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Abstract

Acoustic survey techniques are widely used to gfyaabundance and distribution of
a variety of pelagic fish such as herrit@jupea harengus The information provided
is becoming increasingly important for stock asswesg and ecosystem studies,
however, the data collected are used as relattieasn rather than absolute measures,
due to the uncertainty of target strength (TShestes. A fish’'s TS is a measure of its
capacity to reflect sound and, therefore, the Thievavill directly influence the
estimate of abundance from an acoustic survey. T®es a stochastic variable,
dependent on a range of factors such as fish asiEntation, shape, physiology, and
acoustic frequency. However, estimates of mearu$&] to convert echo energy data
from acoustic surveys into numbers of fish, areveoently derived from a single
metric - the fish length (L). The TS used for hegris based on TS-L relationships
derived from a variety of experiments on dead agkd fish, conducted 25-30 years
ago. Recently, theoretical models for fish backecdtave been proposed to provide
an alternative basis for exploring fish TS. Anoth@pblem encountered during
acoustic surveys is the identification of insordfierganisms. Trawl samples are
commonly collected for identification purposes, lewer, there are several selectivity
issues associated with this method that may trenslamectly into biased acoustic
abundance estimates. The use of different acoustjaencies has been recognised as
a useful tool to distinguish between different spgcbased on their sound reflection
properties at low and high frequencies.

In this study | developed theoretical models tocdes the backscatter of
herring at multiple frequencies. Data collectedoatr frequencies (18, 38, 120 and
200 kHz) during standard acoustic surveys for hgrrin the North Sea were
examined and compared to model results. Multifragye backscattering
characteristics of herring were described and coetpso those of Norway pout, a
species also present in the survey area. Spedesndination was attempted based
on differences in backscatter at the different detries. | examined swimbladder
morphology data of Baltic and Atlantic herring asytat from the Baltic Sea. Based

on these data, | modelled the acoustic backscatteboth herring stocks and
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attempted to explain differences previously obsgimeempirical data. | investigated
the change in swimbladder shape of herring, whepoged to increased water
pressures at deeper depths, by producing true shafpswimbladders from MRI
scans of herring under pressure. The swimbladdepmotogy representations in 3-D
were used to model the acoustic backscatter ahgeraf frequencies and water
pressures. | developed a probabilistic TS moddiesfing in a Bayesian framework
to account for uncertainty associated with TS. Mdstly distributions of model
parameters were determined by fitting the modelintcsitu data. The resulting
probabilistic TS was used to produce distributiarfs absolute abundance and
biomass estimates, which were compared to offi@allts from ICES North Sea
herring stock assessment.

Modelled backscatter levels of herring from thetidebea were on average 2.3
dB higher than those from herring living in norteedtlantic waters. This was
attributed to differences in swimbladder sizes leetwthe two herring stocks due to
the lower salinity Baltic Sea compared to Atlantiaters. Swimbladders of Baltic
herring need to be bigger to achieve a certainedegf buoyancy. Morphological
swimbladder dimensions of Baltic herring and sps&re found to be different.
Herring had a significantly larger swimbladder fhigt a given length compared to
sprat, resulting in a modelled TS that was on ayeerh2 dB stronger. Water depth,
and therefore the increase in ambient pressure,fowasd to have a considerable
effect on the size and shape of the herring swiddd#a Modelled TS values were
found to be around 3 dB weaker at a depth of 5Compared to surface waters. At
200 m, this difference was estimated to be abalB.5The Bayesian model predicted
mean abundances and biomass were 23 and 55% higbpectively, than the ICES
estimates. The discrepancy was linked to the dépgiendency of the TS model and

the particular size-dependent bathymetric distrdoubf herring in the survey area.
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Chapter 1

General introduction

This thesis addresses issues related to the acaastessment of abundance and
biomass of herringQlupea harengus). Herring and other small pelagic clupeoid fish
(Clupeiformes: Clupeoidei), such as sardines (8agdina pilchardus), shads (e.g.
Alosa fallax), menhaden (e.gBrevoortia tyrannus) and anchovies (e.dengraulis
ringens), form a vital part of many of the world’'s pelagecosystems. These
plankton-feeding fish represent an important linktween planktic secondary
production (Blaxter and Hunter 1982; Frederiksemale006; Hunt and McKinnell
2006) and piscivorous predators such as large igefeglp, demersal fish, marine
birds and mammals (Thompson et al. 1991; Northrietgal. 1995; Greenstreet et al.
2006). Many of the commercially important predatepgcies can only be supported
by large numbers of small pelagic forage fish. dses where their crucial position at
the mid-trophic level is dominated by a low numbg&species, which therefore exert
‘wasp-waist control’, the whole system can becomeraasingly susceptible to
changes (Rice 1995; Cury et al. 2000; Bakun 20@l6tuations in the abundance of
the predatory species has often been found towotitnsely that of their small
pelagic fish prey (Crawford et al. 1987; Lluch-Beldt al. 1989; Greenstreet et al.
1998; Frederiksen et al. 2006), which in turn ersgly influenced by the variability
of local environmental conditions (Cury et al. 20&awards et al. 2002; Beaugrand
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2004; Edwards and Richardson 2004). Food avaitgbdind physical processes
control larval success and subsequent recruitn@unghing 1996), and predators may
also influence the size of the stock (Griffiths 2DMoreover, plankton abundance is
generally thought to influence the distribution aafslindance of small pelagic fish
(Verheye and Richardson 1998; Corten 2000; Kaart&af0; Prokopchuk and
Sentyabov 2006). The central role of these fista éigsk between lower and higher
trophic levels makes clupeoids important to anyoneerested in research or
management of species directly or indirectly linkedhe pelagic ecosystem.

In addition to their ecological significance, clap#s are of increasing socio-
economic importance. Despite the low biodiversithibited by these species (Cury
et al. 2000), global marine catches are dominatedsinall pelagic fish. They
represent half of the ten highest landing biomagsies (anchovy, Atlantic herring,
chub mackerel, Chilean jack mackerel, and Japased®ovy) and in 2007 accounted
for 30% of the total reported global marine fishicbaby weight (FAO 2008a). The
contribution of pelagic fisheries to marine fishatees has risen from 54% in 1950 to
a present level of 65% (FAO 2008b). Nonethelesg)ynmstocks of clupeoids have
gone through major series of collapse and recoydempel 1978; Kondo 1980;
Pauly et al. 1989; Beverton 1990; Schwartzlosel.e1299; Hutchings 2000), and
their increasing contribution to global catchethisught to reflect a gradual transition
in landings towards species at lower trophic leyPisuly et al. 1998). Although the
impact of fishing on fluctuations and abundances pzflagic fish remains
controversial (Lluch-Belda et al. 1989; Beverton909 Gjgsaeter 1995), their
schooling behaviour makes small pelagic fish paldidy vulnerable to modern
fishing techniques. Fish schools can easily bectlsteby acoustic devices such as
sonar and echosounders, and effectively caughdrgg Ipelagic trawls or purse seines
(Parish 2004). This is especially problematic sitheeclustering and number of small
pelagic fish schools was found to be density inddpat and hence not to be related
to their abundance (Petitgas et al. 2001). Evenlaiv stock size, herring were found
to aggregate in large schools and could thereftllebe detected and potentially

fished towards extinction (Beare et al. 2002). WHikhing was identified as an
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obvious cause of the collapse of some stocks gfedligs (Saville and Bailey 1980;
Beverton 1990), environmental factors have alsam lbeeognised to play a major role
in recruitment success (Lasker 1985). Nevertheléskjng may be expected to
influence the natural cycle of abundance of smalagic species by shortening
periods of high abundance and extending periodscafcity (Cury et al. 2000).
Because of the influence environmental factors haweclupeoids in addition to
fishing pressure, it is hard to predict their stede (Lasker 1985; Beverton 1990). In
order to fulfil the current demand for a shift fromlassical single-species
management to a multi-species ecosystem-basedriishenanagement (EBFM)
approach (Gislason et al. 2000; Hall and Mainp@@84; Pikitch et al. 2004; Cury
and Christensen 2005; Garcia and Cochrane 200&n&treet and Rogers 2006; Frid
et al. 2006), it is, however, vital to have detikmowledge about the respective roles
different species play in the ecosystem. Consetyenis of particular importance to
have reliable estimates of absolute abundance igtribdtion of an ecologically and

economically important species such as the herring.
1.1. Assessment of North Sea herring

By the middle of the 20 century the North Sea herring fisheries had gbneugh
periods of enhanced technological development, hvhhesulted in high levels of
fishing mortality (Saville and Bailey 1980). Afteack of management action and the
consequential collapse of the North Sea herringksito 1977 the fishery was closed
for four years to allow for a recovery of the spawgnstock biomass, whose
abundance was at about 1.25% of the post-war I¢Baltey and Simmonds 1990).
Previously, the size of the stock had been estinateually based on a regression
between indices of larval abundance and estimdtepawning stock biomass from
virtual population analysis (VPA, Pope and Sheptd82). The problem however
was that at those low levels of spawning stock laissn the regression would have
had to be extrapolated beyond the data pointsablail In order to monitor the stock
size in the absence of any fisheries data andwahlombers of spawning herring, an
acoustic survey for North Sea herring was started979 (ICES 1980). Since the
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initial stage, when the survey duration, timingd anethodology were determined,
acoustic surveys have been carried out annualiythetpresent time. These surveys
have contributed towards improving scientific knedde about the stock size and
allowed to justify and implement appropriate mamaget action when the stock was
going towards low levels in 1996 for a second tiafeer its collapse in 1977

(Simmonds 2007). Similarly to estimates from lanald recruitment surveys,

abundance estimates from acoustic surveys for N8dga herring are treated as
relative numbers and are used as an index to ‘tthee’presently used integrated
catch-at-age population model (Patterson and Mdl9®6; Woillez et al. 2009). This

is due to the fact that the stock estimate fromuatio surveys is strongly dependent
on the assumed echo value produced by one fightatget strength (TS).

The total error in the abundance estimate from @ustic survey generally
consists of two components: the random and theeswsic error (Table 1.1).
Random error is largely influenced by the chosenpdiag strategy or survey design
and can be reduced by collecting more samples. ssgematic error in contrast
affects all observations equally irrespective ohpke size and may therefore bias the
abundance estimate. Most of the large systematior esources (air bubbles,
migration or vessel avoidance; see Table 1.1) earmimimised or ignored if a
modern research vessel is used and the surveyneesig a robust way (Simmonds
and MacLennan 2005). Since the abundance estimatgearsely proportional to the
error prone TS (see Equation 1.9), any error inas®umed TS value will bias the
abundance estimate to a large extent. Due to tite uncertainty associated with the
TS (Table 1.1), absolute estimates from acousticesutend to have a low accuracy
(Simmonds et al. 1992).
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Table 1.1 Sources of error in acoustic surveysnfesed by Simmonds et al.
1992). Negligible error estimates are given in kets.

Error
Source Random Systematic Comments
(precision) (accuracy)

Species identificatior® - 50 % Dependent on species mix
and TS differences
between species

Random sampling 5-20% Dependent on spatial
distribution

Equipment calibration +3-10%

Bubble attenuation (0 - -90 %) Negligible with neod
research vessels

Hydrographic +2-25% +2-25% Uncertainties in sound

conditions absorption

Migration 0-30%

Diurnal behaviour 0 -50 % Affects TS

Vessel avoidance (0 - 50 %) Negligible with quiet
research vessel in open
deep water

Target strength +5-25% 0-50%

Of all the different indices used in the assessnoérthe North Sea herring
stock, the acoustic survey has been assigned gieesti weighing for most ages,
including all adults, due to its superior precisi@@ES 2002; Simmonds 2003).
Improving the knowledge about the uncertainty & 15 may increase the accuracy
of acoustic surveys and therefore enhance theienpat to produce absolute
abundance and biomass estimates. In order to &chie\EBFM approach, absolute
biomass estimates of predators, prey and explapeeties need to be fed into
dynamic ecological models at suitable temporal spdtial scales (Koslow 2009).
Acoustic methods are among the most promising tettieese demands as they can
provide increased data richness and spatial cogdra@ffering continuous and high-
resolution observations throughout the water colMackinson et al. 2004). Future

ecosystem based stock assessment for specieshikeNorth Sea herring will
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therefore benefit from knowledge of appropriate V&8ues and its associated
variability.

The following sections give an outline about acmusurvey methods and
review approaches to determine the TS of herrirtgtannvestigate its variability by

means of empirical measurements and, more recéindgretical modelling.
1.2. Acoustic surveys
1.2.1. Principles

Fishery-independent data provide a different pertsge to sometimes questionable
commercial catch data (Pauly et al. 2002; Agnewl.eP009). Since herring have a
pelagic lifestyle and spend at least part of thiele in dense schools in mid-water,
they are an appropriate target for acoustic sur®acLennan 1990). Acoustic
methods have a distinct advantage in that soungdagades over long distances at
high speeds in water (typically 1500 i) sresulting in a high-resolution coverage of
extensive water bodies within short time periodsiriBy an acoustic survey the
vessel usually steams along predefined parallelséet lines, covering the survey
area in such a way that the data collected carsbd to provide a statistically robust
abundance estimate of the stock of interest (Sindm@nd MacLennan 2005). The
acoustic survey usually involves an echosoundeesyswhich contains a transmitter
that generates bursts of electrical energy. A eallti downward pointing transducer
mounted on the hull of the vessel converts thettet energy from the transmitter
to ‘mechanical’ sound energy at discrete frequenfigpically 18, 38, 120 and 200
kHz for surveys of North Sea herring) (Figure 1.The transducer serves both to
propagate the sound and receive resulting echoes. sbund is projected in a
directional beam similar to a beam of light genedlaby a torch. Any objects that
have a different density or sound speed contrast that of water (e.g. fish schools
or the seabed) will reflect the transmitted souraveg and generate backscattering
waves (echoes), which are eventually detected dyrémsducer. The acoustic signals
are then amplified and converted back into eleatrenergy as the received signal.

The time that the echo is received enables thardistto the encountered object to be
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determined, while the intensity of the signal rdgeaformation about its size/density
(Simmonds and MacLennan 2005). A two-dimensionaitupe (known as an
echogram, Figure 1.2) of the scanned water bothyiis up as the vessel is steaming
along survey transect lines. Encountered objedsally referred to as targets, are
displayed on the echogram as so-called ‘markseoho traces’ and colour scales are

used to indicate their echo intensity.
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Figure 1.1 Schematic representation of an echassusystem. The pulse of
sound generated by the transducer is reflectecatgets in the water
column (fish school and sea bed), received, areglifiand

subsequently displayed on an echogram (adapted $ioomonds and
MacLennan 2005).
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Figure 1.2 A school oNorth Sea herringQ@upea harengus) shown as a red-
brown ‘mark’ at a depth of about 100 m in the méldf the echogram.
Plankton appears as a blue layer at depths bet@®@md 60 m. The
seabed is given as a dark continuous line at abd&tm. Colours
represent echo intensities in volume backscattesirength (§ units:
dB, see Equation 1.7) according to the scale omigihé side.

1.2.2. Quantification of echo strength

Backscattered acoustic energy from detected targejaantified as a proportion of
the transmitted incident energy. Assuming thatepresents the intensity at the
midpoint of the pulse of the incident sound wavéhattarget, and,d the respective
intensity of the backscattering pulse, then:

Gps = RZ% (1.1)

where R is the distance from the target at whiehititensity is measured (1 m is used
by convention).ops is the resulting quantification of backscatter thackscattering

cross-section, which is measured in units of ared.(The TS is a logarithmic
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representation of the backscattering cross-sectimhis expressed in decibels (dB)

according to:

TS=10log,,(c,.) (1.2)

Both the backscattering cross-sectiogg)(and TS are representations of the same
physical properties of the detected target, i.ee #trength or intensity of the
backscattered energy (Simmonds and MacLennan 2008¢. logarithmic TS
measure has the advantage that only a relativedyt sipan on the decibel scale is
needed to express backscatter intensities of diffesrganisms that can vary greatly,
over several orders of magnitude. For exampleT®®f a 20 cm herring (about -45
dB) is the same order of magnitude as the TS & anfh krill (Euphausia superba,
about -85 dB). However, if the same echo streng#re presented ass, they would
range over four orders of magnitude (3.16 % Hhd 3.16 x 18 m?, respectively):
this large range is difficult to converse in.

The short burst of sound, called the ‘pulse’ or ‘iag’, which is transmitted
by an echosounder, consists of several waves gtHen at the respective operating
frequency. Depending on the number of wav@sfd the frequency)( the pulse has
a specific duration = n/f. The length of the pulse {Lin m) is then dependent on its

duration ¢, in s) and the speed of sound (c, in"this water according to:

L =ct (1.3)

In order to resolve two discrete targets (e.g. $mgle fish) at ranges (distance
between transducer face and targetgRd R, their range difference R R;) must
be large enough to preclude the two resulting eslimem overlapping (Simmonds
and MacLennan 2005). To achieve this, the targetst @iffer in range by at least
half the pulse length, so that:
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L
R, ~R,>—2 (1.4)

If individual targets are so close together thas ihot possible to resolve their
echoes singly, their echoes combine to form a comivackscattered signal. The
echo intensity then still provides a proportiona¢asure of biomass in the water
column, but it represents a sum of echoes fronmdllvidual targets contributing to
the whole echo. Such a situation would typicallguwadf a shoal of fish, rather than a
single fish, were insonified. The measurement akbeatter from multiple targets is

the volume backscattering coefficient)(s
S = 206/ Vo (1.5)

where the sum represents all targets contribut;nga tcombined echo from the
sampled volume of water () To calculate the sampled volume, the cross-seaki
area of the beam (angle of the sound begtifhes the square of the rang€)Fhas
to be multiplied by half the pulse length,(L

V,=yR’L,/2 (1.6)

Similar to the TS measure for single targets, ther@so a logarithmic measure for

multiple target backscatter, namely the volume beaktering strength (B

S, =10log,, (s,) (1.7)

If Sy is averaged over a larger volume thag) tbvering several pings and a large
range interval, the equivalent backscatter is esg@@ in the logarithmic domain and
called mean volume backscattering strendil). (An important measure generally

used in acoustic surveys is the area backscatteoefficient (g). It is the integral of
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the backscattered energy)(& a layer between two depths in the water colufn
version of §in common use is the nautical area scatteringficeft (s1), which is
for historical reasons based on the spherical exoadt coefficient ¢s, = 4nons) and
the nautical mile (= 1852 m) (MacLennan et al. 2002

s, =4n (1852s, (1.8)

Once a number of echoes from a given area haveibegnated over a wider survey
distance (Ehrenberg 1973), the density of fishdan be calculated by dividing the
acoustic density (3 by the expected mean backscattering cross-secfiame fish

((cys)) according to:

(1.9)

In order to infer quantitative information such msmbers per unit volume
accurately, it is important to first identify thasonified targets (to allocate $o

species) and then to know their appropriate TS{9isee Equation 1.2).
1.3. Empirical target strength measurements

There are essentially three different experimemtadhods that have been used by a
number of investigators to measure the TS of fisth its variability with parameters
such as size, angle of orientation or water defpghthe TS is not a point function but
a probability density function (PDF), it is impantato understand the full scale of
variability if survey data are to be interpretedreotly. Hence, the pursuit of TS has
attracted a considerable effort. Empirical TS meament methods are described and
summarised in reviews by Love (1971a), Midttun @Q2&d MacLennan (1990), and

are generally based on insonification of eithe}:idmobilised or unconscious fish,
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(2) active fish confined within a cage, or (3) wiidh, which are free to behave

normally.
1.3.1. Immobile fish

Early investigations were based on dead or stufisbdheld by wires at a certain
orientation in the acoustic beam. Nakken and O(&&77) made measurements of
dead herring, which were fixed in space and sitbate¢he beams of a 38 and a 120
kHz transducer (Figure 1.3). The experimental getllowed the fish to be tilted
between -45° (i.e. head down) and +45° (i.e. hggd Measured maximum dorsal
aspect TS at both frequencies was plotted agaisistléngth (L), resulting in a
positive linear relationship. Linear representatddTS to L relationships led to the

use of a standard equation:

TS=mlog,L+ b (1.10)

Coefficients m and b are determined by a least-rsgaares regression analysis.
Love (1977) later concluded thats was approximately proportional to? land
consequently adjusted Equation 1.10 to the preseatognised form, which has
since been used in echo integrator surveys to cofisk length to TS (e.g. see ICES
2008b):

TS=20log,, (L) +b,, (1.11)
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' | Raft

P =2 4]/

Fish target

Transducers

Figure 1.3 Apparatus for target strength measunésran immobile fish. The fish
were suspended on wires that allowed tilting ofgtagform where the
38 and 120 kHz transducers were mounted (redrawradapted from
Nakken and Olsen 1977).

Demer and Martin (1995) argue that a linear regrassf TS versus length can
be inappropriate. This is especially true for zaogton, which exhibit highly non-
linear, behaviour-dependent scattering responsiesctencies where the wavelength
(A) is much smaller than the size of the animal (Ehal. 1992). Nakken and Olsen
(2977) found that TS was also strongly dependerthertilt of the fish. Higher TS

values were generally observed for tilt angles adodP (i.e. broadside dorsal aspect).
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Consequently, any observations of maximum dorga¢&sTS would be of limited
practical use since free-swimming fish would adaptange of tilt angles (Foote
1980b). Although based on limited amounts of datean TS values (for tilt angles
within +3° of angle of maximum value) for herringexe found to be 6 dB lower than
corresponding maximum values (Nakken and Olsen )I9Waves scattered by
different parts of the body appeared to magnifydhange of TS as the fish tilted.
Love (1971b) performed similar experiments by dateng dorsal-aspect TS of
anaesthetised small fish, including anchovies aedhaden, as a function of size and
incident acoustic frequency. He observed a markpdndlength-based backscatter
(obdL?) for both anchovy and menhaden at a fish lengtvagelength relationship
(L/)) of about 10. These results provide further ewigefor possible interactions
between different parts of the fish (swimbladdevnds and flesh), resulting in a
complex backscattering response over a range gfiérecies. In a variety of previous
experiments investigators have dissected fish teraene the importance of different
body parts as acoustic reflectors. Jones and PEEB8) showed that the dorsal and
side-aspect TS of a percPefca fluviatilis), at frequencies where A/~ 4, was
reduced by approximately 50% when the swimbladdes vemoved. Foote (1980a)
provided further evidence for the importance of gjas-filled swimbladder when he
compared differences in acoustic backscatter betweeswimbladdered coGédus
morhua) and the non-swimbladdered Atlantic macker®&ofnber scombrus). The
relative swimbladder contribution to both maximumdaaveraged dorsal aspect
backscattering cross-sectias,d was found to be approximately 90% to 95% (Foote
1980a).

1.3.2. Caged fish

Cage experiment techniques were developed andedppyi Edwards and Armstrong
(1981, 1983, 1984) and Edwards et al. (1984), whumred a raft with acoustic
equipment and a suspended cage (diameter: 2 my@a doch on the west coast of
Scotland (Figure 1.4). They collected TS data aaB8 120 kHz from herring that
were swimming inside the cage. At the start ofékperiment the cage was lowered
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to a depth of 17.5 m and the recorded 24-hour geeficS for herring showed a
gradual decrease over 5 days. An explanation ferttienomenon is the diffusion of
gas out of the swimbladder over time and a resukieady decrease in swimbladder
volume (Blaxter et al. 1979). When the cage wasled from a depth of 17.5 m to
47.5 m, a rapid drop in TS was observed. More rihge@na (2003) lowered herring
in a large cage to a depth of about 100 m whileingakontinuous measurements at
38 kHz with an echosounder mounted at the top ef ¢hge (Figure 1.5). In
agreement with previous investigators he observednsistent reduction in herring
TS with depth. These results can most likely bdarpd by the fact that herring are
physostomes and, hence, they do not have a gad tjlahallows them to alter the
amount of gas in the swimbladder. The effect izerehse in swimbladder volume
with depth, according to Boyle’s law, and a consgfjueduction in backscatter from
this organ compared to other potentially importaotly components (e.g. the flesh
and the bone) (Ona 1990; Blaxter and Batty 1990kdfand lida 1996). Ona (2003)
applied Boyle’s volume contraction model o situ TS data of caged and free

swimming herring at depths down to 500 m to esentla¢ contraction-rate factaor){
o, 0 (1+2/10) (1.12)

He found thay = -0.23 gave the best fit to the data. At the desgpy of 38 kHz, used
by Ona (2003), backscatter from herring is proposl to the dorsal cross-sectional
surface area of its swimbladder (Horne and Clay8).9® the volume of a spherical
balloon changes with depth according to Boyle’s | ds/ value would be equal to
-2/3. Ona’s (2003) findings therefore suggest thathorizontal cross-section of the
herring swimbladder contracts to a smaller extéantits volume. Pedersen et al.
(2009) further confirmed this suggestion. Thaisitu TS measurements showed that
the lateral-aspect TS of herring decreased to laehidegree with depth than dorsal-
aspect TS, suggesting an enhanced reduction itatdr@l dimension. Following the
methods of Edwards and Amrstrong (1981, 1983, 19B40mas et al. (2002) made

measurements of caged Pacific herriGupea pallasi) at depths down to 43 m at
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120 kHz. They also found a decline in TS with depthaccordance with that
expected from the effects of Boyle’'s law. Nonethsat is difficult to estimate the
effect of depth-dependent swimbladder volumes ordif&ctly. Herring can release
gas from the swimbladder through an anal duct¢banects the swimbladder to the
exterior (Blaxter and Batty 1984; Wahlberg and Wdstrg 2003; Wilson et al.
2003). Gas release has been observed in herrirgplschscending towards the sea
surface (Thorne and Thomas 1990) and in herrin@ashunder predator attack
(Ngttestad 1998).

Transducer

Figure 1.4 Frame for target strength measurememtfive fish in a cage. The
cage is about 2 m in diameter and 1 m deep. A eerber target
provides continuous calibration of the fish echdesdrawn and
adapted from Edwards et al. 1984).
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Figure 1.5 Experimental setup for target strengtkasarements and video
analysis of herring swimming behaviour. Dimensiofghe cage are
12.5 x 12.5 x 21 m (redrawn and adapted from 0G40

Ona et al. (2001) investigated potential changekeming TS over two full
reproductive seasons. They insonified herring aad@ 120 kHz in a large net pen
(4500 ) and found that, at the same depth, herring etddbincreased TS values at
times when their gonadosomatic indices (GSI) wégh.hGonads can be expected to
influence the TS directly by changing fish densapd indirectly by deforming the
swimbladder (Machias and Tsimenides 1995; Ona 12903; Ona et al. 2001).
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Consequently the following equation was suggestethd¢lude both the depth (z)
dependence and the GSI in the length based T$oredhtp for herring:

TS= 20log,,(L) - 2.3l0g,, (1+2/10)- 65.4+ 0.24(GSl) (1.13)

However, independent effects of pressure and goasaslifficult to separate
and it is likely that they interact with each oth@@na 2003). Nevertheless, if
abundances of Norwegian spring-spawning herringewer be calculated using a
modification of Equation 1.13 (i.e. excluding th&IGactor), instead of the presently
used TS-L relationship (TS = 20 l@fl-) - 71.9), estimates of biomass would be
reduced by 50% (Ona 2003).

1.3.3. Wild fish

Results from cage experiments have emphasisedntpertance of physical and
physiological factors on TS. However, since fisle aonfined within cages and
therefore in an unnatural environment, it is plblésito assume that the stress of
captivity might influence the measurements (Maclaent990). To be applicable to
acoustic abundance estimation, TS measurementish@fierably be obtained from

fish free to behave unconstrained in their natengironment.
1.3.3.1. Direct method

Direction-sensitive apparatuses, such as dual-beansplit-beam transducers, are
required to collect ‘directin situ data (Ehrenberg 1974; Foote et al. 1984). These
transducer systems can determine the positionsoigle target in the acoustic beam
and measure the TS directly (Ehrenberg and Torkel996). If the same target is
detected over a certain period of time, its spewtteack direction can be calculated
by combining single detections (Ehrenberg and Tedke 1996; McQuinn and
Winger 2003). Foote et al. (1986) madesitu measurements of herring around the
Shetland Isles using the direct method. After abiben of TS data, insonified fish
aggregations were sampled by trawls. Mean value3 $owere then plotted against

mean fish length to determine thg boefficient in Equation 1.11 (see Table 1.2). In
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1983, the Planning Group on ICES-coordinated Hgrand Sprat Acoustic Surveys
(ICES 1983) recommended that for herring, the doefficient in Equation 1.11
should be set at -71.2, based on two sets of datdsped by Nakken and Olsen
(1977) and Edwards and Armstrong (1983). Theseegadue still used on surveys for
various herring and sprat stocks today (e.g. ICE@32) and compare reasonably
well with otherin situ measurements (Table 1.2), including those of Febtal.
(1986) for herring and those of Foote (1987) farpeloids (i.e.: TS = 20 laglL) —
71.9). Warner et al. (2002) used a split-beam emlmoder at 70 kHz to determine
relationships betweein situ TS and both length and mass of alewivésoga
pseudoharengus), another clupeoid, in freshwater. They observesinailar slope
(20.53 £ 0.78 s.e.) but a considerably higher cgpt for Equation 1.11 (-64.25 +
0.80 s.e.) compared to previous publications forimeaclupeids of similar size. A
higher mean TS for a freshwater clupeoid may beadkalt of lower specific gravity
of freshwater or lower lipid content of alewives gilier et al. 2002). Using similar
methods, Didrikas and Hansson (2004) found thatrigefrom the brackish Baltic
Sea had a mean TS that was 3.4 dB higher thaminsuggested using the currently
accepted herring TS-length equation used for thegessment. In a subsequent
publication, Peltonen and Balk (2005) estimateddrgith equations (Equation 1.11)
for herring from the northern Baltic Sea using tsp&éam recordings and trawl
catches. When Equation 11 was fitted to their daresulting intercept was -63.9,
suggesting a TS value for northern Baltic herringttis 7.3 dB higher than derived
from the equation used by ICES to assess herritiginvihe North and Baltic Sea
(e.g. ICES 2006, 2008b). The discrepancy betweanddnce estimates derived from

those two alternative equations would result incaenthan five-fold difference.
1.3.3.1.1. Target tracking

Huse and Ona (1996) made use of split-beam trackiethods combined with
photographs to study the swimming behaviour of wugering Norwegian spring-
spawning herring. In the winter months, these hgrform dense schools in deep
water during the day (down to 400 m). At night,tpdrthe population migrates to the
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upper water layers. Lacking the ability to refitleir swimbladder, herring become
increasingly negatively buoyant with depth (Braw@69; Ona 1990). Huse and Ona
(1996) found that herring had a positive tilt an@lp to 40°) at deeper depths (300 -
400 m), which might be a response to compensatéhtomegative buoyancy. In
shallow waters (0 - 62 m) and intermediate watgrddy (100 - 200 m), herring were
found to swim approximately horizontally. Since TSstrongly dependent on tilt
angle (Nakken and Olsen 1977; Edwards et al. 1B&&ter and Batty 1990; Hazen
and Horne 2003), such findings have huge implicatibor acoustic abundance
estimation, suggesting behaviour induced systencaimges in TS with time of the
day. This was confirmed when Huse and Korneliug28800) examined survey data
for Norwegian spring-spawning herring and foundhkeigs, values during the day
compared to low values during the night. They ladtted these observations to diel
variation in tilt angle distributions. The same pbmenon, with much more dramatic
consequences, has also been observed in Antariti(Bverson 1982). In a further
study, Ona (2001) used a split-beam echosounder andideo camera to
simultaneously measure both the swimming angle thedtilt angle of a single
herring in a large net pen (4508)mHe concluded that the difference between actual
mean tilt angle and mean swimming angle (-0.06E. S 0.10°) is small and

comparable to the accuracy in photographicallyrdatesd tilt angles.
1.3.3.2. Indirect method

At times before direction-sensitive techniques ware commonly availablan situ
data were collected with conventional single beaamsducers by the so-called
indirect method (Craig and Forbes 1969). Such mreasents are less reliable,
because the position of a detected target in thenie not known and therefore the
effect of the directivity pattern of the transducemnnot be compensated for.
Algorithms which assume a certain density and randcstribution of targets within
the beam, and incorporate the transducer beamrmatiave been developed to
determine the TS frequency distribution of detedtedets (Craig and Forbes 1969;
Clay 1983). A variety of TS measurements of herswege made using the indirect
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method and mean TS values converted to fish leagithg Equations 1.10 and 1.11
(see Table 1.2, Halldorsson and Reynisson 1983%drmaand Steehr 1985; Degnbol et
al. 1985; Rudstam et al. 1988).

1.3.3.3. Comparison method

Another method to determine Ti8 situ is the comparison method: a well-defined
fish school has to be insonified to determine @tlt geometric volume and its
nautical area scattering coefficienhXsSubsequently, the whole school has to be
caught by use of, for example, a purse seine (Hanc: Dommasnes 1994). The
number of fish divided by school volume gives trenslty, which is required to
calculate the mean TS using Equation 1.8 and adegtiator data (3 from the
school. Misund and Beltestad (1996) have appliesl thethod to determine TS-
length relationships for herring (Table 1.2).
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1.4. Theoretical target strength modelling

Since the TS is a stochastic measure dependentvaniedy of parameters (Blaxter
and Batty 1990; MacLennan 1990; Ona 1990, 200132B@zen and Horne 2003),
the presently used Equation 1.11 is a conveniembtifaccurate description to derive
mean TS from a single metric - the fish length. Né¢€hie et al. (1996) used an
analysis of variance (ANOVA) to combine data froiffedent studies and attempted
to analyse discrepancies in results between T$nastin methods. They found

significant effects of species, freshwater vs. n&riswimbladdered vs. non-
swimbladdered and dead vs. alive fish on the matiip between maximum dorsal
aspect TS and fish length. Additionally, quadratlependence of TS on fish length
(i.e. equation 1.10, where m = 20) was found taheeexception rather than the rule
(McClatchie et al. 1996; McClatchie et al. 2003)thmdata usually widely scattered
around the slope (Simmonds and MacLennan 2005)si@erable variation in TS

estimates based on empirical measurements, asvellser herring (c.f. Table 1.2),

led to an increased interest in developing thexakscattering models of fish to aid
the interpretation of experimental results (Hornd &lay 1998). These models are
generally based on representing different body @mapts of the fish (most

importantly the swimbladder) as a function of th&wape, orientation and acoustic
properties.

Early models dealt with the representation of tverbladder as a gas-filled
simple geometric shape such as a sphere (André&384 Haslett 1965; Love 1978)
or a finite cylinder (Do and Surti 1990; Clay 199Rero et al. (2004) used Love’s
(1978) model to estimate the swimbladder voluméhafring from low frequency
acoustic measurements near the resonance regibn- (8. kHz). More recently,
Gorska and Ona (2003a, 2003b) have attempted tooxppmate the herring
swimbladder using a prolate spheroid to more rigedity represent its true shape.
The scattering theory of such simple geometric sbap well known and acoustic
equations can be solved to give exact resultshferbiackscattering strength (Horne
and Clay 1998). More sophisticated models can nugkeof the true arbitrary shape

of scattering objects such as the swimbladder. Samproaches usually involve
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mapping of the object surface from physical repheeonstructions (Foote 1985) or
radiographic imaging techniques like computer torapgy (CT, Horne et al. 2000)

or magnetic resonance imaging (MRI) scanners (Bafidoote 2008).
1.4.1. Approximation solutions
1.4.1.1. Deformed cylinder model

Several approximation solutions have been apptiediculate backscatter for prolate
spheroids and more realistic morphological shapeswous fish body components.
Stanton (1988, 1989) described a method whereatigettis modelled as a cylinder
whose radius varies along the axis. Total backscatithen derived as the combined
contributions from a modal series of single narseegtions of the cylinder along the
axis. This so-called modal series-based deforméddey model (MSB-DCM) has

been applied by Gorska and Ona (2003a, 2003b)Italate herring backscatter by
representing both the swimbladder and the fish baslyrespective gas-filled and
fluid-filled prolate spheroids. They attempted tetefmine the depth and frequency
dependence of the herring swimbladder by fittinifedent swimbladder contraction

factors and compared the results to Ona’s (2003jirezal in situ TS data set. They

found that the decrease in mean backscatter witeasing depth could be explained
by the compression of the herring swimbladder. Atee model fitted the empirical

data best if the swimbladder length-contraction Veas than the width (or height)-

contraction.
1.4.1.2. Kirchhoff ray-mode approximation

A different model, the Kirchhoff ray-mode approxima (KRM), calculates

backscatter of objects by approximating them asgtao short cylinders along the
main axis (Clay and Horne 1994; Horne and Jech Y198Be model uses the
Helmholtz-Kirchhoff integral (Foote and Traynor B)8 which assumes that the
reflection at every point of the surface is the sam® the reflection of an infinite plane
wave from an infinitive tangential interface (Medwand Clay 1998). The total

backscatter is determined by summation of the coetbicontributions of each
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cylinder element. Morphological dimensions of fabmponents (height and width),
such as the swimbladder, are usually determine@dbiplogical imaging using X-ray
techniques (Clay and Horne 1994; Horne et al. 26i2zen and Horne 2004). So far,
herring backscatter has not been modelled by th#l Kikowever, Horne and Jech
(1999) used the method to calculate backscattarsainulated population of another
clupeoid, the threadfin shad at multiple frequesici€hey found that theoretical
backscatter amplitudes varied unpredictably amoeguencies between 38 and 420
kHz. Hazen and Horne (2003) and Horne (2003) usedKkRM method to evaluate
the effects of factors affecting fish TS, sucheawth, frequency, tilt angle, ontogeny,
physiology and behaviour. Even though the KRM iatieely simple to compute it
has a distinct disadvantage in that it is inaceustt low frequencies and high tilt

angles (Simmonds and MacLennan 2005).
1.4.1.3. Boundary element method

Similar to the KRM model, the boundary element rodt{BEM) can calculate
backscatter from arbitrarily shaped surfaces (Fsab@93). It takes account of energy
diffracted into the shadow zone within the scatigdody, which is not true for the
KRM (Simmonds and MacLennan 2005). It also enabkeskscatter modelling of
three-dimensional structures with discrete intematusions that may have different
acoustic properties (Foote and Francis 2002). thkeKRM, the BEM has so far not
been applied to model backscatter of herring. Nbed&ss, both these models are
promising since they can be applied to accurateesemtations of fish body parts,
and therefore provide a distinct advantage overaisodased on simple geometric
shapes. Foote and Francis (2002) used both the KRIMBEM method to model
gadoid TS and found the results to be in closeemgeat. In a further study on
gadoids, Francis and Foote (2003) attempted totijyaine depth-dependence of TS
caused by increased mass density of the swimblagderassuming a constant
volume. They modelled the swimbladder backscattedepth-adapted pollack and

saithe Pollachius virens) and found that the mean TS did not change smmtly
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with depth. Even though the orientation dependefdeS was found to increase with

depth they concluded that there were no implicatfon echo counting applications.
1.4.1.4. Distorted wave Born approximation

An approach that can be applied to weak scatteoogdjes of any shape is the
distorted wave Born approximation (DWBA; Morse ankhgard 1968).

Backscattering is expressed as a three-dimensiotegral over the body volume.
The model is valid at all acoustic frequencies afkect orientations, however,
secondary scattering and absorption within the barky ignored. Because of its
abilities, the DWBA has so far been widely usedrtodel backscatter of plankton
(McGehee et al. 1998; Stanton et al. 1998; Lavenl.€002), but could equally well

be applied to weak scattering components of fisbh s the fish flesh.
1.5. Conclusion

Herring play an important ecological role in mangrme ecosystems by providing
the critical mid-trophic link between planktic sedary producers and piscivorous
predators. Additionally, they are an important coencral species and support a
number of fisheries around the world. In order @ntain healthy stock levels, there
is a need for accurate estimates of fish populatidrat provide the basis for
sustainable resource and ecosystem managemenhilyPalistributed pelagic fish,
such as herring, that occur in dense aggregatamefficiently be assessed by means
of acoustic survey methods. Due to uncertainty @atal with acoustic surveys,
however, abundance estimates derived from themttehdve a low accuracy and are
therefore usually treated as relative indices atlstassessment models (Bailey and
Simmonds 1990; Simmonds et al. 1992). Apart frohbted survey equipment and
adequate geographic coverage of the fish populatiecrucial to have an improved
knowledge of the fish sound scattering propertiise-target strength (TS) - and its
variability. The TS is the single most importantuss® of error contributing to total
accuracy in acoustic estimates of absolute aburedé@hable 1.1; Simmonds et al.
1992). Of the several practical TS estimation tegqlnes used so far, experiments on

dead or stunned fish have given vital informatidmowt effects such as fish
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orientation, however, unknown physiological changes likely to occur once the
animal is rendered unconscious, leading to miganggation (McClatchie et al. 1996).
Experiments on live fish may therefore have leadmimre accurate results. Cage
experiments have shown in particular how TS is ddpat on fish physiology, their
behaviour and environmental influences. In termthefphysostomous herring this is
especially true for pressure effects and resuldieyth-dependent changes in TS. The
method has the advantage in that the fish are alwkeeasily observable by cameras.
Confinement may however make experimental fishraptesentative of those in the
wild, leading to biased results situ TS measurements on live fish, free to behave in
their natural environment may therefore have gi@eswers that are most applicable
to an acoustic survey situation. Nonetheless, thmséhods are limited due to
practical difficulties such as multiple target dmien or correct collection and
identification of biological samples.

Theoretical backscatter models have helped to iwgptbe understanding and
interpretation of empirical data. Particular pregeénas been made in quantifying
effects of tilt angle and frequency on TS. Backsecatg models are now increasingly
sophisticated to take into account actual anatdrdetails of the fish and its physical
properties. A valuable approach may therefore ktitai combination of modelling
and empirical data to determine the TS of a pddicfish species and improve its
accuracy and precision, and consequently, thateaveldl abundance and biomass
estimates.

In this thesis, a range of theoretical backscaifemodels have been adapted
and applied to estimate the TS of herring at mi@ltfpequencies commonly used for
acoustic surveys (Chapter 2). Acoustic multifrequyedata from the North Sea were
used in an attempt to distinguish herring echoes fthose of a cohabitant species,
the Norway pout Trisopterus esmarkii), and to discriminate different herring size
classes. The models were subsequently appliedpiaiexhe observed pattern in the
empirical multifrequency data. In Chapter 3, swiatler sizes of herring from the
low-salinity Baltic Sea were compared to thoseefing from the northeast Atlantic.

The different swimbladder morphologies then progidihe input data for a
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backscatter model used to estimate the likely Titattan between the two herring
stocks. Another modelling investigation looked dfedences in TS between herring
and sprat in the Baltic Sea using swimbladder muggy data from X-ray
radiographs. In Chapter 4, the change in herringhbladder morphology with depth
was examined by magnetic resonance imaging of @rspa in a pressure chamber.
Resulting morphological data were used to model depth-dependency of the
herring TS. Eventually, Chapter 5 describes anmgitdo determine the most likely
distribution of TS model parameters by fitting ttmie@del to empirical TS data in a
Bayesian framework. This allowed the developmera pfobabilistic herring TS that
was applied to acoustic survey data from the N@#a to estimate absolute
abundance and biomass. The final Chapter 6 examiowsthe findings from this
study may improve abundance estimates from hestiimgeys and discusses potential
further work that could be done to advance theame$e Particular focus is on the
combination of modelling and empirical TS estimatesl how this coupled system

could enhance the potential of acoustic methods @®| for implementing EBFM.
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Chapter 2

Modelling target strength of Atlantic herring

(Clupea harengus) at multiple frequencies

Part of the work described here has been publiabed

Fassler, S.M.M., Santos, R., Garcia-Nufiez, N., &was P.G. (2007).
Multifrequency backscattering properties of Atlantierring Clupea harengus) and
Norway pout Trisopterus esmarkii). Canadian Journal of Fisheries and Aquatic
Sciences 64: 362-374.

2.1. Introduction

The use of more than one frequency in an acoustiey may improve the accuracy
of allocating echotraces to species (i.e. the tsu@ing process’), especially if the

acoustic properties of individual species vary with frequency in use (Madureira et
al. 1993). Such techniques have been used to misate between groups of fish,

micronekton and zooplankton (Fernandes et al. 2B06rson et al. 2007; Axenrot et
al. 2009) and also for discrimination between kjatal targets and physical

phenomena such as bubbles (see Horne 2000). Kassefi and Ona (2002) used
multifrequency processing techniques to distingwitious targets such as mackerel,
swimbladdered fish and zooplankton. A similar apgfowas used by Kloser et al.
(2002) to identify and distinguish three dominargeptsea fish groups. The
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difference in mean volume backscattering strengi,)( between frequencies was
described by Kang et al. (2002) as one of the mposnhising methods for acoustic
species identification. If nothing else, the tecfug has been recommended because it
enables objective classification, and escapes tigedivity of traditional visual
scrutiny (Watkins and Brierley 2002; Korneliussemale 2009a).

Despite these advances, the practice in acoustieys with regard to target
identification is still mostly based on visual siny (Reid et al. 1998; Korneliussen
et al. 2009a) aided by trawling (McClatchie et26100). The international North Sea
herring acoustic survey is one such example (Bagewnl. 1998). The north-west
component of this survey, which contains over 8G%he adult biomass (e.g. ICES
2008b), presents few major species identificatioobjfgms. One problem that is
encountered, however, is distinguishing echotratd®rring schools from those due
to Norway pout Trisopterus esmarkii). These fish have similar acoustic properties in
part because their physiologies and behavioursalse quite similar. Both species
occur close to the seabed in densely packed schabish are similar in shape and
size. In addition, both species possess swimbladd&vertheless, the nature of their
swimbladders is essentially different: Norway patg physoclists and therefore have
a closed swimbladder with a gas gland to regulst@alume. Herring on the other
hand are physostomes. They have a swimbladderstikahnected to the exterior via
the alimentary canal.

Since the early 2000’s, multifrequency data havenbeollected during these
surveys. The aim of this Chapter was to descrilee émpirical backscattering
characteristics of herring and Norway pout at rplétifrequencies. A range of
numerical backscatter models were developed irttampt to investigate whether the
model data could be used to describe scatteringrésaobserved in the empirical
multifrequency data. Eventually, herring echotrae¢a were divided according to
fish size distributions in the corresponding trasdtches to compare size class

specific backscattering levels.
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2.2. Methods
2.2.1. Data collection

Data were obtained from the Scottish componenthef International North Sea
Herring Acoustic Survey (Figure 2.1), in the sumsnef 2000, 2001 and 2002,
carried out on the Fisheries Research Vessel (FR®fja. Scotland is responsible
for surveying the north-western part of the arehictv covers the western half of
ICES Division IVa. Further details of survey proaess can be found in individual
survey reports (e.g. ICES 2008b).
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Latitude

Longitude

Figure 2.1 Map of the area covered by the North B&rring acoustic survey in
2009. Coloured areas represent ICES rectanglesenbbg the various
countries participating in the survey. (GER: Gergnan FRV Soleg;
DK: Denmark on FRWDana; NL: The Netherlands on FRVridens;
NOR: Norway on FRVJohan Hjort; SCO: Scotland on FR\&cotia;
WSC: Scotland on a charter vessel; NIR: Northeatatd on FRV
Corystes; IE: Republic of Ireland on FRZeltic Explorer).
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Acoustic data were collected using a Simrad EK56@ngific echosounder
(Bodholt et al. 1989), operating three split-beaamsducers at frequencies of 38, 120
and 200 kHz. A Simrad EA500 echosounder operatingl® kHz single-beam
transducer was also used. The EA500 was adaptaass¢éoEK500 software by
replacing firmware on the signal and main processards in consultation with the
manufacturer. Transducers connected to the EK50@ \wexated adjacent to one
another (within 0.5 m) on the drop-keel of the weésand were deployed
approximately 3 m below the hull. The 18 kHz tram=et was hull-mounted just over
5 m directly forward of the other transducers. EBlebosounders were configured to
ping simultaneously at each frequency every secwitt, pulse lengths of 1.0 ms at
all frequencies, in order to have the same sampksglution between frequencies
(Korneliussen et al. 2008). Both echosounders walibrated using standard-target
calibration techniques (Foote et al. 1987; Fernanded Simmonds 1996) with
respective transducer settings given in Table Mlyears when due to time
constraints not all transducers could be calibratsgitings of the previous or
subsequent year were applied respectively. Acowddia were collected between
sunrise and sunset from 03:00 to 23:00 hours. Srezeing exhibit diel vertical
migration and occur in schools near the seabed thsright, they presented better
acoustic targets during that period.

Data were logged from the echosounders to a pdrsonguter with Myriax
Echolog software (Myriax Pty Ltd, GPO Box 1387, lddb Tasmania, Australia).
The raw data were collected as echogram (Q) teleg@nsisting of time and depth
stamped digitised mean volume backscattering sinen§,). Each pixel on the
echogram, therefore, corresponded to a volume battksing strength (symbol;,S
units: dB re 1rt). Major fish schools were sampled with a pelagaevt with a net of
20 mm mesh in the cod end. The idea ultimately démlink acoustic data with
species as identified by trawling (McClatchie et2000). When trawling at a speed
of approximately four knots, the trawl’s verticgdeming was 12 m and the horizontal
opening was 20 m. Trawl data provided informatiom @atch composition in

numbers, and were indexed by latitude and longjttidee of start and end of the
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haul, as well as other parameters such as travthdeqp a description of the fished
echotraces. Data from a total of 124 trawl haulsewexamined from the three
surveys: 34 trawl hauls contained exclusively Imgrriand 2 trawls contained
exclusively Norway pout. Since these numbers foglsi species catches were quite
small, other trawl hauls which contained a mixtafehese and other species were
analysed here: trawl hauls which comprised >85%arfvay pout by numbers in the

catch and >90% of numbers of herring were constgrdicative of that species.
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Table 2.1 Transducer settings used during the N&e¢a herring surveys on
FRV Scotia for 2000 - 2001.
Parameter Year Units
2000 2001 2002
Frequency: 18 kHz
Simrad transducer type ES18-11 ES18-11 ES18-11 -
Absorption coefficient - 2.5 - dB Km
Pulse duration - 1.0 - ms
Bandwidth - 1.57 - kHz
Transmitted power - 2000 - w
Two-way beam angle - -17.0 - dB
Angle sensitivity - 24.8 - degrees
Transducer gain - 21.72 - dB
3dB beam width (along) - 10.4 - degrees
3dB beam width (athwart) - 10.4 - degrees
Sound speed - 1497.4 - m s
Calibration sphere TS - -42.64 - dB
Frequency: 38 kHz
Simrad transducer type ES38B ES38B ES38B -
Absorption coefficient 10 10 10 dB kin
Pulse duration 1.0 1.0 1.0 ms
Bandwidth 2.43 2.43 2.43 kHz
Transmitted power 2000 2000 2000 w
Two-way beam angle -20.9 -20.9 -20.9 dB
Angle sensitivity 28.4 28.4 28.4 degrees
Transducer gain 26.73 26.53 26.75 dB
3dB beam width (along) 5.56 5.56 5.56 degrees
3dB beam width (athwart)  5.43 5.43 5.43 degrees
Sound speed 1494.5 1497.6 1501.5 'ms
Calibration sphere TS -42.40 -42.40 -42.40 dB
Frequency: 120 kHz
Simrad transducer type ES120-7 ES120-7 ES120-7 -
Absorption coefficient 39.3 39.3 39.3 dB km
Pulse duration 1.0 1.0 1.0 ms
Bandwidth 3.03 3.03 3.03 kHz
Transmitted power 250 250 250 W
Two-way beam angle -20.7 -20.7 -20.7 dB
Angle sensitivity 28.3 28.3 28.3 degrees
Transducer gain 24.33 24.72 24.29 dB
3dB beam width (along) 7.00 7.00 7.00 degrees
3dB beam width (athwart)  7.00 7.00 7.00 degrees
Sound speed 1493.2 1497.4 1498.5 ms
Calibration sphere TS -40.6 -40.6 -40.6 dB
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Freguency: 200 kHz

Simrad transducer type ES38B ES38B ES38B -
Absorption coefficient - 56.4 56.4 dB Km
Pulse duration - 1.0 1.0 ms
Bandwidth - 3.09 3.09 kHz
Transmitted power - 120 120 w
Two-way beam angle - -20.6 -20.6 dB
Angle sensitivity 23.0 23.0 degrees
Transducer gain - 24.89 24.61 dB
3dB beam width (along) - 7.10 7.10 degrees
3dB beam width (athwart) - 7.20 7.20 degrees
Sound speed - 1497.4 1498.7 ™s
Calibration sphere TS - -39.9 -39.9 dB
22.2. Acoustic data analysis and correction

Myriax Echoview was used for the analysis of theustic data. Using the
positional information from the trawl haul, polygowere constructed to delimit the
areas on the echograms sampled by the trawl: sasaple polygons were designated
as ‘sampols’. Echoview’s school module, based omalge's (1994) SHAPES
algorithm, was then used to detect schools and nmakasurements of school
descriptors. The algorithm uses dimensions of @ahes and classifies them as fish
schools based on predetermined minimum dimensismsh as school height or
length. The fish schools contained inside the ‘salsipwere detected and identified,
and then divided into two categories accordingh® $pecies caught: herring and
Norway pout.

The characteristics of the 18 kHz transducer ($jgadly its 11° beam) and
more importantly, its position on the hull of thesgel 5 m ahead of the other
transducers, required positional corrections, st tata from the four frequencies
were contemporaneously comparable. Ideally, dalaated at multiple frequencies
should be collected with all the transducers irselproximity to each other, so that
distinctively observed echotraces can be alignemtr{liussen et al. 2008). Similarly
to the idea of having same pulse lengths (see@e2tl.1.), and therefore the same

vertical data resolution between frequencies, themstional corrections were thus
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made to align isolated distinctive echotraces ettho datasets (hereafter referred to
as EA data for the 18 kHz and EK data for the 28, 4nd 200 kHz).

A vertical offset of approximately 3 m was appliedthe EA data in order to
match the vertical position of echotraces. The sdabn the EA data was then
adjusted to be equivalent in range to that deteloyethe 38 kHz in the EK data. In
some cases, the border that defined the detectemtraces on the EK data did not
match with a whole ping on the EA data. This wae tlu a drift in clock times
between the two systems. Echoview’s Match Ping Toperator was applied to
accommodate this as follows: this operator selpatgs from the first operand in
such a way as to match the times of the pings ensétond operand. The EA data
echotraces had an additional horizontal displacéc@npared to the EK data (due to
the alongship displacement and occasional maja timsmatches). Echoview’s Ping
Time Shift operator was applied, shifting the tiofeeach ping to either the time of
the prior or subsequent ping. The procedure wasateg until the spatial position of
echotraces on both the EA and EK echograms weghsynised.

To account for the differences in beam width betwd EA and EK systems,
two types of corrections were attempted, which Itedun two separate sets of data.
Under one correction, school parameters were dextagsing Echoview’s Echotrace
Statistics, which applies a beam angle correctitgorahm according to Diner
(2001). In another procedure, image analysis tegles were used to isolate the
‘kernel’ of the school as recommended by Kornekusst al. (2008). This was done
by applying an erosion filter (Reid and Simmond93)9to replace each data point
with the minimum value of the data points in thdlscalirectly surrounding it
(dimensions: 3x3 cells). Specific reasons for ajpglythe erosion process were: 1) to
reduce the local pixel-by-pixel variability withitetected schools caused by fish at
the periphery exhibiting different target strengghels to those in the centre of the
insonified school (Reid and Simmonds 1993). Thaltieg within-school differences
in S, may for instance be due to differences in oriémta{Foote 1980a) or size
distributions (DeBlois and Rose 1995) of the fi8hguring the insonification process

of a fish school, from time of the first to the tlagetection of the school by the
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acoustic beam, there is a regular variation of deliels from one beam to another
(Korneliussen et al. 2008). This variation is padépendent on the proportion of the
beam width occupied by the fish school. When paseirer a fish school,,Sevels
are smaller and more variable in the first and fegst pings when only part of the
school is contained within the acoustic beam. Déifees in beam widths between the
different transducers will obviously enhance thieljpem. Effectively the erosion
process reduced all echotrace boundaries by o @ghools were then re-detected
on the eroded data and the new ‘eroded’ bordere wsed to create an alternative
dataset (see Figure 2.2 for details). The sampkssf schools used in the analysis
are given in Table 2.2.

Table 2.2 Number of echotraces (n) used for treyaas of eroded and non-
eroded herring Glupea harengus) and Norway pout Trisopterus
esmarkii) echotraces as indicated, with breakdown of numbgrsize
class (total length in cm).

n at length (in cm)
Echotrace 2n

5-10 10-15 15-20 20-25 25-30 30-35

Herring - - 31 112 526 35 704
Herring eroded - - 13 47 226 13 299
Norway Pout 31 25 6 - - - 62
Norway Pout

18 7 4 - - - 29
eroded

2.2.3. Backscattering levels

Energetic parameters of the detected echotraces the herring and Norway pout
categories (Table 2.2) were extracted in lineatsufrie. mean volume backscattering
coefficients, symbok,, units m'), using Echoview’s export facility. A minimum

threshold level of -70 dB was applied at all freggies. s, values were then
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transformed into the log domain (i.e. mean voluraekiscattering strength; symbol
S, (= 10logd3.]), units dB re 1 ). Backscattering levels at the four frequencies
were examined with reference ¢ of the beam angle corrected echotraces (hereafter
referred to as ‘correctel’), and theS, of the eroded echotraces (hereafter referred
to as ‘erodedS,), of both species. Differences between the mealnes of these
variables at each frequency were tested for bo#igiep using a Mann-Whitney test
(Zar 1984).
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Herring

Eroded
herring

Figure 2.2

(b)

Herring

Herring

=

Herring

-
Eroded
Herring gherring

Processing steps to produce erodedtracks which define the
“kernel” of the school: (a) Original echotracestwb fish schools; (b)
the same echotraces after applying an erosiom, fateown inside the
borders of the original detected echotraces; (@)led echotraces with
new detected borders; (d) original echotraces \eitinders of the
eroded “kernel” shown. Dotted lines indicate hdwe borders of the
echotraces line up ping to ping. Note that thesieroonly redefines
the borders of the schools to define a kernelatttaal Sv values used
are in this inner “Eroded herring” kernel area dj, (which are the
same as the equivalent pixels in (a).



42 Chapter 2. Modelling target strength of Atiaterring

The frequency specific characteristics of each #ahe were then examined
using two measures: the decibel (dB) different@; and the frequency response,
r(f) (Korneliussen and Ona 2003; Pedersen and Kosssn 2009; Korneliussen et
al. 2009a), where:

AdB =S,(f) - Sv(38) (2.1)
r€) = Su(f) /5.(38) (2.2)

Su(f) is the mean volume backscattering strength ofettteotrace at a frequencf (
and §,(f) is the mean volume backscattering coefficienttiod echotrace at a
frequency ). These measures are actually equivalent, singce= Sl0log(s,))
(MacLennan et al. 2002), such thatf)r= 10'%®*° Naturally, comparative
backscattering profiles (i.e. backscattering sttlengyalues at all frequencies), using

one or the other, can look quite different accagdmthe scales used.
2.2.4. Size classes

The frequency-specific backscattering levels ofrihgr and Norway pout were
considered for different size classes of fish. Base the mean length of fish in each
haul, echotrace data were partitioned into grougsesponding to fish in 5 cm size
classes, ranging from the smallest size class I &m to the largest of 30-35 cm.
Similar to the species specific backscattering l&vieoth the correcte8, and the
erodedS, data were examined for the echotraces correspgrdithe different size
classes of both species. Likewise, frequency spedifaracteristics were compared

usingAdB and rf) (see Equations 2.1 and 2.2)
2.25. Herring backscattering models

A range of commonly used theoretical backscattemoglels for swimbladdered fish
were considered alongside the empirical size-dass. The output of the models was
the backscattering cross-sectios,s(in nt) for an individual fish, which was

converted to target strength (TS, in dB) accordmiylacLennan et al. (2002) as:
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TS=10109,,(0}) (2.3)

r(f) andAdB were calculated fromys using Equations 2.1 and 2.2 (replacspgvith
obs andS, with TS).

Many of the early studies that have modelled baatksc from swimbladdered
fish have been restricted to a models that considrthe swimbladder (Love 1978;
McClatchie et al. 1996; Kloser et al. 2002). Thasvwdue primarily to the assumption
that the backscatter was dominated by the swimbladdmponent (Foote 1980a).
More recent attempts have been aimed at combihieagwimbladder and fish body,
such as the modal-series-based deformed-cylindetein@MSB-DCM) used by
Gorska and Ona (2003a, 2003b) for herring, andnrbee elaborate Kirchhoff ray-
mode (KRM) approach that has been used for a yaakfish species (Clay and
Horne 1994; Jech et al. 2000; Gauthier and Horr@20In the present Chapter,
three different models using simple geometric shdpeepresent fish backscattering
components are described. The swimbladder was asstonbe a gas-filled prolate
spheroid, and the fish body a fluid-filled ellipdoiResults from these individual
components were then combined coherently to apmate total backscatter for
herring.

The first combined backscatter model for herringpded 1) consisted of three
separate components which were combined to givetal for the whole fish
backscatter: a low frequency (LF) resonance mantehie swimbladder at 18 and 38
kHz, a high frequency (HF) empirical model for thimbladder at 120 and 200
kHz, and a distorted-wave Born approximation (DWBA)del for the fish body at
all frequencies analysed. The second backscatteteimonodel Il) also used the
DWBA to model fish body backscatter, but a modalesebased deformed-cylinder
model (MSB-DCM) was chosen to calculate the swimiida contribution. The third
model (model Ill) applied a Kirchhoff ray-mode appimation for both the fish body

and swimbladder. Details of individual models uaeslgiven in Table 2.3.
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Table 2.3 Summary of backscattering model typespliegh to model the
swimbladder as gas-filled prolate spheroid andigtebody as a fluid-
filled ellipsoid at the frequencies used on theveyr(18, 38, 120 and
200 kHz). Chapter sections where model details ex@ained are
given. LF = low frequency; HF = high frequency; MEBEM =
modal-series-based deformed-cylinder model; DWBAdistorted-
wave Born approximation;, KRM = Kirchhoff-ray mode
approximation. References: (1) Weston 1967, (2)eLd®71b, (3)
Stanton 1989, (4) Stanton et al. 1993, (5) Claylarhe 1994.

Model frequencies model type section Ref.
model I: LF swimbladder 18 & 38 resonance 2.25.2 1
model I: HF swimbladder 120 & 200 empirical 22532
model 1I: swimbladder all MSB-DCM  2.254 3
model | & II: fish body all DWBA 2255 4
model IIl: whole fish all KRM 2.2.5.6 5

The total backscattering cross-section was expieaseording to Gorska and
Ona (2003b) by:

f —_ b fb
0-bs - Ots)s (Z) + 0-bs (2-4)

where o, is the backscatter of the whole fislii2(z) and o® denote the

backscattering cross-section of the swimbladdea atater depth z, and of the fish
body, respectively. Backscatter of the herring shladder was assumed to be depth
dependent. In herring and most other physostorhesswimbladder is connected to
the digestive tract by a pneumatic duct (Bone etl@95). There is no interior gas
gland which allows the fish to inflate the swimhldad once its volume has decreased
after the fish has descended (Nero et al. 2004)s lassumed, as discussed or

suggested previously by various authors (Brawn 1®axter et al. 1979; Ona
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1990), that herring are only able to inflate thewimbladder by ‘gulping’

atmospheric air at the surface. This means tharanly could not increase the gas
content of its swimbladder without access to thdase. The result is a decrease in
swimbladder volume with depth, and, therefore,ducéion in backscatter from this
organ, compared to other potentially important congmts (e.g. the body itself and
the bone; Gorska and Ona 2003, Gorska et al. 200i¢)following sections describe

the model components in more detail.

2.25.1. List of symbols

ops backscattering cross-sectionJm c sound speed [m'$
as radius of equivalent sphere [m] L  fish length [m]

fos prolate spheroid resonance frequency acoustic wave length [m]

[Hz]
f echosounder frequency [Hz] psf backscattering length [m]
Q resonant quality factor [no units] b m" modal series coefficient

[no units]

z depth [m] @ azimuthal angle []
V  volume [n] em Neumann factor [no units]
P pressure [Pa] & mode coefficient [no units]
w fish weight [kg] g density contrast [no units]

e prolate spheroid roundness [no units]  h sound speedasbitio units]
&s prolate spheroid semi minor-axis [m] ind0 incident sound pressure [Pa]

bps prolate spheroid semi major-axis [m] r distance froomsiosource [m]

o Semi minor-axis a ellipsoid semi
contraction factor [no units] minor-axis (height) [m]
B semi major-axis b. ellipsoid semi

contraction factor [no units] minor-axis (width) [m]
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y ratio of specific heats [no units] e C ellipsoid semi
major-axis (length) [m]

w real part of complex shear modulus [P&] fish maximum body width [m]

p density [kg ] H  fish maximum body height [m]

0 tilt angle [°] R  reflection coefficient [no units]

D directivity [no units] A empirical amplitude adjnsént
[no units]

k acoustic wave number [th vy empirical phase adjustment [no
units]

2.25.2. Resonance swimbladder model

The low frequency swimbladder component of backecattodel | was based on a
prolate spheroid model, modified from Kloser et (@002). This model was first
developed for spheres by Andreeva (1964) and was kdepted for prolate
spheroids by Weston (1967), before being applied byliddg (1972) for
swimbladders in schooling pelagic fish. It was then psdéth slight changes in
notations, by Ye (1997) and then by Kloser et al02Go model backscatter from
deepwater fish species. Backscattering by the swirdbladvhere normal dorsal
incidence was assumed, was:

2 -1

f 2
052 =2, (2 (T"J 1t @)

where, fps represents the prolate resonant frequency faddscribes the incident
acoustic frequencyQ is the resonant quality factoreda) is the radius of an
equivalent sphere at a depth z, whose volume is the asutiat of the swimbladder.

This volume is depth-dependent, as it was assumed hteaswtimbladder volume
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decreases with increasing ambient pressure (Ona 1990;aNal. 2004). &z) was
defined by:

8s(2) =V (2) )
4mn
where:
V(2) = % 2.7)

The gas filled swimbladder was, therefore, assuteedompress below the sea
surface according to Boyle’s Law where P(0)xV(0)P£z)xV(z) (Boyle 1662).

Ambient pressure was calculated according to Klesai. (2002):

P=(1+ 010%)x10° (2.8)

The volume of the swimbladder at the surface, V{#as assumed to be a
function of fish weight and ultimately fish sizehd conversion from herring length
to weight is given by w = 0.0033%E°® where w is the weight (in g) and L is the
total fish length (in cm). This was based on thegtes and weights of 3290 herring
caught during the 2002 North Sea acoustic survegoAling to Brawn (1969), fish
density for herring at the surface was assumedetdl®@26 kg ri. The herring
swimbladder volume was assumed to be 5% of thé fistavolume at the surface.
This represents the upper limit as suggested by @880), and is considered a
general value for marine fish according to Simmomasl MacLennan (2005).
However, according to Nero et al. (2004), herring maturally positively buoyant at
the sea surface and, therefore, contain up to timesss greater a volume of gas than
neutrally buoyant fish. Consequently, V(0) = 0.13%926.
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fos IS @ function of the spherical resonant frequeigand the prolate spheroid
roundnes® at an ambient hydrostatic pressure P:

—
1
—
N
N~
ml
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|
@D
N
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5
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+
H
|
(0]
N
N~
N

| 1-(1-e?)

(2.9)

The swimbladder was assumed to be 0.26 times thklémgth of the fish (Gorska
and Ona 2003ak describes the prolate spheroid roundness anceisatio of the
semi minor-axis @ to the semi major-axis,pof the spheroid. fis the swimbladder

length and & can be calculated using the volume (V) equatiorafprolate spheroid

where: gs= /(3% V) /(4T b,) -

The major modifications applied to the model irsthaper are concerned with
depth-dependent contraction rates of the swimbladtimensions according to
Gorska and Ona (2003a). The axes are assumed t@aowith depth at different
rates:

a,:(2) = a, (0)(11+on (2.10)
1+2\P
bps (Z) = bps (0)(10) (211)

Boyle’s law requires that the different contractiates behave according ta 2 8 =
1. Gorska and Ona’s (2003a) intermediate contracttes (case ii) were used, where
a = 2/5 andp = 1/5. This results in the contraction of swimldad length being

relatively small compared to that of its width agight. Gorska and Ona (2003a)
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found that for any case where 0p<< a, model values were similar to empirical
measurements of swimbladder contraction.
The spherical resonant frequency was calculatedrdicg to Holliday (1972)

as:

1

0

where pg, is the fish tissue density ang the ratio of specific heats for the
swimbladder gas. To make the model specificallyliagble to herring, constants
were taken from studies on herring by Brawn (19689) other similar pelagic species
such as northern anchovigngraulis mordax) (Holliday 1972). The following values
were usedp; = 105 Pay = 1.4,p = 1071 kg M, andQ = 5. For the depth z, the
mean depth of the echotraces in each size classiseas(15-20 cm = 84 m; 20-25
cm =112 m; 25-30 cm = 131 m; 30-35 cm = 162 m).

To account for the directivity dependent tilt anglstribution, a directivity
pattern RQy6,z) (Medwin and Clay 1998) was determined and applio the
backscattering length (square root of the backswagf cross-section) of the

swimbladder as:

672609 =(D.,6.2\0R00) ) (2.13)
_sin{kh,, (2)sin@® + 26)} r
Dy, 0,2) = {k b, @)sin@ + AG)}Z cos@ +AB) (2.14)

0 refers to the fish tilt angle\d is the offset of the swimbladder axis relativethie
body axis, which was found to be 5.&1s the wave numbek & 2rf/c), and h{z) is
the depth-dependent length of the prolate spheroid.
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2.25.3. Empirical swimbladder model

The high frequency swimbladder component of modelas based on the simple
model developed by Love (1971b) and applied mocernty by Nero et al. (2004).
Complex high frequency backscattering models fsh fivith swimbladders require
detailed information on size and shape that weteamailable in the present study.
Love (1971b) fitted a pair of regression lines top@ical TS measurements on
various marine and freshwater fish. He found tlaatkiscatter decreased as the ratio
L/\ (fish length to wave length) increases to aboytfadvalues of LA beyond 14,

backscatter increases again:

if L/A <14, then

TS= 15.8|og(ﬁ) + 75log(\) - 229 (2.15)
and if L/A > 14, then

TS= 27.5Iog(ﬁ) - 42log(\) — 362 (2.16)

where the wavelength = cf (Chapter 1) and c is the sound speed in sea {360
m s). The directivity was also applied to the highgiiency component of the

model, using the same parameters as for the layuérecy model.
2254. MSB-DCM swimbladder model

The swimbladder backscatter component of modebB walculated using the modal-
series-based deformed-cylinder model (MSB-DCM). Thaepth-dependent

backscattering lengtfr°(z), where:
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@) (2.17)

b -
O-i)s (Z) -

was obtained by assuming that the swimbladder wgasdfilled prolate spheroid.

According to Stanton (1989), the solution for tleemal dorsal incidence is:

£ (z) = _—n'bps (z)jjz b, (z,u)cos(me)du  (2.18)
m=0

where the mode coefficient,lis dependent on the depth (z), and hence theoibe
swimbladder, at every length fraction u (= x4b)/2]) along the distance x of the
major-axis of the prolate spheroid. At normal dbisaidence, where the azimuthal

angle @=r, cos(my) = (-1)". The coefficient j was defined as:
b, =-¢, /(1+iC.) (2.19)

where the Neumann factey, = 1 for m = 0, and,, = 2 for m > 0. Mode coefficient

Cnis given in Clay (1991) as:

_ ‘J,m (k,aps) N m (kaps) - ghN ,m (kaps )‘Jm (k,aps)

Cm - U [} U I
I (Kaps Ui, (kay,s) — ghdy, (kapg My, (K'ay,s)

(2.20)

where g and h are the density and sound speedastmirespectively between the
swimbladder and the surrounding fish body. Accagdim Gorska and Ona (2003a) g
= 0.00129 and h = 0.234X) and Ny(x) are Bessel functions of the first and second
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Neumann kinds of order m, and, (k) and N, (x) their respective first order

derivatesk” = k/h, wherek is the wave number in the surrounding seawater.
2.25.5. DWABA fish body model

The fish body component of models | and Il was @gpbver the entire frequency
range. This was a distorted wave Born approximafiddVBA) for a fluid-filled
ellipsoid. For a plane incident wavgg= €9, where py describes the sound pressure
at a distance r from the source, backscatteringa fjuid-filled ellipsoid, whose
acoustic impedance (the product of sound speedlansdity) is close to that of the
surrounding medium, can be calculated using a DWB#e quadratic surface of the

ellipsoid in the Cartesian coordinates is:

X 1Y 42 (2.21)

2 2 2
2 T2 2
ae be Ce

where g, b, and ¢ are the lengths of the semi-axes of the ellipgeat.the fish body
the length L = 2 & width (dorsal view) W = 2 and height (lateral view) H = 2.a
In spherical coordinates, (21) becomes:

2 2 2 ain? Nain? 2
r°sin®8cos’ @ , r’sin®@sin®¢  r 00529:1 (2.22)

2 2 2
ae be Ce

where the azimuthal angI¢D[0,2Tﬂ and polar angIeBD[O,n]. A vector i is then

defined whose X, y, and z components can be exqudss

K, = 2sinBcosp
H, = 2sinBsing (2.23)
M, =2cosO

The backscattering length of the fish body compb(ﬂ%@) can then be expressed as:
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J; (ki
fio = CBkzaJoece% (2.24)

where J(x) is the spherical Bessel function of ordekls the wave number in the
fish and

1-gh® g-1
Cy = -== 2.25
B ghz g ( )
b, ) .\
Mo =\/ui +[aJ u2 +[aJ u2 (2.26)
e e

g and h are the density and sound speed contesgisatively between the fish body
and the surrounding water. According to Gorska @mé (2003a) both were set to

1.04. The backscattering cross-section for theliwdy is then:

2

O =i (2.27)

For a broadside backscatter of dorsal viéws n/2. The model required specific
relationships between the different dimensions haf éllipsoid. The ratio of fish
length (L) to half the height {awas 9.42. The ratio of fish length (L) to halkth
width (b,) was 22.84. Values were determined from 40 measemés of North Sea

herring.
2.256. KRM wholefish model

Model 11l used the Kirchhoff-ray mode (KRM) appraxation to model backscatter
from both the swimbladder and fish body as a raspeset of gas- and fluid-filled

cylinders. Backscattering cross-sections from eauke cylinder component were
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summed over the whole respective scattering objedtadded coherently. For values
of the swimbladder wherkg,{z) < 0.2, a low-mode (m = 0) finite bent cylinder
solution was used (see Appendix Al in Horne andh J&99). The Kirchhoff-ray
approximation for the backscattering length of shembladder akay(z) > 0.2 from

Ne swimbladder elements is:

2(2) =- (1 Ru ZA Wlika() + 1 xe2ouimvslny ) (2.28)

Empirical amplitude (A&) and phaseys,) adjustments for smakh(z) were:

- k) (2.29)
® " kay(j)+ 0083

o (i

%) 105 (2.30)

40+ kayq(j)

Reflection coefficients R at the swimbladder-fisbdp (Rs) and water-fish body
(Rws) interface were defined as:

_gh-1
R = 2.31
R — PiCh = PwCw (2.32)

PtCrp T PwCw
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Here, g (=0.23) and h (=0.23) represent density souhd speed contrast between
swimbladder and fish body. Subscripts for densiy gnd sound speed (c) values
refer to the fish body (‘fb’p = 1049 kg ¥, ¢ = 1540 m 3) and the surrounding sea
water (‘W’; p = 1027 kg ¥, ¢ = 1500 m 3). The backscattering length for the fish

body (f bS) was:

fng: . \/_z[kbe(J)]ﬂZ _|2kVU(J)+\|ij (1 R f)

¢ 2WU(1)+2k(VU(J)—VL(J)""Vfb))]Au(J)

(2.33)

with empirical phase adjustment:

kv (1)

2.34
® 2[kvu(1)+ 04] (234

Subscripts ‘U’ and ‘L’ refer to the upper and lovgenfaces in u-v coordinates, where
the fish body is centred along the x-axfai(j) stands for incremental distances
between individual cylinders.

All model components were evaluated as a mean \aldestributions of fish
length and tilt. The distributions of fish lengtlere taken from those in the trawl data
size classes and the tilt was taken from a GausB&nbution with a mean of —1°
and standard deviation of 10° (Ona 2001).
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23. Reaults
2.3.1. Species specific backscattering levels

The empirical observations of backscattering levadscate that herring and Norway
pout have very similar trends in backscatteringlg\at the four frequencies studied
(Figure 2.3). Correctefl, in both species were highest at 18 kHz and lowe420
kHz (Figure 2.3a). Herring had higher mean corteat all frequencies, as well as
larger ranges of correcte’}, compared to Norway pout. However, this difference
was only significant at 120 and 200 kHz (Mann-Wéith p < 0.05) and not
significant at 18 and 38 kHz (Mann-Whitneyg, = 0.20, BskHz = 0.07).
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Figure 2.3 Mean values of: (a) correctdand (b) eroded, echotraces. Closed
symbols — herring; open symbols — Norway pout. gigritriangles —
95" percentile; inverted triangles —"5percentile. Horizontal bars
represent the respective maximum and minimum valllee values
for Norway pout have been shifted slightly along ¥haxis for clarity.
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With regards to the eroded echotraces, the treodsrding to frequency of herring
and Norway pouS, were also similar (Fig. 2.2b). However, at 18 &0 kHz
values of herring and Norway pout were significandifferent (Mann-Whitney;

p<0.05), with herring having lower mean values&klz and higher mean values at
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200 kHz. MeanS, at 38 and 120 kHz were not significantly differgiiann-
Whitney; p>0.05) between herring and Norway poute Broded herring echotraces
exhibited a smaller range 8§ at all frequencies compared to the range of ctecec
Sy; those for Norway pout were similar. As the trerimgween correcte8, and
erodedS, were similar regardless of subsequent analysethefucomments are
restricted to the eroded data, but could equalpjyaip corrected,.

The decibel differenceA@B, Equation 2.1) of the mea values relative to 38
kHz showed similar trends according to frequenay oth species (Figure 2.4a).
Norway pout had positive values at 18 kHz and negatalues at 120 kHz and 200
kHz, whereas herring had a mean dB difference dos® at 18 kHz and negative
values at 120 and 200 kHz (Fig. 2.3a). The diffees between the mean values at
18 and 38 kHz were +1.84 dB and -0.30 dB for Norwagut and herring
respectively. Another point to note is that on ager Norway pout had &dB at 200
kHz that was much lower (-4.16) than that of heyi(¥0.78).
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Figure 2.4

Decibel difference (AdB)

Relative frequency (r(f))

18 38 120 200
Frequency (kHz)

Mean values of: (a) decibel differedcd3 and (b) relative frequency
r(f) for herring (closed symbols) and Norway pout (@@Eymbols).
Upright and inverted triangles represent"98nd ' percentiles,
respectively. Both decibel difference and relatirejuency response
are expressed in relation to 38 kHz.
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Examination of the frequency responsé) (fEquation 2.2) revealed identical patterns,
as expected given that the measures are equivatmurding to ) = 10'%/1°
However, the presentation of this parameter isckfiit due to the differences in scale
at which they are plotted (Figure 2.4b). This igtipalarly noticeable at low values of
r(f) (negativeAdB) where the scale makes it difficult to observey aignificant
changes. Another presentational difference condatensariability of the mean value
which looks higher at 18 kHz where thelB difference is positive. The highest)r(
values were observed at 18 kHz compared to thes thtleer frequencies for both
species. For the other two frequencies (120 anckPX) the frequency response was
rather flat, close to 1, and therefore very simita88 kHz.

2.3.2. Size specific backscattering levels

Given the similarity between backscattering levaigshe two species, and the fact
that the sample sizes for Norway pout when brol@mrdinto size classes were small
(Table 2.2), only results of the size specific Ismeltering levels for herring are
reported here.

One consistent trend was apparent in the backsoagttevels of the different
herring size classes: taB between 18 kHz and 38 kHz changed accordingz®o s
class, whereas th#dB at 120 and 200 kHz did not (Figures 2.5a-2.&8nerally,
the AdB at 18 kHz was high (and positive) for small fisbwer for progressively
larger fish, and negative for the largest size xtlak fish (Figures 2.5a-2.5d). For
every size clasadB values at 120 kHz were smallest. THg v&lues for the eroded
echotrace data for different herring size classtmbed in a manner analogous to the
AdB data (Figures 2.5e-2.5h). A decrease fnai( 18 kHz from the smallest to the
biggest size class was detected, wherdagexels at 120 kHz and 200 kHz remained

similar.
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Figure 2.5 Mean values (circles) of (a) — (d) detdifferenceAdB and (e) — (h)

relative frequency f{ with 95" (upright triangles) and"5percentile

(inverted triangles), for eroded herring echotraéégures correspond
to different size classes: (a)+(e) 15-20cm; (b)2®25cm; (c)+(g) 25-
30cm; (d)+(h) 30-35cm. Both decibel difference agldtive frequency
response are expressed in relation to 38 kHz. Mbdrltputs (red

diamonds) are superimposed.
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Figure 2.6 Mean values (circles) of (a) — (d) detdifferenceAdB and (e) — (h)

relative frequency f{ with 95" (upright triangles) and"5percentile

(inverted triangles), for eroded herring echotraéégures correspond
to different size classes: (a)+(e) 15-20cm; (b)2{#25cm; (c)+(g) 25-
30cm; (d)+(h) 30-35cm. Both decibel difference agldtive frequency
response are expressed in relation to 38 kHz. Mbdalitputs (blue

diamonds) are superimposed.
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Figure 2.7 Mean values (circles) of (a) — (d) detdifferenceAdB and (e) — (h)
relative frequency f{ with 95" (upright triangles) and"5percentile
(inverted triangles), for eroded herring echotraéegures correspond
to different size classes: (a)+(e) 15-20cm; (b)2®25cm; (c)+(g) 25-
30cm; (d)+(h) 30-35cm. Both decibel difference agldtive frequency
response are expressed in relation to 38 kHz. Mivideltputs (green
diamonds) are superimposed.

2.3.3. Modéd predictions

In order to compare the model outputs with the eicgdi data, modelled backscatter
values at 18, 38, 120 and 200 kHz were convertadledadB and rf) metrics used
previously for each size class. Values derived fedinthree backscattering models (I,
II, and IlI) followed similar trends to the erodédrring echotraces and were similar
to the empirical values (Figures 2.5, 2.6 and 2tvgommon with the empirical data,
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model outputs forAdB and rf) at 18 kHz decreased with increasing fish size,
however the degree of decrease differed betweerlsiddodel | showed the largest
decrease in f at 18 kHz with values ranging from 3.1 for theadlest size class to
1.3 for the biggest size class (Figure 2.5). Modkelnd Il showed much smaller
decreases ranging from 1.3 to 1.2 (model II, Figuf® and from 1.0 to 0.7 (model
lll, Figure 2.7). The same was true for théB metric, with values decreasing from
the smallest (model I: 5.7; model II: 1.1; moddt D.0) to the biggest size class
(model I: 0.4; model II: 0.9; model lllI: -1.6), wmitmodel | again showing the largest
decrease. However, while model | and Il predictedher negative values faxdB
nor values smaller than 1 forf)rat 18 kHz, model Il did. Outputs of all modets ft
200 kHz were usually lower than the empirical datsulting in a rather flat or
decreasing response at the higher frequenciesgd@®00 kHz). Nonetheless, both
models | and Il showed increased variability fadB and rf) values at 18 kHz and
consistently flat or decreasing ones at 120 andk®00(Figures 2.5 and 2.7), which
is in agreement with the empirical data for thdedént size classes. On the other
hand, model Il revealed very similar frequency oeses for all size classes with
little variability between them (Figure 2.6).

An example of predicted target strengths from tegihg models are given in
Figure 2.8. The combined model output was madefupeocoherent addition of the
fish body and swimbladder backscatter, as illusttan Figure 2.9. The resonant peak
derived from backscattering of the swimbladder congmt of model | occurred at
approximately 1.8 kHz for herring in the 20-25 cipesclass (Figure 2.9). Beyond
resonance, for frequencies higher than 10 kHz, dzadter was influenced by the
oscillating features of the fish body component oth models | and Il
Backscattering from the body component predictedtiy DWBA rose at low
frequencies to a peak at about 18 kHz of approxiyna2.5 dB and then exhibited
dampened oscillations to a level of about -44.3atB20 kHz. In models [ and II, TS
at 18 and 38 kHz was influenced more by the fishlypcomponent than the
swimbladder, which will decrease in size at deepater depths. Compared with

model I, model Il generally predicted higher valdiesthe swimbladder component,
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and therefore the combined TS was less influengetthd oscillating features of the

fish body part. Model Il on average gave lower V@ues compared to model Il,

however, the predicted tilt angle induced decre@adackscatter at higher frequencies
was not as extreme as observed in model |. Vali@sean herring target strength
modelled at the commonly used frequency of 38 kidrew43.8, -38.3 and -40.6 dB,

respectively for models I, Il and .

Target Strength (dB)

18 38 120 200
Frequency (kHz)

Figure 2.8 Comparison of predicted backscattesingngths from herring of the
20-25cm size class at 112 m water depth. Colourezs Irepresent
frequency responses of the combined (fish body swmunbladder)
model outputs (model | = red; model Il = blue; miotde= green).
Computations were done at each 1 kHz step, ovéOD0realisations
of fish size (within the size class) and normaligtiibuted tilt angles
(mean = -1°, standard deviation = 10°). Values oflats Il and Il at
low frequencies in the resonance scattering regrengiven in light
colours, because the models are not valid there.



66

Target Strength (dB)
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Figure 2.9

18 38 120 200
Frequency (kHz)

Modelled predicted backscattering giferfrom herring of the 20-
25cm size class at 112 m depth using model |I. Sadl line =
combined model output. The swimbladder (dashedkblm®) was
modelled using a prolate spheroid to representlaher frequency
range (0-40kHz), and a simple regression modeldaseempirical
measurements to represent the higher frequenc®20@kHz). The
fish body model (solid black line) was based on\&HA fluid filled
ellipsoid backscattering model averaged over fizé distribution and
tilt angle.
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2.4. Discussion

Use of multiple frequencies in fisheries acousties long been recognised as a
means to aid species identification and, therefanprove the accuracy of abundance
estimates from acoustic surveys (Horne 2000). Kletjuency species identification
methods generally work well for discriminating sisc that have different
morphologies. Korneliussen and Ona (2004) exammeltifrequency backscattering
properties of the non-swimbladdered Atlantic maekégcomber scombrus). They
found that backscatter increased with higher fragies for this species {y(at 200
kHz was 4). Compared to non-swimbladdered fisln, Wi&th swimbladders generally
seem to have weaker backscatter at higher freqee eg. 200 kHz) relative to lower
frequencies (Foote et al. 1993). Gorska et al. {R@@odelled average backscatter of
mackerel schools using a combined model for tHe bisdy and the backbone. They
showed that the lack of a swimbladder and the asingly more important
backscatter of the backbone at higher frequencesarplain the high f& 200 kHz)
observed for that species. Based on the same piencsauthier and Horne (2004a,
2004b) found frequency dependent differences ikdutter between swimbladdered
and non-swimbladdered fish species in the Gulf lalska and the Bering Sea. Their
findings were based on Kirchhoff-ray mode approxiora (KRM) backscatter
models. If discrimination algorithms, based on freacy specific backscatter
differences, are applied, distinction between svamtiered fish (e.g. herring) and
non-swimbladdered fish (e.g. Atlantic mackerel) banfacilitated (Korneliussen and
Ona 2004; Gorska et al. 2005; Gorska et al. 200Bre recently, multifrequency
echosounders have been applied in conjunction nathly developed quantitative
multibeam sonars to improve species classificafigerger et al. 2009; Korneliussen
et al. 2009b).

Results presented in this Chapter indicate thagdags energetic characteristics
at multiple frequencies, herring and Norway powéhaimilar mean backscattering
levels at frequencies of 18, 38, 120 and 200 kHhoEaces for analysis were chosen

where, based on biological samples taken with ageltrawl, herring and Norway
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pout were believed to be the main single sourdeackscattering. Although Norway
pout were caught in smaller numbers, and theirttengiere on average smaller than
herring (Figure 2.10), the echoes derived from NMweway pout schools were of
comparable strengths to those of herring. Sinceetivas not a big overlap in the size
distribution of Norway pout and herring, it mighe kexpected that a distinction
between the two species could be obtained dueetavéaker reflecting properties of
smaller fish (Love 1971b; Nakken and Olsen 197t€d987). Nonetheless, since
comparison was made between mean volume backsegttealues, differences in
fish packing density within schools may have playedole as well. The smaller
Norway pout might just have had higher packing dessand therefore generated
similar volume backscattering values to herringwideer, Nakken and Olsen (1977)
examined backscatter of different swimbladdereld &ed found distinct differences
between differently sized fish species at 38 and BHRz. Similarly, Gauthier and
Horne (2004b) suggested potential differences ok&eatter among swimbladdered
forage fish species of different sizes and emphbdsike importance of the specific
frequency ratios used. Especially at higher fregie=n (e.g. 200 kHz), the TS
response becomes more variable with increasinglésgth (Gauthier and Horne
2004b). Kloser et al. (2002) managed successfulydistinguish between three
swimbladder bearing fish species in deep wateragusnultifrequency acoustic
methods. Nevertheless, the vast differences ing@inswimbladder type (e.g. one of
the species studied, orange roughlpflostethus atlanticus), has a wax ester-filled

swimbladder) and size of the observed speciedtieitl such an attempt.
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Figure 2.10 Length-frequency distributions of egr(black bars) and Norway
pout (white bars) from trawl samples taken to wesipecies and size-
composition of analysed echotraces.

Differences betweer$, in herring and Norway pout may be influenced by
erroneous allocation of species to the supposedhgrtruthed echograms (Suuronen
et al. 1997; Bethke et al. 1999; McClatchie e28D0). For instance, in some cases,
information on the echograms might not have cooedpd exactly with data on the
matching trawl, either by not sampling the wholéud, or targeting a different
school. As in every acoustic fish survey, the aggion made - that haul composition
represented the echotrace composition - is uncerbdonetheless, during all the
North Sea herring acoustic surveys from which detee used, much care was taken
while sampling. Trawling processes were constamibyitored using a net sonde (net
mounted echosounder displayed in real time), ahdgrams were compared during
pre-trawl and trawl phases to make sure the cosautols were captured.

A decrease in variability &, between eroded and non-eroded echotraces was
observed for both species, at all frequencies (Eigu3). This was probably an
artefact of the erosion process, which removedsthaller values at the edges of the
schools and resulted in a much narrower range t@. dde statistically significant
differences irS, values at 18 and 200 kHz between eroded Norway guudi eroded

herring schools may be explained in part by thesieroprocess that separates the
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mean values further, and in part by the amountadé,dwhich led to small standard
deviations. However, despite these differencesgosiatistically significant, they are
unlikely to be useful as a discriminator due todkerlap that remains.

There are a number of other techniques other thdtifraquency methods that
could be used to distinguish herring from Norwayutp@choes. For instance,
algorithms that incorporate morphological (e.g.gh&i width, depth or size) and
positional (bathymetric or geographic location)gmaeters of fish schools, in addition
to frequency differences may have some merit (Bcalaet al. 1996; Reid et al.
1998; Korneliussen et al. 2009a). Fernandes (2@6é8¢ribed a method to identify
species based on “classification trees” that ussustic multifrequency data in
combination with additional features. Such an appho could provide a more
sophisticated tool for objective species allocatiyncombining several sources of
potential ‘classification parameters’. The methoduld also give a measure of
uncertainty that could be quantified as a compor@ntotal uncertainty in the
abundance estimate. Also, backscatter of herrimgNorway pout may be compared
over a wider band of frequencies rather than ainmatdd number of distinct
frequencies. Broadband techniques are becomingasurgly available and provide
promising results in terms of species classificatamd data interpretation (Stanton
2009; Chapter 6).

Nero et al. (2004) compared measured backscatterigds with values from
theoretical backscattering models in herring (lan@®-29 cm, mean length: 23.4 cm)
at high (38-200 kHz), and low (1.5-5 kHz) frequessciA distinct resonant peak was
observed at 2.5 kHz. At higher frequencies, badksitag values decreased, reaching
a minimum level at 38 kHz for measured values eéh&tz for model values. In the
study presented in this Chapter, a similar trend alaserved with the empirical data
in the high frequency domain. However, minimum esloccurred at 120 kHz. From
the output of the low frequency resonance modeldghd) used here, backscatter
from the swimbladder changes most dramatically radothe resonant frequency
domain. In the geometric scattering region, i.e/opel ~10 kHz in the present case,
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average backscatter from the swimbladder graddlatiens and decreases steadily at
higher frequencies (see Horne and Clay 1998).

The MSB-DCM (model 1) and KRM (model Ill) are netalid at typical
swimbladder resonance frequencies of adult helfiogpte 1985; Stanton 1989) and
therefore did not reproduce any resonant peak$enrésults given here. The fish
body component had negligible backscatter in tlsmmant frequency region (1-3
kHz) and it was generally lower than backscattemfrswimbladders if they are at
neutral buoyancy size (around 5% of total fish woduin marine fish) (Foote 1980a,;
Horne and Clay 1998). The dominant contributorhia tesonant frequency range,
independent of fish depth, is the swimbladder (&baag 1977). The relatively high
amplitude of the resonant peak allows useful infdron to be derived from
measurements of backscatter in that frequency mefgio the purposes of species
identification (Holliday 1972; Love 1993; Nero ahtlister 1996; Nero et al. 1998;
Nero et al. 2004). However, low operating frequeadiequire specialised hardware
and large transducers, so their usage is rathéetmAdditionally, previous studies
that examined the enhanced backscatter at low dremes, found the resonance
frequency also to differ with fish size, specied depth (in the case of physostomes)
(Sand and Hawkins 1973; Love 1978; Feuillade ancbN®98). Such implications
might limit potential low frequency (less than 1MHZA dependent species
discrimination that involves swimbladder bearinghfi Furthermore, the range of
frequencies used by commercial fishing vessels2(®-kHz) is similar to those
examined here and so these results will be ofestdo that community.

Of the models used to date, which incorporate ssng#dometric shapes, the
fluid-filled ellipsoid most accurately reflects tishape of the herring body. Gorska
and Ona (2003a, 2003b) modelled backscatter framnige but they used a prolate
spheroid to approximate the fish body. In contrasthe sausage-shaped prolate
spheroid, the ellipsoid is a better representativthe herring’s body shape because
the herring body width is much smaller than itsghei(e.g. see Knorr 1974). Since
the same object shapes (swimbladder = spheroidpfigy = ellipsoid) were used for

all models in the present investigation, observiéi@rénces between model outputs
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were due to the specific approximation solutiongerage swimbladder backscatter
as predicted by model | was lower than that of nwdleand Ill. Additionally, the
DWBA used to model the fish body component in medednd Il on average gave
higher backscatter values than predicted from tR&Kin model Ill. Consequently,
the body backscatter had an increased effect oralb¥iesh backscatter in model I,
resulting in more oscillating features in the freqay response at frequencies > 10
kHz (Figure 2.8). Model predictions for the whoishf from model Il were more
influenced by the stronger swimbladder backscattesulting in less variable
frequency responses for all size classes (Figwk Ronetheless, simple geometric
shapes may be inadequate representations of f&tesng components as they are
symmetrical relative to the horizontal axis, whileportant organs such as the
swimbladder are not (Foote 1985). Arguably, modshhiques that apply the
Kirchhoff approximation (Foote 1985; Pefla and Fo2@98) or the Boundary
element method (BEM; Francis and Foote 2003) cpubdide more realistic outputs
in terms of accuracy of fish body shapes, sincg tleenot assume any symmetry and
can, therefore, be applied to realistic fully thokmensional arbitrary shapes of fish
(Simmonds and MacLennan 2005). Such models woulkk ha&quired precise
mapping of the swimbladder surface. Since such @ata not available here and the
purpose of the models used was to explain the wkdeempirical data and
concentrate on the body-swimbladder relationshippanticular, models applying
geometrical shape approximations were found to iiéicent. However, more
detailed investigations into the herring swimbladderphology when exposed to
increased pressures and its application in highlugen 3-D backscatter modelling is
described in subsequent Chapters of this Thesis.

Including the directivity associated with the tdnhgle distribution into the
swimbladder model components resulted in lower ayeibackscattering levels with
increasing frequency. This can be attributed toHiglher amplitudes in directivity
patterns at higher frequencies, which lead to reduaverage scattering if the
swimbladder is not near orthogonal orientation (i¢oand Clay 1998). The result

was a more dominant fish body contribution to thialtbackscatter at progressively
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higher frequencies beyond resonance. Subsequethtly, to the backscattering
features of the fish body component, the relatregdency and decibel difference at
18 kHz was more emphasised and variable than woeld the normal incidence
case. Since no data were available, the tilt adgigibution was chosen as having a
Gaussian distribution. Ona (2001) observed tili@ugstributions in herring having a
mean of 88.9° and 86.9° (90° = normal incidencejwstandard deviations of 10°
and 14.2° respectively. The former measurementusasd in the current study, and
other authors have found similar results (Beltest@d4). Gorska and Ona (2003a)
did not take into account the shift of the swimlledaxis relative to the body axis in
herring. However, measures of 40 herring caugthénNorth Sea suggested that this
axis was 5.6°, and this value was implemented th® directivity calculation.
Diurnal changes in tilt angle, as observed for Negi&n spring-spawning herring
(Huse and Ona 1996), have profound implicationsacoustic backscatter. Ideally,
tilt angle distributions should be ascertainedtfor fish schools in question as this
may be affected by species, time of year and tihtag.

In addition to directivity, depth is another cohtriing factor that reduces
expected average swimbladder backscatter of thegshymous herring and allows
the fish body component to become more dominana édrtain depth, the body may
even become a stronger scatterer than the swimdndlaattl contribute most to the
total backscatter of the fish. Gorska and Ona (BPO®wodelled swimbladder
contraction in a 32 cm herring, using prolate spiusrto represent swimbladder and
fish body. They found the depth where the swimbéaddhd the fish body contributed
equally to the total backscatter at 38 kHz, to to@b@ut 180 m. An important but still
largely unresolved aspect, however, is the assomptibout the swimbladder volume
at sea surface pressure. The volume of the swirdbtaal the sea surface (= 15% of
total fish volume) assumed in the present invegtgavas essentially based on the
only currently available but limited data set ofrimg swimbladder volumes
estimatedin situ (Nero et al. 2004). This value is greatly diffardrom those
previously assumed for marine fish that are ndytralioyant at the sea surface
(Jones and Marshall 1953; Ona 1990). Until a rédiakolution can be found,
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assumptions about surface swimbladder volumes gégsatomous fish will remain
potentially significant but largely unknown influees on results of backscattering
models.

Considering the oscillating shape of the predicbedkscatter response of
ellipsoid fluid-filled bodies of different sizesgsponses varied considerably at certain
frequencies. Compared to bigger fish, smaller figgére found to have stronger
backscatter at 18 kHz relative to 38 kHz. Basedrmdelling results, the gradual
positional change of frequency response observdd &Hz relative to 38 kHz for
different herring size classes was due solely t® ihlative shape of the body
backscatter. As for the two higher frequencies 4@ and 200 kHz), the models
generally failed to explain the frequency specibiackscatter observed in the
empirical data, with lower scatter at 120 kHz corspao 200 kHz. The reason might
be that backscatter at these frequencies is gradtlyenced by the shape of the
scattering objects and the simple geometric shapeg therefore have been too
coarse and hence inadequate (Foot 1985; Horne &nd 1©98; Horne and Jech
1999). Additionally, Rayleigh scattering of the klaone will become more important
at higher frequencies and may contribute to thédrdackscatter observed at 200
kHz (Gorska et al. 2005; Gorska et al. 2007). Tiemd for a reduced frequency
response at 18 kHz with increasing fish size does support a potential
discrimination between different herring size cissssince the overlap in the
empirical data was still considerable. However,tthad was most clearly marked for
eroded herring data, possibly due to these datagbleiss variable. Interestingly,
Johnsen et al. (2009) managed to distinguish betwelools comprising of small, 1-
year-old, and large, 2-year-old sande®hihodytes marinus) based on the frequency
responses at 18 and 38 kHz. Significant findingeeviieat the statistical discriminant
analysis they used to examine differences in frequeesponses was facilitated by
using log-transformed fi values, and classification success was markeetghbfor
schools with higher mean.s

An important result from this Chapter is that fbe tphysostomous herring, tilt

angle averaged backscatter will be more affectedhieyfish body component at
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increasing water depth. The oscillating featurethef fluid-filled body component
backscatter will therefore greatly affect relatbhackscattering features at frequencies
commonly used in fisheries science (18 and 38 kMg findings may be useful in
species identification to distinguish physostomedeeper depths from physoclists,
which may show less variable backscattering featatehese frequencies due to the
nature of their swimbladder. A depth dependent diSohysostomes will in addition
have implications for acoustic surveys of herringpeve presently simple size-
dependent TS equations are used to estimate bicabasslances. Ona (2003) argues
that estimates of herring abundance would be ab@Ut less if a depth dependent TS
model was considered in the calculations. It istydated that, if possible, precise
measurements of the herring swimbladder at vardmphs should be incorporated
into fully three-dimensional backscatter modelsnggechniques such as KRM or

BEM, to reveal more precise depth-dependent tatgength estimates.
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Chapter 3

Intra- and inter-species variability in target

strength: the case of the Baltic herring

Parts of the work described here have been publiabe

Fassler, S.M.M., Gorska, N., Ona, E. Fernandes, R2808). Differences in
swimbladder volume between Baltic and Norwegianingpspawning herring:
consequences for mean target strength. FisherssaRah 92: 314-321.

Fassler, S.M.M., Gorska, N. (2009). On the targength of Baltic clupeids. ICES
Journal of Marine Science 66: 1185-1190.

3.1. Introduction

The gas filled swimbladder, present in many speofeteleost fish, makes a large
contribution to the total backscattered sound gnédgnes and Pierce 1958; Foote
1980a). In some cases, the physical environmentinfawence the physiology and
morphology of the fish and its swimbladder, resigtin increased intra- and inter-
species variation in target strength (TS) througlloe distributional range as a whole
(Blaxter and Batty 1990; Horne 2003 situ target strength (TS) measurements
suggest that Baltic herring may have an averagewfigh is 3-7 dB higher than
herring living in the North Sea (Lassen and Stse®851 Rudstam et al. 1988;
Rudstam et al. 1999; Didrikas and Hansson 2004rik2ig 2005; Peltonen and Balk
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2005). Observed variations in TS between the twaspecific herring stocks was
linked to the fundamentally different physical eviments that fish in the different
seas live in, physical differences that in turnulesn different morphological
adaptations (Didrikas and Hansson 2004; PeltonenBatk 2005). The Baltic Sea
has a lower salinity (approx. 7), and thereforedowensity, than the waters in the
northeast Atlantic and North Sea (salinity: appr8%). Additionally, Baltic herring
have been found to have a much lower fat conte?t16%) than both Norwegian
spring-spawning and North Sea herring (~15-25%)s@Hand Ona 1996; Cardinale
and Arrhenius 2000; Ona et al. 2001; Aidos et BD2 Kiviranta et al. 2003). In
order to maintain neutral buoyancy the swimbladdes to counterbalance the mass
of the fish body to match the density of the sunding sea water. Fat has a lower
density than sea water and can, therefore, alsdrilcote to positive buoyancy
(Brawn 1969). Hence, swimbladder volumes of Baicring of a given length may
be larger, leading to higher average TS valuesr{kad and Hansson 2004).
Furthermore, there is ambiguity as to whether thmes TS-fish length (L)
relationship can be used for both herring and spithtin the Baltic Sea (Kasatkina
2009). Presently, acoustic stock size estimationtie Baltic clupeids herring and
sprat are derived using the same TS-L relationdbigeloped for North Sea herring
(i,e. TS = 20logy(L) - 71.2, ICES 1983). Similar to Baltic herringgcentin situ
measurements suggest that Baltic sprat may alse haher TS values than those
currently used to assess their stock (Rudstam .el288; Rudstam et al. 1999;
Didrikas and Hansson 2004; Didrikas 2005). Howevexactly which TS-L
relationship is appropriate to use in biomass extton of clupeids in the Baltic Sea is
still an open question. Strong variability in Baltlupeid TS has been demonstrated
in different regions and seasons (up to 8 dB difiee, Lassen and Steehr 1985;
Rudstam et al. 1988, 1999; Didrikas and Hanssod;2D@irikas 2005; Peltonen and
Balk 2005; Kasatkina 2007; Kasatkina 2009). As pu&t reasons for the observed
variability in TS, Peltonen and Balk (2005) suggest(i) spatial and temporal
biological differences between herring stocks ogoup various parts of the Baltic

Sea; and (ii) differences in data collection andlgsis approaches between different
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studies. Moreover, recem situ TS measurements of single species aggregations of
Baltic herring and sprat made by Kasatkina (200d@ 2009) provide further proof
that these two species may have distinct TS-Licelahips.

In this Chapter | aim to explain: firstly, why Bialtherring may have a higher
TS than another particular herring stock from toethreast Atlantic, the Norwegian
spring-spawning herring; and secondly, why therghtnbe a discrepancy between
TS-L relationships determined for Baltic herringlaprat. Volume and dimension of
swimbladders and fish bodies of the respective ispe&nd stocks were measured.
The size of herring swimbladders necessary to endi# fish to achieve neutral
buoyancy was estimated theoretically assuming &pfat content and salinity
conditions experienced by the two stocks. The maiguical data were subsequently
used to model the mean TS applying ‘model II' diggat in Chapter 2. New TS-L
relationships based on the model results are peapés both clupeid species and
stocks, and results compared to empirical TS measemts. Furthermore, sensitivity
analyses were performed to examine direct (depdyuency and fish orientation)

and indirect (water salinity and fish fat contegifects on TS of Baltic clupeids.

3.2. Methods
3.2.1. M or phological measur ements
3.2.1.1. Herring swimbladder volumes

Data on the volume of Baltic herring swimbladdersrav collected at Forsmark
nuclear power plant (60°24 18°10E), on the Swedish east coast north of Stockholm
in 1988. In order to prevent damage to internabosgthe fish were caught close to
the surface by land seines and were allowed to sféely to a 5 M 1 m deep
holding tank at the experimental site. Total lesgththe herring ranged from 17.2 to
32.6 cm. The fish were held in the holding tankerehthey were allowed to adapt to
surface pressures for 7-10 days. Immediately befakeng swimbladder volume
measurements, the herring (n = 104) were scoopedtova smaller tank in batches
of five, where they were anaesthetised with 300%wzbeaine. The swimbladders of

the fish were then emptied by gentle ventral mas$egm beneath the pelvic fins
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towards the anal opening. Swimbladder gas was atetlewith an inverted funnel

suspended beneath the water with a top mounted plaette. Swimbladders were
then emptied completely by underwater dissectiahtheir volume measured to the
nearest 0.1 ml. No residual gas was found in the i@amber or the anal duct after
inspection. Each fish was weighed to the nearegtahd its length measured to the
nearest 0.1 cm. Finally, all fish samples werdyeamaal for percentage fat content by
standard methods using sodium sulphate grinding ethgll ether extraction (see

Brawn 1969). These measurements were comparednthtadder volumes obtained

from Norwegian spring-spawning herring (Ona 199ljected in 1983 at Skogsvag
(60°18N 5°08E) in western Norway using the same methods.

Swimbladder volumes were also calculated assumirag herring aim to
minimise energy expenditure by maintaining a st#teneutral buoyancy (i.e. the
density of the whole fish has to equal the sea m@g¢asity). For the fish to gain
neutral buoyancy, the swimbladder has to acquireerain volume (M, in %)
relative to the whole fish volume in order to baearthe density of the surrounding
sea watergsy) and fish bodyisn):

Vsb - Prish ~ Psw (3.1)
Pfish ~Psb

The density of the swimbladder ggsy was assumed to be 0.0013 gtBrawn
1969). Sea water density was calculated accordngnt algorithm developed by
Fofonoff and Millard (1983) using an equation oé flormpsw = p(T,S,z), where the
density is a function of temperature (T), salir{y and depth (z). Uniform values for
temperature of 10 °C and salinity of 35 were assufoethe Norwegian Sea. Values
of 10 °C and 7 respectively were chosen for théiB8&ka.

Density of the fish bodypfsh, i.e. whole fish excluding the swimbladder) was
calculated using an adapted proportion key for vbkime proportions of various
body components (V Vs, Vp, V, for fat, scales, bones and the ‘rest’ of the body,

respectively) as determined by Brawn (1969) forifiRaleerring Clupea pallasii):
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Vi:Ve: Vp:Ve=[V{:[0.5]:[1.2] :[98.3 - V| (3.2)

where fat contents (Y were based on measurements made on the colleetedg
samples (Norwegian spring-spawning herring: med8.4%; Baltic herring: mean =
7.3%). Considering the steadily decreasing trerfdtigcontent of herring in the Baltic
proper since the early 1980s (Cardinale and Artee2000), present values were
based on recent findings of Bignert et al. (200@) avere assumed to be 2.1%.
Swimbladder volume estimates for Baltic herring ev@erformed using both the
1980s and current fat content values.

The density of the fish body was calculated byding the sum of the weighed
densities (the product of volume proportion andsitgh of each body component by

the sum of all body volume proportions:

Vi + P Ve ¥ PpVp P,V
Pren = Pr fV p_:CVSC_'_Sb +bV Pr Vi (33)
f sc b r

The following density values were used for bothringr stocks according to data
published by Brawn (1969): fa; = 0.926 g cr; scalesps. = 1.966 g cni; bones,
pp = 1.993 g cnif; and the ‘rest’ (= other body tissuep),= 1.057 g cii. Mean
values ofprsn Were 1.049 g cii for Norwegian spring-spawning and 1.063 g'tm
for Baltic herring. By insertingss, into Equation (3.1), swimbladder proportions of
total fish volume could be estimated theoreticditly both Norwegian spring-
spawning and Baltic herring cases. Conversion solalke volumes was achieved by
calculating the volume of the fish body by dividitige weight by the density(n).
Predicted model and observed empirical values thene compared using correlation

and linear regression analysis.
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3.21.2. Baltic clupeid body and swimbladder dimensions

Baltic herring and sprat samples were collectedatober 2002 on the Swedish
component of the Baltic International Acoustic Syv(BIAS) in the Baltic Sea
(ICES Subdivisions 25, 27 and 29). Live fish weztested from the catch and placed
in a tank with seawater immediately after they weaaled on board. Fish that were
still swimming horizontally after 2-5 minutes weparefully transferred into an
anaesthetic bath (4-6%. clove oil solution) withnaadl net. The fish were left in the
anaesthetic bath for 5 minutes and then measurél [g¢ngth, to the nearest 0.5 cm;
maximum height and width, to the nearest 0.1 mnfiervards, the fish were frozen
and X-rayed (at 20 kV and 900 mA). Maximum dimensiqlength, height and
width) of the swimbladder were measured using ggodlity X-ray images of the
herring (n = 25; length: 13 - 24.5 cm) and sprat(81; length: 7 - 13.5 cm). The
narrow extensions at the anterior and posteriors eofd the swimbladder were

excluded from the measurements.
3.2.2. Target strength mode

The theoretical backscattering model describedresiél II' in Chapter 2 was
used to derive estimates of mean TS. The model isteds of two separate
components that were combined to give a total lwattering cross-section that was
expressed according to Equation 2.4. The term thstly’ describes all parts of the
body (flesh, bones, scales and organs) exceptwirabsadder. Assumptions about
ellipsoid dimensions of the fish body model weredzhon X-ray images (Norwegian
spring-spawning herring: E. Ona, unpublished da¢nsity and sound speed
contrasts were assumed to be 1.04 and 1.04 fdisthdody and 0.00128 and 0.23
for the swimbladder for both herring stocks andaspmrespectively. Herring
swimbladder volume decreases with depth, accortingoyle’s law (Ona 1990;
Fassler et al. 2009a, see Chapter 4). Swimbladoeengions were assumed to
contract with increasing pressure at depth accgrdin Equations 2.10 and 2.11,
considering that Boyle’'s law requires the comp@sdiactorsa and f to behave

according to & + B = 1. TS values were evaluated for extreme case®mfaction
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rates, i.e. maximumu = 1/3, = 1/3; and minimuma = 1/2,8 = 0 (Gorska and Ona
2003a; see Section 2.2.5.2.). Recent work (GoraklaGna 2003a, 2003b; Fassler et
al. 2009a, Chapter 4) and studies of fish morphol@jaxter et al. 1979; Ona 1990)
suggest that the latter case (minimum contractiates) is more realistic, and
therefore, this was consequently used to estim&t& &nd TS-L-depth relationships.
To account for the tilt-dependent directivity pattef the swimbladder, the simple
solution for a straight cylinder was used (Medwird &lay 1998). For simplicity, the
angle between the swimbladder and snout-tail axs ignored. Unless specifically
stated otherwise, a Gaussian tilt-angle distributiath a mean of 0° and standard
deviation of 5° (Gorska and Ona 2003a) and acofrstiriency of 38 kHz were used

for TS estimations.

3.2.2.1 Target strength mode specifications: Baltic and Norwegian
spring-spawning herring

In the combined TS model for Baltic and Norwegiamirsg-spawning herring, the
fish body was modelled as a fluid-filled ellips@dd the swimbladder as a gas-filled
elongated prolate spheroid. The modelled swimblatiegth at the sea surface was
assumed to be 0.26 times the total length of thle for both Norwegian spring-
spawning and Baltic Sea herring (Gorska and On8&00 he remaining dimension
(width) of the prolate spheroid was adjusted teegiveasured swimbladder volumes
for a given fish weight (equation: volume = #/8 widttf x length). Fish weight (W)
was then converted into length (L) using the retethip W = 0.0033 x {3078
determined for Atlantic herring (Chapter 2, Fasderal. 2007). These parameters
were not significantly different from the values dé#kina (2009) found for Baltic
herring larger than 16 cm (a = 0.0032 (standarares.e. = 0.00069); b = 3.2 (s.e. =
0.07)), and therefore they were assumed to be f@lithat stock as well.
Backscattering characteristics averaged over fr#ntation were determined
and TS values could be calculated for a varietfishf lengths and depths. Standard
length-dependent TS relationships were deriveditting a linear regression to the

modelled mean TS at 38 kHz estimated for a rangisbflengths. TS values were
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modelled for typical fish lengths and water deptfidNorwegian spring-spawning
(length: 16-40 cm, depth: 0-400m; Huse and Ona 198&S 2007) and Baltic
herring (length: 9-25 cm, depth: 0-100 m; N. Halsams F. Arrhenius, B. Lundgren,
T. Didrikas, pers. comm.). Additionally, length- dandepth-dependent TS
relationships at 38 kHz were determined for a 32heming and compared to situ

TS data from Norwegian spring-spawning herring (2083).
3.2.2.2. Target strength mode specifications: Baltic clupeids

Mean TS of Baltic herring and sprat was estimateidgithe combined backscatter
model partly described as ‘model II' in ChapterFash body and the swimbladder

were both modelled as fluid-filled and gas-filledoregated prolate spheroids,

respectively. Mean TS of all fish samples werenested using actual measured
dimensions of the fish body and swimbladder toesent the major and minor axes
of the simplified scattering objects (prolate sphes). For the sensitivity analysis of

TS to water salinity and fish fat content, the nmodescribed in Section 3.2.1.1.,

approximating the swimbladder volume as a functibthese parameters, was used.
Salinity (S) in the Baltic Sea was assumed to be Sk 10; and herring fat contents

to range from 1.5% to 5% (Bignert et al. 2007). Baene values were assumed for
sprat.

3.3.  Reaults

3.3.1. M or phological measur ements

3311 Swimbladder volumes: Baltic and Norwegian spring-

spawning herring

Surface adapted Baltic herring had significantisgést swimbladder volumes for a
given fish weight (differences between slopes: &tiid t-test, p<0.001; difference
between intercepts: Student’'s t-test, p<0.001) tiNoTwegian spring-spawning
herring (Figure 3.1). For fish that weighed morarnt4.25 g, swimbladder volumes
of Baltic herring (slope = 0.057) were on averaeua three times larger than those

of Norwegian spring-spawning herring (slope = 0;0%&e Ona 1990). Spring-
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spawning herring that were lighter than 44.25 cqaeerage had a larger swimbladder
compared to Baltic herring (see the lower interadghe regression line fitted to the
Baltic herring data; Figure 3.1). However, confidenintervals of estimated
swimbladder volumes did overlap at these low weaightaking potential differences

insignificant. Moreover, there were no data fohfigeights less than about 25 g.
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Figure 3.1 Swimbladder volume (y-axis) in relatitn fish weight (x-axis) for
Baltic (black circles) and Norwegian spring-spavenimerring (grey
circles) collected between 1983 and 1988. Regredsies with 95%
confidence intervals are given. Baltic herring: Y#0857x - 0.59, n =
104, s.e. = 0.77,2r= 0.82. Norwegian spring spawning herring: y =
0.017x - 1.18, n = 60, s.e. = 0.66=r0.77 (see Ona 1990).
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There were significant relationships between eroglly determined
swimbladder volumes and modelled values assumindralebuoyancy of the fish
(Norwegian spring-spawning herring: r = 0.937, [©0Q.; Baltic herring: r = 0.901,
p<0.001; Figure 3.2). The slopes of the lines ditte the theoretically determined
swimbladder volumes for a given weight (Norwegigorirgg-spawning herring:
0.020; Baltic herring: 0.056) were similar to theee of the lines fitted to the
empirical data (Figure 3.1). This would suggest ttiee input parameters of the
swimbladder model (salinity and herring fat conyemtre appropriate to describe the
empirical data. The results of the regression amalyowever showed that the straight
lines fitted to the observed and expected swimldadwlume data had slopes and
intercepts that were almost all significantly difet from respectively 1 (Baltic
herring: t = -6.79, p<0.001; Norwegian spring-speagrherring: t = 5.23, p < 0.001)
and 0 (Baltic herring: t = 9.70, p<0.001; Norweggpring-spawning herring: t = -
8.00, p < 0.001). These differences are mainly edrivoy the assumed input
parameters used in the theoretical swimbladdermvelmodel. If current fat content
percentages were used, the model suggested thatblalider volumes of Baltic
herring would be 18% larger than what they werthatbeginning of the 1980s. For
that reason and to reflect current conditions, mégeobserved values of fat content

were used to adjust measured swimbladder volumresifisequent TS modelling.
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Figure 3.2 Correlation between observed and egdestvimbladder volumes for
(a) Baltic herring and (b) Norwegian spring-spavenimerring.
Expected volumes are based on observed fat corténte fish and
typical salinity values of Baltic (salinity = 7) driNortheast Atlantic
waters (salinity = 35). Solid lines indicate thé telationships.

3.3.1.2 Swimbladder and fish morphology: Baltic clupeids

Swimbladder dimensions of Baltic herring and spliffiered significantly between

species (Figure 3.3). While there were no diffeesnim proportion of swimbladder
length to fish total length (Student’s t-test: +£39, d.f. = 44, p = 0.172; Figure
3.3a), Baltic herring had significantly larger poofpons of swimbladder height to

length (Student’s t-test: t = 5.21, d.f. = 44, ©0.801; Figure 3.3b) and swimbladder
width to length (Student’s t-test: t = 8.28, d.f44, p < 0.001; Figure 3.3c). Figure
3.4 shows an example of X-ray radiographs illustcathe different swimbladder

growth pattern between the species, which resuléshigher bladder height-to-length
ratio in herring.
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Figure 3.3 Differences in morphology of swimbladtetween Baltic herring and
sprat. Probability value for differences between ingwadder
dimension proportions is given: *** p < 0.001.
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Figure 3.4 Example X-ray radiographs of Balticrimy (a) and sprat (b) showing
the gas-filled swimbladder as a dark object in ¢katre of the fish
body below the vertebral column. An example of aoa extension

(E) of the swimbladder, which was ignored for themehsion
measurements, is shown.

3.3.2. Target strength modelling

3.3.2.1. Baltic and Norwegian spring-spawning herring

Incorporating swimbladder volumes from measuredimgisamples (Figure 3.1) into
the TS model enabled for the computation of badksgag strengths for a range of

depths and fish sizes for both Baltic and Norwegparing-spawning herring. The
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ratio of fish length to lateral height based onay-measurements was found to be 5.3
for both herring stocks. The ratio of fish length dorsal width was 8.0 for
Norwegian spring-spawning and 10.7 for Baltic hegriFigure 3.5 shows contour
plots of modelled TS values assuming minimum cativa rates¢ = 1/2, = 0; see
Section 2.2.5.2.), i.e. the swimbladder length nid change with increasing water
depth. The model revealed higher TS values fori@h#rring, especially so for large

fish =30 cm), where differences of about 2 dB were found.
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Figure 3.5 Depth dependence of the modelled neegett strength at 38 kHz (left

panels) and the body contribution to the total saakter (right panels)
of Baltic (upper panels) and Norwegian spring-spagnherring

(lower panels). Swimbladder dimensions were assutoedontract

with depth according to compression factors 1/2 and3 = 0.

Changes in total TS with depth were not consiséenbng fish sizes between
Baltic and Norwegian spring-spawning herring sto@kgjure 3.5). The oscillating
nature of the averaged fish body backscatter estanby the DWBA modelling

method resulted in some fish size ranges being imfiteenced by the backscatter of
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the fish body as opposed to the swimbladder (he.fish sizes corresponding with
the maxima of the oscillating fish body averagedkisaattering cross-section). This
was especially true for Norwegian spring-spawnirgring of 22.5-27.5 cm and
Baltic herring of 26.0-31.0 cm (Figure 3.5). Foegk fish sizes the total TS variation
with depth was about 1.5-2.0 dB for both herringcks. On the other hand,
Norwegian spring spawners of 15.0-22.5 cm and >80and Baltic herring of 18-23
cm were less influenced by the fish body backscétee the fish sizes corresponding
with the minima of the oscillating fish body aveedgbackscattering cross-section).
At these sizes the total TS variation with depttswhout 2.5-3.0 dB. The variability
of TS with depth depends, therefore, on the fisklyboontribution to the total
backscatter of the fish.

To bring the modelled TS values into context, theye compared to data from
in situ observations of Norwegian spring-spawning herrir§§) published by Ona
(2003). The narrow length distributions of herrogserved by Ona (2003) suggested
the measured TS could be normalised to a commbrsite of 32 cm. Consequently,
models were run for fish of that size for both Negian spring-spawning and Baltic
herring cases. Estimated mean TS values for bothingestocks were within the
range of mostn situ TS values apart from a few low values at shalloater depth
(Figure 3.6). Since the empirical measurements Wwased on a range of different
experiments performed at various times of the ydacan be assumed that the
measured herring expressed differences in densiyaviour and condition. These
factors can affect the measured TS (Ona 1990; &laaxtd Batty 1990; Ona et al.
2001; Ona 2003) and might therefore have resutte¢ld large spread observed in the
empirical measurements over the depth range cové&&®dO m) by Ona (2003).
Modelled mean TS at the surface (depth = 0 m) forwégian spring-spawning
herring were around 2 dB lower than that of Babea herring. Shaded areas in
Figure 3.6 represent modelled TS values that fatiwben the extreme cases of
swimbladder dimension contraction with depth, whtselength compression factor
was equal to or less than that of swimbladder wititean TS values for Norwegian

spring-spawning herring over the stated depth walef0-300 m) ranged from -35.2
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to -38.1 dB for minimum swimbladder contractionesatand from -35.2 to -44.4 dB
for maximum swimbladder contraction rates. Sinylavalues for Baltic herring
ranged from -33.5 to -35.5 dB for minimum and fre88.5 to -39.5 dB for maximum
contraction rates. Modelled mean TS values ovenaases where high swimbladder
compression factors are assumed for Baltic and ¢oes for Norwegian spring-
spawning herring. Most model and empirical TS eastem were higher than the
presently applied depth-independent length-basedelBHonships used for estimates

of stock size (Figure 3.6).
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Figure 3.6 Modelled depth-dependent mean targength values for Baltic (dark
shaded area) and Norwegian spring-spawning (ligtaded area)
herring compared to measurad situ values for Norwegian spring-
spawning herring (Ona 2003) standardised to a digk of 32 cm
(black triangles). Borders of the shaded areasdaftned by the
extreme cases of swimbladder contraction rates, assuming
maximum @ = 1/3, = 1/3) and minimum o = 1/2, = 0)
compression factors, respectively. Length basedjetarstrength
relationships currently used for stock size estiomatare drawn as
dashed lines for both Norwegian spring-spawningyprand Baltic
(black) herring.
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Averaging the mean TS values for the entire watduron gave values for
Norwegian spring-spawning herring of -37.2 and 048B for the minimum and
maximum contraction cases, respectively. The edgmvavalues for Baltic herring
were -35.0 and -38.3 dB. The standard depth-indigogrrelationships between TS
and fish length (L, in cm), of the form presentedBquation 1.11, obtained from
averaged modelling results using typical lengthd dapth ranges of both herring

stocks and assuming minimum swimbladder compressaye:

TS = 20log,,(L) —67.1 (3.4)

for Norwegian spring-spawning herring and

TS = 20log, (L) - 64.8 (3.5)

for Baltic Sea herring. Estimated intercepts irhbequations were higher (Norwegian
spring-spawning herring: +4.8 dB; Baltic Sea he@ri6.4 dB) than the ones

presently used for estimation of the respectivecksteizes (Norwegian spring-

spawning herring: see e.g. ICES 1988; Baltic hgrrgee e.g. ICES 1997). Similarly,

the length- and depth-dependent TS relationshifegifio the modelled mean TS data
for a 32 cm herring, in the format proposed by (#t#3), were:

TS=20log,,(L) —1.9l09,,(1+z/10)-65.2 (3.6)

for Norwegian spring-spawning herring and

TS = 20log,4(L) —1.4l09,,(1+ z/10) - 63.6 (3.7)

for Baltic Sea herring.
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3.3.2.2. Balticclupeids

Figure 3.7 shows the difference in the modelledLTi®&fationships between herring
and sprat at 38 kHz. It was assumed that fish octupnear-surface layer (depth z =
0 m). The different points in the figure represemdelled mean TS data calculated
for each of the individual fish samples used. Regjom curves of TS versus fish total
length (L, in cm) using Equation 1.10 were fittex the modelled data for Baltic
herring and sprat. The results were: TS = 20.0& 19 - 64.07 (s.e. for m = 2.77,
s.e. for b = 3.52) for herring and TS = 27.50,4dd) - 73.06 (s.e. for m = 2.06; s.e.
for b = 2.19) for sprat. Additionally, for each seft data the commonly applied
equation TS = 20 lag (L) + by was determined (Figure 3.7). The interceptvias
estimated as -63.88 dB (s.e. = 0.19) and -65.08sdB = 0.17) for herring and sprat,
respectively. Figure 3.7 demonstrates that for Bshmaller than about 16 cm the
regression equation (Equation 1.10) gives up t@higher TS for herring than the
regression equation for sprat. Including effect&bitontent and salinity caused only
marginal differences in modelled TS. For both mgy@nd sprat, TS values varied by
0.2 dB over the range of analysed fat contentsdiff€red by 0.4 dB for both species
over the salinity range analysed.
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Figure 3.7 Modelled near-surface TS for Balticrimgr (black) and sprat (grey) at
38 kHz, based on measured swimbladder morpholog®-L T

relationships of the standard form (2049¢.) + bo) are fitted to the
data for herring (red dotted line) and sprat (oeadgtted line).

33221 Effect of depth

Previousin situ (Ona 1990; Ona 2003; Chapter 4, Fassler et al. 0% theoretical
modelling (Gorska and Ona 2003a) studies have shbainTS of Atlantic herring
may decrease significantly with water depth. Cqoeslingly, results presented in
ICES (2006) also demonstrated that Baltic herriggdEcreases with depth and that
the depth variability (the difference between maximand minimum TS over the
entire depth range: from 0 to 100 m) depends dndige. Reported ranges of values
were: 1.70 - 2.34 dB at 38 kHz, 1.37 - 2.23 dB@&kMz and 0.52 - 1.93 dB at 120
kHz. To understand how fish depth affects the Ti®lationship, two sets of TS data
at 38 kHz for depth z = 0 m and z = 100 m wereuated from the herring and sprat

morphology data. The regression curves (Equatid®)lwere also fitted to each
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dataset. Figure 3.8 demonstrates that there ip@moximately 2 dB difference in TS
between fish at 0 and 100 m depth for both herimg) sprat.
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Figure 3.8 Effect of depth on modelled TS for Badprat (left panel) and herring
(right panel) at 38 kHz. Values were modelled gitde= 0 m (grey)
and 100 m (black). Respective regression equatizngiven.

3.3.2.2.2. Effect of frequency

To understand the effect of acoustic frequency emilg and sprat TS, the TS-L
relationship was fitted to modelled data at thee¢hdifferent frequencies used
commonly in acoustic biomass estimation of Baltigeids (38, 70 and 120 kHz).
Figure 3.9 shows that for both species the slopeafm intercept (b) of the TS-L
relationship (Equation 1.10) is sensitive to adeuBtequency over the considered
depth range (0 - 100 m). The difference in TS ataB8 120 kHz varies with fish
length up to 5 dB and 3 dB for herring and spregpectively. At 38 and 70 kHz the
difference in TS can be up to 2 dB for both species
Figures 3.9a and 3.9b demonstrate only a slighdithaty of the TS-difference

to the depth of herring, while for sprat a highepith sensitivity is observed (Figures
3.9c and 3.9d). For example, for 13.5 cm spratifference in TS at 38 and 70 kHz
is negligible for fish near the surface, whereas difference is about 1 dB for fish at
100 m depth. Moreover, the difference between spfsaat 38 and 120 kHz increases
from 2 to about 3 dB with increasing depth downl@® m. These results further
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suggest thain situ TS data collected for Baltic herring and spraB8&tand 70 kHz
and at various water depths may not be treated@sadent. Comparing backscatter
levels of the two species between frequencies i Equation 2.1 revealed a
positive meamdB level for sprat at 70 kHz (Figure 3.10). Herringd a negative
meanAdB level at 70 kHz. Respective mean valuead at 200 kHz were negative
at about -2.5 for herring and -1.5 for sprat. Thessilts may suggest that there is
potential merit in using differences in backscateri38 and 70 kHz to distinguish

Baltic herring from sprat.
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Figure 3.9 Effect of acoustic frequency on modkll& for Baltic herring (upper

panels: a and b) and sprat (lower panels: ¢ andvdiues were
calculated for depth = 0 m (left panels: a and a) &80 m (right
panels: b and d). Respective regression equatrengien.
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Figure 3.10 Mean (circles), minimum (inverted ngées) and maximum (upright
triangles) values of decibel difference relative3® kHz for Baltic
herring (black) and sprat (gray).

3.3.2.2.3. Effect of orientation

As in previous sections, TS-L relationships (Equatil.10) were fitted to the
modelled TS data of Baltic sprat and herring. Hosveto investigate the effect of
fish orientation on backscatter, different standdaeviations of Gaussian fish tilt
angle distributions (s.d. = 5° and 10°) were useddculate average TS values.
Figure 3.11 shows the sensitivity of the TS-L rielaship to fish orientation at 38
kHz. For herring the difference between averageb@&8veen 5° and 10° s.d. of tilt
angle distributions increases with increasing kstgth from approximately 1 to 2 dB

irrespective of water depth. The same phenomenanolvserved for sprat, however,



100 Chapter 3. Intra- and inter-species variahitittarget strength

corresponding differences in TS for the smallesit fanalysed ranged from 0.3 to 1
dB.
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Figure 3.11  Effect of s.d. of fish tilt angle dibtution on modelled TS for Baltic
herring (upper panels: a and b) and sprat (lowerlsa c and d).
Values were calculated for depth = 0 m (left panaland c) and 100
m (right panels: b and d). Respective regressiosans are given.
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3.4. Discussion

34.1. Intra-species target strength variability: Baltic and Norwegian
spring-spawning herring

This Chapter has provided evidence to supportxigtieg assumption that due to the
lower salinity in the Baltic Sea and the lower ¢antent of Baltic herring, these fish
require a larger swimbladder volume for a giveh 8&e than do fatter herring living
in more saline waters. A larger swimbladder is aarefficient scatterer of acoustic
energy at frequencies typically used in acoustivests for fish (38, 120 and 200
kHz). At these frequencies and object sizes, battescis in the geometric region
(Simmonds and MacLennan 2005) and therefore depéndethe surface area of the
swimbladder (Horne and Clay 1998). Modelling of #e®ustic backscatter based on
measured swimbladder volumes revealed higher me&arfoll Baltic herring of a
given length when compared to Norwegian spring-spagv herring (Figure 3.5).
These results may explain the TS values observeckmtral and northern Baltic
herring (Didrikas and Hansson 2004; Peltonen ani¢ B&05), which are 3-7 dB
higher than those currently applied for both Nd@#wa and Baltic herring. The same
principle may apply to freshwater fish (salinity y Warner et al. (2002) measuried
situ TS of alewives in freshwater and found the comesiing TS-L relationship to
be 8 dB higher than the standard relationship farime clupeids recommended by
Foote (1987), based on Atlantic herring. UnfortehgtWarner et al. (2002) did not
investigate whether alewife swimbladder volumesenggger than those of similarly
sized marine clupeids. However, a potential lintnleen low salinity, low fat content
(9.1% in alewives; Flath and Diana 1985) and henlegger swimbladder causing the
corresponding high TS in alewives is also likely.

Modelled TS values for both Norwegian spring-spagniand Baltic Sea
herring at a range of water depths were similaintgitu values from Norwegian
spring-spawning herring at 38 kHz measured by @@®3) (Figure 3.6), although
variability was large. In fact, the length-depertdd@i® equation determined for

Norwegian spring-spawning herring (Equation 3.4) nisarly identical to the
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equivalent equation (Equation 4) published in Q208), who based his findings on
in situ values measured at various (5-500 m) depths. Moaleles determined for
Baltic herring (Equation 3.5) are higher (by +3B) ¢than those proposed by Didrikas
and Hansson (2004) at 38 and 70 kHz, and lower{®/dB) than those determined
by Peltonen and Balk (2005) for northern Balticrimgr at 38 kHz. Both of these
analyses were based on situ TS measurements. Nevertheless, it is generally
suggested that both Baltic and Norwegian springvepay herring have a higher TS
than that used to assess their respective stotfie IfS relationships corresponding to
the model values determined here were used to &stistock sizes, abundance
estimates would be lower than if the currently &aplsolely length-dependent TS
relationships are used (i.e. Norwegian spring-spagvherring: TS = 20log (L) -
71.9; Baltic Sea herring: TS = 20lgdL) - 71.2). If the higher TS values for Baltic
herring were correct and applied to estimate the sf the stock, the estimates of

Baltic herring biomass from acoustic surveys wdddess than half as large.
34.2. Inter-speciestarget strength variability: Baltic herring and sprat

The investigation into TS variability among clupeith the Baltic Sea revealed a
contradicting picture to the widespread assumptibat the TS-L relationship
developed for herring can be used as a ‘univerdgpecd TS'. If the TS-L
relationship TS = 20 lag (L) - 63.88 obtained for Baltic herring was apgli®o
estimate sprat abundance, acoustic survey restltsp@t biomass would be
underestimated by about 30%. On the other hantigifTS-L relationship TS = 20
logio (L) - 65.08 for sprat was used in herring abundagstimation, it would cause
an overestimation of herring biomass of about thmes percentage. It should be
noted that sprat samples used in this study coveredypically observed length
range of sprat in the Baltic Sea (ca. 6 - 16 cngwever, this was not true for the
herring samples, since lengths of Baltic herringmally range between about 9 and
25 cm (Section 3.2.2.1., Fassler et al. 2008). Bimatring were therefore not
sufficiently represented in the dataset. To vewfiyether Baltic herring of lengths

below 16 cm may have the same TS-L relationships@st, as suggested by
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Kasatkina (2009), more herring samples covering séie length range as sprat
would have been necessary. Nonetheless, basedeoreshlts presented here, it
appears as though the TS-L relationship fitted $od&ta of Baltic herring of lengths
>16 cm should not be used for abundance estimatiBaltc sprat and vice versa.

The by value determined for Baltic herring based on mesaments of
swimbladder morphology from X-rays (-63.88; Sect®f.2.2.) was higher than the
one estimated from modelled TS based on swimblagdemmes (-64.8; Section
3.3.2.1.). Nonetheless, these two estimates wesengally based on different types
of input data. On the other hand, the comparisdwden Baltic clupeid TS was done
using the same type of morphological dimension ,daltawing a valid qualitative
comparison between model outputs for the two specie

Observed differences in TS between herring largan L6 cm and sprat may be
explained by the different morphologies of these pecies. As demonstrated in
Figures 3.3 and 3.4, the width and height of th&iB&aerring swimbladder are on
average larger than the width and height of thatsgwimbladder for fish of the same
length. This means that the insonified dorsal svaghber area and swimbladder
volume, which influence the backscatter of the fidifferentka,s (k is the wave
number and @ is the swimbladder radius defined in Equation }.Hbe larger for
herring than for sprat. The result is a higher 6 Herring than sprat of a given
length. The larger slope of the regression lineditto the modelled Baltic sprat TS
data may further suggest that the quadratic depeedef TS on fish length does not
hold for this species (Figure 3.7; McClatchie etl&96). While the curve fitted to the
Baltic herring TS data was only marginally differérom the one with a fixed slope
of 20, there were considerable differences betwkemnespective curves fitted to the
Baltic sprat TS data (Figure 3.7). Observed diffiees in swimbladder growth
pattern between the herring and sprat samples r@g-@3) would imply that either a
shape correction (e.g. McClatchie et al. 2003) alifeerent TS-L relationship for
each species is necessary.

The evaluation of the differences between the s=gjpe curves fitted to the TS
data (Figure 3.7) may explain the large variabiljtyp to 8 dB) of herring TS
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measured in different parts and seasons in thecBadta (Lassen and Steehr 1985;
Rudstam et al. 1988, 1999; Didrikas and Hanssod;2D@rikas 2005; Peltonen and
Balk 2005; Kasatkina 2009). As previously mentignedsitu TS data of Baltic
herring and sprat gathered so far were collectedaaalysed in different ways: some
authors collectedn situ TS data by insonifying single species aggregatmfnsprat
and herring (Peltonen and Balk 2005; Kasatkina 20@8ile others (Didrikas and
Hansson 2004, Didrikas 2005) did not make a disoncbetween those two species
and insonified mixed species aggregations. A previmvestigation that evaluated
the effects of treating herring and sprat in thétiB&ea as ‘acoustically identical’
suggests that care should be taken when using la reg&tionship obtained for one
species in abundance estimation of other or mixgdremations of clupeids
(Kasatkina 2007; Kasatkina 2009). Parameters ot T8lationships for these two
species of fish will be dependent on the lengtlyeaobserved (Kasatkina 2009). The
study described in this Chapter, based on morplmbdata, demonstrated a 1.2 dB
difference between the intercept parametes) (bf the TS-L relationships for Baltic
herring and sprat. These results are in accordattbeempirical observations made
by Kasatkina (2009), who found the mea® Value of Baltic sprat to be lower (by
4.35 dB) than that of herring. Following resultseggnted in Section 3.3.2.1.,
estimated intercepts {§) of modelled TS data, based on morphological dsimers of
both herring (-63.88 dB) and sprat (-65.08 dB),eMeigher than that determined for
North Sea herring (-71.2 dB; see ICES 1982), ptésesed to estimate stock sizes
of Baltic clupeids. This is in agreement with recén situ TS measurements,
suggesting that both Baltic sprat and herring mayehhigher TS values than those
presently applied to estimate their stock sizedliRas and Hansson 2004; Peltonen
and Balk 2005; Section 3.3.2.1., Fassler et al82B@satkina 2009).

Results shown here have indicated that, in ordeoltain accurate TS-L
relationships for Baltic clupeids, it is importartb conduct controlled TS
measurements, and additionally collect data onrenmental parameters (water
temperature, salinity and depth of measured figarJamorphology (fat content) and

behaviour (orientation pattern) of the fish. The M8delling results have shown that
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there may be considerable discrepancies in TS memasuts of fish at different

depths. Additionally, variations in tilt angle dibutions and the applied acoustic
frequency were also identified as potentially iatting factors that may reveal
significant discrepancies in measured TS, dependmthe size of the fish studied.
Unlike identified in the investigation into TS dfences between Baltic and
Norwegian spring-spawning herring, fat content aatinity were not identified as

critical parameters affecting clupeid TS varialiltithin the Baltic Sea. Backscatter
models of Baltic herring and sprat may be improwgith the help of more accurate
biological data, and subsequently be used to examackscatter characteristics of
fish from various locations and at different timeshe Baltic Sea.

It should be noted that the model used in the ptestidy was based on a
highly simplified approximation of fish swimbladdand body shapes. Factors such
as the depth-dependence of the swimbladder shapénava considerable effects on
the outcome of modelled TS values. It has been shmeviously that the change in
acoustic backscatter of herring with depth is depanon the dorsal cross-section of
the swimbladder rather than its volume (Ona 19%@)ditionally, it is also more
likely that the swimbladder diameter reduces mapadly with depth than does the
length (Gorska and Ona 2003a; Chapter 4, Fasslak @009a). Given these facts,
improved knowledge about the true depth-dependenpinology of the swimbladder
is needed to enable the use of more sophisticatekisbattering models. Therefore,
precise measurements of the actual swimbladderasidedimensions (e.g. using X-
ray or MRI techniques) made at a range of watesquees will provide a better
understanding of the mechanics of depth-dependeimidadder compression (see
Chapter 4). Improved, fully three-dimensional baekter modelling, using
techniques such as the Kirchhoff-ray mode (KRM;yGiad Horne 1994) could then
be used together with actual morphological swimtkdaddimensions to approximate
the expected TS (Chapter 4) and examine effectiepth-dependence on abundance

estimates more accurately (Chapter 5).
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Chapter 4

Depth-dependent swimbladder compression in

Atlantic herring (Clupea harengus)

Part of the work described here has been publiabed

Fassler, S.M.M., Fernandes, P.G., Semple, S.l.KegrlBy, A.S. (2009). Depth-
dependent swimbladder compression in her@igpea harengus observed using
magnetic resonance imaging. Journal of Fish Biolbgy296-303.

4.1. Introduction

Target strength (TS) of fish is primarily dependentthe size and morphology of the
fish, the acoustic frequency used (the echosouindguency), and the orientation of
the fish in the water (Nakken and Olsen 1977; Bla&ind Batty 1990; Ona 1990).
For fish with a gas-filled swimbladder, the swinddar can be responsible for up to
90 - 95% of the backscattered sound intensityegjuencies used for surveys (Foote
1980a). Consequently, for such fish, understanthegstructural morphology of the
swimbladder and its variation with fish behaviowr particularly important for
understanding and modelling TS and its variability.

The herring is a physostome and, as such, its sladdbr is not closed but
connected to the anal opening and to the alimerdanal via a valved pneumatic

duct (see Figure 4.1; Blaxter et al. 1979). Unlikssoclists, most physostomes have
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no known mechanisms, such as a gas gland, withhwthiadjust the volume of their
swimbladder actively. The present hypothesis farihg is that they are only able to
inflate their swimbladders by “gulping” atmosphests at the sea surface (Brawn
1962; Blaxter et al. 1979; Ona 1990). Thus, onherang has left the sea surface, the
volume of its swimbladder will decrease with in@eg ambient pressure at greater
water depths (Blaxter and Hunter 1982). Since T&oatmon survey frequencies is
primarily a function of swimbladder size, the TShierring and other physostomes is
likely to be dependent to some extent on the deyththe fish (Edwards and
Armstrong 1984; Ona 1990; Mukai and lida 1996).

At frequencies typically used in herring surveyg, (38, 120 and 200 kHz), the
acoustic backscattering of the swimbladder is ie geometric scattering region
(Simmonds and MacLennan 2005), where backscatexpscted to be proportional
to the dorsal cross-sectional surface area ofdatgesing body (Ona 1990; Horne and
Clay 1998). Consequently, it is important to knoswhthis particular dimension of
the swimbladder changes with depth in order tossspetential effects of depth on

herring TS and ultimately biomass estimates.

swimbladder

posterior duct

caecum

intestine pneumatic duct

Figure 4.1 Schematic view of the swimbladder anonhexttary canal super-
imposed on a cross-section of a herring from thetiN&ea. The
caecum forms the posterior part of the stomachisoednnected to the
swimbladder via a thin pneumatic duct.
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In an in vitro experiment, Blaxter et al. (1979)osled that the different
dimensions of the herring swimbladder do not cosgisometrically with increasing
ambient pressure. They observed that the vertidal& the swimbladder was most
affected by an increase in pressure, and thatethgth of the swimbladder changed
more slowly than its height. As a result, Blaxtérak (1979) suggested that as
pressure changed the swimbladder would not contaatentrically, but would adopt
the shape of a flat ellipse. The invasive expertaetechnique applied by Blaxter et
al. (1979) may, however, have led to misleadingltssin order to observe changes
in swimbladder shape with pressure, fish had to dmsected to expose the
swimbladder. The results of Blaxter et al. (197@yey therefore, effectively based on
observations of partly exposed swimbladders, win@y have behaved differently
than if they had been fully surrounded by tissuerska and Ona (2003a) compared
empirical observations of herring TS at variouse~atepths with results of models
that applied different swimbladder contraction-sat€he spheroid model they used
led them to conclude that the swimbladder mustrechin a way where the length-
contraction is less than the width-contraction, Iy could not quantify the
difference. Moreover, recenh situ work has provided further evidence that the
model used by Gorska and Ona (2003a) may not hese addequate to describe the
depth-dependence of herring TS (Pedersen et &) 200

In Chapters 2 and 3 of this thesis, | have shownttie use of simple geometric
shapes to represent fish sound scattering bodiesoidiels may be inadequate to
explain certain backscattering features. More ektledbackscattering models such as
the Kirchhoff-ray mode (KRM) or boundary elementthusl (BEM) can compute the
TS of arbitrarily shaped bodies such as the trimpas of the fish and its internal
organs (Horne and Jech 1999; Horne et al. 2000cirand Foote 2003; Pefia and
Foote 2008). Radiographic techniques have beenaxedsively to extract shapes of
swimbladders for use in acoustic backscattering efsodClay and Horne 1994;
Horne and Jech, 1999; Macaulay 2002; Hazen andeH2003; Gauthier and Horne
2004b Reeder et al. 2004; Pefia and Foote 2008%eTteehniques are non-invasive

and can deliver high-resolution representationstied swimbladder and other
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important scattering structures (e.g. vertebraliwol, bones or gas-filled organs). To
date, such examinations have mostly been made grogplists, where pressure
effects are less important, since swimbladder velirmay well remain constant
throughout the water column (but see Horne et @092for an exception). This
Chapter aims to examine changes in true, threerdiioeal swimbladder
morphology of Atlantic herring with pressure. Matoaesonance imaging (MRI)
was applied to observe swimbladders of dead fisha ipurpose-built pressure
chamber at various simulated water pressures dovem tequivalent depth of 60 m.
High-resolution three-dimensional shapes of theritgr swimbladders were
reconstructed from the MRI data and subsequentBd u® compute tilt angle

averaged TS by applying the KRM backscattering rhfdedel III’, see Chapter 2).
4.2. Methods
4.2.1. Fish samples and pressure chamber

North Sea herring were caught in the northern N&#a during the 2007 herring
acoustic survey using a PT160 pelagic trawl at lgeftetween 77-165 m (ICES,
2008b). The herring were euthanized using benzecsiraight after the trawl was
hauled on board and then frozen. One suitable sgeci(length = 25.0 cm) was
selected after X-ray examination to ensure thatsthgnbladder and other internal
organs were intact. Norwegian spring-spawning hgrnvere collected from the
Matre facilities of the Institute of Marine Resdar¢IMR, Matre Aquaculture
Research Station, 5984 Matredal, Norway). Thesengehad been reared in tank
facilities and were, therefore, assumed to be adajat surface water pressures. The
specimens (n = 7) were transferred individuallyhwat small net from a circular
holding tank (height = 1.5 m, radius = 2 m) to & 1»lastic container (height = 40
cm, length = 60 cm, width = 50 cm) containing sedewand an overdose of MS222
anaesthetic (200 m@). After the fish were euthanized, the anal openiag sealed
with Superglue and a piece of plaster to preveptgas potentially escaping from the
swimbladder. Afterwards the herring were kept eailbn ice and transported for 2 h

to IMR in Bergen where they were frozen to -20°Cl Werring samples were
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defrosted in a cooler box for 12 h before beingexttto a range of water pressures
(2 - 7 bar) using a purpose built, MRI compatiblriilf using only non-ferrous
components) Perspex pressure chamber (Figure 4.2).

The pressure chamber essentially consisted of sp&ercylinder with end-caps
made of brass. Air could be pumped under pressiiweai small compartment at one
end of the chamber. This compartment was sepafaded the water-filled main
section of the chamber by an elastic rubber menebrimereasing air pressure hence
increased the water pressure within the chambepeforated screw in the lid
enabled the chamber to be filled with water and tairescape preventing the
formation of air bubbles inside. The pressure chammas connected to the air source
via a 10 m long plastic tube and a control boam #nabled air pressure to be
adjusted and measured (see Figure 4.3). For saf@spns, and mainly due to the fact
that they contained ferromagnetic materials thalccbe attracted by the force field
of the MR scanner, all other components of theesyshad to be kept outside the
scanner room while the magnet was switched on.ngwscans, the pressure chamber
was therefore connected to the pressure sourceantrbl board via the 10 m plastic

tube that was fed through a hole in the MR scaroan wall.
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Figure 4.2 (Caption on following page)
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— Figure 4.2 Diagram of the chamber used to expa=eingy to various water
pressures (maximum total [atmospheric + water] qunes = 7 bar)
inside an MRI scanner. The chamber consisted arspex (thickness
= 1 cm) cylinder (1) with end caps on either si@¢ ¢onnected by
screw rods (3). The air-filled compartment (4) saparated from the
water-filled compartment (5) by an elastic rubbesnmbrane (6). The
screw-top lid (7) and perforated screw (8) enabdémbure of the
chamber without the retention of air bubbles. Rmased air was
supplied from an external pump via a tube (9) (lerrg10 m). Plastic
parts are shown in shades of dark grey, brass aatsatched.
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=

Figure 4.3  Apparatus that enabled pressure inbielelamber (1) to be varied. A
10 m plastic tube (2) ran from a pump (6) kept ioletsthe MRI
scanner room. The control board included a presgavge (3) and a
control valve (4). A pressure release valve (PRVemsured that the
air pressure inside the chamber never exceedednthemum test
pressure value of 7 bar. The air pressure wasaseteby use of an
ordinary foot pump (6).
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4.2.2. M agnetic resonance imaging
4.2.2.1. North Sea herring: Scan 1 (Aberdeen, UK)

MRI techniques work by aligning nuclear spins obtpns in hydrogen atoms along
the direction of a strong magnetic field. Radiofreqcy pulses are then introduced
into the imaging system to excite these protongngithem enough energy to move
away from their alignment with the magnetic fiehce the radiofrequency pulse is
switched off, the protons relax back and align wite magnetic field again. In doing
so, the protons give off energy at particular resorfrequencies, which the MR
system detects. The resonant frequencies of thHenzaepend on the main magnetic
field and vary with magnetic gradients applied. sTigives spatial information of
these frequencies across the imaging field of wiewuild up a 3D MRI dataset of
images. The relaxation rate of the protons baatgualibrium is governed by various
factors which reflect the local chemical environtand hydrogen concentration.
Therefore, different tissues have different '"MRtcast' due to their chemical makeup
and concentration.

The North Sea herring sample was scanned usinglipsPB-tesla Achieva X-
Series scanner (Philips Medical, Best, Netherlaratisthe Aberdeen University
Department of Radiology (Lilian Sutton Building, résterhill, Aberdeen, Scotland,
UK) in a chamber, the chamber was filled with freghter. It was then secured with
foam pads and Velcro straps in the 16 channel nagoular array coil: the securing
was to prevent movement of the chamber within thié during image acquisition
(Figure 4.4). After an initial survey scan was doegl for positioning of subsequent
scans, a T2-weighted spin-echo utilising a homoityefitter (called CLEAR, Philips
Medical) was used to acquire high-resolution sadrtee swimbladder in the sagittal
plane. Image acquisition parameters are given biefd.1, and were set to maximise
image resolution and obtain all required scan secgge within the available 3 hour
time slot. During protocol development, spin-ecleggences were acquired using
SENSE (Pruessmann et al. 1999) in an attempt tdawih the acquisition time, but it

was observed that the brass components of theupeessnk interfered with the
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SENSE sensitivity map, resulting in severe imadefacts. Subsequently, all spin-
echo scans used in this study were acquired witB&NSE, or any other speed-up
factor. The herring was scanned at discrete watsspres (1 - 7 bar) corresponding
to 0, 10, 20, 40, and 60 m depth. The choice ofwhter pressures reflects the fact
that volume reduction of gas-filled elastic objeistgreatest over these near-surface
depths (e.g. ~85% reduction in volume from O - §nly a further 4% reduction to
100 m). At the end of the series of increasingguess a repeat scan was made at the
lowest pressure in an attempt to determine if aag gad been lost out of the

swimbladder over the course of the experiment.
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Figure 4.4

Photographs of the herring sample inside water filled pressure
chamber on the lower part of the neurovasculayaval coil (a). The
chamber was secured with foam pads inside the atlosé (b) and
then placed inside the MRI scanner (c). (d) shots pressure
chamber on the lower part of the head coil usethduScan 2’, at the
entrance of the MRI scanner just before commenceofea scanning
sequence.
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Table 4.1 Settings used for MRI acquisition inrstaAberdeen, UK) and Scan
2 (Bergen, Norway).

MRI attribute Scan 1 Scan 2
Pixel size (mm) 0.5 1.0
Slice thickness (mm) 1.0 1.0
Samples per pixel 1 1
Acquisition type 2D 3D
Repetition time (ms) 1000.0 6.8
Echo time (ms) 50.000 1.936
Acquisition time (min:sec) 17:08 12:47
Space between slices (mm) 1.0 0
Number of slice 30 256
Number of averag 4 1
Percentage phase FOV 80 100
Image rows x columns 320 x 320 256 x 256
4.2.2.2. Norwegian spring-spawning herring: Scan 2 (Bergen, NO)

A second MRI scan series was performed on the Ngiamespring-spawning herring
samples at the Haukeland University Hospital ingger Norway on the'8 9" and

12" December 2007. The scanner used was a whole-baesis8 General Electric
Signa Excite scanner (GE Medical Systems, Milwaukée USA). The water-filled

pressure chamber containing the fish was stabilis#ld pads inside a head coll
(Figure 4.4d). In order to optimise the compromisetween spatial imaging
resolution and size of the imaging region (see Pand Foote 2008), while
completing all scans of the 7 herring samples wittie time available, scanning
parameters given in Table 4.1 were chosen. In ashto ‘Scan 1’ (Section 4.2.2.1)
swimbladder scans were acquired in the axial pl&ven though more slices were
needed (256 slices c.f. 30 slices in the sagittaection; Table 4.1), scanning time per

fish could still be reduced by compromising the gmaesolution slightly. During the
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axial scanning sequences of ‘Scan 2’ no space remabetween scan slices,
resulting in contiguous images without need foreipolation. All herring were

scanned at water pressures corresponding to 04@0and 60 m depth, i.e. one
pressure step less compared to ‘Scan 1’, resuttiagotal of 28 scan series and 7168
individual slices. Digital images of each slice eeyenerated in both ‘Scan 1’ and
‘Scan 2’ series and exported from the respectiearsers in the Digital Imaging and

Communications Medicine (DICOM) file format.
4.2.3. Swimbladder reconstruction

An image processing and programming routine waseldped using MATLAB
(version 7.0; The MathWorks Inc., MA, USA) with theage Processing Toolbox™
to reconstruct 3-D representations of the swimldasidrom the MR image slices.
The high image contrast between the gas-filled $\adder and surrounding tissue
enabled accurate assessment of the swimbladdedaoes. The MATLAB routine
(see Figure 4.5) allowed the boundaries of the ®lddder to be defined on every
slice of each scanning series by applying a thidsledue to accept all the grey scale
values corresponding to the darker pixels charatierof the gas-filled bladder.
Since the threshold value was set based on a swkjewvaluation of the grey scale
contrast between pixels associated with the swidd@aand surrounding tissue, the
routine enabled the threshold to be altered frooe $b slice if necessary. In that way,
an acceptable threshold was defined that resuitéaei swimbladder pixels forming a
continuous shape. All pixels corresponding to gregle values equal to or lower than
the selected threshold appeared on a ‘selectiodomihwhere they were manually
selected (Figure 4.6). The swimbladder was thett bpifrom its individual cross-
sections on all individual image slices of the comed sequence. Since the pixel
resolution and slice thickness was known, the swadder volume was calculated by
adding all single voxels that made up the swimbdad&@imilarly, the dorsal cross-
sectional surface area of the swimbladder was eléfas the area covered by pixels
of all dorsal aspect swimbladder slices superimpaseeach other. The swimbladder

trace quality was improved by applying the ‘smoo®® object smoothing function
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with a Gaussian convolution kernel in the MATLAButme. A 3-D object
corresponding to the smoothed swimbladder was treated using the ‘patch’
function, and a mesh defining the surface was rgcocted based on the x, y, and z

coordinates of the object boundaries.
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Figure 4.5 Flowchart illustrating the routine deged in MATLAB to extract
swimbladder pixels from individual axial MRI slicesd to eventually
rebuild the swimbladder shape in 3-D.
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Figure 4.6
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Screen shots from the routine develdpedlATLAB to extract the
swimbladder shape in 3-D from individual axial MBlIces. (a, left
panel): Example of an axial MRI slice of herring &2a pressure of 1
bar. At this stage, no pixels have yet been alegtato the
swimbladder, producing only black pixels in theléstion window’ (a,
right panel). (b): Histogram of pixel grey scaldues (0 to 65,535)
from the MRI slice with the set threshold indicatadthe red triangle
and dotted line. (c): threshold set too high. Rixebrresponding to
values below the set threshold are superimposeddrcolour on the
MRI slice (c, left panel) and given as white pixéisthe ‘selection
window’ (c, right panel). (d): threshold set toowlo(e): acceptable
threshold value resulting in the swimbladder pixésming a
homogenous object in the ‘selection window’ (ehtiganel) that can
be manually selected (f).
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4.2.4. Target strength modelling

The theoretical acoustic backscattering of theihgrwas modelled using the 3-D
swimbladder shapes by applying the Kirchhoff raydeoapproximation (KRM)
described previously as ‘model 1II' in Chapter 2gdand Horne 1994; see Section
2.2.5.6. for details of the model). The model etaiy approximated the scattering
objects as a series of 1 mm long elliptical cylmsdd he backscattering cross-section
of each object was then expressed as a functisizef frequency and fish orientation
relative to the transducer by summing backscatjecimoss-sections of all individual
cylinder components. The fish body was represeased set of fluid-filled cylinders
surrounding the gas-filled cylinder sections of $m@mbladder. Total fish backscatter
was eventually calculated as the coherent sum olkdeattering-cross sections of
both swimbladder and fish body according to Equmat2o4. Since the MRI scans
focused on the swimbladders, true shapes of tlmebiigly could not be traced and
reconstructed from the scanning slices. Insteath fiody dimensions were traced
from the silhouettes of lateral and dorsal aspégitall images of herring #43 and
linearly scaled as a function of length for usehwibe other individual herring.
Individual cylinder components of the fish body aswlimbladder were generated
based on the height and width of the respectivétesoay bodies along the axis
directions from the snout to the tip of the caugedluncle (Horne et al. 2000). The
swimbladder was assumed to be gas-filled with aitenf 1.3 kg n? (Brawn 1969),
while the fish body component was assumed to hd-filled with a slightly higher
density (1049 kg M, Section 3.2.1.1.; Fassler et al. 2008) than theoanding sea
water (1027 kg ™, Section 2.2.5.6.). Speed of sound in sea waitdt, Hody and
swimbladder were 1500, 1570, and 340 hrespectively.

Mean TS values were predicted for each individualrihg specimen as a
function of fish length and frequency by averagit@),000 samples of modelled
backscatter values applying tilt angle distribusenith mean 0° (i.e. broadside dorsal
aspect) and standard deviations used commonlydoinlg of 5° (Gorska and Ona
2003a; Fassler et al. 2008) and 10° (Ona et al;Zoédsler et al.2007). All estimates

were first averaged in the linear domain beforen@paransformed logarithmically.
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Standard length-dependent TS relationships wereveatkrby fitting a linear
regression to the modelled mean TS at 38 kHz ternhéhe the value of the intercept.
In order to compare results between the differeatiing used in this study to an
extensivan situ TS data set collected by Ona (2003) for 32 cmimgriTS values for
all specimens considered here were also scalearlyn® a common fish length of 32
cm. Consequently, length- and depth-dependent [BBaieships were determined at

38 kHz from the model values of the size standadifgerring specimens.
43. Reaults
4.3.1. Swimbladder compression with depth

Of the 19 Norwegian spring-spawning herring coéectfrom the Matre facilities, 7
were selected for MRI scanning based on criteriehsas MRI scanner time
availability, length range coverage (29.5 - 36 drable 4.2) and the fact that some
exhibited gas venting from the anal opening duthgyeuthanizing process. The one
specimen selected out of the 96 herring collectedh fthe North Sea was deemed to
have a ‘normal’ swimbladder. The judgment aboutrrmal’ swimbladder shape was
based on the relative swimbladder proportion ofwtmele fish volume assuming a
mean fish density of 1.049 g cir(see Section 3.2.1.1.), comparison to X-ray images
of Baltic herring (N. Hakansson, F. Arrhenius, Bundgren, pers. comm.; see
Chapter 3), lateral cross-sections of 40 frozentiN&ea herring (also described in
Section 2.2.5.5.) and published images of herringayé (Gauthier and Horne
2004b). Total length of the 8 herring specimengiuse MRI scans in this Chapter
ranged from 25 to 36 cm and the weight from 138456 g (Table 4.2).

MRI scans of the herring showed a clear reductifosmembladder height with
increasing water pressure (Figure 4.7 and 4.8) Téduction appeared to involve a
collapse of the ventral region of the swimbladdédrilevthe dorsal surface did not
alter considerably in position or extent (Figuré&)4.The result was a change from a
near-circular cross-sectional swimbladder shapgberaxial aspect at low pressure to
a more half-moon shaped cross-section at progedgshigher pressures, with a

convex dorsal and concave ventral surface.
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It appeared that there were different inclinatioglas along the swimbladder
dorsal surface relative to the fish axis similartbhmse observed in Chilean jack
mackerel (Pefia and Foote 2008). The differenceds¥twgwimbladder dorsal surface
inclination angles along the swimbladder becam@elarwith increasing water
pressures, with the anterior swimbladder sectiosingaa steeper angle relative to the
fish body axis compared to the posterior sectioguiie 4.7 and 4.8).

Due to the larger lengths of the Norwegian spripgveing herring (fish #2 -
#11; Table 4.2) compared to the single North Sedarfgespecimen (fish #43), there
were considerable MR image artefacts in the Noraregipring-spawning herring at
their anterior ends caused by the close proxinatthe air filled compartment of the
pressure chamber. Overall, pixels had lighter shafigrey towards the head region
of the fish (Figure 4.7). This phenomenon was owexe by the ability of the
MATLAB routine to apply a specific pixel grey scallereshold on respective MR

image slices in order to define pixels belonginghi® gas-filled swimbladder.
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sagittal

Figure 4.7 Sequence of sagittal and axial magmesonance (MR) images of
herring #9 at a range of water pressures (1 - 7, Islwowing the
swimbladder (SB) as a dark object in the centrethef fish. The
position of the axial image at every pressure sgagpven as a dashed
line in the respective sagittal image. The proxnoit the herring head
to the air filled pressure chamber compartment edastefacts on the
sagittal images in the form of lighter grey shades.
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Figure 4.8 Sequence of sagittal MR images of hgr#d3 at a range of water
pressures (1 - 7 bar), showing the swimbladder &3B) dark object in
the centre of the fish.
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Three-dimensional representations of the herringmiVadders generally
showed an elongated elliptic dorsal shape at sarfaessures. The lateral shape
included a rounded ventral contour with a highdeaar part that becomes gradually
thinner towards the tapering posterior end (Figlu@a). The shape of the peaky
anterior end was more variable among specimens iendize depended on
swimbladder fullness (Figure 4.9). At higher watezssures, the elliptic dorsal shape
became more pear-shaped with the anterior seaimaining the same width while
there was a more pronounced decrease in width ttsavdre thinner anterior end
(Figure 4.9a). The change in swimbladder dimensias especially pronounced in
the posterior part, while most of the remaining gaemed to accumulate in the
anterior part at higher pressures (Figure 4.8 agdr€ 4.9a). Observed swimbladder
dorsal surface areas and volumes are given for Bsigchat every pressure step in
Table 4.2. Ranges of surface areas determined tinemieconstructed swimbladder
models varied between 3.3 to 11.0°an1 bar (equivalent to depth = 0 m) and 1.7 to
4.6 cnf at 7 bar water pressure (equivalent to depth mB0Swimbladder volume
ranges were 1.6 to 7.7 &rat 1 bar and 0.3 to 1.2 érat 7 bar. According to Boyle's

Law, the swimbladder volume (V) should decreasé @épth (z) in accordance with

VO @+ z/10* (Gorska and Ona 2003a; Horne et al. 2009). Thexs a strong

correlation between observed swimbladder volumesvelk from contiguous
cylinders of herring standardised to a common kem@jt32 cm, and those volumes
predicted for the observed depths using Boyle’s law 0.99, P < 0.001). The
nonlinear least squares regression fitted to thembladder volume data was
significant (P < 0.001; 95% CI of exponent = -1.05-0.78; Figure 4.10). The
difference between swimbladder volumes at the lbwesssure observed at the start
and the end of ‘Scan 1’ was insignificant (2.5%)d d conclude that gas loss was
therefore not an issue in the experiment. If thieiwe of a spherical balloon changes

with depth according to Boyle’s Law, its cross-gm@l area (A) will change in
accordance withA O (L+ z/10)Y, with the contraction-rate factoy)(equal to -2/3

(Ona, 2003). However, the contraction-rate factetednined by a nonlinear least
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squares fit to the observed length standardisedatarross-sectional area data
determined from the cylinder swimbladder models wlase to -1/3 (P < 0.010; 95%
Cl of exponenty) = -0.43 — -0.29; Figure 4.10). Contraction-radetbrs ¢) for
swimbladder dorsal area decrease with increasirigrvpaessure (P), according to A
= Ao x P, ranged from -0.24 to -0.44 (Table 4.2).
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Figure 4.9 (a) Three-dimensional representationthefswimbladder of herring
#43 exposed to pressures equivalent to water dggihfom 0 to
60 m. (b) The swimbladder surface portrayed as ahned nodes
obtained from sequences of magnetic resonance sn@gample is
herring #9 at surface water pressure).
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Figure 4.10 Change in volume (V; panel a) and docsass-sectional area (A;
panel b) of swimbladders of 8 herring subjecteprassures equivalent
to a depth (z) range of 0 - 60 m (1 - 7 bar) armhd4rdised to a
common fish total length of 32 cm. Non-linear resgien curves
(black) were fitted: (a) V = 4.20 (1 + z/10¥ and (b) A = 7.01 (1 +
z/10Y>%% The red lines represent the theoretical curvesiramg
iIsometric compression according to Boyle's Law: YayF 4.20 (1 +
z/10Y*and (b) A=7.01 (1 + z/165%.

4.3.2. Depth-dependent target strength modelling

Standard depth-independent TS-fish length (L) i@hghips (TS = 20 log (L) + byo)
fitted to the modelled mean TS at 38 kHz of eaatimg over the entire depth range
analysed (0 - 60 m) revealedyhbvalues that ranged from -70.85 dB to -65.46 dB
(Table 4.2). Gaussian distributions of fish tiltgkes used for these calculations
assumed a mean of 0° with standard deviation of R@°tilt angles much
larger/smaller than broadside dorsal incidenceyustooscattering levels predicted by
the KRM model for different tilt angles and freqeess did not change considerably
over the range of different water pressures consilgFigure 11). Generally,
maximum backscatter increased with increasing #aqy over the different water
pressures. At lower frequencies, backscatter wss édfected by fish aspect and
generally declined with increasing water pressBeriodic peaks and troughs along

the ridge of maximum backscatter values along teguency range corresponded to
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areas of constructive and destructive interferebeéween the fish body and
swimbladder (Horne et al. 2000). Maximum backscatteplitudes indicated parallel
alignment of the majority of the dorsal swimbladdarface to the transducer face. At
higher frequencies (~ >50 kHz), another ridge oféased backscatter was observed
at tilt angles that may coincide with the inclimastiangle of the anterior part of the
swimbladder (see Section 4.3.1.) being perpendidolahe acoustic beam (Figure
4.11). Modelled mean TS of all herring standardise@ common length of 32 cm
decreased with increasing pressure (Figure 4.T2&) mean TS values ranged from -
35.46 dB for a tilt angle distribution with 10° stiard deviation and -34.11 dB with
5° standard deviation at surface pressures, 6138 and -37.31 dB, respectively at
water pressures equivalent to a depth of 60 m (Eigul2a). Fitting a depth-
dependent TS- relationship (TS = 20 9@ ) + a logo (1 + z/10) + b) to the
modelled mean TS values over the range of pressuralysed gave values for ‘@’
that ranged from -2.1 to -5.2, and values for dnging from -63.20 to -68.52 (Table
4.2). Equivalent values for the standardised feshgth data were ‘a’ (x 1 standard
error) = -3.9 (x 0.85) and ‘b’ = -65.50 (£ 0.490rf10° standard deviation of tilt
angle distribution, and ‘a’ = -4.1 (x 0.97) and ©’-64.16 (= 0.564) for the 5° tilt
angle standard deviation case. Respective meawnalues (+ 1 SE) for the depth-
independent relationships were -67.44 (+ 0.341)-86d19 (+ 0.375) dB.

Both depth-dependent relationships fitted to thelehaata using either 5° or
10° standard deviation of tilt angle distributiomere compared to a set of 8bsitu
TS measurement series published in Ona (2003) ket®Weand 300 m water depth
(Figure 4.12b). Depth-independent TS values thatildva@urrently be applied for
estimation of fish abundance and biomass from dimogsrvey data for a 32 cm
herring are also indicated in Figure 4.12b. Stoz&ssof Norwegian spring-spawning
herring are estimated using & lalue of -71.9 in the relationship TS = 204¢¢-) +
b,o to convert TS into fish length and eventually weigCES 1988). The gy value
used in acoustic abundance estimation of, for mteta North Sea or Baltic Sea
herring is -71.2 (ICES 1997). Corresponding depttependent TS for a 32 cm
herring would be -41.10 dB and -41.80 dB for stockdNorth Sea and Norwegian
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spring-spawning herring, respectively (Figure 4)1Most of thein situ data were
included within the 95% confidence interval of fitted relationships. Nonetheless,
the majority of observations that fell outside twmfidence interval were higher than

expected by the model (Figure 4.12D).

Reduced scattering length

1 1
009 011 013 015

Figure 4.11 Surface plots of acoustic backscatjetavels (reduced scattering
length = /g, ./L*, unitless) predicted by the KRM model at a ranfje o
fish tilt angles (in ©) and acoustic frequencieskiHz) for herring #9 at

pressures of 1 bar (a), 3 bar (b), 5 bar (c), abdr7(d). Angles <90°
indicate a head-down tilt orientation.
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Figure 4.12 Modelled mean target strength (TS) emlwf herring (n = 8
standardised to a total fish length of 32 cm) erpo$o various
pressures and: (a) Length- and depth-dependengl@&onships fitted
to the model data. X-axis error bars represent 86@fidence intervals
of the mean model estimates averaged over Gaulshaorientation
distributions with mean 0° and s.d. of either 5&rftbnds, blue) or 10°
(circles, red); (b) TS-depth relationships from thedel data with 95%
confidence limits compared to measured mearsitu herring TS
values (black triangles, Ona 2003). Depth-indepehdES values
currently applied for acoustic abundance and bienmestimation for
various herring stocks are shown as black dotted. (dorwegian
spring-spawning herring) and dashed (e.g. Northheeang) lines.
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Acoustic target strength (TS) is obtained from blagkscattering cross-section
(ope) Using Equation 2.3. Given the proportionalityogf to the dorsal cross-sectional
area of the swimbladder at frequencies used rdytine surveys for herring
(Simmonds and MacLennan, 2005), the expected acdgtkscatter at depth (z) has

previously been approximated using the general Isimpdel o, =0, + z/10)

(Ona 2003). Herring in the North Sea are found comignat water depths down to
about 200 m (see Chapter 5). The difference betweedelled mean TS of 32 cm
herring at the surface and 200 m using the KRM %4g dB and 5.21 dB for 5° and
10° standard deviation of tilt angle distributioespectively. If the swimbladder
behaved like a spherical balloon (i.e. contractiate- factory = -2/3), herring at the
surface would have a TS that is stronger by 8.8cdBpared to herring at 200 m
depth. Using the estimated from the cross-sectional dorsal swinddagurfaces in
this study (i.ey = -0.36; Figure 4.10) would suggest that thisal#hce is 4.8 dB.
Consequently, the difference between depth-depérademistic backscatter at 200 m
depth, as approximated using either the spheriedlodn assumption or the
estimated in this study, would result in acousbaradance estimates that differ by a
factor of 2.49. Correspondingly, using the actueptt-dependent TS relationship
fitted to the length-standardised tilt averaged®(4tandard deviation) model data,
extrapolated to 200 m depth, would elicit abundaesténates that differ by a factor
of 2.28 from those estimated assuming isometric pression according to the

spherical balloon case.
44. Discussion

Herring swimbladders do become smaller with indreppressure in deeper water.
Based on the results reported in this Chapterswhmbladder volume reduction does
not differ significantly from what would be predéct by Boyle’'s Law. Nonetheless,
the swimbladder did not compress in an isometrghifan as expected according to
the free spherical balloon model assuming BoylesvLPressure had a lesser effect

on the dorsal cross-sectional swimbladder areataluke fact that the swimbladder
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length and width reduction was much less than #ight reduction. This particular
nature of swimbladder compression is most likelg doi the swimbladders’ ventral
connections to spinal chord, ribs, and musculatBlaxter et al. 1979). In some other
cases, swimbladders do compress isometrically la@di¢pth-dependence of TS can
be predicted following Boyle’s Law. For instanceulki and lida (1996) observed
that TS of anaesthetised tethered kokanee sal®aro(hynchus nerka) decreased in
accordance with expectations if the swimbladderewarfree spherical balloon.
Similarly, Zhao et al. 2008 showed that thesitu TS of another Clupeid, the Pacific
anchovy Engraulis japonicus), exhibited a depth-dependence according to Bsyle’
Law. The results reported in this Chapter support assongpand observations of
previously published investigations into the degépendent TS of herring (Blaxter
et al. 1979; Edwards and Armstrong 1981; Edwardd. €t984; Ona 1990; Ona 2003;
Gorska and Ona 2003a; Fassler et al. 2008; Pedetsah 2009). Ona (1990)
measured swimbladder volumes of euthanised heirningtu by scuba diving at
depths between 3 and 25 m using the underwateeaiss methods described in
Section 3.2.1.1. He observed a swimbladder voluedeation with depth according
to Boyle’s Law. Furthermore, Ona (2003) quantifiegtan dorsal-aspect TS of
Norwegian spring-spawning herrimg situ at various water depths ranging from 5 to
500 m and estimated a depth-dependent relation§hgobserved mean contraction-
rate of the backscattering cross-sectiprn=(-0.23) was much lower than expected
assuming isometric dorsal swimbladder area comjore$s= -2/3), and more similar
to the value found in this chapter € -0.36). Moreover, some of Ona’s (2003)
measurements, specifically his ‘vertical-excursiand ‘deep herring’ experiments,
suggested values fgrof -0.45 and -0.35, respectively. These were Ipatich closer
to the mean value of -0.36 obtained from the moaélshe length standardised
herring reported here. Based on modelling usingnals geometric shape (spheroid)
to approximate swimbladder and fish body, Gorsk& @na (2003a) concluded that
the herring swimbladder most likely compressed ifiashion where the length
remained fixed but where the diameter was moreitbendo increased pressure.

However, apart from providing an initial crude gisi into how herring swimbladder
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compression works, it is now evident that the dpeonodelling methods used by
Gorska and Ona (2003a) were unsuitable to destrd@henomenon. Based on the
findings presented in this Chapter, it is eviddmttthe herring swimbladder cannot
adequately be described by a spheroid, which isysstnic along its longitudinal axis,
since the height becomes much shorter than thehvadtincreased water depths.
Pedersen et al. (2009) further support this asselty showing that the lateral-aspect
TS of herring decreases with depth to a greateméxhan dorsal-aspect TS does.

It is difficult to estimate swimbladder compressiolirectly fromin situ TS
measurements. This is in fact generally true fohepotfeatures that dictate
backscattering levels of fish, such as tilt ang&rdbution, fat content or gonad size,
which are notoriously difficult or cumbersome toasarein situ (Blaxter and Batty
1990; Simmonds and MacLennan 2005). Modelling aggres have been identified
as useful tools to quantify and identify processastrolling variability in TS (Horne
and Clay 1998; Horne 2000; Simmonds and MacLenr@@b) The direcin vitro
method described in this study provides an imporfeist step in obtaining high-
resolution representations of the swimbladder (f€g4.9) to be used in more
complete three-dimensional backscatter models fys@stomous fish. The KRM
method used in this Chapter approximates the svadaar by inferring its surface by
a series of short elliptical cylinders. Previousdsts that used KRM models found
generally good agreement between model and empmeasurements (Clay and
Horne 1994; Jech et al. 1995; Horne and Jech 1198fhe et al. 2000; Gauthier and
Horne 2004b; Kang et al. 2004). Nevertheless, tla#ee issues with that model
approach with regards to spatial resolution, aspagte limitations and non-validity
at the (low) swimbladder resonance frequencies$&etion 2.4; Foote 1985; Stanton
1989). Horne et al. (2009) observed live walley8op& (Theragra chalcogramma)
in a pressure chamber and took dorsal and lateralyXadiographs at various water
pressures from ambient to about 5 bar. The morgjcdb swimbladder data they
gathered in these two dimensions (height and walting the main axis) were
adequate to describe the swimbladder surface iptieltylinder pieces for use with

the KRM, but not to rebuild and approximate theetraurface. The meshes
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representing the true 3-D swimbladder surface destihere may, however, be used
together with more elaborate models such as thadasy element (BEM; Foote and

Francis 2002; Francis and Foote 2003) or finitenelet method (FEM; ICES 2009a),

which can be applied to any arbitrary surface gttdhangle. These models can then
be used to investigate not only how the changeum swimbladder dimensions with

depth affects TS but also take into account fin@rpghological features on the

swimbladder surface.

Estimates of intercepts of the standard depth-ieddent TS-L relationship (TS
= 20 logo (L) + bpo) fitted to the modelled herring TS (Table 4.2) evéigher than
the ones currently used to estimate biomass omftlaherring from acoustic data
(i.e. for example -71.2 for North Sea (ICES 19829 a71.9 for Norwegian spring-
spawning herring (ICES 1988)). The meap &stimate of the relationship fitted to
the length standardised TS model data differed.BydB from the values applied for
North Sea herring. Some other early TS measurenoenkterringin situ and herring
confined in cages revealed values of -72.1 (Fo®&/7)1l and -71.3 (Edwards et al.
1984), which were similar to the currently used values. However, Ona (2003)
fitted the depth-independent TS relationship to dmgire data set over the whole
depth range and obtained & bf -67.3, which is very similar to the values obél
from model data in Chapter 3 (-67.1; see Secti@®3l.) and in this Chapter from
the length standardised model data (-67.4). Negl$l, there may be a discrepancy
between Norwegian spring-spawning and North Sedngesince earlier 4 values
were based on measurements of herring from thehN&et, while the latter values
reported here and by Ona (2003) are from Norwegjating-spawners. Although
these stocks are the same species and live in Ipreadilar environments, in
contrast, for example, to herring living in the #8alSea, which have an entirely
different salinity regime (see Chapter 3), the tweoring stocks may have a different
morphology (Sinclair and Solemdal 1988). AdditidpaNorth Sea herring are on
average smaller than their northern conspecificsl &S relationships may vary
depending on the size range of fish they are fittedSimmonds and MacLennan
2005). Mean parameters of the depth-dependentarssip (a = -3.9, b = -65.5), of
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the form TS = 20 log (L) + a logo (1 + z/10) + b, fitted to the model values in this
chapter were similar to the one fitted to Ona’sO@0entire data set (a = -2.3, b = -
65.4) and to model values presented in Chapter3{R9, b = -65.2; see Section
3.3.2.1.). The contraction-rate factor (a) obtaitele, however, was higher than
previously reported values, indicating discrepasidie the simple model used in
Chapter 3 and possibly differences in tilt angled awimbladder volumes of Ona’s
(2003)in situ herring data.

A potential shortcoming of the present investigat®the fact that only a small
number of herring were scanned. Unfortunately, presently high cost MRI
precluded a more extensive investigation. Howeingtial X-ray examination in one
case and careful rearing under controlled aquasukkonditions in all other cases
assured the intactness and suitability of the ahosgecimens, and the results
therefore represent a valid first insight into o of herring swimbladder surface
shape with depth. Still, one might argue that a maer tomography (CT) scanner
may have offered a cheaper alternative to the ydg¢lRl scanner used in this
investigation. Nonetheless, insonification of thatev-filled pressure chamber with
X-rays would have resulted in considerable amowitscatter. In order to reduce
artefacts, a solution would be to acquire a duakgyn CT scan, however, such CT
scanner units are only available in a limited numifecentres. More importantly,
there are no big differences in costs for usingowsr scanning equipment (CT: €300-
420/hour; dual-energy CT: €360-420/hour; MRI: €48QfF; S.I.K. Semple,
Wellcome Trust Clinical Research Facility, Edinbur¢yK, pers. comm.), with MRI
being able to provide higher resolution and mofermation regarding various soft
tissues surrounding the swimbladder.

Gas loss appeared not to be an issue in this expeti However, possible
diffusion of gas from the swimbladder over time nwause variability in observed
bladder volumes of wild herring (Blaxter et al. 89.7This important aspect should
be addressed in future investigations. Also, hgriinthe wild may release gas during
vertical migration (Thorne and Thomas 1990; Neéesti998) or when avoiding
predators (Jones 1952; Blaxter 1985) or attemptrgpnfuse them (Ngttestad 1998).
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Depth-dependent swimbladder volumes apart, suchavilr will make any
comparison between model and empirical observatiommiensely difficult, as
swimbladders could probably exhibit any volume witbertain limits. Another issue
is the initial gas content of physostomes swimbéagldat the sea surface. Based on
indirect swimbladder volume measurements using doaustic frequencies (1.5 - 5
kHz) around swimbladder resonance, Nero et al. 4p@3timated that the Atlantic
herring they observed were neutrally buoyant atidepf 40 - 50 m. These findings
were also supported by Thorne and Thomas (1990) egimated a lower limit of
herring neutral buoyancy near 60 m, based on oasens of gas release at depth.
Previous investigators argued that herring showdnbutrally buoyant at the sea
surface (Jones and Marshall 1953; Blaxter et al91®laxter and Batty 1984; Ona
1990). However, Nero et al. (2004) found some eflerring they sampled to have
up to at least three times greater swimbladdermetithan neutrally buoyant fish at
the sea surface. Herring in the wild may be modggéab inflate their swimbladders to
a greater or lesser extent depending on what depths envisage diving to. The
initial volume of gas in the swimbladder may vary Bay and season, and is
generally dependent on migratory behaviour, feeding reproductive conditions
(Ona 1990). In the experiment reported here, mbgteoherring samples were reared
under controlled laboratory conditions and nevepesienced any greater depths
beyond the height of their tank. It is therefor&ely that their swimbladders
contained enough gas to give them neutral buoyahsyrface water pressures. The
guestion of initial swimbladder fullness of herrimgthe wild may also be different
for different fish sizes, given for instance theesdependent depth distribution in the
North Sea with larger fish generally found in daepaters (Rivoirard et al. 2000).
Once the herring are at depth, they may also extilbiangle distributions with a
different mean and standard deviation from the ateshallower depths in order to
offset the deteriorating state of negative buoyaweysed by the diminishing
swimbladder volume (Huse and Ona 1996; Strand.e2(5). Differences in tilt
angle distributions with depth, in addition to mes induced swimbladder
compression further complicates any attempt to d8e
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A depth-dependent TS will have significant effects acoustic abundance
estimates. According to the results presentedism@hapter (see Section 4.3.2.), the
TS of a herring would be 5 dB higher when the fisigrates from a depth of 200 m
during the day to surface waters at night. This ldoasult in abundance estimates
that are more than three fold different betweereipidl night time (apparent high
abundance) and day time (apparent low abundanawkeysu if the same TS-L
relationship was used. Additionally, potential bébar differences between day and
night may also play an additional role (Huse andn€bussen 2000). On the other
hand, the need for a depth-dependent TS relatiprishiess of an issue if the fish
being surveyed are found more or less at similathdethroughout the survey period
and between surveys. Lgland et al. (2008) lookedaabus factors that influence
abundance estimates of Norwegian spring-spawninginge such as vessel
avoidance, acoustic shadowing and depth-depend#n€&. Using the findings of
Ona (2003) they showed that the depth-dependentoh®onent may contribute
from 1.5 to 12.5% to total uncertainty of the hegrabundance estimate, with lower
values when the herring were predominantly in sgrfaaters (Laland et al. 2008). It
is evident from the results presented here (Figudeb) that, compared to the
currently used depth-independent TS relationship2 @m herring in the North Sea
may have a higher TS at depths down to 250 m.alf depth-dependent relationship
was used, it would severely reduce the abundantmats. Nonetheless, valid
statements about potential effects of a depth-dg@nTS can only be made after
whole survey datasets have been analysed, singgsesavill be sensitive to length,
depth, and spatial distributions of the herringcksoin question. If depth-dependent
relationships were to be used for abundance anmds® estimation from acoustic
data of herring, acoustic survey data will havdéoanalysed in vertically stratified
depth bins, in addition to distance echo integratsu Additionally, potential vessel
avoidance of herring will counteract any enhancidces of depth-dependence of
herring TS in surface waters (Ona 2003; Ona €Qf)7; Laland et al. 2008).

Future work could valuably incorporate comparisdnnwdelled TS from

swimbladder reconstruction at various pressure iwisitu TS measurements. Given
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the difficulties with regards to uncertainty oftial herring swimbladder fullness at
the sea surface, such measurements will have tacbempanied with adequate
estimates of swimbladder volumes at depth. New oy broadband acoustic
techniques enable measurements of backscatteraowgde range of frequencies to
cover the whole spectrum of Rayleigh, resonantgaametric scattering for herring
(ICES 2009a; Stanton 2009). Such measurements wenhlble swimbladder
volumes to be deduced indirectly from low frequentgitu acoustic data, which by
definition are more dependent on the volume ofstienbladder and in addition less
affected by directivity (Love 1978; Lgvik and Hovel79; Nero and Huster 1996;
Nero et al. 1998; Nero et al. 2004; Nero et al.7Z20@eveloping quantitative multi-
beam sonars will inevitably be dependent on esématf lateral-aspect TS (Boswell
et al. 2009; Nishimori et al. 2009; Pedersen e2@D9; Tang et al. 2009). Their swath
beams of up to 180° will cover a wider range ofdence angles and therefore cause
a higher degree of variability in angle-dependest(Aenderson et al. 2008; Trenkel
et al. 2008). In the case of physostomes, this gllever bring obvious additional
difficulties, and modelling approaches using retamcsed swimbladder shapes from
fish under pressure may have some merit. For n@symaptions about tilt angle
distributions and initial swimbladder volumes at Surface remain major difficulties
when attempting to model depth-dependent herringu3i8g the true swimbladder
shapes at depth, and for incorporating the findings abundance estimates. Chapter
5 describes a statistical approach to propagatestitg associated with these TS

model parameters through to final results from atiowsurveys.
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Chapter 5

A Bayesian approach to target strength
estimation: combining target strength modelling

with empirical measurements

Part of the work described here has been publiabed
Fassler, S.M.M., Brierley, A.S., Fernandes P.G.0@0 A Bayesian approach to
estimating target strength. ICES Journal of MaBoe&ence 66: 1197-1204.

5.1. Introduction

Despite providing absolute estimates of abundaesgmnates from acoustic surveys
are usually treated just as relative indices tmétupopulation models (Simmonds
2003). This is because the total error (i.e. randomd systematic components of
measurements and sampling error) in acoustic ssrigeyenerally not quantified,
though work by Tesler (1989), Demer (1994, 2004gleA (1994), and Simmonds
and MacLennan (2005) provide some examples wheieusacomponents of the
error are considered. Often, where errors are tepothey are usually estimates of
random sampling errors alone (Rose et al. 2000) dmahot account for various
sources of systematic measurement error that aeeifgpto acoustic surveys

(Simmonds et al. 1992). Systematic errors can tresom such sources as the
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equipment (Toresen et al. 1998), acoustic shado@imigio and Ona 2003), poor
weather (causing ping drop outs, Aglen 1994), Jdesgeidance (Vabg et al. 2002)
and, most notably, the uncertainty in the fish eargtrength (TS; Simmonds et al.
1992). Despite the wide variety of sources that weyse variability in fish TS (see
various model parameters in Chapters 2 - 4), alsimgdationship to length of the
form TS = 20 logy (L) - bpo is conveniently and commonly used to convert fish
length (L) into mean TS by applying a species dmecalue for by (Simmonds and
MacLennan 2005).

The TS-L relationship currently applied to estim#dte abundance of various
herring and other clupeid stocks around the wordd wetermined empirically about
25 - 30 years ago. Nakken and Olsen (1977) in®uhiil stunned and tethered
herring at 38 kHz - the frequency used commonly dorveys - to determine the
maximum dorsal aspect TS for fish of various lesgBased on observations of tilt
angle distributions of small herring (mean length3=cm), they then decided that the
maximum observed TS values should be reduced B ® cccount for orientation
effects of live, free-swimming herring. The resudfiequation was: TS = 13.6 leg
(L) - 62.8. Edwards and Armstrong (1981) measur8dal 38 kHz of a total of 565
live herring (L between 21 and 25 cm) in a cagé7ab m depth over a period of 340
h. They obtained a mean TS of -33.8 dB'kghe Planning Group on ICES-
Coordinated Herring and Sprat Acoustic Surveys GCH982) subsequently
converted Nakken and Olsen’s (1977) TS-L relatigngito TS per kg for a 23 cm
herring (-34.6 dB kQ) to facilitate comparison with Edward and Armsign(1981)
results. It was decided that the mean of the twe@3tBnates (-34.2 dB per kg) should
be used together with length-weight data from neett North Sea herring, such that
the Planning Group’s final recommendation was a_Ti8kationship of TS = 20 lag
(L) - 71.2.

In addition to the major factors recognised comma@d affecting TS, such as
fish size, acoustic frequency and tilt angle of fish, there is strong evidence that
other parameters do affect the TS of herring. kasireg depth and the concomitant

increase in water pressure forces the herring siauhder to compress and, therefore,
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decreases its TS (Ona 1990; Ona 2003; Gorska and?@0Ba; Fassler et al. 2009a,
Chapter 4). This will bias survey results if ndteéa into account (Ona 2003; Lgland
et al. 2007; Fassler et al. 2009b). Maturity stagstomach fullness may also have an
important temporal effect on swimbladder size, shapd, ultimately, TS (Ona 1990).
Additionally, it has been shown that the physicalimnment can influence the
physiology and morphology of herring leading to @®phic variation in
swimbladder sizes and mean TS. For instance, lgelikimg in the Baltic Sea have
larger swimbladders as compared to their conspscifi the northeast Atlantic (see
Chapter 3; Didrikas and Hansson 2004; PeltonerBatki 2005; Fassler et al. 2008).
This is linked to their low fat content and the Isalinity of the Baltic Sea, increasing
the importance of the swimbladder as a buoyancylagigg organ. The best estimate
of in situ TS will need to take due consideration of the comth influences of all of
these factors, and the variability in each.

This chapter describes a novel approach to estignéttie expected TS of a fish
species that takes into account this variabilityoider to deal with TS variability, the
expected herring TS was estimated by a model udistgibutions of parameter
values that are most likely (in a probabilistic sgnwhen fitting the model tm situ
data. The Kirchhoff-ray mode model (KRM; Clay andrhe 1994; see Section
2.3.5.6.) was applied together with Bayesian methaging data from Atlantic
herring TS at depth (17.5 - 45 m), to estimatedistribution of model parameters
(relative swimbladder volume at the surface, tiligle distribution, and standard
deviation of the estimated mean TS). Bayesian nasthwere used because these
enable parameter uncertainty to be incorporatethigncase into estimates of mean
TS. Posterior distributions of model parametersewtdren used with the error
propagation properties of the Bayesian frameworksitaulate backscattering by
herring, while quantifying the precision of the €Stimate. The resulting length- and
depth-dependent TS model was applied to estimai#gora and systematic error in
TS estimation and ultimately in the estimates ofthid&Gea herring abundance and
biomass. This investigation could be an importaep gowards incorporating the

error associated with TS in estimates of total reimaacoustically derived abundance
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estimates of fish. If it works, the methods coukbabe advantageous for ecosystem
studies and stock assessment where estimates tofabisndance/biomass with

estimates of total error are required.
52. Methods
5.21. Bayesian methods

Under the Bayesian approach, posterior densitytiome of model parameters
(0) are derived based on the goodness of fit of aeainéa data, and on prior
information not contained in those data (McAllistend Kirkwood 1998). The
posterior probability distributions @( data) of a set of continuous model parameter
(6)) given the data are determined using Bayes’ tm@Bayes 1763) according to:

p(B;,datg _ p(6;)*L(data|6,)
p(datd) j p(6) x L (data) 6)do

p(B; |datg) = (5.1)

where p@j,data) denotes the joint probability for a set @irgmetersd; and of
obtaining the data. The data used here were defigadin situ TS measurements of
caged Atlantic herring at water depths from 17.8%an (published in Edwards et al.
1984). Data were mean TS values for fish mean hesngtnging between 7.5 and 27.5
cm, each determined from several tens of thousariddetected single targets.
Suppose that the data represent j samples of anaons probability distribution
(PDF) that is dependent on the unknown paraméteirs a known way that can be
described by a model (Lee 2004)60)ydescribes the prior PDF (i.e. the ‘prior’
probability) for6. L(data);) is the probability of obtaining the data value$;iwere
the true values. L(daty| is commonly referred to as the likelihood funatio
describing the dependence of the data.ofhe likelihood function of the entire TS

data set is given by the product of the normal digfisnction over all data points:
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Y -U))?
L (data] @) = |‘| \/_n [{—%} (5.2)

whereoe is the standard deviation of the observation elrikelihood functions can
result in small numbers and, therefore, the;doflikelihood) was used in the
computer programming script to improve calculatiome and avoid rounding issues
(e.g. McAllister and Kirkwood 1998). Here; ¥ the I" observed TS value in the data
set and Yis the expected TS, estimated from a theoreti€ahibdel described below.
U; can be described in simple terms as a functianaxfel parameters), fish length

L; and depthjz

U, =f(6L,,z) (5.3)

The prior distribution for a parameter is based mmevious knowledge of the
parameter, without incorporating the data usedaloutate the likelihood function
(Punt and Hilborn 1997). Priors are usually obtdirf®y consulting experts or
historical records. Here, prior distributions weletermined for the three parameters
that were deemed most important for the outconteefmodel and about which there
was no information available in the data. Theseewbe standard deviation of the
fish tilt angle distribution (SD, relative volume of the swimbladder at the safase
(Vo) and the standard deviation of the observed meéanShys; i.e. o in Equation
5.2). Prior distributions of each of these paramseteere constructed independently,

and consequently the joint priorgg(was simply:

p(6;) = pSD;, )p(Vo, )P(SDrs ) (5.4)



148 Chapter 5. A Bayesian approach to target gtinegstimation

where p(SDH, p(Vo) and p(SBRs) are the priors for the respective parameter wlue
These priors are assumed to be independent ofatheh and of both fish length and
water depth. A prior can be either informative ainformative. An uninformative
prior provides little information relative to thatd (Box and Tiao 1973) and usually
has the form of a uniform distribution or one withlarge variance, giving all
reasonable parameter values approximately equdlapiities. Informative priors
provide information based on prior evidence and mmaye a considerable impact on
the result. Priors for parameters ;Sind b, were based on published values (Table
5.1), whereas an uninformative prior was choserSiofs. Due to the complexity of
the model, integration of the denominator (i.e. thermalisation constant) in
Equation (5.1) was not feasible. Instead, valuesewsampled directly from the
posterior distributions of the model parametersaigisvlarkov Chain Monte Carlo
(MCMC) simulation with the Random Walk Metropoligarithm (Metropolis et al.
1953).



Chapter 5. A Bayesian approach to target strersgtimation 149

Table 5.1 Prior distributions and values of mquaiameters.

Description Value or prior distribution (source)
Physical properties
Density of sea water pw = 1027 kg i (Fassler et al. 2008)
Density of fish body pw = 1049 kg it (Fassler et al. 2008)
Density of swimbladder gas pw = 1.3 kg i (Brawn 1969)
Sound speed in sea water w 1500 m g (Fassler et al. 2007)
Sound speed fish body & 1570 m 8 (Jech et al. 1995)
Sound speed in swimbladder € 340 m & (Jech et al. 1995)
Echosounder frequency f=238 kHz

Fish behaviour and dimensions

S.D. of tilt angle distribution SD ~ Normal (8.6, 3.3 (Beltestad, 1973;
Ona, 2001; Gorska and Ona, 2003)

Relative swimbladder volume at sea V, ~ Lognormal (0.05, 0.06y

surface (Harden Jones and Marshall, 1953; Ona 1990)
Precision
S.D. of mean TS estimate $D- Normal (0,108) (uninformative prior)

52.2. Target strength and swimbladder mor phology model

The theoretical expected TS component of the Bapesnodel framework ()
Equation 5.3) was derived by applying the Kirchhoffy-mode approximation
(KRM) described as ‘model III" in Chapter 2 (ClapcaHorne 1994; see Section
2.3.5.6. for details of the model). The reconsedcB8-D swimbladder shapes of
herring #43 obtained from MRI scans (see SectiB8rl4.were used together with the
fish body silhouette as morphological input datde Tmodel approximated the
swimbladder and fish body as series of 0.5 mm lefigptical cylinders with
individual cylinder components generated from teaght and width of the fish body
and swimbladder along their longitudinal axes. @imaensions were scaled linearly
so they could be applied to the different fish size the data set. To include depth
dependency into the swimbladder morphology dateghibhe@nd width dimensions (d,

in mm) of individual cylinder components were madeeélbased on:
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d, = 1
2= a, (2/10) + b,

(5.5)

where d is the length of the respective dimension at dépthParametersyand R
were estimated along the longitudinal axis of tver®ladder of herring #43 over the
depth range analysed (0 - 60 m; see Section 4.p.ZEfuation (5.5) was the
relationship that gave the best fit to the obserdemhges in dimensions of individual
cylindrical swimbladder components with water depth

The backscattering cross-section of each scattebjert was then expressed as
a function of size, frequency and fish orientatie@ative to the transducer by
summing backscattering cross-sections of all imlblial cylinder components.
Backscatter of the fluid-filled fish body and géltei swimbladder representations
were estimated separately. Total fish backscat@s ewventually calculated as the
coherent sum of swimbladder and fish body backsgag-cross section (Equation
2.4). All input parameters for the model includitigeir sources are listed in Table
5.1. To enhance efficiency of the computation rmtia four-dimensional ‘lookup
matrix’ was created with calculated TS values fikellyy ranges of values of v
[0.5:10 %], L [5:30 cm], z [17.5, 45 m] and fislit @angle [0:180°]. In each iteration
of the MCMC chain, expected mean TS values Bduation 5.3) were predicted for
given values of ¥, L and z by averaging 10,000 samples of modelleck$catter
values using tilt angle distributions with mean(i08. broadside dorsal aspect) and
standard deviations based on the respective vdligDp All estimates were first

averaged in the linear domain before being transéadrlogarithmically.
5.23. Survey analysis

Echo-integration data were taken from the Scottiemponent of the North Sea
Herring Acoustic Survey in summer 2007 (Figure 508tails of survey procedures
can be found in individual survey reports (e.g. 88E008b). Acoustic data were
collected using Simrad EK60 echosounders operatny3, 38, 120 and 200 kHz
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with split-beam transducers mounted on the drop &gecally at depths of 5 m.
Transducers had nominal beam widths of 11, 7, 7 #hdespectively and were
arranged in close proximity to each other (maxiofédet of 0.6 m was between the
centres of the 18 and 38 kHz transducers). Dateatimn was from 29 June to 18
July between 0200 and 2200 GMT, with an echo imtisgn start depth at 12 m. Post
processing and analysis was conducted using M@&oView software (v 4.40). A
PT160 pelagic trawl was used to collect herring ateer fish samples from some of
the more dense fish aggregations observed throtigheusurvey, for identification
purposes and to generate length frequency disiitifor the herring in the various
survey subareas. Fish lengths were recorded inpgriwy 0.5 cm intervals to the
nearest 0.5 cm below total length. Integrated naltarea scattering coefficients
(NASC) were averaged over distances surveyed e&chmihutes (~ 2.5 nautical
miles). Computations were done for all length goapherring in depth bins of 5 m
ranging from 0 to 200 m. Numbers of fish in lengptoup i in a given area were
estimated by:

N, =—2-[p, [A (5.6)

bs;

where Nis the number of herring in length group i, apdssthe NASC with units fm
nmi? (MacLennan et al. 2002). The analysed area (ApV a total of 38,769.5
nmi’. Biomass of herring in length group i;YBvas calculated according to:

B, =N, &, O™ (5.7)

where @ and kK, are constants determined from length and weigta d& 2308
herring sampled during the 2007 North Sea herroaustic survey (a= 0.002 and
b, = 3.450). Lk is the median total length of length group i. Tevey area was

divided into seven subareas characterised by fighsimilar length frequencies. For
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each area, ipis the proportion of herring in length group i aml is their

backscattering cross-section, so that:

Zobsi Ip;
s Zpi

g, (5.8)

Distributions of expected,s were calculated concurrently in the Bayesian
framework by directly using all the model parametatues sampled from their
posterior distributions in the Markov Chain. Intheay, the uncertainty in the model
parameters was propagated through to the ‘prediotedn backscattering cross-
section’, and the distribution of the parameterd any correlation between them was
taken into account. Samples @f were then drawn from a lggnormal distribution
with estimated precision based on ,SBlence, the methods applied in this paper
differ from those of previous investigations (Deni&94, 2004; Rose et al. 2000)
that estimated abundances from acoustic survey HOgitesimple Monte Carlo
simulation using respective distributions of mogerameters individually: the
approach used here considersiractions between parameters. Numbers of herring
were estimated using the distributionsogf for every depth bin integration interval
and length group, and consequently compared toffi@al ICES (2008b) acoustic

survey estimate.
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53. Results
5.3.1. Swimbladder morphology and Bayesian target strength modelling

Swimbladder morphology was modelled for water press equivalent to depths
between 5 and 200 m. Parametgdescribed the degree of decrease of the respective
swimbladder component dimension (height and widiinereas pwas the estimated
reciprocal initial size of the dimension at surfagater pressures. Figure 5.2 shows
the estimated values of and R for the swimbladder cylinder components of herring
#43 that were used consequently to model swimbladideensions in the TS model.
Values of gincreased towards the swimbladder extremitiebénh width and height
dimensions, indicating an enhanced depth-deperdemrtge in these sections of the
swimbladder. For swimbladder width; @nged from 0.004 at cylinder 25 to 0.14 for
cylinders at the posterior end (Figure 5.2). Foglmecalculations, @aranged from
0.02 at cylinder 23 to 0.23 at cylinder 156 (pdsteend). There were no pronounced
differences between estimated; Iparameters to calculate width and height
dimensions. Values ofgbwere highest at the anterior (1 - 10) and postdddO -
163) end cylinder sections, and levelled out atualo07 for width and at 0.05 for
height for intermediate cylinders 10 to 140. Theras good agreement between
dimensions of cylinder approximations of the heyr#3 swimbladder MRI scans
and those predicted from Equation 5.5 for respeatigter depths (Figure 5.3).
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Model parameter estimation in the Bayesian fram&wwsas conducted on
200,000 samples from the posterior distributionsst&ior distributions converged
after about 200 iterations, but a more conservdbuen-in’ interval (i.e. discarded
values at the beginning of the MCMC chain) of 2@@@ations was chosen. The plot
matrix of samples from posterior distributions bé tmodel parameters revealed no
severe autocorrelation between parameters (Figute Possible autocorrelation
could have influenced mixing and convergence ofsdu@pled posteriors. Figure 5.5
shows the results from the Bayesian estimatiornefthree model parameters. The
mean of the posterior distribution for the relatsxgimbladder volume at the surface
(Vo; mean = 3.86 %) was slightly lower than that a# prior distribution (mean =
5.00 %). Conversely, there was little differencéwsen standard deviations of the
posterior (s.d. = 0.88 %) and prior (s.d. = 0.70disjributions. This suggests that the
prior was more influential in determining the spleaf the parameter estimation,
whereas the mean was more affected by the data.pdkeerior for SP had a
considerably greater mean and a slightly widerrihstion (mean = 18.35°, s.d =
4.18°) than the prior (mean = 8.6°, s.d = 3.7°caBsee of the uninformative prior
assigned to SR, all the information used to construct the postedistribution came
from the data (Sk; mean = 2.01 dB, s.d. = 0.16 dB).
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Modelled mean TS values ranged from -36.2 dB far+seirface herring at the
upper end of the size spectrum considered (lengd® £m), down to -46.9 dB for
herring of 19.5 cm length at a depth of 200 m (Fegb.6a). Decrease in mean TS
with depth followed an approximately linear relaship. Differences in TS between
herring at surface waters and those at 200 m degtd 7.4 dB for the largest and 6.8
dB for the smallest herring analysed. Changes iwills fish length at a given depth
were not monotonically linear but followed a osaidiry pattern with smaller fish
(<25 cm) having a relatively higher TS when comgate fish above 25 cm.
Compared to the TS = 20 Ipd) - 71.2 relationship, TS values modelled herags
a depth-dependent TS relationship were higher pthdeanging from surface waters
to about 80 m for a 27 cm herring, and from théagr to 160 m for a 21 cm herring
(Figure 5.6b). This inconsistency was due to tlegemhentioned non-linearity of the
length-dependent TS values obtained with the mapgplied in this study (see KRM
model output from a single fish in Figure 4.11).n@elly, TS estimates of both
models approximately coincide for herring of lergytietween 19.5 and 23 cm at
about 145 to 155 m water depth, and for 29 to 33amg herring at depths between
90 and 110 m. For herring of intermediate lengt® {29 cm), the intersecting TS
values of both models range over depths from abébitto 80 m (Figure 5.6b).
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53.2. Abundance and biomass estimation

Full results from the Scottish component of the tNdBea Herring Acoustic
Survey are given in ICES (2008b). To summarise,etftenated herring abundance
for the survey area (see Figure 5.1) was 5.34°4i4l0. This abundance estimate was
derived by applying the currently accepted deptiependent TS-L relationship for
herring (i.e. TS = 20 log(L) - 71.2). Figure 5.7 shows a comparison betwenen
abundance and biomass estimates of ICES (2008kthasd calculated using the TS
distributions from the Bayesian methods appliethis study. The estimated normal
distribution of herring abundance based on TS ibigiions per length group and
depth bin had a mean and 95% confidence intervélSf x 18 and 1.20 x 1bfish.
The mean abundance calculated here is therefo% Bgjher than the ICES (2008b)
estimate. Similarly, the biomass estimate deterchiinem the Bayesian TS model
had a mean and 95% confidence interval of 1.47 %ab@ 3.25 x 1Dtonnes, and
was just over 55 % higher than the ICES (2008hbinese (0.94 x 10tonnes).



Chapter 5. A Bayesian approach to target strersgtimation 163

Density

50 52 54 56 58 60 6.2 64 66 68 7.0
Abundance (billions)

Density

0.8 0.9 1.0 1.1 1.2 1.3 14 1.5 1.6
Biomass (x10° tonnes)

Figure 5.7 Estimated herring abundance and biomfiesn the Scottish
component of the 2007 North Sea Herring Acousticv&u The
dotted line represents the ICES (2008b) estima@sed on the
presently used target strength (TS) to fish ler{gdhrelationship: 20
logio(L) - 71.2. The solid-line histograms were derivdbm
distributions of estimated mean TS for every fishdth and 5-m depth
bin using a TS model and parameter estimates inagedan
framework.

5.4. Discussion

When interpreting results from an acoustic survifish it is important to recognise
the stochastic nature of the target strength ofsflexies in question and its possible
dependency on a wide number of factors. It has |begn known that TS is
influenced significantly by fish length (Love 197Fpote 1979), fish orientation
(Nakken and Olsen 1977; Foote 1980b, 1980c) andssicdrequency (Haslett 1965;
Love 1977). Due to a lack of suitable alternatjvasoustic surveys still rely on

empirically determined frequency-specific TS-L talaships, which may be biased,
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particularly in the case of physostomous fish (<&apter 4). Many of the
experiments from which TS-L relationships were dedli for herring were performed
in only one season and neglected important biodgéfects such as feeding state,
gonad development (Ona 1990; Ona et al. 2001) erfdaht that dead/stunned fish
may have different TS from live fish (McClatchie &t 1996). On the other hand,
because for the same size and species of fislobderved TS can cover a wide range
of values, acoustic surveys have relied on valueshe expected mean TS
(Simmonds and MacLennan 2005; Foote 1987). lificudlt to quantify the effect of

a single factor on TS by means of empirical obgeyma so, recently, theoretical TS
models have been used to approximate fish backseattl investigate its dependence
on various input parameters (Clay and Horne 199étd-and Francis 2002; Gorska
and Ona 2003a). This theoretical modelling approaftérs the most promise for
uncertainty due to TS variability to be estimated ancorporated into acoustic stock
assessments (Demer 2004). In the current worke@etical approach was combined
with empirical data in a Bayesian framework, to ngadvantages from both
approaches.

The total error in an acoustic survey is rarelyrdified (Rivoirard et al. 2000;
Rose et al. 2000; Tjelmeland 2002) despite the spdead use in (single-species) fish
stock assessment: however, the failure to incotponaajor bias is not important
when one considers that the results are used akRroktsively as relative indices, not
as absolute estimates. The current shift towardssystem-based management,
however, brings with it an increased need for alisolabundance estimates of
exploited species, their pray and predators, tofdaeinto ecosystem models as
alternatives to catch-based stock assessment (Kd&089). The move to Bayesian
methods have been identified as a valuable to@stonate the total uncertainty in
trawl surveys (Punt and Hilborn 1997; McAllisterdaKirkwood 1998; Meyer and
Millar 1999), and could be of use in acoustic sysvéo quantify and incorporate
uncertainty into abundance and biomass estimaesul® of these methods provide
estimates of the random and systematic compondntseasurement and sampling

error that are valuable for managing fisheries. adtainty in the advice provided by
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fisheries scientists can be based on a combinafiaiata from the stock in question

and prior information of population model paramgteased on data from similar fish

populations (McAllister and Kirkwood, 1998). Anoth@advantage of Bayesian

methods is that uncertainty associated with modehmpeters can be propagated
through the framework to estimate distributionsyaidel outcomes. Based on these
properties | have proposed here a Bayesian systanehables unknown parameters,
or those that are difficult to estimate, to be mpawated into a conventional fish

backscattering model to estimate distributionsxgfeeted TS. This can then provide
a basis for estimating uncertainty associated whtéh TS estimate in an acoustic
survey and contribute to the overall estimate afeutainty.

The herring abundance estimates obtained in thidysindicate that the
uncertainty associated with this particular moddiargely systematic. Assuming the
ICES (2008b) estimate of herring abundance is cgrtiee associated accuracy of the
acoustic estimate based on the Bayesian TS modeR®&® %. This magnitude of
error is in accordance with previous estimates ydtesnatic error of the TS
component in acoustic estimates of absolute abuedavhere values of £26 - +41 %
(Tesler 1989), 0 - +50 % (Simmonds and MacLenndb20r 0 - +40 % (Simmonds
et al. 1992) have been reported. Factors that rasg hffected the accuracy of the
abundance estimate in this study were the datausetl to derive the model
parameters and the TS model itself. The Edwardd. €1984) data set was based on
Atlantic herring captured on the Scottish west to@ikese fish occupied the same
geographic area and may even have consisted offftsh similar populations
surveyed in the 2007 North Sea Herring Acousticv&yur Nonetheless, the TS data
set was limited in two aspects. Firstly, the heynmere confined in cages and might
therefore have exhibited a different behaviour tid Wsh, which could have affected
the TS (Simmonds and MacLennan 2005). Secondlywtter depths of the herring
analysed by Edwards et al. (1984) (17.5 - 45 m)rditirepresent the whole depth
range occupied by herring in the area covered &\sttottish component of the North
Sea Herring Acoustic Survey, which may be as dee®@ m (ICES 2008b).

Similarly the morphological swimbladder data ob&irfrom MRI scans of a North
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Sea herring were based only on measurements aupessequivalent to depths from
the surface down to 60 m (see Section 4.2.2.). élenéstributions of model

parameters obtained from the Bayesian frameworkedbassentially on the MRI
swimbladder morphology and the Edwards et al. (19B3 data, were therefore
representative of a shorter depth range than earlillly herring in the North Sea.
Even though most of the pressure induced changesvimbladder dimensions
happens within the top 60 m of the water columrc(ia 4.3.1.), TS values were
effectively extrapolated for depth bins down to 20using the KRM model with the
estimated model parameter distributions.

Fassler et al. (2009b) applied similar methodsesiibed in this Chapter but
used arnn situ herring TS data set published by Ona (2003) tonasé¢ distributions
of the TS model parameters. Those data were bas&bovegian spring spawning
herring as opposed to the North Sea herring dathlighed in Edwards et al. 1984)
used in this Chapter. The TS-L relationship fittedhe whole of Ona’s (2003) data
set (TS = 20 log(L) - 67.3) is higher by 3.9 dB than the one cutiseapplied to
estimate abundance of North Sea herring (TS = g@(l9 - 71.2). Thein situ TS
data presented by Edwards et al. 1984 was pardg tes determine that North Sea
herring TS-L relationship. Given these differenpub data, it is therefore not
surprising that the Bayesian TS model describetthisnChapter estimated a TS that
was on average lower than the one published indtésisal. (2009b). This difference
is reflected in the estimated posterior distribagioof the model parameters. While
prior parameter distributions were identical, thesterior means of SDand \4
estimated in this Chapter were 2.6 times larger hBdtimes smaller, respectively,
compared to the ones presented in Fassler etC8I9K2. In terms of fish numbers, the
use of Ona’s (2003) TS-L relationship determinemfrNorwegian spring spawning
herring would cause a 59.3 % reduction in estimatachdance of North Sea herring
from the 2007 Scottish North Sea Herring AcousticvBy data. Hence, because the
accuracy of the Bayesian TS model is strongly ddeenhon the input data, acoustic
survey analyses should, if at all possible, be dasereliable TS data that reflect the

fish stock and species being surveyed. Since tladysia of the North Sea herring
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survey data used in this Chapter was basethaitu TS values determined from
North Sea herring, the results can be considera@ mccurate than those presented
in Fassler et al. (2009b). Further work will haeeirivolve collection of appropriate
insitu TS data, ideally from wild herring (see Foote 19&d tune the TS model and
make results in this case more applicable to tlangestock surveyed. Since depth
affects herring TS (see Chapter 4), it is partidulanportant to collecin situ data
throughout the depth range. To improve data quaéty autonomously deployed
transducer system like the one used by Ona (200Bedersen et al. (2009) may be
used to increase resolution and avoid detectiomufiple targets (see Sawada et al.
1993) at depth. These data should ideally alsodbeated throughout the survey
period, in the area surveyed and at various tinfethe day in order to take into
account behavioural induced changes in TS (e.g-Hsse and Ona 1996).

Additionally, the TS model used may have been uablé for the species in
guestion. The model is essentially based on a eohaddition of backscatter from
interpolated elliptical cylinder approximations thfe herring swimbladder and fish
body shape. This improves computational efficieany takes into account effective
lateral and dorsal dimensions at a high resolutioihneglects structural details of the
respective scattering body surfaces. Besides, theehtoes not take account of the
boundary conditions at the swimbladder: it ignottes fish body component when
calculating the swimbladder backscatter. Nonetlselesherent addition is applicable
in the present case, since the swimbladder is timirchnt scatterer (Ding and Ye
1997; Gorska and Ona 2003a). The low accuracy efh#rring abundance and
biomass estimates is in sharp contrast to thelr prgcision (CVs of 1.0 and 1.1 %,
respectively), which reveals the random error assed with the TS component to be
negligible. This high precision however can beilattied to the central limit theorem;
since the ultimate absolute fish abundance and dssmwere derived by averaging a
relatively large number of estimates (Demer 2004).

Another advantage of the Bayesian model is thatyld apply a specific TS
distribution to all herring schools encounteredthie survey. This is of particular

importance when dealing with the depth effect orrihg TS. In the survey area
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(Figure 5.1), NASCs were highest at depths betvi€¥hand 150 m (Figure 5.8). At
these depths, swimbladder volumes are only ab&¥6ef the size of swimbladders
at the surface, resulting in significantly redudésivalues (Figure 5.6; Section 4.3.1.;
Fassler et al. 2009a). Due to swimbladder compyassnore fish have to contribute
to the same integrated backscatter values at deptnsequently, estimated
abundance and biomass were higher when the dep#ndent TS was applied as
opposed to one solely based on measurements ahdemr surface waters (i.e.
TS = 20 logo(L) - 71.2; ICES 1982). Based on the modelling Itssteported here,
however, the relationship with depth and fish s&aot trivial. From Figure 5.6 it is
evident that the relationship of TS with fish lemgbtay not follow a linear pattern but
be enhanced for some size ranges and vice verseend of a similar nature was
observed in the Edwards et al. (1984) data set Fsgere 5.9), where the TS-L
relationship (Equation 3.8) of herring in shallovater (17.5 m) had a similar slope
and intercept (m = 20.7; b = -72.1) to the oneghef currently used relationship
(ICES 2008b; m = 20.0; b = -71.2). Conversely, slape and intercept of the TS-L
relationship fitted to the herring TS data at 45lepth were very different (a = 28.3;
b = -85.9) and deviate significantly from the T$ L? assumption (Foote 1979;
McClatchie et al. 1996). In the case of herringhspeculiarities may be explained by
the interaction between fish body and swimbladdakbcatter that are both affected
by either depth-dependency or an oscillating baaksc pattern (c.f. Section
3.3.2.1.). As a result, the herring at the low efdhe size spectrum analysed here
(~19.5 - 25 cm) had a higher TS than expected fadmear relationship. This trend
was consistent with depth and gave herring withat particular size range at depths
between 125 - 160 m the same TS as would be exp&ota the currently used TS-L
relationship (Figure 5.6b). Since the majority efing backscatter from the analysed
survey area (Figure 5.1) was within this depth eafgee Figure 5.8), abundance
estimates obtained from the method presented hayenat differ significantly from
the ICES (2008b) estimate for 19.5 - 25 cm herriegtimated TS values of larger
herring (27 - 35 cm) on the other hand were sintitathe ones obtained using the
ICES (1982) TS-L relationship (20 lgfl) - 71.2) at much shallower depths (80 -
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115 m). Hence, compared to the TS values preseht@, their TS was
overestimated by ICES (2008b) at depths where rigerwere typically observed
(Figure 5.8). Compared to the ICES (2008b) restitts, methods described in this
Chapter gave higher abundance estimates of hemnnthe survey area. This
difference was accompanied by an even higher bismstmate due to the higher TS
given to larger fish when using the ICES (1982)LT&lationship, making them less
abundant in the estimate. There is evidence far dpparent underrepresentation of
large fish in the acoustic survey for herring ire tRorth Sea: since about 2004, a
block of negative residuals for estimates of ol@@r- 9 year) herring from the
acoustic survey index has been identified (seer€ig6.1.17 in ICES 2009b).
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Figure 5.8 Distribution of integrated acoustic rggye(Nautical Area Scattering
Coefficient, NASC) allocated to herring at variden depth bins in
the Scottish component of the 2007 North Sea Hgritoustic
Survey.
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Figure 5.9 The Edwards et al. (1984) herring tastyength (TS) data set used to
determine distributions of parameter values inBagesian TS model.
Values are mean TS of caged herring measured at depths of 17.5
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form TS = a logy(L) - b (dotted lines) and TS = 20 lpfl) - by (solid
lines), where L is the fish length in cm, are given

There are some disadvantages of the Bayesian approao with selection of
prior probabilities. If they are not chosen carlgfuhey may cause bias and their
construction can be tedious and require considerefidrt (McAllister and Kirkwood
1998). Estimates of the prior distributions for twbthe model parameters in this
study were based on reliable measurements on genid can essentially be assumed
to be valid. However, in light of TS model evalwati there is a particular need for
data on tilt angle distributions. Fish behavioweflected in the distribution of tilt
angles within an aggregation of fish, is the maogbartant factor influencing TS and
hence the accuracy of subsequent abundance edifiadete 1980b; Blaxter and
Batty 1990; Horne and Jech 1999; Hazen and Horn@3)200ther potential

drawbacks of the more complex Bayesian model aeedd#mand on computing
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resources and posterior distributions may sometibegoo complex to estimate.
Nonetheless, given appropriate input data, theshhods can provide an important
step towards combining TS modelling approaches witlsitu measurements and
opportunistically incorporate variability assocthteith factors affecting TS to give
an estimate of distributions of expected TS. Thaulteng probabilistic abundance,
density and biomass estimates could become vitapoaents in ecosystem studies

and resource management.
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Chapter 6

General Discussion

Fisheries management strategies have historicalhem@lly focused on maximising
the catch of a single species and have usuallyréghtheir prey, predators, bycatch
species, associated habitat and other ecosystemoremts and interactions (Pikitch
et al. 2004). As a consequence, fisheries haveedalsbitat destruction, and
exploitation of fished species has had a far remcimpact on many other species
that are part of the wider ecosystem (Pauly eR@D5). In order to achieve a more
holistic management approach, many advisory coragsttvorldwide have suggested
considering the whole ecosystem in the process efidthg on sustainable
exploitation levels of the target species and deing overexploited fish stocks
(Marasco et al. 2007; Worm et al. 2009). Such extesy-based fishery management
(EBFM) approaches will rely in part on accuratdmeates of absolute fish stock size
and its associated uncertainty to be fed into numeplex food web and whole
ecosystem models (Marasco et al. 2007). Undervwaateustic methods have been
identified as being amongst the most promising &zithese requirements (Koslow
2009). Sound can travel through water at high spead high-resolution data on
organism density covering vast areas of the seatlvarefore be produced in a
relatively short period of time (Medwin and Clay9B). Although acoustic surveys

have many advantages over the selectivity issuastasampling surveys, they are by
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definition ‘remote’ observations, and thereforeréhare other potential shortfalls.
The major problems that contribute to the totabremf estimates from acoustic
surveys are concerned with identification of detdciorganisms and the echo
produced by them - the target strength (TS) (sdaeTa.1). This thesis aimed to
investigate whether a range of currently appliedmiclels could be used to describe
the TS of a herring and its variability at multipdeoustic frequencies (Chapter 2).
Data from acoustic surveys for herring in the N@#&a were examined and compared
to model results, to attempt species identificateomd discrimination based on
backscattering levels at different frequenciestif&rmore, morphological data from
stocks of Baltic and Atlantic herring and sprainfrthe Baltic Sea were used to model
their respective TS and explain differences preslpwbserved in empirical data
(Chapter 3). The issue of the depth-dependent TShesfing was studied by
reproducing true shapes of swimbladders from MRhscof herring under pressure
(Chapter 4). Swimbladder morphology representatiordssD were subsequently used
to model the acoustic backscatter at a range guéecies. Eventually, the TS of
herring in the North Sea was modelled in a Bayefiamework (Chapter 5). Most
likely distributions of model parameters were deii@ed by fitting the model ton
situ data. The resulting probabilistic TS was usedrtapce distributions of absolute
abundance and biomass estimates, which were codhfzaofficial results from ICES
North Sea herring stock assessment.

Acoustic backscatter models have contributed tosvah® understanding of
how fish TS depends on a range of factors suchsasdrientation, fish size and
acoustic frequency (e.g. Foote 1985; Clay and Ha8%#4; Hazen and Horne 2003).
TS relationships currently used in fish abundansterates from acoustic surveys,
however, are exclusively based on empirical measemnés. Although, the
Commission for the Conservation of Antarctic Marldeing Resources (CCAMLR
2005) has adopted a TS for Antarctic kriluphausia superba) that is based on a
backscattering model using the stochastic distestade Born approximation
(SDWBA, Demer and Conti 2005; Conti and Demer 20Q6)til now, a range of
data on herring TS have been collected using eifitermethods including
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insonification of dead or immobile fish, life fisfonstrained within cages aisitu
measurements on fish in the wild. Available empiridata was used to define the
most likely TS of herring at a given fish lengthtla¢ time when acoustic surveys for
herring in the North Sea were being developed. &rdeta were not fromm situ
measurements of live herring at sea but effectibalyed on dead fish (Nakken and
Olsen 1977) or fish confined within a small cagéaiteter: 2 m, Edwards and
Armstrong 1981). The issue that dead and encaghldiiay produce a biased TS is
well known (McClatchie et al. 1996), but in the abse of alternative solutions the
results are still being used today to derive TSseRech conducted on the TS of
herring has shown that significant discrepanciesazur if the size and shape of the
swimbladder is affected by gonad size (Ona et@)12, water salinity (Fassler et al.
2008) or depth of the fish (Ona 2003; Fassler.e2@09a). In this thesis it was shown
that modelled backscatter levels of herring from Baltic Sea were on average 2.3
dB higher than those from herring living in norteedtlantic waters (Chapter 3).
This can be attributed to differences in swimbladsizes between the two herring
stocks due to the Baltic Sea having a low salingynpared to waters of the Atlantic
Ocean. Consequently, the swimbladder of herringhftbe Baltic Sea needs to be
bigger to achieve a certain degree of buoyancy,peoed to herring from, for
instance, the Norwegian or North Sea. Interestingly values (Equation 1.11) of
Norwegian spring spawning herring estimated in Tthesis (Chapter 3:.p= -67.1;
Chapter 4: |y = -67.4) are remarkably similar to the resultsGsfa (2003) (b =
-67.3). Given the discrepancy between these valndsthe one currently applied to
evaluate acoustic survey data for Norwegian spspeyvning herring g = -72.1), a
re-evaluation of the appropriateness of the laittay indeed be necessary. In a further
investigation, morphological swimbladder dimensimfsBaltic herring and sprat
were found to be different (Chapter 3). Herring had significantly larger
swimbladder height at a given length compared tatspesulting in a modelled TS
that was on average 1.2 dB stronger. Since the J&8He relationship is currently
used to estimate abundances of herring and sprteirBaltic Sea from acoustic

survey data, this approach may need to be recoesid@/ater depth, and therefore



176 Chapter 6. General discussion

the increase in ambient pressure, was found to aasansiderable effect on the size
and shape of the herring swimbladder (Chapter 4déled TS values were found to
be around 3 dB weaker at a depth of 50 m comparsdrface waters. At 200 m, this
difference was estimated to be about 5 dB. Usehefdlaborate KRM model to
estimate TS of realistic swimbladder shapes undesspre (see Figure 4.12b) gave
results that were in good agreement with thosevddrirom the MSB-DCM (Figure
3.6). The latter results were based on spheroigeshawimbladder approximations,
applying minimum and maximum limits of bladder caegsion.

Incorporating such findings into enhanced TS moeaelsultimately improve
overall accuracy of the TS value and the derivadhdbnce and biomass estimates.
Nonetheless, the sole reliance on empirical datemied in a specific location at a
specific time, to construct a TS relationship wilhke consideration of factors TS is
dependent on immensely difficult - and will resmita model that is not universally
applicable. The approach described for the firgtetiin this thesis, combines
empirical data and theoretical modelling in a Béedramework to produce the
most likely TS under a certain situation (ChapterT™e model, which computes the
TS of herring based on its morphology, orientatioimysical properties and ambient
water pressure, was essentially fitteditositu TS data to estimate most likely
distributions of input parameters given the dathe Btrengths of the Bayesian
framework are: its capabilities to (1) incorporatew knowledge about input
parameters, should such information become availabldevelop and improve prior
parameter distributions. This could lead to consibdly reduced uncertainty in
estimated TS. (2) The data set used to fit the inoale be chosen to specifically
represent the survey area in question. For examplgtu TS data of Baltic Sea
herring could be used to determine appropriate epiost distributions of model
parameters for use in TS predictions for Balticringt These will then have
particular PDFs for swimbladder volumes at these#face, tilt angle distributions or
any other parameter that is chosen to be estim#et.use of such information, TS
values could be determined dynamically for speafises of observed fish lengths

and water depths, hence increasing accuracy inequbat abundance and biomass
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estimates. (3) The Bayesian framework enables tioertainty associated with the
respective parameters to be propagated throudtetbrial model output. This allows
for the production of a probabilistic TS that canturn be used to estimate fish
abundance and biomass distributions. UltimatelyF&bf stock sizes determined
from acoustic surveys will, however, be dependentother sources of systematic
error, such as the equipment calibration, hydrdgaponditions or vessel avoidance
(see Chapter 1; Section 5.1). Nonetheless, the esroponent associated with the TS
is by far the most dominant (Table 1.1; Simmondalefi992). Once an acceptable
stock size PDF, based on reliable determinatioh®fistributions, is determined, it
will provide vital information about stock levelsich associated uncertainties for use
in stock assessment. Additionally, it could alsaliesy input to decision analyses for
alternative management measures. For instance, Iid@kland lanelli (1997) used a
Bayesian approach to estimate posterior distribstiof population parameters for
yellowfin sole Limanda aspera) that were eventually used to evaluate trade-offs
between various trawl survey designs (McAllisted aRikitch 1997). Similarly,
Méantyniemi et al. (2009) demonstrated how a Bayedigcision analysis framework
could be used to determine the value of informafMal) in having various degrees
of knowledge of the functional form of the stoclemat relationship for North Sea
herring - and therefore could suggest an optinatation of survey resources. Such
approaches could also be applied to the methodsibled in this thesis by estimating
the level of knowledge of a particular TS modelgoaeter value that is needed to
achieve a desired (optimal) level of uncertaintgliundance and biomass estimates.
The accuracy of the Bayesian TS model outcomeheilaffected by the input
data set. Ideally, the data set used to derivartbeéel parameters should consist of
mean in situ TS measurements from the same herring stock, mexhsa the
geographic area that is being covered by the retezeoustic survey (see Section
5.4.). This will assure applicability of the values the wild fish observed at sea
(Foote 1987). The results presented in this thasis suggest that it is important to
have TS data that cover the depth range occupietthdoyerring stock surveyed to

minimise variability due to the effect of water gsare on swimbladder size and
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shape (Chapter 4). The other factor that has arnmajpact on the Bayesian model
parameter estimation is the TS model componentetheg with the data set, it has an
effect on the likelihood function of the Bayesiaarmhework and therefore directly
affects parameter estimation. Acoustic TS modele hmproved dramatically over
the past two decades. There is a distinct move ritsvapplying approximation
solutions that can make use of the true three-dsineal shapes of various fish
scattering bodies (e.g. BEM or FEM; Foote and Fga2002; Francis and Foote
2003; ICES 2009a). Compared to models that aredbasesimple geometric shapes
to represent scattering bodies, more sophisticatedels have the potential to
become more refined and are in theory able to pwate a time domain to cover
behaviour aspects such as swimming movement. Wathtirmiously improving
computer processing power readily available, theicghof TS model will not be
limited by time constraints either. Applicabilityf @ particular TS model will be
further enhanced by assessment of the sensitivity parameters by comparison to
empirical measurements. Once the sensitivity ofehodtputs can be evaluated, their
prediction power assessed statistically and vabhfeBxed parameters determined
empirically, a potential ranking system may be d@ved to determine the optimal
choice of TS model. Incorporation of the most faradile TS model into the Bayesian
model framework described here will improve ovesaituracy of the TS estimate.

In order to use the depth-based Bayesian TS modwmidlyse acoustic data, for
example from the North Sea herring acoustic suriteis important to collect s
stratified by depth at a resolution of maximallyn5 Because the required processing
power and software are now readily available, iuldgust be a matter of storing
depth and species baseddata. The required information would be the praparof
herring & within each sampling interval (e.g. 5 nm), for ede m depth interval
throughout the water column. Depth-dependency ofcd@d be implemented into
the abundance and biomass estimation by using @&thew surface fitted to the
model estimates given in Figure 5.6, to ease thaicability of the complex
Bayesian TS model. To include estimates in thesassent of herring abundance for

the whole North Sea stock, abundances at lengthdwaave to be calculated for the
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combined survey area, instead of just parts theseef Chapter 5). A potential switch
over to the new method applying the depth-depenBegesian TS model into the

North Sea herring assessment would require a phddta collection for over one

generation of fish ages (approx. 5 years). At #raestime other sources of error (e.g.
acoustic extinction, dead zone, or multiple scatteuld also be considered. Such
recommendations have now been put forward to theetive ICES working group

that is responsible for planning, executing andyairag acoustic surveys for herring

in the North Sea (ICES 2010).

Once more reliable absolute estimates of stock e be determined from
acoustic surveys, most importantly by reducing sistematic error associated with
the TS value, they could provide important inputapaeters into ecosystem models,
which in turn aid implementation of an EBFM. An exale where acoustic methods
have been an important tool in implementing ecesydbased management is the
international fishery for krill in Antarctic watergurrently managed by CCAMLR
(Koslow 2009). The fishery was the first to be ngathexplicitly under ecosystem-
based principles (Constable et al. 2000; Hewitt amen Low 2000). Acoustic
surveys are the favourite means to assess bionfiasstarctic krill, and they have
been used since the early 1980s to cover the krgg over which the krill occur
(Brierley et al. 1999). Several improvements hagerbmade to the acoustic krill
survey methods since they have started (Eversal. et990; Greene et al. 1991;
Hewitt and Demer 1991). These surveys provide fiatatudies on krill recruitment
and population dynamics (Hill et al. 2006) and faitme basis of the precautionary
limit on krill harvest established by CCAMLR (Hewé&nd Linen Low 2000).

A number of different ecosystem model concepts lmen developed over the
past three decades. Generally, the ever increasingputer power has enabled
construction of increasingly complex models thatezromultiple trophic levels and
various abiotic components. These can be seen sshuobistic approaches compared
to ‘fisheries models’ that focus on one or sevep#cies at the top end of the food
web (e.g. MSVPA, Sparre 1991). Attempts to prodowwine ‘whole ecosystem’
models include the ECOPATH with ECOSIM and ECOSPA®G&dels (Christensen
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et al. 2000; Pauly et al. 2000), the European reajieeas ecosystem model (ERSEM,
Baretta et al. 1995), the integrated generic bagystem model (IGBEM) and Bay
Model 2 (Fulton 2001), or the North Pacific Ecogyst Model for Understanding
Regional Oceanography (NEMURO) and NEMURO.FISH (Weret al. 2007).
Compared to the widely applied fisheries models, uke of ecosystem models has
been limited due to their higher complexity, inee@ data needs and uncertainty
associated with predictions (Fulton et al. 2003)nétheless, since holistic models
attempting to describe the processes of the emtiosystem are the only models that
have the potential to answer questions asked byearsystem based fisheries
management (Hollowed et al. 2000; Mace 2001), théMantages inadvertently have
to outweigh their drawbacks for now. The majorifyecosystem models focusing on
mid- and high-trophic level systems apply a madadz® model approach (e.g.
ECOPATH). This essentially considers the flow okemyy and biomass between
various trophic levels and species are usually @oedbinto functional groups,
resulting in behaviour, age- and size-structureshaing taken into account. Such
model approaches have a particular advantage in ttley can be assembled
relatively quickly to give answers to questions areting likely outcomes of
alternative fishing policies or environmental chemdhat would cause shifts in the
balance of trophic interactions (Pauly et al. 200BCOPATH models have for
instance been used to predict the effect of figlsesn ecosystem maturation (Trites et
al. 1999) or have shown the importance of preddtipfish and marine mammals in
addition to fishing mortality on a global level (@tensen 1996). Pauly and
Christensen (1995) combined calculated transfecieficies and estimates of trophic
levels of major species in world fish catches usheyECOPATH model to compute
the primary production to sustain global fisheri€se “Fishing down marine food
webs” concept was also identified by means of tlss¥balance ecosystem model
approach, showing that the weighted mean trophiel lef landed fish has been
declining in most areas of the world (Pauly et1#198 Science). Acoustic survey
methods and multifrequency species identificatieohhiques could provide vital

input data for mass-balance ecosystem models itiotine of biomass estimates by
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trophic level. In an ideal case, mass-balance nsodfeshelf sea ecosystems could in
that way be developed in a relatively short timeqaeby covering the area with a
standard acoustic survey. Nonetheless, these matNsthe spatial and temporal
dimensions that are fundamental to real ecosystanas inherently contained in
acoustic data. In addition, they generally lack @erfundamental description of the
lowest trophic levels and therefore fail to be ubdb assess effects of climatic
variability on recruitment (Koslow 2009). The ma@phisticated dynamic ecosystem
models (e.g. ECOSPACE or NEMURO) describe spatidltamporal distribution of
trophic groups that characterise an underliningdfe@b corresponding to different
habitat types. Such sophisticated, more realistdets may combine hydrodynamic,
biogeochemical and fish models, and have the patewot address issues related to
climate change. The ECOSPACE model has been uskbkaoat effects of marine
protected areas (MPASs) on fish production and itistion (Walters et al. 2000).
Megrey et al. (2007) used the NEMURO to look at hibe different life histories of
Pacific saury Cololabis saira) and herring Clupea harengus pallasi) might influence
growth responses to different climate charactesstUnfortunately, more dynamic
models of ecosystems still need much work duedo treater complexity and many
more parameters. A major limitation still is theamplete understanding of how fish
interact with the environment (Koslow 2009) - algeon that will undermine any
accurate biomass estimate on a high-resolution desth@and spatial scale derived
from acoustic survey data.

Further investigations into TS variability will hato take into account ongoing
technological developments. New multi-beam sonag.(Simrad ME70) with
angular swaths of up to 180° will insonify fish atfar greater range of incidence
angles compared to single beam echosounders traaliyy used on surveys (Burwen
et al. 2007; Henderson et al. 2008; Berger et@92Doray et al. 2009; Weber et al.
2009). Coupled with depth-dependent changes in blsisler morphology, TS
variability will be enhanced and the developmen8-® TS models will become vital
in order to produce a reasonably accurate abundssiceate. Nishimori et al. (2009)

described a three-dimensional echo-integration atethe. ‘3DEI’) to analyse data
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obtained from a quantitative scanning sonar (Furk8¥-30). They used a prolate
spheroid model assuming distributions of fish dagons relative to the sonar beam
to estimate the average backscattering cross-saafimdividual fish within a school.
Analyses of data from a herring school revealed tha estimation of total school
backscattering cross-section and the number ofdstiained within the school was
primarily dependent on the assumed orientationridigion. Using a similar
principle, Cutter et al. (2009) reported on a mdttmderive orientation distributions
of Antarctic krill (Euphausia superba) from multi-beam echosounder data, assuming
backscattering intensities at various tilt anglesdicted from a DWBA model. The
development of accurate TS models to achieve rdiakscattering estimates at the
full range of potential insonification angles wispecially be challenging for
physostomes, where depth effects play an additiompbrtant role (Chapter 4;
Fassler et al. 2009a; Pedersen et al. 2009). Cregriessure-related changes in
swimbladders dimensions of physostomes can beaabsly described, additional
data on swimbladder volume will be essential to enany model-based TS
predictions. One would have to assume that 3-D ®ledder dimensions can be
linked to a given swimbladder volume, which in tusnaffected by water pressure
and/or amount of gas contained within. In that whg, TS could be modelled based
on in situ swimbladder volume measurements and morphologeabnstructions
from, for instance, MRI scans of swimbladders urtessure. A promising approach
that can providen situ estimates of swimbladder volume is the use of fleguency
acoustics to exploit the resonance features ofsthienbladder (Nero et al. 2004,
2007). If the low frequency backscatter signals aselored with broadband
technology, the distinct shape and position of slwgmbladder resonance peak
reveals information about swimbladder size and thiso fish size with little
ambiguity (Stanton 2009; Stanton and Chu 2009;t8taat al. 2009). Furthermore,
at the low frequencies where swimbladders of hgrtypically exhibit a resonance
peak (1 - 10 kHz), echoes are not strongly affettgdhe orientation of the fish.
Therefore, reliance on dubious assumptions ablbwrtgle distributions required for

interpretation of backscatter at high frequencygéctlly used in fish surveys can be
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avoided. Research by Stanton and Chu (2009) amddstat al. (2009) demonstrated
the potential of an ‘off the shelf’ low frequencyoladband (1.7 - 100 kHz) system to
investigate scattering characteristics of herrinthosls over Georges Bank.
Resonance of observed herring swimbladders waspptodmately 3.7 kHz.
Interestingly, encountered herring schools overSakin transect exhibited the same
resonance frequency but different volume backsaagtestrengths. From the
combined information it was evident that the hegrihad similar swimbladder
volumes (and presumably similar lengths), howeteey appeared in patches of
different numerical densities. Furthermore, usiragkscattering models, together
with the length information obtained from the loweduency data, the volume
backscattering strength could be converted direotty numerical densities. Reliable
TS estimates at multiple incidence angles will makéti-beam sonars useful tools to
provide quantitative acoustic data at higher spatisolution. Additionally, surveys
based on localised transects could greatly beifiegftcompanied by techniques such
as the Ocean Acoustic Waveguide Remote Sensing (R3Wakris et al. 2006;
Makris et al. 2009) system. OAWRS allows an ingtaabus imaging of the ocean
over thousands of square kilometres, thus providimgable data on spatial species
distributions.

A combination of the aforementioned methods mayuceduncertainty in
interpreting backscatter data and provide acclwabselute estimates of herring stock
sizes by using: (1) high-resolution representatiminswvimbladders under pressure as
input data for fully 3-D TS models, (2) multi-beagthosounders to increase
sampling volume and complement data from tradifi@agle-beam echosounders,
and (3) low-frequency broadband systems to provideambiguousin situ
information on swimbladder and fish size and fislelpng densities.
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Appendix A
This appendix contains copies of the published atmat resulted from the research
described in this thesis. The papers and correspgrstiatements of contribution are

given in chronological order :

Fassler, S.M.M., Santos, R., Garcia-Nufez, N., @&was P.G. (2007).
Multifrequency backscattering properties of Atlarttierring Clupea harengus)
and Norway pout Trisopterus esmarkii). Canadian Journal of Fisheries and
Aquatic Sciences 64: 362-374.

| estimate that | contributed 65% of the total dfftowards the paper. Acoustic
survey data were collected on standard surveysumed by the Marine Laboratory,
Aberdeen. The paper contains the result of workeh@rged from a combination of
ideas by all authors. NGN and RS did an extensivial data analysis while |
conducted subsequent analyses in relation to sigeebdistinction and developed the
backscatter model. The paper was mostly writtemlggelf with help from RS and
PGF.

* k% %

Fassler, S.M.M., Gorska, N., Ona, E. Fernandes,. R2808). Differences in
swimbladder volume between Baltic and Norwegianngpspawning herring:
consequences for mean target strength. FisherssaReh 92: 314-321.

| estimate that | contributed 75% of the total dff@wards the paper. Swimbladder
volume data were collected by EO and colleagudisanate 1980s. The idea emerged
from a discussion between EO, NG and myself. ltdeddata analysis and modelling
work with guidance from NG. The paper was writtgnnyyself with assistance from
PGF.

* k% %
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Fassler, S.M.M., Fernandes, P.G., Semple, S.l.KgrlBy, A.S. (2009). Depth-
dependent swimbladder compression in herr@®igpea harengus observed

using magnetic resonance imaging. Journal of FistoBy 74: 296-303.

| estimate that | contributed 85% of the total dftowards the paper. MRI scan data
were collected by myself with assistance from SIH8e inspiration for the work

came from the initial literature review and diséoss between ASB, PGF and
myself. PGF and ASB provided the necessary fundidgl all the data analysis and

wrote the paper with assistance in the form ofewsi provided by all co-authors.

* % %

Fassler, S.M.M., Gorska, N. (2009). On the targetngith of Baltic clupeids. ICES
Journal of Marine Science 66: 1185-1190.

| estimate that | contributed 75% of the total gftowards the paper. The X-ray data
were initially collected by colleagues from Denmankhereas | extracted the
morphological swimbladder data. The work represesmtgontinuation of ideas
developed in Fassler et al. 2008. | did the datyars and modelling work with
guidance from NG. The paper was written by mysedf eeviewed by NG.

* % %

Fassler, S.M.M., Brierley, A.S., Fernandes P.G.0®30 A Bayesian approach to
estimating target strength. ICES Journal of MaBeeence 66: 1197-1204.

| estimate that | contributed 80% of the total dffowards the paper. Data analysis
and development of the model framework was donemigelf with advice from
colleagues at the Marine Laboratory and Universityst Andrews. The inspiration
for the work came from discussions between ASB, RGE myself. The paper was
written by myself but reviewed by ASB and PGF.
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