005). However, if additional frequencies are considered, this ambiguity 

may be resolved, e.g. the swimbladdered fish might exhibits similar TS at 38 and 120 

kHz, while for the non-swimbladdered fish the TS might be higher or lower at 120 kHz 

than 38 kHz. In general, fluid-like organisms have resonance (i.e. stronger echo) at higher 

frequencies whilst swimbladdered/gas filled organisms tend to resonate at lower 

frequencies  (Korneliussen, 2002, Korneliussen and Ona, 2003). The simultaneous 

comparison of the dB-difference between a reference frequency (usually 38 kHz) and 

each of the other frequencies gives rise to what is called the acoustic signature or 

frequency response r(f) of a target. This has become an important variable in both manual 

and automatic identification and classification of acoustic backscatter among species. 

Stanton et al. 1996 theoretically modelled the scattering and classified organisms in three 

classes: fluid like, elastic shelled and gas bearing organisms; based on that classification, 

Korneliussen and Ona (2003) simplified the models (Figure 1.4). The models demonstrate 

the predicted backscattered energy of several species groups with increased frequency 

and size of targets. Additional information, as for example the location of organisms in 

the water column, ensemble shape and density, as well as, the oceanographic conditions 

may aid the verification when doubts in identification of the species arises (Scalabrin et 

al., 1996, Axelsen, 2007).   

The level of acoustic energy backscattered from fluid-like organisms such as 

jellyfish and zooplankton is strongly affected by the contrast of the animal's density (g) 

and sound speed (h) with the surrounding seawater. Jellyfish are composed of about 95% 

water (Mutlu, 1996) resulting in nearly no contrast in the acoustic impendence (z = 

density * sound speed) with the seawater. This makes jellyfish acoustic “weak scatterers”, 

but they are still detectable (Wiebe et al., 1990, Mutlu, 1996). The main challenge is 

separating the jellyfish echoes from fish, gelatinous zooplankton, mesozooplankton and 

other scatterers rather than merely detecting the jellyfish signal (Axelsen, 2007). The 

swimbladders of fish are often filled with gas, increasing the acoustic impedance contrast 

between them and seawater. It is assumed that the swimbladder contributes more than 

90% to the mean backscattered energy from the entire fish (Foote, 1980). Several 

scientists e.g. Brierley et al. (2001), Lynam et al. 2004, Axelsen 2007, de Robertis et al. 
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2010 and Graham et al. 2010 explored the possibilities of discriminating jellyfish from 

zooplankton and fish by determining the difference in Sv at two frequencies. 

 

Figure 1.4 A general schematic description of the relative frequency response, r(f), of several 
target categories (fluid like, elastic shelled and gas bearing) measured within the frequency 
span typically used on research vessels, 18 – 200 kHz (Source: Korneliussen and Ona, 2003). 

 

Target identification and TS are critical in the conversion of acoustic energy into target 

numbers and/or biomass, with target identification known as a major challenge of the 

acoustic method (Fernandes, 2009) particularly when species are in mixed aggregations. 

In the northern Benguela, jellyfish, S. bibarbatus and other species such as hake and horse 

mackerel tend to be found in such mixed aggregations (Utne-Palm et al., 2008), which 

consequently often present target identification challenges. When conducting acoustic 

surveys, knowledge of the contribution by jellyfish and goby to the backscattered energy 

of the targeted species maybe extremely useful. Without any knowledge on the acoustic 

characteristics of these species, the acoustic estimates of any other target organisms could 

be strongly biased in mixed aggregations. 

Brierley et al. (2001, 2004, 2005) and Lynam et al. (2004) estimated the TS of A. 

forskalea and C. fulgida at multiple frequencies (18, 38, 120 and 200 kHz), and Barange 

et al. (1996) reported TS of S. bibarbatus at 38 kHz. However, despite the fact that a 
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number of acoustic surveys have been conducted along the Namibian coast by the 

Namibian research vessel, R/V Welwitchia, and the Norwegian research vessel, R/V Dr 

Fridtjof Nansen, there are no acoustic-derived biomass time series available for either S. 

bibarbatus or jellyfish in the northern Benguela. The challenges of species identification 

and the lack of proper TS data may explain the lack of goby biomass estimates. However, 

using data from swept-area trawl surveys conducted in the period 1990 - 2005 period, the 

S. bibarbatus biomass have been estimated in the range of 10 000 – 100 000mt during the 

1990’s and increasing until 2005 (Staby and Krakstad, 2008). The authors highlighted 

that the estimates are not reliable as S. bibarbatus are distributed through the water 

column and not only near the seabed, and the mesh sizes of the trawls were too large to 

retain the S. bibarbatus in trawl nets.  

Lynam et al. (2006) acoustically estimated the biomass of jellyfish in 2003 to be 

about 3 times that of the total finfish biomass. They asserted that there has been an 

increase in jellyfish in the northern Benguela marine ecosystem. A recent paper by Flynn 

et al. (2012) assembled all the available data from fishery dependent (commercial catches) 

and independent (surveys in the region) sources, as well as published material on jellyfish. 

The authors seem to disagree with Lynam et al. (2006), claiming that the jellyfish 

abundance has been relatively constant over the years: 1996 - 2006. Condon et al. (2012)   

questioned the rising of global jellyfish in general. In a later paper, Condon et al. (2013)’s 

conclusion support Flynn et al. (2012); reporting that there is no substantial evidence for 

a jellyfish increase and that the jellyfish dominance reported in most ecosystems are a 

result of decadal global jellyfish oscillations.  

Flynn et al. (2012) commented that: “A repeat of the 2003 survey focused on 

estimating jellyfish and fish biomass using robust acoustic bespoke algorithms developed 

for jellyfish and fish would provide context for the representativity of the high biomasses 

seen in August 2003.” The text supports the need for refining the available acoustical 

techniques/algorithms for jellyfish biomass estimation. Though the algorithm could be 

the cause of the high 2003 biomass estimate, an unaccounted contribution from S. 

bibarbatus could also be an error factor introducing bias. Axelsen (2007) produced 

relative TS (r(TS)) plots which are literally reproductions of the in situ TS measurements 

data at four frequencies by Brierley et al. (2004, 2005). It is rather mysterious why 

jellyfish tend to resonate on the lower frequency side of the band (18 kHz) and exhibits 
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the r(f) pattern of a gas-filled target. Also, a 8 cm-long goby (TS ≈ -55 dB, (Barange et 

al., 1996)) is reported to have the same TS as a 47 cm-diameter C. fulgida (Lynam et al., 

2004) at 38 kHz. Could it be that the Brierley and co-authors in their jellyfish TS work 

did not account for the contribution of S. bibarbatus to the echo energy though they did 

mention their presence in the trawls and that the high TS might be due to S. bibarbatus 

(Lynam et al., 2004) or the natural occurrence of gas bubbles (Brierley et al., 2001)?   

It is apparent from this brief survey that there is still considerable uncertainty 

regarding the acoustic identification of jellyfish, and the possible contribution of S. 

bibarbatus to the echo signal when they occur in mixed aggregations with jellyfish. It is 

therefore timely to investigate the acoustic properties of S. bibarbatus, and to revisiting 

the TS and identification algorithms used for jellyfish as necessary steps paving the way 

towards the enumeration of these species and their integration in routine acoustic surveys. 

1.2 Aim and specific objectives of thesis 

The aim of this PhD work is to develop an improved and more accurate identification 

technique for jellyfish and S. bibarbatus and, to investigate the acoustic properties of 

these species. This could pave the way for the quantification of Benguela non-targeted 

survey species, which could then be integrated in the annual acoustic surveys.  

A once-off survey was conducted in 2008 by the Norwegian research vessel 

G.O.Sars in the Northern Benguela, along the Namibian coast (Figure. 2.1). The main 

objective of the survey was to study the S. bibarbatus, M. capensis and jellyfish (C. 

fulgida and A. forskalea) in relation to oxygen deficient environmental conditions (Utne-

Palm et al., 2008). During the survey, a Simrad EK60 scientific echo sounder with 6 split-

beam transducers transmitting simultaneously at 18, 38, 70, 120, 200 and 333 kHz was 

employed to continuously record acoustic data. The transducers are closely mounted to 

each other on the vessel’s drop keel, meeting the physical and spatial characteristics for 

multifrequency analysis as outlined by Korneliussen et al. (2008). The acoustic data and 

the sampling protocol executed for the trawls and stations during the survey provided an 

exceptional opportunity to use the multi-frequency acoustic data and sampling 

information to investigate the acoustic properties (in situ TS and r(f)) of the non-

commercial species, jellyfish and S. bibarbatus. 
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The aim of this PhD study was achieved through the following objectives:  

1) To assess/examine existing methods of acoustic target identification of key 

Benguela species (Chapter 3) 

2) To develop/document a novel method for determining mixed species and 

identification of Benguela species (Chapter 4) acoustic identification technique to 

identify and discriminate the northern Benguela species (S. bibarbatus, A. 

forskalea and C. fulgida) from each other (Chapter 3, 4),  

3) To investigate swimbladder presence or absence of S. bibarbatus (Chapter 4) 

4) To measure the in situ TS of Benguela species through single target detection 

(Chapter 5) investigate their acoustic backscattering characteristics (r(f), TS) 

(Chapter 3, 5) 

This work is an explorative study that may improve the accuracy and precision of biomass 

estimates, hence enabling scientists to acquire fuller and more reliable information on the 

state of the marine ecosystem and its biota from acoustic surveys. Eventually the study 

may also open avenues for establishing time series and biomass levels/indices of the 

jellyfish and S. bibarbatus stocks by post processing of earlier survey data, hence 

enhancing the understanding of the role of these species in relation to other fish and 

zooplankton species. It may also elucidate connectors to the environment and the 

anthropogenic influences. 

1.3 Scope of thesis 

Following this chapter, the scope of thesis is:  

Chapter 2: A brief background on the study site (the northern Benguela ecosystem), the 

species under study, and hydro acoustics principles (theory) are presented.    

Chapter 3: Classical multi-frequency acoustic identification methods, Sv-differencing 

and r(f), and Discriminant Function Analysis (DFA)) were adopted and applied to 

segregate S. bibarbatus and jellyfish. The jellyfish-fish multifrequency algorithm 

developed for the northern Benguela was also applied and effectiveness of algorithm 

discussed.  

Chapter 4: A novel multifrequency identification technique, using the classical 

multifrequency identification techniques and systematic thresholding combined with a 
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r(f) correlation similarity comparison technique, was adopted and further developed to 

discriminate and identify the jellyfish and S. bibarbatus in mixed aggregations and from 

other scatterers in the water column.  

Chapter 5: For converting acoustic measures to biomass, the backscattering from a single 

individual is needed. The in situ target strengths (TSs) of S. bibarbatus and the jellyfish 

at multiple frequencies (18, 38, 70, 120, 200 kHz) were estimated and reported.   

Chapter 6: The thesis ends with a general discussion and conclusion. The discussion 

summarises the results, details possible errors in the study, and describes the impacts of 

my study in relation to other northern Benguela investigations. Recommendations for 

further work are also made. 
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1.4 Nomenclatures, definitions, symbols and units 

α  Absorption coefficient  dB•m-1 
b(θ) or B(θ) Transducer directivity in the direction defined by angle θ 

[linear or dB scale] 
 

c  Sound speed  m•s-1 
D Diameter of jellyfish umbrella  cm 
f Frequency  kHz 
k Wave number [k=2π/λ]  
TL Total Length; Target size (e.g. body length)  cm 
σbs  Backscattering cross section  m2 
sv Volume backscattering coefficient [�� =	∑���	/	
] m-1 
sa Area backscattering coefficient [�� =	� ������� ]  m2•m-2 

sA, NASC Nautical area backscattering coefficient  
[sA = sa * (1852)2*4π]  

m2•nm-2 

Sa Area back scattering strength [Sa = 10 log10(sa)] dB re 1 m2m-2 
SA Area back scattering strength  

[SA = 10 log10(sa) * (1852)2*4π] 
dB re 1 m2nm-2 

Sv Volume backscattering strength [Sv = 10log10(sv)] dB re 1 m 
TS Target strength [TS = 10log10(σbs)] dB re 1 m2 
TSu Uncompensated TS; measured value in the TS echogram  dB 
V Sampling volume  m3 
w Fish mass  g 
W System transmit power  W/m2 
Ψ or EBA Equivalent beam angle  steradians or 

dB re: 1 sr 
λ Wavelength ; λ = c/f m 
θ Off-axis angle  º 
θ3dB Half-beam angle to the -3 dB point  º 
θmax Cut-off beam angle; maximum angle within which data is 

accepted  
º 

Pulse volume The volume covered by the transmitted pulse m3 
ρv Volumetric fish density #•m-3 
ρa Areal fish density #•m-2 
τ Pulse duration  s 
SED Single echo detection algorithm  
TVG Time varied gain  
Nv Density/number per sampling volume  
Top-threshold Removing stronger backscattering from top  
Bottom-threshold Removing weaker backscattering from bottom  
Approach 1 Systematical correlation comparison of r(f)  
Approach 2 Sequential correlation comparison of r(f)  
r Correlation similarity measure  
r1  r obtained by applying Approach 1   
r2 r obtained by applying Approach 2  
rtop,1 r obtained by applying: Top-threshold and Approach 1  
rbtm,1 r obtained by applying: Bottom-threshold; Approach 1  
rtop,2 r obtained by applying: Top-threshold; Approach 2  
rbtm,2 r obtained by applying: Bottom-threshold; Approach 2  
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2 Background of study 

2.1 The northern Benguela Pelagic Ecosystem 

The Benguela Ecosystem (Figure 2.1) extends from southern Angola (~16°S) to the tip 

of the African continent (34°S) and is separated by the strong upwelling cell around 

Lüderitz (~27°S) into two ecological subsystems, namely the northern and southern 

Benguela (Shannon, 1985). It is one of the four major eastern-boundary current regions 

in the world, characterised by strong wind-driven cold water upwelling occurring 

throughout the year. Seasonal south-east winds induce upwelling of cold, nutrient rich 

waters along the continental shelf, resulting in high abundance of phyto- and zooplankton. 

Historically, the high primary production supported great numbers of filter-feeding 

foraging fish (e.g. Sardinops sagax (sardine), Engraulis capensis (anchovy)) from the 

1950s until the early 1960s (Figure 1.1, (Cury and Shannon, 2004)). In the late 1960’s, 

overfishing led to the collapse of the foraging fish, a signal of the fishing down of the 

foodweb (Pauly et al., 1998, Willemse and Pauly, 2004). During the early 1970s, 

planktivorous pelagic species i.e. Trachurus capensis (horse mackerel), Sufflogobius 

bibarbatus (goby) and jellyfish became more numerous. The foraging species has 

decreased since the late 1970s to 1980s and increased slightly during the 1980s to the 

early 1990s. During the late 1990s through to the early 2000s, the foraging species 

fluctuated, however it never recovered to its highly productive state of the early 1960s 

(Boyer and Hampton, 2001). Environmental anomalies, such as the hypoxic shelf waters 

during the 1993/94 and the warm water intrusion by Benguela Niño in February/March 

1995 off the Namibian coast, are also reported to have negatively influenced the 

recruitment of foraging species (Boyer et al., 2001).  

 Shannon et al. (1992) reported the decline in sardine and anchovy commercial 

catches to occur at same time as when the jellyfish increased, and Boyer et al. 2001 (Boyer 

et al., 2001) noted an increase in jellyfish with increase in temperature. The recent study 

on the biomass of the jellyfish in the Benguela by Lynam et al. (2006) further speculated 

that there was a relationship between the decline in commercial stocks and an increase in 

jellyfish abundance. The authors estimated the biomass of jellyfish in 2003 to be more 

than 3 times higher than the commercial fish stocks. Over-fishing of the pelagic species, 
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an action reducing competition of the competitive pelagic species, is believed to be the 

main cause of the jellyfish (Brierley et al., 2005, Lynam et al., 2006) and S. bibarbatus 

dominance. Empirical evidence for understanding S. bibarbatus and jellyfish stock 

abundances and dynamics is still sparse (Jarre et al., 2006).  

 

 

 

Figure 2.1The Benguela Current Large Marine Ecosystem (BCLME). Source: O’Toole et al. 
(2001).  
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2.1.1 S. bibarbatus and jellyfish of northern Benguela 

In the past, very few studies targeted S. bibarbatus (von Bonde, 1923) and jellyfish, C. 

fulgida (Reynaud, 1830) and A. forskalea (Péron & Lesueur, 1810), in the northern 

Benguela. This was mainly due to the perceived lack of economic significance of these 

species, and the consequent paucity of data (Heymans et al., 2004). The focus of research 

was primarily on commercially important species such as pilchard, anchovy, horse 

mackerel and hake. With the decline of commercial stocks especially after the 1970’s 

pilchard collapse, and with the non-exploited species concurrently becoming more 

abundant, studies on jellyfish and S. bibarbatus started (Fearon et al., 1992, Brierley et 

al., 2001, Buecher et al., 2001, Sparks et al., 2001). The non-exploited species are said to 

have replaced the trophic levels of the pelagic species i.e. sardine and anchovy, which 

once dominated and supported the Namibian pelagic fishing industry. Diets of predators 

such as seals, birds (Figure 1.3) have switched from Sardinops sagax (sardine) to S. 

bibarbatus  (Ludynia et al., 2012). A common attribute of these non-exploited species is 

that whilst other species in the ecosystem struggle to survive in hypoxic (< 1 µM 

dissolved oxygen) waters, these species are thriving and cohabiting unhindered (Utne-

Palm et al., 2008, Salvanes et al., 2011). The jellyfish and S. bibarbatus are both of 

negligible commercial interest and of low energy value; hence they have not been 

exploited. However, although not of commercial interest, S. bibarbatus was recently 

reported to be a keystone species in the northern Benguela ecosystem (Van Der Bank et 

al., 2011).   

The diets of some jellyfish and S. bibarbatus comprise fish eggs and larvae, other 

jellyfish and small crustaceans that are important sources of food to fish (Flynn and 

Gibbons, 2007, Purcell, 1991, Purcell and Sturdevant, 2001). In addition to their impacts 

on fish abundance (Figure 1.2), jellyfish may also cause extra costs to both the fishing 

industry by rupturing trawl nets, and to non-fishing industries by, for example, blocking 

the suction devices used to extract diamonds from bottom sediments (Brierley et al., 2004, 

Brierley et al., 2001), or the coolant pipes of power station (Houghton et al., 2006). They 

are thus an expensive nuisance to both fishing and the offshore mining industry, two of 

Namibia’s most pivotal economic sectors. When abundant, the jellyfish may also hamper 

proper operation of other sampling tools for ecosystem investigations, like fine-meshed 

zooplankton nets and trawls. Non-exploited species are also reported to present problems 
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and interfere with acoustic surveys of commercially important species (Brierley et al., 

2001). Over the past years, jellyfish have received more attention (see Flynn et al. (2012)). 

The detrimental effect on pelagic, filter-feeding, foraging fish stocks by the jellyfish is 

well known (Purcell, 1991).  

 

 

Figure 2.2 An illustration of the life cycle and reproduction of the A) Scyphozoa and B) 
Hydrozoa classes, representing the C. fulgida (Reynaud, 1830) and A. forskalea (Péron & 
Lesueur, 1810) respectively.  

Source: A) Scyphozoa (http://sharon-taxonomy2009-p3.wikispaces.com/Cnidaria) and B) Hydrozoa 
(http://w3.shorecrest.org/~Lisa_Peck/MarineBio/syllabus/ch7invertebrates/Invertwp/invert_wp_05/cni
daria/mark2/reproductive.htm)   

 

The Gobiidae family is reported to constitute more than 2 000 marine species, 

making it the largest marine family. The genus Sufflogobius is monotypic, comprising S. 

bibarbatus (von Bonde, 1923), a species endemic to the Benguela ecosystem. This species 

is also known as the pelagic goby, contrary to its demersal habitat preference. It can grow 

up to 13 cm in length (at 6 years) with late sexual maturation (2-3 years) and low 

fecundity. S. bibarbatus occurs from Angola to South Africa, most commonly off central 

Namibia (Cruickshank et al., 1980 in Utne-Palm et al. (2013)). Populations of S. 

bibarbatus are reported to show a vertically stratified size structure, with smaller 

individuals found to be more pelagic than larger ones (Cedras et al. 2011). Several 

jellyfish species have been reported to occur in the northern Benguela, with the two most 

common in abundance being: C. fulgida and A. forskalea (Fearon et al., 1992, Sparks et 

al., 2001, Brierley et al., 2001). Both species belong to the phylum Cnidaria and 

medusozoan (meaning jellyfish) subphylum characterised by their gelatinous, umbrella 
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shaped body and tentacles around the outer margin of the body. The medusozoan cnidaria 

compromise four major classes: Scyphozoa (true jellyfish), Cubozoa (box jellyfish), 

Hydrozoa (jellyfish), and Staurozao (stalked jellyfish). In this study, only the Scyphozoa 

and Hydrozoa (Table 2.1) are considered; both classes are metagenic, altering between 

two morphological phases in their life cycle, a polyp and medusa (Figure 2.2). The phase 

under study is the medusa, the two species, C. fulgida and A. forskalea, here within will 

be referred to as “jellyfish” or “medusa”. Jellyfish are categorised as zooplankton due to 

their free drifting (slow swimming) nature.  

C. fulgida are red in appearance, with an umbrella up to 80 cm in diameter and 

twenty-four red tentacles (8 major ones). The A. forskalea are smaller, glassy, with a 

central “magnifying glass” shape and an umbrella that can grow up to 17 cm in diameter. 

The jellyfish inhabit a wide range of temperature and salinity waters, covering the whole 

water column via vertical movements. 

Table 2.1 Taxonomy classification of the two most common jellyfish species: C. fulgida 
(Reynaud, 1830) and A. forskalea (Péron & Lesueur, 1810), and the bearded goby, S. bibarbatus 
(von Bonde, 1923) in the northern Benguela. 

Kingdom: Animalia 

Phylum: Cnidaria Chordata 

Subphylum:  Medusozoa Vertebrata 

Superclass: Scyphozoa Hydrozoa Osteichthyes 

Class  Hydroidomedusae Actinopterygii 

Subclass: Discomedusae Leptomedusae Neopterygii 

Order: Semaeostomeae  Conica Perciformes 

Family: Pelagiidae Aequoreidae Gobiidae 

Genus: Chrysaora Aequorea Sufflogobius 

Species:  fulgida forskalea bibarbatus 

Common name:  *1Red jellyfish 

 

 

*2Many-ribbed 

jellyfish 

 

 

*3Bearded or Pelagic 

goby 
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Source of pictures: *1 Kolette Grobler (www.sun.com.na) *2 Eduardo Obis (www.observadoresdelmar.es) 
and *3 Hege Vestheim (www.scientificamerican.com) 

2.2 Hydroacoustics as a multi-species ecosystems assessment tool 

In this section a brief background to the principle concepts of sonar and the techniques 

applied in abundance studies using acoustics are presented. 

2.2.1 The echo sounding system 

In comparison to the electromagnetic waves (light and radio), acoustic waves propagate 

with less attenuation and with higher speed through an elastic medium such as seawater 

(sound speed (c) = 1500 m/s at general physical conditions) than through air; hence, the 

application of acoustics in underwater remote sensors. SONAR (Sounding and 

Navigation Ranging) systems can be either passive or active. A passive system is made 

up of one or several hydrophones that only receive sounds. In biological research, these 

are commonly used for listening to the sounds emitted by animals. An active system 

comprises a projector and hydrophone for the generating and receiving sound waves 

respectively. Together, these constitute an echo sounder and it is this technology which is 

at the core of the present study.   

 A schematic illustration of echo sounding (Figure 2.3) and the sonar equation 

(Urick, 1975) are presented to enable the understanding of the processes and the 

parameters involved in the acoustic signal propagation, the echo detection and conversion 

of the echo levels (intensity) to abundance estimation of specifically targeted underwater 

fauna. The SONAR equation simplified is based on the physics law stating that energy 

can neither be created nor destroyed, but is transformed from one form into another:  

��������� = ������������ − ����� �!� + ���#$����� − �����%&  (Eqn. 2.1) 

By balancing the quantities of acoustic energy E transmitted and received, accurate 

abundance estimation can be achieved.  

2.2.1.1 The principle of echo sounding 

An ultrasound transmitter generates an electric signal at a particular frequency (f) to the 

transducer (Figure 2.3). Transducers are made of piezoelectric material, which expands 

and contracts when excited by pressure; converting electrical energy into mechanical 

waves and vice-versa. The electrical pulses generated usually lasts for about one 
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millisecond (1ms), and their amplitude (strength) can be measured as pressure (Pa) in 

water, or sound intensity (Watts/m2). At the active face of the transducer, the mechanical 

waves cause spherical disturbances pushing into the elastic water, propagating the sound 

energy. A flat transducer face, if physically larger than wavelength λ, concentrates the 

energy into a narrow cone-shaped beam. The wider the angle of the cone, the bigger the 

beam area for the energy to penetrate, thus the shorter the range covered. In fisheries 

acoustics, beams of about 5o – 10o opening angles for concentrating the sound in one 

particular direction, downwards, are normally used. Due to the interference pattern on the 

transducer surface, the acoustic beam is most powerful at the acoustic axis perpendicular 

to the transducer surface, and becomes gradually weaker towards the border of the beam. 

The angle where the transmitted intensity is half that at acoustic axis is used to define the 

beam width (bw) of the acoustic beam (3dB bw). This is specified as the half power beam 

width, in degrees. 

 

 

Figure 2.3 Schematic illustration of the basic principles of sound independent of medium; the 
active monostatic echo sounder process: echo sounding concept and components involved. 
Details of the symbols and equations are given in the text involved.  
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 As the transmitted sound pulse propagate through the medium at a certain range, 

at the speed of sound c, some of the energy is converted into heat through absorption and 

geometrical spreading. This fraction of energy loss comprises the one-way transmission 

loss. In water, and seawater, absorption is high at high frequencies and relatively low at 

low and intermediate frequencies. When the propagating pulse encounters an object with 

an acoustic impedance different from the surrounding medium, part of its energy is 

scattered and some backscattered as an echo back towards the active face of the 

transducer, now acting as a receiver. The echo pulse will have approximately the same 

shape as the incident signal, but reduced in power by two-way transmission loss and 

usually altered in level depending on the object scattering properties. This received echo 

pulse is converted by the transducer into electrical energy, amplified and then digitally 

converted into a numerical value. When all the parameters in the sonar equation are 

known, the instrument manufacturers usually supply a calibration factor (C) for several 

constants in the equation. Consequently, fine-tuning of this calibration factor is done by 

a standard target calibration procedure (Foote et al., 1987).  

 Modern digital echo sounders like the EK60 used in this thesis deliver all the raw 

data from the digitizing unit in a standard format, which is readable by a post-processing 

software. This software is then designed to apply appropriate Time Varied Gain (TVG) to 

the digital samples, and display an echogram (two-dimension picture) as output, which 

can be manipulated by the operator. For calibrated echo sounders, each pixel in the 

echogram represents an absolute measurement of backscattered strength Sv, presented in 

the logarithmic domain.  

2.2.1.2 The sonar equation 

Since the echo sounder is also able to measure the direction to resolve single targets 

through the split beam principle (Ehrenberg, 1979), target strength (TS) of single targets 

can be made using a single echo detector (SED) in the echo sounder or directly in the 

post-processing software. With the single target position of the echo known, a 

compensation for the beam pattern (b2(α,β)) can be made; similar to adjusting targets to 

the acoustic axis. Following the sonar equation (Eqn. 2.2) as defined by Simrad (1996), 

and slightly modified by Ona et al. (2009) for other sonar systems: the equations used for 
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estimating TS are nearly identical to the ones used for a single split beam echo sounder, 

like the EK60: 

'( = 10 log./�0 + 40 log.20 + 2 ∝ 2 − 10567 89:;�<=>�? − 2@.A, φ0   (Eqn. 2.2) 

Where: Pr is the power of the received echo signal measured at the transducer terminal; 

Pt is the power of the transmitted signal referred to the transducer terminal; G is the 

transducer gain at the target direction (θ,φ) [dB]; r is the range of the target as detected 

by the transducer [m]; α  is the absorption coefficient of the medium [dB/m]; and λ is the 

wavelength [m]. To obtain a correct target strength measurement, all the parameters, Pr, 

r, α, Pt, θ, φ, λ and G(θ,φ) need to be correctly estimated. Some of these parameters are 

environment dependent. In conventional split beam echo sounders, the focus has been put 

on the calibration of G(θ,φ) (Simrad, 1996), assuming both absorption coefficient α and 

sound speed c from regular CTD measurements are correctly applied for the survey area. 

 For multiple targets, or volume backscattering strength the equation is similar: 
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Where, as for the EK60, the effective pulse duration, τeff, is replaced with the combination 

of the nominal pulse duration, τnom, and a correction parameter, Sacorr, just to adjust for the 

difference between the integral (measured area under the pulse) as compared to a square 

pulse, where the peak is used for TS measurements which is almost the same as the 

previous echo sounder: Simrad EK500, where the two different gains (G0) must be 

calibrated, one for TS, TSgain and one for Sv, Svgain, being different by less than 0.2 dB, 

due to the same effect : 
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 (Eqn. 2.4) 

Thus to obtain a correct estimate of the volume backscattering strength, Sv, the parameters 

Pr, r, α, Pt, λ, c, G0, Sacorr, and the equivalent beam angle ψ, all need to be correctly 

estimated. Here the focus is also on calibrating the primary gain; G0 and Sacorr. For further 

details, see Simrad (1996). The practical calibration is described by Foote et al. (1987), 

and adjusted for split beam by Ona (1999). 
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2.2.2 Echo integration  

When echograms with calibrated Sv are available at one particular frequency, echo 

integration only means summing the echo energy from a selected volume of water, and 

normalizing the output to the final unit, in the area scattering coefficient sa, or the Nautical 

Area Scattering Coefficient (NASC, [m2/nmi2]), as defined in Maclennan et al. (2002): 

dzss
z

z
vA ∫=

2

1

2)1852(4π  (Eqn. 2.5) 

The first two parts are only normalizing factors, while the integral sums the volume 

backscattering coefficient (linear domain of the Sv) between the depths z1 to z2. The area 

scattering coefficient, sA, is the summed mean echo energy for this volume of water, 

normalized to one square nautical mile. The measure is usually a direct measure of fish 

density within the volume, since the area density ρA now can easily be derived by dividing 

sA by the mean echo of one representative individual organism within the volume. 

><
=
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s

σ
ρ   (Eqn. 2.6) 

Where <σsp> is the mean spherical scattering cross section of a target [m2], derived from 

the relationship: <σsp> = 4π10(TS/10), where the mean TS is converted to the linear domain. 

The 4π in both nominator and denominator is related to the spherical spreading that 

intensity scattered is equal in all directions (see MacLennan et al. 2002), but can be 

changed with other formulas: 
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ρ   (Eqn. 2.7) 

Where now the area backscattering coefficient [m2m-2], i.e.  square meter backscattering 

per square meter sea surface, and TS = 10log(σbs), as suggested in the paper on consistent 

approach to definitions and symbols in fisheries acoustics (Maclennan et al., 2002). The 

standard output of most echo integrators is however still the NASC, including 4π, and a 

normalization to 1 square nautical mile. In this scale, the typical output of NASC for loose 

single fish registrations to schools falls within the linear scale between 1 and 100.000. It 

is assumed that within NASC less than 50 000, fisheries acoustics are within the linear 

domain, where the backscattering is linearly proportional to fish density (Foote, 1983). 

For very high area densities in schools and layers, acoustic extinction, or shadowing may 
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occur and should be corrected for as suggested by Foote et al. (1992); Zhao and Ona 

(2003). 

2.2.3 Calibration of system 

Calibration of the echo sounder systems before and/or after the survey is required to verify 

the gain and ensure instrument performance. It is also vital for consistency and accuracy 

because even small variations in a log scale can scale up to massive biomasses. After 

adjusting for c and α as obtained at the calibration site, on axis gain G(θ,ϕ) is the main 

calibration factor of each echo sounder system. A small correction for non-ideal pulse 

form (Sacorr) is also adjusted for. For TS measurements, the beam pattern (b2(α,β)) also 

needs to be calibrated; parameterized in the calibration program as beam width in along 

and athwardship directions, and beam offsets in the same directions, which may be a small 

correction between the electrical phase measurements and the acoustic axis of the beam. 

For details, see Ona (1999). 

2.2.4 Why acoustics for S. bibarbatus and jellyfish?  

Acoustics is a better sampling method/tool than trawls for assessment of S. bibarbatus 

and jellyfish. S. bibarbatus are too small for the mesh sizes currently used and thus tend 

to be underrepresented in trawls samples. Most of the data available on S. bibarbatus has 

been from bycatch data. S. bibarbatus maintain passive modes close to the bottom during 

the day in anoxic conditions (<0.2ml/l O2). At approximately sunset S. bibarbatus migrate 

to 100m above the bottom and at approximate sunrise, they migrate back to the bottom, 

or at times under the bottom, where they remain passive. Acoustic is a better sampling 

tool for investigating behaviour and gaining insights into its possible causes. However, 

for S. bibarbatus on the bottom, acoustics would be limited (acoustic deadzone, (Aglen, 

1994)). Towed transducers can be lowered to reduce range and thus overcome the acoustic 

deadzone challenge (Kloser et al. 2002).    

 Jellyfish abundance estimates and distribution mapping have been obtained using 

a variety of techniques including net sampling (Pages and Gili, 1991, Fearon et al., 1992); 

surface observations from aboard ship (Sparks et al., 2001); beach surveys (Doyle et al., 

2007, Houghton et al., 2007); hydro-acoustics (Brierley et al., 2001, Brierley et al., 2005, 

Kaartvedt et al., 2007); and aerial surveys (Houghton et al., 2006) or LIDAR (light 
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detection and ranging) (Graham et al., 2003). Application of technologies such as hydro-

acoustics (Lynam, 2006) and LIDAR that were new to jellyfish research have opened 

opportunities for researchers to explore and provide a fresh appreciation of jellyfish in 

terms of species diversity, ecology, abundance and distribution.  

 Quantifying jellyfish abundance and distribution accurately is notoriously 

difficult because of sampling problems due to their 1) gelatinous composition which 

makes them fragile and easily damaged, 2) large size and 3) sometimes highly localised 

concentrations (Graham et al., 2003, Brierley et al., 2005, Doyle et al., 2007). The 

advantage of the acoustic sampling over other sampling methods such as net surveying is 

that it can cover large volumes of the water column in a relatively short time period and 

is thus efficient, and also it is non-destructive to the marine ecosystem. Acoustic 

innovations such as the great sensitivity of SIMRAD EK60 (dynamic 150 dB range which 

facilitates detection of weaker targets) and, multi-frequency insonification enhance 

jellyfish identification and discrimination from pelagic fishes (Lynam et al., 2005, 

Axelsen, 2007, Brierley et al., 2005), thus bringing research closer to species-specific 

acoustic estimations of jellyfish abundance (Houghton et al., 2007).  

The disadvantage of sampling nets is their spatial restriction (geographical sampling 

limitation) due to the relatively small volumes of the water columns sampled, and the fact 

that their fixed mesh size means that the distribution of samples actually caught might not 

be representative of the size distribution of species in the water column. Comparing net 

sampling and acoustic methods for assessing abundance and distribution of zooplankton, 

acoustic sampling is preferable but net sampling remains an important means of “ground 

truthing” (use of catch samples to verify echoes) results of acoustic surveys (Greene et 

al., 1998, McClatchie et al., 2000). Aerial surveys (Houghton et al., 2006) give the benefit 

of sampling large areas rapidly, however they are limited to specimens at or near the 

surface; a similar disadvantage pertains to surface observations from aboard a ship. 

Vertical migration difficulties, observer bias and the dependence of observations on the 

state and visibility of sea water (Sparks et al., 2001, Doyle et al., 2007) all contribute to 

the difficulties faced when using aerial surveys or aboard observation. 

    



 

25 

 

3 Applying standard multifrequency acoustic methods to 

identify and discriminate jellyfish and S. bibarbatus in 

mixed aggregations 

3.1 Introduction 

Jellyfish and S. bibarbatus in the northern Benguela have communal relations and tend 

to be found in mixed aggregations. This association of S. bibarbatus (S. bibarbatus) with 

jellyfish (A. forskalea and C. fulgida) for refuge from predation (Utne-Palm et al., 2010) 

is a well-known interaction between fish and jellyfish from a wide range of species 

(Purcell and Arai, 2001, Lynam and Brierley, 2007) and makes it difficult to visually 

interpret or assign echo traces to any one of the co-occurring species. Developing 

objective identification or classification methods to automate allocation of acoustic 

backscatter to target species is a fisheries acoustics goal that remains a major challenge 

(MacLennan and Holliday, 1996, Jech, 2011). To acoustically quantify, map distribution 

or study ecological interactions or behaviour of any species, it is necessary to identify and 

discriminate echoes of target species from those caused by other scatterers. Identification, 

classification, and separation of echo traces are fundamental procedures to the acoustic 

method (Horne, 2000). Errors in target identification (misclassification) can bias biomass 

estimates up to more than 80% (Petitgas et al., 2003).  

The traditional approach of assigning specific backscattering to species has been 

done manually, based on the acoustic practioners’ experience from previous surveys, 

supported by trawl data to ground truth (Reid et al., 1998, McClatchie et al., 2000). This 

approach is subject to several sources of bias: 1) different practioners can identify and 

assign the same echo traces differently, 2) the selective nature of trawls and 3) problems 

with spatial and temporal displacement between acoustic and net/trawl sampling. More 

objective approaches, such as the statistical approaches: discriminant function analysis 

(DFA) and artificial neural networks (ANN), and frequency-dependent approaches: using 

multiple discrete frequencies and broadband applications, have been applied in order to 

identify and classify taxa. DFA and ANN are based upon features extracted from fish 

schools such as morphology, bathymetric position, and acoustic energy characteristics 

(Scalabrin et al., 1996, LeFeuvre et al., 2000, Lawson et al., 2001, Vaz Velho et al., 2006). 
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With several species mixed, these statistical methods are reported to become less effective 

and use of frequency-dependent approaches better (e.g. Kang et al. (2002), Korneliussen 

and Ona (2002)). 

 Acoustic backscattering is a function of the target’s size, orientation, material 

composition, and frequency, and varies for different organisms. The real potential of the 

frequency-dependent approach lies within the wide acoustic bandwidth, which is 

normally attained with broadband signals or multiple, narrowband echo sounders (Horne, 

2000). Using frequency-dependent backscattering to discriminate between species has 

been recognised and applied since the early 1970s. Holliday (1972) distinguished 

swimbladder fish from non-swimbladder by studying the resonance at low frequencies 

(200 Hz to 5 kHz). Other scientists (e.g. Greenlaw (1977), Holliday (1977), Holliday and 

Pieper (1980)) separated zooplankton from other scatterers, sized and quantified them 

using multi-frequency methods. Some studies e.g. Simmonds et al. (1996) and Zakharia 

et al. (1996) employed wide-band echosounders to characterize the spectral signature of 

echoes of several fish species, and then processed the result by the statistical 

discriminating methods (neural network and discriminant analysis). In laboratories, the 

wide-band application had some success however impractical for in situ studies (Zakharia 

et al., 1996). Limitations such as differences in opening beam angle and the distribution 

of energy across the beams have restrained long detection range. In comparison to 

broadband technology, the use of multiple discrete frequencies, is well developed 

(Korneliussen et al., 2008) and has taken prominence. 

Techniques comparing differences in mean volume backscattering strength 

(∆MVBS) (Madureira et al., 1993) or dB differencing of two discrete frequencies have 

been widely applied for identification and classification of different-sized zooplankton 

(Brierley et al., 1998), between nekton and zooplankton (Sætersdal et al. (1983), 

Cochrane et al. (1991), Kang et al. (2002)) and among fish groups (Kloser et al. (2002), 

Logerwell and Wilson (2004), Fernandes and Stewart (2004), McKelvey and Wilson 

(2006), Jech and Michaels (2006)). Based on the physical principles underlying the 

MVBS differences at different frequencies, zooplankton backscattering was classified 

experimentally (Stanton et al., 1994, Stanton et al., 1996) and by mathematical modelling 

(Stanton et al., 1998) into different classes: gas bearing, hard elastic and fluid-like. Martin 

et al. (1996) noted and concluded that each of these classes had a unique characteristic 
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acoustic signature which classified zooplankton well. Korneliussen and Ona (2002) 

simultaneously compared volume backscattering coefficients at several frequencies 

normalised to one of the frequencies and called the resulting metric the “relative 

frequency response, r(f)”. In addition to the simultaneous comparison of backscattering 

across multiple frequencies, the authors considered the trend of the r(f).  

Korneliussen and Ona (2003) based on Martin’s (1996) conclusion that a simple 

feature model works well and by combining empirical r(f) measurements and earlier 

theoretical models (Johnson, 1977, Stanton et al. 1994, 1996), the authors also developed 

a simple categorisation model, representing broad target categories. The following rough 

target categories were established and investigated in the frequency band available (18 – 

200 kHz, Figure 1.4): 

• Large fish with swimbladder: The main scattering body is swimbladder; if 

swimbladder ≫ wave-length (λ) (geometric scattering region), r(f) would be flat 

or falling fairly constant due to the effect of target directivity. The rate at which 

the r(f) falls is dependent of fish size (and fish orientation). Example: herring and 

cod 

• Large fish without swimbladder: The main scattering body change with 

frequency: flesh  ≫ λ (geometric scattering region); backbone ≤ λ (Rayleigh-to-

transition region), r(f) increasing at 18-38 kHz and then with 1 or 2 characteristic 

peaks in the r(f). Example: large, adult mackerel 

• Small fish with swimbladder: main scattering body = swimbladder < λ (resonant 

region). High backscattering at especially 18 kHz, not resonant but close to 

resonant at this frequency, then falling to a flat geometrical scattering at high 

frequencies. Example: Pearl-side, myctophids 

• Small, fluid-like zooplankton backscattering: main scattering body ~ λ. 

(Rayleigh-to-transition-region); weak backscattering with a clear weak peak in the 

spectrum, but with Rayleigh type scattering at low (18-70 kHz) frequencies. 

Example: Euphausiids      

• Small, fluid-like zooplankton backscattering: main scattering body ≪	λ. Rayleigh 

scattering with increase in backscattering with frequency. Example: Copepods  
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• Fluid-like objects backscattering: scattering fluctuating between the low 

frequency (Rayleigh) and high-frequency. Example:  

Applying ∆Sv (Kang et al. (2002)) and r(f) (Korneliussen and Ona (2002)), species 

classification is automated by generating synthetic echograms in post-processing systems. 

However, species with similar morphological characteristics and overlapping length-

frequency distributions might render dB-differencing classification ineffective (Brierley 

et al., 1998). Simple Discriminant Function Analysis (DFA) in conjunction with dB-

difference methods have been shown to substantially improve target classification 

(Woodd-Walker et al., 2003). 

 Sound scattering by jellyfish has been shown to be dependent on the frequency of 

the incident acoustic pulse and the size of the jellyfish, thus making it possible to 

discriminate jellyfish from zooplankton and fish (Brierley et al., 2001, de Robertis et al., 

2010). Brierley et al. (2001) estimated the TS of northern Benguela jellyfish, A. forskalea 

and C. fulgida, and presented frequency differences in MVBS (dB re 1 m-1)  (Brierley et 

al., 1998, Kang et al., 2002) and TS. Lynam (2006) further explored and applied these 

dB-differences (∆Sv) in terms of biomass estimation, estimating the biomass of jellyfish 

in the northern Benguela more than 3 times higher than the fish stocks (12.2 vs. 3.6 

million tonnes, (Lynam et al., 2004)). Since neither Brierley et al. (2001) nor Lynam 

(2006)    presented the r(f), Axelsen (2007) addressed the issue by literally reproducing 

the in situ TS and Sv measurement data of all 4 frequencies in Brierley et al. (2001) as 

relative responses to 38 kHz. Axelsen (2007) also investigated how well their TS 

measurements compared with their Sv data. The author reported a peculiar r(f) for 

jellyfish; a r(f) resonating towards the lower frequency, which, according to acoustic 

theory, would normally be regarded as backscattering from a gas inclusive target (such as 

a fish containing a swim bladder).  

Little is known on the acoustic properties of S. bibarbatus at different frequencies. 

To the author’s knowledge, the only reported TS measurements of S. bibarbatus is at 38 

kHz (Barange et al., 1994). From the TS of -55 dB for an 8 cm fish (Barange et al., 1994), 

S. bibarbatus are fairly strong targets, as expected from a bladdered fish. The jellyfish, A. 

forskalea and C. fulgida, are fluid-like zooplankton organisms. From theoretical models, 

swimbladdered fish are stronger at low frequencies and decrease towards the higher 
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frequencies, a decrease which is due to a tilt-distribution. Small (relative to wavelengths) 

swimbladdered fish like S. bibarbatus may show resonant backscatter at e.g. 18 kHz. 

Fluid-like zooplankton are weaker and expected to exhibit an opposite trend, weak at 

lower frequencies and increasing towards the higher frequencies (Stanton et al., 1996, 

Stanton et al., 1998, Korneliussen and Ona, 2003). 

Within this chapter, the jellyfish-fish multifrequency filter (∆Sv) applied by Lynam 

et al. (2004, 2006) and other classical acoustic identification approaches i.e. r(f) and DFA 

were investigated more closely in an attempt to automatically distinguish echoes from 

jellyfish and S. bibarbatus from each other, as well as from other organisms co-occurring 

with them. To acoustically discriminate these non-exploited species from the targeted 

commercial species, knowledge of their acoustic properties is necessary to recognise their 

presence and separate them from the commercial species and thus avoid misclassification. 

This will reduce bias and increase accuracy in acoustic surveys. Also, biological sampling 

of jellyfish and the small sized S. bibarbatus can be a challenge and one that acoustics 

might improve. As key species in northern Benguela, acoustic investigations on these 

organisms would be ideal to enhance our limited knowledge. 

3.2 Materials and Methods 

The data used in this study are from a survey conducted by the Norwegian research vessel 

FRV G.O. Sars along the Namibian coast (Northern Benguela) (Figure 3.1) from the 31st 

March to 10th April 2008. The main objective of the survey was to study the goby (S. 

bibarbatus), hake (M. capensis) and jellyfish (C. fulgida and A. forskalea) behaviour and 

prey-predators interaction in relation to oxygen deficient environmental conditions (Utne-

Palm et al., 2008).  

During the survey, a Simrad EK60 scientific echo sounder with 6 split-beam 

transducers transmitting simultaneously at 18, 38, 70, 120, 200 and 333 kHz were 

employed. The transducers were mounted closely to each other on the vessels’ drop keel, 

meeting the physical and spatial requirements for optimal multifrequency analysis as 

proposed (Korneliussen et al., 2008). Due to low signal-to-noise problems, the 333 kHz 

was excluded in analysis of this study. 
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Figure 3.1 Cruise track of the survey conducted by the FRV G.O. Sars along the Namibian 
coast during March/April 2008. Sourced from the Large Scale Survey Systems (LSSS) post-
processing system. 

3.2.1 Data sampling 

3.2.1.1 Acoustic instrumentation and sampling 

The nominal 3-dB beam widths of all the transducers were approximately 7o, except for 

the 18 kHz, which was 11o. The acoustic pulses were transmitted simultaneously across 

all frequencies every 0.75 second, equivalent to approximately 3.75 m in horizontal 

distance, at a survey speed of 10 knots. A nominal pulse duration of 1.024 ms was applied 

for all frequencies. Raw EK60 acoustic data were logged and stored. 

Calibrations of the systems are conducted annually using standard targets for each 

specific frequency (Foote et al., 1987), adjusted to split beam methods (Ona, 1999). For 

this survey calibrations settings from the autumn, 26th October 2006 in Kaldfjord (North 
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of Norway; sound velocity ~ 1480 m/s) were applied prior to the survey. Long term 

evaluation of the G.O. Sars system from 2003-2008 indicated the system to be very stable 

(Knudsen, 2009). All the EK60 echo sounder technical specifications and settings from 

the calibrations and those employed during the survey are listed in Table 3.1. Low power 

was set for higher frequencies to avoid non-linear effects (Korneliussen, 2002, Tichy et 

al., 2003, Pedersen, 2006, Korneliussen et al., 2008).  

An acoustic transect perpendicular to the coast (23o20S 14o12E to 23o40S 13o15E) 

was carried out in order to study the distribution of the S. bibarbatus and jellyfish from 

hypoxic (low oxygen) to more normoxic (normal oxygen concentrated) water masses 

(Figure 3.1). Along this transect, two 48 hours stations, Station A (23o20S 14o12E) at 120 

m and Station C (23o30S 13o40E) at 180 m depths were conducted. In addition a 24 hours 

station, Station B (23o16S 14o23E), closer to the shore at 60 m depth was carried out. 

Vessel speed was maintained at a constant 10-12 knots during the transect operation and 

at ~2.5 knots during trawling. Environmental parameters, such as oxygen, temperature, 

salinity, hydrogen sulphide (H2S), chlorophyll and light transmission were recorded.  

3.2.1.2 Net sampling  

Trawl catches were carried out as a supplement to the acoustic measurements to provide 

biological information and verify echo traces. In total 74 trawls (54 pelagic, 20 bottom), 

ranging from depths of 23 -250m, were conducted during this survey. Three different 

sized four-panel Åkratrawl pelagic trawls with vertical openings ranging from 10-18 m, 

depending on warp length and speed, were used for sampling the pelagic layer. Stratified 

pelagic samples were collected with an Åkratrawl pelagic trawl fitted with a remotely 

operated codend (22 mm mesh size) multisampler. The Gisund super demersal trawl (4.5 

– 5.5 m, 20mm mesh size) was used for sampling close to the bottom. The species 

composition, the total length or diameter and the total wet weight for all the trawl catches 

were recorded.  

A standard 1 m2 MOCNESS (Multiple Opening and Closing Net, with an 

Environmental Sensing System, 180 µm mesh size) or a WP2 net (56 cm in diameter, 180 

µm) was used to sample zooplankton at stratified depth layers. SCANMAR depth sensors 

attached on the nets retrieved real-time depth information. Further details on the trawls 

and sampling equipment used are found in Wenneck et al. (2008).   
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Table 3.1 The EK60 echo sounder technical specifications and settings employed during the 
survey aboard the FRV G.O. Sars in March/April 2008. Calibrations of the systems were 
conducted in Kaldfjord on 26 October 2006. All transducers were split beams; the raw EK60 data 
was sampled to a range of ~250 m at a vertical resolution of 0.19 m for all frequencies. The pulse 
duration for all frequencies was set at 1.024 m/s. Transducer positions as mounted on the drop 
keel, relative to the 38 kHz transducer. 

EK60 system 18 kHz 38 kHz 70 kHz 120 kHz 200 kHz 

      
Transducer      
   Model ES18-11 ES38B ES70-7C ES120-7C ES200-7C 
   Equivalent beam angle 10log Ψ [dB] -17.3 -20.8 -20.6 -21 -20.5 
Approximate nearfield range [m] 2.4 2.8 1.5 0.9 0.5 
      
Calibration      
   Sphere CU-64 CU-60 WC-38.1 WC38.1 WC-38.1 
   Range to sphere [m] 17 17 17 17 17 
   Theoretical sphere TS [dB] -34.30 -33.60 -41.10 -39.50 -39.40 

   Sound speed [m/s] 1480 1480 1480 1480 1480 

   Absorption coefficient [dB km-1] 2.7 9.7 21.4 33.8 47.7 
   Gain [dB] 22.33 25.53 27.11 26.69 26.90 
   Sa correction [dB] -0.60 -0.60 -0.40 -0.47 -0.43 
   3dB beam angle      
      Along [deg] 10.75 7.07 6.50 6.51 6.58 
      Offset Along. Angle [deg] -0.10 -0.12 -0.07 -0.02 -0.03 

      Athwart [deg] 10.56 7.01 6.47 6.57 6.21 
      Offset Athwart. Angle [deg] -0.17 -0.09 -0.04 0.12 -0.10 
      
Survey Settings      
   Sound speed [m/s] 1510 1510 1510 1510 1510 
   Absorption coefficient [dB m-1] 0.002 0.008 0.023 0.043 0.063 
   Pulse duration [ms] 1.024 1.024 1.024 1.024 1.024 
   Wavelength [cm] 8.33 3.97 2.14 1.25 0.75 
   Electrical Power (W) 2000 2000 800 250 150 
      
Transducers to transducer positions      
   X-alongship location on vessel [m] 7.703 8.579 8.179 8.177 8.331 
   Y-athwartship location on vessel [m] -0.472 -0.473 -0.275 -0.578 -0.74 
   Z-vertical offset 6.19 6.169 6.182 6.176 6.172 
   Vertical Correction -0.15  0.07 0.1 0.11 
   Horizontal Alongship Correction [m] -0.87  -0.395 -0.395 -0.428 
   Horizontal Athwarship Correction [m] 0  0.2 -0.105 -0.328 
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3.2.1.3 Hydrographic sampling  

Temperature, salinity and oxygen vertical profiles were obtained using a CTD SBE9 

PLUS with a SeaBird oxygen sensor (SBE43) and a rosette sampler equipped with twelve 

water sample bottles. Fifty-one (51) CTD casts were conducted along the transect and at 

the stations. At selected transects on the CTD stations, water current velocity 

measurements were also acquired using the hull-borne Acoustic Doppler Profiler (ADCP, 

150 kHz). Further details on the hydrographical sampling, may be found in Utne-Palm et 

al. (2008).  

3.2.2 Data pre-processing  

The acoustic data were processed with two post-processing software: Myriax SonarData 

Echoview for the Sv-difference analysis and the Large Scale Survey System (LSSS) 

(Korneliussen et al., 2006, Korneliussen et al., 2013a) for the r(f) analysis. Though 

different post processing systems used for the respective tasks, the data pre-processing 

procedures were similar. The data processing procedures for Echoview and LSSS are 

found in Lynam 2006 and Korneliussen 2000 respectively. Further analyses were 

conducted using R version 2.12.2 (R Development Core Team 2011).  

 The data from each frequency was first manipulated to compensate for the 

horizontal and vertical offsets of the transducers, and to compensate for the system delay 

(Korneliussen et al., 2008). To compensate for loss in the backscattered data arising from 

absorption and geometric spreading over range, Time-Varied Gain (TVG) was applied. 

Then spikes were removed before quantification and removal of background noise 

(Korneliussen, 2000).  

3.2.2.1 Matching and aligning of data  

Each EK60-GPT (EK60 General Purpose Transceiver) system has the capability of 

transmitting at one frequency only. For multi-frequency studies, an overlap in the sampled 

volume by the frequencies is required. Good beam overlap is more important when 

comparing data on specific schools than for layers. An ideal condition is to have all 

transducers centred at one location with the same beamwidth for all frequencies to ensure 

full overlap of beams, and also the same pulse-duration and system-delay at all 

frequencies (Korneliussen et al., 2008). The transducers on the FRV G.O. Sars are 
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mounted on a protrudable instrument keel in an arrangement that minimizes transducer-

to-transducer distances (Figure 3.2). Because of the limitation of not having the 

transducers pinging from one source point, horizontal ping mismatch is unavoidable 

(Korneliussen, 2002). The horizontal offsets of frequencies relative to 38 kHz 

(Korneliussen et al., 2008) are presented in Table 3.1. The difference of 18 kHz beam 

from others resulted in only 60% of the insonified volume of 18 kHz mutually 

overlapping with the 7o beams (Korneliussen et al., 2008). Applying equation (1) and (3) 

in Korneliussen et al. (2008), a fraction spatial overlap of 85% was attained at a range 

from 13 – 34 m for the beams. Thus backscattering data from ranges <13 m where there 

is no overlap are dubious and were excluded.  

Timestamps were recorded with a resolution of 1/100 second for each ping 

transmitted concurrently at different frequencies. With the bandwidths differing for each 

frequency, correction for electronic system delays (of hardware and transducers) was vital 

as it caused vertical mismatch. This correction was applied by the post-processing system. 

The horizontal mismatch was also corrected by adjusting transducer location. All these 

corrections were applied relative to the 38 kHz. In addition, the logged draft of all 

transducers was also compensated for to achieve correct depth of the targets.  

To deal with the stochastic nature of acoustic measurements, smoothing was 

applied to the data. Gaussian smoothing’s advantage over averaging is the amount of 

information retained in the original signal which is less reduced than when averaging. 

 

 

Figure 3.2 The transducer arrangement as mounted on the drop keel of the FRV G. O. Sars 
(Korneliussen et al., 2008). The 400 kHz was replaced with a 333 kHz transducer. 
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3.2.2.2 Noise removal  

Noise is defined as the backscattered sounds that have not originated from the transmitted 

sound pulse yet are received at the transducer face (Korneliussen, 2000, Korneliussen et 

al., 2008). Thus, electronic interference, bottom-reflected propeller-sound, and sound 

generated by external sources are noise, but transmitted sound reflected by bubbles is not 

noise by this definition even though such backscattered sound is unwanted. The effect of 

backscatter from bubbles were reduced by applying a bubble-spike filter that replaced 

pings blocked by bubble-clouds with the median of the surrounding measurements. 

Further, the transducers on FRV G.O. Sars are mounted on a drop keel that was protruded 

to 2.7 m below the hull in rough weather to avoid bubbles; hence, the influence of bubbles 

was reduced.  

Intermittent noise was visually evident as spikes on the echograms. The source of 

it was unknown; however, it was suspected to have originated from noise interference by 

instruments concurrently running with the echo sounding system. Prior to the removal of 

background noise, the spikes, as well as bubbles were removed with modules specifically 

designed for the task. 

Among the frequencies, the background noise fluctuates, with the lower 

frequencies, especially the 18 kHz being more sensitive to engine and propeller noise. 

Though lower frequencies are sensitive, due to the noise-to-signal ratio at short ranges, 

higher frequencies are more dominated by noise than lower frequencies. A depth limit for 

analysis was set at 250 m (below the 275 m detection limit of the highest frequency, 200 

kHz). Maximum nearfield effect across frequencies was ~3 m and an upper deadzone 

limit of 4 times the near field effect was set (Medwin and Clay, 1998).  

3.2.2.3 School removal 

Fish schools i.e. sardine, anchovy and horse mackerel are easily identifiable on echograms 

due to their dense aggregation of echoes. School algorithms within the post-processing 

systems were used to detect schools. If found, these schools were manually separated by 

demarcating the area of the school and excluding them from analysis.   
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3.2.3 Reference samples 

Trawl samples with >90% of one species by wet weight of total catch were identified and 

selected as reference samples to establish the acoustic signature (∆Sv, r(f)), for the 

relevant dominant species (S. bibarbatus, C. fulgida and A. forskalea) across the five 

discrete frequencies. These reference samples acted as training sets for the identification 

technique. Length frequency (LF) distributions for the reference samples were compiled.   

The acoustic data corresponding to the trawled regions of reference samples were 

demarcated on echograms with the aid of trawl information: trawled depth, time and 

opening of net (Figure 3.3). All echograms were synchronised such that the trawled areas 

were demarcated on all the echograms. 

3.2.4 Applying the ∆∆∆∆Sv method 

3.2.4.1 Sv-differencing (∆Sv) 

Acoustic data filters were used to construct synthetic echograms using the SonarData 

Echoview post processing software (Figure 3.4). For the five frequencies (18, 38, 70, 120, 

and 200 kHz), ten differential (∆Sv) echograms were computed: Sv38-Sv18, Sv70-Sv18, 

Sv120-Sv18, Sv200-Sv18, Sv70-Sv38, Sv120-Sv38, Sv200-Sv38, Sv120-Sv70, Sv200-Sv70, Sv200-Sv120. The 

∆Sv were exported and binned in 1 dB intervals. The 66.7%, (∆Sv ± 1*SD), 95% (∆Sv ± 

2*SD) and 99% (∆Sv ± 3*SD) confidence intervals (CI) were computed from the resulting 

distributions as the acceptance ranges.  

3.2.4.2 The jellyfish-fish filter 

The jellyfish-fish filter used the logical “AND” algorithm (Figure 3.4; Lynam, 2006). 

This meant that if a cell in the differential echogram had a ∆Sv value which was within 

the chosen CI limits derived from the reference data for all 10 differential echograms, it 

was accepted. 
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Figure 3.4 The ∆Sv discrimination and identification fish-jellyfish algorithm steps (Lynam 
2006). Only three frequencies (38, 70, 120 kHz) are displayed for illustration. ‘Single species’ 
trawl samples are demarcated on echograms using the position, depth and time of trawl 
information. ∆Sv (dB-difference) echograms are generated by applying the ‘minus’ function 
from which species specific data are exported. Using ‘Datarange bitmaps’, data filters are 
produced and combined with an ‘And’ function. By overlaying the combined filter on the noise 
removed echograms with the ‘Mask’ function, echoes are eventually assigned to species.   

 

 

The effectiveness of this jellyfish-fish filter was tested by applying a simple cross-

validation technique. The ∆Sv data from any of the species groups, in this case S. 

bibarbatus, was applied on all the reference samples. The assumption was that if the filter 

bitmask of S. bibarbatus was applied to the reference samples dominated by same known 

species, the species identification should be positive. In the instance where the training 

test was applied to reference samples dominated by A. forskalea or C. fulgida, negative 

species identification is expected.  
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3.2.5 Applying the relative frequency response r(f) method 

LSSS is an interactive processing system enabling users to observe the r(f) of a 

demarcated section on echogram (Figure 3.3). The relative frequency response, r(f), in 

LSSS is defined as the mean volume backscattering coefficient (��I ) at the frequency (f) 

relative to the normalization frequency, fN which is 38 kHz (Korneliussen and Ona, 2002):  

2.J0 = �KLLL.#0
�KLLL.#M0	    (Eqn. 3.1.) 

The r(f) standard error (SE) is also computed as (�N2.J0O = 	 PQ.#0�KLLL.#M0	 and SE at frequency 

as (�.J0 = P .#0
RST . Within LSSS, the r(f) is computed on pixel levels (sv) (Korneliussen et 

al., 2006). The relative frequency response in this study was computed as:  2.J0 = 	 �UTV�UTWX
 

or r(f) log transformed as  Y.J0 = 567 Z �UTV�UTWX
[	, i.e. the nautical area scattering coefficient 

sA [m2 nmi-2] at each frequency fi normalised to the 38 kHz frequency (Korneliussen and 

Ona, 2003). 

3.2.6 Discriminant analysis 

In general, discriminant function analyses  (DFA) are applied to distinguish which 

continuous variables discriminate between two or more naturally occurring groups 

(Klecka, 1980). In this study, the interest was 1) to investigate a combination of sA-

difference (∆sA) at discrete frequencies (r(f)) to discriminate between the species groups 

(S. bibarbatus, A. forskalea and C. fulgida), 2) which ∆sA (r(f)) contributed to the 

discrimination of these species and 3) to predict group membership using the unique 

features of species. The species group served as the dependent variables and ∆sA at the 

discrete frequencies (18, 38, 70, 120 and 200 kHz) as the independent variables 

(predictors, predicting group membership). The training datasets of the species 

understudy were used to generate predictive functions (discriminant weights) to be 

applied later (to derive discriminant scores) to classify new data sets of known group 

membership.  

With ∆sA (r(f)) at a discrete frequency being simply the ratio of the backscatter of 

the specific frequency normalised to another frequency, the concept of backscattering 
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strength is lost. Differences in echo intensity can be distinct between weak targets and 

strong targets; introducing echo intensity SA might add discriminatory power to the 

discriminant function. Eight discriminant models, divided into two sets were attempted. 

The first set of discriminant models 1) used raw sA (linear domain) at the discrete 

frequencies of each species, 2) the raw sA normalised to sA at 38 kHz (r(f)) of each species, 

3) backscattering energy at 38 kHz (F38, [m2nmi-2]) was introduced to model 2, and 4) 

log domain of F38 (log(F38), [dB re 1(m2nmi-2)]) was used instead of F38 in model 3. 

The second set of discriminant models investigated constituted logarithmic transformed 

sA and r(f), presented as SA and R(f) [dB], respectively.  

Linear discriminant analyses (LDA) were performed using the dudi.pca of the R 

package ade4 to test which variables gave “best” discriminatory power to distinguish 

between the target categories: S. bibarbatus, A. forskalea and C. fulgida.  

3.2.6.1 Linear discriminant analysis (LDA) 

The LDA technique constructs an equation,\ = ]<^< +	]_^_ +	]`^` +	…+	]�^� +
b, consisting of one or more linear combinations of the predictor variables such that the 

groups differ as much as possible. D represent the dormant variable formed by the 

discriminant function, the v’s are the discriminant coefficients/weights (equivalent to the 

b’s in the regression equation), X is the respondent’s score, n is the number of predictor 

variables which is one less than the number of species groups and c is the constant of the 

linear equation. The v maximise the distance between the means of criterion (dependent 

variable) constructed so that difference between/among group species differ sufficiently 

and minimise within group variability to maximise accuracy of classification. Good 

predictors are those with large weights.  

Discriminant analysis (DA) entails two steps: 1) testing the set of discriminant 

functions/models for statistical significance by computationally performing a multivariate 

analysis of variance (MANOVA) and 2) multiple regressions (canonical correlation 

analysis) which classify the categorical variables (species) that do or do not differ from 

each other. The LDA technique was computed under the assumptions that the predictor 

variables are normally distributed and that there is homogeneity in variances (identical 

variances in species groups). The MANOVA Shapiro-Wilks Test was run to test for 

normality and the magnitude in variability of the predictors between and within groups. 
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The Wilks’ lambda can vary from 0 to 1 for a predictor variable, with a 0 lambda 

indicating variability/difference in the group means and a 1, no difference. Thus the 

smaller lambda, the more that variable contributed to the discriminant function. The F test 

of Wilks' lambda reflects which predictor variables’ contributions are important. 

 If the variance of the groups’ means were statistically significant to discriminate 

between the species groups of the training sets, the model was accepted and the 

contribution of a variable in the context of the other predictor variables in the model was 

examined. The coefficients, v’s (in equation), represent partial correlations and the larger 

v, the more important its contribution. Eigenvalues, also known as characteristic 

roots/singular values (the standard deviation ratio between discriminant 1 (D1, between 

groups variance) and discriminant 2 (D2, within groups variance)) obtained as part of the 

DA were also used to interpret amount of variance explained in grouping variables (to 

test for best discriminatory (classification) power). 

 

3.3 Results 

3.3.1 Reference samples (from trawls): training datasets 

Only 15 of the trawls had more than 90% pure catches with respect to species 

composition, meeting the reference samples criteria (Table 3.2). Five of the 15 samples 

constituted C. fulgida, seven samples A. forskalea and three samples, S. bibarbatus. One 

of the samples, St103, was discarded due to missing depth information of the trawl. All 

the reference samples (training sets) were found inshore at depths less than 100m and 

were sampled with pelagic trawl except for Station 71, which contained C. fulgida and 

sampled with bottom trawl. The reference samples were within the 250 m detection range 

limit of the highest used frequency (200 kHz), which made them ideal for multifrequency 

studies. All trawls were carried out during the day (between 06:00-18:00), except for 

Station 79 which was conducted at night-time (18:00-06:00). The length frequency 

distributions sampled from the reference training dataset were bell shaped with the C. 

fulgida exhibiting a skewed distribution (Figure 3.5). 
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Figure 3.5. A) The length frequency measurements of S. bibarbatus and jellyfish umbrella 
diameter of the B) C. fulgida and C) A. forskalea. D) The formula umbrella diameter = (inner 
disk diameter * 0.95) + 14 (Buecher et al., 2001, Brierley et al., 2004) was applied to 
compensate for the loss of the outer part of A. forskalea’s umbrella during trawling.  
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Table 3.2 The trawls with more than 90 % in species composition by weight, here within referred ‘reference samples’ made up the training 
datasets. 

Species 
Station 
[#]  

Depth 
[m] 

Catc
h  
[%]  

Size 
[cm] 

Other species caught in trawl [%] 

A. forskalea St79A 80.5 92.3 9.0 1.93% S. bibarbatus, 5.55% M. capensis, 0.02% T. capensis 

 St79B 48 97.5 8.0 0.55% S. bibarbatus, 1.67% M. capensis, 0.03% T. capensis 

 St79C 26.5 94.3 7.8 0.30% S. bibarbatus, 5.18% M. capensis, 0.08% T. capensis 

 St81A 79.5 96.6 7.2 0.05% S. bibarbatus, 0.01% T. capensis, 0.89% C. fulgida 

 St81B 52.5 93.8 9.0   

 St101C 52.5 94.8 6.7 5.19% C. fulgida 

 St103A - 93.4 8.1 4.22% M. capensis, 0.36% T. capensis, 0.88% C. fulgida 

C. fulgida St65A 90 98.5 16.1 1.47% A. forskalea  

 St65B 50.5 99.3 20.3 0.02% T. capensis, 0.08% A. forskalea 

 St65C 25 
100.
0 

13.9   

 St71 33 97.1 12.2 
0.08% S. bibarbatus, 0.11% M. capensis, 1.85% T. capensis, 0.48 A. 

forskalea 
 St98A 80.5 91.2 16.6 8.74% A. forskalea 

S. bibarbatus      

 St68A* 81 82.5 8.1 
 0.16% M. capensis, 0.05% T. capensis, 0.53% A. forskalea, 16.53% 
C. fulgida, 

 St68B 84 98.0 7.9 1.83% C. fulgida 

 St68C 88 92.8 8.1 
1.17% M. capensis, 0.21% T. capensis, 0.35% A. forskalea, 3.88% C. 

fulgida 
 St84C 93.95 94.0 8.2 6.05% A. forskalea 

* St68A: >80% S. bibarbatus in species composition. 
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3.3.2 Sv-differencing (∆∆∆∆Sv) technique 

3.3.2.1 Sv-differencing (∆Sv) 

C. fulgida has positive ∆Sv at frequencies > 18 whereas ∆Sv for S. bibarbatus and A. 

forskalea is always negative (Table 3.3). There are significant overlaps in paired 

comparisons of ∆Sv of S. bibarbatus and A. forskalea, particularly at higher frequencies 

(70, 120 and 200 kHz) (Figure 3.6). This makes it difficult or impossible to discriminate 

between these two species using this technique. This was empirically verified with the 

simple cross-validation approach (section 0), which yielded false positive results when a 

bitmap filter of the S. bibarbatus was applied on groundtruthed A. forskalea echoes. 

However, C. fulgida could be well discriminated from both S. bibarbatus and A. forskalea 

by Sv-differencing using just the 18 and 38 kHz data.   

 

Table 3.3 Acceptance ranges, mean ∆ Sv ± 1SD [dB], as computed for the northern Benguela 
jellyfish: A. forskalea and C. fulgida, and bearded goby (S. bibarbatus). 

 

 

 

 

 

 

 

 

 

 

 

 ∆ Sv ± 1SD [dB] 

Frequency pair [kHz] A. forskalea C. fulgida S. bibarbatus 

38-18 2.5±8.1 -11.4±9.5 -2.3±6.1 

70-18 -1.0±7.3 -7.6±7.7 -4.8±6.8 

120-18 -1.2±7.5 -5.0±7.4 -4.7±6.7 

200-18 -1.7±7.7 -4.4±7.1 -5.5±7.0 

70-38 -3.5±6.3 3.2±8.2 -2.5±5.3 

120-38 -3.7±6.5 5.1±8.3 -2.3±5.6 

200-38 -4.2±7.0 6.5±8.9 -3.1±6.0 

120-70 -0.2±5.4 3.2±6.1 0.3±5.1 

200-70 -0.6±6.0 5.6±8.0 -0.4±5.7 

200-120 -0.4±5.5 2.0±5.6 -0.8±5.1 
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Figure 3.6 Comparison of backscattering at paired frequencies, ∆Sv ± 1SD [dB], for the three 
species: S. bibarbatus, C. fulgida and A. forskalea. ∆Sv was derived from backscattering 
difference at paired frequencies, with lowest frequency being subtracted from higher frequency. 
If a reference sample was dominated by a monospecific aggregation, the histogram is expected 
to exhibit a well-defined mono-modal Gaussian shape and the probability density distribution 
(PDD) was regarded as an acoustic signature for the specified species (Lynam 2006; Axelsen 
2007). Confidence intervals from the PDD were accepted as the expected Sv-difference ranges 
for the identification of the specified species. 

 

3.3.2.2 Filtering jellyfish and fish  

Lynam (2006) combined the Sv-difference data with an ‘And’ function to filter the 

jellyfish and fish from each other. The ∆Sv ± 2SD filter for S. bibarbatus, was applied on 

the reference samples (Table 3.4). The percentage of echoes filtered reduced with 
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increased number of frequencies. With four frequencies (18, 38, 120 and 200 kHz) less 

than 85% and with five frequencies (18, 38, 120, 70 and 200 kHz) less than 80% of S. 

bibarbatus was correctly identified. Up to 80% of A. forskalea and less than 40% of C. 

fulgida echoes were falsely identified as S. bibarbatus.  

Table 3.4 The ∆Sv ± 2 standard deviation data filter of S. bibarbatus was applied on all reference 
samples. Percentage % of echoes filtered using four (18, 38, 120 and 200 kHz) and five (18, 38, 70, 
120 and 200 kHz) frequencies, estimated from sA [m2/nm2] before and after filter. The mean volume 
backscattering strength Sv [dB] and sA is that of the filtered echoes. The gray shade indicates no data.  

Freq. 
[kHz] Species 

Station 
Nr. 

Filtered using 4 frequencies Filtered using 5 frequencies 
Mean Sv 

[dB] 
sA 

[m2/nm2] % 
Mean Sv 

[dB] 
sA 

[m2/nm2] % 

18 S. bibarbatus St68A -62.6 282.5 84.7 -63.0 257.9 77.4 

18  St68B -68.9 64.4 85.5 -69.2 60.2 79.9 
18  St68C -62.0 327.9 83.6 -62.4 295.6 75.4 

18  St84C -70.2 38.4 81.5 -70.6 35.1 74.6 

38 S. bibarbatus St68A -63.4 236.9 80.2 -63.8 217.3 73.5 
38  St68B -69.9 53.4 81.9 -70.2 49.7 76.1 

38  St68C -62.6 283.8 76.3 -63.0 256.0 68.8 
38  St84C -72.3 24.9 79.5 -72.6 22.7 72.7 

70 S. bibarbatus St68A       -65.7 140.0 69.1 
70  St68B       -72.1 31.9 73.7 

70  St68C       -64.7 173.2 65.6 
70  St84C       -75.8 11.4 75.1 

120 S. bibarbatus St68A -65.0 166.5 76.4 -65.4 150.1 68.9 

120  St68B -71.7 35.1 78.2 -72.0 32.6 72.7 
120  St68C -64.0 207.9 71.4 -64.5 185.1 63.6 

120  St84C -75.7 11.6 83.5 -76.1 10.7 77.2 

200 S. bibarbatus St68A -65.1 162.8 72.1 -65.5 147.1 65.1 

200  St68B -72.2 31.6 77.7 -72.6 29.1 71.7 
200  St68C -63.7 218.4 65.6 -64.2 194.1 58.3 

200  St84C -77.0 8.6 86.2 -77.3 7.9 79.8 

18 A. forskalea St101C -82.0 3.3 66.1 -82.5 2.9 59.1 
18  St79A -76.4 11.8 78.5 -76.8 10.7 71.0 

18  St79A -76.4 11.8 78.5 -76.8 10.7 71.0 
18  St79B -64.5 184.6 69.4 -65.1 162.2 61.0 

18  St79B -64.5 184.6 69.4 -65.1 162.2 61.0 
18  St79C -59.9 478.0 73.7 -60.4 427.6 65.9 

18  St79C -59.9 478.0 73.7 -60.4 427.6 65.9 
18  St81A -84.3 1.9 71.3 -84.9 1.7 62.8 

38 A. forskalea St101C -79.6 5.8 19.1 -80.2 5.1 16.7 
38  St79A -77.3 9.6 74.0 -77.7 8.8 67.7 
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38  St79A -77.3 9.6 74.0 -77.7 8.8 67.7 

38  St79B -65.9 133.3 53.6 -66.7 112.9 45.4 
38  St79B -65.9 133.3 53.6 -66.7 112.9 45.4 

38  St79C -63.4 214.1 76.2 -63.9 191.2 68.1 
38  St79C -63.4 214.1 76.2 -63.9 191.2 68.1 

38  St81A -82.8 2.7 34.9 -83.4 2.4 30.6 

70 A. forskalea St101C       -83.8 2.2 32.5 

70  St79A       -79.8 5.4 67.6 
70  St79A       -79.8 5.4 67.6 

70  St79B       -70.7 44.2 61.1 
70  St79B       -70.7 44.2 61.1 

70  St79C       -66.2 112.3 65.3 
70  St79C       -66.2 112.3 65.3 

70  St81A       -85.9 1.3 38.4 

120 A. forskalea St101C -83.4 2.4 38.3 -84.0 2.1 33.8 
120  St79A -80.3 4.8 74.4 -80.6 4.5 68.9 

120  St79A -80.3 4.8 74.4 -80.6 4.5 68.9 
120  St79B -71.1 40.9 76.5 -71.6 36.3 67.8 

120  St79B -71.1 40.9 76.5 -71.6 36.3 67.8 
120  St79C -66.5 104.5 80.3 -66.9 94.2 72.4 

120  St79C -66.5 104.5 80.3 -66.9 94.2 72.4 
120  St81A -85.8 1.3 43.9 -86.4 1.2 38.7 

200 A. forskalea St101C -83.9 2.1 35.8 -84.5 1.9 31.5 
200  St79A -80.9 4.2 68.6 -81.3 3.8 62.8 

200  St79A -80.9 4.2 68.6 -81.3 3.8 62.8 
200  St79B -71.9 33.5 76.6 -72.5 29.7 68.1 

200  St79B -71.9 33.5 76.6 -72.5 29.7 68.1 
200  St79C -67.2 89.5 78.9 -67.7 80.8 71.2 

200  St79C -67.2 89.5 78.9 -67.7 80.8 71.2 

200  St81A -86.9 1.1 43.7 -87.5 0.9 38.5 

18 C. fulgida St65A -85.0 0.3 38.0 -85.5 0.2 34.4 

18  St65B -82.5 3.0 36.4 -83.0 2.6 32.0 
18  St65C -80.7 4.8 25.4 -82.1 3.5 18.7 

18  St71 -51.8 19.6 27.6 -51.8 19.5 27.5 
18  St98A -82.2 1.8 39.0 -82.8 1.6 34.0 

38 C. fulgida St65A -90.3 0.1 59.6 -90.6 0.1 56.1 
38  St65B -87.5 0.9 40.6 -88.0 0.8 36.4 

38  St65C -83.2 2.7 37.2 -84.0 2.3 31.1 
38  St71 -66.9 9.3 46.2 -67.0 9.0 44.6 

38  St98A -79.0 6.5 4.7 -79.7 5.5 4.0 

70 C. fulgida St65A       -98.2 0.0 62.2 
70  St65B       -90.3 0.5 39.0 

70  St65C       -86.0 1.4 20.9 
70  St71       -79.0 2.4 27.1 
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70  St98A       -83.6 2.3 9.3 

120 C. fulgida St65A -97.4 0.0 45.2 -97.6 0.0 43.1 
120  St65B -89.5 0.6 48.1 -90.0 0.5 42.5 

120  St65C -86.0 1.4 34.7 -87.3 1.1 26.0 
120  St71 -74.7 6.6 48.3 -74.7 6.5 48.1 

120  St98A -83.0 2.6 12.0 -83.7 2.2 10.2 

200 C. fulgida St65A -100.1 0.0 29.0 -100.5 0.0 26.4 
200  St65B -89.9 0.5 37.7 -90.5 0.5 32.8 

200  St65C -87.3 1.0 37.9 -88.6 0.8 28.5 
200  St71 -79.8 2.0 20.1 -79.8 2.0 19.9 

200  St98A -84.0 2.1 13.4 -84.7 1.8 11.5 
 

3.3.3 Relative frequency response 

The relative frequency response normalised to 38 kHz, from the training datasets of each 

species r(f)train were used to represent the assumed unique signature, ID key, of species 

(Figure 3.7). There was less variability when using the log-transformed r(f) than linear 

r(f). The reference samples of A. forskalea exhibited similar r(f); lower at 18 kHz than 38 

kHz, decreasing towards higher frequencies. At 70 and 120 kHz, for all samples except 

St79A, the r(f) seemed similar. The r(f) of C. fulgida at 18 kHz was higher than that of A. 

forskalea and S. bibarbatus by more than 1 dB, with the exception of 100% C. fulgida 

reference sample (St65C). From 38 to 70 kHz, there was an overlap in r(f) of all C. fulgida 

reference samples. Beyond 70 kHz, there was variability at higher frequencies. Frequency 

response of the S. bibarbatus decreased with a relatively flat slope from the low 

(Rayleigh) towards higher frequencies (geometric region), exhibiting the r(f) typical for 

a small swimbladdered species. At 70 kHz, backscattering dropped, disrupting the 

continuous slope that seemed constant between 18 and 38 kHz and 120 and 200 kHz. 

From 70 to 120 kHz, the backscattering is relatively equal with a slight increase towards 

the 120 kHz.  

When visually comparing the backscattered spectrum from the three target 

categories, it is first clear that S. bibarbatus have the most consistent pattern and distinctly 

different from the other two categories. The observed spectrum fits well with the expected 

spectrum from a small, swimbladdered fish (basically flat; geometrical region), with 

slightly higher backscattering at 18 and 38 kHz. The r(f) of the two jellyfish from 38 to 

200 kHz are similar with a mean drop in backscattering of more than 3 dB. For A. 
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forskalea, however, the mean backscattering is generally lower at 18 kHz, which is 

expected for a fluid-like, relatively large target, while for C. fulgida, the mean 

backscattering at 18 kHz is higher than for 38 kHz.  

3.3.4 Linear Discrimination Analysis 

This analysis was to determine if the predictors from discriminant functions varied 

sufficiently to distinguish the three species (S. bibarbatus, A. forskalea and C. fulgida) 

from each other (Figure 3.8). The discriminant function using only nautical area scattering 

coefficient (sA) at all frequencies was the weakest in determining variance among the 

species groups (Wilks test, F10;12 = 2.689, P=0.05). The model predicted/classified the 

training datasets 80% correctly; all A. forskalea were correct whilst one from both gobies 

and C. fulgida were misclassified or mixed, not separated. The sA variability among the 

groups was substantial at 18 kHz and less at 38 kHz. Towards the higher frequencies (70, 

120 and 200 kHz), using the sA to predict A. forskalea and S. bibarbatus was better 

(100%) but failed to predict C. fulgida at these frequencies. The role of 120 kHz was most 

important, followed by the 38 kHz, when using a discriminant function incorporating only 

backscattering coefficient (sA). However using transformed sA, nautical area scattering 

strength SA from each frequency the possibility of discriminating among the species 

groups was improved to 95% (Wilks test, F10;12 = 9.857, P=0). 

Applying only the r(f) (sA normalised to 38 kHz, as the predictor in the discriminant 

function the training datasets were classified 70.4% correctly (Wilks test, F8;14 = 6.619, 

P=0.001). Log transforming r(f), R(f), the discriminatory power was reduced to 63.5% 

(Wilks test, F8;14 = 2.470, P=0.067). Introducing log transformed backscattering intensity 

at 38 kHz (SA,38kHz) to the r(f) and R(f) discriminant functions/models, the discriminatory 

power increased to 94.9% (Wilks test, F10;12 = 6.701, P=0) and 94.7% (Wilks test, F10;12 

= 9.857, P=0) respectively. The latter two discriminant functions had greatest 

discriminatory power among the eight discriminant functions attempted. Variance 

between the three species groups was better explained by the discriminant function that 

took into account SA,38kHz and r(f) whilst variance within group was better with the SA,38kHz 

and R(f) discriminant function. Here, the role of 200, 70 and 18 kHz normalised to 38 

kHz (in order of importance) became more important than the 120 kHz in the discriminant 

function. 
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3.4 Discussion  

3.4.1 Frequency-dependence identification: ∆Sv and r(f) 

The Sv-difference overlap of the species under study, particularly for A. forskalea and S. 

bibarbatus, indicated the complexities of merely using Sv-differencing of paired 

frequencies. The r(f), which was considered in this study as the simultaneous comparison 

of sA-differences across the discrete narrowband frequencies, all normalised to 38 kHz 

was seen as a better approach (Jech and Michaels, 2006; McQuinn et al. 2013). However, 

it also could not be relied upon as a stand-alone identification approach as it also entails 

Sv-differencing of paired frequencies. When applying merely ∆Sv, using the two discrete 

frequencies that best discriminate the species from each other rather than all sets of paired 

frequencies would yield more accurate results as illustrated by the LDA (see section 

3.4.3).    

 The r(f) of both A. forskalea and C. fulgida was found resonating at lower 

frequencies, consistent with r(f) reported by Axelsen (2007) and in other studies (e.g. de 

Robertis et al. (2010), Graham et al. (2010), Woillez et al. (2012)). This is the opposite of 

what is theoretically expected for large fluid-like zooplankton (Figure 1.2). Zooplankton 

like siphonophores which are a gas-inclusion zooplankton shows similar r(f) to the 

jellyfish (Warren et al., 2001). Axelsen (2007) conducted multifrequency acoustic 

identification studies (4 frequencies) of horse mackerel and dominating zooplankton 

groups within the northern Benguela. The author found Chaetognatha and C. fulgida to 

exhibit similar r(f). From preliminary analysis of zooplankton samples collected during 

the survey, larger copepods (Rhincalanus and Calanoides), chaetognaths (Sagitta 

tasmanica), euphausiid furcilia and pteropods (Cymbulia sp) dominated zooplankton 

samples (Utne-Palm et al., 2008). Brierley et al. (2001) hypothesised that a jellyfish 

creates gas bubbles as it swims. If the downward trends of r(f) from jellyfish as well as 

those from the zooplankton reported by Axelsen (2007) is substantiated, the acoustic 

classification of jellyfish under the fluid-like zooplankton or gelatinous-or plankton might 

need to be reconsidered. 

 Whether the dip at 70 kHz observed for the r(f) of S. bibarbatus’ is real or a result 

of the acoustic system was uncertain. Backscattering of swimbladdered small fish like S. 

bibarbatus was expected to produce a r(f) peaking at 18 kHz and exponentially dropping 
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towards the higher frequencies (Korneliussen and Ona, 2003). Possibilities of system 

errors at 70 kHz have been investigated. From the eight calibrations conducted from 2003 

until 2008, the transducer gains (G) of the vessel have been stable over the years on R/V 

“G.O.Sars” (Knudsen, 2009). The 70 kHz varied a bit more than the 38 kHz system, 

however it was also stable, with about 0.1 dB difference from calibration to calibration. 

For the calibration settings in the analysis here within (G = 27.11, sa correction = - 0.4), 

the average calibration gave a difference or a maximal error of 0.15 dB delta in G, or 2 

times this in TS or Sv = 0.3 dB. Multifrequency analysis for purposes of classification 

uses relative values, and are thus relatively insensitive to calibration errors (Kloser et al., 

2002). The dip may also correspond to a match between the wavelength at 70 kHz ( =  

~2.2 cm) and a morphometric structure in the fish itself. 

The only 70 kHz measurement available for comparison was that of Graham et al. 2010, 

where the authors theoretically estimated the TS of scyphozoan jellyfish for 18-200 kHz. 

Their results indicate a similar dip at 70 kHz for the jellyfish, more clearly seen on the 

lower error bands of the model estimates. The 70 kHz measurements would need 

confirmation, as it could be a good addition to fill the wide spectral gap between the 38 

and 120 kHz discrete frequencies. 

3.4.2 The northern Benguela Sv-differencing jellyfish-fish filter 

Applying the ∆Sv algorithm developed for the northern Benguela jellyfish (Lynam et al. 

2004; Lynam (2006)) on data within this study failed, yielding false results e.g. an A. 

forskalea filter identified S. bibarbatus and C. fulgida as A. forskalea. The overlap in the 

∆Sv (Figure 3.6) of the three species reduces the effectiveness of separating the species. 

It was interesting that size distributions of S. bibarbatus and A. forskalea overlapped at 

lower and upper parts of size distributions (Figure 3.5). Irrespective of that, S. bibarbatus 

and A. forskalea are expected to have different backscattering properties, which was 

evident from the DFA results incorporating SA,38kHz to the r(f) discriminant function. The 

stronger scatterer of the two could be masking the weaker. The separation of the two 

jellyfish species, C. fulgida and A. forskalea, could have been due to size differences as 

shown by Lynam (2006). The reason for the difference is also supported by Hirose et al. 

(2009) who compared their studies with that of Brierley et al. (2001) noted that 

differences could be ascribed to the C. fulgida which are larger than A. forskalea in size 

and yet less dense in mass.  
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 Total biomass of jellyfish was estimated 12.2 million tonnes in 2003, of which 

99% constituted A. forskalea for the 33,710 nmi surveyed area (Lynam et al. 2004, 2006). 

The high biomass which has recently been questioned by Flynn et al. (2012) could be due 

to misclassification of fish and A. forskalea echoes. A. forskalea occurred at depths where 

S. bibarbatus are found too, thus increasing the chances of overlapping echo. Lynam et 

al. (2004) acknowledged that the high backscattering of A. forskalea might have been due 

to S. bibarbatus and also mentioned that A. forskalea was not discriminable from hake 

and horse mackerel using the Sv-difference filter.  

 The jellyfish-fish filter applied a logical “AND” algorithm, and thus it is all-or-

none. A cell in the differential echogram has to have a ∆Sv value, which falls within the 

chosen CI limits for all differential echograms derived from the frequencies, or it is 

rejected. For frequency-dependence studies an “AND” Boolean is a crude and rigid 

technique for filtering jellyfish and fish echoes. The studies of Brierley et al. (2001) and 

Lynam (2006) focused more on TS and multifrequency measurements rather than the 

application of r(f) for identification purposes. Considering purpose of their study and the 

200 kHz single beam which required matching with other frequencies to extract single 

targets for TS studies, applying an “AND” Boolean was ideal. The author stated that by 

adding more frequencies, the filter would be improved however; this would be the 

opposite as the filtering criteria become more rigid (Table 3.4). For identification studies 

based on frequency-dependence and applying threshold, an “OR” Boolean might yield 

better results as some scatterers could be negligible at one frequency yet resonating at 

another. Comparing backscattering at paired frequencies combined with Z-score analysis 

(de Robertis et al., 2010) might also be more a feasible approach than the “AND” 

Boolean. With the apparent proliferation of jellyfish in the northern Benguela (Roux et 

al., 2013), there is an urgent need for an improved method to assess the jellyfish and fish. 

Revisiting the 2003 survey with a new identification algorithm might also aid in 

determining whether there has been an increase of jellyfish from 2003 and 2008. 

3.4.3 Frequency-dependence method combined with LDA 

Simple Linear Discriminant Analysis (LDA) in conjunction with Sv-difference acoustic 

methods have been shown to substantially improve target classification (Brierley et al., 

1998, Woodd-Walker et al., 2003). The descriptive features used in classical frequency-

dependence approaches: sA,f, ∆sA, r(f) and SA from “clean” reference samples were 
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employed as factors for the LDA. The ∆sA instead of ∆Sv (Kang et al., 2002) represented 

the comparison in difference of backscattering between two (paired) frequencies; sA,f and 

SA,f to backscattering at an individual frequency in the linear and log arithmetic domain 

respectively.  

The high success rate (95%) of using sA,f to discriminate the three species from 

each other could be attributed to the backscattering of jellyfish being weak compared to 

a swimbladdered fish. The presence/absence of swimbladder in S. bibarbatus was still 

dubious (Staby and Krakstad, 2008) though it was assumed from the reported TS of -55.9 

dB for an 8 cm sized S. bibarbatus at 38 kHz (Barange et al., 1994) that it possessed a 

swimbladder. Using ∆sA and r(f) resulted in a lower success discrimination rate, up to 

70.4%. The comparison of ratios (linear ∆sA) and differences (log transformed ∆sA) to a 

degree abolishes the discriminatory power of species’ backscattering strength. When the 

spectrum, r(f) (respective ∆Sv-differences, was combined with backscattering strength 

(SA) in a model, the success rate increased to 95%, equivalent to the high discriminatory 

power using sA,f of the three species. The 120 and 38 kHz were important frequencies 

when backscattering energy (sA) alone was compared at respective frequencies for the 

species. These two frequencies, 120 and 38 kHz, are routinely used to discriminate fish 

and plankton (e.g. Kang et al. 2002, ∆MVBS): fish echoes are less dependent on 

frequencies than the plankton. Thus these two frequencies could be sufficient to 

discriminate the under study species from each other. Comparing the ∆sA at paired 

frequencies simultaneous across the frequency band reduces the discriminatory power as 

observed from DFA results. Though more discrete narrowband frequencies over a wide 

spectrum are merited to produce better discrimination (MacLennan and Holliday, 1996, 

Horne, 2000), when applying simultaneous comparison of Sv-differencing this might not 

be the case. An exception would be when treating the r(f) curve as a wideband spectrum 

then only might more discrete narrowband frequencies provide more variance in the 

curves hence increase discriminatory power.   

3.5 Conclusion 

Classical multifrequency identification techniques were not adequate as stand-alone 

methods for acoustic identification of S. bibarbatus and jellyfish. Despite this, valuable 

knowledge that could aid in developing an alternative method was acquired from the 

application of the methods and the DFA. 1) It is possible to separate jellyfish and S. 
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bibarbatus from each other using the backscattering energy, 2) using the r(f) pattern is a 

better method than comparison of backscattering at paired frequencies, 3) When the 

backscattering energy (SA) of the species differ at a particular frequency then thresholding 

at that frequency may allow identification. 4) Finally, combining the frequency-

dependence methods with backscattering energy at a particular frequency increases the 

chances of classifying the three species correctly. This was apparent from the fact that the 

DFA gave better classification output then the differencing method. The challenge with 

DFA is that it depends on training datasets, which were limited in numbers in this study. 

This also means that this combined method could not be used in “real time” during a field 

survey. 
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4 A novel technique to classify echoes from co-occurring 

jellyfish and S. bibarbatus 

4.1 Introduction 

In the previous chapter, the frequency dependent algorithms: Sv-differencing and r(f) 

(Korneliussen and Ona, 2002) were adopted to separate the jellyfish and S. bibarbatus. 

The Sv-difference overlap from A. forskalea and S. bibarbatus indicated the complexities 

of merely using Sv-differencing of paired frequencies. The adopted filters were 

ineffective, producing an unacceptably high level of misclassification: jellyfish targets 

were identified as S. bibarbatus and S. bibarbatus as jellyfish. Combining the frequency-

dependent methods and DFA, classification of the species was possible. The effectiveness 

of DFA was not in the comparison of the Sv-differences however in the pattern of the echo 

spectrum and backscattering energy. In this chapter, the possibility of an alternative novel 

technique to classify the echoes from co-occurring jellyfish and S. bibarbatus is explored. 

Prior to this, the identification challenge is addressed.   

4.1.1 The identification challenge 

A major challenge with identifying species in mixed aggregations is the stronger targets 

masking the weaker targets or vice-versa when significant numbers of weak targets are 

present (Korneliussen and Ona, 2012). For instance, if fluid-like scatterers (e.g. copepods, 

euphausiids or jellyfish) are mixed with small swimbladdered fish, the fish backscatter 

can dominate even if their biomass is only a small fraction (say 1%) of the total. Thus the 

dominance of the stronger targets would result in a false dB-differencing or r(f) key 

(Figure 4.1), strongly biasing the identification process. 

When the use of one frequency was common practise for oceanic surveying, a 

threshold was set to impose the lowest level of detection (Aglen, 1994). This bottom-

threshold practise was inferred to eliminate reverberation noise, e.g. small targets and the 

background noise (Figure 4.2). In procedures of echo counting surveys, top-threshold has 

been applied to eliminate stronger targets (e.g. Rudstam et al. (2008)). Top-threshold was 

not usually applied in echo integration systems until recently when scientists at the 

Institute of Marine Research (Bergen, Norway) tried to understand why they could not 

detect krill using the filters available, despite the fact that the krill constituted 98% of the 
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trawls catches (Korneliussen and Ona, 2012). For improving target classification, weaker 

scatterers are traditionally removed by applying a threshold from the bottom (Logerwell 

and Wilson, 2004, McQuinn et al., 2013). 

 

Figure 4.1 An illustration of the effect of stronger scatterers (red circles) masking the weaker 
scatterers in mixed assemblages hence a false r(f). Applying the r(f) of a mixed aggregation 
would result in failure to detect targeted species.  

 

A monospecific aggregation of unimodal length is expected to exhibit a well-

defined mono-modal Gaussian shaped Sv distribution. The underlying amplitude 

distribution in the linear domain is then a Rayleigh distribution. Since backscattering is 

target size, orientation, shape, material properties and frequency dependent, a unimodal 

distribution of measured sv may originate from a unimodal monospecific aggregation at 

a specific frequency (Figure 4.2). However, two different species might exhibit almost 

the same backscattering distribution at one or more frequencies.  

A safe Sv-cut boundary is required to reduce biases from including other species 

when targeting one specific species. Both top and bottom-threshold (Figure 4.2) both 

work best if one target category is dominating in terms of organisms backscattering or 

numerical density. However, the situation is more complex when two or more species are 

in mixed dense aggregations. First, note should be taken that the two distributions are in 

the logarithmic, dB, domain. This means in practice that ~99% of the energy from the 

weak targets (Species 1) is found from the top of the curve to the right because it covers 

Sv from -50 to -80 dB, the strong ones becoming 1000 times stronger than the weaker. 
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Removing half the distribution by bottom thresholding would not affect the echo integral 

significantly. LSSS provides a threshold response window, in which survey practitioners 

may observe how much can be removed. So, in order to isolate the stronger scatterer a 

threshold corresponding to the dashed grey line in Figure 4.2 may be applied and the 

remaining echo integral for the strong target (Species 2) are still valid. 

 

 

Figure 4.2 Illustration of the identification and discrimination of species in mixed aggregation 
complexity at one frequency. See text for details. 

 

  

On the other hand, removing the strong target category also follow a similar suite. 

By cutting all amplitudes stronger than the dashed grey line, ~99% of the echo energy of 

the strong targets are removed. In this case, even the remaining parts of the echoes ~1% 

may affect the weaker target category integral. If these are strong single targets, data 

manipulation, and removing data cells close to the high amplitudes may help as a starting 

point. The main challenge in mixed aggregations is to: 

1) To be able to detect the two categories because the stronger one will “hide” 

the weaker 
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2) To separate them with necessary accuracy     

The solid vertical line cutting through the intersection of the two normal distributions 

might be an ideal separation Sv-cut. However, the contribution of the stronger target 

(Species 2) to the weaker targets’ (Species 1) backscattering would still be significant, 

contributing to bias. Setting Sv threshold at the level of the red dashed vertical line would 

be preferable, as all the strong scatterers would be excluded. However, at the same time 

much of the weaker scatterers’ strong backscattering are lost. A compromising threshold 

is thus essential to reduce bias arising from the inclusion of either weaker or stronger 

targets. The inclusion of the weaker scatterers would not shift the mean Sv of an integrated 

school, however including the strong scatterers would shift the mean to the right of the 

distribution, masking weaker scatterers and biasing any results of the weak targets 

significantly. 

The aim of the present study is to use standard multifrequency methods, ∆Sv and 

r(f), LDA and try to adopt top- (Korneliussen et al., 2013b) and bottom-threshold 

techniques that could aid target classification of northern Benguela groups such as S. 

bibarbatus and jellyfish species when these target categories occur in mixed aggregations. 

Target classification is here within regarded as the separation and identification of target 

categories and/or species. How the top and bottom-threshold application effects 

discriminatory power (r(f)) and classification of these groups were explored. The 

establishing of a ‘safe’ Sv-cut to separate targets was also investigated.  

Ultimately, a technique here within referred to as the “Separator Technique” which 

incorporated classical multifrequency methods (i.e. ∆Sv, r(f)), top- and bottom threshold), 

a novel r(f) correlation similarity method for classification and a threshold sA response 

for classification validation, was developed. The success of the Separator Technique may 

reduce the bias and uncertainties in acoustic surveys and could be automated, helping the 

acoustic practitioners to assign scatterers to species. Establishing a better identification 

and discrimination technique may, if successful, pave the way for improved survey results 

for various ecosystem components thus also providing an improved basis for 

understanding the ecosystems and the trophic interactions of its components. The 

objective of developing the Separator Technique was to 1) classify species within mixed 

aggregations with the adopted approaches and 2) determine the “safe and compromising” 

Sv-cut to isolate the species.  
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4.2 Materials and Methods 

For sampling activities, see Section 3.2.1. The data pre-processing steps were also similar 

except that the resolution of the raw data was maintained to retain original information of 

data at an elementary level; no smoothing or threshold was applied. All post-processing 

analysis was conducted with Large Scale Survey System (LSSS). 

4.2.1 General idea for a new identification technique 

If each pixel (�c = ∑def
c  [m-1]) represents an acoustic category (Korneliussen, 2005, 

Pedersen and Korneliussen, 2009) then a layer (depth-range: ∆� = �_ − �_ [m]) 

constituting multiple pixels (sum of sv) would be a pure or mixed species aggregation 

(�h = � �c���� 	�	.4i ∗ 1852_) [m2nmi-2]. The sA at respective frequencies (fi) normalised 

to one of the frequencies (fN) constructs the 2.J0 = �ULLLL.#V0
�ULLLL.#M0	 thus r(f) is an acoustic feature 

unique to target categories / species. Thresholding the layer, all pixels meeting the set 

threshold criteria (e.g. Sv threshold = -60 dB) will be removed, depending on whether top- 

(e.g. Sv > -60 dB) or bottom-threshold (e.g. Sv < -60 dB) is applied. Thresholding would 

enforce changes in the r(f) (the echo spectrum) of mixed aggregation which would 

eventually reflect the r(f) of disguised pure species / acoustic category or mixed (if more 

than two species were present prior to threshold) aggregation at different thresholded Sv 

levels. In this instance, because of the strong backscattering expected from the gas filled 

bladder, the S. bibarbatus were considered as the stronger scatterers in mix aggregations 

with jellyfish/zooplankton. In order to remove S. bibarbatus backscattered signals, top-

threshold was applied, while bottom-threshold was used to remove weaker targets such 

as jellyfish. Depending on which species or target category was to be extracted top- 

(Korneliussen and Ona, 2012) and bottom-threshold approach was applied. The latter 

extraction possibility was the reason for naming the technique “Separator Technique”. 

4.2.2 Developing the technique 

The acoustic identification framework was composed of four successive steps: extraction 

of descriptive features, determining what descriptors had the greatest discriminant power, 

choice of classification method, and validation (Scalabrin et al., 1996). The steps involved 

in the Separator Technique are illustrated in Figure 4.3. First two steps were from the 

previous Chapter. The reference samples (Section 3.2.3) were classified as the training 
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dataset (r(f)train) for the development of the identification technique. The sA at each 

frequency was extracted as acoustic features and r(f) established. The combination of r(f) 

and backscattering strength (log-transformed sA = SA) yielded the highest discriminatory 

power of 95%.  

 

 

Figure 4.3 Separator Technique analysing steps. See text for details. 

 

4.2.2.1 Systematic top- and bottom-thresholding of r(f) 

For each of the demarcated training sets (Section 3.2.3), top-thresholding was achieved 

by reducing the Sv threshold in 1 dB intervals from -45 dB to -85 dB, removing 

backscattering at pixel level (10log10(sv)), while bottom thresholding was achieved by 

increasing the threshold over the same range. Strong targets (i.e. swimbladdered fish) can 

be stronger at low frequencies and weaker at higher frequencies, and vice-versa for 

weaker targets, so each frequency was treated independently. This was vital to maintain 
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backscattering frequency-dependence of acoustic category/species, which is normally 

lost when removing the data across all frequencies when only one frequency met 

threshold criteria. Due to a limitation in the LSSS software this had to be done manually.  

The nautical area scattering coefficient sA [m2 nmi-2] at each frequency was 

manually recorded and r(f) computed (Section 3.2.5) for each Sv threshold level (Figure 

4.4). Consequently, all ∆sA (linear, ratios) or ∆SA (dB-difference) across all frequency 

pairs were taken into account and independently thresholded to establish a reliable r(f) 

for each species in the mixed aggregation. The changes in the r(f) curve and echo integral 

line were also visually observed. Steps in the integral line indicated strong scatterers 

within the integrated region whilst a smooth integral line indicated dominance of one 

species (Figure 3.3). Even though LSSS also provides a Sv distribution window (Figure 

4.5), the Sv threshold level where to cut without including or excluding either of the 

species’ echo energy was difficult to observe by eye from the Sv distribution. The 

boundary of compromise was a challenge. Application of an “OR” filter at a later stage 

(Section 4.2.2.3) ensured that data from the same volume-segment (pixel) was removed 

at all frequencies. 

 

Figure 4.4 An example of a S. bibarbatus reference a at 38 kHz, top-thresholded at a Sv level 
of -75 dB to remove the stronger scatterers. The upper r(f) reflects that of S. bibarbatus prior 
to top-thresholding and the lower, r(f) after applying top-thresholding. Top and bottom-
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thresholding was systematically applied, in the range -45 dB and -85 dB in 1dB intervals, on 
all reference samples. The r(f) at each Sv level was recorded and computed.  

 

 

Figure 4.5 An extract from the Large Scale Survey System (LSSS) illustrating the Sv 
distribution of a mixed aggregation at multiple frequencies. Determining an Sv-cut threshold 
by eye was a challenge and alternative approaches were considered (see Section 4.2.2.2).  

4.2.2.2 Discrimination of species 

Two approaches were attempted to aid in determining the Sv–cut level thus discriminating 

of target categories and/or species: 1) linear discriminant analysis and 2) r(f) similarity 

comparison approach. Here, the thresholded r(f) at respective Sv threshold levels from the 

known reference samples (training dataset) were regarded as the test datasets, r(f)test.  

4.2.2.2.1 Linear Discriminant Analysis approach 

To test correct classification of the linear function derived from the training test (Section 

3.2.6), new subjects (test set) whose group membership was known yet blinded, are 

predicted. Classification was based on the Mahalanobis distance, the distance of the 

unknown group target (case) to the centre of the data cluster (group centroids) in 

multivariate space. The target was classified as belonging to the species group to which 

it was closest (i.e. it had the minimum Mahalanobis distance). A priori probabilities were 

computed to adjust the classification of cases to be proportional to the sizes of the groups 

in the sample. The specification of different a priori probabilities can greatly affect the 

accuracy of the prediction.  
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 The best discriminant functions, as derived from r(f)train (Section 3.3.4) were 

applied to predict the new datasets (test dataset: r(f)test). This approach was initiated to 

determine up to which Sv threshold level the discriminant classification could classify the 

r(f)test correct. The first Sv threshold level where classification prediction failed was 

assumed the Sv–cut level for the known species group.  

4.2.2.2.2 The r(f) similarity comparison technique 

Assuming that r(f) represents the acoustic signature for different respective acoustic 

categories or species, the changes in the r(f) curve with top and bottom-thresholding were 

inspected by comparing the similarities in the r(f) curves at consecutive threshold levels 

using a “sample correlation” technique. Two parallel curves would be perfectly correlated 

(correlation similarity measure r =1) whilst dissimilar curves would be less correlated. 

Thus, a good correlation would be nearly parallel but off set. The following two 

approaches (Figure 4.6) were taken for each reference sample in training dataset:  

• Approach 1: Compare r(f)test systematically with the not-thresholded r(f) 

(r(f)train).  

• Approach 2: Compare the r(f)test curves sequentially between Sv threshold 

levels.  

The similarity between two r(f) curves were measured by computing the Pearson 

correlation coefficient as follow: 

2.m, m + 0 = 	b622N2.J0n 	, 2.J0no�O         (Eqn. 4.1) 

=	 ∑ N�.#V0pq	�.#r0sLLLLLLLLON�.#V0ptuq	�.#r0stuLLLLLLLLLLLO	vVw�
x∑ N�.#V0pq	�.#r0sLLLLLLLLO�vVw� x∑ N�.#V0ptuq	�.#r0stuLLLLLLLLLLLO�vVw�

     (Eqn. 4.2) 

 

2.J0n		is a vector constituting the area backscattering as a function of the available 

frequencies normalised to a reference frequency, in this study 38 kHz,  j corresponds to 

the Sv threshold level in 1 dB intervals and  = 1 − m for Approach 1 and  = 1	for 

Approach 2. The numerator represents the covariance between the r(f) at Sv threshold 

levels j and j+d and the denominator represents the products of the standard deviations of 

r(f) at Sv threshold levels j and j+d.  
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Figure 4.6 Illustration of the analysis procedure of the r(f) similarity comparison technique. 
Top-threshold was applied to remove stronger scatterers and bottom-threshold for the weak 
scatterers to determine the Sv–cuts to discriminate the target species. The r(f) was computed at 
each Sv threshold level and r(f) compared using two approaches: Approach 1 and Approach 2. 
Approach 1 compared all thresholded r(f) at respective Sv threshold levels systematically to the 
raw r(f) of the ground-truthed reference sample whilst Approach 2 sequentially compared all 
thresholded r(f) including the raw r(f). The correlation coefficient, referred to as the correlation 
simalirity measure r, was derived from the r(f) comparisons.  

 

 

Plotting the correlation similarity measure r at the different Sv threshold levels, the 

following was expected: 

• If the r(f) originated from one dominating species, the r(f) would not change until 

most or all backscattering energy was removed by top- or bottom-thresholding; 

thus, r would only change when the scatterers from the dominating species are 

removed. Therefore, when applying Approach 1, the r would be stable e.g. r = 1 

until the level where it would drop (r < 1) and with Approach 2, r would respond 

in the same manner.  
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• If two or more species are present, considering that the r(f) differ between acoustic 

categories or species, the transition between the stronger and the weaker scatterers 

would result in a drop in r both for Approach 1 and 2. Difference would be that 

the r for Approach 2 would regain values close to 1 after the transition between 

the species’ r(f) whilst r from Approach 1 would continue to drop. A drop in r for 

Approach 2 will be at its lowest when the total backscattered energy of the targets 

have been removed and the targets that are still present are approximately equal. 

• If the scatterers that are removed originated from a species/target that did not 

contribute substantially to the total backscattering of mix aggregation, 

thresholding would not affect r noticeably e.g. removing the weaker scatterers by 

bottom-thresholding, r may not respond. However, if the differences in the total 

backscatter from the respective species are small, changes in r may occur.  

The minima in r observed by eye were used to identify Sv transition levels (Sv-

cut/window) suitable for separating different target categories or species based on the r(f) 

and r(f) pattern as it changes with thresholding. Hereafter, the correlation similarity 

measure r for the respective threshold and approach would be denoted as shown in Figure 

4.6.  

4.2.2.3 Classification validation: Threshold sA response 

This approach was applied to quantify the effect of thresholding on r(f) with different Sv 

threshold levels; mainly to investigate the “safe or compromising” Sv-cuts and hence 

validate classification. The proportion of the removed sA at each frequency was computed 

as: 

�h.J�0n =	 PU.#V0pPU.#V0y 	× 100    (Eqn. 4.3.)  

where �h.J�0n represented the percentage nautical area backscattering coefficient sA at 

frequency fi, from Sv threshold level j to m, j being index number and m the index of the 

last jth Sv threshold level. Though thresholding was done separately for all frequencies, 

the compromising safe Sv-cut was synchronised across all frequencies after a safe 

threshold was set by implementing an “OR” filter. Backscattering from strong targets can 

resonate and is less variable due to orientation at low frequencies, thus the low frequencies 

were used to implement Sv-cut and vice-versa for the weaker targets.   
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4.2.2.4 Application and effectiveness of the Separator Technique 

The implementation and effectiveness of the Separator Technique was tested on known 

trawled mixed species aggregations. The species compositions of these mixed trawl 

samples (test samples), constituted swim bladder fish and/or both jellyfish species or 

either species and were from depths within the detection range limit of the highest used 

frequency in this study, 200 kHz.  

4.3 Results 

All ground-truthed reference samples in the training dataset were subject to the process 

of developing this method. Here only one reference sample (station) from each species 

group of the training set is presented: St79B (A. forskalea), St65A (C. fulgida) and St68A 

(S. bibarbatus) for illustration of the method. Criteria for selecting the specific reference 

samples were to include a reference sample from each species and those that represent 

the different aggregation conditions encountered.     

4.3.1 Systematic top- and bottom-thresholding 

The r(f) from the respective “clean” species reference samples responded differently to 

thresholding (Figure 4.7). As expected where the stronger targets’ echoes were removed 

by applying top-threshold, the r(f) (echo spectrum) changed to exhibiting that of weaker 

scattering targets/groups e.g. zooplankton (Figure 4.7A&B). The opposite was observed 

with bottom-thresholding, with r(f) of the jellyfish collapsing faster (at Sv threshold < -

65 dB) towards the higher frequencies whilst the r(f) of S. bibarbatus (Figure 4.7C) 

seemed to require higher bottom thresholding (> -65 dB) in order to change. This steady 

r(f) of S. bibarbatus confirms it to be a stronger scatterer, a swimbladdered species, and 

that by applying a high bottom-threshold (~ -65 dB), echoes from S. bibarbatus will be 

less affected.  These thresholded r(f) at different Sv levels, r(f)j for the respective species, 

constituted the training datasets and new test datasets.  
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Figure 4.7A-C. Top-threshold (left panels) and bottom-threshold (right panels) systematically 
applied within the Sv range: -45 to -85 dB, in 1 dB intervals (displayed: 5 dB intervals). The 
upper panels shows an A. forskalea reference sample, St79B; middle panels: C. fulgida, St65C 
and lower panels: S. bibarbatus, St68A. These thresholded R(f) at respective Sv threshold levels 
made up the test datasets to establish SV-cuts (section 4.3.2) used to separate acoustic categories 
or species.  

 

4.3.2 Discrimination of species 

4.3.2.1 Linear Discriminant Analysis approach 

The best discriminant functions: SA,38kHz + r(f)18,70,120,200kHz and SA,38kHz + R(f) 

18,70,120,200kHz from training dataset were applied to predict the test datasets, r(f)j (Section 

3.2.6). The prediction seemed to be correct up to a certain Sv threshold level however, at 

certain levels the prediction was wrong and then correct again (a confusing state). Correct 

classification referred to the overall correct prediction of species group according to the 

known (training dataset) at specific Sv threshold level. The Sv threshold level where first 

misclassification occurred, if any, was assumed the Sv-cut (Table 4.1). In this case, it 

varied for species when applying SA,38kHz + r(f)18,70,120,200kHz (linear) and was fairly 

constant when SA,38kHz + R(f) 18,70,120,200kHz (log; dB-differencing) was applied. The 

classification prediction of C. fulgida was better than for the A. forskalea reference 
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samples. With dB-differencing as r(f) parameters, S. bibarbatus was classified as A. 

forskalea and in linear domain, A. forskalea was misclassified as S. bibarbatus. 

4.3.2.2 The r(f) similarity comparison approach 

Two r(f) similarity comparison approaches were explored (Section 4.2.2.2.2; Table 4.1). 

As expected, the correlation similarity measure r1 dropped at Sv levels where the 

thresholded r(f) differed from the not-thresholded r(f). Where thresholded r(f) differed 

from the previous r(f), r2 dropped at that Sv level(s) (Figure 4.8). The r drops were steady 

and comparable for both Approaches, reflecting the Sv level(s) where strong and weak 

scatterers were removed with top- and bottom-threshold, respectively. The r from 

Approach 1 ranged between -1 and 1 whilst Approach 2 ranged between 0 and -1. The Sv 

levels where rtop and rbtm dropped and/or ended showed Sv-cut for the dominating target 

category. Overlaying rtop and rbtm, Sv-cut windows of acoustic categories or species could 

be established (Figure 4.8A-C), thus classification was possible.    

For the jellyfish reference samples, St79B (A. forskalea), rtop,1 dropped at -72 dB 

to -1 and remained fairly constant whilst rbtm,1 dropped to 0.5 and remained constant 

(Figure 4.8A). This r transition from positive to negative and vice-versa, reflects the 

change in acoustic categories between strong (e.g. gas filled organism) and weak 

scatterers (e.g. zooplankton). The top-threshold failed in detecting the strong scatterer 

whilst bottom-threshold actually exposed the presence of the strong scatterer when the 

weaker scatterers were removed. For Approach 1, the region where rtop and rbot crossed 

and overlapped before dropping (between -61 and -72 dB Sv threshold) was hypothesised 

to be where the backscattering normal distributions from two target categories or species 

overlapped. The rtop for all other A. forskalea reference samples started dropping at about 

-68 dB except one (St79C) which dropped at an earlier Sv level of -65 dB. The rbtm derived 

from St65A (C. fulgida) remained steady however, rtop revealed two scatterers present, 

separated at Sv of -80 dB, for both Approach 1 and 2 (Figure 4.8C). The r from St65C, 

the only reference sample which constituted 100% C. fulgida (sampled at 25 m) deviated 

from the r(f) at a Sv threshold levels above -69 dB, similar to A. forskalea. For S. 

bibarbatus (St68A), the rtop revealed presence of multiple target categories (Figure 4.8C). 

The rtop,1 dropped at -60 dB and then rose again before it dropped a second time at -68 dB 

to a negative rtop,1. Where rtop,1 and rbot,1 crossed at -58 dB  was assumed as the threshold 

level where the backscattering-dominating target is separated from the mixed 
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aggregation. This transition could be because of swimbladdered species (same target 

category). After -68 dB, the drop indicated weaker targets.  

The presence of multiple drops in r was assumed to indicate that a reference sample was 

a mixed aggregation, with the number of drops indicating the possible number of target 

groups within the aggregation (Table 4.1). The r(f) similarity comparison approach 

suggests that the reference samples, St79B and St68A, were possibly mixed aggregations, 

with other categories that could have contaminated the true frequency response of the 

targeted species. Three of C. fulgida reference samples (St65A, St65C, St71) and one A. 

forskalea reflected clean species aggregations dominated by one target category. Trawls 

samples of these reference samples constituted other species. Spatial and temporal 

displacement between acoustic and trawl sampling could be a source for the difference in 

numbers detected.  

4.3.3 Classification validation: Threshold sA frequency response  

Separation and identification (classification) was inferred from the similarity comparison 

method whilst the validation of classification was deduced from the threshold sA 

frequency response (section 4.2.2.3). Within the reference samples St79B, the Sv window 

between -59 and -72 dB (target 2 in Figure 4.9), ~66% of backscattered energy is removed 

at the low frequencies (18 and 38 kHz) and <20% at the higher frequencies (Figure 4.9A). 

The backscattering from the stronger target(s) within the latter Sv window (Target 1) was 

negligible at higher frequencies. Roughly apportioning backscattering energy of the 

reference sample, St79B, at 38 kHz, Target 1 was 14%, Target 2: 66% and Target 3: 21%. 

From the r(f) similarity comparison results, Target 3 was assumed as A. forskalea while 

Target 1 and 2 as S. bibarbatus, M. capensis and T. capensis as per trawl species 

composition (Table 3.2). 

For the C. fulgida referenced sample, St65A (Figure 4.9B), the Sv window 

between -72 and -82 dB was assumed as C. fulgida. The higher frequencies are less 

sensitive with less than 10% of echo removed however after -82 dB, more of the echo 

started diminishing with threshold, indicating beyond -82 dB, the dominance could have 

been from smaller weaker targets, most probably plankton. At 18 and 38 kHz, frequencies 

towards which r(f) resonance occurred, more than 75% of echo was removed.  
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Table 4.1 The Sv-cuts separating the target categories as determind by Linear Discriminant Analysis (LDA) and the r(f) similarity 
comparison methods. For LDA, two best discriminant functions SA,38kHz + r(f)18,70,120,200kHz and SA,38kHz + R(f) 18,70,120,200kHz were applied to 
predict thresholded r(f) derived from r(f) of reference samples. With Sv-cuts inferred from the r(f) similarity comparison method, number 
of acoustic categories in the assumed clean species-specific aggregations were determined.   
 

Species Ref. Sample SA,38kHz + r(f)18,70,120,200kHz SA,38kHz + R(f) 18,70,120,200kHz r(f) similarity comparison  
 
Trawl 

    

Correct 
classifie
d % Sv cut [dB] 

Correct 
classifie
d % Sv-cut [dB] 

Nr. of 
species Sv-cuts [dB] 

Nr. of 
species 

A. forskalea St79A 61 -69 61 -69 3 -84, -76, -64, -60 4 

  St79B 51.2 -65 51.2 -65  -66 4 

  St79C 48.8 -63 48.8 -63 4 -81, -70, -68, -57, -50 4 

  St81A 70.7 -73 70.7 -73 1 -81, -64 4 

  St81B 68.3 -72 68.3 -72 2 -84, -78, -62 nd 

  St101C nd nd nd  nd nd nd nd 

C. fulgida St65A 92.7 -70 92.7 -70 1 -84, -78 2 

  St65B 65.9 -64 65.9 -64 2 -84, -74, -67 3 

  St65C 75.6 -71 75.6 -71 1 -85, -64 1 

  St71 97.2 -72 97.2 -72 1 -83, -68 5 

  St98A nd nd nd nd nd nd nd 

S. bibarbatus St68* 97.2 -68 97.2 -68 5 -85, -81, -74, -69, -55, -49 5 

  St68A 97.6 -81 97.6 -81 4 -85, -72, -61, -54, -50 5 

  St68B 100 -85 100 -85 3 -83, -78, -66, -59 2 

  St68C 95.1 -69 95.1 -69 5 -85, -76, -60, 55, 51, -45 5 

  St84C nd nd nd nd nd nd nd 

* St68 represents a pooled sample of the St68 stations with S. bibarbatus. 
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Figure 4.8 Similarity comparison measures for Approach 1: systematically comparing 
thresholded r(f)j with not-thresholded r(f), and Approach 2: sequentially comparing thresholded 
r(f)j) at respective Sv levels; top-threshold in the upper left panel and bottom-threshold in upper 
right panel. In the lower left and lower right panel, the top and bottom thtreshold are super 
imposed for Approach 1 and Aprroach 2, respectively. The vertical dotted lines represent the 
Sv-cuts obtained from top-threshold (blue) and bottom-threshold (gray). The trawl validated 
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species-specific samples for A. forskalea, C. fulgida and S. bibarbatus are shown in frame A),  
B) and C) respectively.  

 

 
 

For S. bibarbatus, threshold sA response across all frequencies seemed constant, 

with 18 and 38 kHz sensitive to top-threshold and the higher frequencies sensitive to 

bottom-threshold. Between -55 dB and –70 dB, more than 90 % of the S. bibarbatus was 

removed by top-thresholding (Figure 4.9C). Inferring from the trawls and the comparison 

method, Target 1 and 3 were assigned to either M. capensis or T. capensis whilst Target 2 

could be an overlap of two categories. Target 4 was assigned to S. bibarbatus whilst Target 

5 (< -70 dB) to weak scatterers, possibly A. forskalea and C. fulgida. 
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Figure 4.9 Percentage nautical backscattering coefficient sA removed with systematic 
thresholding at respective frequencies (18, 38, 70, 120 and 200 kHz), hence referred ‘threshold 
sA frequency response’. In upper panel, the threshold sA frequency response for A. forskalea 
and C. fulgida are shown in A) and B), respectively. S. bibarbatus’ threshold sA response is 
shown in lower left panel. 

 

4.3.4 Application and effectiveness 

To test the effectiveness of the technique, top and bottom-thresholding was applied on 

acoustic data corresponding to five mixed trawls constituting S. bibarbatus, C. fulgida, 

A. forskalea and other species cohabiting with them (Table 4.2). Two of the mixed species 

trawls, St81C and St67, were sampled during the day and the other three trawl samples 

were conducted during the night hours. The ground-truthed samples that contained only 

jellyfish (St69B and C), reflected r(f) with high peak at 18 kHz (Figure 4.10). St69A was 

the only trawl that constituted the three species under study thus was chosen to represent 

application of the method.  
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Table 4.2 Mixed trawls selected to verify and test effectiveness of the developed technique.  

Station  Depth [m] Species composition 

St81C 23.5 0.07% T. capensis, 18.9% A. forskalea, 69.6% C. fulgida 
St67 102 (max: 92, 90.5) 59.0% S. bibarbatus, 0.12% T. capensis, 40.7% C. fulgida 
St69A 50 21.1% S. bibarbatus, 80.5% C. fulgida, 27.9% A. forskalea,  
St69B 40 78.5% C. fulgida, 21.5% A. forskalea 

St69C 30 80.5% C. fulgida, 19.2% A. forskalea 
 

 

 

Figure 4.10 The not-thresholded R(f) of the respective ‘mixed trawls’ samples; see Table 4.2 
for species composition of each trawl. 

 

The LDA predicted r(f)test of St69A,B,C as S. bibarbatus though these trawls were 

dominated by C. fulgida and A. forskalea. At -79 dB Sv threshold level the r(f) was 
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classified as that of A. forskalea. Overall, the classification failed in classifying the test 

data sets correctly according to what was in the trawls.  

Applying top and bottom-threshold to St69A, the dominance of S. bibarbatus was 

evident from the r(f) that remained constant until significant energy from S. bibarbatus 

was removed (Figure 4.11). Drops in r, derived from both Approach 1 and 2, occurred at 

similar Sv levels (Figure 4.12). St69A was separated as follow: 46 % S. bibarbatus, 15 % 

C. fulgida and 37 % A. forskalea (Figure 4.13) and “true” r(f) for the species are shown 

in Figure 4.14. The appropriate “safe” Sv-threshold was set using the relevant frequency 

(low frequency for strong targets and high for the weak) in LSSS (Figure 4.15).  

 

 

Figure 4.11 Thresholded r(f) of St69A at respective Sv levels. 
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Figure 4.12 Effectiveness of the Separator Technique applied on a mixed trawl sample, St69A. 
Similarity comparison measures for Approach 1: systematically comparing thresholded r(f)j 
with not-thresholded r(f), and Approach 2: sequentially comparing thresholded r(f)j) at 
respective Sv levels, with top-threshold in the upper left panel and bottom-threshold in upper 
right panel. In the lower left and lower right panel, the top and bottom thtreshold are super 
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imposed for Approach 1 and Approach 2, respectively. The vertical dotted lines represent the 
Sv-cuts obtained from top-threshold (blue) and bottom-threshold (gray).  

 

 

Figure 4.13 Percentage sA removed by top- and bottom-threshold at different Sv levels. The sA 
response also indicated the proportioning of energy to acoustic categories or species at specific 
frequency. St69A reference sample constituted 60 % S. bibarbatus [Target 1&2], 30 % A. 

forskalea [Target 3&4] and, 5 % C. fulgida [Target 5&6] from the classification.  
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Figure 4.14 Frequency response of the three species that constituted the mixed trawl sample, 
St69A. The unthresholded r(f) (raw, black curve) is a combination frequency response of the 
three species. 

  

4.4 Discussion  

This was an exploratory study to develop a multifrequency method that will improve 

classification of fish and jellyfish in mixed aggregations. Combining the classical 

identification approaches i.e. ∆MVBS (Kang et al., 2002), r(f) (Korneliussen and Ona, 

2002), top- (Korneliussen and Ona, 2012) and bottom-thresholding, a more efficient and 

robust technique for separating S. bibarbatus and jellyfish (C. fulgida and A. forskalea) 

in mixed aggregations was developed. The method was founded on the basis that the 

acoustic backscattering at elementary level (pixel, sv) as measured through r(f), is unique 

to a target category and in some cases, species-specific (Martin et al., 1996, Korneliussen 

and Ona, 2003). The measured r(f) from a mixed aggregation (sA) would thus constitute 

the frequency response of all species within the mixed aggregation. The possibility of 

applying top-threshold, combined with bottom-threshold, paved the way to separate target 

categories within the mixture by exploring r(f) changes step-by-step at Sv threshold 
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intervals. The r(f) pattern was the key classification feature, with r(f) referring to the 

discrete echo spectra. The success of the classification method is grounded on the r(f) 

correlation similarity comparison between r(f) patterns. 

 

 

Fi
gu

re
 4

.1
5 

T
he

 im
pl

em
en

ta
ti

on
 o

f 
th

e 
Se

pe
ra

to
r 

T
ec

hn
iq

ue
 o

n 
a 

m
ix

ed
 a

gg
re

ga
ti

on
, S

t6
9A

, i
n 

th
e 

L
ar

ge
 S

ca
le

 S
ur

ve
y 

Sy
st

em
 (

L
SS

S)
, a

 p
os

t-
pr

oc
es

si
ng

 s
ys

te
m

.  

 



  

85 

 

4.4.1 Developing of the Separator technique 

Successful classification relies on the number and quality of reference samples compiling 

the training datasets (Horne, 2000). It is problematic to attain 100% monospecific trawl 

samples particularly for acoustic surveys conducted in marine ecosystems with high 

species diversity and mixing, as in the northern Benguela. The number of reference 

samples in this study were limited and with the possibility of even 1% contamination by 

stronger targets masking the weaker targets (Korneliussen and Ona, 2012), it was 

necessary for the choice of classification method in this study to take into consideration: 

1) the few reference samples available, 2) the high discriminatory power from the LDA 

model which combined r(f) and backscattering strength and 3) the contamination factor 

by stronger targets even at the 1% level. To an extent the listed challenges were achieved 

by applying top- and bottom-thresholding on the r(f) based on the assumption that r(f) is 

a species-specific acoustic feature (Martin et al. 1996) which is possible to extract by 

either top- and/or bottom-thresholding. Removing backscattering energy by thresholding 

step-by-step, the r(f) at different Sv levels, indirectly incorporates the backscattering 

strength variable (SA) in the model whilst top-thresholding also tackled the problem of 

contamination or masking from stronger targets.  

 Two classification methods were explored to detect the changes or transitions in 

r(f) of one target category/species to another: LDA and a novel r(f) correlation similarity 

comparison approach. Hence, target categories in mixed aggregations were discriminated 

and the species-specific r(f) of masked species unfolded. The classification validation of 

backscattering energy to the separated species, at “compromising” Sv threshold levels, 

was extrapolated with the threshold sA response approach. The composition in terms of 

species presence in trawls corresponded fairly well with the separation and identification 

of the target categories. 

4.4.2 Systematic thresholding of r(f) 

Assuming the detected targets are within identical pulse volume across frequencies, 

systematic thresholding was applied at pixel level on the volume back scattering 

coefficient (sv). Averaging (e.g. Kang et al. 2002) and/or smoothing (Korneliussen, 2002, 

Korneliussen et al., 2008) of pixels within smaller integrated cells can reduce the 

variances compared to the use of all pixels, but it has the disadvantage that it may induce 
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the “mixing” of acoustic targets (Demer et al., 2009). Maintaining the original resolution 

of raw data was required, therefore no smoothing or averaging was applied. After 

application of thresholding, the sA (sum of sv over ∆z) was used in the construction of r(f) 

which reduced the variability in pixel use. 

 The threshold levels where the r(f) changed differed not just for the reference 

samples of the different species, but also within the species which could be attributed to 

the difference in density of reference sample. The r(f) of S. bibarbatus was relatively 

stable with bottom-threshold, starting to change only after a bottom-threshold of > -65 

dB whilst the opposite occurred with the jellyfish targets. This demonstrated that by 

merely thresholding, S. bibarbatus and jellyfish could be separated, even at a single 

frequency, if the Sv-cut (threshold level to separate the species) was constant. Establishing 

a proper integration threshold segregating targets could be complex (Aglen, 1983, Bethke, 

2004)) By observing the change in r(f) which involves multiple frequencies, a “safer” 

integration threshold could be implemented with depth.     

 The changes in the r(f) with the applied threshold could be observed by eye and 

easily implemented as a tool to detect an integration threshold level. Where two target 

categories are present, assuming the next r(f) would be from the remaining target is 

appropriate. However, when more than two species are present, both top- and bottom-

thresholding should be applied to extract r(f) of the respective species (Figure 4.15).   

4.4.3 Target classification  

Between the two classification methods employed to classify S. bibarbatus and jellyfish 

echoes, LDA and the r(f) correlation similarity comparison, the latter method was more 

effective. The thresholded datasets from the reference samples were treated as known 

blinded dataset thus test datasets.  

Using LDA to determine Sv-cut: In principal LDA is to predict classification of a 

test dataset, here within, attempt was to detect the Sv threshold level where most or all the 

backscattering energy was removed to effect the top-thresholded r(f) such that it deviated 

from the training dataset. This then meant a “safe” integration threshold could be 

established for the species dominating the ground-truthed reference sample. The 

classification predictions varied in using linear r(f) (ratios) or log domain (dB-
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differences). The backscattering strength and the linear r(f) model correctly predicted 

thresholded r(f) of C. fulgida and S. bibarbatus. Combining backscattering strength and 

log r(f) (dB-differences) improved correct classification for A. forskalea but reduced it 

for S. bibarbatus. At about < -60 dB, S. bibarbatus were classified as A. forskalea which 

could have been due to overlap in dB-difference as observed with applying ∆Sv. This 

could also be explained by the normal distribution of the log-transformed Sv variable, 

which for the jellyfish might be a skewed distribution in linear domain. Orientation and 

size variations in jellyfish can be dynamic (Mutlu, 1996) which affect backscattering and 

hence whether a distribution is normal or skewed. Also, the low sv values from the 

jellyfish are better expressed and less variable in the log domain (Figure 3.8). LDA 

assumes that the variables are normally distributed and constructs a covariance matrix for 

the Mahalanobis distances: the distance to the centre of each group in a multidimensional 

space.  

R(f) correlation similarity comparison: Changes in r were only noted when a 

significant amount of energy was thresholded. The method was effective and sensitive in 

detecting presence of the other species e.g. T. capensis (0.03%) and M. capensis (1.67%) 

in an A. forskalea dominated reference sample (St79B). These species both have 

swimbladders, and their presence disguised the r(f) of A. forskalea, which might explain 

why the LDA could misclassify A. forskalea as S. bibarbatus. The strongest scatterer 

though present but not dominating the backscattered energy was not clear with rtop 

whereas with rbtm it was exposed, which highlighted the need of using both top- and 

bottom-threshold technique. Irrespective of the approach in computing r, for both top- 

and bottom-threshold, drops in r1 and r2  notably showed transitions between target 

categories and/or species at similar Sv threshold levels (rtop,1 = rtop,2 and rbtm,1 = rbtm,2) 

which suggested the method to be sensitive in detecting r(f) similarities, as well as 

dissimilarities. Approach 1’s r ranged from 1 to -1 as the thresholded r(f) deviated from 

the raw r(f). This transition (at about -70 dB) from the positive towards negative was 

noted as transition of a strong target category to a weak target category (Figure 4.7A) and 

did not necessarily mean a change in direction of r(f) slope. This transition served well as 

an indicator for Sv-cut in separating target categories before splitting them into species. 

With Approach 2, this transition of target categories was less visible whereas the drops 

and transition of species (target sub-categories) were better resolved. Approach 1 and 
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Approach 2 together as a set respectively for top- and bottom-threshold can be used 

independently. However, to resolve the identification challenge of target categories and/or 

species in mixed aggregations, the approaches were combined and the Sv-windows 

determined (Figure 4.16). Separating target categories whose normal distributions did not 

overlap could be achieved with the r(f) correlation similarity method alone. When target 

categories overlapped, the threshold sA response was used in conjunction to the r(f) 

correlation similarity comparison method.   

At threshold levels less than -85 dB, r would fluctuate indicating variance due to the 

change of species closely related in morphology characteristics. However, this could also 

be noise depending at which threshold level the fluctuation is occurring. The sensitivity 

of r could be utilised to determine cut levels for noise.  

4.4.4 Classification validation 

The threshold sA frequency response was chosen as a better approach to validate the target 

classification and to confirm the ‘safe’ integration Sv-cut at the respective frequencies. 

Fernandes and Stewart (2004) proposed a method, the similarity of identification index 

(sid), to validate multifrequency acoustic identification algorithms. The sid compares 

algorithm outputs to alternative means of identification, normally directed net sampling. 

S. bibarbatus are small in size (TL < 10 cm) and with the mesh sizes of the sampling nets 

used, the species are underestimated. The gelatinous nature of jellyfish makes it hard to 

sample them by nets. Thus net sampling (trawls) as a means to proportion sA to species 

was impractical due to the selectivity of the trawls. Alternative sampling means, i.e. stereo 

cameras, video camera images (Colombo et al., 2009), systems classifying and sorting 

targets sampled inside trawls (Scantrol Deepvision, Rosen and Hammersland-White 

(2012)), could aid in ground-truthing and proportioning of jellyfish and S. bibarbatus 

echoes.  

The threshold sA response in itself is a relative frequency response. Thresholding the goby 

reference samples, all five frequencies responded simultaneously, reflecting the flat r(f) 

response of S. bibarbatus. The resonance of jellyfish, A. forskalea and C. fulgida at 38 

kHz and 18 kHz respectively was also evident. With this threshold sA response (echo 

removal) approach, the setting of appropriate integration Sv thresholds at respective 

frequencies that minimises inclusion or exclusion of backscattered energy could be 
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achieved. It was evident that at certain frequencies and within certain Sv-cuts/window, 

backscattering from the respective species was negligible e.g. jellyfish biomass estimates 

could be conducted at 200 kHz within a Sv integration threshold window of -72 and -82 

dB whilst S. bibarbatus can be assessed at lower frequencies at a Sv integration threshold 

= -70 dB.  

4.4.5  Comparison of own species ID results in relation to other findings 

With the Separator technique, the size of the cell might not be as much a concern as with 

the ∆MVBS or r(f) as the technique may detect mixed aggregations. It is simpler to detect 

the mixed aggregations and then reject the reference sample if mixed. Applying the 

Separator technique to the mixed reference samples and using the new r(f) from the 

isolated target category as a reference sample is a possibility which needs to be further 

investigated. This could also be used to increase the numbers of training datasets for target 

classification using LDA and training of post-processing systems such as LSSS. To the 

authors knowledge there is no established acoustic technique available to detect mixed or 

clean aggregations. And with many classification methods dependent on training datasets, 

the simple r(f) similarity approach can be used for the purposes of testing if aggregations 

are pure before being used as part of training datasets.   

 Applying processing thresholds of -85 dB for the 38 to 200 kHz, removed C. 

fulgida echoes (Figure 4.13C). These jellyfish, though large in size, seemed to be weak 

scatterers which could be as a result of their material properties (made up of >95% of 

water). The stronger scatterers (e.g. swimbladdered fish) which might have masked the 

backscattering from jellyfish were removed by top-threshold and yet the resonance at 

lower (18 and 38 kHz) frequencies persisted. Irrespective of the low top-threshold 

applied, the r(f) pattern for jellyfish were quite persistent. This rules out the possibility of 

stronger targets masking the jellyfish measurements. Whether the peculiar jellyfish r(f) is 

due to presence of zooplankton might be a possibility as the threshold sA response for C. 

fulgida indicated that most of the backscattering was from weaker scatterers and excluded 

by the -85 dB threshold. The r(f) from jellyfish remains questionable and needs to be 

further investigated as stated in the previous Chapter. 
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 This down-sloping r(f) trend of the jellyfish’s r(f) could have serious 

consequences for multifrequency classification algorithms that assign targets on 

“If…then…” criteria e.g. the frequency response threshold in the Sonar5 post-processing 

software (Balk and Lindem, 2008). Jellyfish and swimbladdered fish would pass the 

criteria settings due to similarity in trend of r(f). For example, Didrikas et al. (2011) 

applied the “If…then…” criteria thresholding to filter mysids from bladdered fish 

(herring) however due to similarity of trend in r(f) of mysids and flat fish (a bladderless 

fish which mixed with mysids in the water column at night) classification failed.   

Korneliussen and Ona (2012) highlighted the effect of top-threshold, removing 

most of the central backscatter from unwanted strong scatterers of dense aggregations or 

targets leaves the outskirts/edges, herein referred to as “bark echo”. These bark echoes 

are usually weaker; however their backscattering might contribute or be misclassified as 

weak targets if not removed. For sensitivity analysis, the steps within the technique were 

repeated however, in 5 dB interval levels, to investigate mainly if the removal of the “bark 

echo” was essential in this Separation Technique. Removing the bark echo by smoothing, 

the weaker targets were lost and it was not possible to detect the Sv-cuts. The application 

of averaging at every threshold level spreads backscattering energy across the pixels 

within the demarcated volume. Since thresholding is applied constantly at every level 

until all the backscattered energy for the weak and strong targets are removed, the outer 

bark problem is assumed to equal out or at least be reduced with less effect on the r(f) 

comparison. 

4.4.6 Effectiveness, limitations, implications and further work  

Caution should be applied with thresholding as targets could be misleadingly removed. 

Multiple targets resolved as one would be registered as a strong scatterer with high 

amplitude, and top-thresholding would thus gradually remove multiple-target echoes. If 

two target categories are mixed even at the pulse resolutions level, then they cannot be 

separated by any acoustic categorization. The one way would then be to bring the 

transducers closer to the targets, either in probing systems, or with towed platforms using 

several frequencies (Kloser et al., 2002). If acoustic separation is difficult, the target 

categories could be separated by the use of trawls and sampling gears suited for sampling 

trophic levels, as tried during the Mareco survey or others (Wenneck et al., 2008). Another 
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error could evolve from the removal of stronger targets whose backscattering is reduced 

due to orientation (tilt angle) or because of its position in the outskirts of the beam. By 

applying bottom-threshold, these “weak” targets would be falsely removed. 

 As top-thresholding was applied, backscattered energy was removed at lower 

frequencies and the spectrum lifted towards the higher frequencies; vice-versa occurred 

when bottom-thresholding was applied. It seemed that the Sv threshold level where the 

remaining strong and weak echoes were equivalent in backscattering, the r(f) would level 

out then transit to the r(f) of next dominating species. The reference frequency in r(f), in 

this case 38 kHz, seemed to act as a pivot (fulcrum) of a lever. The 38 kHz is a standard 

frequency on most acoustic surveys hence it was more practical for standardising r(f) as 

an identification key for species (Korneliussen, 2002). Using any other frequency than 

the 38 kHz, might result in better discrimination of the three species with classical 

identification algorithms (see Figure 3.6). Normalising r(f) to the central frequency (70 

kHz) of the band might yield better discrimination by the r(f) similarity method. 

 The results showing the LDA and “correlation” approaches detecting the first Sv-

cut (classification) at similar Sv threshold levels could be expected. The correlation r(f) 

correlation similarity measure recognises the r(f) patterns as deviating with thresholding. 

LDA is closely related to regression analysis (correlation). The correct classification of 

thresholded r(f) at respective Sv levels by the employed classification methods, 

demonstrated the potential of the methods to still classify the targets correctly irrespective 

of reduction of backscattering that could be induced by orientation/behaviour of small 

animals. Small fish like S. bibarbatus are less directive targets, with orientation (tilt angle) 

reducing backscattered energy by <10 dB. 

 The implication of the developed method are improved r(f) hence robust 

discrimination and identification of species. The method has been developed on northern 

Benguela species aggregations only, however it can also be used on other co-occurring 

species. The method was also able to detect stronger scatterers such as horse mackerel 

and hake in mixed aggregations. Even though only a low number (<1%) was present in 

the trawl, the method revealed that these dips actually came about because of the stronger 

scatterers. Further development of the method is in progress for testing it on other data 

from Northern Benguela and in other marine ecosystems. Developments are currently 
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underway to integrate the simple similarity method into post processing system as a tool 

for assessing aggregations for purity/mixture and potentially for separating them 

acoustically. Irrespective of further refinements underway, the technique as it is can be 

applied in the following simple steps: 

1) Construct trawl-polygon or area of interest, synchronised across all frequencies 

and as small as possible, to establish r(f) of demarcated area 

2) Remove backscattering energy by top / bottom threshold thus thresholding r(f)j in 

1 dB intervals  

3) Determine if there are changes in r(f) by eye (observe the r(f) as threshold is 

applied). A more accurate approach is to compare the thresholded r(f) using the 

r(f) similarity approach 

4) One change or drop in r indicates a clean aggregation. Two or more changes 

indicate a mixed aggregation 

5) Assign clean aggregation as part of identification training datasets 

6) Implement Sv-cuts (classification/separation) using drops in r  from Step 4 to 

achieve classification 

7) Adopt Sv-cuts and validate classification of the target categories using the 

threshold sA response  

Classification can be semi-automated by matching thresholded r(f) to datasets of known 

composition or theoretical models. LSSS has implemented a similar categorisation 

approach thus the application of matching unknown r(f) to training datasets of known 

composition is possible. Final decision in assigning of species lies however with the 

acoustic practioner’s judgement as based on trawl composition, animal behaviour, spatial 

location, environmental data needs, etc. The r(f) from the separated species could be 

added to the training data sets. Trawling remains a required component as the presence or 

absence of scatterers needs to be confirmed. With more available training sets and a 

reliable echo library established, trawling could be reduced and conducted only as 

required. 
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5 In situ target strength of S. bibarbatus and jellyfish, A. 

forskalea and C. fulgida 

5.1 Introduction 

Precise knowledge of the backscattering cross section (σbs) is important for detecting, 

identifying and quantifying the species of interest. Backscattering cross section is defined 

as the ratio between the incident and the returned echo intensity,  measured or back-

calculated to a reference distance of 1 m (MacLennan and Simmonds, 1992). The 

logarithmic measure of σbs, target strength (TS), is defined as '( = 10567<{���. It is 

convenient as it covers, the scale of echoes which may range over orders of magnitude 

e.g. 80 dB, from weak targets like copepods (-100 dB) to large fish (-20 dB). The mean 

backscattering cross section is also used as a scaling factor in the conversion of acoustic 

backscattering intensity in layers or aggregations to estimates of organisms’ density and 

biomass. A TS error can create a large bias in the biomass estimate. The TS of an organism 

can be measured in situ (in the wild), ex situ (tanks, cages, tethered specimens, etc.) or 

evaluated from theoretical acoustic scattering models (Simmonds and MacLennan, 2005). 

The acoustic backscattering from a target depends on the operating frequency, its 

geometrical features (shape and size), orientation relative to the incident wave, and 

material properties (Simmonds and MacLennan, 2005) in contrast with the surrounding 

medium (Simmonds and MacLennan, 2005). The latter parameters may be variable in 

relation to survey times (e.g. day, night, season, etc.) and locations, suggesting in situ TS 

measurements as the best approach for abundance estimation. Some knowledge of the 

targets’ physical properties may be crucial for TS prediction, to aid in providing the 

approximate expected backscattered energy, and for interpreting the acoustic results.     

In swimbladder bearing fish, the bladder is filled by gas, which increase the 

acoustic impedance contrast between target and seawater. Foote (1980) claims the 

swimbladder can contribute to more than 90% of the backscattered energy from such 

fishes. For any acoustic analysis, i.e. TS, frequency response and biomass estimation of 

S. bibarbatus, it is definitely an advantage to know whether the fish has a swimbladder 

or not. Beside its reflection properties, the swimbladder also may affect the fish’s 

swimming pattern and physiology, including its adaptations to the harsh environment with 
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respect to the water oxygen content. The TS from swimbladdered fish primarily depends 

on the size, shape and compression of the swimbladder, as well as the state of maturity, 

and fat content (Ona, 1990). Staby and Krakstad (2008) claim that S. bibarbatus have no 

swim bladder, however in the same document they state the opposite, indicating that S. 

bibarbatus actually do have a swim bladder filled with oxygen which is used in hypoxic 

waters when sheltering from their predators (referencing O’Toole 1976). Taking into 

account the diurnal migrating behaviour of S. bibarbatus from bottom to mid-waters, it 

could be assumed to be a physoclist fish, thus having a small inflatable swimbladder. 

Other Gobiidae family species e.g. the round goby, Neogobius melanostomus, is reported 

to have no swimbladder (Gurshin et al., 2011). It could be that S. bibarbatus differs from 

the other goby species within the Gobiidae family. The Atlantic mackerel (Scomber 

scomber, no swimbladder) and the Chub mackerel (Scomber japonicas, has a 

swimbladder) are from the same family yet one has a swim bladder, the other not (Pena 

Alid, 2004). With the confusion in S. bibarbatus swimbladders in the Oslofjord, 

Hesthagen and Koefoed (1979) conducted a study to settle the matter for the sand goby, 

Pomatoschistus minutus, and found that the sand goby does have a swimbladder. 

However, for S. bibarbatus, the swimbladder status remained unclear at the beginning of 

this study. 

Although several acoustic surveys targeting S. bibarbatus have been conducted in 

the Benguela ecosystem, the only published target strength measurements are found in 

Barange et al. (1994). In this study, the authors used direct TS measurements from a 38 

kHz splitbeam echosounder to determine the size, relative composition, abundance and 

vertical structure of in situ fish assemblages, confirmed by trawls along the South African 

coast. They reported a TS of -55.73, -56.88 and -56.35 dB for 9.42, 8.08 and 6.50 cm (TL) 

S. bibarbatus respectively, with no mention of the swimbladder as the focus of study was 

not primarily on bearded goby. The high TS for such a small target indicated that S. 

bibarbatus could have a swimbladder. Gurschin et al. (2011) reported measurements on 

tethered live round goby (swimbladderless) with lengths of 5.4, 9.0, and 15.6 cm with 

target strengths of -70.3, -65.2, and -55.3 dB at 70 kHz, and -67.8, -61.5, and -54 dB at 

200 kHz respectively.  

In comparison to S. bibarbatus, there is increasing knowledge on the acoustic 

properties of jellyfish and substantial work has been conducted on their abundance and 
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distribution (Table 5.1). The high water content of jellyfish led to the presumption of them 

being “weak” acoustic scatterers, however experimental studies have shown the 

backscattering of jellyfish to be significant (Mutlu, 1996). Even as “weak” scatterers, 

dense aggregations of jellyfish can mask echoes from swimbladdered fish (Colombo et 

al., 2003). In the past, the common technique to estimate the TS of jellyfish was by 

experiments on caged specimen (Wiebe et al., 1990, Mutlu, 1996) or in laboratories and 

using theoretical models (Monger et al., 1998). Brierley et al. (2001, 2004, and 2005) 

conducted acoustic surveys and studies in the northern Benguela dedicated to 

investigating the acoustic characteristics of the two dominant species, A. forskalea and C. 

fulgida. In their first study, Brierley et al. 2001 applied the comparison method, relating 

the mean volume backscattering strengths (MVBS) within trawled volumes to numerical 

aggregation densities of jellyfish. There were uncertainties that their high TS 

measurements might have been biased by mesozooplankton co-occurring with the 

jellyfish and thus two follow-up TS studies (Brierley et al., 2004, Brierley et al., 2005) 

were conducted. In the first study, the authors measured individual tethered jellyfish and 

also applied the multi-frequency splitbeam triangulation technique (Demer et al. 1999) to 

resolve single jellyfish targets. The later study (Brierley et al. 2005), modelled 

mesozooplankton taxon in attempt to correct for the contribution of the mesozooplankton 

scatterers to the TS-to-size relationship. They however found that the contribution was 

insignificant and maintained the earlier estimates from the first study, which applied the 

comparison method for measuring TS. Acoustic studies in conjunction with underwater 

video have been used to determine TS at 120 kHz of Aurelia aurita (Colombo et al., 

2009). A recent study by Graham et al. (2010) measured in situ TS of jellyfish at 38 and 

200 kHz and validated it using the Distorted Wave Born Approximation (DWBA) 

theoretical model (Chu and Ye, 1999).  

 

Table 5.1 Global published TS results of jellyfish. For comparison of TS results, the TSre as a 
function of the product of the acoustic wave number (k = 2π/λ [m-1]) and the bell diameter (D 
[cm]) are presented to standardise TS measured at different frequencies and of different sizes. 

Species Diameter Freq. TS Source TSre kD 

A. aurita 9.5 120 -60.2 Mutlu 1996 -79.8 4.74 

A. aurita 9.5 200 -64.3 Mutlu 1996 -83.8 7.91 
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A. aurita 11.5 200 -62.5 Mutlu 1996 -83.7 9.57 

A. aurita 15.5 120 -57.1 Mutlu 1996 -80.9 7.74 

A. aurita 15.5 200 -56.5 Mutlu 1996 -80.3 12.9 

A. autrans 8 38 -54.2 O. Nakken -72.3 1.26 

A. autrans 8 120 -54.2 O. Nakken -72.3 3.99 

A. autrans 16 38 -51.7 O. Nakken -75.8 2.53 

A. autrans 16 120 -50.1 O. Nakken -74.2 7.99 

A. victoria 3.95 200 -72.6 Monger et al. 1998 -84.5 3.29 

A. forskalea 21.03 18 -68.1 Brierley et al. 2001 -94.6 1.58 

A. forskalea 21.03 38 -66.3 Brierley et al. 2001 -92.8 3.33 

A. forskalea 21.03 120 -68.5 Brierley et al. 2001 -95.0 10.5 

C. fulgida 26.8 18 -51.5 Brierley et al. 2001 -80.1 2.01 

C. fulgida 26.8 38 -46.6 Brierley et al. 2001 -75.2 4.24 

C. fulgida 26.8 120 -50.1 Brierley et al. 2001 -78.7 13.38 

Aequorea sp. 14 38 -64.2 Colombo et al. 2003 -87.1 2.21 

A. forskalea 23.5 38 -65.4 Brierley et al. 2004 -92.8 3.72 

C. fulgida 35.5 38 -67.3 Brierley et al. 2004 -98.3 5.61 

A. forskalea 20.175 18 -66.0 Brierley et al. 2004 -92.1 1.51 

A. forskalea 20.175 38 -66.5 Brierley et al. 2004 -92.6 3.19 

A. forskalea 20.175 120 -71.5 Brierley et al. 2004 -97.6 10.07 

A. forskalea 20.175 200 -73.0 Brierley et al. 2004 -99.1 16.79 

C. fulgida 41 18 -60.0 Brierley et al. 2004 -92.3 3.07 

C. fulgida 41 38 -65.5 Brierley et al. 2004 -97.8 6.48 

C. fulgida 41 120 -68.0 Brierley et al. 2004 -100.3 20.47 

C. fulgida 41 200 -70.5 Brierley et al. 2004 -102.8 34.12 

A. forskalea 20.27 18 -62.2 Brierley et al. 2005 -88.3 1.52 

A. forskalea 20.27 38 -66.7 Brierley et al. 2005 -92.8 3.21 

A. forskalea 20.27 120 -72.8 Brierley et al. 2005 -98.9 10.12 

C. fulgida 37.9 18 -53.4 Brierley et al. 2005 -85.0 2.84 

C. fulgida 37.9 38 -49.0 Brierley et al. 2005 -80.6 5.99 

C. fulgida 37.9 120 -52.9 Brierley et al. 2005 -84.5 18.92 

N. nomurai 24.3 38 -69.1 Hirose et al. 2009 -96.8 3.84 

N. nomurai 24.3 120 -65.8 Hirose et al. 2009 -93.5 12.13 

N. nomurai 24.3 200 -65.9 Hirose et al. 2009 -93.7 20.22 

N. nomurai 25.7 38 -59.7 Hirose et al. 2009 -87.9 4.06 

N. nomurai 25.7 120 -62.1 Hirose et al. 2009 -90.3 12.83 
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N. nomurai 25.7 200 -65.1 Hirose et al. 2009 -93.3 21.39 

C. nozakii 30 38 -47.1 Hirose et al. 2009 -76.6 4.74 

C. nozakii 30 120 -48.6 Hirose et al. 2009 -78.1 14.98 

C. nozakii 30 200 -63.2 Hirose et al. 2009 -92.7 24.97 

C. nozakii 40 38 -44.5 Hirose et al. 2009 -76.6 6.32 

C. nozakii 40 120 -44.8 Hirose et al. 2009 -76.9 19.97 

C. nozakii 40 200 -55.1 Hirose et al. 2009 -87.1 33.29 

A. aurita 10.8 120 -76.4 Colombo et al. 2009 -97.1 5.39 

A. aurita 26.2 18 -53.9 Graham et  al. 2010 - DWBA -82.3 1.96 

A. aurita 26.2 38 -54.9 Graham et  al. 2010 - DWBA -83.3 4.14 

A. aurita 26.2 70 -59.9 Graham et  al. 2010 - DWBA -88.3 7.63 

A. aurita 26.2 120 -61.8 Graham et  al. 2010 - DWBA -90.2 13.08 

A. aurita 26.2 200 -64.0 Graham et  al. 2010 - DWBA -92.4 21.8 

A. aurita 26.2 38 -63.9 Graham et  al. 2010 -92.3 4.14 

A. aurita 26.2 200 -70.5 Graham et  al. 2010 -98.9 21.8 

 

TS estimates at several frequencies, particularly for the goby, would enable 

identification and discrimination from other targets which might have similar 

backscattering at 38 kHz. Revisiting the target strength of jellyfish with the addition of 

an extra frequency (70 kHz) might give better understanding of the scattering frequency 

response over a spectrum of discrete frequencies. Direct TS measurements of in situ 

animals are the most accurate for application to acoustic surveys (Simmonds and 

MacLennan, 2005), thus revisiting the TS of northern Benguela jellyfish where the 

comparison method (Brierley et al., 2001, Brierley et al., 2005) was used might be 

beneficial. Considering that past TS measurements at 200 kHz (Brierley et al., (2004)) 

were deduced by the multiple frequency triangulation approach (Demer et al., 1999), it 

might be worthwhile to also compare the TS measurements to ones directly derived from 

an 200 kHz splitbeam transducer. A study on TS of jellyfish could also aid in verifying if 

TS errors, might have contributed to the high jellyfish biomass estimate in 2003 (Lynam 

et al., 2006), which has been suggested to be wrong by Flynn et al. (2012).  

The objectives of this chapter were: 1) to confirm the presence or absence of a 

swimbladder in S. bibarbatus and if present, describe its morphology and physiology 

relevant to its backscattering properties, 2) determine in situ TS of S. bibarbatus 
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swimming in different behaviour modes (ascending (head-up; positive tilt angle), 

horizontal, descending (head-down; negative tilt angle)) and 3) determine the in situ TS 

of jellyfish, A. forskalea and C. fulgida, at multiple frequencies from splitbeam acoustic 

measurements. A theoretical acoustic scattering model for small swimbladdered fish was 

also used to predict and verify the TS of S. bibarbatus. 

5.2 Materials and Methods 

Acoustic and biological data from a survey (Section 3.2.1) conducted in April 2008 by 

the Norwegian research vessel, G. O. Sars, along the Namibian coast were used for 

swimbladder and target strength analysis. S. bibarbatus specimens were dissected to 

investigate the presence or absence of a swimbladder (Section 5.2.1). Split beam Simrad 

EK60 echo sounders operating at 18, 38, 70, 120 and 200 kHz were employed during the 

survey (see Table 3.1 for the settings and calibration data for the systems).  

Split beam echo sounders enable in situ TS measurements to be derived directly. 

Modern split beam echo sounders provide three-dimension information, target’s depth, 

location from acoustic axis, and precise location within the beam. The transducer of a 

split beam echo sounder is divided into four quadrants transmitting a pulse 

simultaneously, however each pulse is processed independently in receive mode 

(Simmonds and MacLennan, 2005). This independent processing of a signal by the four 

quadrants facilitates phase differencing, providing information on the direction and 

location of the target within the beam (Ehrenberg, 1983). When calibrated for both signal 

amplitude and beam positions, direct measurements of the target echo can be made with 

a high signal to noise ratio (Ona and Barange, 1999). In situ TS measurements using the 

split beam transducers were obtained directly for S. bibarbatus and jellyfish acoustic 

samples which were groundtruthed by trawl and verified based on environmental and 

depth preferences during the scrutinising process by experienced scientists.  

Raw echo data files from the echo sounders were processed with the LSSS post 

processing system (Korneliussen et al., 2006) where standard single echo detection 

algorithms were implemented (Section 5.2.2). For selected regions in the acoustic data, 

the accepted targets with their associated measurements were exported as .csv files. 

Further data reduction (quality control) and analysis of the exported files were computed 

in R (R Development Core Team, 2012). 
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5.2.1 S. bibarbatus swimbladder analysis 

During the survey, S. bibarbatus specimens were collected by trawls, placed in bags and 

frozen immediately onboard the vessel for further analysis at the University of Bergen. 

To determine the presence or absence of the swimbladder, two thawed specimens samples 

were dissected with the aid of Prof Harald Kryvi at the University of Bergen (Department 

of Biology: Marine Developmental Biology) (Figure 5.1A). Bearded S. bibarbatus are 

bottom-dwellers and with up-trawling the swimbladders are exposed to pressure changes, 

making it difficult to find gas filled swimbladders in their natural state. According to 

Boyle’s law as the pressure increases, the volume of gas decreases and the time needed 

for natural gas regulation for a physoclist swimbladder is hours rather than minutes (Tytler 

& Blaxter 1979, Ona 2003). For this reason, the two specimens analysed, were from 

samples collected at shallower depths to counter/reduce any effects pressure may have on 

the swimbladder state. Attempts to find an inflated swimbladder has been ongoing (Figure 

5.1B).  

 

 

Figure 5.1 Deflated swimbladder from thawed S. bibarbatus specimen (1left panel), confirming 
the presence of the swimbladder. In 2right panel, an inflated swimbladder found by chance 
attached to the gonads and removed from an 8 cm sized fish S. bibarbatus. 

Pictures provided by: 1Prof. Harald Kryvi and 2Yusra Taha and Maria Larsen, University of 
Bergen, Norway.  

  

The presence of swimbladder was confirmed and further investigations on the swimbladder itself 
were performed on 26 frozen specimens. Frozen specimens of S. bibarbatus were cut along the 
lateral line running parallel to the backbone and transversally to observe the shape of the 
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swimbladder (Figure 5.2) and measure the dimensions of the swimbladder (length, depth and 
width) ( 

Figure 5.3). The dissections were imaged by a Nikon SMZ 1500 (0.5X) binocular (stereo 

microscope) connected to a Nikon Digital Camera DXM 1200F. Pictures were taken at 

1x magnification, with a light source from above, supplied by a Fiberoptic Heim with 6V 

30W system. The EclipseNet imaging software was used to capture and store images as 

jpeg files. The calibration of images was conducted using an image of a ruler at identical 

magnification as the sampled fish. Total length to 0.1 mm precision and weight [g] of 

specimens were taken prior to dissection. S. bibarbatus are small in size and thaw easily, 

requiring a speedy dissection and microscopic viewing to maintain the swimbladder in its 

“natural shape” within the fish body.  

 

 

Figure 5.2 The imaginary line (black dotted horizontal line on fish in lower panel), running 
from snout to root of tail, a line usually used to define the horizontal angle in tilt angle tilt angle 
distributions (Olsen, 1971). 

 

The formula for a prolate spheroid 


� = 43 	i.~ 2⁄ 0.� 2⁄ 0_ 

where A and B are major and minor axis ( 
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Figure 5.3), respectively, was used to estimate the swimbladder volume [mm3]. Calibrated 

images were used to digitize data for information on the lateral and transverse dimensions 

of the swimbladder. To correct for the change in pressure (depth) effect, the swimbladder 

volume during acoustic modelling was estimated and then reduced to the volume at depth 

using Boyle’s law. 

 

 

  

 

Figure 5.3 In upper panel, a frozen specimen of S. bibarbatus under the microscope is shown, 
with the swimbladder and a large gas gland clearly visible. In the lower left and lower right 
panel, the dimensions of swimbladder measured: A) major axis, B) minor axis, C) transverse, 
D) and E) are the cross-sectional width and depth of swimbladder inspected.  
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5.2.2 In situ target strength analysis  

Direct in situ TS measurements were taken from single targets at five frequencies (18, 38, 

70, 120 and 200 kHz) for S. bibarbatus, C. fulgida and A. forskalea. A TS model for 

swimbladdered species was used to compare modelled estimates with the in situ TS of S. 

bibarbatus. The echograms and trawl information were carefully scrutinised in order to 

find suitable areas and volumes for potential high quality TS measurements. The TS 

methodology steps are illustrated in Figure 5.4. 

 

 

Figure 5.4. Procedures involved in the estimating of in situ TS using the single echo detection 
(SED) algorithm inbuilt within post-processing systems.  
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Data selection: An Sv threshold of -85 dB was set. Areas on echograms in the acoustic 

far field of the transducer with known species presence, confirmed during the scrutinising 

process by experienced scientists and trawl stations, were marked and selected across the 

five frequencies as potential regions for TS analysis (Figure 5.5). TS studies require the 

detection of echoes from single targets, avoiding the acceptance of multiple targets in the 

acoustic pulse as one. To reduce chances of multiple targets, the marked regions were 

selected from areas with low volume density of targets.  

 

 

Figure 5.5 Echogram showing a selected region from horizontal swimming S. bibarbatus 
dataset and single detected targets which passed the single echo detection (SED) acceptance 
criteria at 38 kHz.  

 

Any reverberation or background noise affects the performance of an echo sounding 

system by contaminating acoustic measurements and restricting the effective detection 

range of the system. High signal to noise ratio (SNR) during measurements is important. 

The overall SNR within the region of TS analysis was roughly determined by randomly 

selecting a ping. Within this ping, the ratio of the volume backscattering from a clean 

pixel just before a pixel with a detected target was considered as an approximate SNR. 

The SNR where the TS data was selected was > 13 dB overall. 

Fish behaviour, i.e. vertical migration, swimming, feeding, etc., alter the 

orientation of a fish relative to the transducer face. When the major axis of the 

swimbladder is aligned parallel to the transducer face, the fish typically exhibits 

maximum TS. For directive targets, tilting reduces the backscattering significantly. 

Regions where S. bibarbatus were vertically ascending from the bottom and descending 
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back to the bottom were therefore included to investigate the potential effect of orientation 

and pressure (depth) on mean TS (Figure 5.7). Seventeen regions were selected as 

containing high TS quality data for S. bibarbatus. Among these, seven were classified for 

ascending, three for descending and seven for horizontal swimming behaviour.  

 

 

 

 

Figure 5.6 Sv echograms showing ascending (upper panel), horizontal (middle panel) and 
descending (lower panel) swimming S. bibarbatus used in the in situ TS study here within. 

   

Ascending 

Horizontal 

Descending 
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For the jellyfish, 7 regions were selected for A. forskalea at all five frequencies and 9 

regions for the C. fulgida at four frequencies (38, 70, 120 and 200 kHz). Only regions 

with clear single target detections were chosen. The rejection of the C. fulgida single 

target data set at 18 kHz was due to the high background noise which dominated the 

backscattering in the upper 25 m, which originated from back radiation of the 18 kHz 

pulse into the structures of the vessel behind the transducer face (Hans Peter Knudsen, 

Institute of Marine Research, personal communication). This created problems for 

analysis of weak targets at 18 kHz in this region. 

Single echo detection (SED): Standard single echo detection (SED) algorithms 

based on the amplitude, echo duration and phase are predefined in postprocessing systems 

to prevent false single echo detections (Soule et al., 1997). Detailed descriptions of the 

single target recognition algorithms can be found in Ona and Barange (1999). The 

parameter settings for the inbuilt Simrad EK60 SED algorithm within LSSS 

(Korneliussen et al., 2006) were slightly altered by species in order to optimise number 

of single targets at the respective frequencies (Table 4.1). The maximum gain 

compensation for the jellyfish was reduced at the 120 and 200 kHz. For the selected 

regions, detections, which passed the SED acceptance criteria (Table 5.2) were exported 

as .csv files. The exported files constituted the echo trace variables: date, ping time, 

geographical position, range, the uncompensated and compensated TS, and position 

within the acoustic beam. The area backscattering coefficient (sA), depth and depth layer 

limits (z1 and z2) of a demarcated region were manually noted. Further filtering was 

conducted to refine the exported echoes and to increase the data quality for the final TS 

measurements. 

Nv index filter: With too high fish densities, the standard SED algorithms 

(Section 2.3.4) may erroneously accept multiple targets as one target within a sampling 

volume (Soule et al., 1995, Soule et al., 1996). Computing the Nv (mean number of targets 

per sampling pulse volume) index (Sawada et al., 1993, Ona and Barange, 1999, Gauthier 

and Rose, 2001) is a common diagnostic tool to quantify the measurement conditions and 

aiding in the empirical detection of the high-density regions. Though the data were from 

low-density areas, the Nv index reduces the probability of erroneously accepting multiple 

targets. The Nv index approach as proposed by Ona and Barange (1999) was applied as 

follow:   
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�c = s	�.cτ/20R_	Ω�4π10��/<{∆z.18520_ 

where: sA is area backscattering [m2/nmi2], 
��
_ Y_�  is the detection volume with c as the 

sound speed [ms-1], τ pulse duration [s], R the range, ΩD solid angle computed as � =
	2i	.1 − cos� 0 [steradians] with �  being the half total detection angle for splitbeam 

phase measurements. The splitbeam system generally accepts echoes beyond the nominal 

3 dB angles (Ona and Barange, 1999). The acceptance angle for the system was set to the 

-12 dB points thus the angle detectors for the 7o transducers accepted targets beyond 10o 

and for the 18 kHz to about 14o. A 5o �  was used for all the transducers except for the 

18 kHz for which 9o was used. The mean TS was computed in the linear domain, therefore 

the mean of the scattering cross section � = 4i10{.<∗�P, was used. With the Nv 

computations the 4π is used however in general it is excluded. 

 

Table 5.2 Single target detection parameter settings for the TS analysis. Pulse Length [ms] 
Determination Level [dB] 0.8 Min Echo Length [% rel. τ] Max Echo Length [% rel. τ] 

S. bibarbatus:  

Frequency [kHz] 18 38 70 120 200 

Min TS [dB] -65 -65 -70 -75 -75 

Max TS [dB] -40 -40 -40 -40 -40 

Max gain compensation [dB] 6.0 6.0 6.0 6.0 6.0 

Max phase deviation [phase steps] 8 8 8 8 8 

C. fulgida:  

Frequency [kHz] 18 38 70 120 200 

Min TS [dB] - -80 -80 -85 -85 

Max TS [dB] - -45 -50 -60 -60 

Max gain compensation [dB] - 6.0 6.0 3.0 3.0 

Max phase deviation [phase steps] - 8 8 10 10 

A. forskalea:  

Frequency [kHz] 18 38 70 120 200 

Min TS [dB] -75 -75 -75 -75 -75 

Max TS [dB] -45 -45 -50 -50 -55 

Max gain compensation [dB] 3.0 3.0 3.0 3.0 3.0 

Max phase deviation [phase steps] 10 10 10 10 10 
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A region with an Nv index < 0.43 (Ona and Barange, 1999, Gauthier and Rose, 

2001) was set as an acceptance criteria for further analysis. In this case, the probability of 

having more than one target in the pulse resolution volume is < 20% if the targets are 

assumed to be Poisson distributed inside the pulse volume (Ona and Barange, 1999). Of 

the selected data sets, only one region from the C. fulgida dataset was rejected. All other 

regions were accepted as appropriate for TS measurements and the single targets were 

later pooled as per species and frequency.   

Further filtering for TS data quality enhancement: Two further filters were 

employed in order to refine the exported SED and increase data quality of the final TS 

analysis. In the presence of noise, phase measurements by the split beam could be 

corrupted (Ehrenberg and Torkelson, 1996). Targets further off the acoustic axis towards 

the periphery of the beam, under low SNR conditions, tend to be weaker hence negatively 

bias measurements (Kieser et al., 2000, Fleischman and Burwen, 2000). One filter was 

based on the cut -off angle (Zhao, 1996, Peña, 2008) and the other on the beam 

compensation factor (Kieser et al., 2000, Fleischman and Burwen, 2000).  

Cut-off angle filter: Within the acoustic beam, the single targets are assumed to 

be uniformly distributed. The cut-off angle is defined as the maximum angle θmax from 

the axis beyond which the uniformity of the single targets is invalid; most probably due 

to the low SNR or decreased beam or tilt angles (Peña, 2008). The angular positions were 

transformed to off-axis angleA = �2b���R���_� + ���_�, where α is the alongship 

mechanical angle and β the athwartship mechanical angle. Both α and β are naturally from 

the electrical phase angles by the transducer angle sensitivity, as specified internally in 

the echo sounder EK60 (Ona and Barange, 1999). The proportion of the single-detected 

echoes within each sector of 0.5° off-axis angle interval (θO) across the beam was 

compared with its theoretical counterpart (θT) computed using the ring sector areas. The 

off-axis angle where the observed numbers of detections (θO) started to deviate from the 

theoretical numbers (θT/θO < 1) was considered to represent a reasonable cut-off angle 

θmax for the specific frequency.  

Beam compensation factor filter: This filter is more a fixed alternative for the 

more detailed version described above. In split-beam systems, the off axis TS 

compensation, TS (α, β), is derived from the received power measurements TS (0, 0) with 
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a beam compensation applied. Thus, the beam compensation factor B (α, β) was simply 

estimated by TS (α, β) - TS (0, 0). For increased accuracy, also for comparison with targets 

away from axis, the single detected targets on and close to the axis having beam 

compensation less than 1 dB were filtered where ample targets at specific frequencies 

were available.  

Backscattering cross section and TS estimation: To obtain the mean of the dB 

transformed compensated TS, the acoustic backscattering cross-section σbs for each target 

was computed as σbs= 10TS/10 (Maclennan et al., 2002) and the single targets arithmetically 

averaged in a linear domain (Simmonds and MacLennan, 2005).  

The orientation and tilt in relation to the transducer face is influenced by the swimming 

behaviour of the fish. The null hypothesis that there is no difference in the TS (linear 

domain) of S. bibarbatus swimming in different mode was tested.  

5.2.3 TS-L and weight  

The total length (TL) distributions computed from the TL measurements acquired during 

the survey were related to the TS distribution. The TL of all species understudy was 

measured to the nearest 1 mm. For many swimbladdered fish with normal weight-length 

relationships it is assumed and confirmed (Foote, 1980) that the backscattering cross 

section is proportional to the length squared �	~	�_. This only reflects the acoustic 

measure of the backscattering to the target area, rather than to the target weight. The target 

area is then represented by the cross sectional area of the target, hence the cross sectional 

area of the air bladder for swimbladder fishes. The relationship suggested is then: 

�	~	��_, or in logarithmic terms R'( = 20 log � − �. When the mean TS and length is 

known, it is possible to compute the so called b20 (Simmonds and MacLennan, 2005).  

For jellyfish, the diameter of umbrella is considered as the characteristic outer 

dimension. TS increases with size however, at a slower slope than the proposed b20 

intercept (20 log L) (Mutlu, 1996). In order to examine TS on a dimensionless scale, the 

reduced target strength (TSre) was used which is the normalised TS by the square of the 

characteristic outer dimension of the animal body. The umbrella margin of A. forskalea is 

very fragile such that, it is lost during trawling, leaving only the thick central disk. The 

diameter of intact A. forskalea were computed using the proposed inner and outer 

umbrella relationship as:  
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\ = .0.95	 × b0 + 	14.0, 
where D and dc is the umbrella diameter and central disc diameter respectively (Buecher 

et al., 2001). 

 

Table 5.3 Parameters and values used in the acoustic scattering model to estimate target strength 
of the bearded goby S. bibarbatus. 

Name Symbol Value used Unit 

Sound speed in sea water 
wc

 
1490 m s-1 

Density of sea water 
wρ

 
1026 kg m3 

Density of fish flesh 
fρ
 

1050 kg m3 

Ratio of specific heat for air (swimbladders) 
aγ

 
1.4 - 

Depth D 50 m 

Specific heat at constant pressure for air 
(swimbladders) pac

 
240 cal kg-1 

Surface tension  200 N m-1 

Shear module for fish flesh 
rµ  105 N m-2 

Viscosity ξ  4a, 10b, 30c Kg m-1 s-1 

Thermal conductivity of air 
aκ
 

5.5 10-3 cal m-1 

 

5.2.4 Predicted modelled target strength  

The in situ TS for S. bibarbatus was also compared with an acoustic scattering model, 

Distorted Wave Born Approximation (DWBA), provided by Dr. Dezhang Chu, NMFS, 

Seattle, USA. Due to the small size of the S. bibarbatus’ swimbladder, only the omni-

directional breathing mode of a resonance scattering model was considered as suggested 

by Love (1978) and Weston (1967). A backscattering model (Ye, 1997) used for 

computing the backscattering from small swimbladdered fish (e.g. pearlside and 

myctophids) was applied here on the goby’s swimbladder (Dr. Dezhang Chu, NMFS, 

Seattle, USA, personal communication). The input parameters applied to run the model 

were identical to the ones used for pearlside (Table 5.3), the only difference being the 

dimensions of the swimbladder.  
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5.3 Results 

5.3.1 In situ target strength of Sufflogobius bibarbatus 

5.3.1.1 Morphological features of S. bibarbatus’ swimbladder  

A swimbladder with no pneumatic duct connecting the swimbladder and gut, and a 

relatively large gas gland (rete mirabile) clearly visible was found, confirming the goby 

to be a physoclist (closed swimbladdered) with good gas productivity capacity (Kryvi, 

personal communication). The S. bibarbatus swimbladder shape was approximately 

ellipsoid, positioned ~5o off parallel with the spinal cord. From the 26 frozen S. 

bibarbatus specimens dorsally and ventrally sliced/sectioned to investigate the 

swimbladder dimensions, it was evident that swimbladder size increased with the total 

length of the fish (Figure 5.7). The major and minor axis of the swimbladder was 13.4 to 

5 mm respectively for a ~80 mm S. bibarbatus. On average, the swimbladder length was 

about 16% of the total length of the fish. The swimbladder axis has a slight angle, about 

5o to the imaginary line. 

The volume estimated by the prolate spheroid formula was variable, increasing 

with increasing total length of fish. Though the dissected S. bibarbatus specimens were 

caught at 23-32 m depth, the variability in volume suggests that the fish might have 

experienced pressure difference or have had less expended swimbladders.  The mean gas 

volume was approximately 16.5 mm3 (n = 10).  

5.3.1.2 Biological sampling 

The S. bibarbatus sampled by trawl in the regions where the TS data were retrieved, 

ranged in size from 35 to 110 mm, with the smaller individuals (sizes less than 70 mm) 

reflected in the ascending and descending samples/regions (Figure 5.8). The net samples 

from the horizontally swimming S. bibarbatus’ regions were dominated by more than 

90% S. bibarbatus by weight in trawl composition. Trawl samples for the ascending and 

the descending fish contained a higher percentage of other species such as hake and horse 

mackerel. The total length distributions for the ascending and horizontal S. bibarbatus 

regions were unimodal, peaking at 8.2 and 8.0 cm respectively, whilst for the descending 

fish a bimodal distribution with peaks at 4.5 and 7.5 cm was found. The length (TL) and 
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weight from S. bibarbatus sampled during the survey were strongly correlated (R2 = 0.97, 

Figure 5.9), with the length-weight relationship described by � =	1.24q{= 	 ∗ 	'�`.�`. 

 

Figure 5.7 The measured geometrical swimbladder major and minor axis as a function of length 
for S. bibarbatus with the regression equations displayed. 
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Figure 5.8 The total length (TL) distribution of S. bibarbatus sampled from the regions of 
ascending, horizontal and descending swimming S. bibarbatus. The red vertical lines indicate 
the mean TL whilst the black indicates the median. 

 

5.3.1.3 In situ TS of the S. bibarbatus swimming in different modes 

Several band pass filters were applied to increase the accuracy of the mean TS 

measurements. The first step was to determine the Nv to determine if the selected regions 

were suitable for direct TS measurements. All the S. bibarbatus regions passed the Nv 

criteria (<1) with an overall value less than 0.3, 0.5 and 0.1 for the ascending, horizontal 

and descending swimming S. bibarbatus regions respectively (Table 5.4), and were thus 

pooled in the respective swimming behaviour datasets. The minimum Nv was < 0.4 with 

a probability of accepting multiple targets when assuming a random Poisson distribution 

of fish, less than 15%. The lowest densities were observed on the descending swimming 

S. bibarbatus. In comparison with the other frequencies, less targets were resolved at the 

200 kHz with a low Nv index for all regions. 
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Figure 5.9 Length-weight regression plot and the growth equation for S. bibarbatus sampled 
during the 2008 April survey along the northern Benguela coast. 

 

Test for significance in TS: The mean TS was highest when S. bibarbatus were 

swimming horizontally and the difference was notable at the higher frequencies (70, 120, 

200 kHz), with values from 3 to 4 dB stronger (Figure 5.10). The TS distribution for the 

ascending and horizontal swimming S. bibarbatus was unimodal across the frequencies 

with wide Gaussian distributions, except for the 18 kHz, which had a narrow distribution, 

and the 70 kHz having a defined bimodal distribution (Annex A1-3).       

Due to the heterogeneity of variance in the TS (linear domain) of the swimming 

modes, a non-parametric test (Kruskal-Wallis) was conducted. A significant difference 

existed between the TS of S. bibarbatus swimming in different modes across all 
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frequencies (p < 0.05). The difference at 38 kHz among the swimming modes was the 

smallest (< 1 dB, Figure 5.10), with no significant difference (t = 0.54, p = 0.59) between 

ascending and descending (tilted) S. bibarbatus at 38 kHz. 

 

 

Table 5.4 Summary of the number of single detected targets N, the mean and standard deviation 
SD of Nv and the (less than) probability of accepting multiple targets assuming a random 
Poisson distribution of S. bibarbatus for the selected regions. 

Swimming Freq. [kHz] N Mean Nv SD Probability 

Ascending 18 1794 0.169 0.046  0.10 

  38 3961 0.217 0.046  0.10 

  70 5012 0.210 0.046  0.10 

  120 1091 0.227 0.054  0.20 

  200 458 0.140 0.042  0.10 

Descending 18 15 0.058 0.010  0.05 

  38 3533 0.076 0.029  0.05 

  70 3734 0.072 0.024  0.30 

  120 952 0.058 0.003  0.30 

  200 122 0.010 0.004  0.01 

Horizontal 18 519 0.190 0.078  0.10 

  38 1936 0.322 0.124  0.20 

  70 2144 0.326 0.140  0.20 

  120 556 0.334 0.121  0.10 

  200 205 0.192 0.067  0.10 
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Figure 5.10 The in situ TS of single detected S. bibarbatus at 18, 38, 70, 120 and 200 kHz swimming in the ascending, horizontal and descending mode. 
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5.3.1.4 In situ TS of S. bibarbatus irrespective of swimming mode 

The area density, measured through the nautical area scattering coefficient (sA) of the 

regions, ranged between 0.2 and 46.2 m2nmi-2 (Figure 5.11). Even though the density 

varied (although quite low due to the detector principle), the mean TS seemed to have 

been clustered at a similar range. The mean TS from the 18 and 38 kHz were clustered 

with a narrow difference in TS range whilst the other higher frequencies had a more 

variable mean TS for the different regions. 

Figure 5.11 The sA and mean in situ TS as a function of Nv for the selected S. bibarbatus regions 
which passed Nv index < 0.43 criteria.  

 

The beam detection analysis (Figure 5.12) suggested that resolved single targets could be 

detected up to 8o off axis (16o in total) for the 18 kHz and up to 5o (10o) at the higher 

frequencies. The distribution of single targets within the sampling beam was normal up 

to 6o, 4o, 4o, 3.5o and 3.5o for the 18, 38, 70, 120 and 200 kHz frequencies respectively. 

Beyond the latter angles, towards the periphery of the beam, the SNR decreased with the 

ratio between the expected and observed number of detections increasing beyond 1. These 

angles were accepted as cut-off angles for the respective frequencies. Where the signal to 
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noise ratio was low, the slope was steeper and the SNR low. Despite the low SNR the 

mean TS per angle area was fairly constant even for the single targets towards the 

periphery of the beam (Annex A4). This means that the SNR have not been very large on 

these data sets, measured at a relatively short range. The single target data set for S. 

bibarbatus was reduced on average by 35 % at each frequency.  

 

 

Figure 5.12 The proportion of single S. bibarbatus echoes (blue bars) detected within each 0.5° 
areal ring across the beam compared to its theoretical counterpart (red bars). The black line 
across the bars indicates ratio of expected to observed number of echoes.  
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The mean TS irrespective of swimming mode of S. bibarbatus was -51.0, -53.4, -57.3, -

58.3, and -58.0 dB at 18, 38, 70, 120 and 200 kHz respectively (Figure 5.13). At 120 kHz, 

the TS distribution was bimodal whilst at the other frequencies, unimodal. The TS in the 

70-200 kHz spanned a wide TS range with the effect of size and/or orientation of fish 

clearly visible. Relating the TS to the total length (7.9 cm), the b20 (Foote, 1980) was -

69.0, -71.4, -75.3, -76.3 and -76.0 dB for the 18, 38, 70, 120 and 200 kHz respectively.  

 

 

Figure 5.13 In situ TS distributions of S. bibarbatus at the five frequencies and length frequency 
distribution from trawls samples related to the analysed regions.  
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The depth range for the resolved single targets ranged between 52 and 110 m (Figure 

5.14A). To test if TS differed with range, the depth range was divided into two layers (40-

80 m and 80-120 m, Figure 5.14B). There was no significant difference in the TS above 

and below 80 m depth range across all frequencies (p > 0.05), except at the 120 kHz (p = 

0). Thus, TS was independent of the depth, indicating the SNR within the depth range 

used in this study was appropriate. The similar TS with depth also meant that the target, 

the swimbladder, is of same size at any depth, indicating a balanced vertical migration, 

which is most common in physoclist fishes (Jones, 1951). From the upper 80 m at 120 

kHz, it seems that the TS distribution was skewed towards the stronger TS.  

 

 

Figure 5.14A. In situ TS of S. bibarbatus as a function of range at 18, 38, 70, 120 and 200 kHz.  
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5.3.1.5 Model-based target strength 

The predicted TS from the depth-reduced swimbladder for S. bibarbatus was of similar 

levels to the measured in situ TS estimations (Figure 5.15). Compensating the 

swimbladder for depth, the predicted TS at the three lower frequencies was reduced by 

up to 3 dB. At 120 and 200 kHz, the predicted TS did not differ significantly. Since the 

model did not include tilt angle distribution effects, a closer agreement at the two lower 

frequencies were expected, as a small swimbladder is not very directive at these 

frequencies. At 70-200 kHz, however the effect of tilt angle would be increasingly 

important. 

 

 

 

Figure 5.15 A) Computation of predicted target strength for an averaged goby swimbladder, 
with original volume and shape of the bladder measured at surface level. The blue line is the 
predicted TS whilst the red circles with 95% confidence interval are the measured TS. B) 

B) 

A) 
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Corresponding comparison when the bladder volume is reduced to catch depth using Boyle’s 
law. 

5.3.2 In situ target strength of jellyfish: A. forskalea and C. fulgida  

5.3.2.1 Biological sampling  

The mean central disk diameter of A. forskalea was 8.1 cm [6 to 11.7 cm] and, corrected 

for the lost part of the umbrella, the mean umbrella diameter was 21.7 cm [19.7 to 25.1 

cm]. Sizes of C. fulgida diameter varied, ranging from 17.3 to 56.2 cm with a mean 

diameter of 16.1 cm.   

5.3.2.2 In situ TS of A. forskalea and C. fulgida  

Nv filter: For the jellyfish, only one selected region, which was from the C. fulgida SED 

dataset, was rejected. All other regions passed the Nv criteria. The probability of having 

more than one target in a pulse volume was less than 10% for the jellyfish across all 

frequencies (Table 5.5). The probability of accepting multiple targets was lower for C. 

fulgida than for A. forskalea (Figure 5.16). Irrespective of the variation in the density (sA) 

and Nv, the selected regions’ mean TS for the frequencies were clustered. The mean TS 

for the A. forskalea regions was lower in comparison to the mean TS of the C. fulgida 

regions. A. forskalea is density dependent at low frequencies (18 and 38 kHz) whilst C. 

fulgida is not density dependent.   

Table 5.5 Summary of the number of single detected targets N, the mean and standard deviation 
SD of Nv and the (less than) probability of accepting multiple targets assuming a random 
Poisson distribution for A. forskalea and C. fulgida the selected regions. 

Jellyfish Freq. [kHz] N Nv SD Probability 

A. forskalea 18 47 0.20 0.04 0.10 

A. forskalea 38 111 0.52 0.10 0.30 

A. forskalea 70 126 0.61 0.07 0.30 

A. forskalea 120 67 0.64 0.16 0.30 

A. forskalea 200 19 0.48 0.09 0.20 

C. fulgida 38 600 0.23 0.04 0.20 

C. fulgida 70 490 0.54 0.13 0.30 

C. fulgida 120 222 0.63 0.11 0.30 

C. fulgida 200 109 0.55 0.15 0.30 



  

124 

 

Cut-off angle and on-axis filter: The distribution of A. forskalea was randomly/normally 

distributed within the beam up to 3.5o for 18 kHz, 2.5o for 38 and 70 kHz and 2o for 120 

and 200 kHz (Figure 5.17). The cut off angle for C. fulgida was in the same range: 4o for 

38 kHz, 3o for 70 kHz and 2.5o for the 120 and 200 kHz. The TS remained relatively 

constant across the beam, indicating good beam compensation and a good signal to noise 

ratio.   

Direct TS measurements: The TS distribution of A. forskalea seemed unimodal though 

skewed due to the low number of targets resolved and the stronger targets shifted the 

mean towards the right of the distribution. For this reason, the median TS for A. forskalea 

was accepted as the TS. The median TS for A. forskalea for the size range: 19.7 to 25.12 

cm was -56.35, -57.85, -62.55, -62.93 and -64.01 dB at 18, 38, 70, 120, 200 kHz (Figure 

5.18). For C. fulgida (diameter: 14.2 cm), the TS distribution was wider and multi-modal, 

particularly at 38 kHz, in comparison at the 70, 120 and 200 kHz (Figure 5.19). The mean 

and median TS differed by 3.7 dB at 38 kHz and at the other frequencies less than 1.3 dB. 

The median TS was -65.84, -68.33, -72.18 and -73.42 dB at 38, 70, 120 and 200 kHz 

respectively. The A. forskalea appears to be a stronger scatterer than C. fulgida (Table 

5.6). 

Table 5.6 Jellyfish TSre results in this study.  

Species Diameter Freq. TS Source TSre kD 

A. forskalea 21.7 18 -56.4 This study -83.1 1.63 

A. forskalea 21.7 38 -57.9 This study -84.6 3.43 

A. forskalea 21.7 70 -62.6 This study -89.3 6.32 

A. forskalea 21.7 120 -62.9 This study -89.7 10.84 

A. forskalea 21.7 200 -64.0 This study -90.7 18.06 

C. fulgida 16.1 38 -65.8 This study -90.0 2.55 

C. fulgida 16.1 70 -68.3 This study -92.5 4.69 

C. fulgida 16.1 120 -72.2 This study -96.3 8.04 

C. fulgida 16.1 200 -73.4 This study -97.6 13.4 
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Figure 5.18 In situ TS and size distribution of A. forskalea with the black vertical line showing 
the mean and the red showing the median.  
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Figure 5.19 In situ TS and size distribution of C. fulgida with the black vertical line showing 
the mean and the red showing the median. 
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Figure 5.20 In situ TS of A. forskalea and C. fulgida as a function of range, at two depth range 
layers, 40-80 and 80 -120 m 
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5.4 Discussion 

5.4.1 Swimbladder and in situ TS of S. bibarbatus 

S. bibarbatus were found to be physoclist fish (closed swimbladder) with an extensive 

gas gland. Unlike physostomes, i.e., herring and sardine, that need to swim to the surface 

to obtain air, the gas gland produces and reabsorb gas by extracting it from the 

surrounding water and releasing it into the swimbladder (Steen, 1970; Blaxter and Tytler, 

1987). The process of gas production and reabsorbing can take hours to days (Blaxter and 

Tytler, 1987). The swimbladder was ellipsoid, at an angle of ~5o in relation to the 

imaginary line between the snout and the root of the fish tail (Olsen, 1971). The 

swimbladder length (SBL) to body length (BL) relationship was SBL = 0.17*BL. An 

elongated target such as the swimbladder, when tilted, will strongly reduce the 

backscattered energy, particularly at short wave lengths (Foote and Ona, 1985). When 

ascending, the goby is assumed to swim head up and head down when descending. From 

the ellipsoid shape and the significant differences in the swimming modes, the expected 

and measured mean TS of S. bibarbatus was reduced by changes in the tilt angle.  

For horizontal S. bibarbatus the directivity of the bladder causes the highest mean 

TS, whilst it is weakened when ascending or descending. The predicted TS of S. 

bibarbatus from the acoustic bubble model were in relatively good agreement with the 

direct TS measurements. There was no difference in the mean TS with depth across the 

frequencies except at 120 kHz, suggesting no depth dependency, which is unexpected for 

a physoclist swimbladder. The predicted TS between 120 and 200 kHz (from the model) 

where tilt distribution was not taken into account, and the in situ TS between 120 and 200 

kHz with depth was also not significantly different (t=0.68, p=0.49) so the only 

explanation for the significant difference at the 120 kHz is likely to be tilt/orientation 

rather than depth change in water. When descending, the goby would compensate for the 

pressure by increasing pressure of the gas in swimbladder, although examples of 

descending without compensation are found among rapid migrators such as myctophids 

(Bone, 1973). However, the predicted TS where no tilt orientation was taken into account 

nor the depth compensated for showed a match with the in situ TS. A number of factors 

can affect TS and may not be adequately captured by swimbladder modelling, for 
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example, changes in TS with gonad stage or feeding, changes with depth, and changes 

caused by behaviour. 

S. bibarbatus form layers, usually of homogenous size and year class thus 

covering a narrow range of sizes, which make the b20 acceptable as a working hypothesis 

(Simmonds and MacLennan, 2005). To the author’s knowledge there are no other TS 

measurements for swimbladdered S. bibarbatus at 18, 70, 120 and 200 kHz. The TS at 38 

kHz from this study was comparable with the direct TS measurements by Barange et al. 

(1994) on bearded S. bibarbatus at 38 kHz along the west coast of South Africa. Barange 

et al., 1994’s b20 for S. bibarbatus of 6.5, 8.08 and 9.42 cm was -72.61, -75.03 and -75.21 

dB respectively, in comparison to the b20 of -71.52 dB for 8.08 cm S. bibarbatus here 

within. A difference of about 3.5 dB for the 8 cm S. bibarbatus for an acoustic survey 

would reduce the abundance estimate to less than half its values if using the mean TS 

obtained in this study. In a stock or ecosystem analysis this is quite a significant difference 

in the biomass estimate.    

5.4.2 In situ TS measurement of northern Benguela jellyfish  

Differences in the backscattering of the two species was evident, the TSre of A. forskalea 

(bell diameter: 21.7 cm) was higher than for C. fulgida (16 cm). The median TS and size 

distribution was wider for C. fulgida than for A. forskalea.  

5.4.2.1 Comparison with previous TS studies of jellyfish 

To compare the TS results of the present study to jellyfish TS measurements from other 

sources locally and globally, the TSre as a function of the product of the acoustic wave 

number (k) and the bell diameter (D) were computed (Table 5.1) and plotted (Figure 5.21). 

The latter approach normalises/standardises TS measured at different frequencies and of 

different sizes (Figure 5.22). For the northern Benguela studies, A. forskalea umbrella 

were corrected for the lost part of the outer umbrella applying the formula as proposed by 

Buecher et al. (2001).   

5.4.2.1.1 Northern Benguela jellyfish 

Comparing the present study to the previous studies in northern Benguela, the TSre of 

both species were overall more comparable with weaker TS to the study that applied the 

tethered, as well as, the multifrequency triangulation approach for TS determination 
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(Figure 5.21). The TSre of the other two studies (Brierley et al., 2001, Brierley et al., 2005) 

using the comparison method were noticeably higher than this study, particularly for the 

C. fulgida, which was also magnitudes higher than for A. forskalea (Figure 5.22). The 

TSre for tethered C. fulgida was -98.3 dB (35.5 cm) and for A. forskalea -92.8 dB (23.5 

cm); a difference of about 6 dB and 8 dB for C. fulgida (-92.5 dB, 16 cm) and A. forskalea 

(-84.6 dB, 21.7 cm). Similar to the trend in this study, A. forskalea TSre was observed to 

be higher than for C. fulgida. It was unexpected that though the TSre results from this 

study were comparable to Brierley et al. 2004’s targets for the multifrequency study, C. 

fulgida from this study and A. forskalea (from Brierley et al. 2004) were more similar, an 

indication of possible identification errors from either of the studies. 

 

Figure 5.21 The TSre for jellyfish at 18, 38, 70, 120 and 200 kHz.  

  

Axelsen, a co-author on all the TS studies, highlighted that their TS measurements 

might have been affected by methodological challenges, particularly species 

identification (Axelsen, 2007). There was no specific mention of which of the three 

methods (comparison, tethered and multifrequency triangulation approach) was biased. 

Bias due to identification errors for the tethered TS measurements at 38 kHz (Brierley et 
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al. 2004) can be ruled out, leaving only the multifrequency approach and the comparison 

method.    

The comparison method deduces mean TS from the organism’s numerical density, 

as measured independently (density is catch divided by swept volume). This method 

assumes that the sampling gear filters a known volume of water without the 

organisms/animals avoiding the sampling gear and vice-versa. The problem of 

determining the real sampling volume of a trawl is another source of bias; one that can 

also be found with direct in situ TS measurements. The mean TS is derived from the 

organisms within the trawled volume, and their measured acoustic density. The presence 

of small scatterers with gas inclusions especially among weak scattering targets will be 

spread (averaged) over volume, complicating detection and thresholding of the small gas-

filled targets and hence could result in high mean TS. The success of the single echo 

detection (SED) approaches relies on the avoidance of two errors that can bias the mean 

TS: 1) acceptance of multiple targets and 2) acceptance of high numbers of weak targets 

under low SNR conditions or the removal of weaker targets by threshold. The Sv 

threshold to exclude the background and reverberation noise might remove other, 

unwanted, targets.  

In the SED algorithm, the setting of minimum and maximum limits for TS 

threshold would also influence the mean TS. Echo amplitude is dependent on the 

scattering cross section and the beam pattern of a target, thus targets on axis and those 

with high backscattering cross section would pass the SED algorithm criteria as single 

targets (for wider angles range than the smaller targets) (Wiemer & Ehrenberg, 1975; 

Soule et al. 1996). Band pass filtering was applied in this study to reduce the errors; the 

Nv index (Ona and Barange, 1999) was implemented to reduce multiple target error whilst 

the cut-off angle and beam compensation factor dealt with the weak targets on the 

periphery of the sampling beam. From the mean TS that remained constant across the 

angle areas, this indicates the gain compensation of the echo sounding system was good. 

The Sv threshold of -85 dB on weaker jellyfish target could bias the TS measurements. 

The minimum TS detection threshold was set at least 15 dB below the mean TS as 

visualised from the TS distribution within LSSS to reduce bias. Inclusion and failure to 

detect and remove small gaseous targets when using the comparison method might be 

more of a contributor to the high TS in the Brierley et al. (2001, 2005) studies.  
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Figure 5.22 The published mean TSre of jellyfish globally at 18, 38, 70, 120 and 200 kHz.  

 

5.4.2.1.2 Comparison with other jellyfish TS globally  

The range in the TSre of jellyfish in literature was large, varying from -102.8 to -72.3 dB. 

Scattering variability of fluid-like targets such as jellyfish can be expected and is complex, 

especially with sizes and shapes varying within jellyfish species (Mutlu, 1996). Jellyfish 

can be found drifting or swimming in diverse orientations (omnidirectional), which adds 

to the variability and complexity in understanding scattering from these targets. During 

swimming the pulsation causes further changes in the size and shape of the umbrella. 

Monger et al. (1998) reported variability in the TS of A. victoria (hydrozoan) varying up 

to 15 dB due to the effect of pulsation. A wider TS distribution is expected for jellyfish 

than for small fish. For larger fish > 20 cm, the variability is also large (>20 dB) due to 

substantial orientation effects (Nakken and Olsen, 1977).  

This study’s TSre results particularly for C. fulgida were more comparable to 

recent studies by Colombo et al. (2009) and Graham et al. (2010). These are the only 

sources that incorporated a cut-off angle of 3o and 2o respectively, to reduce potential bias 
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related with increasing off-axis angle. The TSre measurements for C. fulgida (-96.3 dB) 

agreed well with the TSre (97.1) for Aurelia (10.8 cm) (Colombo et al., 2009) at 120 kHz. 

Colombo et al. (2009)’s TSre measurements of Aurelia were supported by video 

observations confirming identification and size of jellyfish. Graham et al. (2010) reported 

in situ TS measurements of scyphozoan jellyfish at 38 and 120 kHz and compared their 

measurements to modelled TS estimates (18, 38, 70, 120 and 200 kHz), computed using 

the DWBA (Distorted Wave Born Approximation) model. The TSre measurements of C. 

fulgida at 38 and 120 kHz were close to their in situ measurements and did not fit well 

with the model whilst the A. forskalea compared relatively well with the modelled TSre 

estimates.  

Graham et al. (2010)’s in situ measurements did not compare well with their 

model estimates. However, it is stated that it compared well with other TSre of scyphozoan 

jellyfish in the literature. The exclusion of backscattering from the jellyfish’s oral arms 

and the changing body condition due to, e.g. gonad maturity are also stated as reasons for 

the difference in the measured compared to the model. A. forskalea has no oral arms and 

the input parameters used in the model could be the reason for the increased similarity. 

The ratios of bell heights and radii in non-swimming (relaxed) and swimming 

(contracted) positions were from A. victoria (Monger et al. 1998) and the size of jellyfish 

for the model (26.2 cm) fit the A. forskalea (21.7 cm) in this study. The values for sound 

speed contrast (h) and density contrast (g) were derived from small sized C. capillata (2-

11 cm) (Warren and Smith (2007)). Hirose et al. (2009) measured specific density 

(organic composition) and sound speed within three jellyfish species: N. nomurai, C. 

nozakii and A. aurita. The authors found Aequorea species (Monger et al., 1998) and C. 

nozakii to have larger reflection coefficients than other jellyfish. The two species also had 

comparable TSre. Comparing the model to the other published TSre, excluding the studies 

that used the comparison method, the TSre for schypozoan jellyfish seems to be weaker 

below ~ -90 dB than the model.  

For the studies where TS was observed at multiple frequencies, TSre was higher at 

the lower frequencies, decreasing towards higher frequencies. This is an indication that 

the plankton model would not suit large fluid-like zooplankton species like jellyfish. The 

gastric pouches, stomach and even the pores on the umbrella of the jellyfish can 

retain/hold gas that could substantially contribute to the high backscattering at lower 
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frequencies. Also, the reflection coefficient ratio that could be affected by the organic 

composition is in turn determined by the lipids to protein ratio. Several gas inclusion of 

<1 mm diameter can create acoustic resonance resembling backscattering in jellyfish; 

large as some gas-bearing phytoplankton do in the North Sea. Common thresholding 

techniques to eliminate weaker targets such as krill would than not apply for jellyfish. 
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6 General discussion 

As part of the effective implementation of Ecosystem Based Fisheries Management 

(EBFM, Sinclair et al. (2002)), there has been an urgent need to evaluate and monitor 

non-exploited, yet ecologically important species (Roux and Shannon, 2004, Lynam et 

al., 2011). EBFM is a consensus signed by nations globally, including Namibia, to manage 

the marine ecosystem and its components as one entity, to ensure sustainable utilization 

of the marine ecosystem and its components for the benefit of present and future 

generations (FAO, Responsible Fisheries Conduct). Thus management measures shifted 

focus from the traditional single-stock assessment towards multi-species assessments. 

Prior to EBFM, interactions of the managed single-stocks with their prey, predators, 

bycatch species, associated habitats and other ecosystem components were of less 

importance or ignored. Scientific monitoring of commercially important stocks has been 

a traditional basis for fisheries management. Catch statistics and catch composition 

samples are regulated to obtain data on the removed component, while annual or biannual 

scientific surveys provide evidence on the state of the stock. This routine monitoring is 

generally the main source for ecosystem model inputs and for the management of the 

most valuable fish stocks. Population dynamics of every species in an ecological system 

is impacted by the species interactions and commercial species have been overexploited 

at the expense or benefit of species within the wider ecosystem, degradation of  habitats, 

etc. (Pauly et al., 2005). Effective implementation of EBFM requires understanding and 

knowledge of taxa at all trophic levels especially for key species in any marine ecosystem. 

The advantage of using sound scattering to project organisms within the sampled water 

columns (Andersen and Zahuranec, 1977) makes hydro acoustics an ideal tool for 

ecosystem investigations. 

 In the 1970s, Holliday (1977) recognised the immense potential in using the 

backscattering measurements across multiple discrete frequencies to predict the marine 

organisms which generated the observed signals (known as the inverse scattering 

problem). The author noted that with the inverse problem approach, organisms could be 

identified and quantified. The forward scattering approach, using known target properties 

and trawls as a sampling tool to identify the targets present, has been the practical 

approach. The inverse scattering approach though more complex could offer important 
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contributions or a solution to the ecosystem approach. Understanding the forward 

scattering of all organisms would be ideal however not an immediate realistic objective. 

Establishing the r(f) of unknown targets and developing regional reference libraries (echo 

libraries as in the SIMFAMI project (Gajate et al., 2004)) would be a start. Multifrequency 

acoustics has developed to the extent of being applied to study species at different trophic 

levels (e.g. Ressler et al. (2012); Trenkel and Berger (2013)). Godø (2009) in a study 

foreseeing the role of fisheries acoustics as a technology for ecosystem management, the 

author suggested the use of r(f) as ecological indicators which was implemented recently 

by Trenkel et al. (2013). The authors used multifrequency acoustics to describe spatial 

structure of organism groups in pelagic ecosystem. 

 The potential of multifrequency acoustics as an ecosystem tool is limited by the 

need and uncertainties in 1) species identification and 2) TS of resolved targets. This 

dissertation addressed the latter two key elements hence this research enables possibilities 

to assess S. bibarbatus and jellyfish by multifrequency acoustics as an integral part of 

EFBM. This piece of work can reduce variability in biomass estimates that arises from 

masking or misclassification of echoes.  

6.1 Summary of results and discussion  

6.1.1 Target identification and separation 

Classical acoustic identification approaches (Sv-differencing (∆Sv) and, r(f)) and LDA 

were adopted and applied to separate echoes from co-occurring S. bibarbatus and jellyfish 

(Chapter 3). Fifteen validated assumed to be ‘single species’ trawl and acoustic datasets 

were used as training datasets. The standard methods, ∆Sv and r(f), were found not 

effective in separating the studied species from each other, particularly A. forskalea and 

S. bibarbatus. C. fulgida could be separated by Sv-differencing as established by Lynam 

(2006). As stand-alone methods, the application of Sv-differencing and r(f) might be 

effective in marine ecosystems of less diversity in species, and where more clean, 

acoustically separated populations are found. This is however not the case in the northern 

Benguela. Jech and Michaels (2006) and McQuinn et al. 2013 remarked that the Sv-

differencing method could be somewhat cumbersome and restricted in high species 

diverse ecosystems respectively. 
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 Multivariate statistical approach, like LDA, seems to perform best for acoustic 

separation and filtering fish and jellyfish targets. Correct classification of the under study 

species from each other using backscattering strength SA was achieved to a success rate 

of 95%. This highlighted that the species in many cases could be separated by merely 

using the backscattering strength. On the other hand, it also highlighted ratios ∆sA and dB 

differencing ∆SA derived from comparing backscattering at paired (dB differencing) or 

across frequencies (r(f)) in linear and log-domain respectively to some extent forfeit or 

reduce the discriminatory power of backscattering strength. Discriminatory power was 

reduced to less than 70%. Consequently, to increase discriminatory power of ∆sA and r(f); 

these methods were applied in conjunction with SA (Figure 3.8). Combining frequency-

dependent methods and LDA generated better results as expected and similarly 

demonstrated by Woodd-Walker et al. (2003). Classification depends on training datasets 

(Horne, 2000). Limitation with this method was the few number of reference samples 

constituting the training datasets and the complexities in integrating LDA in acoustic post-

processing systems (scrutinising of data procedures).  

 Building on the knowledge acquired in using the classical identification 

techniques and LDA (Chapter 3), a novel technique to separate and identify target 

categories (i.e. S. bibarbatus and jellyfish) that co-occur was developed (Chapter 4). The 

basic concept of technique is summarised in Figure 6.1. Frequency response, systematic 

top- and bottom-thresholding (Figure 4.10), the r(f) similarity comparison technique 

(Figure 4.12) and a threshold sA response technique (Figure 4.13) were incorporated when 

developing this novel technique. The possibilities of removing the strong targets (fish) 

masking weaker targets (euphausiids) enabling a display of the frequency response of the 

weaker target suggested a way forward for establishing this technique. By applying 

systematic top- and bottom-threshold on r(f), changes in r(f) could be noted and the 

desired target extracted from a mixed aggregation. The efficiency of the thresholding 

method can be limited by the degree of mixture itself and overlapping echoes within the 

pulse resolution volume. The latter is inevitable, hence false thresholding of targets and 

one of those challenges no acoustic classification technique can resolve. A solution would 

be to reduce the distance to the targets and thereby drastically reducing the acoustic 

resolution volume. The use of multifrequency towed bodies and probes have been 

introduced lately as exemplified by Kloser et al. (2002) and Wiebe et al. (2010).  
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The novel r(f) similarity comparison is based on correlating systematically and 

sequentially thresholded r(f) datasets. Correlation is widely used for similarity measures 

in machine learning to describe the similarities between vectors, in pattern classification 

and signal processing like Euclidean distance and Mahalanobis distance (Ma et al., 2007). 

Though r(f) comparison might be seen as a new approach, comparison of r(f) has been 

applied in fisheries acoustics e.g. empirical measurements are compared to the theoretical 

(e.g. Holliday, 1972; Martin et al, 1996). Within the r(f) similarity comparison method: 

the backscattering strength was indirectly accounted for by thresholding (which removes 

backscattering energy with each Sv-threshold level applied). The threshold sA response 

which in itself is a frequency response was initiated to investigate the backscattering 

removed at each Sv-threshold level. It was also to validate classification and determine 

the “safe” Sv-thresholding levels. Trawl sampling has its limitation when it comes to S. 

Figure 6.1 An illustration of the basic concept of the novel Separator Technique. A mixed 
aggregation have a specific r(f), which is actually a r(f) of several species combined. To split 
targets and get respective r(f) of targets, top- and/or bottom threshold is applied to extract the 
desired target and r(f). For example to extract Target 2 in mix aggregation, top- and bottom-
threshold is applied and the “true” r(f) of Target 2 is reflected. 
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bibarbatus (mesh size) and jellyfish (gelatinous nature) thus was therefore not regarded 

as a good validation method. However, net sampling still remains important for 

determining the presence/absence of targets. Despite the further developments underway, 

it can be implemented. The r(f) similarity comparison technique has been tested on other 

species and implemented as a tool to indicate mix or clean aggregations within LSSS.   

6.1.2 Swimbladder and in situ target strength of S. bibarbatus 

Swimbladders are important to maintain neutral buoyancy and for hearing in marine fish. 

Regardless of its mechanism, the swimbladder contributes 90-95% to the backscattering 

cross section of a fish (Foote, 1980). At the beginning of this study, the presence or 

absence of a swimbladder within S. bibarbatus was uncertain. In Chapter 5, its presence 

was confirmed and its morphology roughly described as a physoclist (closed 

swimbladder) with an extensive gas gland, prolate spheroid shaped, at an angle of ~5o in 

relation to the snout to tail and with a length one-third of the body length. The length of 

swimbladder, as well as volume, increased with the body length (TL) of the goby thus 

contribution of swimbladder to acoustic reflection increases with size. A length-weight 

relationship of S. bibarbatus was also determined and the equation: � =	1.24q{= 	 ∗
	'�`.�` was found to denote the LW relationship.   

 In Chapter 5, the first in situ TS (Figure 6.2), as well as modelled TS, at multiple 

frequencies (18, 38, 70, 120, 200 kHz) for S. bibarbatus were estimated. The TS estimate 

at 38 kHz was nearly comparable with the only available in situ TS measurements at 38 

kHz for S. bibarbatus (Barange et al., 1996; Annex A5-6); although a difference of 3.5 

dB would mean that by applying the TS within this study, would reduce total biomass by 

half. The modelled TS was comparable to the measured TS. The in situ TS of S. 

bibarbatus swimming in descending and ascending modes results showed reduced 

backscattering as expected from an elongated target, but are not drastically different from 

when it is swimming horizontally (Figure 6.2). S. bibarbatus being a small fish, 

geometrical backscattering occurs at the lower frequencies, 18 and 38 kHz are less 

directive. This means that if the biomass is estimated at 38 kHz, a pooled estimate for all 

behavioural modes can be established and used in the surveys. The confidence intervals 

for the mean TS could then be used as a start for estimating the total uncertainty in the 

survey estimate of S. bibarbatus, at least for the pelagic component of the stock.   
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Figure 6.2 In situ target strength (TS) with 95% confidence interval at 18, 38, 70, 120 and 200 
kHz, for all studied species: A. forskalea (MAGS), C. fulgida (REDS) and S. bibarbatus 
swimming in different modes: ascending, descending and horizontal.  

 

6.1.3 In situ TS of jellyfish (A. forskalea and C. fulgida) 

The in situ TS of the northern Benguela jellyfish was revisited with a more accurate 

method, single echo detection (SED), for estimating in situ TS (Chapter 5). The splitbeam 

SED approach when used in resolved target conditions is regarded as more robust than 

the comparison method and multifrequency beam triangulation method applied in the past 

to determine TS of the jellyfish. With little of the S. bibarbatus acoustic characteristics 
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known, it was hypothesised that the previous authors’ jellyfish TS measurements might 

have not taken into account the contribution or interference from unwanted targets such 

as S. bibarbatus which cohabits with jellyfish. The TS for C. fulgida (Brierley et al. 2001) 

was comparable to the TS of S. bibarbatus (Table 5.1). The more controlled tethered and 

single target TS measurements (Brierley et al. 2004) which are regarded much better than 

the comparison method, were similar to the mean TS obtained in this study. The use of 

TS for classification purposes would be ideal, however with pelagic species which often 

aggregate it would be complex to acquire single targets for most of the registrations. In 

freshwater environments where the echo counting approach is sometimes used during 

night-time, the use of TS for identification might work well.   

It was surprising that the TS and r(f) of jellyfish, a large fluid-like zooplankton, 

reflected resonance appearance at the lower frequencies, similar to gas inclusive targets 

like fish with small swimbladders and siphonophores. This raised the question whether 

jellyfish is a gas inclusive zooplankton like siphonophores and is thereby not a fluid-like 

object as currently acoustically classification protocols indicate (Simmonds & 

MacLennan, 2005). Whether their echoes can mask or bias acoustic estimates of other 

targeted species, particularly the smaller fish during acoustic surveys, should be further 

investigated. Echo misclassification errors can of course create huge errors in biomass 

estimates (Aglen, 1994), and each new target category should be properly investigated 

before new estimates are presented. New ecosystem surveying methods might show a 

new way forward in this research arena.  

6.2 Are acoustic ecosystem surveys a reality for northern Benguela?  

To reiterate in summary, the overall aim of this thesis was towards the assessment of these 

non-targeted survey species, as additional tasks of annual acoustic surveys. Since the 

1990s acoustic surveys have been conducted on an annual and biannual basis to monitor 

commercially important pelagic resources. One survey is usually conducted in summer 

to assess the strength of the year’s recruitment and another survey to estimate the size of 

adult stock. These acoustic surveys form the basis for recommendations to management 

in setting catch restrictions, and establishing time-series of stock abundance, distribution 

patterns, size structure, and biomass levels normally related to environmental 

anomalies/features. Acoustic surveys dedicated only for the purposes of assessing these 
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non-targeted species would be costly and time consuming. A solution could be marine 

ecosystem surveys, with multiple tasks and incorporating several species in addition to 

the target specie(s). Full survey quality on all groups cannot be afforded, as efforts and 

sampling methods for different species are required. Prioritising the main targets would 

anyhow be essential. Where the target survey species have collapsed, like sardine and 

anchovy, more time can be afforded to the non-exploited targets i.e. jellyfish and S. 

bibarbatus. The main advantage of acoustics is that prior to sampling targets by net for 

verification, acoustic recordings are usually available, thus, with tools semi-automating 

classification, trawling could be reduced to targeted trawling, hence time and survey cost 

could be saved. 

 Overall, the limitation of assessing the S. bibarbatus on the seabed (in the acoustic 

bottom deadzone) and jellyfish close to the surface (above transducers and acoustic upper 

blindzone) is another issue to consider. Sandeel (Ammodytes marinus), like S. bibarbatus, 

can be found on/in the seabed. Abundance estimation of sandeel are conducted at daytime 

(Johnsen et al., 2009) when the fish are off the bottom and again at night using dredging 

(Johnsen and Harbitz, 2013). The presence of sandeel on the bottom during daytime, 

could potentially be a problem for the acoustic abundance estimate, but have been shown 

to be rather small, or insignificant. Similar protocols during S. bibarbatus surveys could 

be implemented. Sandeel, unlike S. bibarbatus, are bladderless thus the effect of 

swimbladder size due to gas absorption with pressure is not a factor. However, for S. 

bibarbatus the change in swimbladder size is not known, though assumed to take hours 

for physoclist species to fill swimbladder with gas after descending from surface layers.  

The challenges with conducting jellyfish biomass is that acoustic surveys are good for 

standing stocks like fish however for short-living species like jellyfish that multiplies fast 

and fluctuates with environmental changes, it might be a challenge. 

6.3 The 2003 acoustic jellyfish biomass estimate 

A biomass of jellyfish, four times higher than the pelagic stocks have been documented 

(Lynam et al., 2006) and opposed by Flynn et al. (2012). In this study, the Sv-differencing 

method was adopted and it was found that the identification filters used were inadequate 

thus concurring with Flynn et al. (2012). There is the possibility that the 2003 jellyfish 

biomass was biased by either target identification or TS errors. The TS (Brierley et al. 
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(2001, 2004, 2005)) used in the biomass estimate of the jellyfish was significantly higher 

than what is reported in this study. The high TS is less a problem for overestimation in 

the 2003 survey as it would have reduced the biomass. Inaccuracies in target identification 

(the allocation of echo integrated energy to species) may be a reason for the 

overestimation of the 2003 jellyfish biomass. S. bibarbatus being small (< 13 cm), it could 

have been underrepresented in the trawl nets used during the 2003 survey. It has been 

evident that a low density of strong targets can easily disguise echoes from weaker targets 

(Chapter 4); S. bibarbatus is observed sheltering under the umbrella of C. fulgida (Utne-

Palm et al., 2008) thus misclassification of fish as jellyfish echoes due to masking cannot 

be overruled.  

Also, the frequency used to estimate the biomass of jellyfish, 38 kHz, is sensitive 

to gas inclusive scatterers i.e. sardine, herring, horse mackerel, hake, etc. Using 120 kHz 

or 200 kHz would have been a compromising frequency for the authors to use.  In 

comparison with fish such as gobies, the jellyfish especially C. fulgida is a weak scatterer 

which might not bias acoustic results of fish. However, A. forskalea could bias the results 

of fish especially at the lower frequencies traditionally used for fish acoustic surveys. 

Estimating the biomass of jellyfish using 70 kHz and higher would be recommended, and 

using the known TS at the lower frequencies, the densities at the lower frequencies e.g. 

18 and 38 kHz can be computed and subtracted from the biomass estimates (scattering) 

of the fish.    

�h 	= 	 �h#�X���T�X 	= 	
�h#WX���TWX 		= 	

�h#�����T�� 	= 	
�h#������T��� 	= 	

�h#������T��� 		 
With TS determined for these targets, discriminating them using a TS as threshold or dB-

differencing would yield improved results in comparison to the use of Sv, which is the 

current traditional approach for discriminating species from each other. Reducing the 

pulse volume by running the surveys at a shorter pulse duration would also help 

identification and target strength analysis. This can easily be achieved at least for the 

higher frequencies, 38 - 333 kHz, but more problematic at 18 kHz. Most of the targets 

analysed here at found at depths less than 150 m, and can be reached with most of the 

higher frequencies. 



  

146 

 

6.4 Implications and future research 

The use of 70 kHz for in situ TS estimates and for identification is a first for S. bibarbatus 

and jellyfish. Wideband echo sounders (Simmonds and MacLennan, 2005) transmit a 

continuous spectrum across multiple frequencies. Using multiple frequencies, discrete 

frequencies are combined to reflect the spectrum across frequencies. More frequencies 

increase the discriminatory power especially when the trend of the r(f) is used as in this 

thesis. The addition of 70 kHz narrows the gap between the 38 and 120 kHz and it is also 

a frequency that adds significant value in the use of r(f).  

The r(f) similarity comparison technique is simple, easy to integrate into surveys 

and is a more robust classification method than the current available identification 

methods. The method can be regarded independent of the training datasets as it can 

discriminate between mixed or pure aggregations. By applying the similarity technique 

as a training datasets examining tool, classification depending on training datasets can be 

improved. The choice of frequency for biomass estimation can be determined using the 

sA threshold frequency response curves which are already integrated in LSSS (Large Scale 

Survey system). LSSS has a multi-frequency analyses package (KORONA) which avails 

opportunities to routinely analyse large datasets of acoustic abundance data using 

automatic algorithms. Trained datasets for the algorithms could be obtained and improved 

by using the r(f) similarity comparison tool. The consistency and quality of identification 

and allocation for acoustic species from survey to survey could be improved with 

automatic algorithms or merely by using the r(f) of species as guidance in the process of 

allocating species. Species identification using multi-frequency acoustic is currently the 

most promising method to be commonly used in the future. The method is already 

implemented in several of the Norwegian pelagic fish surveys targeting herring and 

mackerel, thus proven to aid in identification and allocation of species (Korneliussen, 

2002, Korneliussen and Ona, 2003). Further investigation into the levels where the Sv-cut 

is to be applied are required, along with automating the detection of these levels.    

The presence of a swimbladder could also be crucial to the survival of S. 

bibarbatus. The results from the swimbladder though roughly described, established a 

start for ichthyologic and physiological investigations to establish why and/or how the S. 

bibarbatus survive the harsh anoxic conditions along with the hake and horse mackerel 
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that are also physoclist swimbladder species. Proper swimbladder work using Magnetic 

Resonance Imaging (MRI) or soft X-ray to map swimbladder, and further physiological 

studies on the swimbladder of pressure adapted fish, might aid the accuracy of our 

modelling results.  

The TS measurements within this study are more accurate and reliable for biomass 

estimates. With the main focus of assessment in the past being on commercial species, 

ignoring non-exploited species, identification errors could have existed. Contribution of 

non-exploited species’ echoes to the echo energy of the targeted species’ biomass was 

unknown. However, with knowledge of the acoustic characteristics of these non-exploited 

species i.e. S. bibarbatus and jellyfish, the echo contribution of species can now be 

quantified and corrected for errors.   

In the near future, adopting the novel identification technique and TS, 

retrospective analysis of the multiple frequency acoustic survey data collected over the 

years including a revisit of the debated 2003 northern may enhance our understanding of 

the interannual variability of northern Benguela jellyfish and fish biomass.  
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Appendix A 
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A1. Right) In situ TS distribution and Left) in situ TS as a function of depth for ascending S. bibarbatus. 
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A2. Right) In situ TS distribution and Left) in situ TS as a function of depth for horizontal swimming S. bibarbatus 
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A3. Right) In situ TS distribution and Left) in situ TS as a function of depth for descending S. bibarbatus 
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A4. In situ TS distributions for off-axis angle ranges of 0-1o, 1-2o, 2-3o, 3-4o, 4-5o at 18, 38, 70, 
120 and 200 kHz. Note the reduction in weak target detections in increased off-axis angle. 
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A5. The in situ TS (with 95% confidence intervals) of single detected S. bibarbatus at 18, 38, 
70, 120 and 200 kHz derived from. S. bibarbatus swimming in the ascending, horizontal and 
descending mode. The TS irrespective of the swimming behaviour is shown by the purple line.  
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A6. In situ TSre for S. bibarbatus and jellyfish (A. forskalea and C. fulgida) within the northern 
Benguela. 

 

 

 

 


