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	Abstract	

In	 order	 to	 progress	 towards	 a	 more	 ecosystem	 based	 approach	 in	 fisheries	

management	 (EBFM),	 it	 is	 important	 to	 develop	 holistic	 monitoring	 protocols.	 Fisheries	

acoustics	 is	 recognised	as	one	of	 the	most	promising	marine	monitoring	 tools,	 to	be	used	 in	

conjunction	 with	 more	 traditional	 sampling	 methods,	 such	 as	 trawls	 or	 other	 biological	

sampling	 methods,	 to	 fulfil	 the	 data	 needs	 of	 EBFM.	 To	 work	 towards	 an	 improved	

understanding	 of	 the	 ecosystem,	 there	 is	 a	 need	 for	 large	 scale	 sampling	 programs	 on	 a	

temporal	 and	 spatial	 basis,	monitoring	 the	 entire	 water	 column	 and	 habitat	 characteristics.	

Given	the	cost	involved	in	running	dedicated	scientific	survey,	such	a	large	scale	data	collection	

program	 is	 often	 impractical.	 As	 an	 alternative,	 fishing	 vessels,	 with	 acoustic	 equipment	 of	

scientific	 standards	 available	 or	 easily	 mounted	 can	 be	 used	 as	 opportunistic	 or	 chartered	

sampling	platforms.	Opportunistic	data	collection	programs,	take	advantage	of	the	time	spent	

at	sea	by	fishers.	Such	an	undertaking	bears	the	possibility	to	continuously	collect	data	over	a	

prolonged	period	of	time,	covering	areas	of	commercial	interest.	

	 The	 present	 thesis	 can	 be	 seen	 as	 one	 of	 the	 first	 attempts	 to	 describe	 tropical,	

demersal	 habitats	 based	 on	 opportunistically	 collected	 acoustic	 data	 and	 catch	 information	

aboard	a	 small	 (15	m)	 trap	 fishing	vessel	 in	 the	Northern	Demersal	 Scalefish	Fishery	 (NDSF).	

The	NDSF	is	classified	as	a	mixed	fishery,	targeting	a	multitude	of	demersal	species,	with	two	

main	 indicator	 species,	 goldband	 snapper	 (Pristipomoides	 multidens)	 and	 red	 emperor	

(Lutjanus	 sebae).	 The	main	 goal	 for	 this	 study	was	 to	 derive	 indices,	within	 selected	 fishing	

regions	 (where	 sufficient	 data	 was	 available),	 which	 could	 be	 of	 relevance	 to	 EBFM.	 Three	

fishing	regions	with	simultaneously	collected	catch	and	acoustic	data	were	identified.	Optical	

recordings	 of	 the	 catch,	 facilitated	 the	 extraction	 of	 species	 group-specific	 composition	 and	

length	 frequency	distributions	 for	each	 recorded	 trap.	Length	estimates	were	based	on	pixel	

counting,	 referenced	 to	 the	 five	 cm	 steel	meshes	 of	 the	 traps.	 Calibrated	 acoustic	 data	was	

logged	twenty-four	hours	a	day	at	38	and	120	kHz.		

Abundance	and	biomass	indices	are	the	most	common	indices	used	in	EBFM.	In	order	

to	translate	acoustic	densities	into	biologically	meaningful	abundance	or	biomass	estimates,	a	

good	understanding	 of	 the	 relationship	 between	 the	 acoustic	 reflection	of	 an	 individual	 fish	

(TS)	 of	 a	 given	 species	 at	 a	 given	 length	 L	 (TS-L)	 is	 necessary.	Given	 the	 sparsity	 of	 acoustic	

studies	focusing	on	tropical	demersal	habitats,	TS-L	relationships	for	the	observed	groups	had	

to	 be	 established.	 TS-L	 of	 red	 emperor	 was	 established	 through	 a	 combination	 of	 ex	 situ	



measurements	 and	 a	modelling	 approach.	Model	 parameters	were	 calibrated	 by	 the	ex	 situ	

measurements,	 using	 a	 Bayesian	 approach.	 For	 goldband	 snapper,	 in	 situ	 collected	 ˆ	 value	

could	be	used	 in	 combination	with	 catch	 information	 to	establish	a	 robust	 TS-L	 relationship.	

For	the	other	species	groups	Kirchhoff	Ray	mode	models,	based	on	computational	tomography	

scans	of	fish	samples,	were	used	to	model	TS.	In	a	following	step,	the	distribution,	abundance	

and	biomass	of	key	species	groups	were	estimated.	Through	 the	application	of	geostatistical	

methods,	associated	estimates	of	variance	were	described.		

Other	 indices,	 which	 can	 be	 used	 to	 describe	 the	 distribution	 patterns	 of	 species	

groups	 within	 the	 selected	 fishing	 groups	 were	 proposed.	 Acoustic	 density	 hotspots	 were	

described	through	geostatistical	methods.	Hotspots	can	help	us	better	understand	key	areas	of	

biological	density.	Bottom	habitat	types	were	detected	through	clustering	of	acoustic	bottom	

descriptors,	providing	an	acoustic	habitat	classification	 indicator.	 Indicator	species	associated	

with	each	habitat	cluster	were	detected	and	described.	Energetic,	geometric	and	bathymetric	

characteristics	of	 fish	schools	were	described	and	clustered	together,	to	form	an	 indicator	of	

acoustic	diversity.	All	of	these	indicators	have	the	potential,	if	collected	over	multiple	years,	to	

track	 changes	 in	 resource	 distributions	 and	 to	 link	 those	 to	 changes	 in	 environmental	 or	

anthropogenic	factors.	Further,	they	all	contain	information	on	the	spatio-temporal	structure	

of	the	monitored	regions,	providing	valuable	information	for	improved	planning	and	timing	of	

dedicated	survey.	

As	such,	the	present	thesis	has	shown	that	useful	indices	can	be	derived	from	acoustic	and	

catch	information	collected	opportunistically	aboard	a	small	trap	fishing	vessel	during	routine	

operations.	 The	major	outcomes	of	 the	 thesis	 are	a	novel	 technique	 to	estimate	 in	 situ	TS-L	

relationships,	 using	 the	 distribution	 of	 length	 and	 TS	 measurements,	 rather	 than	 grouped	

frequencies.	Robust	methods	for	the	combination	of	catch	information	and	acoustic	densities	

in	 situations	 where	 no	 directed	 sampling	 is	 available	 have	 been	 established.	 Variance	

estimates	observed	within	three	focus	fishing	regions	were	comparable	with	those	observed	in	

dedicated	 acoustic	 surveys	 conducted	 in	 other	 fisheries.	 This	 similarity	 in	 variance	 is	 an	

indicator	 that	 the	 quality	 of	 biomass	 and	 abundance	 estimates	 was	 satisfactory.	 Goldband	

snapper	 has	 been	 observed	 in	 single	 species	 schools	 and,	 as	 a	 result,	 improved	 variance	

estimates	 could	 be	 established.	 In	 a	 final	 step,	 through	 the	 use	 of	 unsupervised	 statistical	

methods,	 simple	 indicators	with	 the	potential	 to	gain	 improved	 insights	 into	 the	distribution	

and	structure	of	the	fish	resources	and	associated	habitats	were	gained	and	developed.		



The	presented	methods	hold	the	possibility	to	be	applied	to	a	wide	range	of	habitats	and	

ecosystems.	 The	 use	 of	 fishing	 vessels	 as	 sampling	 platforms	 not	 only	 generates	 useful	

information,	 but	 also	 strengthens	 the	mutual	 understanding	 between	 scientists	 and	 fishers,	

working	 together	 towards	 more	 stakeholder	 involvement	 in	 data	 collection	 programs	 and	

higher	acceptance	of	resulting	policies.	If	data	collection	programs	are	to	be	continued	and	the	

presented	methods	applied,	the	true	value	of	the	latter	could	be	explored	in	more	detail.	

	

	

	 	



	

	 	



Acknowledgments	

I	would	 like	 to	 thank	my	co-supervisor	Dr.	Miles	Parsons	 for	giving	me	all	 the	 space	and	

freedom	 needed	 to	 do	 my	 research,	 his	 patience	 and	 quick	 responses,	 independent	 of	

whatever	time	zones	we	both	were	in.	Big	thanks	to	my	co-supervisor	Dr.	Sascha	Fässler	for	his	

support	 over	 the	 years,	 helpful	 discussions	 and	 comments,	 the	 entire	 fisheries	 acoustics	

community	wants	you	back	as	soon	as	possible.		

Thanks	 to	 Wageningen	 Marine	 Research	 for	 financial	 support	 and	 Curtin	 University	 for	

providing	me	with	the	International	Postgraduate	Research	Scholarship.	Data	used	within	this	

manuscript	was	collected	through	a	project	 funded	via	the	Australian	Fisheries	Research	and	

Development	Corporation	(FRDC).	

A	special	 thank	you	goes	out	to	Kimberley	Wildcatch	and	the	crew	of	Carolina	M.,	Adam	

and	 Alison	 Masters	 for	 their	 support	 and	 help	 during	 the	 data	 collection	 process.	 Pierre	

Petitgas,	Paul	Fernandes,	Matthieu	Woillez,	and	Matthieu	Doray	for	all	the	discussions	about	

geostatistics	and	acoustics,	we	had	over	the	past	years,	without	which	this	work	would	have	

been	 impossible.	 The	 ICES	 WGFAST,	 WGTC	 and	 WKSCRUT	 groups	 for	 all	 the	 support	 and	

fruitful	 discussions	 over	 all	 the	 years.	 Echoview	 Software	 for	 data	 processing	 and	 software	

support,	with	special	 thanks	 to	Toby	 Jarvis	and	Briony	Hutton.	Ben	Scoulding	 from	Echoview	

for	all	his	comments	and	the	discussions	we	had,	as	well	as	for	being	a	good	friend.	I	would	like	

to	thank	CSIRO	and	especially	Lionel	Esteban	for	support	with	the	CT	scans,	Tim	Ryan	for	help	

and	 discussions	 about	 noise.	 Alison	 Lynton	 from	 ICT	 at	 Curtin	 University	 for	 support	 with	

parallel	computing.	Thanks	to	the	reviewers	and	editors	of	Fisheries	Research,	Aquatic	Living	

Resources	and	Acoustics	Australia	for	their	helpful	comments	on	my	manuscripts.	

A	big	shout	out	to	some	of	my	new	friends	Matthew	Koessler,	Tristan	Lippert,	Bridget,	Lexi	

and	Sev	LeMay,	Shyam	Kumar,	Jamie	McWilliam,	Sylvia	Osterrieder,	Montserrat	Landero,	Arti	

Verma,	and	all	of	those	I	forgot	to	mention	here	but	with	whom	I	spent	and	enjoyed	much	of	

my	 free	 time.	 Without	 all	 of	 you	 I	 wouldn’t	 have	 been	 able	 to	 enjoy	 my	 time	 in	 Western	

Australia	 as	 much	 as	 I	 did	 and	 probably	 would	 have	 spent	 even	 less	 time	 there.	 A	 special	

thanks	 to	my	 family	 back	 in	 Luxembourg	 for	 their	 unconditional	 support	 and	 understanding	

with	a	special	mentioning	of	all	the	cakes	from	my	grandmother	“Bomi”.	

The	biggest	thank	you	of	all	goes	out	to	my	partner	Claudine	Arendt,	who	stayed	with	me	

through	all	of	this	and	much	more,	without	you	the	likelihood	of	any	of	this	happening	would	

be	trending	towards	zero.		



	List	of	publications	included	as	part	of	the	thesis		

Gastauer,	 S.,	 Scoulding,	 B.,	 Fässler,	 S.M.,	 Benden,	 D.P.,	 Parsons,	 M.,	 2016.	 Target	 strength	

estimates	of	red	emperor	(Lutjanus	sebae)	with	Bayesian	parameter	calibration.	Aquat.	Living	

Resour.	29,	301.	doi:	10.1051/alr/2016024	

Gastauer,	 S.,	 Scoulding,	 B.,	 Parsons,	M.,	 2017.	 Estimates	 of	 variability	 of	 goldband	 snapper	

target	 strength	 and	biomass	 in	 three	 fishing	 regions	within	 the	Northern	Demersal	 Scalefish	

Fishery	 (Western	 Australia).	 Fisheries	 Research	 193,	 250–262.	

doi:10.1016/j.fishres.2017.05.001	

Gastauer,	 S.,	 Scoulding,	 B.	 and	 Parsons,	M.,	 2017.	 Towards	 acoustic	monitoring	 of	 a	mixed	

demersal	 fishery	 based	 on	 commercial	 data:	 The	 case	 of	 the	 Northern	 Demersal	 Scalefish	

Fishery	 (Western	 Australia).	 Fisheries	 Research,	 195,	 pp.91-104.	

Doi:10.1016/j.fishres.2017.07.008	

Gastauer	S,	Scoulding	B,	Parsons	M.	An	Unsupervised	Acoustic	Description	of	Fish	Schools	and	

the	 Seabed	 in	 Three	 Fishing	 Regions	Within	 the	Northern	Demersal	 Scalefish	 Fishery	 (NDSF,	

Western	Australia).	Acoustics	Australia.	2017:1-8.		doi:10.1007/s40857-017-0100-0	

	

	

I	warrant	that	I	have	obtained,	where	necessary,	permission	from	the	copyright	owners	to	use	

any	 third-	 party	 copyright	 material	 reproduced	 in	 the	 thesis	 (e.g.	 questionnaires,	 artwork,	

unpublished	 letters),	or	 to	use	any	of	my	own	published	work	 (e.g.	 journal	articles)	 in	which	

the	copyright	is	held	by	another	party	(e.g.	publisher,	co-author).		



Statement	of	Contribution	of	Others		

Gastauer,	 S.,	 Scoulding,	 B.,	 Fässler,	 S.M.,	 Benden,	 D.P.,	 Parsons,	 M.,	 2016.	 Target	 strength	

estimates	of	red	emperor	(Lutjanus	sebae)	with	Bayesian	parameter	calibration.	Aquat.	Living	

Resour.	29,	301.	doi:	10.1051/alr/2016024	

	



Gastauer,	 S.,	 Scoulding,	 B.,	 Parsons,	M.,	 2017.	 Estimates	 of	 variability	 of	 goldband	 snapper	

target	 strength	 and	biomass	 in	 three	 fishing	 regions	within	 the	Northern	Demersal	 Scalefish	

Fishery	 (Western	 Australia).	 Fisheries	 Research	 193,	 250–262.	

doi:10.1016/j.fishres.2017.05.001	

	

Contributor	 Statement	of	contribution*	
Sven	Gastauer	

Wrote	the	manuscript,	collected	

data,	developed	software,	

conducted	data	analysis	and	

interpretation	

Signature	

	

	

	

Date:	25/04/2017	

Miles	Parsons	
Supervised	development	of	work	

and	helped	in	manuscript	

evaluation	

Signature	

	

	

	

Ben	Scoulding	

Helped	in	data	interpretation	and	

manuscript	evaluation	

Signature	

	

	

	

		

	



Gastauer,	 S.,	 Scoulding,	 B.	 and	 Parsons,	M.,	 2017.	 Towards	 acoustic	monitoring	 of	 a	mixed	

demersal	 fishery	 based	 on	 commercial	 data:	 The	 case	 of	 the	 Northern	 Demersal	 Scalefish	

Fishery	 (Western	 Australia).	 Fisheries	 Research,	 195,	 pp.91-104.	

Doi:10.1016/j.fishres.2017.07.008	

	

Contributor	 Statement	of	contribution*	
Sven	Gastauer	

Wrote	the	manuscript,	collected	

data,	developed	software,	

conducted	data	analysis	and	

interpretation	

Signature	

	

	

	

Date:	25/04/2017	

Miles	Parsons	
Supervised	development	of	

work	and	helped	in	manuscript	

evaluation	

Signature	

	

	

	

Ben	Scoulding	

Helped	in	data	interpretation	

and	manuscript	evaluation	

Signature	

	

	

	

		

	

	



Gastauer	S,	Scoulding	B,	Parsons	M.	An	Unsupervised	Acoustic	Description	of	Fish	Schools	and	

the	 Seabed	 in	 Three	 Fishing	 Regions	Within	 the	Northern	Demersal	 Scalefish	 Fishery	 (NDSF,	

Western	Australia).	Acoustics	Australia.	2017:1-8.		doi:10.1007/s40857-017-0100-0	

	

Contributor	 Statement	of	contribution*	
Sven	Gastauer	

Wrote	the	manuscript,	

collected	data,	developed	

software,	conducted	data	

analysis	and	interpretation	

Signature	

	

	

	

Date:	25/04/2017	

Miles	Parsons	
Supervised	development	of	

work	and	helped	in	manuscript	

evaluation	

Signature	

	

	

	

Ben	Scoulding	

Helped	in	data	interpretation	

and	manuscript	evaluation	

Signature	

	

	

	

	



List	of	additional	relevant	publications	by	the	candidate		

Gastauer,	 S.,	 Fässler,	 S.M.,	 O’Donnell,	 C.,	 Høines,	 Å.,	 Jakobsen,	 J.A.,	 Krysov,	 A.I.,	 Smith,	 L.,	

Tangen,	Ø.,	Anthonypillai,	V.,	Mortensen,	E.	Armstrong,	E.,	Scoulding,	B.	2016.	The	distribution	

of	blue	whiting	west	of	the	British	Isles	and	Ireland.	Fisheries	Research,	183,	pp.32-43.	

Couperus,	 B.,	Gastauer,	 S.,	 Fässler,	 S.M.,	 Tulp,	 I.,	 van	 der	 Veer,	 H.W.	 and	 Poos,	 J.J.,	 2016.	

Abundance	and	 tidal	behaviour	of	pelagic	 fish	 in	 the	gateway	 to	 the	Wadden	Sea.	Journal	of	

Sea	Research,	109,	pp.42-51.	

Fässler,	 S.M.,	 Brunel,	 T.,	 Gastauer,	 S.	 and	 Burggraaf,	 D.,	 2016.	 Acoustic	 data	 collected	 on	

pelagic	 fishing	 vessels	 throughout	an	annual	 cycle:	Operational	 framework,	 interpretation	of	

observations,	and	future	perspectives.	Fisheries	Research,	178,	pp.39-46.	

	Scoulding,	B.,	Gastauer,	S.,	MacLennan,	D.N.,	Fässler,	S.M.,	Copland,	P.	and	Fernandes,	P.G.,	

2016.	Effects	of	variable	mean	target	strength	on	estimates	of	abundance:	the	case	of	Atlantic	

mackerel	(Scomber	scombrus).	ICES	Journal	of	Marine	Science:	Journal	du	Conseil,	p.fsw212.	

	

	

	

	 	



	

	 	



	 xix	

Table	of	Contents	

Declaration	................................................................................................................................	iii	

Abstract	....................................................................................................................................	vii	

Acknowledgments	.....................................................................................................................	xi	

List	of	publications	included	as	part	of	the	thesis	......................................................................	xii	

Statement	of	Contribution	of	Others	.......................................................................................	xiii	

List	of	additional	relevant	publications	by	the	candidate	.........................................................	xvii	

Table	of	Figures	......................................................................................................................	xxiii	

Table	of	Tables	.......................................................................................................................	xxix	

Chapter	1	General	Introduction	.........................................................................................	1	

1.1	The	Northern	Demersal	Scalefish	Fishery	(NDSF)	...................................................................	3	

1.2	Fisheries	acoustics	................................................................................................................	5	

1.2.1	Principles	...............................................................................................................................	5	

1.2.2	Quantification	of	acoustic	backscatter	..................................................................................	8	

1.3	Target	strength	estimates	...................................................................................................	10	

1.3.1	Ex	situ	estimates	..................................................................................................................	11	

1.3.2	In	situ	measurements	..........................................................................................................	11	

1.3.3	Theoretical	target	strength	estimates	.................................................................................	13	

1.4	Target	classification	............................................................................................................	14	

1.5	Geostatistics	and	fisheries	acoustics	...................................................................................	15	

1.6	Aims	and	objectives	of	the	thesis	........................................................................................	18	

1.7	References	..........................................................................................................................	20	

Chapter	2	Target	strength	estimates	of	red	emperor	(Lutjanus	sebae)	with	Bayesian	

parameter	calibration	.....................................................................................................	31	

2.1	Abstract	..............................................................................................................................	32	

2.2	Introduction	........................................................................................................................	33	

2.3	Material	and	Methods	........................................................................................................	34	

2.3.1	Fish	samples	........................................................................................................................	34	

2.3.2	Ex	situ	cage	experiments	.....................................................................................................	34	

2.3.3	Fish	scans	.............................................................................................................................	36	

2.3.4	Kirchhoff-ray-mode	model	..................................................................................................	37	

2.3.5	Bayesian	estimation	of	model	parameters	.........................................................................	38	



	 xx	

2.4	Results	................................................................................................................................	40	

2.4.1	Ex	situ	TS	measurements	.....................................................................................................	40	

2.4.2	Morphology	of	the	swimbladder	.........................................................................................	40	

2.4.3	TS	estimation	.......................................................................................................................	42	

2.5	Discussion	...........................................................................................................................	44	

2.6	Acknowledgments	..............................................................................................................	47	

2.7	References	..........................................................................................................................	48	

Chapter	3	Estimates	of	variability	of	goldband	snapper	target	strength	and	biomass	

in	three	fishing	regions	within	the	Northern	Demersal	Scalefish	Fishery	(Western	

Australia)	........................................................................................................................	52	

3.1	Abstract	..............................................................................................................................	53	

3.2	Introduction	........................................................................................................................	54	

3.3	Methods	.............................................................................................................................	55	

3.3.1	Study	area	............................................................................................................................	55	

3.3.2	Biological	sampling	..............................................................................................................	57	

3.3.3	Acoustic	data	collection	......................................................................................................	59	

3.3.4	Acoustic	data	processing	.....................................................................................................	60	

3.3.5	School	detection	..................................................................................................................	61	

3.3.6	Detection	probability	...........................................................................................................	62	

3.3.7	Single-target	detection	for	target	strength	estimates	.........................................................	62	

3.3.8	Biomass	estimates	...............................................................................................................	65	

3.3.9	Estimation	of	sampling	variance	.........................................................................................	66	

3.4	Results	................................................................................................................................	67	

3.4.1	Biological	sampling	..............................................................................................................	67	

3.4.2	Target	Strength	estimates	...................................................................................................	68	

3.4.3	Diurnal	vertical	migration	....................................................................................................	72	

3.4.4	Biomass	estimates	and	sampling	variance	..........................................................................	72	

3.5	Discussion	...........................................................................................................................	75	

3.6	Acknowledgements	............................................................................................................	79	

3.7	References	..........................................................................................................................	80	

Chapter	4	Towards	acoustic	monitoring	of	a	mixed	demersal	fishery	based	on	

commercial	data:	the	case	of	the	Northern	Demersal	Scalefish	Fishery	(Western	

Australia)	........................................................................................................................	86	



	 xxi	

4.1	Abstract	..............................................................................................................................	87	

4.2	Introduction	........................................................................................................................	88	

4.3	Methods	.............................................................................................................................	90	

4.3.1	Sampling	strategy	................................................................................................................	91	

4.3.2	Biological	sampling	..............................................................................................................	92	

4.3.3	Acoustic	data	collection	and	processing	.............................................................................	93	

4.3.4	Target	strength	estimates	...................................................................................................	94	

4.3.5	Geostatistical	conditional	simulations	.................................................................................	96	

4.3.6	Habitat	overlap	....................................................................................................................	98	

4.4	Results	................................................................................................................................	98	

4.4.1	Target	strength	to	length	estimates	....................................................................................	98	

4.4.2	Simulations	of	the	group	proportions	...............................................................................	103	

4.4.3	Simulations	of	fish	lengths	................................................................................................	105	

4.4.4	Biomass	and	abundance	simulations	................................................................................	108	

4.4.5	Spatial	distribution	............................................................................................................	110	

4.5	Discussion	.........................................................................................................................	111	

4.6	Acknowledgements	..........................................................................................................	114	

4.7	References	........................................................................................................................	115	

Chapter	5	An	unsupervised	acoustic	description	of	fish	schools	and	the	seabed	in	

three	fishing	regions	within	the	Northern	Demersal	Scalefish	Fishery	(NDSF,	Western	

Australia)	......................................................................................................................	120	

5.1	Abstract	............................................................................................................................	121	

5.2	Introduction	......................................................................................................................	122	

5.3	Methods	...........................................................................................................................	124	

5.3.1	Study	area	..........................................................................................................................	124	

5.3.2	Biological	sampling	............................................................................................................	125	

5.3.3	Acoustic	data	processing	...................................................................................................	125	

5.3.4	Acoustic	density	hotspots	–	a	geostatistical	approach	......................................................	126	

5.3.5	Acoustic	school	descriptors	...............................................................................................	127	

5.3.6	Clustering	..........................................................................................................................	128	

5.3.7	Habitat	description	............................................................................................................	129	

5.4	Results	..............................................................................................................................	132	

5.4.1	Acoustic	hotspots	..............................................................................................................	132	



	 xxii	

5.4.2	Acoustic	school	descriptors	...............................................................................................	133	

5.4.3	Habitat	description	............................................................................................................	139	

5.5	Discussion	.........................................................................................................................	144	

5.6	Acknowledgements	..........................................................................................................	148	

5.7	References	........................................................................................................................	149	

Chapter	6	Discussion	.....................................................................................................	156	

6.1	Description	of	the	acoustic	scattering	properties	of	key	species	within	the	NDSF	..............	158	

6.2	Classification	of	fish	schools	in	a	multi-species	environment	.............................................	161	

6.3	The	use	of	small	commercial	vessels	to	derive	indicators	for	EBFM	...................................	164	

6.4	Outlook	and	conclusion	....................................................................................................	166	

6.5	References	........................................................................................................................	168	

Appendix	I	Licence	agreements	.....................................................................................	175	

	

	



	 xxiii	

Table	of	Figures	

Figure	1.1	Map	of	the	Northern	Demersal	Scalefish	Fishery	with	an	indication	of	the	different	

three	commercial	fishing	zones:	A	=	pink,	the	inshore	area	of	the	commercially	exploited	

part	of	the	NDSF;	B	=	green,	the	main	fishing	area,	C	=	blue,	the	experimental	fishing	area;	

the	areas	closed	to	fishing:	Area	1	=	brown,	the	inshore	area	closed	to	commercial	fishing	

operations;	black	lines	–	Broome	local	waters	closed	to	fishing;	red	lines	–	no	take	zone	in	

agreement	with	Indonesia;	purple	line	–	Fisheries	surveillance	and	enforcement	limit		line

	..............................................................................................................................................	4	

Figure	 1.2	 Schematic	 of	 the	 normal	 operation	 procedures	 aboard	 the	 trap	 fishing	 vessel	

Carolina	M	............................................................................................................................	5	

Figure	1.3	Schematic	representation	of	an	echosounder	system,	such	as	the	Simrad	ES70.	The	

emitted	acoustic	pulse	is	reflected	by	targets	in	the	water	column	(in	the	example	are	two	

different	weak	scattering	plankton	layers,	a	fish	school	and	the	seabed	............................	6	

Figure	 1.4	 Example	 of	 an	 echogram	 from	 the	 NDSF	 area.	 The	 pixel	 colours	 indicate	 the	 sv	

values	in	dB	as	indicated	by	the	colour	scale	on	the	right.	Depth	in	m	is	shown	on	the	y-

axis,	 travelled	 distance	 is	 shown	 on	 the	 x-axis.	 Horizontal	 black	 lines	 represent	 10	 m	

intervals	of	altitude	off	the	seabed.	The	detected	seabed	is	represented	by	a	green	line,	

Purple	areas	are	excluded	from	further	analysis	due	to	a	large	number	of	bad	pings,	as	a	

result	of	bubble	attenuation	under	the	hull	of	the	vessel	due	to	abrupt	changes	in	heading	

direction.	The	layer	in		the	upper	50	m	is	mainly	composed	of	fluid-like	weak	scatterers,	

such	as	plankton.	Close	to	the	bottom,	indicated	by	a	cluster	of	red	pixels,	is	a	fish	school	

with	a	height	of	almost	20	m	................................................................................................	7	

Figure	1.5	Target	strength	of	diverse	marine	organisms	at	a	range	of	frequencies,	taken	from	

Benoit-Bird	and	Lawson	(2016)	..........................................................................................	14	

Figure	2.1	Monofilament	experimental	cage	setup	used	for	measuring	target	strength	ex	situ	

with	indication	of	the	attached	weights,	calibration	sphere	and	cameras.	.......................	35	

Figure	2.2	Flow	chart	illustrating	the	Bayesian	parameter	estimation	process;	the	posterior	PDF	

with	the	parameters	(A)	given	the	data	(based	on	ex	situ	experiments)	is	computed	based	

on	 uniform	 prior	 information	 (standard	 deviation	 of	 tilt	 angle	 (σθ)	 and	 the	 standard	



	 xxiv	

deviation	 of	 mean	 backscattering	 cross-sections	 (σσbs))	 and	 the	 likelihood	 of	 the	 data,	

given	the	parameters	A,	estimated	based	on	length	dependent	TS	Yj)	from	the	data	and	

modelled	tilt	angle	and	 length	dependent	TS	estimates	(Uj)	 from	the	KRM	model	where	

σe	is	the	standard	deviation	of	the	error	...........................................................................	38	

Figure	2.3	Example	of	a	red	emperor	swimbladder	reconstructed	from	computer	tomography	

measurements	 shown	 from	different	perspectives	 and	a	mesh	of	 the	 fish	body	with	 an	

indication	of	the	swimbladder	location.	.............................................................................	41	

Figure	 2.4	 Red	 emperor	 estimated	 TS	 at	 length	 relationship	 with	 95%	 confidence	 intervals	

estimated	using	 KRM	model	 parameter	 values	 estimated	by	 a	 Bayesian	 approach	 at	 38	

kHz	 (a)	 and	 120	 kHz	 (b).	 Filled	 circles	 indicate	 the	 total	 length	 of	 fishes	 for	 which	

swimbladder	and	body	measurements	were	available.	Ex	situ	TS	measurements	of	three	

fishes	are	indicated	as	triangles.	........................................................................................	43	

Figure	2.5	Estimated	TS	for	red	emperor	for	tilt	angle	θ	ranging	from	50	to	130°	modelled	for	

hypothetical	fish	of	size	40	and	50	cm	at	38	kHz	(a)	and	120	kHz	(b).	...............................	43	

Figure	 3.1	 a)	Map	 of	 waters	 of	 the	 Northwest	 coast	 of	 Australia	 that	 include	 the	 Northern	

Demersal	Scalefish	Fishery	showing	example	cruise	tracks	(black	lines)	of	Carolina	M.	The	

white	 lines	 show	 the	 locations	 of	 three	 fishing	 regions	 represented	 in	 b)	 Region	 1,	 c)	

Region	 2	 and	 d)	 Region	 3.	 The	 black	 circles	 show	 the	 acoustic	 density	 (Nautical	 Area	

Scattering	Coefficient,	sA	in	m
2
	nmi

-1
)	and	the	grey	circles	show	catch	locations.	.............	56	

Figure	3.2	 	Screenshot	of	FishVid,	catch	recording	analysis	 tool.	Top	white	 line	 is	an	example	

calibration	bar	to	count	the	number	of	pixels	across	10	of	the	5	cm	mesh	squares,	while	

bottom	white	line	marks	the	length	of	a	Red	Emperor,	for	measurement.	Left	hand	panel	

records	length	and	species	details	for	each	fish	measured.	..............................................	57	

Figure	 3.3	 Illustration	 of	 the	 curve	 fitting	method	 to	 estimate	 TS-L.	 In	 a	 first	 step	 L	 and	 TS	

values	are	scaled	and	their	density	distributions	overlaid	(TSdist,	Ldist).	Mdist	is	calculated	as	

the	mean	of	both	distributions.	 Lfit	 and	TSfit	 are	generated	as	 the	back-transformed	 raw	

values	based	on	Mdist.	afit	and	bfit	are	fitted	for	each	pair	of	TSfit	and	Lfit.	Summed	afit	and	bfit	

weighted	by	Mdist	provide	the	final	estimate	of	a	and	b	....................................................	64	

Figure	 3.4	 Experimental	 (black	 dots)	 and	 model	 (solid	 lines)	 variograms	 of	 the	 goldband	

snapper	catch	proportions,	with	the	sample	variance	indicated	by	the	dotted	line	within	



	 xxv	

a)	Region	1,	b)	Region	2	and	c)	Region	3.	Ordinary	kriging	results	for	the	goldband	snapper	

catch	 proportions	 (greyscale	 gradient	 from	 0	 to	 1)	 in	 Regions	 1,	 2,	 and	 3	 (d,	 e	 and	 f,	

respectively).	......................................................................................................................	67	

Figure	3.5	TS-L	regressions	estimated	by	mean	fitting	(grey	dashed	line)	and	curve	fitting	(black	

solid	line)	at	a)	38	and	b)	120	kHz	for	goldband	between	30	and	90	cm	in	length.	...........	68	

Figure	 3.6	 Fitted	 single	 targets	 (black	 dotted	 line),	 fitted	 length	 (black	 solid	 line),	 and	 fitted	

mean	 (black	dashed	 line)	distributions	of	 goldband	 snapper	with	 length	 (dark	grey)	and	

single-target	density	(light	grey)	distribution	histograms	at	a)	38	kHz	and	b)	120	kHz.	The	

histograms	are	superimposed	on	one	another	for	comparison	purposes.	........................	70	

Figure	 3.7	 Indication	of	 the	diurnal	 vertical	migration	of	 goldband	 snapper	 schools	 detected	

within	the	three	regions	with	the	mean	depth	[m]	of	occurrence	plotted	against	the	time	

of	the	day	in	hours	(black	line	=	Region	1;	dashed	line	=	Region	2;	dotted	line	=	Region	3).

	............................................................................................................................................	71	

Figure	 3.8	 Experimental	 (black	 dots)	 and	model	 (solid	 black	 lines)	 variograms,	 fitting	 the	 log	

transformed	 sA	 [m
2	
nmi

-2
]	 attributed	 to	 goldband	 snapper	with	 sampling	 variation	 (grey	

dotted	 lines)	 for;	a)	Region	1,	 fitted	by	an	exponential	model	 (range	 is	2.23,	 theoretical	

range	 is	 0.75,	 sill	 is	 0.17)	 with	 a	 nugget	 effect	 of	 sill	 0.27;	 b)	 Region	 2	 fitted	 by	 an	

exponential	 model	 (range	 is	 1.63,	 theoretical	 range	 is	 0.54,	 sill	 is	 0.13)	 with	 a	 nugget	

effect	sill	of	0.27	(c);	Region	3	fitted	by	an	exponential	model	 (range	 is	3.62,	theoretical	

range	is	1.21	sill	is	0.08)	with	a	nugget	sill	of	0.39.	............................................................	73	

Figure	3.9	Signal	to	Noise	Ratio	(rsn)	estimates	at	38	kHz	for	depths	ranging	from	0	to	100	m	

for	Sv	of	-60	dB	re	1	m2m-3	(dashed	line)	and	-70	dB	re	1	m2m-3	(black	line).	................	74	

Figure	4.1	Bathymetric	map	of	the	part	of	the	NDSF	containing	the	three	fishing	Regions	(1,	2,	

3)	indicated	by	the	shaded	areas;	detailed	map	of	acoustic	data	collection	locations,	with	

an	indication	of	vessel	speed	with	light	colouring	for	slow	speeds	and	dark	colouring	for	

high	speeds,	for	Region	1	(a),	Region	2	(b)	and	Region	3	(c)	..............................................	90	

Figure	 4.2	 One	 day	 of	 sampling	 in	 Region	 1;	 a)	 GPS	 positions	 of	 Carolina	M	 visualised	 as	 a	

coloured	line,	from	6	in	the	morning	(light	coloring)	until	6	in	the	evening	(dark	colouring).	

The	different	activities	at	a	given	time	are	indicated	by	shaded	areas	and	the	location	of	

traps	 is	 indicated	 by	 a	 star	 symbol;	 b)	 the	 travelling	 speed	 over	 time	 averaged	 by	 one	



	 xxvi	

minute	 intervals	with	 an	 indication	 of	 the	 different	 activites	 at	 a	 given	 time	 by	 shaded	

areas.	..................................................................................................................................	91	

Figure	 4.3	 Schematic	 of	 the	 workflow	 from	 acoustic	 data,	 catch	 and	 literature	 information	

through	geostatistical	conditional	simulations	to	group	abundance	and	density	estimates	

with	estimation	means	and	variances	................................................................................	96	

Figure	 4.4	 Target	 strength	 [dB	 re	 1	m
2
]	 at	 38	 kHz,	modelled	 through	 a	 Kirchhoff-Ray	Mode	

model	 	 for	 triggerfish	 (a),	 rankin	 cod	 (b)	 and	 spangled	 emperor	 (c),	 over	 a	 range	of	 tilt	

angles	 (θ)	 [°],	 based	on	CT	 scans,	 each	estimate	of	 fish	 length	 [in	 cm]	at	different	 sizes	

coloured	in	greyscale	..........................................................................................................	99	

Figure	4.5	TS-L	relationship	for	triggerfish	(a),	rankin	cod	(b)	and	spangled	emperor	(c),	based	

on	estimates	modelled	through	Kirchhoff-Ray	Mode	model	(black	dots).	......................	100	

Figure	4.6.	Histograms	of	 the	 frequency	 (N)	of	estimated	mean	sA	based	on	250	geostastical	

conditional	 simulations,	 for	 the	 three	 regions	 (a,	 b,	 c)	 with	 an	 indication	 of	 the	 global	

estimation	mean	(dashed	vertical	line).	...........................................................................	101	

Figure	4.7	Kriged	sA	values	based	on	one	simulation	for	Region	1	(a),	Region	2	(b)	and	Region	3	

(c)......................................................................................................................................	102	

Figure	4.8	Length	Frequency	histograms	of	the	length	distributions	for	the	nine	groups.	......	103	

Figure	4.9	Catch	summary,	split	up	by	species	group,	as	recorded	in	Region	1	(a),	Region	2	(b)	

and	Region	3	(c).	The	number	(N)	of	individual	fish	present	in	each	trap	is	coloured	from	

white	(N=0)	to	black	(N=40).	............................................................................................	105	

Figure	 4.10	 Boxplot	 of	 250	 simulated	mean	 length	 estimates	 for	 the	 nine	 groups	within	 the	

three	regions	(a,	b,	c),	with	the	mean	of	the	data	(grey	triangles).	.................................	108	

Figure	4.11	One	simulation	of	acoustic	backscatter	(a),	catch	proportions	(b)	and	mean	length	

(c)	for	goldband	snapper	in	region	2	................................................................................	109	

Figure	4.12	Centre	of	gravity	for	the	nine	groups	within	the	three	regions	(TF	=	triggerfish,	ST	=	

saddletail,	 RE	 =	 red	 emperor,	MISC	 =	miscellaneous,	 LJ	 =	 lutjanid,	 LT	 =lethrinids,	 GB	 =	

goldband	snapper,	Cod	=	Cod,	RC	=	rankin	cod).	.............................................................	110	



	 xxvii	

Figure	4.13	Global	Index	of	Collocation	for	all	groups	in	the	three	regions	(TF	=	triggerfish,	ST	=	

saddletail,	 RE	 =	 red	 emperor,	MISC	 =	miscellaneous,	 LJ	 =	 lutjanid,	 LT	 =lethrinids,	 GB	 =	

goldband	 snapper,	 Cod	 =	 Cod,	 RC	 =	 rankin	 cod)	 ,	 based	 on	 Geostatistical	 conditional	

simulations.	......................................................................................................................	111	

Figure	5.1	Map	of	a	part	of	the	NDSF	area	off	Broome	in	Western	Australia.	The	location	and	

extents	of	 the	 three	 selected	 fishing	 regions	are	 indicated	by	 the	 three	white	polygons.	

Locations	of	acoustic	recordings	are	shown	as	red	dots.	.................................................	124	

Figure	5.2	Geostatistical	hotspots	of	acoustic	density	within	the	three	regions	(a	=	Region	1,	b	=	

Region	2,	c	=	Region	3),	with	the	probability	maps	on	the	left	and	the	identified	hotspots	

on	 the	 right	 (light	=	hotspot,	dark	=	no	hotspot),	 relative	sA	 is	 indicated	by	size	of	black	

circles	................................................................................................................................	132	

Figure	 5.3	 Biplot	 of	 the	 first	 (PC1)	 and	 second	 (PC2)	 principal	 components	 of	 the	 school	

clusters	with	circles	indicating	the	68%	confidence	intervals	of	the	clusters	obtained	from	

Robust	Sparse	k-means	clustering	for	the	three	regions	(a,	b,	c),	with	an	indication	of	the	

pulling	direction	of	the	school	descriptors,	where	mSv38	=	mean	Sv	at	38	kHz,	mSv120	=	

mean	Sv	at	120	kHz,	SvMax38	=	Maximum	Sv	at	38	kHz,	SvMax120	=	Maximum	Sv	at	120	

kHz,	MVBS38	=	Corrected	Sv	at	38	kHz,	MVBS120	=	Corrected	Sv	at	120	kHz,	H	=	Height,	S	

=	Skewness,	L	=	Length,	R	=	Image	compactness,	P	=	Perimeter,	T	=	Thickness,	A	=Area,	D	

=	Depth	.............................................................................................................................	134	

Figure	5.4	Parallel	coordinate	plot	of	the	descriptors	considered	in	the	Robust	Sparse	k-means	

clustering	 for	 the	 three	 regions	 (a,	b,	 c),	with	scaled	values	on	 the	y-axis.	Each	 thin	 line	

represents	one	school	and	the	thick,	coloured	lines	represent	the	scaled	mean	descriptor	

value	of	each	cluster,	,	where	mSv38	=	mean	Sv	at	38	kHz,	mSv120	=	mean	Sv	at	120	kHz,	

SvMax38	 =	 Maximum	 Sv	 at	 38	 kHz,	 SvMax120	 =	 Maximum	 Sv	 at	 120	 kHz,	 MVBS38	 =	

Corrected	Sv	at	38	kHz,	MVBS120	=	Corrected	Sv	at	120	kHz,	H	=	Height,	S	=	Skewness,	L	=	

Length,	R	=	Image	compactness,	P	=	Perimeter,	T	=	Thickness,	A	=Area,	D	=	Depth	.......	135	

Figure	 5.5	 Revised	 silhouette	 plot	 for	 the	 three	 regions	 (a,	 b,	 c),	 where	 each	 silhouette	

represents	one	cluster,	 composed	of	 single	 lines,	each	 representing	a	school.	The	y	axis	

represents	 the	 revised	 silhouette	 value	 and	 the	 printed	 values	 are	 the	 mean	 revised	

silhouette	value	for	each	cluster	......................................................................................	135	



	 xxviii	

Figure	5.6	Indicator	kriging	maps	of	the	occurrence	of	the	school	clusters	in	the	three	regions	

(a,	b,	c)	..............................................................................................................................	137	

Figure	5.7	Kriged	bottom	kurtosis	maps	for	the	three	regions	(a,	b,	c)	...................................	140	

Figure	5.8	Kriged	bottom	roughness	maps	for	the	three	regions	(a,	b,	c)	...............................	140	

Figure	5.9	Kriged	bottom	depth	maps	for	the	three	regions	(a,	b,	c)	......................................	140	

Figure	 5.10	 Biplot	 of	 the	 first	 (PC1)	 and	 second	 (PC2)	 principal	 components	 of	 the	 bottom	

clusters,	with	Depth	=	Depth,	BRT	=	Bottom	Rise	Time,	K	=	Kurtosis,	S	=	Skewness,	FBL	=	

First	Bottom	Length,	SvMax	=	Maximum	Sv,	R	=	Roughness.	with	circles	indicating	the	68%	

confidence	intervals	of	the	clusters	obtained	from	k-means	clustering	..........................	141	

Figure	5.11	Radial	plot	highlighting	the	mean	value	of	the	bottom	descriptors	scaled	around	its	

own	mean	for	the	three	bottom	clusters,	identified	by	colours.	.....................................	142	

Figure	5.12	Indicator	kriging	maps	of	the	three	bottom	clusters	within	the	three	regions.	....	142	

	 	



	 xxix	

Table	of	Tables	

Table	 2.1	 Constant	 parameter	 values	 used	 for	 Kirchhoff-Ray	 model	 of	 red	 emperor	 target	

strength.	.............................................................................................................................	37	

Table	 2.2	Mean	 TS	 at	 38	 and	 120	 kHz	 for	 three	 ex	 situ	 measured	 red	 emperors,	 based	 on	

detected	fish	tracks	with	an	indication	of	the	number	of	fish	tracks	and	targets	identified	

for	each	specimen.	.............................................................................................................	40	

Table	 3.1.	 Summary	 of	 Temperature,	 salinity,	 sound	 speed,	 expected	 target	 strength	 of	 the	

calibration	sphere	 (TSCal)	with	variation	 from	the	original	value	 in	brackets	and	signal	 to	

noise	ratio	(rsn)	at	depths	of	10	m	and	100	m	for	August;	November	and	December	.......	57	

Table	 3.2	 Parameters	 for	 calculating	 the	 theoretical	 target	 strength	of	 a	 38.1	mm	Tungsten-

carbide	sphere	at	various	depths	and	sound	speeds.	........................................................	60	

Table	3.3	Parameters	used	to	compute	rsn	according	to	Demer	(2004).	....................................	61	

Table	3.4	Summary	of	the	catch	information	for	Regions	1,	2	and	3.	Mean	length	information	

with	SD	for	all	species	groups	and	all	3	regions,	number	(N)	of	specimens	observed	with	

percentage	 contribution	 to	 the	 total	 observed	 catch	 in	 the	 respective	 region	 and	

estimated	mean	weight	for	all	species	groups	and	regions	with	percentage	contribution	to	

the	total	catch.	...................................................................................................................	69	

Table	3.5	Mean	sA,	abundance,	biomass	and	density	estimates	(with	95%	CI)	for	Regions	1,	2,	

and	3	with	coefficient	of	variance	(CV	in	%)	based	on	sampling	and	confidence	intervals	at	

a	level	of	95	%	(CI)	..............................................................................................................	72	

Table	3.6	.	CV	estimates	for	density	estimates	of	goldband	snapper	based	on	various	analysed	

sources	of	error.	.................................................................................................................	75	

Table	 4.1	 Constant	 parameters	 input	 for	 the	 KRM	model	 to	 compute	 the	 theoretical	 TS	 of	

triggerfish,	Rankin	Cod	and	Spangled	Emperor.	.................................................................	95	

Table	 4.2	 TS-L	 equations	 at	 38	 kHz	with	 information	 for	which	 species	 the	 relationship	was	

originally	 estimated	 (Species),	 the	method	 used	 to	 develop	 the	 equation,	 the	 group	 to	

which	 it	 was	 applied,	 the	 slope	 (aTS)	 and	 intercept	 (bTS)	 of	 the	 TS-L	 equation	 and	 a	



	 xxx	

reference	 to	 the	paper	where	 the	estimates	were	originally	published,	 if	not	developed	

within	this	study	.................................................................................................................	97	

Table	 4.3	 Summary	 statistics	 (mean,	 standard	 deviation	 (s.d.),	 maximum,	 percent	 of	 zero	

values	and	number	of	data	samples	 (N))	of	 raw	and	simulated	sA	 for	 the	three	analysed	

regions.	.............................................................................................................................	101	

Table	 4.4	 Model	 fit	 parameters	 of	 the	 experimental	 variogram,	 fitting	 the	 transformed	 sA	

values	in	Regions	1,	2	and	3	(sph=spherical,	exp	=	exponential).	....................................	101	

Table	 4.5	 Summary	 statistics	 (mean,	 standard	 deviation	 (s.d.),	maximum,	 percent	 zeros	 and	

number	 of	 data	 samples	 (N))	 of	 raw	 (Data)	 and	 simulated	 (Simu)	 group	 proportions	 by	

weight	for	each	group	within	the	three	analysed	regions.	..............................................	102	

Table	 4.6	 Variogram	 parameters	 fitting	 the	 ranked	 group	 proportions	 for	 the	 nine	 groups	

within	the	three	regions,	where	exp	=	exponential	structure	and	sph	=	spherical	structure.

	..........................................................................................................................................	104	

Table	4.7	Summary	statistics	(mean,	standard	deviation	(s.d.),	number	of	data	samples	(N)	and	

range)	of	raw	and	simulated	group	lengths	for	each	group	within	the	3	analysed	regions	

and	the	combined	length-weight	(L-W)	constants	a	and	b	taken	from	FishBase	(Froese	et	

al.,	2016).	..........................................................................................................................	106	

Table	4.8	Summary	of	the	structures	describing	the	variograms	of	the	length	distributions	for	

the	different	groups	within	the	three	regions,	where	exp	=	exponential	structure	and	sph	

=	spherical	structure.	........................................................................................................	106	

Table	4.9	 Sampling	 (CVsam)	 and	 random	CV	 (CVrand)	of	 lengths	 for	 the	nine	groups	within	 the	

three	regions	based	on	250	simulations.	.........................................................................	107	

Table	 4.10	 Acoustic	 density,	 absolute	 density,	 abundance	 and	 biomass	 estimates	 with	

corresponding	CVs	attributed	to	sampling	design	and	s.d.	for	the	nine	groups	in	the	three	

regions.	.............................................................................................................................	109	

Table	5.1	Summary	of	the	three	fishing	regions.	.....................................................................	124	

Table	5.2	Description	of	the	eleven	acoustic	school	descriptors	used	as	inputs	into	the	robust	

sparse	k-mean	clustering	algorithm	used	to	define	school	clusters.	...............................	127	



	 xxxi	

Table	5.3	Results	of	the	Clest	algorithm	which	identified	three	as	the	optimal	number	of	school	

clusters	 (bold	 row),	 with	 k	 =	 number	 of	 clusters,	 dk	 =	 test	 statistic,	 CERobs	 and	 CERref	 =	

observational	and	reference	Classification	Error	Rates	respectively,	p	=	probability	of	the	

absolute	CER	being	higher	than	the	CER	under	the	null	hypothesis.	...............................	133	

Table	 5.4	 Weights	 of	 the	 descriptors	 within	 the	 robust	 sparse	 k-means	 clustering	 (RSKM	

weights)	defining	the	school	clusters	and	contributions	to	the	first	(PC1)	and	second	(PC2)	

components	of	the	Principal	Component	Analysis.	.........................................................	134	

Table	5.5	Summary	of	 the	mean,	and	 standard	deviation	 (s.d.)	of	 the	considered	descriptors	

within	each	cluster	and	region.	........................................................................................	136	

Table	 5.6	 Total	 number	 of	 eligible	 acoustic	 schools	 and	 number	 of	 traps	 recorded	 in	 each	

region	with	the	percentage	of	the	area	(%	area)	of	dominance	of	the	school	clusters	and	

percentage	of	traps	(%	traps)	taken	within	each	cluster	for	the	three	regions.	..............	137	

Table	 5.7	 Indicator	 species	 groups	 associated	 with	 the	 respective	 school	 cluster	 within	 the	

three	selected	regions	with	the	corresponding	indicator	value	(indval),	the	p-value	(p)	and	

the	indicator	variable	A	and	B	..........................................................................................	138	

Table	 5.8	Most	 relevant	 indicator	 species	 groups,	 composed	 of	 up	 to	 three	 species	 groups,	

with	a	probability	 (p)	<	0.01,	an	 indicator	value	 (indval)	>	0.3,	an	A	value	>	0.5	and	a	B	

value	>	0.2	for	the	three	acoustic	habitat	clusters.	..........................................................	143	

	
	



	 xxxii	



	

Chapter	1 	

	

General	Introduction	

	

In	recent	years,	there	has	been	a	transition	from	single	stock	management	towards	a	

more	ecosystem	based	approach	in	fisheries	management	(EBFM)	(Pikitch	et	al.,	2004;	Trenkel	

et	al.,	2011;	Handegard	et	al.,	2013;	Kupschus	et	al.,	2016).	Any	 fisheries	management	plan,	

that	 is	 successful	 in	 the	 long-term,	 requires	 high-resolution	 data	 on	 the	 distribution	 and	

abundance	of	the	encompassed	resources	(Rivoirard	et	al.,	2000;	Latour	et	al.,	2003;	Piet	and	

Quirijns,	 2009;	 Handegard	 et	 al.,	 2013;	 Godø	 et	 al.,	 2014).	 This	 can	 then	 support	 a	 sound	

decision	making	process	 regarding	 stock	assessments,	 the	definition	of	 total	 allowable	 catch	

(TAC)	and	effort	quotas	(Latour	et	al.,	2003;	Pikitch	et	al.,	2004;	Smith	et	al.,	2007).	For	many	

remote	 offshore	 fisheries,	 covering	 extensive	 areas,	 this	 is	 a	 notoriously	 difficult	 task.	

Dedicated	 scientific	 surveys	 of	 such	 broad	 areas	 are	 often	 labour	 and	 financially	 expensive	

(Piet	and	Quirijns,	2009;	Barbeaux	et	al.,	2013;	Fässler	et	al.,	2016).	Adequate	funding	for	such	

undertakings	 is	often	 limited,	 especially	 if	 the	economic	power	of	 the	 fishery	 is	 low,	making	

large-scale	 scientific	 surveys	 impractical.	 Consequently,	 data	 deficient	 or	 low-data	 stocks	

mainly	 rely	 on	 fisheries	 dependent	 information	 (e.g.	 market	 samples,	 catch-per-unit	 effort	

(CPUE)),	 sometimes	 complemented	 by	 small-scale	 scientific	 surveys	 or	 comparative	 studies	

(Chen	et	al.,	2003;	Marko	et	al.,	2004;	Sadovy	and	Domeier,	2005).		

Following	this	transition	towards	EBFM,	fisheries	acoustics	have	been	identified	as	one	

of	the	most	promising	tools	to	fulfil	requirements	of	EBFM	(Koslow,	2009;	Trenkel	et	al.,	2011;	

Handegard	et	al.,	2013;	Godø	et	al.,	2014;	Melvin	et	al.,	2016).	Fisheries	acoustics	have	been	

applied	 routinely	as	a	 single	 fish	 species	abundance	estimation	and	monitoring	 tool	 for	over	

four	 decades	 (Voglis	 and	 Cook,	 1966;	 Forbes	 and	 Nakken,	 1972;	 Nakken	 and	 Olsen,	 1977;	

Misund,	1997).	These	methods	have	the	ability	to	sample	across	a	wide	range	of	trophic	levels	

and	allow	for	simultaneous	sampling	of	organisms	and	their	habitat	(Trenkel	et	al.,	2011;	Godø	

et	 al.,	 2014).	 Fisheries	 acoustics	 techniques	 are	 most	 commonly	 used	 to	 monitor	 pelagic	

marine	 fish	 (Kloser,	 1996;	 Barange	 and	 Hampton,	 1997;	 Coetzee,	 2000;	 Kloser	 et	 al.,	 2009;	
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Fässler,	2010;	ICES,	2015;	Fässler	et	al.,	2016;	Gastauer	et	al.,	2016;	Scoulding	et	al.,	2016)	or	

to	describe	marine	seabed	habitats	(Bax	and	Williams,	2001;	Hamilton,	2001;	Siwabessy,	2001;	

von	Szalay	 and	McConnaughey,	 2002;	Anderson	et	al.,	 2007b;	Cutter	 and	Demer,	 2013)	 and	

have	 been	 shown	 capable	 of	monitoring	 a	 wide	 range	 of	 other	marine	 organisms	 including	

marine	 mammals	 (e.g.	 various	 whale	 species	 (Bernasconi	 et	 al.,	 2013a,	 2013b)	 and	 seals	

(Geoffroy	et	al.,	2015;	Pyć	et	al.,	2016)	),	jellyfish	(Båmstedt	et	al.,	2003;	Brierley	et	al.,	2004;	

Colombo	 et	 al.,	 2009),	 phytoplankton	 (Selivanovsky	 et	 al.,	 1996),	 zooplankton	 (Demer	 and	

Martin,	 1995;	 Stanton	 et	 al.,	 1996;	 Stanton	 and	 Chu,	 2000;	 Andersen	 et	 al.,	 2013;	 Lezama-

Ochoa	et	al.,	2014),	krill	(Everson	et	al.,	1990;	Demer,	2004;	Demer	and	Conti,	2005;	Cox	et	al.,	

2010;	 Fallon	 et	 al.,	 2016)	 or	 mesopelagic	 fish	 (O’Driscoll	 et	 al.,	 2009;	 Davison	 et	 al.,	 2015;	

Scoulding	et	al.,	2015;	Peña	and	Calise,	2016;	Proud	et	al.,	2017).		

Conventional	fisheries	sampling	techniques	and	data	sources	such	as	CPUE	(Quinn	and	

Deriso,	 1999),	 yield	 or	 egg	 per	 recruit	models	 (YPRM	 and	 EPRM,	 respectively)	 (Haddon	 and	

Hodgson,	 2001)	 and	 biological	 sampling	 of	 age	 structure	 offer	 good	 assessments	 of	 overall	

productivity	 and	 relative	 abundance	 variations.	 Nonetheless,	 they	 are	 often	 subject	 to	

inherent	 limitations	 (e.g.	 CPUE	 not	 directly	 proportional	 to	 abundance	 in	 highly	 aggregating	

species,	 bias	 towards	 smaller	 sizes	 in	 YPRM)	 (Mackie	 et	 al.,	 2009).	 Depending	 on	 the	

conditions,	sampling	area,	and	targeted	species,	they	can	be	labour	intensive,	and	may	not	be	

appropriate	 for	 use	 over	 vast	 regions	 of	 differing	 habitat	 and	 environmental	 types	 (Monk,	

2014).	 Fisheries	 acoustics	 can	 help	 mitigate	 against	 these	 short-comings,	 and	 are	 able	 to	

deliver	information	at	a	high	spatio-temporal	resolution	over	wide	scales	(Trenkel	et	al.,	2011;	

Godø	et	al.,	2014),	and	sample	almost	the	entire	water	column.		

As	an	alternative	to	traditional	scientific	research	vessels,	 fishing	vessels	can	be	used	

as	 vessels	 of	 opportunity	 (ICES,	 2007),	 for	 either	 chartered	 (Godø	 and	 Wespestad,	 1993;	

Melvin	et	al.,	2002;	Massé	et	al.,	2016;	Nøttestad	et	al.,	2016)	or	opportunistic	data	collection	

programmes	 (Melvin	et	al.,	 2001,	2016;	Barbeaux	et	al.,	 2013;	 Fässler	et	al.,	 2016).	 In	 some	

cases,	 chartering	 commercial	 vessels	 (typically	 fishing	 vessels,	FV)	 for	 scientific	purposes	has	

become	 an	 attractive	 alternative	 compared	 to	 the	 use	 of	 scientific	 research	 vessels	 (RV).	

Depending	on	 the	 vessel	 size	needed	and	available,	 the	 compensation	and	 size	of	 the	 crew,	

running	costs	of	fishing	vessels	are	often	lower	than	those	of	research	vessels.	A	prerequisite	

for	a	fishing	vessel	to	be	considered	as	scientific	sampling	platforms	is	that	they	are,	or	can	be,	

equipped	with	 sensors	providing	data	of	 scientific	quality	 (Simmonds	and	MacLennan,	2005;	

ICES,	2007).	During	times	of	 inactivity,	when	routine	operations	do	not	require	a	task	for	the	
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vessel	 (e.g.	while	 sorting	 the	 catch),	 it	 can	 be	 used	 to	 conduct	 small-scale	 scientific	 surveys	

(O’Driscoll	and	Macaulay,	2005).	Another	option	is	to	use	the	time	fishers	spend	at	sea	during	

their	normal	operations	 to	collect	high	resolution	data,	both	on	a	 temporal	and	spatial	 scale	

(Barbeaux	et	al.,	2013;	Fässler	et	al.,	2016).	Opportunistic	acoustic	data	can	be	collected	at	a	

high	resolution	(over	an	entire	fishing	season	(Barbeaux,	2012))	which	allows	for	the	analysis	

of	 behavioural	 and	 distributional	 patterns	 over	 a	 range	 of	 spatial	 and	 temporal	 resolutions	

(Barbeaux	et	 al.,	 2013).	 All	 data	 used	within	 the	present	 study	was	 collected	during	 routine	

operations,	 aboard	 a	 commercial	 trap	 fishing	 vessel	within	 the	Northern	Demersal	 Scalefish	

Fishery	(NDSF).		

1.1		The	Northern	Demersal	Scalefish	Fishery	(NDSF)	

The	NDSF	extends	over	a	vast	area,	covering	a	total	area	of	408,400	km
2
	(Newman	et	

al.,	2008).	 It	stretches	from	southwest	of	Broome	to	the	Northern	Territory	border	 in	waters	

off	 the	 northwest	 coast	 of	 Western	 Australia,	 extending	 out	 to	 the	 edge	 of	 the	 Australian	

fishing	 zone	 (200	nautical	miles	 zone)	 (Figure	1.1).	 In	 2012-13,	 1,228	 tonnes	 (t)	 of	 fish	were	

landed	in	the	NDSF.	Landings	were	mainly	comprised	of	the	two	indicator	species	red	emperor	

(Lutjanus	 sebae)	 (131	 t)	 and	 goldband	 snapper	 (Pristipomoides	 multidens)	 (493	 t)	 which	

equated	to	a	first	sale	commercial	harvest	value	of	seven	million	AUD	(Newman	et	al.,	2015).	

The	 remaining	 target	 species	 in	 the	 fishery	 include	 other	 snappers	 (Lutjanidae),	 emperors	

(Lethrinidae)	 and	 cods	 (Epinephilidae).	 These	 species	 are	 typically	 demersal	 fish	 species,	

forming	 assemblages	 of	 varying	 species	 composition	 (Newman	 et	 al.,	 2015).	 Red	 emperor,	

goldband	 snapper	 and	 cod/grouper	 are	 considered	 fully	 fished	 (DEHWA,	 2010),	 however,	

overall	 landings	 have	 gradually	 increased	 since	 2004	 (Newman	 et	 al.,	 2015)	 to	 a	 near	

consistent	 level	 in	 recent	 years	 (Fletcher	 and	 Santoro,	 2013;	 Fletcher,	W.J.	 and	 Santoro,	 K.	

(eds).,	2014;	Newman	et	al.,	2014,	2015).	The	fishery	is	considered	to	have	a	limited	quantity	

of	non-retained	bycatch,	due	to	the	catching	capacity	of	the	gear	and	the	high	marketability	of	

the	 caught	 species	 (DEHWA,	 2010).	 One	 of	 the	most	 common	 bycatch	 species	 is	 the	 starry	

triggerfish	(Abalistes	stellaris),	but	the	numbers	taken	are	not	considered	to	be	significant	with	

most	 of	 them	 released	 alive	 (Williams	 et	 al.,	 1997;	 Newman	 et	 al.,	 2012).	 Other	 than	

triggerfish,	 in	 the	 1,431	 traps	 recorded	 in	 2014,	 two	 sharks,	 two	 snakes	 and	 8	 crabs	 were	

observed	and	released	alive.	
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A	normal	fishing	trip	aboard	Carolina	M.,	commences	by	travelling	towards	a	preselected	

fishing	area.	Initial	steaming	can	be	completed	with	up	to	thirty	steel	fishing	traps	(1.5	x	1.5	x	

0.9	m,	 five	 cm	 steel	mesh)	 aboard	 (Steam,	 Figure	 1.2).	Once	 at	 a	 suitable	 location,	 the	 first	

‘line’	of	traps	is	set	(Set	Traps,	Figure	1.2).	A	‘line’	typically	consist	of	ten	baited	traps	placed	in	

close	 proximity	 to	 each	 other.	 The	 exact	 deployment	 location	 is	 decided	 by	 the	 fishermen,	

based	on	the	seafloor	characteristics	read	from	the	echosounders,	availability	of	fish	resources	

observed	 as	 schools	 on	 the	 echogram	 and	 other	 factors	 taken	 into	 account,	which	 are	 best	

summarised	as	fisher’s	experience	or	knowledge.	Traps	are	thrown	overboard,	while	the	vessel	

is	continuing	its	course.	All	traps	are	marked	by	buoys,	to	facilitate	an	easier	retrieval	later	on.	

After	the	traps	are	all	deployed,	the	vessel	moves	away	from	the	fishing	location	(Rest,	Figure	

1.2).	The	traps	are	said	to	be	 ‘soaking’,	waiting	 for	 the	 fish	to	enter.	Duration	of	 the	soaking	

Figure	1.1	Map	of	the	Northern	Demersal	Scalefish	Fishery	with	an	indication	of	the	different	three	
commercial	fishing	zones:	A	=	pink,	the	inshore	area	of	the	commercially	exploited	part	of	the	NDSF;	
B	=	green,	the	main	fishing	area,	C	=	blue,	the	experimental	fishing	area;	the	areas	closed	to	fishing:	
Area	1	=	brown,	the	inshore	area	closed	to	commercial	fishing	operations;	black	lines	–	Broome	local	
waters	closed	to	fishing;	red	lines	–	no	take	zone	in	agreement	with	Indonesia;	purple	line	–	Fisheries	

surveillance	and	enforcement	limit		line	
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period	can	vary,	but	is	largely	determined	by	the	prevailing	tidal	regime	(mean	7.21	hours,	max	

=	16.62,	min	=	1.3,	n=1431).	Generally,	at	 least	one	 tidal	phase	shift	 is	awaited	prior	 to	 trap	

retrieval.	Once	the	fisher	judges	that	sufficient	time	has	passed,	the	vessel	steams	back	to	the	

locations	 of	 trap	 deployment	 to	 pull	 the	 traps	 back	 aboard	 (Pull	 traps,	 Figure	 1.2).	 Fish	

contained	in	the	traps	are	sorted	immediately	into	species	of	commercial	interest	and	bycatch.	

Bycatch	 species	 or	 undersized	 fish	 are	 released	 back	 into	 the	 sea	 as	 quickly	 as	 possible.	

Individuals	that	are	retained	for	landing,	are	put	into	an	ice	slurry,	quickly	stunning	the	fish	and	

keeping	 the	 produce	 fresh.	 Depending	 on	 time	 availability,	 productivity	 of	 the	 surrounding	

grounds	 and	observed	 catch	 rate,	 it	might	 be	decided	 to	 place	 the	next	 round	of	 traps	 at	 a	

close-by	 location,	further	away	or	to	finish	the	fishing	trip	and	travel	back	to	Broome.	At	the	

end	of	each	trip,	it	might	be	decided	to	leave	the	last	line	of	traps	in	the	water,	unbaited.	Traps	

that	 are	 left	 unbaited	 or	 that	 are	 lost	 are	 considered	 to	 be	 ghost	 fishing,	 but	 the	 impact	 of	

ghost	fishing	on	the	resources	of	the	NDSF	has	been	judged	as	being	negligible	(Newman	et	al.,	

2014).	

1.2		Fisheries	acoustics		

1.2.1		Principles	

In	general	terms,	traditional	echosounders,	such	as	the	Simrad	ES70	system,	consist	of	

a	transceiver	and	a	transducer	(Urick,	1983;	Simmonds	and	MacLennan,	2005),	as	illustrated	in	

Figure	1.2	Schematic	of	the	normal	operation	procedures	aboard	the	trap	fishing	vessel	Carolina	M	
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Figure	 1.3.	 The	 transceiver	 generates	 electrical	 energy	 (voltage)	 which	 is	 converted	 to	

mechanical	 sound	 energy	 at	 discrete	 frequencies	 by	 a	 downwards	 pointing	 transducer.	

Typically,	 transducers	 are	 mounted	 in	 the	 hull,	 or	 in	 modern	 research	 vessels	 in	 one	 or	

multiple	 drop-keels.	 These	 transducers	 generally	 operate	 at	 frequencies	 ranging	 from	 12	 to	

364	kHz.	The	 transducer	has	a	 two-fold	 function,	emitting	 sound	and	 receiving	echoes.	They	

are	composed	of	arrays	of	piezoelectric	or	magnetostrictive	elements,	of	which	piezoelectric	

elements	are	most	commonly	used,	taking	advantage	of	the	piezoelectric	effect	(Urick,	1983;	

Simmonds	 and	MacLennan,	 2005).	 The	 prefix	 piezo,	 is	 derived	 from	 the	 Greek	word	piezin,	

meaning	 to	 squeeze.	 Piezoelectric	 materials	 generate	 electric	 energy	 when	 stressed	 (signal	

reception)	and	are	stressed	when	an	electrical	field	is	applied	(signal	emission)	to	them	(Urick,	

1983).		

The	 emitted	 acoustic	 signal	 is	 directional,	 typically	 taking	 the	 form	 of	 a	 main	 lobe,	

oriented	directly	below	the	transducers,	and	multiple	sidelobes	of	significantly	lower	intensity.	

Of	the	main	lobe,	the	resulting	ensonified	volume	takes	the	shape	of	a	cone,	similar	to	the	light	

beam	produced	by	a	torch,	hereafter	referred	to	as	acoustic	beam,	with	its	respective	volume,	

the	beam	volume.	The	beam	volume	and	beamwidth	is	a	function	of	the	transducer	size	and	

layout	 of	 the	 internal	 ceramic	 pistons,	 and	 varies	 with	 range	 from	 the	 transducer.	 Any	

Figure	1.3	Schematic	representation	of	an	echosounder	system,	such	as	the	Simrad	ES70.	The	emitted	
acoustic	pulse	is	reflected	by	targets	in	the	water	column	(in	the	example	are	two	different	weak	

scattering	plankton	layers,	a	fish	school	and	the	seabed	



Chapter	1	-	Introduction	 7	

ensonified	object	with	an	acoustic	 impedance,	 i.e.	 the	acoustic	 resistance	of	an	object	when	

exposed	to	an	acoustic	pressure	wave,	different	to	the	surrounding	medium,	will	cause	some	

kind	of	backscatter	(echo).	The	reflected	energy	will	then	be	detected	by	the	transducer.	The	

recorded	backscattered	acoustic	signals	are	amplified	and	converted	 into	electrical	energy	as	

the	 received	 signal	 (Figure	 1.4,	 1.5).	 The	 two-way	 distance	 (2R)	 at	which	 a	 sound-scattering	

object	 has	 been	 detected	 is	 obtained	 through	 the	 temporal	 delay	 between	 emitting	 and	

receiving	 of	 the	 sound	 signal	 by	 the	 transducer	 (∆t),	 multiplied	 by	 the	 sound	 velocity	 at	

ambient	seawater	conditions	(c),	R	=	0.5	∆tc.	The	location	of	the	objects	within	the	beam	can	

be	 resolved	 more	 precisely	 using	 split	 beam	 echosounders.	 Split	 beam	 echosounders	 have	

their	emitting	and	receiving	elements	arranged	on	copper	plates,	divided	in	four	quadrants	(or	

three	 sectors	 in	 more	 modern	 transducers).	 The	 geometrical	 displacement	 of	 the	 listening	

elements	makes	it	possible	to	detect	the	position	of	the	target	within	the	beam	using	a	time-

of-arrival	difference	method	for	the	signal	received	by	each	sector.	The	intensity	or	strength	of	

the	 received	 signal	 provides	 insights	 into	 the	 density	 or,	 in	 the	 case	 of	 resolvable	 individual	

targets,	 the	 size	 and	 type	 (e.g.	 gas	 bearing	 or	 non	 gas-bearing)	 of	 the	 scattering	 object.	

Figure	1.4	Example	of	an	echogram	from	the	NDSF	area.	The	pixel	colours	indicate	the	sv	values	in	dB	as	
indicated	by	the	colour	scale	on	the	right.	Depth	in	m	is	shown	on	the	y-axis,	travelled	distance	is	shown	
on	the	x-axis.	Horizontal	black	lines	represent	10	m	intervals	of	altitude	off	the	seabed.	The	detected	
seabed	is	represented	by	a	green	line,	Purple	areas	are	excluded	from	further	analysis	due	to	a	large	

number	of	bad	pings,	as	a	result	of	bubble	attenuation	under	the	hull	of	the	vessel	due	to	abrupt	changes	
in	heading	direction.	The	layer	in		the	upper	50	m	is	mainly	composed	of	fluid-like	weak	scatterers,	such	as	
plankton.	Close	to	the	bottom,	indicated	by	a	cluster	of	red	pixels,	is	a	fish	school	with	a	height	of	almost	

20	m	



Chapter	1	-	Introduction	 8	

Visualisation	of	the	recorded	data	is	done	as	a	two-dimensional	representation	(echogram)	of	

the	recorded	data	with	a	distance	or	time	variable	defining	the	x-axis	and	a	measure	of	depth	

or	range	on	the	y-axis	(Figure	1.5).	The	backscatter	intensity	(backscattering	volume,	Sv	dB	re	

m
2
m

-3
)	defines	the	colour	code	(Figure	1.5).	

1.2.2		Quantification	of	acoustic	backscatter	

Acoustic	backscatter	is	generally	quantified	in	the	linear	domain	as	the	backscattering	

cross-section	 (sbs,	 [m
2
])	or	 in	the	 logarithmic	domain	as	target	strength	(TS,	 [dB	re	1m2

].	The	

logarithmic	 measure	 in	 dB,	 i.e.	 the	 ratio	 to	 a	 reference	 value	 (m
2
	 for	 TS)	 expressed	 in	 the	

logarithmic	domain,	 is	more	commonly	used	as	 log	 transformed	numbers	are	easier	 to	work	

with	 when	 compared	 to	 very	 small	 numbers.	 The	 sbs	 is	 the	 proportion	 of	 backscattered	

intensity	(Ibs)	from	the	transmitted	incident	energy	(Ii),	measured	at	a	distance	from	the	target	

(R,	[m]):	

sbs	=	R
2	Ibs	Ii

-1.	

TS	describes	the	same	physical	measurement	in	the	logarithmic	space:	

TS	=	10	log10	(sbs).	

Acoustic	backscatter	can	consist	of	discrete	resolvable	targets	(e.g.	individual	fish)	or	a	

convolution	of	non-resolvable	targets,	depending	in	part	on	the	physical	separation	distance	of	

the	targets	in	the	water.	The	short	burst	of	sound	emitted	by	an	echosounder	is	called	a	pulse	

or	a	ping.	A	ping	consists	of	multiple	pressure	waves	transmitted	at	a	given	frequency	(f,	[Hz]).	

Each	wave	has	a	wavelength	(l,	[m]),	defined	by	the	sound	velocity	[c,	ms
-1
]	divided	by	f.	Each	

ping	 has	 a	 pulse	 duration	 (t,	 [s]),	 equalling	 the	 wave	 number	 (k)	 divided	 by	 f	 (t	 =	 k	 f-1).	

Consequently,	the	length	of	the	pulse	(Lp,	[m])	is	ct.	In	order	for	two	targets	to	be	resolvable,	

the	difference	between	 the	 target	 ranges,	measured	 from	 the	 transducer,	has	 to	be	greater	

than	 half	 the	 Lp	 or	 ct/2.	 This	 precludes	 the	 resulting	 echoes	 from	 overlapping.	 If	 individual	

targets	occur	closer	to	each	other	(typical	 for	schools	or	shoals),	 the	resulting	echoes	form	a	

combined	(constructive	–	additive	or	destructive	–	subtracting)	backscattered	signal.	In	such	a	

scenario,	 individual	 fish	 can’t	be	 isolated	 from	 the	backscatter,	but	 the	backscatter	 intensity	

remains	 a	 proportional	 measure	 of	 biomass	 in	 the	 water	 column.	 The	 sum	 of	 all	 targets	

contributing	 to	 the	 backscatter	 over	 the	 integrated	 volume	 or	 the	 sampling	 volume	 (V0)	 is	

expressed	as	volume	backscattering	coefficient	(sv	[m
-1
]):	
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)* =
∑-./
01 	

where	V0	is	calculated	as:	

01 = 234 562 		

with	y	being	 the	equivalent	beam	angle	of	 the	 transducer	 in	 steradians.	Analogous	 to	TS,	sv	

can	also	be	expressed	in	the	logarithmic	domain	as:	

Sv	=	10	log10	(sv).	

Measurements	of	Sv	are	defined	for	small	volumes,	i.e.	pulse	volume.	If	backscattering	

volume	strength	is	integrated	over	a	larger	domain,	covering	multiple	pings	and	a	large	range	

interval,	it	is	expressed	as	mean	volume	backscattering	strength	(8*).		

The	 most	 common	 measure	 of	 backscattered	 energy,	 used	 in	 acoustic	 surveys	 and	

most	 biomass	 or	 abundance	 estimates	 is	 the	 area	 backscattering	 coefficient	 (sa,	 sometimes	

referred	to	as	ABC).	sa	is	sV	integrated	over	a	given	depth	range	(limited	by	an	upper	and	lower	

depth	 and	 a	 start	 and	 stop	 position	 in	 a	 geographical	 sense).	 Conventionally,	 in	 a	 survey	

situation,	 sa	 is	 integrated	 over	 one	 nautical	 mile	 and	 named	 sA	 (nautical	 area	 scattering	

coefficient,	sometimes	referred	to	as	NASC),	defined	as:	

sA	=	4p(1852)2sa	

The	 density	 of	 individuals	 contained	 within	 a	 region	 with	 a	 measured	 sA	 can	 be	

determined	as:	

9 = ):
4< -./ 	

To	derive	any	quantitative	information	from	acoustic	backscatter	(e.g.	abundance	or	biomass	

of	a	given	 fish	species	or	group),	 it	 is	 crucial	 to	allocate	appropriate	proportions	of	sA	 to	 the	

given	 species	 or	 group	 and	 to	 have	 good	 knowledge	 about	 the	 species	 or	 groups	TS	or	sbs	

(McClatchie	et	al.,	1996;	Simmonds	and	MacLennan,	2005).	Given	the	unstable	nature	of	TS	it	

is	also	important	to	understand	and	account	for	its	variability	(Everson	et	al.,	1990;	Ona,	2003;	

Demer	and	Conti,	2005;	Coetzee	et	al.,	2008;	Fässler,	2010;	Scoulding	et	al.,	2016).		
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1.3		Target	strength	estimates	

TS	can	be	estimated	theoretically	or	empirically.	Empirically	TS	can	either	be	measured	

under	 natural	 conditions	 (in	 situ)	 or	 in	 a	 controlled	 environment	 (ex	 situ)	 (Simmonds	 and	

MacLennan,	 2005;	 Jech	 et	 al.,	 2015).	 Empirical	 methods	 for	 TS	 estimation	 are	 described,	

discussed	 and	 reviewed	 by	 Love	 (1971a),	 Ehrenberg	 (1972,	 1979),	 Foote	 et	 al.	 (1986),	

MacLennan	 (1990),	 MacLennan	 and	 Menz	 (1996).	 Conditions	 for	 good	 quality	 TS	

measurements	 are	 discussed	 by	 Sawada	 et	 al.	 (1993)	 and	 Gauthier	 and	 Rose	 (2001a).	

Theoretically	 TS	 can	 be	 estimated	 by	 numerical	 or	 analytical	 scattering	 models	 based	 on	

information	 of	 the	 physiological	 and/or	 morphological	 features	 of	 the	 target	 species.	 Ten	

currently	used	models	for	TS	estimation	have	recently	been	reviewed	and	compared	by	Jech	et	

al.	(2015).	

	Empirical	 approaches	 to	 TS	 estimates	 have	 the	 advantage	 that	 the	 influence	 of	

different	 biological	 and	 physical	 parameters	 can	 be	 quantified	 (Hazen	 and	 Horne,	 2003).	 In	

order	 to	 get	 a	 thorough	 understanding	 of	 the	 scattering	 properties	 of	 aquatic	 organisms,	 a	

combination	 of	 theoretical	 and	 empirical	methods	 is	 required	 (Henderson	 and	Horne,	 2007;	

Jech	 et	 al.,	 2015).	 It	 is	 important	 to	 understand	 that	 TS	 is	 not	 a	 point	 measurement	 or	

estimate,	but	a	probability	density	function	(PDF).	TS	can	vary	depending	on	external	(e.g.	fish	

orientation,	 depth	 of	 occurrence,	 sound	 velocity	 of	 the	 surrounding	 water	 body,	 etc.),	 and	

internal	 conditions	 (e.g.	 fish	 size,	 swimbladder	 volume,	 sound	 speed	 in	 the	 swimbladder,	

sound	 speed	 in	 the	 fish	 flesh,	 etc.)	 (Ona,	 1999).	 In	 order	 to	 derive	 precise	 biomass	 or	

abundance	estimates	from	acoustic	measurements	it	is	vital	to	have	an	understanding	of	these	

effects	and	the	consequent	variability	of	TS	(Simmonds	and	MacLennan,	2005;	Fässler,	2010).		

Generally,	TS	 is	 expressed	 as	 a	 function	of	 fish	 length	 (L)	 for	 a	 given	 frequency.	 The	

linear	relationship	between	TS	and	L	was	first	described	by	(Nakken	and	Olsen,	1977).	(Nakken	

and	Olsen,	1977)	conducted	ex	situ	TS	experiments,	fixing	dead	herring	inside	the	beams	of	a	

38	kHz	and	a	120	kHz	transducer.	Plotting	the	TS	measurements	against	the	fish	length	led	to	

the	establishment	of	the	now	standard	TS-L	equation:	

TS	=	a	log10(L)	+	b	

where	a	and	b	are	constants	determined	by	least-mean-squares	regression	analysis.	Soon	after	

those	experiments,	(Love,	1977)	found	sbs	to	be	approximately	proportional	to	L2,	which	led	to	

the	commonly	used:	
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TS	=	20	log10(L)	+b20	

This	linear	relationship	has	been	described	as	questionable	in	certain	situations	(especially	for	

zooplankton)	(Demer	and	Martin,	1995),	but	remains	the	standard	form	of	TS-L	relationships.	

1.3.1		Ex	situ	estimates	

Empirical	ex	 situ	TS	measurements	 are	 generally	 conducted	either	 using	 tethered	or	

caged	fish	(Simmonds	and	MacLennan,	2005).	Measurements	of	TS	of	immobilised	(stunned	or	

dead)	fish	held	by	a	wire	represent	the	earliest	estimates	of	TS	(Midttun	and	Hoff,	1962;	Love,	

1971a,	1971b;	Shibata,	1971).	For	 the	purpose	of	such	experiments,	generally	a	single	 fish	 is	

fixed	upside	down	below	the	transducer,	in	the	centre	of	the	beam.	Influence	of	tilt	angle	can	

be	adjusted	 through	 repositioning	of	 the	 fish	 (Nakken	and	Olsen,	1977).	 The	main	 caveat	of	

this	 method	 is	 that	 fish	 are	 unable	 to	 behave	 naturally.	 A	 priori	 knowledge	 of	 orientation	

changes	in	their	normal	environment	to	accurately	determine	the	variability	of	TS	expected	in	

the	field	is	needed,	but	rarely	available	(Foote,	1980).	As	an	alternative,	cage	experiments	have	

been	 designed,	 assuming	 that	 experiments	 involving	 living	 animals	 are	 more	 likely	 to	

reproduce	 the	 measurements	 as	 they	 would	 occur	 in	 the	 wild.	 The	 first	 cage	 experiments	

involved	a	lot	of	individual	fish,	completed	by	Johannesson	and	Losse	(1977).	The	first	modern	

experiments	were	 accomplished	 and	 later	 refined	 by	 Edwards	 and	 Armstrong	 (1983,	 1984).	

The	design	by	Edwards	and	Armstrong	(1983,	1984)	 included	two	transducers	mounted	on	a	

gimbal,	adjustable	to	align	the	acoustic	beams	with	the	fish	cage	(2m	in	diameter,	1	m	deep)	

and	 upwards	 looking	 cameras.	 All	 equipment	was	mounted	 on	 a	 frame	 suspended	 below	 a	

moored	raft.	Additionally,	a	sphere	of	known	TS	was	suspended	below	the	gimbal,	to	calibrate	

the	echosounder.	Optical	recordings	facilitated	the	extraction	of	fish	orientation.	Even	though	

the	material	of	the	cage	should	be	chosen	such	as	to	minimise	its	reflection,	the	backscatter	of	

the	 cage	 has	 to	 be	 extracted	 from	 the	 recorded	 fish	 TS.	 This	 can	 be	 done	 through	

measurements	of	the	empty	cage.	Alternatively	this	can	be	avoided	by	using	a	cage	larger	than	

the	acoustic	beam	(Ona,	2003).	

1.3.2		In	situ	measurements	

Empirical	 in	 situ	 TS	 measurements	 have	 the	 potential	 to	 deliver	 the	 most	

representative	measures	of	TS	 (Simmonds	and	MacLennan,	2005),	as	observations	are	based	

on	 fish	behaving	 “naturally”	 in	 their	 normal	 environment.	 If	 in	 situ	measurements	 are	 to	be	

undertaken,	 some	 factors	 in	 terms	 of	 equipment	 selection,	 target	 density	 and	 biological	

sampling	have	to	be	considered.	To	achieve	good	quality	TS	measurements,	targets	have	to	be	
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recorded	with	calibrated	split-beam	or	dual	beam	systems	(Ehrenberg,	1974).	All	targets	have	

to	 be	 located	 in	 the	 far-field	 of	 the	 transducer	 and	 the	 target	 (Ona,	 1999;	 Simmonds	 and	

MacLennan,	2005),	be	clearly	isolatable,	and	be	attributed	to	a	single	fish	(Sawada	et	al.,	1993;	

Soule	et	al.,	1995;	Foote,	1996):	

- The	 usage	 of	 split-beam	 or	 dual-beam	 echosounders	 allows	 for	 the	 positioning	 of	 the	

single	 target	 in	 the	 acoustic	 beam	 and	 TS	 can	 be	 measured	 directly	 (Ehrenberg,	 1974;	

Traynor	 and	Ehrenberg,	 1979,	1990;	 Foote,	 1987).	 If	 a	 target	 is	 detected	multiple	 times,	

within	the	acoustic	beam,	its	speed	and	directivity	can	be	tracked	through	a	combination	

of	the	targets	(Ehrenberg	and	Torkelson,	1990;	Ona,	2001;	McQuinn	and	Winger,	2003).		

- The	farfield	is	any	distance	greater	than	the	nearfield	(Ona,	1999),	where	wave-fronts	are	

close	to	parallel	and	the	intensity	of	the	wave	varies	proportionally	to	the	range	squared,	

under	 the	 inverse-pressure	 rule	 (Simmonds	 and	 MacLennan,	 2005).	 The	 nearfield	 of	 a	

transducer	 is	 defined	 as	 d2/l,	 where	 d	 is	 the	 diameter	 of	 the	 transducer.	 Similarly,	 the	

nearfield	of	a	target	is	l2/l,	with	l	the	maximum	linear	dimension	of	the	target	(Ona,	1999;	

Simmonds	and	MacLennan,	2005).		

- Individual	 echoes	 can	 be	 detected	 with	 single	 echo	 detectors	 (SED),	 in	 an	 attempt	 to	

remove	targets	resulting	from	multiple	scatterers.	SEDs	include	a	range	of	algorithms	such	

as	 phase	 coherence,	 amplitude	 stability	 and	 echo	 duration	 (Ona,	 1999).	 SEDs	 generally	

work	 well	 for	 well	 spaced	 targets,	 but	 can	 occasionally	 include	 accumulated	 echoes,	

especially	 in	 areas	where	 targets	 are	 packed	 densely	 (Sawada	 et	 al.,	 1993;	 Soule	 et	 al.,	

1995;	Barange	et	al.,	1996;	Foote,	1996).	

- It	 is	 important	 to	 collect	 alternative	 evidence	 of	 the	 acoustically	 observed	 targets.	

Alternative	sampling	is	generally	done	indirectly	through	trawling	(e.g.	pelagic	trawls	(Nero	

et	al.,	2004),	purse	seines	(Misund	and	Beltestad,	1996),	long	lines	(Bertrand	et	al.,	2002),	

rod	 and	 line	 (Knudsen	 et	 al.,	 2009),	 gill-nets	 (Kubecka	 et	 al.,	 1994))	 or	 directly	 through	

optical	 recordings	 (Kloser	 et	 al.,	 2011;	 Macaulay	 et	 al.,	 2012;	 Fernandes	 et	 al.,	 2016).	

Alternative	 sampling	 should	 be	 taken	 closely	 to	 the	 acoustically	 observed	 targets	 and	

where	 possible,	 other	 targets	 should	 be	 excluded	 (Ona,	 1999).	 To	 determine	 a	 TS-L	

relationship,	 TS	 distributions	 have	 to	 be	 related	 to	 the	 length	 distributions	 of	 the	

alternative	sampling	(MacLennan	and	Menz,	1996).	

Another	 way	 of	 conducting	 in	 situ	 TS	 estimates	 is	 through	 the	 so-called	 comparison	

method.	The	comparison	 is	made	directly	between	observed	acoustic	backscatter	and	catch.	
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For	this	method,	the	entire	school	has	to	be	ensonified	and	the	entire	school	has	to	be	caught	

(Misund	and	Beltestad,	1996).		

1.3.3		 Theoretical	target	strength	estimates	 	

With	 increased	 computational	 power,	 the	 development	 of	 numerical	 and	 analytical	

approaches	 has	 improved	 in	 recent	 years.	 However,	 choosing	 which	 model	 is	 the	 most	

appropriate	for	a	given	task	is	not	a	trivial	matter,	given	the	availability	of	diverse	approaches,	

each	with	specific	constraints	and	advantages	(Jech	et	al.,	2015).	The	following	provides	a	brief	

description	of	three	commonly	used	modelling	approaches:	

Kirchhoff-Ray	Mode	approximation	

The	Kirchhoff-Ray	Mode	(KRM)	approximation,	estimates	the	backscatter	of	targets	by	

simplifying	their	shape	as	a	set	of	cylinders	of	finite	length	(Clay	and	Horne,	1994).	Using,	the	

Helmholtz-Kirchhoff	integral	(Foote	and	Traynor,	1988),	the	model	assumes	that	every	point	of	

the	surface	reflects	as	if	it	was	of	an	infinite	plane	wave	from	an	infinitive	tangential	interface	

(Medwin	 and	 Clay,	 1998).	 The	 total	 backscatter	 is	 computed	 through	 summation	 of	 the	

combined	 contributions	 of	 each	 cylinder	 element.	 Morphological	 components	 of	 the	 fish,	

generally	 its	 body	 and	 swimbladder,	 are	 commonly	 extracted	 from	 X-rays	 (Clay	 and	 Horne,	

1994;	 Hazen	 and	 Horne,	 2003),	 computational	 tomography	 scans	 (CT)	 (Macaulay,	 2002;	

Sawada,	2002)	or	magnetic	resonance	scans	(MRI)	(Peña	and	Foote,	2008;	Fässler	et	al.,	2013).	

KRM	 is	 relatively	 easy	 to	 compute	 when	 compared	 to	 other	 methods	 such	 as	 boundary	

element	 methods	 (BEM)	 (Simmonds	 and	MacLennan,	 2005).	 KRM	 has	 been	 shown	 to	 be	 a	

useful	tool	for	analysing	the	effects	of	length,	frequency,	tilt	angle,	ontogeny,	physiology	and	

behaviour	on	TS	(Hazen	and	Horne,	2003;	Horne,	2003).	The	main	issue	with	this	method	is	its	

lack	of	accuracy	at	low	frequencies	and	high	tilt	angles	(Simmonds	and	MacLennan,	2005).		

Boundary	Element	Model	

Similar	 to	 the	 KRM,	 BEM	 can	 be	 used	 to	 compute	 the	 backscatter	 from	 complex	

surfaces,	 simplified	 by	 elemental	 areas,	 defined	 by	 nodal	 points	 (Francis,	 1993).	 The	

backscatter	 is	 modelled	 through	 the	 wave	 equation	 converted	 to	 Helmholtz	 integrals,	

considering	the	pressures	and	particle	velocities	at	each	element	(Simmonds	and	MacLennan,	

2005).	 BEM	 requires	much	more	 computational	 power	 than	 the	 simpler	 KRM,	 but	 enables,	

unlike	 KRM,	 the	 integration	 of	 different	 acoustic	 properties	 for	 the	 interior	 of	 the	 three-

dimensional	structures	(Foote	and	Francis,	2002b).	Further,	it	takes	into	account	the	diffracted	
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energy	 in	 the	 shadow	zone	 (the	part	of	 the	body	not	 facing	 the	 transducer)	 (Simmonds	and	

MacLennan,	2005).	Foote	and	Francis	 (2002)	 found	good	agreement	between	KRM	and	BEM	

for	gadoids.	

Distorted	Wave	Born	Approximation	

The	 distorted	 wave	 Born	 approximation	 (DWBA),	 expresses	 backscatter	 as	 a	 three-

dimensional	integral	over	the	entire	body.	DWBA	is	mainly	applied	to	weak	scatterers,	such	as	

plankton	 (Stanton	 et	 al.,	 1993,	 1996;	 Stanton	 and	 Chu,	 2000)	 or	 non-swimbladdered	 fish	

(Gorska	et	al.,	2005)	or	parts	of	the	fish	body	(Fässler	et	al.,	2008).	

1.4		Target	classification	

Target	 classification	 is	 an	 important	 step	when	analysing	echograms.	Classification	 is	

the	 process	 of	 segregating	 an	 echogram	 into	 different	 functional	 groups	 with	 the	 aim	 of	

converting	 acoustic	 backscatter	 measurements	 to	 biologically	 relevant	 quantities,	 such	 as	

species	or	group	specific	abundance	or	biomass.	Target	classification	is	defined	here	as	all	data	

manipulation	processes	after	 the	data	has	been	 calibrated	 (Demer	et	al.,	 2015)	 and	 cleaned	

from	 noise,	 working	 towards	 the	 extraction	 of	 species-	 or	 group-specific	 backscatter	

Figure	1.5	Target	strength	of	diverse	marine	organisms	at	a	range	of	frequencies,	taken	from	
Benoit-Bird	and	Lawson	(2016)	
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information.		

Prior	 to	 target	 classification,	 it	 is	 important	 to	 remove	noise	 from	echograms.	Noise	

can	 be	 caused	 by	 different	 sources.	 Generally,	 three	 categories	 of	 noise	 are	 differentiated:	

background	noise,	transient	noise	and	impulse	noise	(Ryan	et	al.,	2015).	Background	noise	is	a	

combination	 of	 time	 varied	 gain	 (TVG),	 caused	 by	 acoustic	 transmission	 loss,	 and	 noise	

originating	 from	 various	 sources,	 such	 as	 vessel	 noise	 (Mitson,	 2003;	 Robertis	 and	

Higginbottom,	2007).	Transient	noise	is	mainly	caused	by	poor	weather	conditions	(Ryan	et	al.,	

2015)	 and	vessel	movement.	 Impulse	noise	generally	manifests	 itself	 as	noise	 spikes,	mainly	

caused	by	unsynchronized,	simultaneously	operated	acoustic	instruments	(Ryan	et	al.,	2015).	

Empirical	 approaches	 are	 most	 commonly	 chosen	 for	 the	 classification	 of	 acoustic	

targets.	 They	mainly	 rely	 on	 the	 presence	 of	multi-frequency	 data,	 taking	 advantage	 of	 the	

different	 scattering	 properties	 (frequency	 responses)	 of	 organisms	 at	 different	 frequencies	

(Figure	1.6).	The	definition	of	one	reference	frequency	to	produce	relative	frequency	curves	is	

a	 common	 application	 of	 this	method	 (Fernandes	et	 al.,	 2006;	 Korneliussen	et	 al.,	 2008;	De	

Robertis	et	al.,	2010).	Alternatively,	frequency	response	curves	can	be	used	to	be	compared	to	

a	feature	library,	helping	the	classification	of	acoustic	targets	(Korneliussen	et	al.,	2009,	2016).	

While	an	empirical	approach	to	target	classification	remains	predominant,	several	studies	have	

investigated	 the	 use	 of	 supervised	 and	 unsupervised	 models	 to	 classify	 acoustic	 targets.	

Supervised	approaches	to	target	classification	include	the	use	of	support	vector	machines	and	

neural	 networks	 (Robotham	 et	 al.,	 2010)	 and	 unsupervised	 methods,	 such	 as	 clustering	

(Anderson	 et	 al.,	 2007a;	 Campanella	 and	 Taylor,	 2016),	 random	 forest	 classification	

(Fernandes,	2009;	Fallon	et	al.,	2016)	and	self-organising	maps	(Peña	and	Calise,	2016).	

1.5		Geostatistics	and	fisheries	acoustics	

The	main	goal	of	most	fisheries	acoustics	surveys	 is	the	estimation	of	the	abundance	

of	a	particular	fish	stock,	as	well	as	the	description	of	its	distribution,	structure	and	associated	

estimates	 of	 uncertainty	 (Rivoirard	 et	 al.,	 2000;	 Fernandes	 et	 al.,	 2002;	 Simmonds	 and	

MacLennan,	 2005).	 The	 main	 purpose	 of	 geostatistics	 is	 to	 estimate	 a	 variable	 at	 given	

locations	(regionalised	variables),	based	on	a	model	of	spatial	variability	of	the	given	variable	

(Matheron,	 1971).	 Geostatistics	 have	 been	 shown	 to	 be	 a	 useful	 tool	 to	 investigate	 the	

distribution	 and	 abundance	 of	 fish	 stocks,	 with	 the	 associated	 sampling	 error,	 based	 on	

acoustic	surveys	(Rivoirard	et	al.,	2000;	Petitgas,	2001;	Woillez	et	al.,	2007,	2016).		
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Traditionally,	 fisheries	 acoustics	data	used	 to	estimate	 stock	distribution,	 abundance	

or	biomass,	are	collected	during	dedicated	acoustic	trawl	(AT)	surveys	(Maravelias	et	al.,	1996;	

Simmonds	 and	 MacLennan,	 2005;	 ICES,	 2015).	 Such	 surveys	 generally	 follow	 predefined	

stratified	 parallel,	 stratified	 random,	 or	 zig-zag	 survey	 transects	 (Jolly	 and	 Hampton,	 1990;	

Simmonds	 et	 al.,	 1992;	 Guillard	 and	 Vergès,	 2007).	 In	 the	 case	 of	 fishers	 collecting	

opportunistic	 data,	 the	 underlying	 design	 can	 best	 be	 described	 as	 preferential	 or	 directed	

(Diggle	et	al.,	2010;	Barbeaux,	2012;	Barbeaux	et	al.,	2013;	Fässler	et	al.,	2016),	due	to	their	

inherent	bias	 towards	promising	 fishing	grounds.	All	 of	 these	designs	do	not	 typically	 satisfy	

the	 random	 sampling	 theory,	 which	 would	 allow	 for	 a	 direct	 extraction	 of	 the	 sampling	

variance	 (precision)	 (Petitgas,	 2001).	 Estimates	 of	 sampling	 variance	 under	 these	 scenarios	

require	 a	 model	 of	 spatial	 covariance	 to	 estimate	 survey	 precision	 (Rivoirard	 et	 al.,	 2000;	

Petitgas,	2001).		

In	 general	 terms,	 there	are	 two	approaches	used	 in	 geostatistics.	 Firstly,	 a	 transitive	

approach	where	the	population	is	looked	upon	as	a	whole,	without	domain	delimitation.	The	

structure	 of	 the	 population	 at	 each	 variable	 point	 z(x)	 can	 be	 described	 by	 the	 transitive	

covariogram	(g)	at	a	distance	h	as:	

= ℎ = 	 ? @ ? @ + ℎ 	B@.	
In	an	ecological	context,	this	is	rarely	the	case,	as	populations	generally	are	separated	

and	 need	 a	 finer	 scale	 investigation.	 Therefore,	 more	 commonly	 the	 second,	 an	 intrinsic	

approach,	is	used,	describing	the	behaviour	of	a	variable	(e.g.	fish	density	or	acoustic	density)	

within	a	defined	domain.	In	the	context	of	intrinsic	geostatistics,	the	regionalised	variable	z(x)	

is	described	by	a	random	function	Z(x).	The	variogram	can	then	be	computed	by	the	classical	

estimator	(Matheron,	1971),	defined	as	half	the	variance	of	Z(x)	and	Z(x+h),	with	the	variance	

depending	on	h	not	x:	

C ℎ = 	0.5	G((I @ + ℎ − I @ 4).	
In	 practical	 terms,	 a	 variogram	 is	 computed	 based	 on	 data	 and	 fitted	 by	 a	 model,	

which	 can	 be	 a	 simple	 structure	 (e.g.	 nugget,	 spherical,	 exponential,	 linear,	 etc.)	 or	 a	

combination	 of	 multiple	 structures.	 If	 the	 direction	 of	 h	 influences	 the	 behaviour	 of	 the	

variogram	behaviour,	there	is	anisotropy,	if	it	is	independent	of	the	direction,	there	is	isotropy.		

A	 common	 interpolation	 tool	 in	 geostatistics	 is	 kriging,	 as	 the	 best	 linear	 estimator.	

The	most	common	form	of	kriging	is	ordinary	kriging,	conforming	with	the	intrinsic	hypothesis	

and	requiring	a	variogram.	The	kriging	estimator	within	a	given	domain	V	is	obtained	through	

variance	minimisation	with	weights	w.	The	weights	are	obtained	by	resolving:	
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LMC @M − @N + O = 	C @, 0 	LℎQRSTSU	V
M

LN = 1
N

	

	where	f	is	the	Lagrange	parameter	introduced	to	satisfy	 XN = 1N .	

	Alternatives	 to	 the	 linear	 kriging	 estimator	 are	 nonlinear	 geostatistics,	 based	 on	

multivariate	hypotheses	 (e.g.	 normality	 after	 transformation)	 (Petitgas,	 1993;	 Petitgas	et	 al.,	

2016,	 p	 201).	Given	 that	 kriging	 has	 a	 tendency	 to	 smooth	data,	 conditional	 (honouring	 the	

data)	or	non-conditional	simulations	are	often	more	suitable	as	they	are	representations	of	the	

process	 Z(x)	 over	 a	 domain	 and	 facilitate	 better	 representation	 of	 the	 characteristics	 of	 the	

spatial	distribution.	They	can	reproduce	the	data	at	a	much	finer	grid	than	the	collected	reality	

(Gimona,	2003;	Walline,	2007;	Chiles	and	Delfiner,	2009;	Woillez	et	al.,	2009a).		

Geostatistics	remains	a	young	field,	with	the	theoretical	background	being	established	

in	 the	 mid-1960s	 by	 Matheron	 (Matheron	 and	 others,	 1965;	 Matheron,	 1967).	 A	 detailed	

description	 of	 the	 use	 of	 geostatistics	 for	 abundance	 and	 variance	 estimates	 in	 fisheries	

acoustics	 is	given	by	Rivoirard	et	al.	 (2000)	and	a	 review	of	geostatistics	 for	different	 survey	

designs	 is	given	by	Petitgas	 (2001).	A	detailed	description	of	 the	use	of	Gaussian	simulations	

for	the	estimation	of	sampling	variance	is	given	by	Woillez	et	al.	(2009,	2016).	With	indicators	

and	 indices	 identified	 as	 a	 main	 information	 input	 into	 EBFM,	 in	 recent	 years	 studies	 have	

explored	 the	 use	 of	 geostatistical	 indices	 to	 describe	 distributions	 and	 track	 inter-annual	

changes	 (Woillez	 et	 al.,	 2007,	 2009b;	 Gastauer	 et	 al.,	 2016),	 or	 to	 define	 hotspot	 regions	

(Petitgas	et	al.,	2016).		
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1.6	Aims	and	objectives	of	the	thesis	

This	thesis	is	composed	of	four	chapters,	in	the	format	of	scientific	papers.	All	chapters	

have	been	submitted	to	scientific	journals	and	have	now	been	published	(Chapter	2	and	3)	or	

are	accepted	for	publication	with	comments	(Chapter	4	and	5).	Each	chapter	therefore	consists	

of	 an	 own	 Introduction,	Methods,	 Results	 and	 Discussion	 section.	 Effort	 has	 been	made	 to	

reduce	overlap	between	 the	provided	general	 introduction	and	 the	 introductions,	 as	well	 as	

the	 method	 sections	 provided	 within	 each	 chapter.	 However,	 some	 overlap	 has	 been	

inevitable,	given	each	chapter	constitutes	a	full	research	paper.		

The	main	objective	of	the	study	was	to	analyse	the	potential	of	opportunistically	collected	

acoustic	 data	 in	 conjunction	 with	 optical	 catch	 recordings	 from	 a	 commercial	 trap	 fishing	

vessel	 in	 the	 NDSF,	 which	 could	 be	 used	 as	 a	 complimentary	 data	 source	 to	 traditional	

monitoring	 techniques.	 The	 purpose	 of	 the	 thesis	 was	 the	 development	 of	 standardised	

methods	for	data	processing,	rather	than	to	assess	the	current	management	of	the	NDSF.	The	

following	is	a	summary	of	the	main	aims	and	achievements	of	the	individual	chapters:	

Chapter	 2:	 Target	 strength	 estimates	 of	 red	 emperor	 with	 Bayesian	 parameter	

calibration	

The	main	motivation	of	 this	chapter	was	a	TS	estimation	 for	 red	emperor	at	38	and	120	

kHz.	 Through	 Bayesian	 parameter	 calibration,	 ex	 situ	 experiments	were	 used	 to	 fine	 tune	 a	

KRM	model	 based	 on	 CT	 scans	 of	 red	 emperor.	 Information	 on	TS	 is	 a	 crucial	 step	 towards	

acoustic	abundance	or	biomass	estimates.	

Chapter	 3:	 Variability	 estimates	 of	 the	 target	 strength	 and	 abundance	 of	 goldband	

snapper	in	three	fishing	regions	

The	main	aim	of	this	chapter	was	to	estimate	TS	of	the	second	indicator	species,	goldband	

snapper,	 based	 on	 in	 situ	 recordings	 and	 to	 assess	 the	 variability	 of	 acoustic	 abundance	

estimates	of	goldband	snapper	in	three	selected	fishing	regions.	A	good	understanding	of	the	

expected	 precision	 of	 acoustic	 density,	 abundance	 or	 biomass	 estimates	 is	 crucial	 when	 it	

comes	 to	 judging	 the	 value	 of	 the	 collected	 data	 or	 potential	 future	 data	 collection	

programmes.	
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Chapter	4:	Precision	estimates	of	the	abundance	of	nine	key	species	groups	within	three	

fishing	regions	using	geostatistical	conditional	simulations	

The	goal	of	this	chapter	was	the	development	of	methods	to	provide	precision	estimates	

of	 acoustic	 abundance	 and	 biomass	 estimates	 of	 key	 species	 groups	 within	 three	 fishing	

regions	of	the	NDSF.	For	species	groups	where	no	a	priori	TS	information	was	available,	these	

are	provided	through	a	KRM	model.	Acoustic	information	and	species	composition	information	

(based	on	optical	catch	information)	are	combined	through	GCS.		

Chapter	 5:	 An	 unsupervised	 approach	 to	 the	 acoustical	 description	 of	 three	 fishing	

regions	

Classification	of	echograms	is	a	notoriously	difficult	task	in	areas	of	high	species	richness.	

In	this	chapter,	an	unsupervised	approach	to	analyse	acoustic	data	in	combination	with	catch	

information	 to	 derive	 indices	 which	 could	 be	 useful	 for	 EBFM,	 is	 being	 proposed.	 Acoustic	

density	hotspots	are	defined,	based	on	a	geostatistical	definition	of	hotspots.	Acoustic	habitat	

categories,	 are	 extracted	 and	 indicator	 species	 groups	 are	 identified.	 Acoustic	 school	

descriptors	are	clustered	and	the	existence	of	indicator	species	groups	is	explored.		

Chapter	6:	General	discussion	

The	thesis	concludes	with	a	general	discussion,	putting	the	entire	thesis	into	a	broader	

context	and	discussing	key	findings	as	well	as	remaining	challenges.	
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2.1		Abstract	

Red	emperor	(Lutjanus	sebae)	is	a	long-lived	tropical	demersal	snapper	which	is	widely	

distributed	in	the	Western	Pacific	and	Indian	Ocean.	Despite	the	commercial	and	recreational	

importance	of	the	species	for	the	Northern	Demersal	Scalefish	Fishery	off	the	Northwest	coast	

of	Western	Australia,	we	still	lack	a	thorough	understanding	of	its	distribution	and	abundance	

in	the	area.	To	better	understand	the	acoustic	scattering	properties	of	red	emperor	its	acoustic	

backscattering	 characteristics	 were	modelled	 based	 on	 swimbladder	 and	 body	morphology,	

determined	 using	 computed	 tomography	 scans.	 A	 Kirchhoff-ray	 mode	 approximation	 was	

coupled	with	empirical	(ex	situ)	measurements	of	target	strength	(TS)	obtained	from	a	38	and	

120	kHz	 split-beam	echosounder	on	board	a	 fishing	vessel.	Bayesian	methods	were	used	 for	

model	parameter	calibration,	which	provided	uncertainty	estimates	for	some	of	the	TS-model	

parameters.	The	derived	TS-length	relationships	were	19.7	 log10(L)	–	75.5	 (C.I.	5.9	dB)	at	120	

kHz	 and	 14.6	 log10(L)	 -	 64.9	 (C.I.	 5.8	 dB)	 at	 38	 kHz.	 The	 study	 demonstrated	 that	 small	

commercial	 fishing	 vessels	 can	 be	 used	 to	 conduct	 ex	 situ	 experiments	 and	 target	 strength	

modelling	 can	 be	 effectively	 based	 on	 computer	 tomography	 scans.	 This	 relatively	 low	 cost	

approach	could	be	applied	to	other	species.		

	

Keywords:	Target	Strength;	Bayesian	inference;	KRM;	vessel	of	opportunity;	Fisheries	acoustics;	

Lutjanus	sebae	
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2.2		Introduction	

Operating	 in	 a	 large	 and	 dynamic	 environment,	 offshore	 fisheries,	 such	 as	 the	

Northern	Demersal	Scalefish	Fishery	(NDSF)	in	Western	Australia,	generally	require	expensive	

scientific	surveys	to	support	stock	management.	Recording	calibrated	multifrequency	acoustic	

data	on	board	vessels	of	opportunity	could	be	an	effective	alternative	to	provide	data	on	fish	

stock	 size	 (ICES	 2007;	 Barbeaux	 et	 al.	 2013).	 Red	 emperor	 (Lutjanus	 sebae)	 is	 a	 long-lived	

tropical	 demersal	 snapper	 of	 the	 Lutjanidae	 family.	 It	 is	 generally	 observed	 in	 reef	

environments,	 epibenthic	 communities,	 limestone	 sand	 flats	 and	 gravel	 patches	 from	 very	

shallow	(1	m)	to	deeper	waters	(>	180	m)	(Newman	and	Dunk,	2002).	 It	 is	widely	distributed	

throughout	the	Western	Pacific	and	the	Indian	Ocean	and	made	up	almost	half	(40.15	–	46.96	

%)	of	the	total	catches	of	the	NDSF	between	2005	-	2014	(Newman	et	al.,	2014).	Further,	it	is	a	

popular	game	fishing	species	(Newman	and	Dunk,	2002).	To	better	understand	its	population	

dynamics,	close	collaboration	with	commercial	stakeholders	is	a	beneficial	option.		

Echo-integration	 can	 be	 used	 to	 estimate	 fish	 densities	 within	 an	 area	 and	 thus	

contribute	to	the	development	of	an	 improved	sustainable	management	plan	(ICES,	2007).	 If	

acoustic	 echo-integration	 techniques	 (MacLennan	 1990)	 are	 to	 be	 used	 to	 estimate	 the	

abundance	 of	 red	 emperor,	 an	 understanding	 of	 their	 acoustic	 properties	 is	 required.	 To	

convert	acoustic	backscatter	 into	 fish	abundance	or	biomass,	a	 target	 strength	 (TS,	 in	dB)	 to	

length	(L,	in	cm)	or	weight	(W,	in	grams)	relationship	is	needed.	TS	is	a	logarithmic	description	

of	the	proportion	of	incident	acoustic	energy	backscattered	from	an	individual	target,	such	as	a	

fish	 (Simmonds	 and	MacLennan,	 2005).	 TS	 values	 are	 available	 for	 numerous	 commercially	

important	 and	 routinely	 surveyed	 pelagic	 species	 (Gauthier	 and	 Rose,	 2001b;	 Ona,	 2003;	

Kloser	 et	 al.,	 2013).	 The	 values	 are	 determined	 by	 various	 methods	 including:	 empirical	

measurements	 of	 tethered	 (dead	 or	 alive)	 (Nakken	 and	 Olsen,	 1977)	 or	 caged	 fish	 (alive)	

(Edwards	and	Armstrong	1981),	fish	measured	in	situ	(Soule	et	al.	1995),	and	estimates	derived	

from	mathematical	models	 (Clay	 and	 Horne	 1994;	 Ye	 1997).	 In	 situ	measurements	 on	 free-

swimming	 individuals	 are	 deemed	 to	 provide	 the	 most	 representative	 estimates	 of	 TS.	

However,	these	are	not	always	practicable	and	have	limitations	in	species	identification,	target	

separation	(Soule	et	al.	1995)	and	uncertainty	in	the	acoustic	(MacLennan	and	Menz	1996)	and	

biological	(MacLennan	1990)	representation.	Advances	in	computational	power	have	enabled	

the	 development	 of	 complex	 theoretical	 scattering	models	 that	 have	 been	 used	 to	 validate	

empirical	TS	measurements,	 based	 on	morphological	 information	 of	 a	 given	 species	 in	 their	
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environment	(Horne	et	al.,	2000;	Foote	and	Francis,	2002a;	Fässler	et	al.,	2009,	2013).	Still,	the	

stochastic	nature	of	TS	has	to	be	acknowledged	and	the	resulting	variance	and	its	influence	on	

biomass	estimates	have	to	be	taken	into	account.	

This	 paper	 describes	 the	TS	 of	 red	 emperor	 estimated	 using	 the	 Kirchhoff-ray	mode	

approximation	(KRM)	(Clay	and	Horne,	1994)	with	a	Bayesian	estimation	approach	(Fässler	et	

al.,	 2009).	 Computed	 tomography	 (CT)	 scans	 were	 conducted	 to	measure	 swimbladder	 and	

fish	body	morphology	 for	use	 in	 the	KRM	model.	The	empirical	ex	situ	TS	data	were	used	to	

validate	and	fit	the	model.	The	model	includes	a	Bayesian	estimation	component	to	deal	with	

variability	in	orientation	-	one	of	the	main	factors	influencing	the	backscatter	of	a	fish	(Hazen	

and	Horne,	 2003).	 Few	 studies	 have	 utilised	 a	 Bayesian	 approach	 to	model	TS	 before,	 even	

though	 its	 benefits,	 including	 improved	 variance	 estimates	 by	 being	 informed	 by	 data	 and	

expert	judgement,	are	widely	recognised	(Hammond,	1997;	Fässler	et	al.,	2009).		

2.3		Material	and	Methods	

2.3.1		Fish	samples	

Specimens	of	red	emperor	were	collected	on	the	7
th
	and	8

th
	of	March	2015,	between	

14.46°	and	17.57°	S,	 and	121.47°	and	121.52°	E,	 at	depths	around	70	m,	during	a	dedicated	

research	 trip	on	 the	chartered	 trap	 fishing	vessel	 ‘Carolina	M’	 (≈15	m	 in	 length).	All	 samples	

were	caught	using	standard	commercial	steel	trap	cages,	with	a	mesh	size	of	5	cm.	Traps	were	

pulled	on	board	as	slowly	as	possible	to	avoid	potential	damage	to	the	swimbladder	that	can	

occur	from	rapid	pressure	changes	in	water.	Red	emperor	is	known	to	be	very	robust	against	

barotrauma	and	swimbladder	ruptures,	and	can	acclimatise	to	depth	very	quickly	(Brown	et	al.	

2010).	Once	on	deck	 the	 fish	were	acclimated	 in	a	well	oxygenated	 tank	 for	24	hours	which	

allowed	 the	 swimbladder	 to	 adjust	 to	water	 pressure	 at	 the	 surface.	 Some	 specimens	were	

used	for	cage	experiments	and	others	for	fish	scans.	

2.3.2		Ex	situ	cage	experiments	

All	ex	 situ	measurements	were	made	with	a	hull-mounted	38	kHz	and	120	kHz	 split-

beam	 SIMRAD	 ES70	 echosounder.	 The	 echosounders	 were	 calibrated	 using	 a	 38.1	 mm	

tungsten	 carbide	 (WC)	 sphere	 prior	 to	 the	 investigation	 period,	 following	 standard	 sphere	

procedures	(Demer,	D.A.	et	al.,	2015).	A	pulse	duration	of	1.024	ms	with	a	power	of	2000	W	

was	used	for	the	38	kHz	transducer,	whilst	a	pulse	duration	of	0.064	ms	and	a	power	of	1000	

W	was	used	for	 the	120	kHz	transducer.	The	pulse	durations	and	power	 inputs	were	kept	at	
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the	settings	normally	used	by	the	fishermen,	to	allow	for	best	compatibility	with	acoustic	data	

collected	during	routine	operations.	Given	the	power	settings	were	above	the	recommended	

settings	 (Korneliussen	 et	 al.	 2008),	 tank	 calibration	 experiments	were	 conducted	 to	 test	 for	

potential	bias	in	the	recorded	data,	but	no	abnormalities	could	be	detected.	The	ping	rate	was	

set	to	the	maximum.	TS	of	individual	red	emperors	were	measured	in	a	custom	built	1.5	x	1.5	x	

1.5	m	monofilament	cage	suspended	>	7	m	below	the	transducer,	which	 is	outside	the	near-

field	zone	(near-field	at	38	kHz	and	120	kHz,	with	7°	nominal	beam	widths,	were	2.75	m	and	

0.89	m,	respectively).	The	cage	could	be	manually	manoeuvred	to	maintain	its	position	within	

the	 acoustic	 beam	by	 four	point	 attachments	using	hand-lines	on	 the	deck	 (Figure	 2.1).	 The	

cage	was	held	 together	at	 the	 top	and	bottom	by	hollow	water-filled	PVC	 tubes.	To	prevent	

the	fish	from	resting	in	the	cage	corners,	the	mesh	was	knitted	together	so	that	a	dent	was	left	

in	 the	 centre	 of	 the	 cage.	 This	made	 the	 edges	 harder	 to	 access.	Multiple	 500	 gram	 diving	

weights	 were	 attached	 to	 the	 cage	 bottom.	 This	 aided	 in	 sinking	 and	 provided	 improved	

stability	once	at	depth.	This	was	of	particular	importance,	given	the	strong	tidal	currents	that	

can	be	found	in	the	research	area.	A	38.1	mm	WC	sphere	was	attached	2	m	below	the	cage	to	

provide	 reference	 values	 and	 to	measure	 the	 performance	 of	 the	 system.	 After	 the	 ex	 situ	

measurements,	the	fish	were	placed	in	an	ice	slurry	and	then	frozen	for	radiographic	imagery.	

Total	length	(TL,	to	the	nearest	0.5	cm)	and	total	weight	(TW,	in	grams)	of	each	specimen	were	

measured.	Five	experiments	containing	one	fish	each	were	conducted.	

	

Figure	2.1	Monofilament	experimental	cage	setup	used	for	measuring	target	strength	ex	situ	with	
indication	of	the	attached	weights,	calibration	sphere	and	cameras.	
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All	acoustic	data	were	corrected	for	triangular	wave	error	(Ryan	and	Kloser,	2004)	and	

calibration	 settings	 were	 applied	 prior	 to	 the	 post-processing	 procedure	 in	 Echoview	 6.1	

(Echoview	Software	Pty	Ltd	2015).	Firstly,	a	single	target	detection	algorithm	(e.g.	Soule	et	al.	

1997)	was	used	to	 isolate	single	 fish	targets	within	the	cage	boundaries.	Next,	an	alpha-beta	

target	tracking	algorithm	(Blackman	1986)	was	used	to	assign	individual	targets	to	tracks	based	

on	 user-defined	 criteria	 (TS	 Threshold	 =	 -50	 dB;	 Maximum	 beam	 compensation	 =	 6	 dB;	

Maximum	standard	deviation	of	Minor-	or	Major-axis	=	0.6°).	The	algorithm	predicted	target	

locations	based	on	position	(the	alpha	parameter)	and	velocity	(the	beta	parameter)	of	targets	

at	previous	ping(s),	following	a	set	of	acceptance	rules.	Target	tracking	allowed	investigation	of	

the	TS	variation	associated	with	individual	fish.		

The	bootstrapped	mean	TS,	standard	deviation	(SD)	and	confidence	intervals	at	95%	of	

all	tracks	was	used	to	solve	the	TS-L	equation	of	the	form	Y8 = Z log^1 5 + _41	,	where	b20	is	
a	species-specific	intercept	value,	m	describes	the	slope	and	L	is	the	total	length	of	the	fish	(in	

cm)	(Simmonds	and	MacLennan	2005).	To	understand	the	tilt	angle	distribution	of	the	ex	situ	

recordings,	 the	 tilt	 angle	 (`)	 of	 the	 fish	 tracks	was	approximated	using	 the	 change	 in	height	

(a(ℎ))	and	distance,	observed	in	3D	space	(zcd),	with	` = ef)VgS h i
jkl 	(Ona	2001).		

2.3.3		Fish	scans	

A	 CT	 scanner	 (Siemens	 SOMATOM	Dual	 Energy	 64	 slices)	 was	 used	 to	measure	 the	

dimensions	and	shapes	of	the	fish	body	and	swimbladder,	which	are	used	as	inputs	to	the	KRM	

backscatter	 model.	 Prior	 to	 scanning,	 specimens	 were	 placed	 on	 a	 styrofoam	 pedestal	

(invisible	 to	 the	scanner),	 resting	on	 the	dorsoventral	axis.	Data	were	stored	 in	 the	standard	

DICOM	format	with	an	in-plane	resolution	of	0.3	-	0.52	mm	and	slice	spacing	of	0.6	mm.	Fish	

and	 swimbladder	 shapes	 were	 extracted	 using	 a	 purpose	 built	 software	 tool,	 developed	 in	

Python	 2.7	 (Python	 Software	 Foundation,	 https://www.python.org/).	 The	 software	 allowed	

DICOM	files	or	folders	to	be	read	in	and	displayed	in	the	available	coronal	and	sagittal	planes,	

with	an	additional	axial	view.	Various	filters	(i.e.	mean,	median,	erosion,	inversion	and	binary	

transformation)	 were	 applied	 to	 improve	 the	 contour	 extraction	 algorithm.	 The	 software	

outputs	 .csv	files	containing	the	vertical	extreme	points	of	the	fish	and	swimbladder	on	each	

slice	 (xupper	 and	 xlower)	 and	 the	 corresponding	width.	 The	 resulting	 extremes	of	 fish	 body	 and	

swimbladder	dimensions	on	each	slice	were	used	to	approximate	these	3D	shapes	respectively	

as	 a	 series	 of	 fluid-	 and	 gas-filled	 cylinders.	 These	 shape	 approximations	were	 then	 used	 as	

input	for	the	KRM,	modelling	TS	for	each	of	the	fish	individually.	The	software	also	produces	a	



Chapter	2	-	Target	strength	estimates	of	red	emperor	with	Bayesian	parameter	calibration	

	

37	

3D-mesh	 STL	 file.	 This	mesh	was	 used	 to	 construct	 a	 3D	 representation	 of	 the	 swimbladder	

and	 to	 determine	 the	 respective	 volume	 and	 length	 coordinates	 of	 the	 entire	 swimbladder	

surface.	

2.3.4		Kirchhoff-ray-mode	model		

The	 KRM	model	 (Clay	 and	 Horne,	 1994)	 calculates	 the	 combined	 backscatter	 of	 an	

object	as	the	summed	contributions	of	consecutive	short,	gas-	or	fluid-filled	cylinders	(Clay	and	

Horne	1994).	The	fish	body	and	the	gas-bearing	swimbladder	were	modelled	as	respective	sets	

of	fluid-	and	gas-filled	cylinders.	The	backscatter	was	expressed	as	Reduced	Scattering	Length	

(RSL).	RSL	refers	to	the	estimated	scattering	length,	normalised	by	the	fish	caudal	length	(L).	In	

other	words,	the	RSL	is	the	cumulative	sum	of	backscattering	cross-sections	(σbs)	of	each	finite	

cylinder.	RSL	relates	to	TS	by:	

	 	 	 	 Y8 = 10 log^1(3854	×	54).	 	 	 	

	 (1)	

Sound	 speed	 and	 density	 contrasts	 of	 sea	 water,	 swimbladder	 and	 fish	 body	 were	

assumed	to	be	fixed	(Table	2.1).	Using	the	information	from	the	fish	scans	and	changing	the	tilt	

angle	parameter	in	the	KRM	model,	RSL	and	subsequently	TS	were	computed	over	a	range	of	

tilt	angles	 (θ;	50	 to	130	°)	 to	 represent	 the	potential	orientation	range	exhibited	by	 the	 fish.	

Total	fish	backscatter	was	calculated	as	the	combined	summation	of	backscatter	contributions	

of	both	swimbladder	and	fish	body	cylindrical	elements	(Clay	and	Horne	1994).	

	

Table	2.1	Constant	parameter	values	used	for	Kirchhoff-Ray	model	of	red	emperor	target	

strength.	

Description	 Symbol	 Value	 Unit	 Source	

Density	of	sea	water	 ρw	 1026	 kg/m
3	

Gauthier	and	Horne	(2004)	

Density	of	fish	body	 ρfb	 1071	 kg/m
3
	 Fassler	et	al.	(2009b)	

Density	of	swimbladder	gas	 ρsb	 2.64	 kg/m
3
	 Clay	et	al.	(1991)	

Sound	speed	of	sea	water	 cw	 1541.2	 ms
-1	

CTD	measurements	

Sound	speed	in	fish	body	 cfb	 1570	 ms
-1
	 Gauthier	and	Horne	(2004)	

Sound	speed	in	swimbladder	 csb	 340	 ms
-1
	 Yasuma	et	al.	(2010)	

Echosounder	frequency	 F	 38,	120	 kHz	 -	
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Tilt	angle	 Θ	 [50,130]	 °	 -	

	

	

	

Figure	2.2	Flow	chart	illustrating	the	Bayesian	parameter	estimation	process;	the	posterior	PDF	with	the	
parameters	(A)	given	the	data	(based	on	ex	situ	experiments)	is	computed	based	on	uniform	prior	

information	(standard	deviation	of	tilt	angle	(-n)	and	the	standard	deviation	of	mean	backscattering	
cross-sections	(-σbs))	and	the	likelihood	of	the	data,	given	the	parameters	A,	estimated	based	on	length	
dependent	TS	 oN)	from	the	data	and	modelled	tilt	angle	and	length	dependent	TS	estimates	(pN)	from	

the	KRM	model	where	-q	Vs	the	standard	deviation	of	the	error	
	

2.3.5		Bayesian	estimation	of	model	parameters	

A	flowchart	of	the	Bayesian	parameter	estimation	process	can	be	found	in	Figure	2.2.	

Model	parameter	estimation	can	be	achieved	with	different	methods.	An	advantage	of	using	

Bayesian	inference	is	that	it	provides	an	unambiguous	way	to	combine	observations	with	prior	

knowledge	 about	 model	 parameters	 (Hartig	 et	 al.,	 2012).	 The	 resulting	 joint	 conditional	

posterior	 probability	 distribution	 r(s|BQRQ)	 for	 model	 parameters	 A,	 given	 the	 data,	 is	

calculated	using	Bayes’	theorem		

r s BQRQ) = 6 BQRQ s 	×	6(:)
6(uvwv) 	,	 	 	 	 	 (2)	

where	p(data|A)	denotes	the	likelihood	function	and	describes	the	probability	of	obtaining	the	

data	with	the	given	model	parameters	A.	Here,	the	“data”	were	the	ex	situ	TS	measurements	



Chapter	2	-	Target	strength	estimates	of	red	emperor	with	Bayesian	parameter	calibration	

	

39	

obtained	from	the	caged	fish,	and	“model”	was	the	KRM	TS	model.	Uniform	distributions	were	

used	as	priors	for	the	two	non-fixed	parameters,	as	little	information	on	these	parameters	was	

available	beforehand.	The	term	p(data)	is	a	normalising	constant.		

Assuming	normality,	the	likelihood	function	is		

5 BQRQ s = ^
xy 4z S@r − ({|}~|)�

4xy�
ÄNÅ^ ,	 	 	 	 (3)	

with	 Yj	 the	 j
th	
observed	 TS	 value	 and	Uj	 the	 TS	 value	 predicted	 with	 the	 KRM	model	 using	

parameters	values	A	together	with	fixed	values	for	sound	speed	and	density	contrasts	of	sea	

water,	swimbladder	and	fish	bodies	(Table	2.1).		

Two	model	 parameters	 (A)	 were	 estimated:	 the	 standard	 deviation	 of	 the	 tilt	 angle	

distribution	(SDθ)	for	which	a	uniform	prior	distribution	(SDθ	~	Uniform	(0.01,1))	was	used,	and	

the	 standard	 deviation	 of	 mean	 backscattering	 cross-sections	 (SDσbs),	 again	 a	 uniform	 prior	

distribution	 (SDσbs	~	Uniform	(0.001,1))	was	used	 (Hazen	and	Horne,	2003).	Both	priors	were	

defined	independently,	as	well	as	independent	from	fish	length	(L),	standard	deviation	of	fish	

length	(SDL),	and	all	density	and	sound	speed	contrasts.		

Bayesian	 computation	 was	 carried	 out	 through	 Metropolis-Hastings	 Markov	 chain	

Monte	 Carlo	 sampling	 (MCMC)	 (Metropolis	 et	 al.,	 1953)	 using	 R	 3.2.5	 (R	 Core	 Team	 2016).	

Posterior	 distributions	 converged	 prior	 to	 200	 iterations;	 however,	 the	 first	 2,000	 samples	

were	conservatively	discarded	as	burn	in	phase.	The	subsequent	10,000	samples	from	the	joint	

posterior	distribution	were	then	retained.		

As	 the	 samples	 from	 the	 posterior	 distributions	 of	 the	 two	 parameters	 were	

independent	 for	 all	 fishes,	 separate	 parametric	 distributions	 were	 fitted	 to	 the	 marginal	

posterior	parameter	values.	The	marginal	posterior	distribution	of	SDθ	was	best	described	by	a	

normal	distribution	of	the	shape:	

Ç @ = ^
(4z)x S

(ÉÑÖ)�
�Ü� ,	 	 (5)	

where	 µ	 is	 the	 mean	 of	 the	 distribution	 and	 σ	 the	 standard	 deviation.	 The	 posterior	

distribution	of	SDσbs	was	described	by	a	gamma	distribution	of	the	shape:	

Ç @ = 	 ^
/áàâ(/áä)ã(ááäÑå)qÑ(

É ááà)
,	 	 (6)	

with	ssh	being	the	shape	and	ssc	the	scale	parameter.		
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2.4		Results	

2.4.1		Ex	situ	TS	measurements	

Three	out	 of	 a	 total	 of	 five	 cage	 experiments,	 each	 containing	 a	 different	 fish,	were	

used	for	further	analyses	based	on	data	quality	and	quantity.	The	three	fish	measured	45,	52	

and	 53	 cm	 (Table	 2.2).	 Even	 if	 the	 number	 of	 fish	 measured	 is	 low,	 they	 still	 represent	 a	

relatively	good	coverage	of	the	most	typically	observed	size	classes	in	the	area	(mean	length	=	

51.97	 cm;	 SD±	 8.51	 cm,	 based	 on	 751	 commercially	 caught	 red	 emperor).	 Unsuccessful	

experiment	 runs	 were	 mostly	 characterised	 by	 fish	 resting	 in	 corners	 or	 very	 close	 to	 the	

bottom	 of	 the	 cage	 for	 considerable	 amounts	 of	 time.	 The	 three	 analysed	 experiments	

delivered	recordings	of	33	tracks	comprising	268	positively	identified	fish	targets	at	38	kHz	and	

48	tracks	with	258	targets	at	120	kHz	(Table	2.2).	Mean	ex	situ	TS	values	were	based	on	10,000	

non-parametric	bootstrap	samples	from	the	recorded	data.	Mean	TS,	SD	and	parameter	b20	of	

the	 TS-L	 relationship	 were	 computed	 for	 each	 of	 the	 three	 fish	 (Table	 2.2).	 Calculating	 the	

mean	b20	parameter	for	the	combined	measurements	gave:		

TScè = 20 log^1 5 − 73.9		

TS^41 = 20 log^1(5) − 79.4	.	

Tilt	angles	of	individuals	measured	in	the	cage	at	38	kHz	ranged	from	80.2	–	97.9	°	with	

a	mean	of	89.4°	(SD	±	3.8°).	At	120	kHz,	tilt	angles	varied	between	78.4	–	98.6°	with	a	mean	of	

90.5°	(SD	±	4.43°).		

Table	2.2	Mean	TS	at	38	and	120	kHz	for	three	ex	situ	measured	red	emperors,	based	on	detected	fish	
tracks	with	an	indication	of	the	number	of	fish	tracks	and	targets	identified	for	each	specimen.		

	 38	kHz	 	 	 	 120	kHz	 	
Fish	size	
[cm]	

No	
tracks	

No	
targets	

Mean	TS	
[dB]	 SD	 Tracks	 Targets	

Mean	TS	
[dB]	 SD	

45	 19	 176	 -42.5	 1.3	 12	 53	 -47.8	 0.8	

52	 8	 38	 -38.8	 1.4	 27	 105	 -44.9	 1.8	

53	 6	 54	 -37.4	 1.6	 9	 100	 -43.7	 1.9	

2.4.2		Morphology	of	the	swimbladder	

Nine	red	emperor	were	scanned	in	total,	but	only	three	fish	had	intact	swimbladders	

that	 were	 deemed	 in	 good	 condition	 (no	 rupture	 to	 the	 outline	 of	 the	 swimbladder	 or	

complete	 deflation	 of	 the	 swimbladder).	 The	 other	 six	 fish	 all	 showed	 signs	 of	 swimbladder	

rupture	 that	 were	



	

	
Figure	2.3	Example	of	a	red	emperor	swimbladder	reconstructed	from	computer	tomography	measurements	shown	from	different	perspectives	and	a	mesh	of	the	fish	

body	with	an	indication	of	the	swimbladder	location.



	

possibly	 caused	during	 capture,	handling	or	preparation.	 The	 scanned	 fish	had	TLs	of	 41,	 43	

and	54	cm,	with	TWs	of	1054,	1159	and	2373	g,	and	swimbladder	lengths	of	7.1,	6.6	and	7.3	

cm,	 respectively.	 The	 swimbladders	 were	 dorsoventrally	 compressed	 and	 rostrocaudally	

elongated.	 The	 front	 section	 appeared	 concave	 with	 two	 fairly	 symmetrical	 humps	 on	 the	

underside	of	the	swimbladder	(Figure	2.3).	The	overall	shape	of	the	front	was	approximately	

cube-like,	while	the	back	part	was	almost	triangular.	The	swimbladder	was	inclined	at	an	angle	

of	approximately	20	–	30°	head-up	relative	to	the	fish	axis	(Figure	2.3).		

2.4.3		TS	estimation	

Mean	SDσbs	at	38	kHz	was	estimated	to	be	6.1	dB	and	6.0	dB	at	120	kHz.	Mean	SDθ	at	

38	kHz	was	5.8°	and	5.9°	at	120	kHz.	Fitting	the	TS	–	L	equation	to	the	KRM	model	outcome	

resulted	in	(Figure	2.4):	

!"#$ = 14.6 log-.(0) − 64.9	(S.E.	=	1.47,	R2	=	0.60)		

	!"-4. = 19.7 log-. 0 − 75.5		(S.E.=	1.70,	R2=0.65).	

Estimated	TS	and	confidence	intervals	over	the	entire	range	of	tilt	angles	for	the	three	

scanned	fish	at	38	kHz	were	-41.4	±	5.5	dB,	-41.4	±	5.4	dB	and	39.6	±	5.2	dB	for	fish	sizes	41,	

43,	54	cm	respectively.	At	120	kHz	estimated	TS	and	confidence	intervals	were	-43.7	±	5.8	dB,	-

43.4	±	5.7	dB	and	41.4	±	5.4	dB.	Based	on	these	three	measurements	TS	was	2.1	dB	higher	at	

38	kHz	compared	to	120	kHz.	Comparing	predicted	TS	for	fish	of	size	30	–	60	cm	resulted	in	a	

mean	dB	difference	of	2.2	dB,	stronger	at	38	kHz	than	at	120	kHz.	Tilt	angle-specific	TS	were	

computed	 based	 on	 different	 values	 of	 θ	 (Figure	 2.5).	 All	 three	 fish	 displayed	 a	 slightly	

different	 pattern,	 but	 troughs	 and	 peaks	 were	 generally	 found	 at	 similar	 tilt	 angles,	 with	

troughs	located	around	60°,	80-90°	and	95-110°.	This	pattern	was	prominent	at	38	kHz,	while	a	

similar	pattern	with	more	complexity	was	observed	at	120	kHz.	Figure	2.5a	and	2.5b	illustrate	

this	pattern,	modelled	for	two	hypothetical	fish	of	length	40	and	50	cm	respectively.	
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Figure	2.4	Red	emperor	estimated	TS	at	length	relationship	with	95%	confidence	intervals	estimated	
using	KRM	model	parameter	values	estimated	by	a	Bayesian	approach	at	38	kHz	(a)	and	120	kHz	(b).	
Filled	circles	indicate	the	total	length	of	fishes	for	which	swimbladder	and	body	measurements	were	

available.	Ex	situ	TS	measurements	of	three	fishes	are	indicated	as	triangles.	

	

	
Figure	2.5	Estimated	TS	for	red	emperor	for	tilt	angle	θ	ranging	from	50	to	130°	modelled	for	

hypothetical	fish	of	size	40	and	50	cm	at	38	kHz	(a)	and	120	kHz	(b).	
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2.5		Discussion		

The	 experimental	 technique	 used	 to	 estimate	 TS	 can	 have	 an	 influence	 on	 the	

outcome.	Empirical	in	situ	TS	measurements	should	deliver	the	most	representative	measures	

of	TS	(Simmonds	and	MacLennan	2005)	as	observations	are	based	on	fish	behaving	“naturally”	

in	 their	 normal	 environment.	 In	 situ	 TS	 measurements	 were	 impracticable	 in	 the	 given	

situation,	as	red	emperor	is	generally	found	within	dense,	mixed	schools,	close	to	the	seabed.	

In	comparison,	ex	situ	measurements	can	be	made,	allowing	for	easier	 target	discrimination,	

and	a	more	controlled	environment.	Nonetheless,	differences	have	been	observed	between	TS	

of	 living,	 dead,	 and	 stunned	 fish	 (McClatchie	 et	 al.,	 1996).	 The	 setup	 of	 the	 ex	 situ	

measurements	probably	 limited	 the	movement	of	 the	 fish.	 For	 the	majority	of	 the	 time	 fish	

were	moving	in	a	rather	horizontal	manner	with	the	observed	range	of	tilt	angles	ranging	from	

approximately	80°	to	100°.	They	would	typically	move	slowly	upwards	from	the	trap	and	then	

swim	around	for	a	little	while,	before	resting	on	the	bottom	of	the	trap	again.	Even	though	all	

specimens	appeared	to	be	swimming	freely	when	put	 into	the	cage,	the	depth	at	which	they	

were	measured	could	have	influenced	their	behaviour,	just	as	the	fact	that	they	were	kept	in	a	

cage.	Only	three	fish	could	be	measured	successfully,	due	to	the	prevailing	difficult	conditions	

with	very	strong	currents,	limited	time	available	at	sea	and	the	low	number	of	good	condition	

fish	 samples	 available.	 Despite	 the	 limited	 number	 of	 fish,	 we	 propose	 that	 as	 the	 first	 TS	

measures	of	a	data	poor	 species	our	 results	are	a	 valuable	 starting	point	upon	which	 future	

studies	may	build.	

The	main	contributor	to	the	amplitude	of	the	species-specific	acoustic	backscatter	of	

fish	is	the	swimbladder,	when	present	(Foote	1980b;	Ona	1990;	Foote	and	Francis	2002).	For	a	

given	 species,	 however,	 TS	 is	 predominantly	 influenced	 by	 fish	 length	 (Love,	 1977;	 Foote,	

1979)	 and	 orientation	 (Nakken	 and	 Olsen,	 1977;	 Foote,	 1980b).	 Most	 empirical	 TS	

measurements	have	traditionally	been	derived	from	in	situ	or	ex	situ	measurements.	However,	

with	advancements	in	computational	power,	modelling	techniques	have	become	widely	used	

(Horne	et	al.	2000;	Fässler	et	al.	2013;	Scoulding	et	al.	2015).	Previous	studies	have	successfully	

used	CT	 scans	 to	derive	morphological	 representations	of	 swimbladders	 as	 an	alternative	 to	

time	consuming	and	more	expensive	methods	 such	as	microtoming	or	MRI	 scans	 (Reeder	et	

al.,	 2004;	Peña,	2008;	Fässler	et	al.,	 2013;	Scoulding	et	al.,	 2015).	CT	 scanning	provides	high	

resolution	data	to	reconstruct	detailed	3D	images	of	the	swimbladder	and	the	fish	body	for	use	
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in	backscatter	modelling	(Macaulay,	2002;	Reeder	et	al.,	2004).	It	also	provides	a	non-invasive	

method	to	describe	the	position	of	the	swimbladder	within	the	fish	body.	

One	of	 the	main	advantages	of	a	modelling	approach	 is	 the	ability	 to	 investigate	 the	

effects	 of	 various	 factors	 (e.g.	 orientation	 and	 size)	 on	 TS	 estimates.	 Inherently,	 these	 are	

difficult	 to	 control	 in	 empirically	 derived	 estimates	 of	 TS	 (Clay	 and	 Horne,	 1994;	 Foote	 and	

Francis,	2002c;	Fässler	et	al.,	2009).	The	model	approach	selected	here	may	not	be	universally	

suitable	to	all	species	or	frequencies.	Approximated	shapes	of	the	swimbladder	and	fish	body	

were	used	 in	 combination.	Whilst	 this	 is	 applicable	 for	 the	 acoustic	 frequencies	 and	 species	

investigated	here,	other	body	parts	or	fine-scale	details	of	the	swimbladder	or	the	fish	shape	

may	have	a	greater	influence	on	backscatter.	Model	choice	can	have	a	significant	effect	on	TS	

estimates	 (Macaulay	 et	 al.,	 2013).	 Backscatter	 modelling	 remains	 a	 trade-off	 between	

computational	power	and	model	complexity.	This	results	in	a	compromise	between	simplicity	

and	 the	 need	 to	 capture	 the	 true	 anatomical	 complexity	 and	 material	 properties	 that	

contribute	to	TS	variation	of	a	fish.		

Further,	models	 can	assist	 in	uncertainty	estimation	 (Kloser	 and	Horne	2003;	Demer	

2004;	 Fässler	 et	 al.	 2009).	 The	 Bayesian	 model	 parameter	 estimation	 applied	 here,	 which	

essentially	‘calibrated’	the	KRM	model	on	the	basis	of	ex	situ	TS	measurements,	facilitated	the	

estimation	of	uncertainty	in	unknown	parameters	or	parameters	that	are	notoriously	difficult	

to	estimate.	Combining	these	estimates	in	a	TS	model	allowed	for	uncertainty	associated	with	

the	 resultant	 TS	 distribution.	 Nonetheless,	 the	 approach	 may	 still	 introduce	 bias	 in	 some	

situations.	 A	 potential	 shortcoming	 of	 the	 applied	 Bayesian	 approach	 for	 model	 parameter	

estimation	is	the	need	to	select	(objective)	priors	for	the	parameters.	A	potentially	unrealistic	

prior	 may	 have	 a	 severe	 impact	 on	 model	 outcomes	 (McAllister	 and	 Kirkwood,	 1998).	

Informative	priors	therefore,	should	only	be	used	if	the	a	priori	knowledge	about	a	parameter	

to	be	estimated	is	deemed	reliable.	In	the	present	study,	vaguely	informative	priors,	i.e.	lower	

and	 upper	 plausible	 values,	 were	 chosen	 for	 the	 parameters	 to	 be	 estimated,	 as	 adequate	

knowledge	about	their	expected	values	was	absent.	

Other	 studies	 that	 have	 compared	 modelled	 estimates	 of	 TS	 with	 empirical	

measurements	(i.e.	in	situ	or	ex	situ)	found	good	agreement	(Peña	and	Foote,	2008).	Measured	

SDlog(σbs)	and	SDθ	were	very	similar	for	all	fish	used	in	the	cage	experiment	at	both	frequencies	

(Table	2.2).	Comparing	the	modelled	estimates	to	ex	situ	measurements,	we	found	reasonable	

agreement	at	38	kHz	and	ex	situ	values	spread	around	the	modelled	relationship	(Figure	2.4).	
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Modelled	TS38	values	were	on	average	-0.2	dB	(SD	±	0.3	dB)	lower	than	those	estimated	by	the	

ex	situ	experiments.	For	120	kHz	the	shape	of	the	fitted	TS	model	relationship	was	very	similar	

for	both	modelled	and	ex	situ	values,	but	were	in	general	estimated	to	be	stronger	(mean	3.4	

dB,	SD	±	0.02	dB).	A	possible	explanation	for	the	differences	between	modelled	and	measured	

values	 could	 be	 the	 spread	 of	 tilt	 angles.	 As	 mentioned	 previously,	 the	 entire	 range	 of	 tilt	

angles	 could	 not	 be	measured	 during	 the	 ex	 situ	 measurements.	 TS	 measured	 ex	 situ,	only	

detected	 tilt	 angles	 close	 to	 90°,	 which	 coincides	 with	 a	 trough	 in	 the	 estimated	 tilt	 angle	

dependent	TS	(Figure	2.5).	The	higher	resolution	of	the	120	kHz	data,	due	to	the	much	lower	

pulse	duration,	could	possibly	pick	up	minor	details	 in	the	physiological	characteristics	of	the	

swimbladder.	This	effect	could	have	had	a	stronger	impact	at	some	tilt	angles.	Generally,	the	

larger	 the	 ratio	 of	 the	 target	 length	 to	 acoustic	 wavelength,	 the	 greater	 the	 influence	 of	

directivity	(McCartney	and	Stubbs,	1971).	The	potential	effect	is	illustrated	by	the	estimated	TS	

for	 different	 tilt	 angles	 (Figure	 2.5).	 Fluctuations	 were	 more	 pronounced	 at	 the	 higher	

frequency.	 While	 the	 38	 kHz	 estimates	 showed	 a	 maximum	 of	 five	 peaks	 and	 troughs,	 a	

multitude	were	 observed	 at	 120	 kHz,	 hence	 the	 effect	 of	 the	 recorded	 tilt	 angle	was	much	

stronger	at	120	kHz.		

Previous	 studies	have	analysed	 the	TS	 for	other	Lutjanid	 species	 (Au	and	Benoit-Bird	

2003;	Benoit-Bird	and	Au	2003).	These	studies	used	different	frequencies	but	found	in	general	

higher	TS	values	compared	to	the	current	study.	However,	Au	and	Benoit-Bird	(2003)	observed	

troughs	in	amplitude	at	around	120	kHz	and	at	the	lower	frequencies,	which	might	explain	part	

of	 the	dB	difference.	Another	possible	explanation	could	be	 the	different	angle	at	which	 the	

swimbladder	is	positioned	in	the	species,	which	varied	largely.		

The	use	 of	multifrequency	 characteristics	 to	 identify	 species	 or	 target	 groups	 during	

the	 scrutinising	 process	 is	 commonplace	 in	 fish	 surveys.	 In	 the	 present	 study,	 TS	 for	 red	

emperor	was	estimated	at	38	and	120	kHz	and	a	relatively	stable	dB	difference,	approximately	

2	 dB	 stronger	 at	 38	 kHz,	 was	 detected.	 This	 relationship	may	 become	 useful	 to	 distinguish	

different	 species	 occurring	 in	 the	 same	 area	 once	 there	 are	more	measurements	 available.	

Multi-frequency	 discrimination	 of	 species	 will	 be	 enhanced	 if	 backscatter	 was	 measured	

simultaneously	at	more	than	two	frequencies.	At	the	time	of	the	ex	situ	experiments	38	and	

120	 kHz	 were	 the	 only	 two	 frequencies	 available	 in	 the	 field	 with	 split-beam	 capabilities.	

Nonetheless,	 the	 presented	 data	 remains	 highly	 valuable	 in	 a	 data	 poor	 area	 such	 as	 the	

Northern	Demersal	Scalefish	Fishery.	
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The	38	kHz	data	provided	more	stable	TS	measures	that	varied	less	with	tilt	angle,	and	

showed	 a	 better	 agreement	 between	 modelled	 and	 measured	 TS.	 Therefore,	 it	 would	 be	

recommended	to	base	any	acoustic	biomass	or	abundance	estimates	for	red	emperors	on	38	

kHz	data	rather	than	using	a	higher	frequency.		

The	study	showed	that	a	Bayesian	calibration	of	TS	model	parameters	can	be	used	to	

describe	 the	 joint	 parameter	 distribution	 that	 contributes	 to	 the	 total	 precision	 of	 the	 TS	

estimate.	 The	 present	 study	 demonstrated	 how	 relatively	 low	 cost,	 small-scale	 commercial	

fishing	 vessels	 can	 be	 used	 to	 carry	 out	ex	 situ	TS	 experiments.	 Such	 an	 approach	 could	 be	

applied	to	a	multitude	of	species	and	could	 improve	the	general	understanding	of	scattering	

properties	of	species	that	do	not	have	the	benefits	of	regular	acoustic	survey	coverage.		
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3.1		Abstract	

Goldband	 snapper	 (Pristipomoides	 multidens)	 is	 an	 ecologically	 and	 economically	

important	species	 in	 the	Northern	Demersal	Scalefish	Fishery	 (NDSF).	The	Carolina	M,	a	 trap	

fishing	vessel	operating	in	the	NDSF,	was	equipped	with	Simrad	ES70	echosounders,	operated	

at	38	and	120	kHz.	In	2014	acoustic	data,	in	combination	with	optical	recordings	of	the	catch,	

were	 opportunistically	 collected	 during	 routine	 fishing	 operations.	 In	 December	 2014	 pure,	

low	density	goldband	snapper	schools	were	observed	on	the	echograms.	In	situ	target	strength	

(TS)	 estimates	were	derived	and	 linked	 to	 length	distributions	of	 catch	 information	with	 the	

curve	fitting	method.	Estimated	TS-Length	(L)	at	38	kHz	was	20.1	log10(L)-70.5	and	16.4	log10(L)-

77	at	120	kHz.	Three	fishing	grounds,	where	near	simultaneously	recorded	acoustic	and	optical	

information	 was	 available	 were	 selected.	 Fish	 school	 densities	 observed	 within	 the	 38	 kHz	

acoustic	 data	 were	 disaggregated	 according	 to	 catch	 proportions	 using	 kriging.	 Goldband	

snapper	 density	 estimates	 ranged	 between	 9,518	 individuals	 per	 nmi2	 in	 the	 high-density	

fishing	 region	and	2,512	and	945	 individuals	per	nmi2	 in	 the	 two	 low	density	 fishing	 regions.	

Sampling	variance	was	estimated	using	geostatistics	 (coefficient	of	variance,	CV	=	10-20.9%).	

Other	errors	 considered	were	 signal-to-noise	 ratio	 (CV	<	1%),	 variation	 in	 the	acoustic	 signal	

due	 to	 fluctuations	 in	 temperature	and	salinity	 (CV	=	0.5	–	1.15%),	effects	of	diurnal	vertical	

migration	and	variability	of	catch	information	(CV	=	1.2	–	2%).	A	total	CV	of	28.2	–	50.6	%	was	

estimated	for	all	considered	sources,	for	the	three	fishing	regions.	

	

Keywords:	 fisheries	 acoustics,	 geostatistics,	 target	 strength,	 NDSF,	 fishing	 vessel,	 goldband	

snapper,	error	estimates	
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3.2		Introduction	

Goldband	 snapper	 (Pristipomoides	multidens),	 a	member	 of	 the	 Lutjanidae	 family,	 is	

widely	 distributed	 within	 the	 tropical	 waters	 of	 the	 Indo-Pacific	 (Allen,	 1985;	 Newman	 and	

Dunk,	 2003).	 It	 is	 described	 as	 long-lived	 (up	 to	 30	 years)	 and	 exhibits	 low	 levels	 of	 natural	

mortality	 (M),	with	M	ranging	between	0.10	and	0.14	 (Newman	and	Dunk,	2003).	 It	 reaches	

sexual	maturity	at	a	relatively	late	stage,	growing	rapidly	until	age	9	and	reaching	a	maximum	

length	of	~80	cm	at	~18	years	of	age	(Newman	and	Dunk,	2003).	Given	these	life	history	traits	

goldband	 snapper	 are	 considered	 vulnerable	 to	 overfishing	 Newman	 and	 Dunk,	 2003).	 In	

Western	Australia	 (WA),	 goldband	 snapper	occur	as	 far	 South	as	Cape	Pasley	 (34°S)	 and	are	

commercially	targeted	north	of	the	Ningaloo	Reef,	around	Exmouth	(23°30’S)	 (Kailola,	1993).	

Goldband	 snapper,	 together	 with	 red	 emperor	 (Lutjanus	 sebae),	 are	 considered	 indicator	

species	(i.e.	species	that	are	considered	ecologically	important	and	reflective	of	the	ecosystem	

characteristics	 and	 condition)	 in	 the	 Northern	 Demersal	 Scalefish	 Fishery	 (NDSF),	 located	 in	

waters	off	 the	coast	of	Broome	 in	Northwest	Australia	around	to	 the	WA-Northern	Territory	

border	(Marriott	et	al.,	2014).	The	NDSF	is	a	trap-based	mixed	fishery,	covering	a	large	area	of	

approximately	408,400	km2,	of	which	the	main	fishing	effort	is	concentrated	over	226,500	km2	

(Newman	et	al.,	2008).		

The	 NDSF	 is	 a	 relatively	 low	 value	 fishery	 (approximately	 7	 million	 AUD	 in	 2013	

(Newman	et	al.,	2015b))	covering	a	vast,	remote	area.	Funds	for	monitoring	this	resource	are	

limited,	 in	 relation	 to	 its	 size,	 which	 restricts	 the	 ability	 to	 conduct	 effective	 fisheries	

ecosystem	monitoring	with	traditional	 techniques	(e.g.	daily	egg	production	method	or	trawl	

surveys).	Fisheries	acoustics	is	identified	as	one	of	the	most	promising	tools	for	establishing	an	

ecosystem-based	 approach	 to	 fisheries	 management	 (EBFM)	 (Koslow,	 2009;	 Trenkel	 et	 al.,	

2011).	Active-acoustic	methods	are	considered	standard	practice	for	studying	a	diverse	range	

of	 marine	 animals,	 e.g.	 fish,	 birds	 and	 zooplankton(Kloser	 et	 al.,	 2002;	 Simmonds	 and	

MacLennan,	 2005;	 Kloser	 et	 al.,	 2009;	 ICES,	 2015;	 Campanella	 and	 Taylor,	 2016).	 Many	

commercial	 fishing	 vessels	 are	 now	 fitted	 with	 scientific	 echosounders	 (i.e.	 echosounders	

which	 can	 be	 calibrated	 and	 can	 store	 data).	 This	 enables	 fishers	 to	 collect	 acoustic	 data	

continuously	whilst	at	sea.	Such	vessels	are	often	termed	‘vessels	of	opportunity’	 (Dalen	and	

Karp,	2007;	Ryan	et	al.,	2015;	Fässler	et	al.,	2016).	Combining	acoustic	(e.g.	density	estimates)	

and	catch	data	(e.g.	species,	length	and	weight	distributions)	collected	on	board	fishing	vessels	

could	 improve	our	understanding	of	 the	marine	 resources	 in	 the	NDSF.	This	 information	can	
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help	to	optimise	survey	strategies	and	deliver	abundance	indices	for	use	in	assessment	models	

(Barbeaux,	2012;	Gastauer	et	al.,	2016a)(Barbeaux	2012,	Fässler	et	al.	2016).		

To	 convert	 acoustic	 density	 estimates	 into	 fish	 abundance	 or	 biomass,	 a	 priori	 or	 a	

posteriori	 knowledge	 of	 the	 mean	 target	 strength	 (TS,	 in	 decibels	 [dB	 re	 1	 m2])	 must	 be	

available	 for	 the	 size	 range	 and	 species	 being	 studied.	 TS	 is	 a	 logarithmic	 measure	 of	 the	

amount	 of	 acoustic	 energy	 backscattered	 from	 an	 individual	 target,	 usually	 related	 to	 fish	

length	 as	 TS-L	 (Simmonds	 and	 MacLennan	 2005).	 When	 fish	 aggregate,	 echo-integration	

(Dragesund	and	Olsen,	1965)	can	be	used	to	estimate	their	density	(MacLennan	et	al.,	2002).	

To	translate	this	acoustic	density	into	estimates	of	biomass	or	abundance,	alternative	sampling	

data	 (e.g.	 video	 footage	 or	 hand	 lining;	 Fernandes	 et	 al.	 (2016)),	 to	 verify	 acoustic	

observations,	 is	 required.	 This	 is	 typically	 in	 the	 form	 of	 biological	 samples,	 obtained	 from	

trawls	in	traditional	acoustic	trawl	surveys	(AT).		

Reductions	in	total	allowable	catch	(TAC),	total	allowable	effort	(TAE)	and	limitations	in	

the	 available	 resources	 for	 monitoring	 creates	 a	 need	 for	 low	 cost	 sampling	 strategies	 in	

multiple	 fisheries,	 as	 an	 alternative	 to	 traditional	 techniques.	 Here,	 we	 combine	

opportunistically	 collected	 echosounder	 and	 catch	 data,	 obtained	 on	 board	 the	 commercial	

fishing	 vessel	 Carolina	M	 in	 the	 NDSF,	 in	 2014,	 during	 routine	 operations.	 The	 aim	 was	 to	

deliver	an	acoustic	assessment	of	goldband	snapper	in	three	fishing	regions	within	the	NDSF,	

with	 associated	 error	 estimates.	 Sampling	 error	 was	 assessed	 through	 the	 application	 of	

geostatistical	 methods	 (Rivoirard	 et	 al.,	 2000,	 p	 200;	 Gimona,	 2003;	 Woillez	 et	 al.,	 2009a;	

Scoulding	 et	 al.,	 2016).	 Other	 sources	 of	 error	 considered	 were	 fluctuations	 in	 acoustic	

backscattering	 properties	 due	 to	 changes	 in	 the	 environment	 (temperature	 and	 salinity),	

behaviour	(diel	vertical	migration,	DVM),	detection	probability	through	estimates	of	signal-to-

noise	 ratio	 (rsn)	 and	 the	 associated	 error.	 Total	 random	 error	 was	 estimated	 through	

bootstrapping.		

	

3.3		Methods	

3.3.1		Study	area	

The	NDSF	extends	over	a	 vast	 area	 (Figure	3.1),	 composed	of	 smaller,	 spread	out,	preferred	

fishing	 regions.	 Generally,	 fishers	 revisit	 those	 fishing	 grounds,	 considered	 to	 be	 the	 most	

productive	 areas,	 on	 a	 regular	 basis.	 This	 study	 focuses	 on	 data	 collected	 on	 board	 a	
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commercial	 fishing	vessel,	Carolina	M,	during	normal	 commercial	operation.	Fishing	grounds	

could	 easily	 be	 recognised	 through	 the	 availability	 of	 high	 density	 catch	 and	 acoustic	 data.	

During	 time	 of	 data	 collection,	 three	 such	 regions	 could	 be	 identified	 and	 were	 delineated	

through	 manually	 drawn	 polygons.	 This	 study,	 focussed	 on	 goldband	 snapper	 within	 these	

three	regions	of	interest	(Figure	3.1b,	c,	d).		

Region	1	was	located	in	the	southwest	(area	(A)	=	33	nmi2,	mean	depth	(89)	=	124	m	

(water	depth	range	(8:)	=	120	–	130	m))	(Figure	3.1b),	Region	2	was	located	in	the	southeast	

(A	=	129	nmi2,	89	=	78	m	(8: 	=	61	–	90	m))	(Figure	3.1c),	and	Region	3	was	located	in	the	more	

central	part	(A	=	211	nmi2,	89	=	91	m	(8: 	=	76	–	103	m))	(Figure	3.1d)	of	the	NDSF.	Data	within	

each	region	were	collected	at	different	times	in	2014	(Region	1:	3rd	-	7th	December,	Region	2:	

29th	October	–	8th	November	and	Region	3:	19th	–	30th	August).		

Salinity	(sw)	and	temperature	(tw)	 information	were	retrieved	from	the	CSIRO	Atlas	of	

Regional	Seas	 (CARS),	an	atlas	of	 seasonal	ocean	water	properties,	based	on	 research	vessel	

Figure	3.1	a)	Map	of	waters	of	the	Northwest	coast	of	Australia	that	include	the	Northern	Demersal	Scalefish	
Fishery	showing	example	cruise	tracks	(black	lines)	of	Carolina	M.	The	white	lines	show	the	locations	of	three	
fishing	regions	represented	in	b)	Region	1,	c)	Region	2	and	d)	Region	3.	The	black	circles	show	the	acoustic	
density	(Nautical	Area	Scattering	Coefficient,	sA	in	m

2	nmi-1)	and	the	grey	circles	show	catch	locations.	
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instrument	 profiles	 and	 autonomous	 profiling	 buoys	 (Ridgway	 et	 al.,	 2002).	 Data	 were	

retrieved	 for	 August,	 November	 and	 December	 at	 121.23°	 E	 and	 15°	 S.	Mean	 temperatures	

and	 salinities	 fluctuated	 within	 the	 different	 months	 of	 data	 collection	 (Table	 3.1).	 In	

November,	the	mean	tw	at	10	m	was	27.47	°C	and	in	August	the	tw	was	23.51	°C	at	100	m.	The	

mean	sw	were	34.53	ppt	at	10	m	in	November	and	34.62	ppt	at	100	m	in	August.	

Table	3.1.	Summary	of	Temperature,	salinity,	sound	speed,	expected	target	strength	of	the	calibration	
sphere	(TSCal)	with	variation	from	the	original	value	in	brackets	and	signal	to	noise	ratio	(rsn)	at	depths	of	

10	m	and	100	m	for	August;	November	and	December	

Parameter	 Unit	

Month	
August	 November	 December	

Depth	[m]	
10	 100	 10	 100	 10	 100	

Salinity		 ppt	 34.16	 34.42	 34.67	 34.71	 34.77	 34.72	

Temperature	 °C	 25.91	 24.86	 27.73	 22.59	 28.78	 23.07	

Water	sound	speed	 ms-1	 1535.83	 1535.12	 1540.56	 1529.76	 1542.97	 1531.00	

TScal	 dB	re	1	m2	 -42.33	
(-0.92%)	

-42.33	
(-0.92%)	

-42.30	
(-0.23%)	

-42.36	
(-1.6%)	

-42.28	
(+	0.23%)	

-42.35	
(-1.37%)	

rsn	(Sv	=	-60	dB	re	1	m
2m-3)	 Dimensionless	 52.03	 30.27	 52.03	 30.26	 52.05	 30.26	

rsn	(Sv	=	-70	dB	re	1	m
2m-3)	 Dimensionless	 182.03	 160.27	 182.04	 160.26	 182.05	 160.26	

	

3.3.2		Biological	sampling	

	 Catch	information	was	collected	using	steel	traps	of	approximate	dimensions	1.5	x	1.5	

x	0.9	m	with	a	5	cm	mesh	throughout.	Carolina	M	generally	deploys	10	of	these	traps	at	a	time,	

Figure	3.2		Screenshot	of	FishVid,	catch	recording	analysis	tool.	Top	white	line	is	an	example	calibration	
bar	to	count	the	number	of	pixels	across	10	of	the	5	cm	mesh	squares,	while	bottom	white	line	marks	the	
length	of	a	Red	Emperor,	for	measurement.	Left	hand	panel	records	length	and	species	details	for	each	

fish	measured.	
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up	to	8	times	a	day.	As	each	trap	was	brought	on	board,	a	GoPro	Hero	3	camera	was	fixed	to	

the	 top	of	 the	 trap.	 The	downwards	 facing	GoPro	 camera	was	 able	 to	 record	all	 fish	 caught	

within	the	trap,	before	the	catch	was	separated	as	landings	or	returned	to	sea.	The	GoPro	was	

directed	down,	pointing	at	fish	lying	on	the	bottom	of	the	trap.	This	enabled	direct	measures	

of	 fish	 numbers,	 length	 and	 species	 identification	 using	 a	 custom-built	 software	 package	

(‘FishVid	 v.0.1’,	 developed	 in	 Python	 2.7,	 Python	 Software	 Foundation,	

https://www.python.org/)	 (Figure	 3.2).	 Prior	 to	 measuring	 fish	 length,	 the	 built-in	 GoPro	

distortion	 was	 removed	 from	 the	 video	 footage	 using	 the	 GoPro	 Studio	 software	

(gopro.com/software-app/gopro-studio-edit-software).	 Each	 video	 recording	 was	 calibrated	

through	 comparison	 of	 the	 number	 of	 pixels	 with	 the	 known	 size	 of	 the	 trap	 mesh	 and	

distance	from	the	camera	(~0.9	m).	Where	multiple	fish	were	present	 in	the	trap,	calibration	

was	repeated	in	close	proximity	to	the	fish,	to	minimise	measurement	and	parallax	error.	This	

facilitated	a	conversion	of	pixel	size	into	length	[cm].	Thus,	providing	individual	fish	were	lying	

flat	 against	 the	 bottom	 of	 the	 cage,	 their	 length	 could	 be	 estimated.	 From	 these	

measurements,	 species	 group	 and	 region-specific	 length	distributions	were	produced.	 Based	

on	video	recordings,	fish	were	categorised	into	nine	groups	of	interest:	goldband	snapper,	red	

emperor,	saddletail	(Lutjanus	malabaricus),	lutjanids	(members	of	the	Lutjanidae	family,	other	

than	 saddletail,	 red	 emperor	 or	 goldband	 snapper),	 lethrinids	 (members	 of	 the	 Lethrinidae	

family),	 rankin	 cod	 (Epinephelus	 multinotatus),	 cods	 (members	 of	 the	 Epinephelidae	 family	

other	than	rankin	cod),	triggerfish	(members	of	the	Balistidae	family,	as	main	by-catch	species)	

and	a	miscellaneous	group	containing	all	other	species.		

Weight	was	estimated	by	fitting	a	length-weight	regression:	; = <=9 ∗ 0?@A,	where	W	

is	weight	in	grams,	L	 is	total	length	in	cm,	alw	(0.019	for	goldband	snapper)	and	blw	(2.912	for	

goldband	 snapper)	 are	 constants,	 extracted	 from	 FishBase	 (Allen,	 1985;	 Froese	 and	 Pauly,	

2016).		

Catch	 information	 provided	 alternative	 sampling	 data	 (Fernandes	 et	 al.	 2016)	 to	

complement	 information	 from	acoustic	 recordings.	 Biological	 samples	 collected	by	 traps	 are	

not	 completely	 representative	due	 to	gear	 selectivity	and	 the	unknown	catchment	area	of	a	

single	trap.	Additionally,	as	traps	are	soaked	in	the	water	for	many	hours,	schools	observed	on	

the	echograms	do	not	necessarily	 reflect	 the	species	composition	observed	within	 the	 traps.	

However,	while	 trap	 species	 and	 length	 composition	may	not	be	directly	 related	 to	 acoustic	

data	 from	the	 immediate	surrounds,	 they	have	been	shown	to	reflect	 the	assemblage	 in	 the	

general	area	(Newman	et	al.	2012).		
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Based	on	the	estimated	 individual	fish	weights	(determined	from	L),	 the	contribution	

of	 goldband	 snapper,	 as	 a	 proportion	 of	 the	 total	 weight	 of	 the	 trap	 catch,	 could	 be	

determined.	Kriged	maps	of	goldband	snapper	proportions	were	then	derived,	based	on	fitted	

variograms	(Matheron	1971):	

	

C ℎ = 0.5F([H I + ℎ − H I ]4),	 	 	 	 (1)	

	

with	Z(x)	 representing	 the	 value	of	 the	 variable	 at	 a	 given	point	x	 and	Z(x+h)	 the	 value	 at	 a	

model	 dependent	 lag	 (h)	 from	 x.	 Ordinary	 kriging	 acts	 as	 the	 best	 linear	 estimator,	 with	

weights	wi	minimising	the	kriging	variance.	The	kriging	weight	across	individual	elements	i	and	

j	has	to	be	defined	such	that	it	solves	the	equation	system	(Rivoirard	et	al.	2000):	

	

LMC IN − IM + O = 	C IN, P 	Lℎ<QRSRT	UM
LN = 1N

	,	 	 	 	 (2)	

	 	 	 	 	 	 (3)	

	

where,	V	 is	the	domain,	O	 is	the	Lagrange	parameter	needed	to	fulfil	Equation	3	and	C	 is	the	
variance.	The	kriging	variance	is:	

	

LNC IN, P −	N C P, P + O.	 	 	 	 	 (4)	

	

Coefficients	 of	 variance	 (CV,	 in	 %)	 were	 derived	 from	 the	 catch	 proportions	 and	

goldband	snapper	lengths,	to	estimate	the	associated	random	error.	

	

3.3.3		Acoustic	data	collection	

Acoustic	 data	 were	 collected	 using	 hull-mounted	 SIMRAD	 ES70	 split-beam	

echosounders	operating	at	38	kHz	(beam	width:	9.6°,	ping	rate:	maximum,	pulse	duration	(τ):	

0.256	ms,	 transmit	 electrical	 power	 (pet):	 1500	W)	 and	 120	 kHz	 (beam	width:	 7°,	 ping	 rate:	

maximum,	τ:	0.064	ms,	pet:	1000	W).	Settings	used	during	normal	commercial	operations	were	

maintained.	Given	 the	short	τ	 and	deviation	of	 the	pet	 settings	 from	those	 recommended	by	

Korneliussen	et	al.	(2008),	the	echosounders	were	calibrated	in	a	tank	prior	to	data	collection	

at	sea,	to	test	for	non-linear	effects.	An	in	situ	calibration	was	conducted	outside	of	the	fishing	

grounds	 in	March	 2015,	 following	 standard	 sphere	 procedures,	 using	 a	 38.1	mm	 Tungsten-
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carbide	sphere	(WC),	with	6%	cobalt	binder	(Demer	et	al.	2015).	Calibration	using	the	sphere	

method	 are	 precise	 to	 ±2	 -	 ±7	%,	 depending	 on	 the	 receiver	 bandwidth	 (Simrad,	 1993).	 To	

assess	 the	 variability	 of	 measurements	 caused	 by	 changes	 in	 tw	 and	 sw	 (due	 to	 spatial	 and	

temporal	 mismatch),	 the	 theoretical	 TS	 of	 a	 38.1	 mm	WC	 sphere	 (TScal)	 was	 computed	 for	

sound	speed	in	water	(cw)	at	given	tw	and	sw	in	the	three	fishing	regions	(Table	3.1),	during	data	

collection.	 TScal	 was	 calculated	 according	 to	 methods	 described	 in	 Demer	 et	 al.	 (2015).	 A	

summary	of	the	fixed	parameters	can	be	found	in	Table	3.2.	Sound	speed	in	sea	water	based	

on	 tw	 and	 sw	 was	 calculated	 following	 the	 most	 commonly	 used	 algorithm	 (Fofonoff	 and	

Millard,	1983),	proposed	by	Chen	and	Millero	(1977)	and	recommended	by	Demer	et	al.	(2015)	

(Table	3.1).	

	

Table	3.2	Parameters	for	calculating	the	theoretical	target	strength	of	a	38.1	mm	Tungsten-carbide	
sphere	at	various	depths	and	sound	speeds.	

Parameter	 Symbol	 Unit	 Value	
Frequency	 F	 Hz	 38000,	120000	
Bandwidth	 %f	 %	 1	
Sphere	properties	 	 	 	
									Diameter	 D	 mm	 38.1	
									Density	 ρs	 kg	m-3	 14.9x103	

									Compressional	wave	speed	 cc	 ms-1	 6853	
									Shear	wave	speed	 cs	 ms-1	 4171	
									Depth	 dw	 m	 0-150	
Water	properties	 	 	 	
									Density	 ρw	 kg	m-3	 1.027	
									Temperature	 tw	 °C	 15-30	
									Salinity	 sw	 ppt	 33-36	
									Sound	speed	 cw	 ms-1	 1450-1550	

	

3.3.4		Acoustic	data	processing	

Raw	acoustic	data	acquired	by	the	SIMRAD	ES70	echosounder	were	corrected	for	the	

triangular	wave	error	(Ryan	and	Kloser	2004,	Keith	et	al.	2005).	Further	processing	of	the	data,	

including	 the	application	of	 the	calibration	settings,	was	conducted	 in	Echoview	7	 (Echoview	

Software	Pty	Ltd	2016).	Due	to	the	high	noise	levels	(commonly	found	on	commercial	vessels)	

the	data	were	 cleaned	 for	 impulsive	noise	 (Ryan	and	Kloser	2004,	Vaseghi	 2008),	 caused	by	

non-synchronised	pinging	between	the	ES70	and	a	FURUNO	FCV1150	operating	at	28/50	kHz;	

transient	 noise,	 caused	 by	 poor	 weather	 conditions	 and;	 background	 noise,	 which	 can	 be	

caused	by	a	number	of	sources,	such	as	vessel	engine	noise	(Mitson	and	Knudsen	2003,	Ryan	
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et	al.	2015).	Noise	filters,	based	on	Ryan	et	al.	(2015),	were	adapted	and	applied	to	clean	the	

data.			

Due	to	the	difference	in	τ	at	38	and	120	kHz,	the	ping	times	and	geometry	were	matched	and	

the	data	were	resampled	by	one	ping.	This	ensured	that	for	the	two	frequencies,	the	number	

of	pings	and	depth	bins	(matching	the	horizontal	and	vertical	resolution,	respectively)	were	the	

same	(Demer	et	al.	1999,	Conti	et	al.	2005).		

	

Table	3.3	Parameters	used	to	compute	rsn	according	to	Demer	(2004).	

Parameter	 Symbol	 Unit	 Value	
Frequency	 F	 Hz	 38000	

Transmit	electrical	power	 Pet	 W	 1500	
(Mean)	Volume	backscattering	

strength	
Sv	 dB	re	1	m2m-3	 -30	to	-70	(10	

dB	increments)	

Equivalent	two-way	beam	angle	 Ψ	 dB	re	1	steradian	 -18	
Wavelength	 λ	 m	 cw/f

	

Water	sound	speed	 cw	 ms-1	 1450-1550	
Pulse	duration	 τ	 s	 0.256x10-3	

Range	 R	 m	 0-250	
Absorption	coefficient	 αα	 dB	m-1	 0.0097	

Ambient	noise	power	 Pn	 dB	re	1	W	 120	
On	axis	system	gain	 G0	 dB	re	1	 22.80	

	

3.3.5		School	detection	

Aggregations	 (i.e.	 non-resolvable	 targets)	were	 classified	as	 fish	using	a	bi-frequency	

algorithm	(38	and	120	kHz)	which	could	separate	swimbladdered	fish	from	fluid-like	targets	or	

macro-zooplankton,	 described	 by	 Ballón	 et	 al.	 (2011)	 and	 Lezama-Ochoa	 et	 al.	 (2011).	 The	

algorithm	uses	the	differences	in	the	(mean)	volume	backscattering	strength	(Sv	[dB	re	1	m2	m-

3])	at	38	and	120	kHz	to	discriminate	between	‘scattering	groups’.	To	be	considered	as	fish,	the	

sum	of	Sv	at	38	and	120	kHz	had	to	be	>	-127	dB	re	1	m2	m-3	and	the	subtraction	of	Sv	at	38	kHz	

from	Sv	at	120	kHz	had	to	be	<	3	dB	re	1	m2	m-3.	Schools	were	then	detected	at	38	kHz	using	

the	shoal	analysis	and	patch	estimate	system	(SHAPES)	algorithm	(Coetzee	2000)	(threshold	=	-

60	 dB	 re	 1	 m2	 m-3).	 The	 echograms	 were	 cross-checked	manually	 to	 ensure	 the	 algorithms	

successfully	delineated	fish	schools	of	interest.	Volume	backscattering	coefficients	(sv;	m2	m-3)	

of	 the	 schools	 identified	as	 fish	were	 integrated	 (sA;	m2	nmi-2)	 and	averaged	over	1	nmi	grid	

cells,	stratified	into	10	m	range	bins.	Data	were	integrated	from	10	m	depth	(outside	the	near-

field)	 to	1	m	above	 the	 seabed	 (to	avoid	 inclusion	of	 seabed	echoes).	 Integration	data	were	

exported	from	the	cleaned	38	kHz	echograms,	masked	with	detected	fish	schools,	thresholded	
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at	 -70	dB	 re	1	m2	m-3.	Based	on	depth	stratified	 information,	 the	89	of	 schools	 in	 the	water	
column	at	a	given	time	could	be	extracted,	to	examine	the	effects	of	DVM.	Time	of	sunrise	and	

sunset	 were	 computed	 based	 on	 Meeus	 (1991).	 sA	 values	 of	 aggregations	 classified	 as	 fish	

schools	were	disaggregated	according	to	the	kriged,	weighted	catch	proportions.	

	

3.3.6		Detection	probability	

Performance	 of	 echosounders	 can	 vary	 depending	 on	 depth	 and	 variants	 in	 the	

environment.	 The	 signal	 to	 noise	 ratio	 (rsn	 [dimensionless])	 is	 defined	 as	 the	 ratio	 between	

signal	 energy	 and	 noise	 energy	 at	 the	 bandwidth	 of	 interest	 and	 is	 a	 common	measure	 to	

assess	the	quality	of	an	echosounder	(Simmonds	and	MacLennan	2005)).	rsn	was	calculated	for	

the	38	kHz	echosounder	according	to	(Demer	2004):	

	

VWXTYZ = VWX + "[ + 2]. + ^ + 10 log-.(32`4a4b9c) − 20 log-. 89 − 2de89 − fZ,,		(5)	
	

where,	G0	is	the	on-axis	gain	[dB	re	1];	^	is	the	equivalent	two-way	beam	angle	[dB	re	1	sr];	λ	

is	 the	 wavelength	 [m],	 calculated	 as	 cw	 divided	 by	 frequency	 [Hz];	 de 	 is	 the	 absorption	
coefficient	[dB	re	m-1]	and	Pn	is	the	ambient	noise	power	[dB	re	1	W],	taken	as	a	mean	based	

on	measurements	 in	 the	 three	regions.	A	summary	of	 the	parameter	values	can	be	 found	 in	

Table	 3.3.	 rsn	 was	 computed	 for	 different	 values	 of	 cw	 depending	 on	 the	 environmental	

conditions.	 Assuming	 noise	 and	 signal	 to	 be	 coherently	 additive,	 rsn	 can	 provide	 bias	

information	for	each	detection	at	a	given	level	of	Sv	(Demer	2004):	

	

ghNYW
iNjZk= = 10

lmn
op

q-
×100	[%].		 	 	 	 	 (6)	

	

3.3.7		Single-target	detection	for	target	strength	estimates	

Single-target	analysis	was	limited	to	data	collected	in	Region	1	on	the	4th	of	December	

2014,	where	 low	density	goldband	 snapper	 schools	were	observed	 in	 the	acoustic	data,	 and	

where	the	catch	data	contained	solely	goldband	snapper	or	more	than	90%	goldband	snapper.	

To	avoid	inclusion	of	non-goldband	snapper	targets,	the	single-target	analysis	was	limited	to	a	

depth	range	from	90	m	to	the	seafloor	(where	goldband	snapper	are	most	prevalent	and	tend	

to	 form	 single	 species	 aggregations)	 and	 only	 targets	 associated	 with	 schools	 classified	 as	

goldband	 snapper	were	 considered.	 Schools	were	 classed	 as	 goldband	 snapper	 if	 they	were	

observed	near	areas	where	catch	was	clearly	dominated	by	goldband	snapper	and	matched	a	
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pyramidal	 or	 tower-like	 shape	 fishermen	 anecdotally	 associate	 with	 goldband	 snapper.	

Detection	 of	 single	 echoes	 is	 dependent	 on	 the	 vertical	 resolution	 of	 the	 echosounder.	 For	

narrowband	 echosounders	 this	 is	 a	 function	 of	 τ	 and	 cw,	 with	 the	 sample	 resolution	 being	

equal	 to	 cwτ/2.	 When	 the	 vertical	 distance	 between	 two	 targets	 is	 less	 than	 this,	 their	

respective	 echoes	 overlap	 resulting	 in	 various	 combinations	 of	 constructive	 or	 destructive	

interference	(Soule	et	al.	1995,	Simmonds	and	MacLennan	2005).	

To	 determine	 the	 target	 density,	 methods	 described	 by	 Sawada	 et	 al.	 (1993)	 were	

applied.	 Selected	 schools	 and	 surrounding	 areas	 were	 gridded	 in	 to	 cells	 with	 a	 horizontal	

sampling	spacing	(HSS)	of	20	m	and	a	vertical	bin	size	of	15	m.	Fish	density	within	each	cell	(t[	
individuals	per	reverberation	volume)	was	determined	as:		

	

t[ =
uAvwxAygz{

4 	,		 	 	 	 	 (7)	

	

and	Nei	 is	 the	 fish	 density	 estimated	 by	 the	 echo	 integrator,	 as	 a	 relation	 between	 cellular	

mean	Sv	and	cellular	mean	TS	(!").	Only	cells	with	Nv	<	0.04	and	the	ratio	of	multiple	echoes	

when	measuring	 a	 single-target	 (Mei)	 <0.7	were	 considered	 for	TS	 estimation	 (Sawada	 et	 al.	

1993,	Ona	1999).	Mei	was	defined	as:		

	

|WN =
gz{qgz}	
gz{

	,			 	 	 	 	 (8)		

	

where	 Nec	 is	 the	 number	 of	 single-targets	 per	 summed	 beam	 volume.	 A	 single-target	

algorithm,	 taking	 into	 account	 beam	 compensation	 and	 angular	 information,	was	 applied	 to	

the	low-density	cells	(Soule	et	al.	1997,	Ona	1999).		

A	minimum	threshold	of	-50	dB	re	1	m2	was	set	for	single	target	detection	at	38	and	

120	kHz.	The	pulse	 length	determination	 level	(PLDL)	 is	defined	as	the	number	of	dB	re	1	m2	

below	 the	 peak	 value	 of	 a	 detected	 pulse	 at	 which	 targets	 are	 still	 considered,	 when	

determining	the	pulse	length.	This	PLDL	was	set	at	6	dB.	The	maximum	standard	deviation	(σ)	

of	minor	and	major	axis	of	 all	 samples	within	a	ping	during	PLDL	determination	was	1°.	 The	

minimum	 and	maximum	 normalised	 pulse	 length,	 which	 equals	 the	 measured	 pulse	 length	

divided	 by	 the	 transmitted	 pulse	 length,	 were	 set	 to	 0.7	 and	 1.5	 respectively.	 Beam	

compensation,	 allowing	 for	 correction	 of	 transducer	 directivity	 was	 set	 to	 6	 dB	 re	 1	 m2.	

Additionally,	an	intersection	filter	was	applied,	whereby	only	targets	detected	at	both	the	38	



Chapter	3	–	Estimates	of	variability	of	goldband	snapper	target	strength	and	biomass	

	

64	

kHz	 and	120	 kHz	 frequencies,	within	 3	m	 range	of	 each	other,	were	 accepted	 (Demer	 et	 al.	

1999,	Scoulding	et	al.	2016).	Here,	vessel	speed	(0.52	–	2.06	ms-1)	was	lower	than	that	of	other	

studies,	thus	the	intersection	filter	was	set	wider	than	other	studies,	as	at	this	speed,	fish	could	

move	within	and	between	beams.	Targets	accepted	by	the	algorithm	were	used	as	input	into	

an	α	-	β	fixed	coefficient	filtering	algorithm	(αMajor	axis,	αMinor	axis,	αRange	=	0.7;	βMajor	axis,	βMinor	axis,	

βRange	=	0.5;	exclusion	distance	major	and	minor	axis	=	4,	range	=	0.4;	and	mixed	ping	expansion	

(%	 of	 pings	 without	 a	 detection	 allowed	 in	 track)	 =	 0.0)	 to	 identify	 tracks	 from	 individual	

targets	(Blackman	1986).	A	minimum	of	three	single	targets	from	three	pings	were	required	to	

form	a	fish	track.	Target	tracking	provides	information	on	the	swimming	direction	of	individual	

fish	which	is	related	to	the	incidence	angle	(tilt	angle,	θ).	Single-targets	and	target	tracks	were	

treated	separately.	Only	single	targets	were	used	to	compile	TS	density	distributions.	

	

Figure	3.3	Illustration	of	the	curve	fitting	method	to	estimate	TS-L.	In	a	first	step	L	and	TS	values	are	
scaled	and	their	density	distributions	overlaid	(TSdist,	Ldist).	Mdist	is	calculated	as	the	mean	of	both	

distributions.	Lfit	and	TSfit	are	generated	as	the	back-transformed	raw	values	based	on	Mdist.	afit	and	bfit	
are	fitted	for	each	pair	of	TSfit	and	Lfit.	Summed	afit	and	bfit	weighted	by	Mdist	provide	the	final	estimate	of	

a	and	b	

The	TS-L	relationship	of	goldband	snapper	was	estimated	using	two	different	methods.	

All	 estimates	 of	 TS-L	 were	 conducted	 in	 the	 linear	 domain.	 Therefore,	 all	 TS	 values	 were	

converted	 from	 the	 logarithmic	 domain	 into	 linear	 backscattering	 cross	 sections	 (σbs,	 [m
2]),	

according	to	σbs	=	10
(TS/10).	

Firstly,	TS-L	was	estimated	by	fitting	the	mean	σbs	to	the	mean	length	(0)	(mean	fitting,	

MF),	with	an	assumed	slope	(a)	of	20,	resulting	in	a	TS-L	equation	of	the	shape:		
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TS	=	a	log10(L)-b,		 	 	 	 	 (9)	

	

where,	b	is	the	intercept.	To	improve	the	fit	of	TS	and	L,	a	curve	fitting	method	(curve	fitting,	

CF)	 (Figure	3.3),	 similar	 to	MacLennan	and	Menz	 (1996),	was	applied.	To	make	 the	TS	 and	L	

distributions	directly	comparable,	they	were	scaled	around	their	standard	deviations:		

	

IYuk=Wx =
~{q~
�Ä

+ offset,		 	 	 	 (10)	

	

where	I	is	mean	of	the	data	points	xi,	σx	is	the	standard	deviation	of	x.	The	offset	in	each	case	

is	 defined	 such	 that	 scaled	 values	 were	 strictly	 positive	 and	 the	 centres	 of	 the	 ranked	

distribution	are	at	a	similar	location.	To	fit	the	TS	distribution	to	the	L	distribution,	normal	or	

gamma	distributions	were	fitted	around	the	probability	density	distributions	of	scaled	TS	and	

scaled	L.	Curve	 fitting	was	assessed	 through	 the	 log-likelihood	and	 the	Akaike	criterion	 (AIC)	

(Akaike	1973).	At	each	point	along	the	x-axis	a	value	was	taken	both	from	the	fitted	L	and	TS	

density	 curves.	 The	mean	 of	 these	 two	 values	 then	 provided	 a	 new	 reading	 for	 each	 point	

along	 the	 x-axis.	 In	 essence,	 the	 culmination	 of	 all	 these	 new	 values	 produced	 a	 new	

probability	density	p(x)	 for	each	value	x	of	 the	variable.	Ranked	scaled	TS	and	L	 values	were	

transformed	 back	 (bt)	 into	 TSbt	 and	 Lbt	 values.	 TS-L	 constants	 a	 and	 b	 with	 a	 given	 p	 were	

estimated	for	each	TSbt	and	Lbt	pair	in	the	linear	domain.		

	

3.3.8		Biomass	estimates	

Biomass	 and	 abundance	 estimates	 were	 based	 on	 38	 kHz	 recordings	 only.	 sA	 were	

averaged	over	an	Equivalent	Distance	Sampling	Unit	 (EDSU)	of	1	nmi	 (MacLennan	1990).	A	0	
was	attributed	 to	each	 fishing	 region.	sA	 recordings	were	gridded	 into	 regular	 sampling	 cells	

(30	x	30	m),	defined	such	as	to	minimise	the	sampling	error.	Interpolation	of	non-sampled	cells	

within	each	fishing	region	was	achieved	through	kriging	of	the	log10-transformed	sA	values.	The	

0	was	input	in	to	the	chosen	TS-L	relationship	to	give	a	!"	for	each	fishing	region.	The	mean	

fish	 density	 (ρ,	 the	 number	 of	 fish	 per	 nmi2)	 for	 each	 fishing	 region	 was	 then	 calculated	

according	to	(MacLennan	et	al.	2002):		

	

Ö = iÜ
áà	�âm

,		 	 	 	 	 	 (11)		
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which	 was	 then	 scaled	 to	 the	 total	 area	 of	 each	 fishing	 region,	 to	 provide	 an	 abundance	

estimate.	Applying	a	mean	weight	 to	 these	estimates	 resulted	 in	a	biomass	estimate	 for	 the	

three	fishing	regions.		

	

3.3.9		Estimation	of	sampling	variance	

Confidence	 intervals	 (CI)	 accounting	 for	 sampling	 error	 were	 computed	 using	

geostatistical	 techniques	 (Rivoirard	 et	 al.	 2000,	 Gimona	 and	 Fernandes	 2003,	Woillez	 et	 al.	

2009,	Zwolinski	et	al.	2009,	Scoulding	et	al.	2016).	Due	to	the	high	percentage	of	zero	values	

contained	 within	 acoustic	 data,	 variograms	 were	 based	 on	 a	 scaled,	 and	 natural	 log	

transformed	dataset	(Bez	and	Rivoirard	2001):	

	

! = 0ä 1 + YÜ
YÜ
	 .		 	 	 	 	 (12)	

	

The	 variogram	 of	 T	was	 determined	 using	 the	 classical	 estimator	 (Matheron	 1971)	

(Equation	 1).	 Back-transformed	 variograms	 with	 a	 lag	 h	 (ã~ ℎ )	 (Guiblin	 et	 al.	 1995)	 were	

obtained	through:	

	

ã~ ℎ = 8 + I)4 + S<T I ∙ 1 − R
çéyèê ë
íìl ê ,			 	 (13)	

with	î4 = 0ä 1 + [k: ~
(xï~)y	

	 ,		 	 	 	 	 (14)	

	

where	d	 is	a	 constant,	var(x)	 is	 the	variance	of	 the	data	points	x	 and	Cñ ℎ 	 is	 the	variogram	

value	of	!	at	lag	ℎ.	
	

The	back-transformed	experimental	variograms	were	fitted	by	an	exponential	model.	

Various	discretisation	grids	were	trialled	to	compute	the	sampling	variance	îó4.	The	number	of	

discretisation	steps	used	to	estimate	îó4	was	varied	to	minimise	îó4.	The	coefficient	of	variance	
(CV	[%])	(Rivoirard	et	al.	2000)	was	calculated	as:		

	

òP = 	 �ôy
~ .	 	 	 	 	 	 (15)		
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According	 to	 the	 central	 limit	 theorem	 the	 precision	 of	 estimates	 based	 on	 acoustic	

surveys	 generally	 follow	 a	 Gaussian	 distribution	 (Woillez	 et	 al.	 2009).	 Therefore,	 CIs	 of	 the	

biomass	estimates	could	be	derived	as:	

	

òö = [RõQ − Q ∗ RõQ ∗ òP , RõQ + Q ∗ RõQ ∗ òP ],		 	 	 (16)						

																																																												

where	RõQ	is	the	biomass	estimate	and	t	is	1.96	(at	a	level	of	95%)	(Scoulding	et	al.	2016).	

	

3.4		Results	

3.4.1		Biological	sampling	

A	 summary	 of	 the	 catch	 information,	 including	 the	 number	 of	 individuals	 caught	 by	

species	or	species-group	within	each	of	the	three	regions	with	percentage	contributions	to	the	

total	catch,	the	0	for	each	species	or	species-group	(estimated	by	fishing	region),	as	well	as	the	

respective	contribution	to	the	total	catch	weight,	can	be	found	in	Table	3.4.		

	

Figure	3.4	Experimental	(black	dots)	and	model	(solid	lines)	variograms	of	the	goldband	snapper	catch	
proportions,	with	the	sample	variance	indicated	by	the	dotted	line	within	a)	Region	1,	b)	Region	2	and	c)	
Region	3.	Ordinary	kriging	results	for	the	goldband	snapper	catch	proportions	(greyscale	gradient	from	0	

to	1)	in	Regions	1,	2,	and	3	(d,	e	and	f,	respectively).		

	

Variograms	 were	 fitted	 automatically	 (Desassis	 and	 Renard,	 2013)	 to	 the	 catch	 proportions	

attributed	to	goldband	snapper.	Region	1	was	fitted	by	a	spherical	model	with	range	4.07,	sill	
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0.19	and	a	nugget	effect	of	0.11	(Figure	3.4a);	Region	2	was	fitted	by	a	Gaussian	model	with	a	

range	 of	 1.04,	 a	 theoretical	 range	 of	 0.60,	 a	 sill	 of	 0.07	 and	 a	 nugget	 effect	 of	 0.06	 (Figure	

3.4b);	 Region	 3	was	 fitted	by	 a	Gaussian	model	with	 a	 range	of	 0.99,	 a	 theoretical	 range	of	

0.57,	 a	 sill	 of	 0.11	 and	 a	 nugget	 effect	 of	 0.02	 (Figure	 3.4c).	 Distribution	 of	 high	 goldband	

snapper	 catch	 proportions	 within	 Region	 1	 were	 widely	 distributed,	 except	 for	 the	 most	

central	 part	 (Figure	 3.4d).	 In	 Region	 2,	 the	 highest	 concentrations	were	 found	 in	 the	 south-

eastern	part	(Figure	3.3e),	while	in	Region	3	distribution	was	patchier	and	in	general	contained	

the	 lowest	 concentrations	 (Figure	3.4f).	Catch	proportions	directly	 influence	acoustic	density	

estimates,	as	they	were	used	to	disaggregate	sA.	CV’s	on	density	estimates	were	2.53	%,	2.74	%	

and	3.65	%	for	Regions	1,	2	and	3,	respectively.	

	

3.4.2		Target	Strength	estimates	

TS	 estimates	were	 based	 on	 a	 small	 number	 of	 schools	 that	matched	 the	 detection	

criteria,	recorded	on	the	4th	December	2014.	On	this	day,	61	goldband	snapper	were	caught	(0	
=	56.0	cm,	σ	=	4.71	cm,	range	=	43.5	–	68.0	cm).	After	the	application	of	the	Sawada	index,	a	

total	of	2,564	 targets	and	311	 tracks	were	detected	at	38	kHz.	Of	 these,	279	 targets	and	43	

tracks	 were	 retained	 following	 the	 intersection	 filter.	 Mean	 θ	 of	 fish	 tracks	 ranged	 from	 -

19.12°	to	30.53°	(ú	=	2.38°,	σ	=	7.79°).	No	significant	correlation	between	mean	TS	and	mean	θ	

was	 detected	 at	 38	 kHz	 (Pearson	 correlation,	 r	 =	 0.11,	 n	 =	 43,	p	 =	 0.53).	 At	 120	 kHz,	 2,913	

targets	and	578	tracks	were	detected	prior	to	the	 intersection	filtering,	with	572	targets	and	

79	tracks	remaining	after	application	of	the	intersection	filter.	The	ú	of	all	tracks	was	1.11°	(σ	=	
7.53°),	 ranging	 from	-28.58°	 to	14.07°.	No	significant	correlation	between	θ	 and	TS	 could	be	

found	(Pearson	correlation	r	=	0.08,	n	=	79,	p	=	0.48).		

	

Figure	3.5	TS-L	regressions	estimated	by	mean	fitting	(grey	dashed	line)	and	curve	fitting	(black	solid	line)	
at	a)	38	and	b)	120	kHz	for	goldband	between	30	and	90	cm	in	length.	
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Table	3.4	Summary	of	the	catch	information	for	Regions	1,	2	and	3.	Mean	length	information	with	SD	for	all	species	groups	and	all	3	regions,	number	(N)	of	specimens	
observed	with	percentage	contribution	to	the	total	observed	catch	in	the	respective	region	and	estimated	mean	weight	for	all	species	groups	and	regions	with	

percentage	contribution	to	the	total	catch.	

	

	
Region	

Species	group	

Goldband	snapper	 Red	emperor	 Saddletail	 Lutjanidae	 Lethrinidae	 Rankin	cod	 Cod	 Trigger	fish	 Miscellaneous		
	 Mean	length	(±	1	standard	deviation)	[cm]	
1	 56.33	(±	4.59)	 56.75	(±	9.01)	 57.45	(±	8.30)	 30.97	(±	3.72)	 30.87	(±	5.84)	 NA		 34.85	(±	5.27)	 36.72	(±	6.61)	 37.55	(±	11.1)	
2	 58.59	(±	7.35)	 52.70	(±	8.53)	 58.30	(±	14.9)	 30.14	(±	5.10)	 33.62	(±	6.64)	 61.93	(±	8.86)	 37.24	(±	10.8)	 32.55	(±	4.21)	 39.82	(±	15.9)	
3	 57.10	(±	7.23)	 51.11	(±	8.39)	 56.83	(±	10.9)	 30.53	(±	4.89)	 31.78	(±	6.54)	 61.76	(±	7.62)	 37.24	(±	8.76)	 33.58	(±	5.03)	 41.86	(±	14.8)	
	 Number	of	specimens	(%	contribution	to	the	total	catch	by	number)	

1	 971	(66.05	%)	 13	(0.88	%)	 29	(1.97	%)	 180	(12.24	%)	 5	(0.34	%)	 0	 22	(1.50	%)	 18	(1.22	%)	 232	(15.78	%)	
2	 387	(10.22	%)	 896	(23.65	%)	 54	(1.43	%)	 643	(16.97	%)	 355	(9.37	%)	 303	(8.00	%)	 157	(4.14	%)	 779	(20.56	%)	 214	(5.65	%)	
3	 383	(5.16	%)	 1376	(18.55	%)	 293	(3.95	%)	 1872	(25.24	%)	 972	(13.11	%)	 320	(4.31	%)	 1220	(16.45	%)	 245	(3.30	%)	 735	(9.91	%)	
	 Mean	weight	[g]	(%	contribution	to	the	total	catch	by	weight)	
1	 2382	(66.02	%)	 3057	(1.18	%)	 3718	(2.95	%)	 692	(7.57	%)	 486	(0.18	%)	 0	 1062	(1.12	%)	 1212	(0.97	%)	 1049	(13.80	%)	
2	 2671	(15.01	%)	 2439	(28.48	%)	 3880	(2.86	%)	 640	(8.09	%)	 621	(4.08	%)	 3481	(11.00	%)	 1293	(3.20	%)	 852	(15.69	%)	 1247	(6.11	%)	
3	 2478	(9.29	%)	 2222	(21.93	%)	 3601	(5.51	%)	 664	(16.62	%)	 528	(6.57	%)	 3451	(9.06	%)	 1293	(17.42	%)	 933	(3.75	%)	 1444	(5.55	%)	
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Figure	3.6	Fitted	single	targets	(black	dotted	line),	fitted	length	(black	solid	line),	and	fitted	mean	(black	
dashed	line)	distributions	of	goldband	snapper	with	length	(dark	grey)	and	single-target	density	(light	
grey)	distribution	histograms	at	a)	38	kHz	and	b)	120	kHz.	The	histograms	are	superimposed	on	one	

another	for	comparison	purposes.	

	

Fitting	the	!"	with	the	#,	assuming	a	slope	(a)	of	20,	resulted	in	(Figure	3.5):	

	

	!"%&'( = 20 log/0 # − 70.5																																																									(17)	

and	 	 	 	 	 	

!"%&/50 = 20 log/0 # − 83.2	.	 	 	 	 (18)	

	

The	 length	 distribution	of	 the	 61	 goldband	 snapper	was	 best	 described	by	 a	 normal	

distribution	(Figure	3.6):	

	

	
/

√ 59 :(<)
>

?@? A

AB(?)A 	,		 	 	 	 	 (19)	

	

where	x	is	the	value	of	the	scaled	variable	(length),	C	=	4.01	and	D(C)	=	2.83	(log-likelihood	=	-

354.85,	AIC	=	713.70).	Similarly,	single-targets	retained	at	38	kHz	fitted	a	normal	distribution	

with	C	=	4.00	and	D	=	0.99	(log-likelihood	=	-86.05,	AIC	=	176.10)	(Figure	3.6).	Single-targets	at	

120	kHz	were	best	fitted	by	a	gamma	distribution	of	the	shape	(Figure	3.6):		
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/

EFG H <F@IJ
?
K
	,		 	 	 	 	 (20)	

	

where	γ	is	the	gamma	function,	shape	(q)	=	17.83	and	rate	(k)	=	4.33	(log-likelihood	=	-861.28,	

AIC	 =	1726.57),	and	scale	 (s)	= /

H
	.	Weighting	DLE	 and	L	by	 the	probability	distribution	of	 the	

combined	mean	of	 the	 length	distribution	and	single-target	distribution	curves,	 resulted	 in	a	

single	TS-L	equation	for	each	frequency	(Figure	3.5	and	3.7):	

	

!"M&'( = 20.01 log/0 # − 70.5	( DO = 3.18, DL = 5.06)		 	 (21)	

and	

!"M&/50 = 16.4	 log/0 # − 77.0	(DO = 1.96, DL = 2.54)	.	 	 (22)	

	

If	applied	to	the	L	distribution,	the	modelled	!"	at	38	kHz	was	-35.7	dB	re	1	m2	(σ	=	0.8	

dB	re	1	m2)	while	the	computed	mean,	based	on	 in	situ	recordings	was	-35.7	dB	re	1	m2	(σ	=	

2.8	dB	re	1	m2).	At	120	kHz	the	mean	TSCF	was	-48.4	dB	re	1	m2	(σ	=	0.6	dB	re	1	m2),	compared	

to	 a	 mean	 of	 -48.4	 dB	 re	 1	 m2	 (σ	 =	 3.4	 dB	 re	 1	 m2)	 based	 on	 the	 measured	 data,	 with	 a	

modelled	#	of	54.80	cm	and	an	observed	#	of	54.92	cm.		

Based	on	TSCF	at	38	kHz,	σbs	for	all	L	contained	in	the	catch	data	was	derived	(σbsCF).	Based	on	

σbsCF	the	CV	of	length	variations	on	acoustic	density	estimates	could	be	derived	and	was	1.21	%	

for	Region	1;	1.62	%	for	Region	2;	2.00	%	for	Region	3.	

	

Figure	3.7	Indication	of	the	diurnal	vertical	migration	of	goldband	snapper	schools	detected	within	the	
three	regions	with	the	mean	depth	[m]	of	occurrence	plotted	against	the	time	of	the	day	in	hours	(black	line	

=	Region	1;	dashed	line	=	Region	2;	dotted	line	=	Region	3).	
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3.4.3	Diurnal	vertical	migration	

The	location	of	schools	in	the	water	column	varied	with	time.	Daytime	and	night	time	

were	 defined	 by	 modelled	 times	 of	 sunrise	 and	 sunset	 (Figure	 3.7).	 On	 the	 days	 of	 data	

collection	sunrise	was	at	05:14	(σ	=	00:13)	in	Region	1,	05:28	(σ	=	00:15)	in	Region	2	and	06:06	

(σ	=	00:16)	in	Region	3.	Sunset	was	estimated	to	have	occurred	at	18:19	(σ	=	00:01)	in	Region	

1,	at	18:02	(σ	=	00:10)	in	Region	2	and	at	17:45	(σ	=	00:10)	in	Region	3.	During	daylight	(time	

between	sunrise	and	sunset),	the	mean	depth	of	schools	was	95.59	m	(σ	=	38.84	m)	in	Region	

1;	70.21	m	(σ	=	23.63	m)	in	Region	2	and	73.02	m	(σ	=	23.78	m)	in	Region	3.	During	night	time	

(time	between	sunset	and	sunrise),	schools	were	generally	found	higher	in	the	water	column.	

In	Region	1	the	mean	depth	of	schools	during	night	time	was	77.54	m	(σ	=	39.15	m),	55.20	m	

(σ	 =	 22.63	m)	within	Region	2	 and	55.39	m	 (σ	 =	 26.77	m)	 in	Region	3	 (Figure	3.7).	A	higher	

number	of	schools	were	detected	during	the	daytime,	71.4	%,	69.2	%	and	71.5	%	for	Regions	1,	

2,	 and	 3	 respectively.	 Peak	 school	 detections	 in	 all	 three	 regions	 occurred	 at:	 1)	 around	

sunrise,	2)	about	seven	hours’	post-sunrise	and	3)	10	hours	after	sunrise.	The	lowest	number	

of	 detections	were	 observed	 approximately	 13	 hours	 after	 sunrise,	 which	 coincides	 roughly	

with	 the	 time	 of	 sunset.	 Acoustic	 analysis	 of	 schools	 and	 biomass	 or	 abundance	 estimates	

were	based	on	daytime	data	only,	as	all	biological	sampling	was	conducted	on	the	bottom	and	

the	 lower	 number	 of	 schools	 in	 the	 water	 column	 indicate	 that	 fish	 were	 more	 dispersed	

during	the	night.		

	

	

Table	3.5	Mean	sA,	abundance,	biomass	and	density	estimates	(with	95%	CI)	for	Regions	1,	2,	and	3	with	
coefficient	of	variance	(CV	in	%)	based	on	sampling	and	confidence	intervals	at	a	level	of	95	%	(CI)	

	

3.4.4		Biomass	estimates	and	sampling	variance	

The	water	depth	of	the	three	fishing	regions	was	less	than	200	m	throughout.	At	these	

depths,	the	rsn,	estimated	from	38	kHz	Sv	echograms	(thresholded	at	-60	dB	re	1	m2	m-3)	was	

Region	 sA	 Density	[individuals/nmi2]	 Abundance	[individuals]	 Weight	[g]	 Biomass	[t]	 CV	[%]	

Mean	 CI	(±95%)	 Estimate	 CI	(±95%)	 Estimate	 CI	(±95%)	 Mean	 Estimate	 CI	(±95%)	

Lower	 Upper	 Lower	 Upper	 Lower	 Upper	 Lower	 Upper	

1	 33.96	 25.35	 42.58	 9,517.9	 7,176.5	 11,906.5	 314,089	 235,179	 391,257	 2,381	 748.1	 562.5	 933.8	 20.9	

2	 9.70	 5.40	 14.04	 2,511.6	 1,383.7	 3,649.0	 323,998	 191,193	 468,840	 2,670	 865.4	 477.5	 1,266.0	 15.4	

3	 3.46	 2.28	 4.65	 944.7	 621.2	 1,270.0	 199,324	 133,240	 266.930	 2,476	 493.7	 326.62	 670.2	 10.2	
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greater	than	30.	The	resulting	estimated	error	introduced	to	biomass	or	abundance	estimates	

would	be	<0.1%.	At	a	data	threshold	of	-70	dB	re	1	m2	m-3	(38	kHz),	this	rsn	 introduced	a	bias	

would	 be	 ≈1	 %	 at	 200	 m.	 The	 calculated	 CV	 attributed	 to	 fluctuations	 in	 temperature	 and	

salinity	on	rsn	were	<	0.01	%	(Figure	3.9)	and	were	therefore	deemed	not	to	have	a	significant	

impact	on	the	eventual	biomass	or	abundance	estimates.	

TS	of	a	38.1	mm	WC	calibration	sphere	(TSCal)	varies	with	cw.	The	maximum	difference	

in	cw	and	therefore	TS	occurred	between	the	calibration	(March,	2015)	and	November,	2014.	

During	calibration,	cw	was	1541	ms-1	(at	10	m	depth),	while	in	November,	it	was	1530	ms-1	(at	

100	m	depth)	 in	November.	The	impact	of	this	fluctuation	on	TSCal	was	a	variation	between	-

42.3	and	-42.4	dB	re	1	m2.	Total	variation	of	TSCal	between	August	and	March	was	1.60%,	which	

equals	a	CV	of	1.15	%	in	the	linear	domain.	

	

Figure	3.8	Experimental	(black	dots)	and	model	(solid	black	lines)	variograms,	fitting	the	log	transformed	
sA	[m

2	nmi-2]	attributed	to	goldband	snapper	with	sampling	variation	(grey	dotted	lines)	for;	a)	Region	1,	
fitted	by	an	exponential	model	(range	is	2.23,	theoretical	range	is	0.75,	sill	is	0.17)	with	a	nugget	effect	
of	sill	0.27;	b)	Region	2	fitted	by	an	exponential	model	(range	is	1.63,	theoretical	range	is	0.54,	sill	is	
0.13)	with	a	nugget	effect	sill	of	0.27	(c);	Region	3	fitted	by	an	exponential	model	(range	is	3.62,	

theoretical	range	is	1.21	sill	is	0.08)	with	a	nugget	sill	of	0.39.	

	

A	summary	of	density,	abundance	and	biomass	estimates	with	associated	CI	based	on	

38	 kHz	 data	 can	 be	 found	 in	 Table	 3.5.	 Exponential	 variograms	 fitting	 the	 log	 transformed	

experimental	variograms	of	the	sA	in	Region	1,	2	and	3	had	a	range	of	2.16,	1.63	and	3.62	km,	
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respectively.	Theoretical	range	was	0.72,	0.54	and	1.21	km	for	Regions	1,	2	and	3,	respectively.	

The	sill	was	0.24,	0.13,	0.08	with	a	nugget	effect	of	sill	0.23,	0.27,	0.31	for	the	three	regions,	

respectively	(Figure	3.8).	Kriging	of	sA	at	38	kHz	revealed	a	patchy	distribution	of	the	detected	

acoustic	 density,	 attributed	 to	 goldband	 snapper	 within	 the	 three	 regions.	 Mean	 acoustic	

density	was	highest	in	Region	1	at	33.96	m2nmi-2	(CI	=	[25.35,	42.58])	compared	to	9.70	m2nmi-

2	 (CI	 =	 [5.40,	 14.04])	 in	 Region	2	 and	3.46	m2nmi-2	 (CI	=	 [2.28,	 4.65])	 in	Region	3.	 The	 curve	

fitting	method	was	selected	as	it	was	assumed	that	the	fit	would	be	more	accurate,	given	the	

method	takes	into	account	density	variations	of	TS	and	L.	Applying	the	TS-L	equation	based	on	

the	 curve	 fitting	method	 (Equation	 21),	with	mean	 lengths	 of	 56.6,	 58.59	 and	 57.09	 cm	 for	

Regions	 1,	 2	 and	 3,	 respectively	 (Table	 3.4),	 gave	 density	 estimates	 for	 the	 regions.	 The	

estimated	goldband	snapper	density	in	Region	1	was	9,518	individuals/nmi2,	whilst	the	density	

estimate	 in	Region	2	was	approximately	1/4rd	of	this,	with	2,512	 individuals/nmi2	(Table	3.5).	

The	 lowest	density	estimate	was	observed	 in	Region	3,	with	only	945	 individuals/nmi2	 (Table	

3.5).	 The	 total	 abundance	 of	 goldband	 snapper	 in	 each	 fishing	 region	 is	 given	 in	 Table	 3.5.	

Raising	abundance	estimates	to	biomass	estimates,	with	mean	weights	of	2,138	g	for	Region	1,	

2,670	g	for	Region	2	and	2,476	g	for	Region	3	(Table	3.4),	resulted	in	total	biomass	estimates	of	

748.1	t,	477.5	t	and	326.6	t	for	the	three	regions	respectively	(Table	3.5).	Applying	either	of	the	

TS-L	 equations	 (TSCF	 or	 TSMF),	 to	 estimates	 of	 acoustic	 density	 at	 38	 kHz,	 caused	 minor	

differences	 (less	 than	 0.1	 %)	 in	 abundance	 and	 biomass.	 Estimation	 of	 the	 sampling	 error	

resulted	in	CV’s	of	20.9	%;	15.4	%	and	10.2	%	for	Regions	1,	2	and	3,	respectively.	Bootstrapped	

CV’s	of	the	sA	data	were	±	13.8	%	for	Region	1;	±	22.7	%	for	Region	2;	±	18.6%	in	Region	3.	The	

combined	errors	gave	a	total	CV	of	28.2	–	50.6	%	for	the	three	regions.	A	summary	of	CV’s	for	

Figure	3.9	Signal	to	Noise	Ratio	(rsn)	estimates	at	38	kHz	for	depths	ranging	from	0	to	100	m	for	Sv	of	-
60	dB	re	1	m2m-3	(dashed	line)	and	-70	dB	re	1	m2m-3	(black	line).	
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the	 different	 error	 estimates	 and	 their	 respective	 influence	 on	 biomass	 or	 abundance	

estimates	can	be	found	in	Table	3.6.	

Table	3.6	.	CV	estimates	for	density	estimates	of	goldband	snapper	based	on	various	analysed	sources	of	
error.	

Source	of	error	 CV	[%]	
Random	error	in	acoustic	data	 13.8	-	22.7	
Sampling	variance	 10.2	–	20.9		
Signal	to	Noise	 0	–	0.1	
TS	variability	due	to	changes	in	temperature	and	salinity		 0.5	–	1.15	
Length	estimates	 1.2	–	2.0	
Catch	proportions	 2.5	–	3.7	
Total	 28.2	–	50.6		

	

3.5		Discussion	

Most	 current	 fisheries	 resource	 monitoring	 programmes	 are	 focussed	 on	 assessing	

single	 species	 populations.	Monitoring	 is	 typically	 carried	 out	 under	 ideal	 conditions	 for	 the	

chosen	 sampling	 method.	 AT	 surveys,	 for	 example,	 are	 generally	 conducted	 during	 the	

spawning	 season,	when	mature	 fish	 are	 known	 to	 aggregate	 in	 large	 single-species	 schools.	

Such	an	approach	is	a	valuable	tool,	which	provides	a	snapshot	of	the	status	and	distribution	of	

the	species	being	surveyed	within	defined	spatio-temporal	boundaries,	building	up	consistent	

time	series	over	years	of	survey	(Fässler	et	al.	2016).	In	order	to	move	towards	EBFM	there	is	a	

need	 for	 larger	 scale	 monitoring,	 both	 temporally	 and	 spatially,	 to	 allow	 for	 improved	

parametrisation	 and	 validation	 of	 EBFM	 (Handegard	 et	 al.	 2013).	 Taking	 advantage	 of	 their	

time	 at	 sea,	 fishing	 vessels	 are	 being	 considered	 as	 alternative	 sampling	 platforms,	 to	 the	

traditional	 research	 vessel	 (ICES	 2007).	 Previous	 studies	 have	 investigated	 the	 potential	 of	

chartered	fishing	vessels	to	perform	scientific	surveys	(ICES	2007,	Ressler	et	al.	2009,	Barbeaux	

2012).	 This	 can	 be	 successful	 when	 such	 studies	 are	 able	 to	 take	 advantage	 of	 the	 catch	

processing	 times	 to	conduct	surveys	 (O’Driscoll	and	Macaulay	2005),	 though	these	 times	are	

not	 always	 available.	 They	 can	 also	 build	 a	 knowledge	 base	 by	 making	 use	 of	 fisheries	

dependent	 acoustic	 data	 to	 improve	 timing	 and	 design	 of	 AT	 surveys	 (Melvin	 et	 al.	 2001,	

2002).	Some	studies	have	looked	into	the	utility	of	uncalibrated	acoustic	data	to	gain	insights	

into	 the	 distribution	 of	 fish	 aggregations	 (Barbeaux	 2012,	 Barbeaux	 et	 al.	 2013),	 or	 have	

explored	the	potential	use	of	opportunistically	collected,	calibrated	acoustic	data	(Fässler	et	al.	

2016).	 Fässler	 et	 al.	 (2016)	 showed	 that	 acoustic	 densities	 derived	 from	 calibrated	 fishing	

vessels	 are	 valid	 proxies	 for	 fish	 densities	which	 could	 be	 converted	 into	 relatively	 accurate	
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biomass	estimates,	within	key	fishing	regions.	The	main	challenges	associated	with	the	large-

scale	collection	of	opportunistic	acoustic	data	are	the	large	amount	of	data	collected	(acoustic	

and	 alternative	 sampling),	which	 still	 require	manual	 processing,	 the	 need	 for	 calibration	 to	

derive	 any	 quantitative	 estimates,	 and	 the	 lack	 of	 a	 systematic	 sampling	 design.	 Here,	 all	

acoustic	data	were	collected	from	calibrated	systems.		

In	a	multi-species	environment,	 such	as	 the	NDSF,	acoustic	 studies	generally	depend	

on	 dedicated	 groundtruth	 information,	 to	 improve	 the	 disaggregation	 of	 acoustic	 data	 into	

biologically	 meaningful	 categories	 at	 species	 or	 species	 group	 levels	 (Simmonds	 and	

MacLennan	 2005).	 During	 AT	 surveys,	 such	 information	 can	 generally	 be	 obtained	 from	

dedicated	 fishing	operations	 (i.e.	by	 trawling	on	acoustic	observations).	 In	 the	current	study,	

no	 dedicated	 catch	 information	 could	 be	 collected	 without	 interruption	 to	 routine	 fishing	

operations.	 Alternative	 sampling	 methods	 to	 verify	 acoustic	 observations	 include	 optical	

recordings	of	the	resource	(Ryan	et	al.	2009,	Kloser	et	al.	2011,	2013,	Fernandes	et	al.	2016),	

which	 typically	 collect	 visual	 data	 that	 is	 as	 spatially	 and	 temporally	 co-located	 as	 possible	

(Ryan	 et	 al	 2009;	 Fernandes	 et	 al	 2016).	 In	 the	 current	 study,	 fish	 caught	 by	 traps,	 and	

measured	 using	 a	 GoPro,	 were	 used	 to	 collect	 alternative	 evidence	 to	 verify	 acoustic	

observations.	Due	to	the	nature	of	the	fishery,	where	traps	typically	soak	for	multiple	hours,	

attracting	fish	from	areas	surrounding	the	trap	to	varying	degrees	and	distances	(Newman	et	

al.	 2012),	 catch	 information	 and	 acoustic	 recordings	 were	 not	 temporally,	 or	 spatially	

synchronised.	 Kriging	 species	 proportions	 as	 a	 proxy	 for	 the	 relative	 goldband	 snapper	

distributions	was	 assumed	 to	 be	 a	 valid	 approximation	 based	 on	 findings	 by	Newman	 et	 al.	

(2012),	 where	 species	 richness	 and	 diversity	 found	 within	 traps	 were	 described	 as	

representative.	 It	 is	 noted	 here	 that	 some	 species	 might	 be	 underrepresented	 by	 traps,	

however,	 the	 dominance	 of	 goldband	 snapper	 in	 the	 selected	 fishing	 regions	 suggest	 that	

kriged	proportions	were	acceptable	as	the	best	available	approximation.	It	 is	also	noted	that,	

on	 occasion	 goldband	 snapper	 might	 have	 been	 confused	 with	 other	 species	 of	 the	

Pristipomoides	 genus.	However,	 based	on	anecdotal	 information	provided	by	 the	 fisherman,	

this	error	is	assumed	to	be	low,	given	that	species	of	this	genus,	other	than	goldband	snapper	

are	mainly	observed	on	the	shelf	edge,	outside	of	the	three	fishing	regions.	

Mean	estimated	lengths	of	goldband	snapper	(56.33	cm	(Region	1);	58.59	cm	(Region	

2);	57.10	cm	 (Region	3),	 Table	3.4)	were	 comparable	 to	measurements	made	by	 Lloyd	et	al.	

(2000)	 in	 Northern	 Australia,	 where	 mean	 length	 ranged	 from	 55	 to	 60	 cm.	 As	 goldband	

snapper	 become	 sexually	mature	 at	 around	 55	 cm	 (Newman	 and	 Dunk	 2002)	 and	 previous	
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studies	have	reported	that	 juvenile	and	adult	goldband	snapper	do	not	generally	occupy	the	

same	 habitat	 (Allen	 1985),	 it	 is	 suggestive	 that	 the	 acoustic	 data	 in	 this	 study	 represent	

aggregating	 adult	 fish	 and,	 as	 such,	 can	 be	 used	 as	 a	 monitoring	 tool.	 Furthermore,	 adult	

goldband	 snapper	 tend	 to	 form	 large	 schools,	 feeding	 on	 fish,	 crustaceans,	 squid	 and	 salps,	

close	to	the	bottom	and	within	the	water	column	(Allen	1985).		

TS-L	 equations	 can	 only	 be	 derived	 from	 single-targets	 in	 combination	 with	 length	

measurements	 taken	 from	 the	 same	 population	 (MacLennan	 and	 Menz	 1996).	 Only	 catch	

information,	 obtained	 near	 the	 selected	 goldband	 snapper	 schools	 were	 accepted	 as	 being	

biologically	relevant	and	could	therefore,	be	assumed	to	originate	from	the	same	population.	

To	remove	unwanted	targets	and	only	consider	‘clean’	single-targets,	several	filtering	methods	

were	applied	to	the	data.	Only	targets	close	to	the	bottom,	where	adult	goldband	snapper	are	

most	likely	to	school	during	the	day	(Newman	et	al.	2008),	were	considered.	High	density	cells	

were	excluded,	applying	methods	described	by	Sawada	et	al.	(1993).	Tilt	angle	is	known	to	be	

one	of	 the	main	 sources	 of	 variability	 in	TS	 estimates	 for	many	 fish	 (Ona	1999,	 1990,	 2001,	

Simmonds	and	MacLennan	2005).	 Influence	of	tilt	angle	could	not	be	 investigated	within	the	

present	study.	The	majority	of	recorded	targets	were	orientated	between	-10°	and	10°	(92.0	%	

at	38	kHz;	83.4	%	at	120	kHz)	and	detected	fluctuations	were	masked	by	the	larger	stochastic	

variation	 in	 TS.	 Extended	 recordings	 or	 a	 modelling	 approach	 is	 recommended	 to	 further	

assess	this	relationship.	

Similar	 to	 methods	 described	 by	 MacLennan	 and	 Menz	 (1996),	 we	 propose	 a	

stochastic	 method	 to	 derive	 a	 TS-L	 equation	 from	 similarly	 shaped	 TS	 and	 L	 distributions	

(Equations	21	and	22).	TS-L	estimates	were	applied	to	length	distribution	data	and	were	very	

similar	to	estimates	(<0.1%	variation)	given	by	the	traditional	TS-L	fitting	method	(Equations	17	

and	18).	As	with	MacLennan	and	Menz	(1996),	this	new	density	curve	fitting	method	takes	into	

account	 the	 distribution	 of	 both,	 TS	 and	 L.	 A	main	 difference	 compared	 to	MacLennan	 and	

Menz	(1996),	is	that	the	TS-L	equation	here	is	based	on	a	back-transformed,	scaled,	combined	

density	 distribution	 curve,	 rather	 than	on	histogram	based	percentiles.	 An	 advantage	of	 the	

proposed	 method,	 over	 that	 presented	 by	 MacLennan	 and	 Menz	 (1996),	 is	 that	 both	

constants,	a	and	b,	of	the	TS-L	equation	can	be	estimated	rather	than	assuming	a	slope	of	20.		

Geostatistics	 have	 been	 identified	 as	 a	 viable	 tool	 to	 estimate	 fish	 abundance	 and	

biomass	based	on	acoustic	densities	and	to	derive	reliable	sampling	error	estimates	(Rivoirard	

et	al.	2000,	Petitgas	et	al.	2003,	Gimona	and	Fernandes	2003,	Woillez	et	al.	2009,	Scoulding	et	
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al.	2016).	Understanding	the	effects	of	survey	design	is	crucial	to	any	biomass,	abundance	or	

distribution	estimate.	This	is	particularly	important	if	the	underlying	sampling	strategy	can,	at	

best,	be	described	as	un-stratified	and	directed.	Whereas,	traditional	AT	surveys	systematically	

sample	 the	 survey	 area,	 generally	 following	parallel	 line	 or	 zig-zag	 transects	 (Simmonds	 and	

MacLennan	 2005),	 fishing	 vessels	 (during	 normal	 operation)	 directly	 target	 known	 fishing	

grounds,	 in	 an	 attempt	 to	 maximise	 catch	 or	 catch	 opportunities	 (Fässler	 et	 al.	 2016).	 The	

application	of	kriging	techniques	to	estimate	catch	proportion	distributions,	as	well	as	acoustic	

fish	density	estimates,	facilitated	the	estimation	of	a	sampling	error	(CV	=	20.9	%	in	Region	1,	

CV	=	15.4	%	 in	Region	2	and	CV	=	10.2	%	 in	Region	3).	Given	the	high	density	of	data	points	

collected	within	 these	 fishing	 regions,	CV’s	were	similar	 to	age	stratified	acoustic	abundance	

CV’s	 for	 herring	 in	 the	 North	 Sea	 estimated	 by	 Woillez	 et	 al.	 (2009)	 (10-32	 %),	 and	 those	

estimated	by	Scoulding	et	al.	(2016)	for	mackerel	around	the	Shetland	islands	(14-17	%).	This	

suggests	that	sampling	within	these	fishing	regions	is	of	sufficient	quality	to	provide	localised	

abundance,	biomass	or	distribution	estimates.	These	estimates	are	based	on	manually	drawn	

polygons	 around	 key	 fishing	 regions,	 hence	 containing	 high	 resolution	 data.	 Estimates	 are	

most	likely	only	valid	for	those	selected	fishing	regions	and	are	not	necessarily	representative	

of	the	wider	stock	distribution,	nor	the	remaining	area	of	the	fishery.		

Demer	 (2004)	 identified	several	sources	of	error	 influencing	the	outcome	of	biomass	

estimates,	 including	hydrographic	conditions,	diurnal	vertical	migration,	species	classification,	

detection	 probability	 (i.e.	 rsn),	 sound	 speed	 and	 absorption	 as	well	 as	 sampling	 and	 random	

error.	 Here,	 bias	 associated	 with	 rsn	 was	 estimated	 to	 be	 low,	 at	 levels	 <0.1	 %,	 which	 is	

comparable	 to	Demer	 (2004).	 rsn	 increases	with	depth	and	 if	 deeper	 areas	were	 considered,	

the	rsn	bias	would	increase	exponentially	(Figure	3.9).	Influence	of	hydrographic	conditions	was	

estimated	 by	 Simmonds	 and	 MacLennan	 (2005)	 to	 be	 0-5%.	 Fluctuations	 in	 environmental	

conditions	within	the	sampled	regions	were	not	extreme,	due	to	the	location	of	the	NDSF	and	

the	 general	 stability	 of	 tropical	 climates.	 Total	 estimated	 error	 based	 on	 environmental	

conditions	was	of	1.15	%.	TS	estimates	were	based	on	in	situ	recordings	and	should	therefore	

minimise	the	error	associated	with	TS	estimates.		

Simmonds	and	MacLennan	(2005)	estimate	that	an	uncertainty	of	0-25	%	can	be	linked	

with	diurnal	migration	of	 fish.	Given	 that	 the	 vessel	was	mostly	 stationary	or	drifting	during	

night	time,	and	the	lack	of	fishing	activity	 in	times	of	darkness	only	daytime	information	was	

used	 and	 no	 error	 estimates	 could	 be	 derived.	 Only	 using	 data	 collected	 during	 hours	 of	

daylight	should	remove	effects	of	diurnal	vertical	migration.		
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Localised	hotspots	with	catch	consisting	purely	of,	or	dominated	by	goldband	snapper	

could	 be	 easily	 identified	 through	 catch	 observations.	 If	 analysis	 of	 catch	 data	 was	 to	 be	

extended	 to	 all	 boats	operating	within	 the	NDSF,	 key	habitats	 of	 goldband	 snapper	 at	 given	

times	 could	 be	 identified.	 Through	 direct	 observations	 of	 catch	 information,	 improved	

estimates	of	catch	indices,	as	proposed	by	Marriott	et	al.	(2013),	could	be	expanded	to	include	

length	stratified	catch	indices	and	methods	presented	here	could	be	extended	to	other	species	

of	 interest.	 Taking	advantage	of	 such	 information	encompasses	 the	possibility	of	 conducting	

dedicated	surveys,	based	on	a	combination	of	catch	information	and	acoustic	recordings.	As	an	

alternative	to	trap	catches,	alternative	methods	including	optical	recordings	(Fernandes	et	al.	

2016)	could	be	explored,	to	overcome	the	spatio-temporal	lag	between	acoustic	observations	

and	biological	 sampling.	Continuous	 sampling	of	 identified	 fishing	 grounds	would	potentially	

improve	insights	into	the	health	of	the	stock,	through	the	establishment	of	a	relative	acoustic	

biomass	index.	
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4.1	Abstract	

Ongoing	 monitoring	 of	 complex,	 mixed	 species	 environments	 is	 a	 challenging	 task.	 In	 this	

study,	the	potential	of	acoustic	and	catch	data	collected	aboard	a	commercial	fishing	vessel,	in	

combination	 with	 geostatistical	 variance	 estimates,	 are	 explored	 as	 a	 means	 to	 derive	

information	on	 the	distribution	and	abundance	of	 key	 species	groups	within	 selected	 fishing	

regions.	The	FV	Carolina	M,	a	trap	fishing	vessel	which	operates	in	waters	off	Broome,	Western	

Australia,	 in	 the	 Northern	 Demersal	 Scalefish	 Fishery,	 was	 equipped	 with	 Simrad	 ES70	

echosounders,	operated	at	38	and	120	kHz.	Optical	recordings	of	catch	were	also	obtained,	in	

addition	to	the	acoustic	data,	during	routine	fishing	operations	in	2014.	Three	regions,	where	

both	 optical	 and	 acoustic	 datasets	 were	 available,	 were	 selected	 for	 analysis.	 Geostatistical	

conditional	 simulations	 were	 used	 to	 combine	 acoustic	 density	 information	 with	 species	

composition	 proportions	 and	 length	 distributions	 within	 the	 catch.	 For	 each	 of	 the	 input	

datasets	250	simulations	were	conducted,	from	which	individual	and	combined	sampling	CVs	

were	 derived.	 Conversion	 of	 acoustic	 densities	 into	 abundance	 estimates	 was	 achieved	

through	 application	 of	 target	 strength	 to	 length	 relationships	 (TS-L).	 Where	 TS-L	 was	

unavailable	 in	 the	 literature	 for	a	particular	 species	 it	was	estimated	 through	a	Kirchhoff-ray	

mode	model.	TS-L	equations	were	estimated	for	rankin	cod	(Epinephelus	multinotatus)(TSRC	=	

20	 log10(L)	 –	 79.6),	 triggerfish	 (Balistidae)	 (TSTF	 =	 20	 log10(L)	 –	 77.7)	 and	 spangled	 emperor	

(Lethrinus	 nebulosus)	 (TSSE	 =	 20	 log10(L)	 –	 70.8)	 at	 38	 kHz.	 Sampling	 error	 was	 found	 to	 be	

generally	low	for	catch	proportions	(<12%)	and	acoustic	densities	(<10%).	Total	sampling	error	

CV	 for	 species	 group	 abundances	 within	 each	 of	 the	 three	 regions	 was	 9%	 -	 38%,	 which	 is	

similar	to	typical	estimates	reported	for	acoustic	surveys.		

	

Keywords:	 fisheries	 acoustics,	 geostatistics,	 target	 strength,	 NDSF,	 fishing	 vessel,	 error	

estimates	 	
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4.2	Introduction	

Historically,	 fisheries	 surveys	 have	 focussed	 on	 single-species	 management,	 and	 fisheries	

acoustics	has	become	one	of	the	standard	assessment	tools	for	monitoring	pelagic	fish	stocks	

in	temperate	waters,	where	schools	generally	contain	a	single	species	(Horne,	2000;	Simmonds	

and	MacLennan,	2005;	Koslow,	2009;	De	Robertis	et	al.,	2010).	In	warm	tropical	waters	school	

composition	 is	 often	more	 complex	 due	 to	 high	 levels	 of	 species	 richness	 (Campanella	 and	

Taylor,	 2016).	 While	 different	 discrete	 frequencies	 allow	 us	 to	 distinguish	 some	 functional	

groups,	such	as	swimbladdered	and	non-swimbladdered	fish,	with	a	high	level	of	confidence,	

differentiating	 between	 fish	 with	 similar	 morphological	 and	 physiological	 characteristics	

remains	challenging	(De	Robertis	et	al.,	2010;	Korneliussen	et	al.,	2008;	Woillez	et	al.,	2012).	

Identification	 tools	 remain	 largely	 focussed	 on	 empirical	 methods	 e.g.	 manual	 scrutiny,	

classification	libraries	or	frequency	response	(Fernandes	et	al.,	2006;	Korneliussen	et	al.,	2016,	

2009).	 To	 verify	 acoustic	 observations,	 these	 approaches	 depend	 on	 the	 availability	 of	

dedicated	alternative	sampling,	such	as	trawl	samples	or	optical	data	(De	Robertis	et	al.,	2010;	

Handegard	et	al.,	2013).	Collection	of	such	data	is	not	always	practical,	especially	with	regards	

to	a	more	ecosystem	based	approach	in	fisheries	management	(EBFM),	where	it	is	not	always	

possible	to	collect	information	on	all	components	of	an	ecosystem.	Fisheries	acoustics	are	now	

acknowledged	 as	 being	 one	 of	 the	 most	 promising	 tools	 for	 establishing	 an	 EBFM	 as	 the	

methods	 are	 capable	 of	 delivering	 information	 over	 a	 wide	 range	 of	 trophic	 levels	 and	 can	

provide	details	on	environmental	descriptors,	such	as	seabed	type	and	bottom	depth	(Koslow,	

2009;	Trenkel	et	al.,	2011).	

Reductions	 in	 dedicated	 survey	 budgets	 and	 advances	 in	 marine	 technologies	 have	

prompted	 managers	 to	 investigate	 the	 application	 of	 alternative	 data	 collection	 methods	

capable	of	providing	data	at	a	high	spatio-temporal	resolution	(Handegard	et	al.,	2013).	Given	

the	large	costs	associated	with	operating	marine	research	vessels,	there	is	a	growing	trend	in	

looking	at	alternative	sampling	platforms	(Dalen	and	Karp,	2007;	Fässler	et	al.,	2016;	Gastauer	

et	al.,	2017).	Many	commercial	fishing	vessels	are	now	equipped	with	scientific	echosounders	

capable	of	collecting	and	storing	high-quality	calibrated	acoustic	data.	As	a	result,	investigators	

have	 increasingly	 been	 exploring	 the	 potential	 use	 of	 active-acoustic	 data	 collected	

opportunistically	 from	vessels	of	opportunity	(e.g.	 fishing	vessels),	during	normal	commercial	

operations	(Dalen	and	Karp,	2007;	Fässler	et	al.,	2016;	Gastauer	et	al.,	2017).		
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While	 dedicated	 scientific	 surveys,	 such	 as	 acoustic	 trawl	 (AT)	 surveys,	 can	 deliver	

spatial	 and	 temporal	 snapshots	 of	 population	 distributions	 inside	 a	 surveyed	 area,	 the	

underlying	 dynamics	 (e.g.	 seasonal	 migrations)	 of	 that	 population	 remain	 largely	 unknown.	

This	is	in	part	due	to	the	limited	spatio-temporal	coverage.	To	date,	most	studies	which	have	

utilised	 opportunistically	 collected	 acoustic	 data	 have	 focussed	 on	 the	 assessment	 of	 fish	

populations	 already	 assessed	 by	 AT	 surveys	 within	 the	 context	 of	 single-species	 fisheries	

(Barbeaux	et	al.,	2013;	Fässler	et	al.,	2016;	van	der	Kooij	et	al.,	2016).	In	this	study,	we	explore	

the	 potential	 of	 acoustic	 data,	 collected	 in	 combination	 with	 catch	 information	 obtained	

aboard	 a	 commercial	 trap	 fishing	 vessel	 during	 normal	 operations,	 to	 derive	 estimates	 of	

abundance	 and	 biomass	 with	 associated	 sampling	 error,	 through	 the	 use	 of	 geostatistical	

conditional	simulations	(GCS),	for	selected	fishing	regions	of	a	mixed-species	environment.		

The	existence	of	spatial	structure	within	the	distribution	of	many	fish	stocks	has	been	

widely	 recognised	 (Rivoirard	et	al.,	2000).	As	a	 result,	most	estimates	of	 fish	abundance	and	

biomass	are	based	on	spatially	located	data.	Geostatistics	have	been	developed	as	a	statistical	

tool	to	work	on	regionalised	variables	(i.e.	variables	that	are	spread	in	space),	with	or	without	

an	underlying	 random	or	 regular	grid	 (Matheron,	1971).	 In	 fisheries	 science,	 they	have	been	

established	as	a	suitable	tool	to	provide	abundance	and	biomass	estimates	from	spatial	data	

(Rivoirard	 et	 al.,	 2000).	 A	major	 strength	 of	 geostatistics	 is	 that	 it	 can	 be	 used	 to	 explicitly	

account	for	spatial	autocorrelation.	In	reality	it	is	rarely	possible	to	fully	survey	a	given	area	in	

its	entirety,	i.e.	conduct	a	survey	fully	representative	of	the	underlying	complexity.	Limitations	

arise	either	through	areas	deficient	in	sampling	density	or	an	inability	to	reach	the	extents	of	

the	survey	area.	In	order	to	understand	the	validity	of	derived	estimates,	an	important	part	of	

any	 biomass	 or	 abundance	 estimate	 is	 the	 computation	 of	 uncertainty	 arising	 from	 the	

spatially	explicit	sampling	(Woillez	et	al.,	2009a,	2016).	Geostatistics	have	been	shown	to	be	an	

effective	tool	to	derive	abundance	estimates	from	acoustic	data,	to	estimate	the	precision	of	

acoustic	estimates,	and	to	make	precision	estimates	of	acoustic	datasets,	explicitly	taking	into	

account	the	spatial	variance	(Petitgas	et	al.,	2003;	Scoulding	et	al.,	2016;	Tugores	et	al.,	2016;	

Woillez	et	al.,	2009a,	2016).		

	 	



Chapter	4	-	Acoustic	monitoring	of	a	mixed	demersal	fishery	based	on	commercial	data	 90	

4.3	Methods	

Study	area	

All	data	were	collected	during	normal	fishing	operations	on	board	the	FV	Carolina	M,	a	

trap	 fishing	vessel	based	out	of	Broome,	Western	Australia	 (WA),	 that	 fishes	at	various	 sites	

throughout	the	Northern	Demersal	Scalefish	Fishery	(NDSF)	(Figure	4.1).	The	NDSF	is	a	mixed,	

demersal,	trap	based	fishery	which	covers	an	area	of	408,400	km2.	The	NDSF	extends	up	to	the	

shelf	edge	towards	the	Indonesian	border	with	depths	down	to	200	m.	In	this	study,	we	focus	

on	 regions	where	 catch	and	acoustic	data	were	 simultaneously	 available.	 Three	 regions	met	

these	 criteria	 (Regions	 1,	 2	 and	 3)	 and	were	 delimited	 by	manually	 drawn	 polygons	 (Figure	

4.1b,	 c,	 d).	 Data	 from	 the	 three	 regions	were	 collected	 at	 different	 times	 in	 2014:	 Region	 1	

from	3rd	to	7th	December	(area	(A)	=	33	nautical	miles	(nmi)2,
	mean	depth	(T)	=	124	m,	depth	

range	(r	=	120	–	130	m),	Region	2	from	29th	October	to	8th	November	(A	=	129	nmi2,	T	=	78	m,	r	

=	61	–	90	m)	and	Region	3	from	19th	to	30th	August	(A	=	211	nmi2,	T	=	91	m,	r	=	76	–	103	m).		

	

Figure	4.1	Bathymetric	map	of	the	part	of	the	NDSF	containing	the	three	fishing	Regions	(1,	2,	3)	
indicated	by	the	shaded	areas;	detailed	map	of	acoustic	data	collection	locations,	with	an	indication	of	
vessel	speed	with	light	colouring	for	slow	speeds	and	dark	colouring	for	high	speeds,	for	Region	1	(a),	

Region	2	(b)	and	Region	3	(c)	
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4.3.1	Sampling	strategy		

With	 up	 to	 30	 steel	 fish	 traps	 (1.5	 x	 1.5	 x	 0.9	 m)	 on	 board,	 the	 general	 sampling	

strategy	of	the	fisher	is	to	commence	a	fishing	trip	from	Broome,	travelling	at	high	speed	(7-12	

knots)	towards	a	predetermined	fishing	area.	Fishing	areas	are	chosen	based	on	historic	catch	

information	and	 the	expert	knowledge	of	 the	 fisher.	Once	at	 the	desired	 fishing	ground,	 the	

traps	 are	 deployed	 at	 suitable	 sites.	 Suitability	 is	 judged	by	 the	 fisher,	 based	on	 the	 seabed	

structure,	 the	 availability	 of	 fish	 schools	 (determined	 from	 on	 board	 acoustic	 systems)	 and	

other	factors	which	are	best	summarised	as	experience.	Generally,	so	called	‘lines’,	consisting	

of	ten	traps	placed	close	to	each	other	(Figure	4.2a),	are	deployed	whilst	the	vessel	is	moving	

at	 about	 7	 knots	 (Figure	 4.2b).	 Three	 to	 eight	 lines	 were	 set	 and	 retrieved	 per	 day.	 Once	

deployed	 a	 line	 is	 deployed,	 the	 vessel	moves	 away	 from	 the	 region	 (to	 avoid	 any	 negative	

behaviour	response)	and	the	traps	are	left	to	‘soak’	for	at	least	one	tidal	phase	shift.	While	the	

traps	 are	 in	 the	 water	 (‘soaking’)	 the	 vessel	 remains	 at	 anchor	 or	 drifts	 (depending	 on	 the	

prevailing	coniditons)	several	nautical	miles	from	the	site	of	trap	deployement	(Figure	4.2a,	b).	

Figure	4.2	One	day	of	sampling	in	Region	1;	a)	GPS	positions	of	Carolina	M	visualised	as	a	coloured	line,	
from	6	in	the	morning	(light	coloring)	until	6	in	the	evening	(dark	colouring).	The	different	activities	at	a	
given	time	are	indicated	by	shaded	areas	and	the	location	of	traps	is	indicated	by	a	star	symbol;	b)	the	
travelling	speed	over	time	averaged	by	one	minute	intervals	with	an	indication	of	the	different	activites	

at	a	given	time	by	shaded	areas. 
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After	an	allotted	amount	of	 time	has	passed	 (mean	7.21	hours;	max	=	16.62	h;	min	=	1.3	h,	

n=1431),	 based	 on	 the	 fishers	 expert	 judgement,	 the	 vessel	 moves	 back	 to	 the	 location	 of	

deployment	 to	 retrieve	 the	 traps	 (Figure	 4.2a,	 b).	 Once	 aboard,	 all	 fish	 are	 immediately	

removed	 from	 the	 trap	 and	 fish	 of	 commercial	 interest	 are	 placed	 into	 an	 ice	 slurry	 before	

storage.	 Undersized	 or	 non-commercial	 species	 are	 returned	 alive	 into	 the	 ocean	 as	 quickly	

and	 as	 careful	 as	 possible.	 If	 fishing	 conditions	 and	 yields	 are	 promising,	 the	 fisher	 might	

decide	 to	 put	 the	 traps	 back	 into	 the	 water	 in	 close	 proximity	 to	 the	 previous	 location.	

Otherwise	the	traps	will	be	redeployed	elsewhere	or	vessel	will	return	to	Broome.		

4.3.2	Biological	sampling	

Biological	 information	 was	 obtained	 from	 catch.	 A	 GoPro	 wide-angle	 camera	 was	

placed	on	top	of	the	traps	to	record	the	catch	as	they	were	being	hauled	on	deck.	Based	on	the	

optical	information,	fish	were	identified	and	measured	(total	length)	using	FishVid	(Gastauer	et	

al.,	 2017).	 Catch	 was	 divided	 into	 nine	 biological	 and	 commercially	 relevant	 groups.	 These	

were	 goldband	 snapper	 (GB,	 Pristipomoides	 multidens),	 red	 emperor	 (RE,	 Lutjanus	 sebae),	

saddletail	 (ST,	 Lutjanus	malabaricus),	 lutjanids	 (LJ,	 members	 of	 the	 Lutjanidae	 family,	 other	

than	saddletail,	red	emperor	or	goldband	snapper),	lethrinids	(LT,	members	of	the	Lethrinidae	

family),	 rankin	cod	(RC,	Epinephelus	multinotatus),	cods	(Cod,	members	of	the	Epinephelidae	

family	other	than	rankin	cod),	triggerfish	(TF,	members	of	the	Balistidae	family,	as	the	main	by-

catch	 species)	 and	a	miscellaneous	 group	 (MISC)	 containing	all	 other	 species	or	unidentified	

individuals.	Specimens	outside	of	these	nine	groups	consisted	of	two	sharks,	 two	snakes	and	

eight	crabs,	which	were	excluded	from	further	analysis.	

	Length	(L,	 in	cm)	to	weight	(W,	 in	grams)	relationship	constants	(aLW	and	bLW),	fitting	

the	LW	equation	W	=	aLW	*	#LUV ,	were	taken	from	FishBase	(Froese	et	al.,	2016).	As	the	LT,	LJ,	

and	Cod	groups	may	have	contained	varying	proportions	of	different	species	within	them,	the	

two	constants	were	averaged	based	on	the	proportions	present	in	the	assemblage	reported	by	

Newman	et	al.	(2012).	For	the	MISC	group,	which	may	have	contained	an	ensemble	of	all	other	

groups	with	additional	species,	the	mean	aLW	and	bLW	of	all	other	groups	was	used.		

Similar	to	other	sampling	methods	(e.g.	trawling),	traps	are	not	always	fully	reflective	

of	 the	 local	 fish	 community	 composition.	 This	 is	 due	 to	 gear	 selectivity	 and	 a	 lack	 of	

information	about	the	catchment	area	of	a	single	trap.	Furthermore,	direct	sampling	of	schools	

is	often	not	possible	and	those	observed	on	the	echogram	are	not	necessarily	sampled	by	the	
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traps.	 Despite	 these	 limitations	 traps	 are	 shown	 to	 be	 reasonably	 representative	 of	 the	

community	(species	richness)	in	the	general	area	(Newman	et	al.,	2012).	

4.3.3	Acoustic	data	collection	and	processing	

Acoustic	 data	 were	 collected	 from	 hull-mounted	 SIMRAD	 ES70	 split-beam	

echosounders,	 operating	 at	 38	 and	 120	 kHz.	 Settings	 were	 the	 same	 as	 those	 used	 during	

normal	commercial	operations;	38	kHz	(beam	width:	9.6°,	ping	rate:	maximum,	pulse	duration	

(τ):	0.256	ms,	transmit	electrical	power	(pet):	1500	W)	and	120	kHz	(beam	width:	7°,	ping	rate:	

maximum,	τ:	0.064	ms,	pet:	1000	W).	Tank	calibrations	were	conducted	 to	 test	 for	effects	of	

non-linearity,	 due	 to	 the	 short	 pulse	 duration	 and	 high	 power	 settings	 (Korneliussen	 et	 al.,	

2008),	 but	 no	 effects	 were	 found.	 Standard	 sphere	 calibration	 using	 a	 38.1	 mm	 Tungsten-

carbide	sphere	(WC),	with	6%	cobalt	binder	(Demer	et	al.,	2015)	was	carried	out	in	March	2016	

within	 the	NDSF.	Methods	 to	deal	with	 this	 temporal	and	spatial	mismatch	are	described	by	

Gastauer	et	al.	(2017).	

Raw	 acoustic	 data	were	 firstly	 corrected	 for	 the	 built-in	 triangular	wave	 error	 (Ryan	

and	Kloser	2004).	Subsequent	analysis	was	conducted	in	Echoview	7.0	(Echoview	Software	Pty	

Ltd,	2015),	including	application	of	calibration	settings.	Various	algorithms	were	applied	to	the	

data	to	deal	with	impulse,	transient	and	background	noise	(Ryan	et	al.,	2015).	Ping	times	and	

geometry	were	matched	and	data	were	resampled	by	one	ping	 (Demer	et	al.,	1999;	Conti	et	

al.,	 2005).	 Schools	 (i.e.	 non-resolvable	 targets)	 were	 classified	 as	 fish	 using	 a	 bi-frequency	

algorithm	 which	 could	 separate	 swimbladdered	 fish	 from	 fluid-like	 targets	 or	 macro-

zooplankton	(Ballón	et	al.,	2011;	Lezama-Ochoa	et	al.,	2015;	Gastauer	et	al.,	2017).	Differences	

in	the	(mean)	volume	backscattering	strength	(Sv;	dB	re	1	m2	m-3)	at	38	and	120	kHz	were	used	

to	discriminate	between	‘scattering	groups’.	Volume	backscattering	coefficients	(sv;	m2	m-3)	of	

the	 schools	 identified	 as	 fish	were	 integrated	 as	 nautical	 area	 scattering	 coefficents	 (sA;	m2	

nmi-2),	averaged	over	1	nmi	grid	cells.	Integration	was	done	from	10	m	below	the	surface	to	1	

m	 above	 the	 seafloor,	 thereby	 avoiding	 the	 nearfield	 close	 to	 the	 transducer	 face	 and	

integration	of	bottom	echoes	close	to	the	seabed,	respectively.	Night-time	data	were	excluded	

as	diurnal	vertical	migration	(DVM)	was	observed	with	fish	being	more	dispersed	during	times	

of	darkness	and	becoming	aggregated	during	daylight	(Gastauer	et	al.,	2017).	Interpretation	of	

acoustic	data	at	times	of	trap	removal	is	non-trivial,	due	to	drastic	changes	speed	and	heading.	

Sudden	changes	in	direction	to	locate	traps	for	retrieval	are	common	and	cause	signal	loss	due	

to	bubble	attenuation	(Figure	4.1	b,c,d,	Figure	4.2).	These	events	were	excluded	manually	and	

cross-checked	 with	 available	 logbook	 information.	 Information	 at	 similar	 locations	 could	 be	
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extracted	easier	at	times	when	the	traps	were	deployed.	Deployment	generally	occurs	at	more	

stable	speeds	and	headings	(Figure	4.1	b,	c,	d	,	Figure	4.2a,	b).	

4.3.4	Target	strength	estimates	

Target	strength	 (TS;	dB	re	1	m2)	 to	 length	 (L;	 cm)	or	weight	 (W;	grams)	 relationships	

are	 needed	 to	 derive	 abundance	 or	 biomass	 estimates	 from	 sv	 (Simmonds	 and	MacLennan,	

2005).	TS-L	is	generally	formulated	as	a	linear	regression	under	the	shape	of:	

TS	=	aTS	log(L)	+	bTS	,	 	 	 	 	 (1)	

where	aTS	and	bTS	are	constants,	with	aTS	commonly	assumed	to	be	20	(Foote,	1979).	TS-W	can	

easily	 be	 derived	when	 combined	with	 the	 LW	 equation.	 All	 presented	TS	 relationships	 and	

biomass	 estimates	 were	 based	 on	 38	 kHz	 data.	 Information	 provided	 by	 the	 120	 kHz	

echosounder	was	used	for	classification	purposes	only.	

TS-L	equations	were	available	for	red	emperor	(Gastauer	et	al.,	2016b)	and	goldband	

snapper	(Gastauer	et	al.,	2017),	but	not	for	the	other	groups.	Available	TS-L	 for	red	emperor	

was	 assumed	 to	 be	 valid	 for	 the	 lutjanids	 group	 and	 saddletail,	 given	 their	 close	 biological	

relation	and	similar	morphological	features.		

A	 Kirchhoff-ray	 mode	 (KRM)	model	 (Clay	 and	 Horne,	 1994)	 was	 used	 to	 model	 the	

theoretical	TS	of	triggerfish	(representative	of	the	TF	group),	rankin	cod	(representative	of	the	

RC	 and	 Cod	 groups)	 and	 spangled	 emperor	 (Lethrinus	 nebulosus)	 (representative	 of	 the	 LT	

group).	 Constants	 used	 in	 the	model	 can	 be	 found	 in	 Table	 4.1.	 Biological	 samples	 used	 as	

model	 inputs	were	all	taken	from	within	the	NDSF	during	one	fishing	trip	in	November	2014.	

Fish	 and	 swimbladder	 shapes	 used	 as	 inputs	 for	 the	 KRM	 were	 taken	 from	 computational	

tomography	 scans	 (CT).	 All	 CT	 scans	 were	 acquired	 by	 a	 Siemens	 SOMATOM	 Dual	 Energy	

scanner,	producing	standard	DICOM	files	(Gastauer	et	al.,	2016b).	Swimbladder	shape	and	fish	

body	shape	were	extracted	using	region	of	interest	(ROI)	definitions	within	ImageJ	(Schindelin	

et	 al.,	 2015).	 Exported	 ROI’s	 were	 read	 into	 R	 (R	 Core	 Team,	 2016)	 to	 produce	 simplified	

shapes,	defined	by	 the	upper	position,	 lower	position	and	width	 for	each	slice.	The	resulting	

simplified	shapes	were	then	used	within	the	KRM	model.	CT	scans	were	also	used	to	estimate	

fish	body	density	 and	 sound	 speed	within	 the	 fish	body.	 Pixel	 values	were	 transformed	 into	

Hounsfield	 (HU)	units	 through	application	of	a	 linear	correction	 factor	 read	 from	the	DICOM	

header	files	(pixel	value	*	rescale	slope	+	rescale	intercept).	Sound	speed	(cfb	in	ms-1)	within	the	

fish	body	was	calculated	following	Au	and	Fay	(2012).	The	density	of	fish	flesh	was	found	to	be	
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within	 the	 thresholds	of	 soft	 tissue	 (138	–	150	HU)	 (Au	and	 Fay,	 2012),	where	cfb	 is	 defined	

empirically	as	1.24	x	pixel	value	in	HU	+	1544.	Seawater	density	(Ww)	was	computed	following	

the	 UNESCO	 equation	 of	 state	 for	 seawater	 (Fofonoff	 and	 Millard	 Jr,	 1983),	 using	 average	

salinity	 and	 temperatures	 from	 CARS	 (CSIRO	 Atlas	 of	 Regional	 Seas)	 (Ridgway	 et	 al.,	 2002)	

(Table	4.1).	

Table	4.1	Constant	parameters	input	for	the	KRM	model	to	compute	the	theoretical	TS	of	triggerfish,	
Rankin	Cod	and	Spangled	Emperor.	

Description	 Species	 Symbol	 Value	 Unit	 Source	

Salinity	 All	 S	 34.4	 ppt	
CSIRO	Atlas	of	
Regional	Seas	
(Ridgway	et	al.,	

2002)	Temperature	 All	 T	 24.9	 ˚C	

Density	 of	 sea	
water	

All	 Ww	 1023	 kg/m3	
(Fofonoff	and	

Millard	Jr,	1983)	
Density	 of	
swimbladder	gas	

All	 Wsb	 2.64	 kg/m3	 (Clay,	1991)	

Sound	 speed	 of	
sea	water	

All	 cw	 1541.2	 m/s	
CTD	

measurements	
Sound	 speed	 in	
swimbladder	

All	 csb	 340	 m/s	
(Yasuma	et	al.,	

2010)	

Density	 of	 fish	
body	

Triggerfish	 	
Wfb	
	

1693	 	
kg/m3	

	 	
CT	scans	

	

Rankin	cod	 1631	
Spangled	emperor	 1680	

Sound	 speed	 in	
fish	body	

Triggerfish	 	
cfb	
	

1144	 	
m/s	
	

Rankin	cod	 1094	
Spangled	emperor	 1139	

Echosounder	
frequency	

All	 f	 38	 kHz	 -	

Tilt	angle	 All	 θ		 [50,130]	 °	 -	
	

KRM	outputs	were	tilt-angle	(q	)	dependent	backscattering	cross	section	values	(sbs	in	

m2).	q	ranged	between	50°	and	130°,	where	90°	was	defined	as	swimming	horizontally,	largely	

following	 recommendations	 by	 McClatchie	 et	 al.	 (1996b).	 TS-L	 was	 computed	 in	 the	 linear	

domain,	 assuming	 a	 slope	 (aTS)	 of	 20	 and	 with	sbs	 being	 weighted	 by	 the	 probability	 of	 q.	

Probability	of	q	was	assumed	to	follow	a	normal	distribution	(mean	90°),	giving	more	weight	to	

small	deviations	from	swimming	horizontally	and	less	weight	to	extreme	values.		
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4.3.5	Geostatistical	conditional	simulations		

Geostatistical	 conditional	 simulations	 (GCS)	were	used	 to	combine	catch	 information	

with	acoustic	data	to	derive	combined	sampling	uncertainty	estimates	(Rivoirard	et	al.,	2000).	

To	get	from	fish-only	sA	to	group-specific	abundance	or	biomass,	250	conditional	simulations	of	

sA	 were	 combined	 with	 250	 conditional	 simulations	 of	 group-specific	 catch	 proportions,	

weighted	by	estimated	fish	weights	at	observed	lengths	(Figure	4.3).	In	the	following	step,	the	

resulting	 simulations	 of	 the	 group-specific	 sA	 (sAgroup)	 were	 combined	 with	 conditional	

simulations	of	the	group-specific	length	distributions,	from	which	absolute	density,	biomass	or	

abundance	estimates	could	be	derived,	based	on	specific	TS-L	 (Table	4.1,	Table	4.2)	or	TS-W	

equations.	

GCS	are	a	geostatistical	concept,	generating	numerous	realisations	(simulations)	of	the	

Gaussian	random	function,	which	in	contrast	to	non-conditional	simulations	honour	the	data.	

GCS	 are	 replicates	 of	 the	 Gaussian	 random	 function	 model,	 following	 the	 variability	 of	 the	

data,	based	on	the	histogram	and	the	variogram	(Rivoirard	et	al.,	2000).	The	main	benefit	of	

conditional	 simulations	 for	 acoustic	 data	 is	 that	 they	 allow	 for	 the	 combination	 of	 different	

data	sources,	generating	a	combined	variability	estimate.	The	different	variables	(i.e.	acoustic	

backscatter	 and	proportion	of	 the	 catch	 and	 length	 distributions)	 are	 simulated	 individually,	

but	multiple	times	(250	replicates),	and	then	combined	to	generate	simulations	of	fish	density	

within	 the	 domain	 (each	 of	 the	 three	 regions).	 Uncertainty	 can	 be	 derived	 through	 the	

Figure	4.3	Schematic	of	the	workflow	from	acoustic	data,	catch	and	literature	information	through	
geostatistical	conditional	simulations	to	group	abundance	and	density	estimates	with	estimation	means	

and	variances	
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computation	 of	 basic	 statistics	 such	 as	 variance,	 standard	 deviation	 (s.d.)	 or	 coefficients	 of	

variation	 (CV	 in	 %)	 of	 the	 final	 realisations	 (Woillez	 et	 al.,	 2009a,	 2016).	 The	 resulting	

uncertainty	 represents	 the	 sampling	 error	 associated	 with	 the	 abundance	 estimates,	 which	

should	 not	 be	 confused	 with	 the	 measurement	 error,	 which	 is	 derived	 from	 Monte	 Carlo	

simulations	(Woillez	et	al.,	2009a).		

Table	4.2	TS-L	equations	at	38	kHz	with	information	for	which	species	the	relationship	was	originally	
estimated	(Species),	the	method	used	to	develop	the	equation,	the	group	to	which	it	was	applied,	the	
slope	(aTS)	and	intercept	(bTS)	of	the	TS-L	equation	and	a	reference	to	the	paper	where	the	estimates	

were	originally	published,	if	not	developed	within	this	study	

Species	 Estimates	method	 Group	 aTS	 bTS	 Reference	

Red	
emperor	

KRM	with	Bayesian	parameter	
estimation	

Red	Emperor;	
Lutjanids;	
Saddletail	

14.6	 -64.9	
(Gastauer	
et	al.,	
2016b)	

Goldband	
snapper	 In	situ	 Goldband	

snapper	
20.1	 -70.5	

(Gastauer	
et	al.,	
2017)	

Triggerfish	 KRM	 Triggerfish	 20.0	 -77.7	 -	

Rankin	cod	 KRM	
Cods;		

Rankin	cod	
20.0	 -82.9	 -	

Spangled	
emperor	 KRM	 Lethrinids	 20.0	 -70.8	 -	

	

Two	main	properties	of	the	Gaussian	model	make	it	especially	suitable	for	simulations.	

Due	to	the	central	 limit	theorem,	results	 from	the	simulation	of	many	 independent	variables	

converge	towards	a	normal	distribution	making	it	relatively	easy	to	condition	the	data	points.	

In	 the	present	 study,	 the	spatial	 structure	of	 fish	density	 is	 represented	numerically	 through	

the	variogram	and	covariogram.	Kriging	is	used	as	the	best	linear,	unbiased	estimation	of	point	

values	 at	 any	 location	 or	 region	 within	 the	 domain.	 The	 hypothetical	 error	 map	 is	 the	

difference	 between	 the	 kriged	 map	 and	 the	 unknown	 reality.	 Given	 the	 stochastic	

independence	of	 the	 error	map	 from	 the	 kriged	map,	 in	 the	Gaussian	 case,	 an	 error	map	 is	

simulated	from	a	non-conditional	simulation.	Adding	the	error	map	to	the	kriged	map	results	

in	 a	 conditional	 simulation.	 This	 provides	 a	 new	 map	 where	 at	 locations	 where	 data	 are	

available,	the	variance	between	the	kriged	values	and	actual	values	equals	to	zero,	hence	the	

simulated	 value	 is	 the	 same	 as	 the	 actual	 data	 value	 (Rivoirard	 et	 al.,	 2000;	Woillez	 et	 al.,	

2009a,	2016).		

An	 important	 prerequisite	 for	 the	 random	 function	 in	 the	 stationary	 case	 is	 for	 the	

variable	Z(x)	to	be	derived	from	a	Gaussian	field	Y(x)	using	Gaussian	anamorphosis	(Φ)	as	Z=	Φ	
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(Y).	 This	 requires	a	 transformation	 from	the	data	values	Z	 to	normal	 scores.	Gaussian	values	

can	be	directly	determined	for	positive	z,	but	not	for	z	=	0	(i.e.	Y	<	some	threshold	or	cut	off	

value	yc	determined	by	the	proportion	of	zero	values).	A	Gibbs	sampler	was	used	to	iteratively	

simulate	Y	at	the	points	where	z	=	0,	conditional	on	them	being	lower	than	the	cut	off	value	yc	

and	 on	 the	 other	 data	 points.	 This	 is	 an	 iterative	 process,	 where	 Y	 is	 simulated	 using	 the	

modelled	variogram	of	Y.	A	detailed	description	of	GCS	can	be	found	in	Woillez	et	al.	(2016).	

4.3.6	Habitat	overlap	

Based	on	the	resulting	estimated	spatial	densities	for	the	nine	groups	within	the	three	

regions,	 geostatistical	 indices	 were	 extracted.	 Geostatistical	 indices	 can	 be	 used	 to	

characterise	the	spatial	distribution	of	target	variables	(Gastauer	et	al.,	2016a;	Spedicato	et	al.,	

2007;	Woillez	et	al.,	2007,	2009b).	For	each	simulation	of	group	densities,	the	centre	of	gravity	

CG	 (the	mean	 location)	 (Bez,	 2007),	 isotropy	 (the	 roundness	 of	 the	 distribution)	 (Bez	 et	 al.,	

1997),	inertia	(measure	of	dispersion)	and	the	global	index	of	colocation	(GIC)	were	extracted	

(Woillez	et	al.,	2007).	GIC	is	a	measure	to	describe	how	geographically	distinct	two	populations	

are	through	comparison	of	their	respective	CGs	and	the	distance	between	individual	samples	

taken	at	random	and	individually.	

4.4	Results	

4.4.1	Target	strength	to	length	estimates	

TS-L	 equations	 found	 in	 literature	were	used	where	possible	 (Gastauer	 et	 al.	 2016b;	

Gastauer	 et	 al	 2017).	 A	 summary	 of	 the	 TS-L	 equations	 used	 can	 be	 found	 in	 Table	 4.2.	

Constants	used	in	the	KRM	model	to	estimate	TS-L	of	TF,	RC	and	SE	are	summarised	in	Table	

4.1.	

To	 estimate	 TS-L	 for	 TF,	 three	 members	 of	 the	 balistidae	 family	 with	 intact	

swimbladders	were	scanned.	Standard	lengths	of	the	three	fish	were	20.1,	24.7	and	26.9	cm.	

TS	at	90º	(horizontal)	fluctuated	around	-50	dB	for	all	three	fishes	(L20.1	cm	=	-50.0	dB	re	1	m2;	

L24.7	cm	=	-50.5	dB	re	1	m2;	L26.9	cm	=	-49.7	dB	re	1	m2)	(Figure	4.4a).	KRM,	computed	for	38	kHz,	

revealed	a	generally	increasing	trend	of	TS	with	θ	for	Triggerfish.	Maximum	TS	was	observed	at	

130º	for	all	three	triggerfish	(Figure	4.4a).	Fitting	the	TS-L	equation	with	an	assumed	slope	of	

20	and	a	mean	TS	weighted	by	the	probability	of	θ	 (assuming	a	normal	distribution)	resulted	

in:	

TSTF	=	20	log10(L)	–	77.7	(Figure	4.5a).		 	 	 	 (2)	
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Two	RC	with	intact	swimbladders	were	scanned	(LRC1=	40.1	cm;	LRC2=	50.0	cm)	to	estimate	a	TS-

L	relationship	for	rankin	cod	and	the	cod	group.	The	larger	RC	model	exhibited	maximum	TS	at	

q	»	102	º	(max	TSq=94º	=	-42.7	dB	re	1	m2),	fluctuating	around	-47	dB	re	1	m2	for	all	analysed	q.	

TS	for	the	smaller	RC	showed	more	pronounced	maxima	and	minima,	with	highest	TS	of	-44.5	

dB	re	1	m2	at	77º	and	94º.	TS	was	lowest	within	the	range	of	90º	to	110º	(mean	TSq[90,110]	=	-

61.4	dB	re	1	m2)	 (Figure	4.4b).	Weighted	with	an	assumed	normal	distribution	of	q	between	

50º	and	130º	and	accepting	a	slope	of	20,	TS-L	for	RC	was	estimated	as:	

TSRC	=	20log10(L)	–	79.6	(Figure	4.5b).		 	 	 	 (3)	

TS-L	for	lethrinids	was	estimated	through	two	scans	of	SE	of	similar	size	(LSE1	=	29.1	cm;	LSE2	=	

29.7	cm).	Both	followed	a	very	similar	pattern	over	the	range	of	modelled	q.	Two	local	maxima	

were	detected	for	both	examples	at	88º	(TSSE1	=	-37.6	dB	re	1	m2;	TSSE2=	39.6	dB	re	1	m2)	and	

105º	(TSSE1	=	-39.8	dB	re	1	m2;	TSSE2	=	-39.2	dB	re	1	m2)	(Figure	4.4c).	Fitting	a	TS-L	with	a	slope	

of	20	resulted	in:	

TSSE	=	20log10	(L)-70.8	(Figure	4.5c).		 	 	 	 (4)	

	

Figure	4.4	Target	strength	[dB	re	1	m2]	at	38	kHz,	modelled	through	a	Kirchhoff-Ray	Mode	
model		for	triggerfish	(a),	rankin	cod	(b)	and	spangled	emperor	(c),	over	a	range	of	tilt	angles	
(θ)	[°],	based	on	CT	scans,	each	estimate	of	fish	length	[in	cm]	at	different	sizes	coloured	in	

greyscale	
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Geostatistical	conditional	simulation	of	acoustic	backscatter	

For	 each	 of	 the	 three	 regions	 250	 realisations	 of	 acoustic	 data	 were	 produced.	 All	

three	regions	were	characterised	by	a	high	number	of	zero	values	(25	–	51%),	with	few	high	sA	

values	 (maximum	 1172	 –	 2547	 m2	 nmi-2)	 (Table	 4.3).	 The	 values	 below	 the	 cut	 off	 value	

(determined	 by	 the	 proportion	 of	 zero	 values)	 in	 Region	 1	 and	 2	 were	 fitted	 by	 a	 nested	

structure,	with	 a	 high	nugget	 and	 a	 spherical	 component	 (Table	 4.4).	 Transformed	 sA	 values	

contained	within	Region	3	were	fitted	by	an	exponential	structure	 (Table	4.4).	 In	accordance	

with	the	central	limit	theorem,	the	histograms	of	the	simulated	mean	sA	approximated	normal	

distributions	(Figure	4.6).	The	relative	number	of	zeros	in	the	original	data	and	the	simulations	

were	 similar,	 with	 a	 maximum	 variation	 of	 8.9%	 in	 Region	 1	 (Table	 4.3).	 Similarly,	 the	

estimation	mean	 and	 standard	 deviations	 based	 on	 simulations	 and	 data	 were	 comparable	

(Table	4.3).	Highest	mean	sA	was	 found	 in	Region	2	 (73.6	m2	nmi-2)	 (Figure	4.7).	At	 the	same	

time,	 the	highest	sA	 (1943.9	m2	nmi-2)	value	and	the	highest	percentage	of	zero	values	 (51%)	

was	 observed	 within	 this	 region	 (Figure	 4.7).	 Computing	 the	 mean	 sA	 for	 each	 of	 the	 250	

simulations	and	deriving	a	CV	estimate,	delivers	the	CVsam	attributed	to	sampling	error	 for	sA	

estimates.	 CVsam	 was	 8.0%	 for	 Region	 1,	 7.0%	 for	 Region	 2	 and	 10.0%	 for	 Region	 3.	

Figure	4.5	TS-L	relationship	for	triggerfish	(a),	rankin	cod	(b)	and	spangled	emperor	(c),	based	on	
estimates	modelled	through	Kirchhoff-Ray	Mode	model	(black	dots).	
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Bootstrapping	the	sA	data	(10,000	replicates	of	10,000	random	samples)	provides	an	estimate	

of	 random	 error	 (CVran)	 which	was	 estimated	 to	 be	 2.2%,	 3.1%	 and	 3.2%	 for	 Region	 1,	 2,	 3	

respectively.	

	

Table	4.3	Summary	statistics	(mean,	standard	deviation	(s.d.),	maximum,	percent	of	zero	values	and	
number	of	data	samples	(N))	of	raw	and	simulated	sA	for	the	three	analysed	regions.	

Region	
Mean	 s.d.	 Maximum	 %	zeros	 N	

Data	 Simu	 Data	 Simu	 Data	 Simu	 Data	 Simu	 Data	 Simu	
1	 53.97	 56.40	 120.50	 123.59	 797.53	 1172.91	 22.91	 25.15	 167	 6636	

2	 73.58	 88.37	 228.24	 246.65	 1943.86	 1981.13	 50.91	 49.04	 834	 8576	

3	 51.75	 50.70	 165.69	 172.14	 1805.37	 2547.34	 45.15	 44.37	 746	 5924	
	

Table	4.4	Model	fit	parameters	of	the	experimental	variogram,	fitting	the	transformed	sA	values	in	
Regions	1,	2	and	3	(sph=spherical,	exp	=	exponential).	

Region	
Structure	1	 Structure	2	 	 	
Nugget	 Type	 Partial	Sill	 Range	

1	 0.84	 sph	 0.37	 7.12	
2	 0.92	 sph	 0.20	 5.14	
3	 /	 exp	 0.99	 1.22	

	

Figure	4.6.	Histograms	of	the	frequency	(N)	of	estimated	mean	sA	based	on	250	geostastical	conditional	
simulations,	for	the	three	regions	(a,	b,	c)	with	an	indication	of	the	global	estimation	mean	(dashed	vertical	

line).	
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Table	4.5	Summary	statistics	(mean,	standard	deviation	(s.d.),	maximum,	percent	zeros	and	number	of	
data	samples	(N))	of	raw	(Data)	and	simulated	(Simu)	group	proportions	by	weight	for	each	group	within	

the	three	analysed	regions.	

Group	 Region	
Mean	 s.d.	 Maximum	 %	zeros	 Sampling	 Random	

Data	 Simu	 Data	 Simu	 Data	 Simu	 Data	 Simu	 CV	[%]	 CV	[%]	

Cod	
1	 0.01	 0.02	 0.08	 0.1	 0.7	 0.81	 96.17	 94.57	 19.11	 5.76	

2	 0.04	 0.04	 0.13	 0.26	 1	 1	 85.76	 88.09	 <0.1	 3.43	

3	 0.16	 0.24	 0.22	 0	 1	 1	 43.05	 47.32	 5.25	 1.38	

Goldband	
1	 0.63	 0.55	 0.38	 0.14	 1	 1	 18.18	 23.27	 4.22	 0.60	

2	 0.16	 0.23	 0.26	 0.22	 1	 1	 65.7	 61.74	 8.32	 1.62	

3	 0.11	 0.17	 0.19	 0.14	 1	 1	 70.03	 60.45	 <0.1	 1.78	

Lethrinid	
1	 0	 0	 0.02	 0.14	 0.19	 0.25	 98.09	 98.16	 6.72	 7.44	

2	 0.04	 0.06	 0.1	 0.14	 1	 1	 75.4	 70.52	 <0.1	 2.65	

3	 0.06	 0.13	 0.12	 0.14	 1	 1	 51.49	 50.2	 7.68	 1.88	

Lutjanid	
1	 0.08	 0.11	 0.18	 0.2	 1	 1	 70.33	 70.85	 6.81	 2.32	

2	 0.07	 0.13	 0.16	 0.14	 1	 1	 66.02	 65.37	 11.70	 2.46	

3	 0.11	 0.19	 0.18	 0.14	 1	 1	 41.39	 42.79	 6.92	 1.61	

Misc	
1	 0.14	 0.21	 0.26	 0.17	 1	 1	 63.16	 52.52	 7.72	 1.83	

2	 0.07	 0.17	 0.18	 0.17	 1	 1	 76.38	 65	 9.27	 2.45	

3	 0.07	 0.11	 0.15	 0.26	 0.84	 1	 73.01	 68.3	 3.81	 2.11	

Rankin	
cod	

2	 0.12	 0.17	 0.21	 0.1	 1	 1	 72.17	 68.43	 7.30	 1.79	

3	 0.1	 0.18	 0.2	 0.22	 1	 1	 74.01	 63.89	 6.87	 1.94	

Red	
Emperor	

1	 0.02	 0.05	 0.1	 0.17	 0.76	 0.87	 95.69	 89.13	 10.38	 5.05	

2	 0.27	 0.36	 0.29	 0.24	 1	 1	 39.32	 40.29	 2.39	 1.05	

3	 0.23	 0.3	 0.25	 0.1	 1	 1	 39.24	 42.74	 4.82	 1.11	

Saddletail	
1	 0.04	 0.09	 0.14	 0.14	 0.67	 0.75	 92.82	 81.52	 9.62	 3.67	

2	 0.04	 0.02	 0.14	 0.14	 1	 1	 92.07	 93.46	 2.75	 3.77	

3	 0.07	 0.14	 0.17	 0.14	 1	 1	 82.28	 72.17	 4.04	 2.42	

Triggerfish	
1	 0.02	 0.04	 0.09	 0.2	 0.94	 1	 95.22	 90.67	 16.58	 5.69	

2	 0.15	 0.23	 0.25	 0.14	 1	 1	 48.22	 43.12	 3.54	 1.68	

3	 0.05	 0.11	 0.12	 0.1	 1	 1	 74.17	 66.71	 8.79	 2.42	

	

	

Figure	4.7	Kriged	sA	values	based	on	one	simulation	for	Region	1	(a),	Region	2	(b)	and	Region	3	(c)	
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4.4.2	Simulations	of	the	group	proportions	

To	attribute	acoustic	backscatter	to	groups,	250	realisations	of	weight-weighted	catch	

proportions	were	 computed	 (Table	4.5).	A	 total	 of	 1431	 traps	where	 recorded	and	analysed	

(Region	1:	209,	Region	2:	618,	Region	3:	604).	A	summary	of	descriptive	statistics	of	the	group-

specific	 length	 measurements	 (estimates	 of	 mean,	 maximum,	 minimum),	 disaggregated	 by	

regions	based	on	recorded	data,	can	be	found	in	Table	4.5.	Length	histograms	for	all	groups,	

combined	over	the	three	regions	are	presented	in	Figure	4.8.	All	length-frequency	histograms	

were	unimodal,	with	the	exception	of	the	miscellaneous	group	which	was	closer	to	a	bimodal	

distribution.	Generally,	 catches	were	mixed	 (Figure	 4.9).	 In	 Region	 1,	 goldband	 snapper	was	

present	 in	 171	 traps	 and	 absent	 in	 78	 traps.	 In	 Region	 2,	 red	 emperor	 and	 triggerfish	were	

present	 in	 more	 traps	 than	 absent	 and	 in	 Region	 3,	 lutjanids,	 cods	 and	 red	 emperor	 were	

present	 (354,	 530,	 367	 traps	 respectively)	 in	 more	 traps	 than	 absent	 (250,	 260,	 237	 traps	

respectively)	 (Figure	4.9).	 Samples	 for	 all	 groups	were	 influenced	by	a	high	number	of	 zeros	

(no	 recorded	 specimens	 in	 the	 group).	 The	 lowest	 percentage	 of	 zeros	 was	 observed	 for	

goldband	snapper	in	Region	1	(18.2%).	No	rankin	cod	were	observed	in	Region	1.	Differences	

Figure	4.8	Length	Frequency	histograms	of	the	length	distributions	for	the	nine	groups.	
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in	mean	proportions	for	any	of	the	groups	based	on	simulations	and	data	was	lower	than	0.1.	

Mean	 proportion	 of	 the	 total	 catch	was	 highest	 for	 goldband	 snapper	 in	 Region	 1	 (0.6).	 All	

other	 proportions	were	 less	 than	 0.3	 (red	 emperor	 in	 Region	 2)	 (Table	 4.5).	Most	 groups	 in	

Regions	1,	2	and	3	were	fitted	by	a	nested	structure	with	a	nugget	and	one	or	two	exponential	

or	spherical	structures	(Table	4.6).	The	proportion	of	cod	in	Region	1	and	lethrinids	in	Region	2	

were	 fitted	 by	 a	 pure	 nugget	 (Table	 4.6).	 A	 summary	 of	 the	 variogram	 parameters	 can	 be	

found	 in	Table	4.6.	CV	 for	 the	mean	sampling	error	was	highest	 for	cod	 in	Region	1	 (19.1%),	

and	for	the	random	error	it	was	was	(5.8%).	Mean	sampling	error	attributed	CV	was	6.7%	(s.d.	

4.5%)	and	mean	random	error	was	2.7%	(s.d.	1.6%).	

Table	4.6	Variogram	parameters	fitting	the	ranked	group	proportions	for	the	nine	groups	within	the	
three	regions,	where	exp	=	exponential	structure	and	sph	=	spherical	structure.	

Group	 Region	
Structure	1	 Structure	2	 Structure	3	
Nugget	 Type	 Sill	 Range	 Type	 Sill	 Range	

Cod	
	

1	 <0.01	 exp	 0.05	 0.35	 sph	
10.3
3	

<0.01	

2	 0.29	
	 	 	 	 	 	

3	
	

exp	 0.93	 0.23	
	 	 	

Goldband	
	

1	 0.09	 sph	 0.29	 1.16	
	 	 	

2	
	

exp	 1.13	 1.08	
	 	 	

3	 0.86	
	 	 	 	 	 	

Lethrinid	
	

1	 <0.01	 exp	 <0.01	 0.91	 sph	 0.03	 0.65	
2	 0.96	

	 	 	 	 	 	
3	

	
exp	 0.88	 0.31	 sph	 0.16	 3.39	

Lutjanid	
	

1	 0.06	 exp	 0.30	 0.81	
	 	 	

2	
	

exp	 1.21	 0.95	
	 	 	

3	
	

exp	 0.84	 0.08	 sph	 0.10	 2.42	

Misc	
	

1	 0.30	 sph	 0.33	 1.56	
	 	 	

2	
	

exp	 0.51	 0.43	 sph	 0.12	 1.09	
3	 0.98	 sph	 0.18	 5.69	

	 	 	
Rankin	cod	

	
2	 0.30	 exp	 0.60	 0.54	 sph	 0.35	 1.60	
3	

	
exp	 0.78	 0.43	

	 	 	
Red	

emperor	
	

1	
	

sph	 0.10	 5.15	
	 	 	

2	 0.56	 sph	 0.27	 5.28	
	 	 	

3	 0.19	 exp	 0.41	 0.03	 sph	 0.47	 0.79	

Saddletail	
	

1	 0.10	 sph	 0.28	 4.43	
	 	 	

2	 0.04	 exp	 <0.01	 0.07	 sph	 0.01	 6.67	
3	 0.89	 exp	 0.15	 1.46	

	 	 	

Triggerfish	
	

1	
	

sph	 0.12	 1.65	
	 	 	

2	 0.65	 sph	 0.16	 2.61	
	 	 	

3	 0.54	 exp	 0.80	 1.21	
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4.4.3	Simulations	of	fish	lengths	

A	 summary	of	mean	 lengths	 for	 each	of	 the	nine	 groups	 contained	within	 the	 three	

regions	can	be	found	in	Table	4.7	and	are	shown	in	Figure	4.10.	A	summary	of	the	structures	

describing	 the	 variograms	 for	 the	groups	 is	 given	 in	 Table	4.8.	Most	 variograms	 contained	a	

nugget	effect	and	one	or	two	additional	spherical	or	exponential	structures	(Table	4.8).	Cod	in	

Region	 1	 and	 2,	 as	well	 as	 rankin	 cod	 in	 Region	 2	were	 fitted	 by	 a	 pure	 nugget	 (Table	 4.8).	

Lethrinids	 in	 Region	 1	 and	 2,	 lutjanids	 in	 Region	 1,	 saddletail	 in	 Region	 1	 and	 triggerfish	 in	

Region	1	did	not	contain	any	nugget	sill	(Table	4.8).	Mean	lengths	of	the	data	and	the	averaged	

simulated	data	 fluctuated	 for	 the	 different	 groups	 by	 less	 than	 1	 cm	with	 the	 exceptions	 of	

lethrinids	 in	Region	1	 (4.4	cm),	 red	emperor	 in	Region	2	 (1.4	cm),	 saddletail	 in	Region	3	 (1.6	

cm)	 and	 triggerfish	 in	 Region	 1	 (2.1	 cm)	 (Figure	 4.10,	 Table	 4.7).	 Mean	 CV	 attributed	 to	

sampling	 for	 length	 distributions	was	 1.8%	 (s.d.	 1.7%)	 (Table	 4.9).	 CV	 attributed	 to	 random	

error	for	length	distributions	was	on	average	2.1%	(s.d.	1.6%)	(Table	4.9).	

	

Figure	4.9	Catch	summary,	split	up	by	species	group,	as	recorded	in	Region	1	(a),	Region	2	(b)	and	Region	
3	(c).	The	number	(N)	of	individual	fish	present	in	each	trap	is	coloured	from	white	(N=0)	to	black	(N=40).	



Chapter	4	-	Acoustic	monitoring	of	a	mixed	demersal	fishery	based	on	commercial	data	 106	

Table	4.7	Summary	statistics	(mean,	standard	deviation	(s.d.),	number	of	data	samples	(N)	and	range)	of	
raw	and	simulated	group	lengths	for	each	group	within	the	3	analysed	regions	and	the	combined	length-

weight	(L-W)	constants	a	and	b	taken	from	FishBase	(Froese	et	al.,	2016).	

	

Table	4.8	Summary	of	the	structures	describing	the	variograms	of	the	length	distributions	for	the	
different	groups	within	the	three	regions,	where	exp	=	exponential	structure	and	sph	=	spherical	

structure.	

Group	
Region	

1	 2	 3	
Cod	 Nugget		 Nugget		 Nugget	,	exp	,	sph	
Goldband	snapper	 Nugget	,	exp	,	sph	 Nugget	,	sph		 Nugget	,	exp	,	sph	
Lethrinid	 exp	,	sph	 	exp	,	sph	 Nugget	,	sph		
Lutjanid	 sph		 Nugget	,	exp	,	sph	 Nugget	,	sph		
Misc	 Nugget	,	sph		 Nugget	,	sph		 Nugget	,	sph		
Rankin	cod	 /	 Nugget		 Nugget	,	sph		
Red	emperor	 Nugget	,	sph		 Nugget	,	exp		 Nugget	,	exp	,	sph	
Saddletail	 sph		 Nugget	,	sph		 Nugget	,	exp		
Triggerfish	 sph		 Nugget	,	sph		 Nugget	,	sph		

	

Group	 Region	
N	 Mean	[cm]	 s.d.	[cm]	 Range	[cm]	 L-W	constants	

Data	 Simu	 Data	 Simu	 Data	 Simu	 Min	 Max	 a	 b	

Cod	
1	 8	 5314	 34.85	 32.69	 5.27	 5.98	 27.63	 42.37	

0.028	 2.969	2	 88	 8576	 37.24	 37.82	 10.80	 12.01	 24.08	 76.67	

3	 344	 5924	 37.24	 38.99	 8.76	 11.29	 15.10	 83.11	

Goldband	
1	 171	 6636	 56.33	 56.65	 4.59	 3.98	 42.31	 70.59	

0.019	 2.912	2	 212	 8576	 58.59	 58.12	 7.35	 6.74	 25.86	 79.83	

3	 181	 5924	 57.10	 57.16	 7.23	 6.94	 40.53	 92.38	

Lethrinid	
1	 4	 6636	 30.87	 32.88	 5.84	 1.98	 25.19	 38.66	

0.027	 2.857	2	 152	 8564	 33.62	 33.59	 6.64	 5.15	 18.90	 76.21	

3	 293	 5924	 31.78	 33.27	 6.54	 7.18	 18.33	 80.18	

Lutjanid	
1	 62	 6636	 30.97	 31.64	 3.72	 4.94	 22.11	 45.23	

0.031	 2.917	2	 210	 8565	 30.14	 31.37	 5.10	 5.29	 19.57	 56.10	

3	 354	 5924	 30.53	 30.70	 4.89	 4.98	 21.16	 58.74	

Misc	
1	 77	 6636	 37.55	 38.23	 11.05	 10.35	 21.73	 65.50	

0.017	 2.964	2	 146	 8576	 39.82	 39.70	 15.48	 14.75	 12.98	 101.38	

3	 163	 5924	 41.86	 41.25	 14.82	 15.25	 10.92	 81.16	

Rankin	cod	
2	 172	 8576	 61.93	 61.01	 8.86	 10.73	 41.99	 128.35	

0.014	 3.044	
3	 157	 5924	 61.76	 59.99	 7.62	 7.09	 37.86	 100.65	

Red	
Emperor	

1	 9	 5801	 56.75	 53.56	 9.01	 10.43	 38.33	 69.29	

0.028	 2.912	2	 375	 8576	 52.70	 54.18	 8.53	 8.18	 18.29	 87.40	

3	 367	 5924	 51.11	 51.79	 8.39	 8.27	 23.38	 70.26	

Saddletail	
1	 15	 6636	 57.45	 57.02	 8.30	 9.51	 38.63	 70.50	

0.033	 2.917	2	 49	 8446	 58.30	 58.19	 14.98	 12.14	 21.64	 89.08	

3	 107	 5924	 56.83	 58.24	 10.99	 10.71	 29.47	 80.97	

Triggerfish	
1	 10	 4870	 36.72	 40.32	 6.61	 5.43	 29.93	 52.24	

0.025	 2.936	2	 320	 8576	 32.55	 33.01	 4.21	 5.18	 20.19	 46.49	
3	 156	 5924	 33.58	 34.56	 5.03	 5.75	 16.25	 49.40	
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Table	4.9	Sampling	(CVsam)	and	random	CV	(CVrand)	of	lengths	for	the	nine	groups	within	the	three	regions	
based	on	250	simulations.	

Group	 Region	 CVsam	 CVrand	

Cod	
1	 0.00	 5.10	

2	 0.00	 2.57	

3	 1.89	 0.91	

Goldband	
1	 0.56	 0.48	

2	 0.54	 1.41	

3	 0.75	 1.54	

Lethrinid	
1	 7.97	 7.32	

2	 1.98	 1.78	

3	 1.29	 1.08	

Lutjanid	
1	 1.90	 1.57	

2	 1.41	 1.42	

3	 1.01	 0.87	

Misc	
1	 2.09	 1.39	

2	 2.73	 1.97	

3	 2.48	 1.77	

Rankin	cod	
2	 0.00	 1.65	

3	 0.73	 1.72	

Red	
Emperor	

1	 4.32	 4.72	

2	 0.78	 0.82	

3	 1.07	 0.84	

Saddletail	
1	 4.15	 3.66	

2	 1.90	 3.51	

3	 1.94	 2.18	

Triggerfish	
1	 3.25	 4.55	

2	 0.70	 0.99	

3	 0.99	 1.72	
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4.4.4	Biomass	and	abundance	simulations	

Realisations	 of	 absolute	 density,	 abundance	 and	 biomass	 were	 obtained	 through	

combination	of	sA	group	portions,	length	simulations	and	LW-equations	(Figure	4.11,	Table	4.7,	

10).	 Each	 combined	 realisation	 explicitly	 contains	 the	 combined	 sampling	 error	 of	 the	

simulations	 it	 is	 based	on.	 Lowest	 CVs	were	 observed	 for	 species	 occurring	most	 commonly	

and	 highest	 CVs	 for	 the	 least	 frequently	 observed	 groups	 (Table	 4.10).	 Lowest	 combined	

sampling	 CV	was	modelled	 for	 goldband	 snapper	 in	 Region	 1	 (CVsA	 =	 9.0%;	 CVdensity	 =	 9.1%;	

CVabundance	=	9.1%;	CVbiomass	=	9.1%).	Highest	overall	CV	for	sA,	density,	abundance	and	biomass	

(24.07%)	was	observed	for	cods	in	Region	1	(Table	4.10).	Given	that	abundance	estimates	are	

simply	density	estimates	raised	by	the	area	of	the	integration	region,	CVs	are	the	same.	CVs	for	

biomass	are	different	due	to	the	application	of	a	LW	 relationship,	but	as	the	mean	 length	of	

each	 simulation	was	an	 input	 into	 the	applied	LW	 relationship,	 variation	was	minimal.	Of	all	

simulated	 estimates,	 triggerfish	 showed	 highest	 density	 in	 Region	 2	 with	 82,550	 individuals	

nmi-2.	This	would	equate	to	over	10	million	triggerfish	contained	within	Region	2,	which	would	

equal	 to	 one	 triggerfish	 every	 41.6	 m2.	 Cods	 and	 rankin	 cod	 were	 estimated	 to	 have	 the	

highest	total	biomass	within	the	three	regions	combined	(both	>	20,000	tonnes),	followed	by	

red	 emperor	 with	 a	 total	 of	 16,413	 tonnes	 (Table	 4.10).	 Triggerfish	 showed	 a	 high	 overall	

biomass	 with	 a	 total	 of	 10,959	 tonnes.	 Lethrinids	 had	 the	 lowest	 biomass	 with	 only	 1,106	

tonness	 across	 all	 regions.	 Similarly,	 the	 miscellaneous	 group	 had	 a	 low	 biomass	 with	 only	

1,617	tonnes	(Table	4.10).	

	

	

	

Figure	4.10	Boxplot	of	250	simulated	mean	length	estimates	for	the	nine	groups	within	the	three	regions	(a,	
b,	c),	with	the	mean	of	the	data	(grey	triangles).	
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Table	4.10	Acoustic	density,	absolute	density,	abundance	and	biomass	estimates	with	corresponding	CVs	
attributed	to	sampling	design	and	s.d.	for	the	nine	groups	in	the	three	regions.	

Group	 Region	
sA	[m2nmi-2]	

Abundance		 Density		
Biomass	[tonness]	

[in	1000	x	individuals]	
Mea
n	 CV	[%]	 Mean	 CV	[%]	 Mean	 		 Mean	 CV	

[%]	

Cod	
1	 0.94	 34.07	 187.49	 34.07	 1.21	

	
197.1	 34.07	

2	 3.54	 21.64	 2454.87	 21.64	 4.07	
	

3053.6	 21.64	
3	 12.65	 14.09	 13397.18	 14.26	 13.57	

	
18440.6	 14.37	

Goldband	
snapper	

1	 28.96	 9.04	 254.99	 9.11	 7.73	
	

618.9	 9.06	
2	 20.85	 12.65	 682.75	 12.72	 5.29	

	
1781.3	 12.65	

3	 8.28	 13.3	 454.39	 13.37	 2.15	
	

1145.4	 13.32	

Lethrinid	
1	 0.18	 32.37	 8.17	 38.02	 0.25	

	
2.5	 32.32	

2	 5.04	 23.23	 542.34	 23.59	 4.2	
	

343.9	 23.28	
3	 7.01	 18.01	 1318.67	 17.91	 6.25	

	
759.4	 18.16	

Lutjanid	
1	 6.53	 17.99	 194.18	 17.64	 5.88	

	
129.6	 18.63	

2	 11.5	 18.69	 1313.19	 18.71	 10.18	
	

905	 18.89	
3	 9.37	 16	 1787.43	 15.93	 8.47	

	
1186.4	 16.19	

Misc	
1	 12.11	 16.59	 224.31	 17.4	 6.8	

	
178.9	 16.58	

2	 14.05	 13.84	 875.17	 14.37	 6.78	
	

872.7	 14.33	
3	 5.34	 14.83	 504.14	 15.29	 2.39	

	
562.3	 15.19	

Rankin	cod	
2	 14.69	 12.64	 3594.45	 12.64	 5.96	

	
14279.9	 12.64	

3	 9.51	 14.43	 2443.89	 14.56	 3.91	
	

15019	 14.42	

Red	
Emperor	

1	 3.62	 31.17	 118.54	 31.78	 2.43	
	

295	 32.00	
2	 32.65	 11.88	 3056.6	 11.87	 23.69	

	
9518.9	 11.99	

3	 14.85	 13.81	 2443.89	 13.89	 11.58	
	

6598.8	 13.91	

Saddletail	
1	 5.3	 19.32	 118.54	 20.6	 3.59	

	
513.1	 20.02	

2	 2.32	 21.75	 195.92	 21.21	 1.52	
	

903.6	 22.68	
3	 6.75	 15.76	 923.04	 15.8	 4.37	

	
4333	 16.24	

Triggerfish	
1	 1.81	 25.24	 185.7	 25.41	 5.63	

	
214.8	 25.79	

2	 19.06	 13.42	 10649.3	 13.45	 82.55	
	

7574.6	 13.46	
3	 4.76	 16.71	 4134.16	 16.88	 19.59	

	
3170.1	 16.71	

	

	

Figure	4.11	One	simulation	of	acoustic	backscatter	(a),	catch	proportions	(b)	and	mean	length	(c)	for	
goldband	snapper	in	region	2	
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4.4.5	Spatial	distribution	

The	collection	of	alternative	biological	information,	in	conjunction	with	acoustic	data,	

within	 mixed	 species	 environments	 can	 be	 challenging.	 Geostatistical	 indices	 can	 describe	

spatial	distribution	patterns	of	marine	species.	Globel	 index	of	colocation	(GIC)	and	centre	of	

gravities	 (CGs)	 indicated	 that	 most	 groups	 co-occurred	 at	 very	 similar	 locations	 within	 the	

selected	fishing	grounds	(Figure	4.12,	Figure	4.13),	suggesting	no	clear	habitat	segregation,	but	

rather	 a	 truly	 mixed	 environment,	 with	 the	 exception	 of	 goldband	 snapper	 in	 Region	 1.	 In	

Region	 1,	 theCG	 of	 lutjanids,	 goldband	 snapper,	 saddletail	 and	miscellaneous	were	 grouped	

closely	 together	 in	 the	 centre	 of	 the	 region,	while	 the	mean	 location	 for	 lethrinids	 and	 red	

emperor	were	located	in	the	northern	part	of	the	centre	(Figure	4.12).	Triggerfish,	as	well	as,	

cods	were	more	 likely	 to	 occur	 in	 the	 southern	 part	 of	 Region	 1.	 In	 Region	 2,	 all	 CGs	were	

distributed	around	the	centre	of	the	region	(Figure	4.12).	 In	Region	3,	all	CGs	were	clustered	

together	very	closely	 in	 the	centre	of	 the	region	 (Figure	4.12).	 Isotropy	and	 inertia	were	 low	

throughout	all	three	regions	for	all	groups,	with	a	maximal	isotropy	observed	for	red	emperor	

in	 Region	 1	 (0.12),	 and	 maximal	 inertia	 observed	 for	 triggerfish	 in	 Region	 3	 (<0.01).	 This	

suggests	that	the	distribution	of	the	different	groups	is	elongated	and	localised.	Isotropy	was	

lower	in	Region	3	(mean	=	0.02),	compared	to	Region	2	(mean	=	0.08)	and	Region	1	(mean	=	

0.05),	while	 inertia	was	maximal	 in	 Region	 3	 (mean	 =	 0.04)	 and	 very	 low	 in	Region	 1	 and	 2	

(mean	<	0.01).	GIC	confirmed	these	findings	(Figure	4.13).	In	Regions	2	and	3,	all	groups	were	

packed	 closely	 together,	with	highly	overlapping	distributions	 (GIC	>	0.9,	 Figure	4.13b,	 c).	 In	

Region	 1	 all	 groups	 showed	 overlapping	 distributions,	 with	 the	 exception	 of	 triggerfish	 and	

cods	(GIC	0.3	–	0.6,	Figure	4.13a),		

Figure	4.12	Centre	of	gravity	for	the	nine	groups	within	the	three	regions	(TF	=	triggerfish,	ST	=	
saddletail,	RE	=	red	emperor,	MISC	=	miscellaneous,	LJ	=	lutjanid,	LT	=lethrinids,	GB	=	goldband	snapper,	

Cod	=	Cod,	RC	=	rankin	cod).	
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4.5	Discussion	

The	 present	 study	 is	 one	 of	 the	 first	 attempts	 to	 estimate	 density,	 abundance	 and	

biomass	 of	 key	 resources	 for	 a	 given	 area,	 including	 estimates	 of	 sampling	 variation	 based	

exclusively	on	information	collected	from	a	commercial	fishing	vessel	during	normal	operation	

without	dedicated	biological	information	from	a	multi-species	environment.		

Geostatistics	 have	 widely	 been	 shown	 to	 be	 a	 viable	 tool	 to	 describe	 the	 spatial	

distribution,	 abundance	 and	 variability	 of	 fish	 resources	 based	 on	 acoustic	 measurements	

(Rivoirard	et	al.,	2000	;	Petitgas	et	al.,	2003;	Spedicato	et	al.,	2007;	Doray	et	al.,	2008;	Woillez	

et	 al.,	 2009a;	 Gastauer	 et	 al.,	 2016a;	 Petitgas	 et	 al.,	 2016;	 Scoulding	 et	 al.,	 2016).	 A	major	

benefit	 for	 spatial	 modelling	 using	 geostatistical	 techniques	 is	 that	 it	 explicitly	 takes	 into	

account	spatial	autocorrelation	(Bez,	2007;	Rivoirard	et	al.,	2000).	This	is	especially	valid	when	

dealing	 with	 non-stratified,	 non-random	 but	 directed	 survey	 designs,	 such	 as	 fishing	 tracks	

(Fässler	et	al.,	2016).		

This	 paper	 has	 demonstrated	 that	 GCS	 can	 be	 used	 to	 derive	 estimates	 of	 density,	

abundance	 and	 biomass	 with	 associated	 sampling	 error	 based	 on	 acoustic	 and	 catch	

information	 obtained	 from	 a	 commercial	 trap	 fishing	 vessel.	 While	 traps	 may	 not	 reflect	

directly	what	can	be	seen	on	the	acoustic	recordings,	they	provide	valid	information	on	species	

richness	and	composition	within	the	NDSF	(Newman	et	al.,	2012).	In	the	present	study,	regions	

were	delimited	manually,	 closely	around	areas	of	high	 fishing	density,	where	 simultaneously	

Figure	4.13	Global	Index	of	Collocation	for	all	groups	in	the	three	regions	(TF	=	triggerfish,	ST	=	
saddletail,	RE	=	red	emperor,	MISC	=	miscellaneous,	LJ	=	lutjanid,	LT	=lethrinids,	GB	=	goldband	snapper,	

Cod	=	Cod,	RC	=	rankin	cod)	,	based	on	Geostatistical	conditional	simulations.	
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collected	acoustic	data	was	available.	Consequently,	a	relatively	high	coverage	of	these	areas	

could	 be	 realised,	with	 numerous	 trap	 samples	 and	 high	 density	 acoustic	 information.	 Even	

though	 traps	 can	 contain	 highly	 variable	 species	 compositions	 a	 spatial	 structure	 could	 be	

detected	 in	 most	 cases,	 with	 the	 exception	 of	 cods	 and	 lethrinids	 in	 Region	 2,	 as	 well	 as	

goldband	 snapper	 in	 Region	 3.	 For	 those,	 the	 variograms	were	 described	 by	 a	 pure	 nugget	

effect,	 suggesting	 random	 distribution	 of	 the	 data,	 or	 with	 a	 spatial	 structure	 that	 can’t	 be	

detected	at	the	given	resolution	(Rivoirard	et	al.,	2000).		

Generally,	 error	 associated	 with	 sampling	 design	 was	 low	 for	 catch	 proportions	

(<12%),	except	for	cods	 in	Region	1	(19.1%)	and	triggerfish	 in	Region	1	(16.6%).	Both	species	

comprised	on	average	of	1	or	2%	of	the	total	catch	and	therefore	they	were	considered	rare	

within	Region	1,	making	adequate	sampling	difficult.	Random	error	of	catch	proportions	was	

very	 low	 overall	 (<6%).	 These	 low	 sampling	 errors	 suggest	 that	 catch	 samples	 were	 taken	

adequately	 for	 the	 chosen	 regions.	 Sampling	 error	 found	 in	 the	 acoustic	 data	was	 less	 than	

10%	 in	 all	 three	 regions.	Overall	 CVs	 fluctuated	between	9.0	 and	34.1%	 for	density,	 9.1	 and	

38.0%	for	abundance	and	9.0	and	34.0%	for	biomass.	These	values	are	comparable	to	findings	

by	 Woillez	 et	 al.	 (2016)	 who	 found	 CV	 estimates	 of	 abundance	 to	 fluctuate	 between	 12.0	

and48.0%	and	3.0	and	22.0%	 for	biomass,	depending	on	 the	year	of	 the	 survey	and	 the	age	

group	of	Bering	 sea-walleye	being	analysed.	Where	Woillez	et	 al.	 (2016)	used	age	 classes	of	

one	 species	 to	 split	 up	 the	 abundance	 estimates,	 here	 we	 split	 up	 the	 final	 estimates	 by	

species	groups	 in	a	similar	fashion.	 In	agreement	with	Woillez	et	al.	 (2016)	and	Woillez	et	al.	

(2007)	 lowest	 CVs	 were	 determined	 for	 the	 most	 abundant	 groups	 while	 higher	 CVs	 were	

observed	for	the	rarer	groups.	With	CVs	estimated	within	this	study	being	comparable	to	CVs	

estimated	 from	 dedicated	 survey	 data,	 it	 can	 be	 assumed	 that	 sampling	 within	 the	 given	

regions	 during	 the	 time	 of	 recording	 was	 adequate.	 It	 should	 be	 noted,	 however,	 that	 the	

covered	areas	are	relatively	small	and	estimates	only	provide	a	snapshot	of	the	situation	at	the	

time	of	recording.	A	much	longer	time	series	with	repeated	coverage	over	larger	areas	would	

be	needed	to	derive	valid	abundance	or	biomass	estimates	for	the	entire	NDSF.		

Another	 challenge	 associated	with	 the	 estimation	 of	 abundance	 or	 biomass	 derived	

from	acoustic	 recordings	 is	 the	 influence	 of	TS	 and	 associated	TS-L	 equations.	Woillez	 et	 al.	

(2016)	found	that	TS-L	equations	can	contribute	>80%	to	the	total	CV	of	biomass	estimates.	In	

order	to	convert	acoustic	estimates	into	absolute	abundance	or	biomass	estimates,	a	thorough	

understanding	of	the	TS	properties	of	the	target	species	is	essential.	Small	variations	in	TS	can	

have	a	 significant	effect	on	 the	absolute	estimates	of	abundance	or	biomass	 (Everson	et	al.,	
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1990;	Foote,	1980;	McClatchie	et	al.,	1996a;	Scoulding	et	al.,	2016).	While	TS-L	equations	were	

available	for	red	emperor	and	goldband	snapper	(Gastauer	et	al	2016b;	2017)	there	were	no	

published	TS-L	equations	available	for	the	other	groups.	Given	the	close	biological	relation	and	

similarities	 in	 the	morphology	and	physiology	of	 saddletail,	other	 lutjanids	and	 red	emperor,	

using	the	same	TS-L	for	all	three	groups	was	assumed	to	be	an	acceptable	approximation.	To	

gain	 some	 insights	 into	 abundance	 and	 biomass	 estimates	 of	 the	 other	 groups,	 we	 have	

presented	estimates	of	TS-L	 for	rankin	cod,	triggerfish	and	spangled	emperor	over	a	range	of	

tilt	 angles	 using	 a	 KRM	model,	 similar	 to	Gastauer	 et	 al	 (2017),	 calculated	without	 Bayesian	

parametrisation.	

Previous	studies	found	good	agreement	between	KRM	based	TS	estimates	and	 in	situ	

or	ex	situ	empirical	measurements	(Hazen	and	Horne,	2003;	Henderson	and	Horne,	2007;	Peña	

and	 Foote,	 2008;	Gastauer	 et	 al.,	 2016b).	 Based	on	 information	obtained	 from	CT	 scans,	 tilt	

angle	dependent	TS-L	relationships	for	rankin	cod,	triggerfish	and	spangled	emperor	could	be	

estimated,	although	it	should	be	noted	that	only	a	limited	amount	of	good	quality	specimens	

with	 intact	 swimbladders	were	 available	 (3	 triggerfish,	 2	 spangled	emperors,	 2	 rankin	 cods).	

Biological	 samples	 taken	 from	 the	 NDSF	 are	 mostly	 caught	 at	 depths	 greater	 than	 100m.	

Retrieval	of	specimens	from	this	depth	can	cause	damage	to	the	swimbladder	(Rudershausen	

et	 al.,	 2007).	 It	 is	 therefore	 recommended	 that	 the	 exercise	 should	 be	 repeated	with	more	

samples.	 Nonetheless,	 the	 authors	 consider	 the	 established	 TS-L	 relationships	 suitable	 for	

providing	estimates	of	 abundance	and	biomass.	 The	TS-L	 constant	 intercept	 (bTS	 =	 -70.5)	 for	

spangled	 emperor,	 which	 in	 physiological	 and	morphological	 terms	 is	 closely	 related	 to	 the	

lutjanidae	 family,	 was	 very	 similar	 to	 the	 intercept	 for	 goldband	 snapper	 (bTS	 =	 -70.8,	 aTS	 =	

20.1),	based	on	in	situ	data	(Gastauer	et	al.,	2017).	Estimated	TS-L	for	rankin	cod	was	low.	This	

value	can	be	explained	by	the	deflated	swimbladder.	Rankin	cod	and	other	cods	are	known	to	

regularly	 suffer	 from	barotrauma	when	 taken	 from	great	depths	 (Rudershausen	et	al.,	2007;	

Sadovy	de	Mitcheson	et	al.,	2013).	Given	 the	ability	of	 these	 fish	 to	 inflate	and	deflate	 their	

swimbladders	estimating	TS	based	on	deflated	swimbladders	will	result	in	an	overestimation	of	

total	abundance	and	biomass.		

The	 methods	 presented	 here	 could	 be	 applied	 to	 a	 wide	 range	 of	 ecosystems	 and	

fisheries	 where	 mixed	 species	 are	 encountered	 and	 some	 information,	 representative	 of	

species	 richness	or	 species	 composition	 groups,	 is	 available.	 Continuation	of	 data	 collection,	

over	a	larger	area	and	an	extended	time	period	would	allow	for	improved	mapping	of	resource	

distributions	and	abundances	contained	within	the	NDSF.	In	areas	where	time	series	data	are	
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available,	 indices	 could	 be	 extracted,	 to	 track	 changes	 in	 the	 resource	 structure	 and	

distribution.	 If	 such	 a	 long-term	monitoring	 programme	were	 employed,	 it	 is	 recommended	

that	 in	 situ	 calibrations	 are	 conducted	 seasonally,	 to	 test	 the	 stability	 of	 the	 acoustic	

equipment.	Such	information	is	of	high	value	in	regions	where	funds	for	scientific	surveys	are	

limited	and	some/many	of	the	targeted	resources	are	described	as	data	deficient.		
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5.1		Abstract	

Fisheries	 acoustics	 is	 now	 a	 standard	 tool	 for	monitoring	marine	 organisms.	 Another	 use	 of	

active-acoustics	 techniques	 is	 the	potential	 to	 qualitatively	 describe	 fish	 school	 and	 seafloor	

characteristics	 or	 the	 distribution	 of	 fish	 density	 hotspots.	 Here,	 we	 use	 a	 geostatistical	

approach	to	describe	the	distribution	of	acoustic	density	hotspots	within	three	fishing	regions	

of	 the	 Northern	 Demersal	 Scalefish	 Fishery	 in	 Western	 Australia.	 This	 revealed	 a	 patchy	

distribution	 of	 hotspots	 within	 the	 three	 regions,	 covering	 almost	 half	 of	 the	 total	 areas.	

Energetic,	 geometric	 and	bathymetric	descriptors	of	 acoustically	 identified	 fish	 schools	were	

clustered	using	Robust	Sparse	K-Means	clustering	with	a	Clest	algorithm	to	determine	the	ideal	

number	of	clusters.	Identified	clusters	were	mainly	defined	by	the	energetic	component	of	the	

school.	Seabed	descriptors	considered	were	depth,	roughness,	first	bottom	length,	maximum	

Sv,	 kurtosis,	 skewness	 and	 bottom	 rise	 time.	 The	 ideal	 number	 of	 bottom	 clusters	

(maximisation	 rule	with	D-Index,	Hubert	Score	and	Weighted	Sum	of	Squares),	 following	 the	

majority	 rule,	 was	 three.	 Cluster	 1	 (mainly	 driven	 by	 depth)	 was	 the	 sole	 type	 present	 in	

Region	1,	Cluster	2	(mainly	driven	by	roughness	and	maximum	Sv)	dominated	Region	3,	while	

Region	2	was	split	up	almost	equally	between	Cluster	2	and	3.	Detection	of	 indicator	species	

for	the	three	seabed	clusters	revealed	that	the	selected	clusters	could	be	related	to	biological	

information.	 Goldband	 snapper	 and	 miscellaneous	 fish	 were	 indicators	 for	 Cluster	 1;	 Cods,	

Lethrinids,	Red	Emperor	and	other	Lutjanids	were	linked	with	Cluster	2,	while	Rankin	Cod	and	

Triggerfish	were	indicators	for	Cluster	3.	

	

Keywords:	Fisheries	acoustics,	acoustic	habitat	descriptors,	unsupervised	target	classification,	

geostatistical	hotspots,	indicator	species	 	
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5.2	Introduction	

Fisheries	 acoustics	 is	 a	 tool	 used	 by	 scientists	 and	 fishermen	 alike	 (Dalen	 and	 Karp,	

2007;	 Melvin	 et	 al.,	 2016;	 Ressler	 et	 al.,	 2009).	 Fishermen	 often	 use	 active-acoustic	

instruments	 (e.g.	 echosounders)	 to	 support	 their	 search	 for	 high-quality	 fishing	 grounds,	 to	

determine	 bottom	 depth,	 and	 in	 some	 situations	 to	 derive	 information	 about	 the	 seabed	

structure	(Fässler	et	al.,	2016).	Fisheries	scientists	commonly	use	active-acoustics	to	estimate	

stock	 abundance	 and	 biomass	 of	marine	 fish	 species	 (ICES,	 2015;	 Kloser	 et	 al.,	 2009,	 2002;	

Simmonds	 and	 MacLennan,	 2005).	 Due	 to	 the	 growing	 interest	 of	 fishers	 and	 scientists	 in	

active-acoustic	 technology,	 it	 is	unsurprising	 that	many	modern	 fishing	 vessels	 are	equipped	

with	scientifically	rated	echosounders	(Barbeaux,	2012;	Barbeaux	et	al.,	2013;	Dalen	and	Karp,	

2007;	Fässler	et	al.,	2016;	Gastauer	et	al.,	2017).	Such	echosounders	can	be	calibrated	and	are	

capable	of	recording	raw	acoustic	data	with	a	minimal	amount	of	 internal	data	manipulation	

(Barbeaux	et	al.,	2013;	Dalen	and	Karp,	2007;	Fässler	et	al.,	2016).	Due	to	their	time	at	sea	and	

distances	travelled,	opportunistic	recording	of	acoustic	data	by	fishers	at	sea	can	deliver	new	

insights	 into	the	distribution	and	structure	of	the	targeted	fish	species	 in	the	area.	Such	data	

can	be	used	to	compliment	data	collected	during	existing	scientific	monitoring	programmes,	to	

improve	the	spatial	and	temporal	effectiveness	of	these	surveys	(Fässler	et	al.,	2016).	Where	

dedicated	 scientific	 surveys	 provide	 good	 snapshots	 of	 the	 presence	 and	 abundance	 of	 fish	

contained	within	 the	 surveyed	 region	at	 the	 time	of	 the	 survey,	data	collected	on	vessels	of	

opportunity	 (e.g.	 fishing	vessels)	 can	give	a	broader	picture	on	a	wider	 temporal	and	 spatial	

scale	(Fässler	et	al.,	2016).	Deriving	information	such	as	density	hotspots	(Petitgas	et	al.,	2016)	

or	geostatistical	indices	(Gastauer	et	al.,	2016;	Woillez	et	al.,	2009,	2007)	of	this	data	can	then	

support	an	informed	decision	process	on	surveying	strategies.	

In	 the	 higher	 latitudes	 (north	 and	 south),	 in	 temperate	 climate	 regimes,	 fisheries	

acoustics	have	become	a	standard	tool	for	monitoring	many	pelagic	fish	stocks	(Simmonds	and	

MacLennan,	2005).	These	fish	species	generally	form	single-species	aggregations,	making	them	

ideal	 for	 acoustic	monitoring.	 In	 contrast,	 in	 tropical	 ecosystems,	 fish	 often	 occur	 in	mixed-

species	 schools	 with	 a	 much	 higher	 species	 diversity	 and,	 as	 such,	 species-specific	 acoustic	

assessment	 is	more	 difficult	 (Campanella	 and	 Taylor,	 2016;	 De	 Robertis	 et	 al.,	 2010;	 Horne,	

2000;	 Koslow,	 2009).	 While	 post-processing	 techniques	 based	 on	 multi-frequency	 acoustic	

data	 are	 able	 to	 distinguish	 between	 different	 functional	 groups,	 such	 as	 phytoplankton,	

zooplankton,	swimbladder	and	non-swimbladder	fish,	distinguishing	between	similar	species	in	
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mixed	schools	is	more	challenging	(De	Robertis	et	al.,	2010;	Korneliussen	et	al.,	2008;	Woillez	

et	 al.,	 2012).	 Although	 supervised	 (e.g.	 feed	 forward	neural	 networks	 (Cabreira	 et	 al.,	 2009;	

Haralabous	 and	 Georgakarakos,	 1996))	 and	 unsupervised	 (e.g.	 clustering	 (Campanella	 and	

Taylor,	 2016;	 Legendre	 and	 Legendre,	 2012),	 random	 forest	 classification	 (Fernandes,	 2009)	

and	self-organising	maps	(Peña	et	al.,	2015;	Peña	and	Calise,	2016))	methods	for	acoustic	

target	classification	exist,	 their	application	remains	 limited.	Most	classification	methods	used	

in	 fisheries	 acoustics	 are	 empirical,	 for	 example,	 the	 use	 of	 classification	 feature	 libraries	

(Korneliussen	 et	 al.,	 2009a)	 or	 frequency	 response	 characteristics	 (De	 Robertis	 et	 al.,	 2010;	

Fernandes	 et	 al.,	 2006).	 These	 methods	 are	 both,	 data-driven	 and	 dependent	 on	 expert	

judgement	 (Korneliussen	 et	 al.,	 2016).	 They	 generally	 require	 data	 collected	 by	 additional	

sampling	methods	(Fernandes	et	al.,	2016).	Unsupervised	or	supervised	modelling	approaches	

to	 target	 classification	 are	 advantageous	 in	 situations	 where	 no,	 or	 limited,	 dedicated	

alternative	sampling	observations	are	available	(Campanella	and	Taylor,	2016).	

Moving	 towards	 an	 ecosystem	 approach	 in	 fisheries	 management	 (EBFM),	 the	

identification	 of	 different	 habitats	 and	 their	 association	 with	 different	 marine	 species	 is	

important	 (Handegard	et	 al.,	 2013;	 Trenkel	 et	 al.,	 2011).	 Fisheries	 acoustics	 is	 considered	as	

being	one	of	 the	main	 tools	 to	provide	 the	basis	 for	 EBFM	 (Handegard	et	 al.,	 2013;	Koslow,	

2009;	Trenkel	et	al.,	2011).	In	addition	to	the	detection	of	fish,	active-acoustics	can	be	used	to	

derive	 information	 about	 seabed	 characteristics	 (Anderson	 et	 al.,	 2007;	 Cutter	 and	 Demer,	

2013;	Hamilton,	2001;	Siwabessy	et	al.,	2004a).	Seabed	properties	have	been	shown	to	play	an	

important	role	in	the	habitat	description	of	demersal	and	semi-demersal	fish	species	(Bax	and	

Williams,	2001;	Collins	and	McConnaughey,	1998;	Greenstreet	et	al.,	1997;	Lazzari	and	Tupper,	

2002;	Maravelias,	 1999).	 An	 enhanced	 understanding	 of	 the	 distribution	 of	 acoustic	 density	

hotspots	 and	 fish	 school	 characteristics,	 in	 conjunction	 with	 habitat	 characteristics,	 has	 the	

potential	 to	 improve	 the	monitoring	 and	management	 of	mixed-species	 fisheries	 in	 tropical	

environments	 (Hall	 and	 Mainprize,	 2004;	 Link,	 2005).	 Here,	 we	 use	 acoustic	 and	 catch	

information	 collected	 on	 a	 commercially	 operating	 trap	 fishing	 vessel	 to	 identify	 density	

hotspots,	 describe	 acoustic	 diversity	 of	 fish	 schools	 and	 identify	 different	 acoustic	 seabed	

habitats	within	three	fishing	regions.	Defined	clusters	of	school	and	seabed	descriptors	were	

then	linked	to	catch	information	to	investigate	the	ecological	meaning	of	the	clusters.	
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5.3	Methods	

5.3.1	Study	area	

Table	5.1	Summary	of	the	three	fishing	regions.	

Region	 Area	[nmi2]	 Mean	
depth	[m]	

Depth	
range	[m]	

Period	of	data	
collection	in	2014	

1	 33	 124	 120-130	 03/12	-	07/12	

2	 129	 78	 61-90	 29/10	-	08/11	
3	 211	 91	 76-103	 19/08	-	30/08	

	

The	 Northern	 Demersal	 Scalefish	 Fishery	 (NDSF)	 is	 a	 mixed-demersal	 trap	 fishery	

which	 encompasses	 an	 area	 of	 408,400	 km2.	 In	 the	 northwest	 of	 Australia,	 off	 the	 coast	 of	

Broome,	 the	 NDSF	 extends	 to	 the	 shelf	 edge	 close	 to	 the	 Indonesian	 border.	 All	 data	were	

collected	 on	 board	 FV	 Carolina	 M,	 a	 15	 m	 trap	 fishing	 boat,	 during	 normal	 commercial	

operations.	In	this	study,	we	focussed	on	three	fishing	regions	where	simultaneously	collected	

acoustic	and	biological	information	was	available.	Details	on	the	total	area	of	the	three	fishing	

regions,	delimited	by	manually	drawn	polygons,	and	the	period	of	data	collection	are	given	in	

Table	5.1,	with	additional	information	found	in	(Gastauer	et	al.,	2017a;	Gastauer	et	al.,	2017b).	

Fishing	regions	were	defined	as	areas	where	high	densities	of	 fishing	and	acoustic	data	were	

available.	An	overview	of	the	locations	of	the	three	fishing	regions	and	acoustic	recordings	are	

given	in	Figure	5.1.	

Figure	5.1	Map	of	a	part	of	the	NDSF	area	off	Broome	in	Western	Australia.	The	location	and	extents	of	
the	three	selected	fishing	regions	are	indicated	by	the	three	white	polygons.	Locations	of	acoustic	

recordings	are	shown	as	red	dots.	
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5.3.2	Biological	sampling	

Catch	information	on	all	specimens	was	obtained	by	a	GoPro	Hero	3	camera	mounted	

on	 each	 trap	 as	 it	was	 hauled	on	board	 (see	 (S.	Gastauer	 et	 al.,	 2017;	 Sven	Gastauer	 et	 al.,	

2017)	 for	 details).	 The	 downwards	 looking	 camera,	 facilitated	 recording	 of	 all	 fish	 caught	

within	 the	 trap	before	 the	 catch	was	 split	 into	 commercially	 relevant	 species	or	 returned	 to	

sea.	The	optical	 recordings	of	 the	catch	facilitated	counting	of	 fish	per	species	group.	Length	

measurements	 of	 the	 individual	 fish	 was	 based	 on	 pixel	 counting,	 calibrated	 through	 the	

known,	 constant	mesh	 size	 of	 the	 traps.	 Calibrated	 video	 recordings	were	 corrected	 for	 the	

built-in	wide	angle	distortion	and	subsequent	processing	was	performed	using	a	custom	built	

software	 package,	 FishVid	 (S.	 Gastauer	 et	 al.,	 2017;	 Sven	 Gastauer	 et	 al.,	 2017).	 Specimens	

were	 categorised	 into	nine	 groups	 (S.	Gastauer	et	 al.,	 2017;	 Sven	Gastauer	et	 al.,	 2017)	 (for	

simplicity	 referred	 to	 as	 species	 groups):	 Goldband	 snapper	 (Pristipomoides	multidens),	 Red	

Emperor	 (Lutjanus	 sebae),	 Saddletail	 (Lutjanus	 malabaricus),	 Lutjanids	 (members	 of	 the	

Lutjanidae	 family,	 other	 than	 Saddletail,	 Red	 Emperor	 or	 Goldband	 snapper),	 Lethrinids	

(members	of	 the	Lethrinidae	 family),	Rankin	Cod	(Epinephelus	multinotatus),	Cods	 (members	

of	 the	 Epinephelidae	 family	 other	 than	 Rankin	 Cod),	 Triggerfish	 (members	 of	 the	 Balistidae	

family)	and	a	miscellaneous	group	containing	all	other	species.		

5.3.3	Acoustic	data	processing	

All	acoustic	data	were	collected	(Figure	5.1)	using	calibrated	(Demer	et	al.,	2015)	hull-

mounted	 SIMRAD	 ES-70	 split-beam	 echosounders	 operating	 at	 38	 and	 120	 kHz.	 All	 settings	

were	the	same	as	those	used	during	normal	commercial	operations.	A	detailed	description	of	

these	settings	and	the	acoustic	processing	steps	can	be	found	in	(S.	Gastauer	et	al.,	2017;	Sven	

Gastauer	 et	 al.,	 2017).	 All	 acoustic	 processing	 was	 conducted	 in	 Echoview	 7.0	 (Echoview	

Software	Pty	Ltd,	2015).	Ping	geometry	and	times	were	matched	for	38	and	120	kHz	(Conti	et	

al.,	 2005;	 Demer	 et	 al.,	 1999).	 Effects	 of	 impulse	 noise	 (mainly	 caused	 by	 non-synchronised	

echosounders),	 transient	 noise	 (mainly	 caused	by	poor	weather	 conditions)	 and	background	

noise	(mainly	caused	by	the	vessels	engine	and	bad	weather	(Mitson,	2003;	Ryan	et	al.,	2015)),	

were	minimised	through	adaptation	of	filters	described	by	(Ryan	et	al.,	2015).		

All	 fish	 observed	 in	 the	 catch	 possessed	 a	 swimbladder.	 This	 allowed	 for	 the	

application	of	a	simple	bi-frequency	algorithm	to	differentiate	between	fish	and	fluid-like	(e.g.	

plankton)	targets	(Ballón	et	al.,	2011;	Sven	Gastauer	et	al.,	2017;	Lezama-Ochoa	et	al.,	2011).	

Volume	 backscattering	 coefficients	 (sv;	 m2	m−3)	 of	 acoustically	 detected	 fish	 schools	 were	
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integrated	(sA;	m2	nmi−2)	and	averaged	over	1	nmi	by	10	m	grid	cells,	starting	at	a	depth	of	10	

m	 (outside	 the	 near-field)	 to	 1	 m	 above	 the	 seabed	 (to	 avoid	 inclusion	 of	 seabed	 echoes).	

Effects	 of	 the	 acoustic	 deadzone	 were	 compensated	 through	 the	 application	 of	 methods	

described	by	(Ona	and	Mitson,	1996).	

5.3.4	Acoustic	density	hotspots	–	a	geostatistical	approach	

In	this	study,	acoustic	density	hotspots	(hereafter	referred	to	as	hotspots)	are	defined	

as	areas	with	high	concentrations	of	sA.	These	hotspots	are	considered	as	proxies	for	areas	of	

higher	than	average	fish	densities.	Generally,	hotspots	are	identified	through	the	application	of	

a	 subjective	 threshold	 (Nelson	 and	 Boots,	 2008)	which	 are	mostly	 based	 on	 the	 cumulative	

distribution	 function	 of	 the	 data	 (Bartolino	 et	 al.,	 2011)	 or	 defined	 through	 a	 kernel	

(Kenchington	 et	 al.,	 2014).	 Here	 we	 apply	 a	 local,	 non-linear	 rule	 for	 identifying	 hotspots	

(Petitgas	et	 al.,	 2016).	 Thresholds	are	based	on	 the	 spatial	 relationship	between	data	points	

above	a	cut-off	value	and	those	below	the	cut-off	value	(Petitgas	et	al.,	2016).	Cut-off	values	

are	 based	 on	 local	 transition	 probabilities,	 which	 can	 be	 temporally	 and	 spatially	 variable	

(Petitgas	et	al.,	2016).		

Seven	sA	cut-off	values	(0.01,	10,	50,	100,	200,	400	and	600	m2	nmi-2),	ranked	from	one	

to	seven,	were	used.	For	each	of	the	sA	cut-off	values	binary	indicator	sets	(1	if	above	sA	cut-

off;	 0	 if	 below	 sA	 cut-off)	 and	 variograms	were	 generated.	 The	 ratio	 between	 two	 indicator	

variograms	of	a	 lower	 first	sA	 cut-off	value	and	a	higher	second	sA	 cut-off	value	provides	 the	

transition	probability	 of	moving	 from	 the	 indicator	 set	 defined	by	 the	 lower	 sA	 cut-off	 value	

into	the	indicator	set	defined	by	the	higher	sA	cut-off	value.	The	variogram	ratio	is	defined	over	

the	 distance	 described	 within	 the	 variogram	 models.	 If	 the	 variogram	 ratio	 increases	 with	

distance,	the	indicator	set	defined	by	the	higher	sA	cut-off	value	tends	to	be	positioned	in	the	

central	part	of	the	indicator	set	defined	by	the	lower	sA	cut-off	value.	If	the	variogram	ratio	is	

flat	 (pure	nugget),	 the	data	points	contained	within	 the	 indicator	 set	of	 the	higher	sA	 cut-off	

value	 are	 randomly	 distributed	 within	 the	 indicator	 set	 of	 the	 sA	 lower	 cut-off	 value,	 the	

geometries	of	both	indicator	sets	are	spatially	uncorrelated	(no	edge	effect).	If	the	sA	cut-off	is	

high,	the	variograms	tend	to	be	described	by	a	pure	nugget	effect	(unstructured	data),	due	to	

destructuration	 (Matheron,	 1982).	 The	 sA	 cut-off	 is	 defined	 as	 the	 lower	 value	 of	 the	 pair	

where	no	edge	effect	is	observed	and	above	which	the	residuals	are	ideally	pure	nugget.	This	

sA	cut-off	value	becomes	the	top	cut	in	the	model	described	in	detail	by	(Rivoirard	et	al.,	2013).	

Ordinary	kriging	was	used	to	map	the	hotspot	probabilities	and	indicator	kriging	was	used	to	

clearly	differentiate	the	hotspots.		
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Table	5.2	Description	of	the	eleven	acoustic	school	descriptors	used	as	inputs	into	the	robust	sparse	k-
mean	clustering	algorithm	used	to	define	school	clusters.	

Descriptor	 Unit	 Definition	
Geometric	

Height	mean	 m	 The	extent	of	the	school	in	the	vertical	direction.	
Corrected	length	 m	 The	 horizontal	 dimension	 of	 the	 school	 in	 the	 plane	 of	 an	

echogram,	corrected	for	beam	geometry.	
Corrected	
thickness	

m	 The	vertical	dimension	of	the	school	in	the	plane	of	an	echogram,	
corrected	for	beam	geometry.	

Corrected	area	 m2	 The	 cross-sectional	 area	 of	 the	 school	 in	 the	 plane	 of	 the	
echogram,	corrected	for	beam	geometry.	

Corrected	
perimeter	

m	 The	 length	 of	 the	 perimeter	 of	 the	 school,	 in	 the	 plane	 of	 an	
echogram,	equivalent	 to	 the	distance	around	each	 sample	at	 the	
edge	of	the	region,	corrected	for	beam	geometry.	

Image	
compactness	

	 Indicator	of	roundness	of	 the	school.	 It	 is	 the	dimensionless	ratio	
between	the	squared	perimeter	of	the	school	and	the	area	of	the	
school.	A	perfect	 circular	 school	will	 have	an	 image	compactness	
of	1.	

Energetic	
Sv	mean	 dB	re	1	

m2m-3	
The	 mean	 volume	 backscattering	 volume	 is	 the	 sum	 of	 the	
backscattering	cross-section	divided	by	the	sampling	volume.	

Corrected	MVBS	 dB	re	1	
m2m-3	

The	 mean	 volume	 backscattering	 volume	 corrected	 for	 known	
beam	 geometry	 based	 on	 the	 corrected	 mean	 amplitude	 in	 the	
school.	

Sv	max	 dB	re	1	
m2m-3	

Sv	max	 is	analogous	to	Sv	mean	the	maximum	Sv	value	within	the	
school,	 above	 the	 defined	 minimum	 threshold	 and	 below	 the	
minimum	threshold.	

Skewness	 	 A	 statistical	 measure	 of	 how	 skewed	 the	 distribution	 of	 the	
samples	within	the	school	are.	

Bathymetric	
Mean	depth	 m	 Mean	depth	of	the	school	where	depth	is	the	linear	distance	from	

the	surface	along	the	vessel	axis	to	the	centre	of	the	school.	

	

5.3.5	Acoustic	school	descriptors	

A	set	of	eleven	school	descriptors	(six	geometric,	four	energetic	(for	both	frequencies	

38	kHz	and	120	kHz)	and	one	bathymetric)	were	extracted	for	each	school	from	the	acoustic	

data,	 largely	 following	 the	methods	 described	 in	 (Campanella	 and	 Taylor,	 2016)	 (Table	 5.2).	

The	geometric	descriptors	were	mean	height	(height	mean	[m]),	length	(corrected	length	[m]),	

area	(corrected	area	[m2]),	perimeter	 (corrected	perimeter	 [m])	and	roundness	of	 the	school	

(Image	compactness)	 (Table	5.2).	Energetic	descriptors	were	mean	backscattering	volume	(Sv	

mean	 [dB	 re	 1	 m-1]),	 beam	 geometry	 corrected	 Sv	 mean	 (corrected	 MVBS	 [dB	 re	 1	 m-1]),	
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maximum	 Sv	 (Sv	 max	 [dB	 re	 1	 m-1])	 and	 skewness	 (skewness)	 (Table	 5.2).	 The	 bathymetric	

descriptor	was	mean	depth	of	the	school	(mean	depth	[m])	(Table	5.2).	These	descriptors	were	

used	 to	 describe	 the	 characteristics	 of	 the	 fish	 schools	 to	 categorise	 them	 into	 different	

clusters.		

5.3.6	Clustering	

Clustering	of	acoustically	detected	 fish	schools,	using	school	descriptors,	was	applied	

to	 each	 of	 the	 three	 fishing	 regions	 separately,	 as	 they	 were	 spatially	 and	 temporally	

disconnected.	Only	 schools	observed	at	an	altitude	of	 less	 than	20	m	 from	the	 seabed	were	

considered.	 This	 allowed	 for	 improved	 comparison	 with	 biological	 information	 and	 omitted	

analysis	 of	 pelagic	 fish	 species.	 Schools	 observed	 during	 night-time	 were	 excluded	 from	

clustering	 as	 diurnal	 migration	 patterns	 have	 been	 observed	 within	 the	 study	 area	 (Sven	

Gastauer	et	al.,	2017).	Times	of	sunrise	and	sunset	within	the	study	area	were	around	06:00	

and	18:00	respectively	(S.	Gastauer	et	al.,	2017)	at	the	time	of	data	collection.	

An	 unsupervised	 clustering	 algorithm,	 Robust	 Sparse	 k-means	 Clustering	 (RSKC)	

(Kondo	et	al.,	2012a),	was	used	to	 label	the	different	school	clusters	based	on	the	energetic,	

geometric	and	bathymetric	descriptors.	Ideally,	clustered	groups	should	represent	biologically	

meaningful	categories,	for	example,	group	together	species	that	have	similar	morphology	and	

which	show	similarities	in	their	aggregation	structure	(Campanella	and	Taylor,	2016).	RSKC	is	a	

relatively	 new	 clustering	 algorithm	which	 combines	 the	 trimmed	 k-means	 (Gordaliza,	 1991)	

and	the	sparse	k-means	(Witten	and	Tibshirani,	2010)	algorithms,	which	are	both	derivatives	of	

the	k-means	algorithm.	The	main	strength	of	the	RSKC,	compared	to	other	k-means	algorithms	

is	 its	 robustness	against	noisy	data	containing	outliers.	This	 is	useful	 for	acoustic	data	where	

sudden	 large	 variations	 are	 not	 uncommon.	Maximisation	 of	 dissimilarities	 is	 based	 on	 the	

squared	Euclidean	distance,	rather	than	the	normal	Euclidean	distance,	giving	more	weight	to	

points	at	a	greater	distance	(Kondo	et	al.,	2012a).	The	algorithm	assumes	that	the	dissimilarity	

between	clusters	is	additive,	depending	on	the	contribution	of	each	descriptor.	Using	the	Lasso	

method	(Tibshirani,	1996),	a	weight	w,	constrained	to	a	tuning	parameter	 I1	 [1:√Z[JO\]^JE]	 is	

attributed	to	each	descriptor	in	order	to	maximise	the	separation	of	clusters.	Here	I1	was	kept	

at	a	maximum,	giving	non-zero	weights	to	all	descriptors.		

Any	 k-means	 algorithm	 requires	 the	 number	 of	 clusters	 to	 be	 defined	 a	 priori	

(Legendre	 and	 Legendre,	 2012).	 The	 number	 of	 clusters	 was	 selected	 using	 the	 “Clest”	

algorithm	(Dudoit	and	Fridlyand,	2002;	Kondo	et	al.,	2012a).	The	optimal	number	of	clusters	is	
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based	on	the	maximisation	of	 the	predictive	power	of	 the	model,	which	 is	based	on	random	

subsamples	 of	 the	 data	 (random	 validation	 was	 executed	 15	 times).	 Validation	 of	 the	

predictive	 power	 is	 based	 on	 the	 Classification	 Error	 Rate	 (CER)	 (Chipman	 and	 Tibshirani,	

2006).	 The	 accepted	 optimal	 number	 of	 clusters	 is	 obtained	 through	 minimisation	 of	 the	

subtraction	 of	 the	 median	 CER	 for	 different	 numbers	 of	 clusters	 (CERObs)	 and	 the	 median	

expected	 CER	 under	 the	 null	 hypothesis,	 where	 the	 number	 of	 clusters	 equals	 one.	 The	

expected	 CER	 was	 computed	 using	 five	 different	 datasets	 generated	 through	 Monte	 Carlo	

sampling.		

The	 similarities	 of	 the	 schools	 and	 the	 cluster	 they	 were	 attributed	 to	 were	 tested	

through	 revised	 silhouette	 values	 (Rousseeuw,	 1987).	 The	 revised	 silhouette	 plot	 and	 value	

represent	a	measure	of	cohesion,	i.e.	they	describe	how	similar	a	school	is	to	the	cluster	it	 is	

contained	 in	 compared	 to	 the	other	 clusters.	 Revised	 silhouette	 values	 range	 from	 -1	 to	+1,	

where	 a	 value	 close	 to	 +1	 has	 a	 high	 similarity	 with	 the	 cluster	 (Rousseeuw,	 1987).	 The	

influence	 of	 the	 different	 descriptors	 on	 the	 clustering	 was	 shown	 through	 Principal	

Component	Analysis	(PCA)	(Zuur	et	al.,	2007).	The	characteristics	of	the	different	clusters	are	

illustrated	through	a	parallel	coordinate	plot	(Huh	and	Park,	2008).	Indicator	kriging	was	used	

to	produce	maps	of	 the	most	dominant	 clusters	within	 the	 three	 regions.	Catch	 information	

was	linked	with	school	descriptor	clusters	through	distance	minimisation.	

5.3.7	Habitat	description	

To	describe	the	habitat	associated	with	the	fish	schools,	seafloor	characteristics	were	

assessed	 using	 acoustic	 techniques.	 Seabed	 characteristics	 were	 determined	 based	 on	 the	

scattering	 properties	 of	 the	 first	 bottom	 echo	 on	 the	 recorded	 echograms.	 The	 seabed	

features	 exported	 from	 Echoview	 (Echoview	 Software	 Pty	 Ltd,	 2015)	 were	 bottom	 depth,	

bottom	roughness,	first	bottom	length,	maximum	Sv,	bottom	rise	time,	skewness	and	kurtosis	

(see	below	for	details	on	each	seabed	feature).	All	seabed	features,	except	for	bottom	depth,	

which	 was	 exported	 for	 every	 ping,	 were	 based	 on	 intervals	 of	 15	 pings	 to	 minimise	

measurement	variability	(Anderson	et	al.,	2007;	Siwabessy	et	al.,	2004b).		

Bottom	depth	was	detected	using	the	“best	bottom	candidate”	algorithm	in	Echoview.	

The	 algorithm	 searches	 for	 peaks	 (i.e.	 the	 shallowest	 detections)	 within	 a	 ping	 window,	

containing	 eight	 pings	 in	 this	 study.	 If	 no	 peak	 is	 found,	 the	 average	 of	 the	 peaks	 in	 the	

surrounding	ping	windows	 is	used.	The	maxima	of	 the	different	 retained	peaks	are	 summed	

and	the	highest	(i.e.	shallowest)	value	is	considered	representative	of	the	bottom	response	for	
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that	 ping	 window.	 These	 points	 are	 connected	 to	 form	 the	 final	 bottom	 line	 which	 is	 then	

shifted	 towards	 the	 transducer	until	 the	detected	value	at	 individual	points	drops	below	the	

discrimination	level	(-50	dB	re	m-1).	Finally,	a	backstep	of	0.2	m	is	added.		

The	first	bottom	length	refers	to	the	total	duration	of	the	first	bottom	echo.	Firstly,	for	

a	bottom	echo	to	be	considered	valid,	a	minimum	of	three	consecutive	sample	values	above	a	

given	threshold	(here	-60	dB	re	m-1)	are	required.	These	consecutive	sample	values	determine	

the	beginning	of	the	first	bottom	echo	(i.e.	bottom	depth).	The	end	of	the	first	bottom	echo	is	

then	 determined	 using	 a	 bottom	 echo	 threshold	 at	 1	m	 (dB).	 The	 first	 of	 three	 consecutive	

sample	values	below	this	threshold	indicate	the	end	of	the	first	bottom	echo.		

Bottom	 roughness	 is	 determined	 from	 an	 integration	 of	 the	 tail	 energy	 of	 the	 first	

bottom	echo	(Chivers	et	al.,	1990;	Chivers	and	Burns,	1992)	as	 it	 is	assumed	that	the	energy	

contained	in	the	first	echo	is	mainly	(Hamilton,	2001)	dependent	on	the	bottom	roughness.	A	

rough	 bottom	 will	 have	 an	 increased,	 more	 complex	 surface	 and	 therefore	 an	 increased	

integration	interval	(longer	tail	due	to	the	delayed	arrival	of	energy	packets	at	the	transducer	

face),	resulting	in	an	increased	bottom	acoustic	roughness	index.	Smoother	seabeds	act	more	

like	 acoustic	mirrors,	 reflecting	 the	 incident	 energy	 directly	 to	 the	 transducer,	 resulting	 in	 a	

steep,	sharp	peak,	with	a	small	or	no	tail.		

Kurtosis	 and	 skewness	 describe	 the	 shape	 of	 the	 probability	 distribution	 of	 sample	

values.	 Kurtosis	 sometimes	 referred	 to	 as	 “peakedness”,	 is	 a	 measure	 of	 the	 variability	 in	

sample	 values	 in	 the	 first	 bottom	 echo	 and	 is	 defined	 by	 the	 “tailedness”	 of	 the	 data.	 This	

means	that	the	higher	the	kurtosis,	the	higher	the	proportion	of	variance	which	is	explained	by	

extreme	 deviations.	 Skewness	 describes	 the	 asymmetry,	 i.e.	 how	 unbalanced	 the	 sample	

values	 are,	 or	 how	 the	 distribution	 of	 sample	 values	 deviates	 from	 a	 normal	 distribution	

towards	either	tail.		

Maximum	 Sv	 is	 the	maximum	 energy	 reflected	 by	 the	 bottom	 and	 can,	 to	 a	 certain	

extent,	be	considered	as	a	proxy	for	density.	For	example,	a	dense	substrate	such	as	bedrock	is	

likely	to	reflect	more	energy	than	a	less	dense	substrate	like	sand	and	therefore	have	a	higher	

maximum	Sv.		

Bottom	rise	 time	 is	 the	 rise	 time	of	 the	 first	bottom	echo	 in	 the	 integration	 interval.	

Bottom	rise	time	is	mainly	influenced	by	sudden	drops	or	rises	of	the	seabed.		
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Maps	 of	 the	 different	 seabed	 descriptors	 were	 generated	 using	 ordinary	 kriging.	

Seabed	types	were	defined	and	classified	using	PCA	analysis	with	k-means	clustering.	The	ideal	

number	of	clusters	(k)	was	determined	using	a	combination	of	the	Hubert	score	(Hubert	and	

Arabie,	1985),	D-Index	(Lebart	et	al.,	2000)	and	Weighted	Sum	of	Squares	(WSS)	(Hothorn	and	

Everitt,	2014).	For	WSS,	 the	number	of	clusters	was	determined	through	comparison	of	WSS	

against	 the	 number	 of	 clusters.	 The	 ideal	 number	 of	 clusters	 was	 located	 where	 WSS	 was	

minimised	or	 a	 larger	 number	 of	 clusters	 contributed	 very	 little	 to	 the	minimisation	 of	WSS	

(Hothorn	 and	 Everitt,	 2014).	 For	 the	 Hubert	 score	 (correlation	 coefficient	 between	 two	

matrices)	 (Hubert	and	Arabie,	1985)	and	the	D-index	 (Lebart	et	al.,	2000),	a	knee	point,	 that	

corresponds	 to	 a	 significant	 increase	 of	 the	 measurement	 value	 was	 identified.	 The	 final	

number	of	clusters	was	defined	through	the	majority	rule,	where	the	most	frequently	detected	

ideal	 number	 of	 clusters	 was	 accepted	 as	 the	 final	 number.	 Maps	 of	 the	 resulting	 seabed	

clusters	were	produced	using	indicator	kriging.		

The	clusters	were	related	to	biological	information	(derived	from	catch	data)	through	

indicator	 species	 analysis	 (De	 Cáceres	 et	 al.,	 2012),	 where	 the	 nine	 species	 groups	 were	

treated	 as	 potential	 indicators.	 Significance	 of	 the	 relationship	 was	 tested	 through	 a	

permutation	test	(Dufrêne	and	Legendre,	1997).	 Indicator	values	are	a	statistical	tool	used	

to	define	which	species	can	be	seen	as	indicators	of	a	given	cluster	(Dufrêne	and	Legendre,	

1997)	or	 a	 group	of	 habitat	 clusters	 (De	Cáceres	et	al.,	2010).	A	 significant	benefit	 of	 the	

indicator	values	approach	is	that	it	combines	mean	abundance	and	occurrence	frequencies	of	

a	given	species	within	a	cluster	(Cáceres	and	Legendre,	2009;	De	Cáceres	et	al.,	2010;	Dufrêne	

and	Legendre,	1997;	Legendre	and	Legendre,	2012).	Indicator	values	are	a	combination	of	two	

components	 called	A	 and	B	 (Legendre	and	Legendre,	2012).	A	 is	 the	probability	 that	a	given	

cluster	 belongs	 to	 the	 target	 cluster,	 since	 the	 selected	 species	 group	 was	 detected	 (also	

known	as	 specificity	 or	 positive	predictive	 value).	B	 is	 the	 fidelity	 or	 sensitivity,	which	 is	 the	

probability	of	encountering	the	species	group	within	a	given	cluster	(Legendre	and	Legendre,	

2012).	 In	 order	 to	 assess	 the	 validity	 of	 indicator	 species	 for	 a	 given	 cluster,	 proportion	

coverage	was	computed	(De	Cáceres	et	al.,	2012).	Proportion	coverage	or	quantity	coverage	

is	the	proportion	of	sites	where	one	of	the	indicators	is	found	(De	Cáceres	et	al.,	2012).	
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5.4	Results	

5.4.1	Acoustic	hotspots	

The	highest	mean	sA	of	73.6	m2	nmi-2	 (standard	deviation	 (s.d.)	228.24	m2	nmi-2)	and	

highest	 percentage	 of	 zero	 values	 (50.9%)	were	 observed	 in	 Region	 2.	 Lower	mean	 sA	were	

observed	in	Region	1	(54.0	m2	nmi-2,	s.d.	120.5	m2	nmi-2)	and	Region	3	(51.8	m2	nmi-2,	s.d.	165.7	

m2	nmi-2).	Region	3	had	a	percentage	of	 zero	values	 (45.2%)	 comparable	 to	Region	2,	whilst	

this	percentage	was	much	lower	in	Region	1	(25.2%).	Within	Region	1	and	Region	2	the	sA	cut-

off	value	was	100	m2	nmi-2	which	corresponded	to	the	fourth	hotspot	indicator	value.	In	Region	

3,	the	region	with	the	lowest	mean	sA,	the	sA	cut-off	value	was	detected	at	the	third	hotspot	

indicator	 value	with	 an	 sA	 cut-off	 of	 50	m2	 nmi-2.	 In	 all	 three	 regions	 about	 half	 of	 the	 total	

Figure	5.2	Geostatistical	hotspots	of	acoustic	density	within	the	three	regions	(a	=	Region	1,	b	=	Region	
2,	c	=	Region	3),	with	the	probability	maps	on	the	left	and	the	identified	hotspots	on	the	right	(light	=	

hotspot,	dark	=	no	hotspot),	relative	sA	is	indicated	by	size	of	black	circles	
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areas	were	identified	as	hotspots	(44%	in	Region	1,	52%	in	Region	2	and	51%	in	Region	3).	The	

hotspot	 indicator,	 in	 all	 regions,	was	 the	 last	 structured	 indicator	defined	by	 the	 selected	 sA	

cut-off.	For	higher	sA	cut-offs	no	structure	was	detected	and	the	variograms	were	described	by	

a	pure	nugget.	Hotspots	were	patchily	distributed	in	the	three	regions	(Figure	5.2).	The	central	

part	 of	 Region	 1	 contained	 the	main	 density	 hotspot	 with	 smaller	 patches	 observed	 in	 the	

north	and	south	of	the	region	(Figure	5.2a).	In	Region	2,	hotspots	were	mainly	concentrated	in	

the	south	of	the	region	whilst	they	were	largely	absent	in	the	north	(Figure	5.2b).	In	Region	3	

hotspots	were	distributed	as	patches	throughout	the	region	(Figure	5.2c).	

Table	5.3	Results	of	the	Clest	algorithm	which	identified	three	as	the	optimal	number	of	school	clusters	
(bold	row),	with	k	=	number	of	clusters,	dk	=	test	statistic,	CERobs	and	CERref	=	observational	and	reference	

Classification	Error	Rates	respectively,	p	=	probability	of	the	absolute	CER	being	higher	than	the	CER	
under	the	null	hypothesis.	

k	
Region	1	 Region	2	 Region	3	

dk	 CERobs	 CERref	 p	 dk	 CERobs	 CERref	 p	 dk	 CERobs	 CERref	 p	
2	 -0.31	 0.03	 0.34	 0.00	 0.17	 0.24	 0.06	 1.00	 -0.08	 0.08	 0.15	 0.00	
3	 -0.07	 0.24	 0.30	 0.00	 0.21	 0.34	 0.13	 1.00	 -0.09	 0.16	 0.25	 0.20	
4	 0.04	 0.13	 0.09	 0.80	 0.00	 0.20	 0.21	 0.40	 0.07	 0.27	 0.20	 1.00	
5	 0.00	 0.18	 0.18	 0.40	 -0.05	 0.12	 0.17	 0.00	 -0.02	 0.17	 0.18	 0.20	
6	 -0.01	 0.16	 0.17	 0.20	 -0.03	 0.11	 0.14	 0.20	 -0.01	 0.15	 0.17	 0.20	
7	 0.01	 0.16	 0.15	 0.80	 0.00	 0.12	 0.13	 0.40	 0.01	 0.15	 0.14	 0.60	
8	 0.01	 0.17	 0.15	 0.60	 0.00	 0.11	 0.12	 0.60	 0.02	 0.14	 0.12	 1.00	
9	 0.04	 0.17	 0.12	 1.00	 0.00	 0.11	 0.11	 0.60	 0.01	 0.13	 0.11	 0.80	

	

5.4.2	Acoustic	school	descriptors	

The	optimal	number	of	clusters	determined	by	the	Clest	algorithm	was	two	in	Regions	

1	and	3,	and	five	in	Region	2	(Table	5.3).	The	median	observed	Classification	Error	Rate	(CERObs)	

was	low	in	all	three	regions	(0.03,	0.12	and	0.08	in	Regions	1,	2,	and	3,	respectively;	Table	5.3).	

During	clustering,	the	energetic	descriptors	were	the	most	important	for	all	clusters	in	all	three	

regions	(Figure	5.3,	Table	5.4).		

The	 first	 two	 principal	 components	 of	 the	 PCA	 explained	 63.9%	 of	 the	 variation	

contained	within	the	data	 in	Region	1;	66.0%	in	Region	2	and	66.2%	in	Region	3	(Figure	5.3).	

Principal	component	1	(PC1)	accounted	for	44.5%	of	the	variance	in	Region	1,	50.9%	in	Region	

2	 and	44.3%	 in	Region	3.	 PC1	was	predominantly	 driven	by	 the	energetic	 descriptors	 (Table	

5.4).	Principal	component	2	(PC2)	explained	19.4%	of	the	total	variance	in	Region	1,	15.1%	in	

Region	2	and	21.9%	in	Region	3	and	was	mainly	 influenced	by	geometric	features	(Table	5.4,	

Figure	 5.3).	 All	 three	 clusters	 were	 mainly	 separated	 by	 PC1,	 hence	 mostly	 determined	 by	
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energetic	 features.	 High	 agreement	 was	 found	 in	 Regions	 1	 and	 3	 with	 average	 silhouette	

values	of	0.83	and	0.71,	respectively	(Figure	5.4).	The	highest	agreement	was	found	for	Cluster	

1	 in	Region	1,	with	a	silhouette	value	of	0.89.	 In	Region	2,	moderate	to	high	agreement	was	

found,	with	an	average	silhouette	value	of	0.57.	The	highest	agreement	in	Region	2	was	found	

for	Cluster	2	with	a	silhouette	value	of	0.70	and	lowest	for	Cluster	4	(0.44)	(Figure	5.4).	

Table	5.4	Weights	of	the	descriptors	within	the	robust	sparse	k-means	clustering	(RSKM	weights)	
defining	the	school	clusters	and	contributions	to	the	first	(PC1)	and	second	(PC2)	components	of	the	

Principal	Component	Analysis.	

	
Region	1	 Region	2	 Region	3	

	
RSKM	
weights	 PC1	 PC2	 RSKM	

weights	 PC1	 PC2	 RSKM	
weights	 PC1	 PC2	

Svmean38	 0.08	 -0.27	 0.00	 0.48	 0.29	 0.07	 0.31	 -0.29	 0.16	

Svmean120	 0.47	 -0.40	 0.15	 0.32	 0.46	 -0.16	 0.42	 -0.40	 0.17	

Svmax38	 0.19	 -0.38	 -0.17	 0.40	 0.40	 0.21	 0.48	 -0.43	 -0.04	

Svmax120	 0.72	 -0.53	 0.06	 0.25	 0.43	 0.00	 0.41	 -0.46	 0.03	

MVBS38	 0.11	 -0.26	 0.22	 0.44	 0.31	 -0.07	 0.29	 -0.28	 0.21	

MVBS120	 0.33	 -0.40	 0.23	 0.30	 0.42	 -0.18	 0.36	 -0.39	 0.21	

Height	 0.00	 -0.02	 -0.15	 0.02	 0.10	 0.07	 0.21	 -0.15	 -0.27	

Skewness	 0.31	 -0.31	 -0.21	 0.06	 0.24	 0.24	 0.14	 -0.20	 -0.17	

Length	 0.00	 -0.05	 -0.36	 0.26	 -0.02	 0.41	 0.01	 -0.05	 -0.24	
Image	

compactness	 0.00	 -0.05	 -0.29	 0.26	 -0.03	 0.53	 0.00	 -0.02	 -0.25	

Perimeter	 0.00	 -0.08	 -0.52	 0.11	 -0.01	 0.44	 0.04	 -0.10	 -0.39	

Thickness	 0.00	 -0.02	 -0.30	 0.01	 0.08	 0.15	 0.24	 -0.21	 -0.50	

Area	 0.00	 -0.06	 -0.45	 0.01	 0.01	 0.38	 0.03	 -0.10	 -0.29	

Depth	 0.00	 0.01	 0.05	 0.01	 -0.09	 -0.09	 0.00	 -0.03	 0.37	

Figure	5.3	Biplot	of	the	first	(PC1)	and	second	(PC2)	principal	components	of	the	school	clusters	with	circles	
indicating	the	68%	confidence	intervals	of	the	clusters	obtained	from	Robust	Sparse	k-means	clustering	for	
the	three	regions	(a,	b,	c),	with	an	indication	of	the	pulling	direction	of	the	school	descriptors,	where	mSv38	

=	mean	Sv	at	38	kHz,	mSv120	=	mean	Sv	at	120	kHz,	SvMax38	=	Maximum	Sv	at	38	kHz,	SvMax120	=	
Maximum	Sv	at	120	kHz,	MVBS38	=	Corrected	Sv	at	38	kHz,	MVBS120	=	Corrected	Sv	at	120	kHz,	H	=	Height,	

S	=	Skewness,	L	=	Length,	R	=	Image	compactness,	P	=	Perimeter,	T	=	Thickness,	A	=Area,	D	=	Depth	
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	 Given	 the	 high	 influence	 of	 the	 energetic	 descriptors	 on	 the	 cluster	 separation,	 the	

clusters	can	best	be	described	by	mean,	max	Sv	and	MVBS	at	38	and	120	kHz	(Figure	5.5,	Table	

5.4).	 In	 Regions	 1	 and	 3,	 clustering	 largely	 followed	 the	 same	 trends,	 with	 Cluster	 1	 being	

considered	a	high-energy	cluster,	whilst	Cluster	2	was	regarded	as	a	moderate	to	low	energy	

cluster	 (Figure	 5.5).	 In	 Region	 3,	 schools	within	 Cluster	 1	were	 generally	 found	 to	 occupy	 a	

much	larger	area,	with	a	slightly	greater	thickness,	a	larger	perimeter	and	of	marginally	greater	

height	(Figure	5.5,	Table	5.5).		

In	Region	2,	one	high	energy	cluster	(Cluster	3)	and	one	low	energy	cluster	(Cluster	2)	could	be	

identified	 (Figure	 5.5,	 Table	 5.4).	 Clusters	 1,	 4	 and	 5	 were	 considered	 moderate	 energy	

clusters,	 with	 Cluster	 1	 mainly	 differentiated	 through	 higher	 energetic	 values	 at	 120	 kHz	

(Figure	 5.5,	 Table	 5.4).	 Cluster	 4	 was	 mainly	 separated	 from	 other	 clusters	 due	 to	 more	

elongated	 and	 larger	 schools,	 with	 a	 larger	 perimeter	 (Figure	 5.5,	 Table	 5.4).	

Figure	5.5	Revised	silhouette	plot	for	the	three	regions	(a,	b,	c),	where	each	silhouette	represents	one	
cluster,	composed	of	single	lines,	each	representing	a	school.	The	y	axis	represents	the	revised	silhouette	

value	and	the	printed	values	are	the	mean	revised	silhouette	value	for	each	cluster	

	

Figure	5.4	Parallel	coordinate	plot	of	the	descriptors	considered	in	the	Robust	Sparse	k-means	clustering	
for	the	three	regions	(a,	b,	c),	with	scaled	values	on	the	y-axis.	Each	thin	line	represents	one	school	and	
the	thick,	coloured	lines	represent	the	scaled	mean	descriptor	value	of	each	cluster,	,	where	mSv38	=	
mean	Sv	at	38	kHz,	mSv120	=	mean	Sv	at	120	kHz,	SvMax38	=	Maximum	Sv	at	38	kHz,	SvMax120	=	
Maximum	Sv	at	120	kHz,	MVBS38	=	Corrected	Sv	at	38	kHz,	MVBS120	=	Corrected	Sv	at	120	kHz,	H	=	
Height,	S	=	Skewness,	L	=	Length,	R	=	Image	compactness,	P	=	Perimeter,	T	=	Thickness,	A	=Area,	D	=	

Depth		
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Table	5.5	Summary	of	the	mean,	and	standard	deviation	(s.d.)	of	the	considered	descriptors	within	each	cluster	and	region.	

Region	 Cluster	 	
Svmean	 Svmax	 MVBS	

Height	 Skewness	 Length	 Image	 Perimeter	 Thickness	 Area	 Depth	
38	 120	 38	 120	 38	 120	

1	

1	 mean	 -50.15	 -48.63	 -36.69	 -27.41	 -47.62	 -47.06	 1.33	 7.26	 24.55	 15.20	 70.89	 3.00	 33.53	 121.6
5	

sd	 3.33	 5.13	 6.31	 6.76	 5.07	 5.47	 0.64	 5.28	 21.51	 14.64	 60.09	 2.16	 39.98	 2.31	

2	 mean	 -52.66	 -60.13	 -43.06	 -49.88	 -51.09	 -58.24	 1.44	 3.05	 21.70	 12.53	 61.40	 3.30	 30.82	 121.8
4	

sd	 2.34	 2.94	 3.72	 4.34	 3.87	 4.71	 0.88	 1.82	 17.02	 9.76	 46.54	 3.45	 34.80	 3.44	

2	

1	 mean	 -50.08	 -58.22	 -41.27	 -48.64	 -48.98	 -56.72	 1.24	 2.87	 15.90	 10.02	 42.25	 2.14	 18.40	 83.14	
sd	 1.36	 2.68	 2.56	 3.86	 2.33	 5.35	 0.99	 1.36	 10.46	 7.78	 34.73	 2.36	 24.26	 3.19	

2	 mean	 -53.38	 -65.68	 -46.57	 -58.47	 -52.85	 -66.15	 1.01	 2.01	 17.69	 9.47	 40.45	 1.51	 15.19	 83.30	
sd	 1.58	 2.47	 2.49	 3.26	 2.21	 3.79	 0.26	 0.95	 12.42	 7.28	 26.50	 0.63	 11.20	 3.31	

3	 mean	 -44.05	 -56.33	 -32.46	 -44.06	 -42.13	 -56.19	 1.70	 4.88	 16.02	 11.20	 50.16	 2.99	 25.18	 79.27	
sd	 2.79	 7.22	 5.15	 10.65	 3.10	 7.45	 1.14	 3.60	 15.23	 11.18	 46.15	 2.68	 33.80	 7.89	

4	 mean	 -49.80	 -65.20	 -41.13	 -55.97	 -50.24	 -65.85	 0.97	 3.12	 87.46	 46.61	 200.11	 2.11	 81.38	 82.88	
sd	 2.00	 2.54	 2.66	 4.32	 2.36	 2.52	 0.27	 2.55	 58.48	 23.87	 126.42	 1.09	 77.63	 2.85	

5	 mean	 -48.67	 -65.56	 -41.69	 -58.05	 -47.93	 -66.19	 1.08	 2.16	 19.23	 9.93	 44.94	 1.62	 18.12	 81.97	
sd	 1.41	 2.01	 2.33	 3.00	 2.31	 2.15	 0.39	 1.28	 13.42	 6.43	 30.33	 0.71	 17.49	 4.36	

3	
1	

mean	 -46.42	 -58.12	 -34.01	 -44.56	 -45.30	 -57.26	 2.77	 4.54	 35.42	 21.31	 152.11	 6.97	 143.7
8	 83.75	

sd	 2.75	 4.51	 4.05	 6.78	 3.67	 5.58	 2.54	 2.36	 44.42	 22.62	 213.02	 6.36	 333.8
9	 6.38	

2	 mean	 -50.17	 -65.28	 -41.44	 -55.86	 -49.72	 -65.25	 1.39	 2.65	 27.94	 18.82	 85.82	 3.05	 41.60	 83.84	
sd	 2.35	 2.74	 3.27	 3.75	 3.04	 3.70	 0.66	 1.40	 38.82	 21.55	 116.03	 2.20	 94.97	 5.61	
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The	 percentage	 of	 traps	 taken	 and	 the	 percentage	 of	 schools	 observed,	 generally	

agreed	well	(Table	5.6).	 In	Region	1,	the	low-energy	Cluster	2	was	dominant	 in	terms	of	area	

coverage	 (76.8%)	 (Figure	 5.6),	 amount	 of	 schools	 (73.6%)	 and	 traps	 (66.0%)	 (Table	 5.6).	 In	

Region	2,	almost	half	of	the	area	was	dominated	by	the	high-energy	Cluster	3	(49.2%)	(Figure	

5.6),	encompassing	19.4%	of	the	observed	schools	and	37.7%	of	the	recorded	traps	within	this	

region	(Table	5.6).	 In	Region	3,	the	two	clusters	were	more	evenly	spread,	with	52.4%	of	the	

area	 covered	 by	 the	 high-energy	 Cluster	 1	 (Figure	 5.6)	 (55.6%	 of	 the	 traps,	 41.1%	 of	 the	

schools)	(Table	5.6).	

	

Table	5.6	Total	number	of	eligible	acoustic	schools	and	number	of	traps	recorded	in	each	region	with	the	
percentage	of	the	area	(%	area)	of	dominance	of	the	school	clusters	and	percentage	of	traps	(%	traps)	

taken	within	each	cluster	for	the	three	regions.	

Region	 Nschools	 Ntraps	 Cluster	 %	
area	

%	
traps	

1	 212	 209	
1	 28.2	 34.0	
2	 76.8	 66.0	

2	 525	 584	

1	 10.5	 12.0	
2	 12.9	 16.0	
3	 49.2	 37.7	
4	 8.8	 10.8	
5	 18.7	 23.5	

3	 530	 604	
1	 52.4	 55.6	
2	 47.6	 44.4	

	

Indicator	 species	 could	be	detected	 for	 some	of	 the	 school	 clusters	 at	 a	 significance	

level	 of	 5%	 (Table	 5.7).	 No	 significant	 indicator	 species	 could	 be	 detected	 for	 Cluster	 2	 in	

Region	1	and	Clusters	4	and	5	in	Region	2.	In	general,	high	A	values	were	observed	(up	to	0.86),	

while	B	values	remained	low	(<0.45	except	for	Cod	in	Cluster	1,	Region	3,	where	B	=	0.60)		

Figure	5.6	Indicator	kriging	maps	of	the	occurrence	of	the	school	clusters	in	the	three	regions	(a,	b,	c)	
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Table	5.7	Indicator	species	groups	associated	with	the	respective	school	cluster	within	the	three	selected	
regions	with	the	corresponding	indicator	value	(indval),	the	p-value	(p)	and	the	indicator	variable	A	and	B	

	

Region	
School	

cluster	
Species	 indval	 p	 A	 B	

1	 1	 Triggerfish	 0.29	 0.02	 0.86	 0.10	

Misc+Triggerfish	 0.25	 0.02	 0.88	 0.07	

Goldband+Triggerfish	 0.25	 0.09	 0.84	 0.07	

2	 1	 Lutjanid	 0.37	 0.04	 0.31	 0.45	

2	 Rankin	 0.34	 0.05	 0.27	 0.41	

Rankin+Red.Emperor	 0.33	 0.01	 0.32	 0.34	

Rankin+Red.Emperor+Triggerfish	 0.32	 0.00	 0.43	 0.23	

Rankin+Triggerfish	 0.31	 0.01	 0.38	 0.26	

Misc+Rankin+Red.Emperor	 0.21	 0.04	 0.48	 0.09	

Misc+Rankin+Triggerfish	 0.20	 0.03	 0.54	 0.08	

Rankin+Cod+Triggerfish	 0.20	 0.01	 0.53	 0.08	

3	 Lethrinid	 0.35	 0.01	 0.33	 0.38	

Lethrinid+Red.Emperor	 0.34	 0.01	 0.38	 0.31	

Lethrinid+Red.Emperor+Triggerfish	 0.26	 0.04	 0.36	 0.19	

5	 Rankin+Cod+Saddletail	 0.15	 0.07	 1.00	 0.02	

3	 1	 Cod	 0.59	 0.02	 0.58	 0.60	

Lutjanid+Misc+Cod	 0.29	 0.05	 0.62	 0.13	

2	 Goldband+Red.Emperor+Triggerfish	 0.26	 0.03	 0.68	 0.10	

Goldband+Saddletail	 0.24	 0.04	 0.70	 0.08	

Goldband+Lutjanid+Triggerfish	 0.23	 0.04	 0.66	 0.08	

Goldband+Red.Emperor+Saddletail	 0.23	 0.01	 0.74	 0.07	

Goldband+Saddletail+Triggerfish	 0.14	 0.04	 0.88	 0.02	

	

(Table	5.7).	 If	considering	only	one	species	group,	Triggerfish	were	the	only	 indicator	species	

group	for	Cluster	1	in	Region	1.	In	Region	2,	Lutjanids	were	detected	as	an	indicator	species	for	

Cluster	1,	Rankin	Cod	for	Cluster	2	and	Lethrinids	for	Cluster	3	(Table	5.7).	In	Region	3,	Cod	was	

detected	 as	 an	 indicator	 species,	 while	 no	 singular	 indicator	 species	 could	 be	 detected	 for	

Cluster	 2	 (Table	 5.7).	 If	 a	 combination	 of	 up	 to	 three	 species	 groups	 was	 accepted,	

combinations	 of	 Misc,	 Goldband	 and	 Lutjanids	 with	 Triggerfish	 were	 detected	 as	 indicator	

species	 (Table	5.7).	 In	Region	2,	 for	Cluster	2,	 various	 combinations	 including	Miscellaneous,	



Chapter	5	–	An	unsupervised	acoustic	description	of	fish	schools	and	the	seabed	

	

139	

Rankin	 Cod,	 Red	 Emperor,	 Cod	 and	 Triggerfish	 were	 obtained	 (Table	 5.7).	 For	 Cluster	 3,	

Lethrinids	and/or	Red	Emperor,	with	or	without	Triggerfish	were	accepted	as	indicator	species	

groups.	 In	Region	3,	for	Cluster	1	a	combination	of	1)	Lutjanids,	Miscellaneous	and	Cod	were	

considered	 indicative	and	combinations	of	Goldband	with	2)	Red	Emperor	and	Triggerfish;	3)	

Saddletail,	 Lutjanids	 and	 Triggerfish;	 4)	 Red	 Emperor	 and	 Saddletail	 or	 5)	 Saddletail	 and	

Triggerfish	for	Cluster	2	(Table	5.7).	

5.4.3	Habitat	description	

Region	1	was	the	deepest	(120-130	m)	of	the	three	regions	throughout,	while	Region	2	

was	 the	 shallowest	 (61-90m)	 (Figure	 5.7,	 Table	 5.1).	 In	 Region	 1	 the	 deepest	 parts	 were	

observed	in	the	north,	gradually	decreasing	south-	and	eastwards	(Figure	5.7).	Within	Region	2	

the	deeper	areas	were	 in	the	west	getting	shallower	towards	the	east,	while	 in	Region	3	the	

deepest	part	was	found	in	the	central	area	(Figure	5.7b	and	6c	respectively).	Regions	2	and	3	

showed	similar	roughness	indices	with	values	over	7	for	the	majority	of	the	areas	(Figure	5.8b	

and	 7c	 respectively).	 Region	 3	 contained	 only	 a	 small	 channel	 of	 less	 rough	 seabed	 in	 the	

central	part	(Figure	5.8c).	Region	1	appeared	to	be	less	rough	with	maximum	roughness	values	

of	around	7.5	 (Figure	5.8a).	 First	bottom	 length	and	maximum	Sv	 showed	similar	 trends	and	

distributions	 of	 patches	 to	 bottom	 roughness	 with	 lowest	 values	 of	 each	 seabed	 feature	

observed	throughout	Region	1.	Maps	for	bottom	skewness	and	kurtosis	were	almost	identical	

to	one	another	 for	 the	 three	 regions	 (Figure	5.9).	 Like	 the	other	 seabed	 features	 the	 lowest	

values	 for	 skewness	 and	 kurtosis	 were	 observed	 in	 Region	 1	 and	 similar	 values,	 with	 well	

defined,	patchy	hotspots	found	in	Region	2	and	3	(Figure	5.9).	

According	 to	 the	 majority	 rule,	 the	 ideal	 number	 of	 clusters	 for	 the	 bottom	

classification	within	the	three	regions	was	three.	The	first	two	principal	components	(PC1	and	

PC2)	 of	 the	 PCA	 explained	 73.9%	 of	 the	 variance	 (Figure	 5.10).	 PC1	 (explained	 46.6%	 of	

variance)	 caused	 separation	 between	 the	 three	 clusters	 with	 some	 overlap	 found	 between	

Cluster	1	and	Cluster	2.	PC2	increased	the	difference	between	Cluster	1	and	Cluster	2	as	well	as	

removing	the	overlap	between	Cluster	2	and	Cluster	3	(Figure	5.10).	Cluster	1	mainly	occurred	

at	 greater	 depths,	 in	 areas	 with	 low	 roughness,	 first	 bottom	 length,	 bottom	 rise	 time,	

maximum	Sv,	kurtosis	and	skewness	(Figure	5.11).	In	short,	Cluster	1	describes	a	deep,	smooth	

seabed.	Cluster	2	was	predominantly	characterised	by	high	levels	of	roughness	and	maximum	

Sv,	but	low	bottom	rise	time,	skewness	and	kurtosis	(Figure	5.11).	This	suggests	that	Cluster	2	

describes	a	rough	bottom	with	low	variance	within	the	sample	values.	Cluster	3	contained	high	
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levels	of	 all	 descriptors	 except	 for	depth	 (Figure	5.11).	 Cluster	 3	describes	 a	 rough,	 complex	

bottom,	with	high	inter-sample	variance.	

Figure	5.9	Kriged	bottom	depth	maps	for	the	three	regions	(a,	b,	c)	

Figure	5.8	Kriged	bottom	roughness	maps	for	the	three	regions	(a,	b,	c)	

Figure	5.7	Kriged	bottom	kurtosis	maps	for	the	three	regions	(a,	b,	c)	
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In	Region	1,	only	Cluster	1	was	found	(Figure	5.12a).	Almost	half	of	the	area	of	Region	

2	was	attributed	 to	Cluster	2	 (53.4%)	and	 the	other	half	 to	Cluster	3	 (46.6%)	 (Figure	5.12b).	

Region	3	contained	all	 three	clusters,	but	was	strongly	dominated	by	Cluster	2	 (85.6%),	with	

some	small	areas	identified	as	Cluster	3	(7.8%)	and	a	smaller	proportion	of	the	area	attributed	

to	Cluster	1	(6.7%)	(Figure	5.12c).	

	 If	 only	 one	 species	 group	 is	 considered	 as	 an	 indicator	 species	 group	 at	 a	 time,	

Goldband	snapper	and	 the	Miscellaneous	group	was	 identified	as	an	 indicator	 species	group	

for	 habitat	 Cluster	 1.	 Four	 groups	 were	 considered	 indicator	 species	 groups	 in	 Cluster	 2	

(Lethrinids,	Red	Emperor,	Cods	and	Lutjanids)	and	two	indicator	species	groups	were	identified	

within	Cluster	3	 (Triggerfish	and	Rankin	Cod).	 If	a	combination	of	up	to	 three	species	groups	

are	 considered,	 129	 species	 group	 combinations	 present	 in	 the	 data,	 could	 be	 tested.	 Sixty-

nine	combinations,	each	containing	up	to	three	species	groups	were	significantly	detected	as	

indicator	species	groups	for	one	of	the	three	habitat	clusters.	A	summary	of	the	most	relevant	

indicator	species	groups	(A	>	0.5,	B	>	0.2,	indicator	values	>	0.3,	p	<	0.01)	can	be	found	in	Table	

5.8.		

Figure	5.10	Biplot	of	the	first	(PC1)	and	second	(PC2)	principal	components	of	the	bottom	clusters,	
with	Depth	=	Depth,	BRT	=	Bottom	Rise	Time,	K	=	Kurtosis,	S	=	Skewness,	FBL	=	First	Bottom	Length,	
SvMax	=	Maximum	Sv,	R	=	Roughness.	with	circles	indicating	the	68%	confidence	intervals	of	the	

clusters	obtained	from	k-means	clustering	
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Figure	5.11	Radial	plot	highlighting	the	mean	value	of	the	bottom	descriptors	scaled	around	its	own	
mean	for	the	three	bottom	clusters,	identified	by	colours.	

	

	

Figure	5.12	Indicator	kriging	maps	of	the	three	bottom	clusters	within	the	three	regions.	
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Table	5.8	Most	relevant	indicator	species	groups,	composed	of	up	to	three	species	groups,	with	a	
probability	(p)	<	0.01,	an	indicator	value	(indval)	>	0.3,	an	A	value	>	0.5	and	a	B	value	>	0.2	for	the	three	

acoustic	habitat	clusters.	

	

Seabed	

Cluster	
Species	group	 indval	 p	 A	 B	

1	

Goldband	 0.75	 <0.01	 0.76	 0.73	

Goldband	+	Lutjanid	 0.35	 <0.01	 0.56	 0.22	

Goldband	+	Misc	 0.43	 <0.01	 0.76	 0.25	

Misc	 0.44	 <0.01	 0.55	 0.36	

2	

Cod	 0.52	 <0.01	 0.62	 0.45	

Cod	+Red	Emperor	 0.42	 <0.01	 0.59	 0.29	

Lethrinid	 0.54	 <0.01	 0.64	 0.45	

Lethrinid	+	Cod	 0.38	 <0.01	 0.63	 0.23	

Lethrinid	+	Lutjanid	 0.44	 <0.01	 0.73	 0.27	

Lethrinid	+	Red	

Emperor	
0.43	 <0.01	 0.60	 0.32	

Lutjanid	 0.50	 <0.01	 0.48	 0.51	

Lutjanid	+	Cod	 0.40	 <0.01	 0.61	 0.26	

Lutjanid	+	Red	

Emperor	
0.40	 <0.01	 0.50	 0.32	

Red	Emperor	 0.53	 <0.01	 0.45	 0.62	

3	

Goldband	+	Red	

Emperor	
0.32	 <0.01	 0.47	 0.22	

Rankin	 0.39	 <0.01	 0.50	 0.31	

Rankin	+	Red	

Emperor	
0.34	 <0.01	 0.52	 0.23	

Red	Emperor	+	

Triggerfish	
0.34	 <0.01	 0.47	 0.25	

Triggerfish	 0.51	 <0.01	 0.56	 0.47	
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5.5	Discussion	

The	concept	of	hotspots	is	an	important	part	of	conservation	and	spatial	management	

strategies	(Nelson	and	Boots,	2008).	As	acoustic	data	can	be	collected	over	large	areas	in	short	

time	 periods,	 acoustics	 are	 a	 valuable	method	 for	 detecting	 hotspots	 (Petitgas	 et	 al.,	 2016)	

within	large	survey	areas	(Trenkel	et	al.,	2011).	Here,	it	was	shown	that	within	the	three	fishing	

regions	examined	 the	acoustic	density	hotspots	of	 fish	aggregations	 could	be	 identified.	The	

identification	of	acoustic	hotspots	 is	a	 relatively	easy	metric	 to	extract	 from	acoustic	data.	 If	

this	data	was	repeatedly	(e.g.	seasonally	or	annually)	collected	over	very	large	areas	it	would	

be	possible	to	track	differences	in	the	spatial	structure	of	fish	in	the	area	(Petitgas	et	al.,	2016).		

Almost	 half	 of	 the	 areas	 in	 the	 three	 regions	 were	 considered	 hotspots,	 which	 is	

unsurprising	 given	 they	 represent	 fishing	 regions	 directly	 targeted	 by	 the	 fishers.	 The	

distribution	 of	 acoustic	 densities	 revealed	 that	 despite	 the	 small	 size	 of	 the	 three	 fishing	

regions	the	distributions	of	high	density	areas	were	patchy	rather	than	uniform.	The	presence	

of	such	spatial	structures	indicates	the	presence	of	different	habitat	types,	which	are	likely	to	

encompass	 different	 organisms	 with	 their	 specific	 habitat	 selection	 criteria	 (Crowder	 and	

Cooper,	1982;	Schlosser,	1982).	For	all	three	regions,	the	area	of	detected	hotspots	increased	

for	 lower	 sA	 cut-off	 values,	 an	 indication	 for	 the	presence	of	 lower	sA	 values	over	 significant	

parts	of	the	regions,	i.e.	the	regions	are	not	solely	composed	of	zero	or	high	sA	values.	Region	1	

contained	the	lowest	percentage	of	zero	values,	and	the	lowest	percentage	of	hotspots	(Figure	

5.2,	 Table	 5.1).	 This	 suggests	 that	 fish	 schools	 in	 Region	 1	 are	 distributed	more	 evenly.	 The	

main	hotspot	observed	in	the	central	part	of	the	area	coincided	largely	with	the	area	of	highest	

bottom	 kurtosis	 and	 roughness	 (Figure	 5.2,	 Figure	 5.8	 and	 Figure	 5.9).	 In	 contrast,	 Region	 2	

was	 characterised	by	 the	highest	mean	 sA	 values	 and	 the	highest	percentage	of	 zero	 values.	

Hotspots	in	Region	2	were	patchier	compared	to	Region	1	(Figure	5.2).	The	seabed	descriptor	

and	hotspot	maps	show	that	the	distribution	of	hotspots	within	Region	2	are	largely	influenced	

by	 high	 bottom	 roughness	 (Figure	 5.2	 and	 Figure	 5.8).	 This	 suggests	 that	 fish	 schools	 are	

concentrated	around	the	more	rugged	areas	of	Regions	1	and	2	(Walker	et	al.,	2009).	In	coral	

reef	ecosystems,	areas	of	higher	roughness	are	often	linked	to	coral	patches,	which	often	have	

higher	 species	 richness	 and	 attract	 more	 individuals	 resulting	 in	 increased	 biomass	 when	

compared	 to	surrounding	areas	 (Ardron,	2002;	Friedlander	and	Parrish,	1998;	Gratwicke	and	

Speight,	 2005;	 Luckhurst	 and	 Luckhurst,	 1978;	 Pittman	 et	 al.,	 2007).	 The	 distribution	 of	

hotspots	 in	 Region	 3	 are	 patchier	 than	 Regions	 1	 and	 2,	 but	 at	 the	 same	 time	 the	
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differentiation	 between	 hotspot	 areas	 and	 non-hotspot	 areas	 was	 not	 as	 pronounced	 in	

Region	3.		

	 The	patchiness	of	hotspots	within	such	a	small	area	can	be	seen	as	an	 indication	 for	

the	complexity	of	the	habitat	(Walker	et	al.,	2009),	at	scales	smaller	than	those	observed	in	the	

clusters.	As	catches	 in	the	NDSF	contain	a	mixture	of	species,	often	with	similar	morphology,	

the	use	of	 traditional	acoustic	 classification	methods	 is	not	possible	 (Campanella	and	Taylor,	

2016).	Furthermore,	the	verification	of	acoustic	detections	is	hindered	by	the	lack	of	dedicated	

alternative	 sampling	 evidence	 (Fernandes	 et	 al.,	 2016;	 Simmonds	 and	 MacLennan,	 2005).	

Information	 obtained	 from	 traps	 typically	 contains	 a	 temporal	 and	 spatial	 lag	 with	 the	

collection	of	acoustic	data.	In	general	the	traps	are	left	to	soak	over	a	number	of	hours,	whilst	

the	 fishing	 vessel	 is	 resting	 several	miles	 away	 so	 not	 to	 induce	 an	 avoidance	 behaviour	 (S.	

Gastauer	 et	 al.,	 2017;	 Sven	 Gastauer	 et	 al.,	 2017).	 The	 present	 study	 is	 among	 the	 first	 to	

describe	 the	acoustic	diversity	of	 fish	 schools	within	a	 tropical	environment	based	purely	on	

commercially	collected	acoustic	data.		

The	 acoustic	 geometric	 and	 energetic	 metrics	 used	 in	 this	 study	 are	 widely	 used	

(Cabreira	et	 al.,	 2009;	Campanella	 and	Taylor,	 2016;	Haralabous	and	Georgakarakos,	

1996;	 Lawson	 et	 al.,	 2001;	Massé	 et	 al.,	 1996;	Weill	 et	 al.,	 1993)	 to	 classify	 acoustic	

targets	through	ordination	techniques	or	neural	networks.	Similar	to	(Campanella	and	Taylor,	

2016),	 the	 energetic	 descriptors	 contributed	 more	 strongly	 to	 the	 classification	 than	 the	

geometric	descriptors.	Geometric	features	had	less	influence	on	the	categorisation	of	the	fish	

schools	 (Table	 5.3).	 Geometric	 descriptors	 largely	 followed	 the	 trends	 of	 the	 energetic	

features,	but	differences	were	less	pronounced	(Table	5.5,	Figure	5.5).	The	lack	of	contribution	

from	 the	 shape	 related	descriptors	may	be	 linked	 to	high	 levels	of	observed	variance	 (Table	

5.5,	 Figure	 5.5).	 This	 variability	 it	 likely	 caused	 by	 external	 (e.g.	 prey-predator	 interaction,	

vessel	 avoidance	 or	 fishing	 pressure)	 or	 internal	 factors	 (e.g.	 size	 distribution	 or	 life	 history	

traits)	which	 influence	 the	 schooling	 behaviour	 of	 the	 fish	 (Castillo	 and	Robotham,	2004;	

Fréon	et	al.,	1992).	Furthermore,	due	to	the	relatively	narrow	beam	width	(38	kHz	=	9.6°;	120	

kHz	=	7°)	of	the	echosounders	used,	on	occasion	only	the	edge	of	a	fish	school	may	have	been	

detected	(Korneliussen	et	al.,	2009b;	Soria	et	al.,	1996).	This	error	 is	amplified	 inversely	with	

depth.	 Given	 the	 smaller	 beam	 volume	 at	 shallower	 depths,	 there	 is	 an	 increased	 risk	 of	

missing	parts	of	a	school	if	the	school	is	occurring	in	shallow	parts	of	the	water	column.		
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The	 stability	of	 the	 school	descriptor	 clustering	 results,	 given	by	 the	Clest	algorithm,	

indicates	 the	 presence	 of	 patterns	 (mainly	 driven	 by	 energetic	 descriptors)	 that	 clearly	

distinguish	 the	 three	 clusters.	 These	 may	 reflect	 biological	 patterns,	 such	 as	 species	

composition	 (Campanella	 and	 Taylor,	 2016;	 Kondo	 et	 al.,	 2012b).	 Even	 though	 significant	

indicator	species	groups	could	be	detected	 for	some	of	 the	school	clusters,	 the	relationships	

were	generally	less	pronounced	than	for	the	habitats.	Mainly	high	A	values,	indicating	a	strong	

association	 of	 the	 given	 species	 group	 with	 the	 cluster,	 could	 be	 detected,	 while	 B	 values	

generally	remained	low.	Low	B	values	are	an	indication	that	school	compositions	of	the	given	

clusters	 are	 highly	 variable.	 For	 example,	 in	 Region	 1	 for	 school	 Cluster	 1,	 if	 Triggerfish	 are	

caught,	there	is	an	86%	chance	that	the	surrounding	area	is	dominated	by	schools	of	Cluster	1,	

but	 if	 a	 school	 which	 is	 classified	 as	 Cluster	 1	 is	 observed,	 there	 is	 only	 a	 10%	 chance	 that	

Triggerfish	will	be	caught.	One	exception	to	this	pattern	is	Cod	in	Region	3.	If	schools	of	Cluster	

1	are	observed	in	Region	3,	there	is	a	60%	chance	that	Cod	will	be	observed	within	the	catch.	

Other	 noteworthy	B	 values	were	observed	 for	 Lutjanids	 (0.45)	 and	Cluster	 1	 in	 Region	2,	 as	

well	as	for	Rankin	Cod	(0.41)	and	Cluster	2	in	the	same	region.	The	lack	of	a	clear	relationship	

between	the	school	clusters	and	species	group	composition	of	the	catch	information,	may	be	

an	artefact	originating	from	the	nature	of	the	data.	As	previously	stated,	there	is	an	element	of	

spatial	 and	 temporal	 separation	 between	 the	 detection	 of	 fish	 schools	 on	 the	 echosounder	

images	and	the	biological	sampling	process	(S.	Gastauer	et	al.,	2017).	Despite	this,	it	has	been	

demonstrated	 that	 distinctive	 patterns,	 mainly	 explained	 by	 energetic	 descriptors,	 in	 fish	

aggregations	 could	 be	 detected	 (Table	 5.5,	 Figure	 5.3,	 Figure	 5.4,	 Figure	 5.5).	 It	 is	

recommended	that	dedicated	simultaneous	sampling,	such	as	optical	 recordings	at	depth,	 to	

complement	acoustic	 recordings	 should	be	undertaken	 (Fernandes	et	al.,	2016;	Kloser	et	al.,	

2011;	Ryan	et	al.,	2009).	

	 The	 bottom	 descriptors	 divided	 the	 area	 into	 three	 clusters,	 within	 which	 Cluster	 3	

(Figure	5.10,	Figure	5.11)	was	mainly	driven	by	depth.	To	relate	these	clusters	to	meaningful	

measures,	 require	 the	 collection	 of	 high	 resolution	 physical	 sampling	 (e.g.	 grab	 samples)	

(Cutter	 and	 Demer,	 2013;	 Siwabessy	 et	 al.,	 2004a).	 It	 should	 be	 noted	 that	 an	 important	

component	 of	 many	 bottom	 classification	 algorithms	 is	 the	 information	 contained	 in	 the	

second	reflection	of	the	seabed	(Anderson	et	al.,	2007;	Siwabessy	et	al.,	2004b,	1999).	In	the	

present	study,	information	on	the	second	bottom	echo,	which	is	used	to	describe	the	hardness	

of	 the	 seabed,	was	unavailable.	 In	broad	 terms,	Cluster	1	and	2	are	most	 likely	 to	 represent	
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sandy	 bottoms	 with	 different	 degrees	 of	 coral	 or	 rock	 cover	 when	 compared	 to	 maps	

presented	in	(Carrigy	and	Fairbridge,	1954).		

	 The	 different	 bottom	 clusters	 could	 be	 related	 to	 indicator	 species	 groups.	 This	 is	 a	

strong	 indication	 for	 habitat	 selectivity	 among	 the	 different	 species	 groups.	 For	 Goldband	

snapper	in	particular,	the	high	A	and	B	values	within	Cluster	1	indicate	that	the	location	where	

Goldband	can	be	found,	is	likely	to	be	classified	within	Cluster	1.	Furthermore,	if	the	location	is	

categorised	 as	 Cluster	 1	 there	 is	 a	 >70%	 chance	 of	 encountering	 Goldband.	 In	 Cluster	 2,	

indicator	 species	groups	were	not	as	prominent,	but	 Lutjanids,	 Lethrinids	and	Cod	 remained	

strong	 indicators,	with	 indicator	values	as	well	as	A	and	B	values	of	around	0.5.	Similarly,	 for	

locations	 classified	 within	 habitat	 Cluster	 3,	 the	 chance	 of	 encountering	 Triggerfish	 is	

approximately	 50%.	 Once	 more	 detailed	 habitat	 information	 has	 been	 collected,	 indicator	

species	can	be	relatively	easily	extracted	from	commercial	catch	 information.	The	availability	

of	such	metrics	could	help	to	quickly	identify	changes	in	the	distribution	pattern	which	might	

be	 related	 to	environmental	or	management	 changes	 (Hall	 and	Mainprize,	 2004;	 Link,	 2005;	

Nicholson	and	Jennings,	2004).	

	 We	 have	 shown	 that	 acoustic	 data	 collected	 on	 a	 small	 commercial	 fishing	 vessel,	

within	a	mixed-species	environment,	can	be	used	to	derive	meaningful	ecological	metrics.	The	

methods	presented	here	can	be	applied	to	a	large	variety	of	environments,	but	are	especially	

valuable	in	tropical	ecosystems,	where	complimentary	dedicated	sampling	is	often	difficult	to	

acquire	and	 the	structure	of	 the	environment	 is	 too	complex	 for	currently	available	acoustic	

processing	 techniques.	All	 the	metrics	used	 in	 this	 study	would	benefit	 from	 long-term	data	

collection	programs.	If	multi-seasonal	or	multi-annual	information	from	within	the	same	area	

was	available,	the	metrics	would	be	a	useful	tool	for	tracking	changes	in	the	ecosystem.		
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Chapter	6 	

	

Discussion	

The	present	thesis	aimed	at	describing	the	marine	ecosystem	of	selected	fishing	regions	within	

the	Northern	Demersal	 Scalefish	 Fishery	 using	 opportunistically	 collected	 acoustic	 data.	 This	

was	achieved	through	the	completion	of	three	main	sub	goals:		

- The	acoustic	scattering	properties	of	key	species	observed	within	the	studied	regions	

were	described	through	a	combination	of	empirical	(in	situ	and	ex	situ)	measurements	

and	 approximations	 through	 KRM	modelling	 (Chapter	 2,	 3,	 4,	 Gastauer	 et	 al.	 (2016,	

2017c,	2017a).		

- The	 distribution,	 abundance	 and	 biomass	 of	 key	 species	 groups	 and	 the	 associated	

estimates	 of	 variance	 were	 described	 through	 the	 application	 of	 geostatistical	

techniques	 to	 the	acoustic	data	and	 catch	 information	 (Chapter	3,	 4,	Gastauer	et	al.	

(2017a,	2017c)).		

- Habitat	 types	and	characteristics	of	acoustically	observed	 fish	 schools	were	analysed	

using	an	unsupervised	modelling	approach	(Chapter	5,	Gastauer	et	al.	(2017b).		

As	 such,	 this	 thesis	 addresses	 some	 of	 the	 current	 key	 challenges	 in	 fisheries	 acoustic	

research,	namely	characterising	 the	acoustic	properties	of	 some	demersal	 fish	 species,	using	

opportunistically	 collected	 acoustic	 data	 to	 derive	 species	 group	 specific	 biomass	 and	

abundance	 estimates	 and	 describing	 key	 characteristics	 of	 demersal	 fish	 schools,	 including	

habitats	 descriptors	 (Horne,	 2000;	 Trenkel	 et	 al.,	 2011;	 Barbeaux,	 2012;	 Handegard	 et	 al.,	

2013;	Fässler	et	al.,	2016).		

To	 the	 author’s	 knowledge,	 this	 thesis	 represents	 the	 first	 attempt	 to	 describe	 a	

multispecies,	 tropical	 ecosystem	 using	 fisheries	 acoustics,	 solely	 based	 on	 data	 collected	

opportunistically	 aboard	 a	 fishing	 vessel	 during	 normal	 operation.	 Campanella	 et	 al.	 (2016)	
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presented	 one	 of	 the	 first	 attempts	 to	 describe	 a	 multispecies	 tropical	 environment	 using	

acoustic	data	in	combination	with	an	unsupervised	clustering	technique.	The	most	significant	

difference	 between	 this	 study	 and	 that	 of	 Campanella	 et	 al.	 (2016)	 is	 the	 lack	 of	 dedicated	

alternative	 sampling	 and	 the	 data	 being	 collected	 aboard	 a	 commercially	 operating	 small	

fishing	vessel	without	an	underlying,	designed	survey.	Campanella	et	al.	 (2016)	were	able	 to	

use	optical	techniques	to	gain	further	insights	into	the	biological	composition	of	the	observed	

fish	schools.	Here,	all	data	was	collected	during	routine	fishing	operations,	without	additional	

directed	sampling,	which	otherwise	would	have	disrupted	commercial	fishing	routines.		

Fisheries	 acoustics	 have	 been	 identified	 as	 one	 of	 the	 most	 promising	 tools	 to	 satisfy	

information	input	into	EBFM	(Koslow,	2009;	Trenkel	et	al.,	2011;	Handegard	et	al.,	2013;	Godø	

et	al.,	2014).	Trenkel	et	al.	(2011)	proposed	three	quality	categories	for	acoustic	data;	1)	poor,	

2)	moderate	and	3)	good,	based	on	its	value	for	EBFM.	At	the	beginning	of	the	present	study,	

all	data	available	 from	 fishing	vessels	 in	 the	NDSF	would	clearly	have	qualified	as	poor,	with	

uncalibrated	backscatter	and	unknown	targets.	As	described	by	Trenkel	et	al.	(2011),	the	data	

was	 coming	 from	 an	 uncalibrated	 vessel	 of	 opportunity	 with	 no	 complimentary	 sampling	

(other	 than	 information	on	 the	 total	 number	of	 commercially	 important	 species	 retained	by	

the	fisher),	no	or	very	limited	information	on	the	scattering	properties	of	the	target	or	similar	

species	 was	 available.	 Benoit-Bird	 et	 al.	 (2003)	 estimated	 TS	 for	 several	 Lutjanids.	 Such	 a	

dataset	 makes	 a	 robust	 classification	 of	 targets	 impossible	 and	 the	 data	 becomes	 almost	

unusable	 for	 developing	 indicators	 for	 EBFM	 (Petitgas	 et	 al.,	 2009;	 Trenkel	 et	 al.,	 2011).	

Through	the	development	of	methods	 to	accurately	and	effectively	monitor	 the	catch	of	 the	

commercially	 operating	 vessel	 (FishVid,	 described	 in	 Chapter	 3,	 Gastauer	 et	 al.	 (2017c)),	

species-specific	 length	 frequencies	 for	 each	 pulled	 trap	 could	 be	 obtained	 and	 used	 as	

complimentary	data.	TS-L	relationships	were	developed	through	in	situ	(Chapter	3,	Gastauer	et	

al.,	 2017c)	 and	 ex	 situ	measurements	 (Chapter	 2,	 Gastauer	 et	 al.,	 2016)	 as	well	 as	 through	

modelling	 approaches	 (Chapter	 2	 and	 4,	 Gastauer	 et	 al.,	 2016,	 2017a).	 Finally,	 through	 the	

application	of	geostatistical	 simulations,	 catch	and	acoustic	 information	could	be	 linked,	and	

using	geostatistical	methods,	estimates	of	sampling	variance	could	be	included.		

The	 development	 and	 application	 of	 all	 methods	 described	 within	 the	 present	 thesis	

allowed	the	data	collection	program	within	the	NDSF	to	be	qualified	as	at	least	fair	and	for	the	

case	of	 the	 two	established	 indicator	 species,	 red	emperor	 and	goldband	 snapper	 (Newman	

and	 Dunk,	 2002,	 2003;	 Newman	 et	 al.,	 2004),	 as	 good.	 Calibrated	 acoustic	was	 used	 in	 the	

classification	 of	 targets	 through	 application	 of	 robust	methods	 with	 error	 estimates	 and	 TS	
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models	 for	 the	 most	 prevalent	 species.	 This	 alowed	 for	 the	 conversion	 of	 backscatter	 into	

ecologically	relevant	units	 (e.g.	biomass	or	abundance	estimates)	 (Chapter	3	and	4,	Gastauer	

et	al.,	2017a,	2017c).	While	data	of	sufficient	quality	was	only	available	for	2014,	within	three	

fishing	regions,	a	step	towards	the	establishment	of	standardised	indices	has	been	provided.	

In	 addition	 to	 abundance	 and	 biomass	 estimates	 of	 the	 two	 main	 indicator	 species,	

estimates	 for	 seven	 other	 species	 groups,	 commonly	 observed	 in	 trap	 catches	 have	 been	

derived	(Chapter	4,	Gastauer	et	al.,	2017a).	This	fulfils	another	recommendation	for	the	use	of	

fisheries	 acoustics	 for	 EBFM,	 formulated	 by	 Trenkel	 et	 al.	 (2011),	 i.e.	 consideration	 for	

collocated	 individuals	 of	 non-target	 species.	 Additionally,	 following	 up	 on	 the	 last	

recommendation	 made	 by	 Trenkel	 et	 al.	 (2011),	 the	 development	 of	 new	 indicators	 and	

reference	points,	which	could	be	tested	against	changes	in	the	ecosystem	(e.g.	climate	change	

and	 fishing	 pressure),	 was	 achieved.	 The	 indices	 included;	 the	 description	 of	 the	 seabed	

habitats	 and	 associated	 indicator	 species	 and	 the	 description	 and	 clustering	 of	 fish	 school	

characteristics	 (energetic,	 geometric	 and	 environmental)	 in	 key	 fishing	 regions	 (Chapter	 5,	

Gastauer	et	al.,	2017b).	Further,	a	description	of	methods	to	quantitatively	extract	information	

on	zooplankton	has	been	applied	(Ballón	et	al.,	2011;	Lezama-Ochoa	et	al.,	2014;	Gastauer	et	

al.,	2017a,	2017b).	

6.1	Description	of	the	acoustic	scattering	properties	of	key	species	within	

the	NDSF	

	 Two	of	the	most	common	indicators	for	EBFM,	derived	from	acoustic	information	are	

abundance	 and	 biomass	 (Petitgas	 et	 al.,	 2009;	 Trenkel	 et	 al.,	 2011).	 To	 translate	 acoustic	

densities	into	fish	biomass	or	abundance,	a	thorough	understanding	of	the	acoustic	scattering	

properties	 of	 the	 target	 species	 are	 essential	 (Demer	 and	 Conti,	 2005;	 Simmonds	 and	

MacLennan,	 2005;	 Scoulding	 et	 al.,	 2016).	 TS	 of	 many	 commercially	 exploited	 pelagic	 fish	

species	 are	 available	 (e.g.	 Foote	 and	 Traynor,	 1988;	 Kloser	 and	Horne,	 2003;	 Fässler,	 2010).	

However,	given	 the	 sparsity	of	acoustic	 studies	 focusing	on	 tropical	demersal	 fish,	 there	 is	a	

lack	of	information	on	the	TS	of	species	targeted	in	this	study.		

The	modelling	 or	 observational	 technique	 used	 to	 obtain	 information	 about	 TS	 can	

influence	 the	 resulting	TS-L	 relationship	 (Foote	 and	 Traynor,	 1988;	 Foote	 and	 Francis,	 2002;	

Simmonds	and	MacLennan,	2005;	Jech	et	al.,	2015).	Small	changes	in	TS	can	have	a	significant	

effect	 on	 derived	 abundance	 or	 biomass	 estimates	 (Foote,	 1980;	 Everson	 et	 al.,	 1990;	
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McClatchie	et	al.,	1996;	Scoulding	et	al.,	2016).	Generally,	empirical	 in	situ	observations	of	TS	

should	 deliver	 the	 most	 appropriate	 results,	 given	 they	 attempt	 to	 represent	 the	 natural	

behaviour	of	fish	in	the	wild	(Simmonds	and	MacLennan,	2005).	In	the	case	of	the	NDSF,	where	

most	 fish	 occur	 in	 mixed	 schools,	 close	 to	 the	 bottom,	 in	 situ	 TS	 measurements	 are	

impracticable	 for	 the	majority	 of	 the	 encountered	 situations	 (Sawada	 et	 al.,	 1993;	 Gauthier	

and	Rose,	2001;	Sawada,	2002;	Conti	et	al.,	2005).	In	situations	where	no	in	situ	measurements	

are	 possible,	 ex	 situ	 experiments	 under	 controlled	 conditions	 can	 be	 conducted	 (Simmonds	

and	 MacLennan,	 2005)	 or	 a	 modelling	 approach	 can	 be	 applied.	 Different	 models	 have	

different	 constraints	 and	 strengths,	 and	may	 deliver	 similar	 or	 significantly	 different	 results,	

depending	on	characteristics	of	 the	analysed	species	and	model	 input	parameters	 (Macaulay	

et	al.,	2013;	Jech	et	al.,	2015).	A	major	benefit	of	a	modelling	approach	is	that	they	allow	for	

precise	estimates	of	the	influence	of	factors,	such	as	tilt	angle	on	TS.	Together,	a	combination	

of	empirical	measurements	and	modelling	estimates	deliver	the	most	complete	understanding	

of	the	scattering	properties	of	the	analysed	species	(Jech	et	al.,	2015).	

The	 only	 species	 observed	 to	 form	 loosely	 aggregated,	 single-species	 schools	 in	 the	

NDSF	was	goldband	snapper.	Therefore,	goldband	snapper	were	the	only	species	suitable	for	

in	situ	TS	measurements	within	the	present	data	collection	program.	In	situ	TS	measurements	

require	 the	 availability	 of	 acoustically	 resolvable	 single	 targets	 in	 combination	 with	 length	

measurements	 from	 the	 same	 population	 (MacLennan	 and	 Menz,	 1996;	 Sawada,	 2002;	

Simmonds	and	MacLennan,	2005).	Small	trap	fishing	vessels	are	not	an	ideal	sampling	platform	

when	it	comes	to	in	situ	TS	measurements.	Given	the	small	size	of	the	vessels,	they	are	heavily	

influenced	by	prevailing	weather	conditions	and	catch	does	not	directly	target	specific	schools.	

The	orientation	of	the	fish	has	a	major	 impact	on	TS	 (Ona,	1990,	1999,	2001;	Simmonds	and	

MacLennan,	2005).	 Lacking	 information	on	 the	wave	 induced	movement	of	 the	vessel	 (pitch	

and	roll)	during	the	time	of	recording	and	given	the	stochastic	variability	of	TS,	no	information	

on	the	influence	of	tilt	angle	on	the	observed	TS	could	be	derived	here.		

While	 catch	 information	 from	 traps	 cannot	 be	 directly	 linked	 to	 specific	 schools,	

generally	at	 least	ten	traps	are	located	densely	together	(one	line).	Given	the	relatively	small	

overall	 area	of	each	 selected	 fishing	ground	 (33,	129	and	211	nmi2,	 respectively)	generally	a	

high	 density	 of	 catch	 information	 could	 be	 obtained.	 To	 gain	 improved	 insights	 into	 the	

variability	 of	 TS	 a	 novel	 technique	 (Gastauer	 et	 al.,	 2017c,	 Chapter	 3),	 based	 on	 methods	

described	 by	MacLennan	 and	Menz	 (1996),	 allowed	 for	 the	 estimation	 of	 the	TS-L	 equation	

with	 variance	 estimates	 of	 the	 slope	 and	 intercept.	 Methods	 described	 in	 Gastauer	 et	 al.	
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(2017c)	 could	 be	 used	 in	 many	 number	 of	 environments	 and	 situations,	 where	 loosely	

aggregated,	 single-species	 schools	 are	 being	 observed	 and	 could	 therefore	 contribute	 to	 an	

improved	understanding	of	the	scattering	properties	of	marine	organisms.	

For	red	emperor,	ex	situ	TS	experiments	were	conducted.	The	main	benefits	of	ex	situ	

experiments	are	the	guaranteed	target	discrimination	and	the	execution	of	measurements	in	a	

more	 controlled	 environment	 (McClatchie	 et	 al.,	 1996;	 Simmonds	 and	 MacLennan,	 2005;	

Henderson	and	Horne,	2007).	 The	experimental	 setup	 is	 likely	 to	 limit	 the	movement	of	 the	

fish	 as	 a	 very	 limited	 range	 of	 tilt	 angles	was	 observed	 (80°-100°).	 To	 improve	 estimates	 of	

uncertainty	 surrounding	 these	measurements,	 a	 modelling	 approach	 was	 taken	 (Kloser	 and	

Horne,	 2003;	 Demer,	 2004;	 Fässler	 et	 al.,	 2009).A	 KRM	 model	 with	 Bayesian	 parameter	

estimation	was	applied.	KRM	was	assumed	to	be	a	suitable	model,	given	its	ability	to	deal	with	

complex	shapes	(unlike	DWBA)	and	has	been	shown	to	deliver	comparable	results	to	the	more	

complex	BEM	(Foote	and	Francis,	2002;	Jech	et	al.,	2015).	Bayesian	parameter	estimation	used	

the	outcomes	of	the	ex	situ	experiments	to	calibrate	the	model	parameters.	This	facilitated	an	

assessment	 of	 uncertainty	 of	 unknown	 parameters	 or	 parameters	 that	 were	 difficult	 to	

estimate.	 It	 is	 noted,	 that	 the	 selected	 method	 might	 have	 introduced	 a	 bias	 due	 to	 prior	

selection	(McAllister	and	Kirkwood,	1998)	and	the	small	sampling	number	(three	modelled	and	

three	 measured	 fish).	 In	 general,	 the	 modelled	 and	 measured	 TS	 showed	 reasonable	

agreement.	Modelled	TS	 at	38	kHz	were	on	average	–0.2	dB	 (SD	±	0.3	dB)	 lower	 than	 those	

estimated	 by	 the	 ex	 situ	 experiments.	 For	 120	 kHz,	 the	 shape	 of	 the	 fitted	 TS	 model	

relationship	 was	 very	 similar	 for	 both	modelled	 and	 ex	 situ	 estimates,	 but	 were	 in	 general	

estimated	 to	 be	 stronger	 (mean	 3.4	 dB,	 s.d.	 ±	 0.02	 dB).	 A	 possible	 explanation	 for	 the	

differences	 between	 modelled	 and	 measured	 values	 could	 be	 the	 spread	 of	 tilt	 angles.	

Nonetheless	 the	applied	methods	should	be	able	 to	deliver	 robust	TS	 estimates,	 suitable	 for	

the	estimation	of	red	emperor	biomass	or	abundance	estimates,	based	on	acoustic	recordings.		

As	one	of	the	original	objectives	was	to	produce	biomass	and	abundance	estimates	for	

seven	 species	 groups	 other	 than	 the	 two	 indicator	 species,	 TS	 estimates	 for	 those	 groups	

needed	 to	 be	 established.	 Based	 on	 biological	 and	morphological	 similarities	 of	 the	 groups	

saddletail,	 other	 Lutjanids	 and	 red	 emperor,	 the	 TS	 for	 red	 emperor	 was	 assumed	 to	 hold	

validity	for	all	of	these	groups.	TS	was	established	for	spangled	emperor,	as	representative	for	

the	 lethrinids	group;	for	rankin	cod,	representative	of	the	rankin	cod	and	cod	groups	and	for	

triggerfishes.	TS	was	modelled	using	a	KRM	model.	While	the	methods	employed	are	generally	

accepted	as	being	robust	(Gauthier	and	Horne,	2004;	Macaulay	et	al.,	2013),	producing	results	
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comparable	to	empirical	measurements	(Hazen	and	Horne,	2003;	Henderson	and	Horne,	2007;	

Peña	 and	 Foote,	 2008;	 Gastauer	 et	 al.,	 2016)	 and	 other	 modelling	 techniques	 (Foote	 and	

Francis,	2002;	Jech	et	al.,	2015),	the	low	sampling	number	and	the	retrieval	of	the	specimens	

from	great	depths	(mostly	>100	m)	might	have	biased	the	results.	This	is	especially	true	for	TS	

estimates	 of	 rankin	 cod,	 known	 to	 regularly	 suffer	 from	 barotrauma	 (Rudershausen	 et	 al.,	

2007;	Sadovy	de	Mitcheson	et	al.,	2013)	and	estimates	based	on	deflated	swimbladders.	This	

might	 introduce	 a	 bias	 in	 the	 derived	 biomass	 and	 abundance	 estimates,	 but	 nonetheless	

provide	 first	 insights	 into	 otherwise	 unknown	 scattering	 properties	 of	 these	 previously	

acoustically	unsurveyed	species.	

In	 conclusion,	 robust	 TS	 estimates	 could	 be	 established	 for	 the	 two	 main	 indicator	

species,	based	on	data	collected	during	routine	fishing	operations	or	through	a	combination	of	

experimental	and	modelling	approaches.	Further	 insights	 into	 the	TS	of	other	species	caught	

during	 routine	 commercial	 operations	 were	 provided.	 It	 is	 recommended	 that	 for	 species	

other	 than	 the	 two	 indicator	 species	TS	 estimates	with	a	higher	number	of	 samples	of	good	

quality	 should	 be	 repeated	 and	 where	 possible,	 ex	 situ	 or	 in	 situ	 measurements	 should	 be	

taken	to	contribute	to	the	robustness	of	the	estimates.		

6.2	Classification	of	fish	schools	in	a	multi-species	environment	

	Automated	classification	of	acoustic	fish	traces	has	been	described	as	the	holy	grail	of	

fisheries	acoustics	 (Horne,	2000).	Challenges	associated	with	the	classification	of	 fish	schools	

detected	 by	 acoustics,	 in	 a	multi-species	 environment	 have	 been	 raised	 by	 previous	 studies	

(e.g.	 Massé	 et	 al.	 (1996);	 Petitgas	 and	 Levenez	 (1996);	 Petitgas	 et	 al.	 (2003);	 Fablet	 et	 al.	

(2009).	Given	the	dominance	of	temperate,	pelagic	environments	in	fisheries	acoustic	studies,	

focus	has	historically	been	mostly	directed	towards	the	classification	of	different	single-species	

schools	(Demer	et	al.,	2009;	De	Robertis	et	al.,	2010;	Ballón	et	al.,	2011)	or	schools	composed	

of	few	species	with	distinct	acoustic	scattering	properties	(Korneliussen	et	al.,	2016).		

For	most	applications	in	temperate	waters	with	large	single	species	schools,	empirical	

classification	 methods	 work	 well.	 These	 empirical	 methods	 heavily	 rely	 on	 either	 or	 both:	

differences	in	frequency	response	of	the	present	species	(Fässler	et	al.,	2007;	Korneliussen	et	

al.,	2008,	2016;	De	Robertis	et	al.,	2010;	Korneliussen,	2010)	and	the	availability	of	adequate	

alternative	 evidence	 (McClatchie	 et	 al.,	 2000;	 Fernandes	 et	 al.,	 2016).	 While	 detection	

algorithms	 based	 on	 a	 multifrequency	 approach	 are	 very	 useful	 when	 it	 comes	 to	
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distinguishing	 between	 coarse	 groups,	 such	 as	 gas-bearing	 and	 non-gas	 bearing	 organisms	

(Korneliussen,	 2010;	 Ballón	 et	 al.,	 2011),	 their	 applicability	 for	 mixed	 species	 environments	

with	species	of	similar	morphological	and	physiological	features	is	very	limited	(Simmonds	and	

MacLennan,	2005;	Campanella	and	Taylor,	2016).	This	capability	could	be	improved	using	the	

increasingly	common	broadband	systems,	which	provide	 increased	data	resolution	 in	respect	

to	 frequency	dependent	backscattering	properties	of	 targets	 (Reeder	et	al.,	2004;	Stanton	et	

al.,	2010;	Andersen	et	al.,	2013;	Bassett	et	al.,	2016;	Kloser	et	al.,	2016).	In	the	present	thesis	a	

simple	empirical	approach,	as	described	in	detail	by	Ballón	et	al.	(2011)	and	Lezama-Ochoa	et	

al.,	 (2014)	was	used	to	automatically	extract	 fish	schools	and	zooplankton	aggregations	from	

the	 echograms.	 While	 the	 inclusion	 of	 information	 on	 zooplankton	 distribution	 and	 its	

influence	on	the	distribution	of	fish	schools	in	the	NDSF	was	beyond	the	scope	of	the	present	

thesis,	 this	 could	 be	 an	 interesting	 future	 study	 point,	 especially	 with	 regards	 to	 effects	 of	

climate	change	and	the	general	productivity	of	the	ecosystem	(Ballón	et	al.,	2011).	

In	 environments	 where	 various	 species	 occur,	 classification	 techniques	 using	 a	

combination	 of	 different	 descriptors	 to	 identify	 species	 can	 be	 beneficial	 (Haralabous	 and	

Georgakarakos,	 1996;	Massé	 et	 al.,	 1996;	 Cabreira	 et	 al.,	 2009;	 Fernandes,	 2009).	 In	multi-

species	 environments,	 dominated	 by	 small,	 mixed	 schools,	 such	 as	 the	 NDSF,	 currently	

available	 school	 descriptors	 generally	 deliver	 low	 success	 rates	 when	 it	 comes	 to	 species	

identification	(Petitgas	et	al.,	2003).	When	operating	in	such	a	mixed,	complex	environment,	it	

is	 useful	 to	 look	 at	 the	 structure	 of	 the	 acoustic	 and	 biological	 information.	 Gerlotto	 et	 al.	

(1990)	 and	 Gerlotto	 (1993)	 postulated	 the	 theory	 of	 acoustic	 populations.	 The	 underlying	

hypothesis	is	that	fish	do	not	occupy	space	randomly,	but	rather	do	so	with	some	consistency	

which	may	change	over	time	(Scalabrin	and	Massé,	1993).	Gerlotto	(1993)	recognised	that	the	

underlying	 schooling	 structure	 for	 tropical	 fish	 can	be	determined	by	numerous	 factors	 (e.g.	

upwellings,	 bottom	 types,	 trophic	 systems,	 water	 temperatures,	 salinities	 or	 productivity).	

Gerlotto	(1993)	suggested	that	such	a	community	gathers	in	constant	species	proportions	for	

the	 time	 of	 a	 single	 survey.	 The	 acoustic	 echoes	 received	 from	 such	 a	 population	 are	

sufficiently	 permanent	 and	 typical	 that	 their	 synthesis	 can	 represent	 the	 community	 and	

should	 be	 scattering	 sound	 in	 a	 particular	 way,	 and	 therefore	 can	 be	 termed	 acoustic	

population	(Gerlotto,	1993).		

Combining	 acoustic	 bottom	descriptors	with	 geostatistically	 derived	 acoustic	 density	

hotspots	(Petitgas	et	al.,	2016)	allowed	for	the	detection	of	different	habitats	in	the	analysed	

Regions	1	and	2	and	3	 (Chapter	5,	Gastauer	et	al.	 (2017b)).	 For	all	 three	habitat	description	
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clusters,	indicator	species	could	be	detected.	Goldband	snapper,	was	strongly	associated	with	

the	 first	 habitat	 cluster	 which	 was	 mainly	 characterised	 by	 greater	 depths.	 The	 chance	 of	

encountering	goldband	snapper	within	habitat	Cluster	1,	which	covered	 the	entire	Region	1,	

was	estimated	to	be	70%.	The	second	habitat	cluster,	identified	in	approximately	half	the	area	

of	Region	2	and	clearly	dominating	Region	3,	was	of	a	more	mixed	nature	with	respect	to	the	

indicator	species.	No	highly	significant	 indicator	species	could	be	detected	within	this	region,	

but	 Lutjanids,	 Lethrinids	 and	 Cod	 remained	 indicators	 with	 a	 detection	 probability	 of	

approximately	50%.	In	habitat	Cluster	3,	mainly	present	in	Region	2,	the	detection	probability	

of	Triggerfish	was	estimated	 to	be	approximately	50%.	The	extraction	of	 indicator	 species	 in	

relation	to	selected	habitats	is	relatively	easy	and	could	help	to	identify	fluctuations	in	species	

distribution	 patterns.	More	 detailed	 habitat	 information	would	 increase	 the	 power	 of	 these	

indices.	

Fish	schools	seemed	to	be	more	concentrated	in	more	rugged	environments,	likely	to	

represent	 coral	 reef	 patches	 (Luckhurst	 and	 Luckhurst,	 1978,	 1978;	 Friedlander	 and	 Parrish,	

1998;	Walker	et	al.,	2009).	The	classification	of	 fish	schools	using	an	unsupervised	clustering	

technique,	 using	 energetic,	 geometric	 and	 bathymetric	 input	 features	 of	 each	 detected	 fish	

school,	 facilitated	 the	 detection	 of	 clusters,	 driven	 predominantly	 by	 energetic	 features.	

Application	 of	 the	 Clest	 algorithm	 to	 determine	 the	 ideal	 number	 of	 clusters	 indicated	 high	

stability	 of	 the	 clustering	 results,	 which	 is	 indicative	 of	 the	 presence	 of	 clear	 patterns,	

potentially	 driven	 by	 biological	 patterns	 (Kondo	 et	 al.,	 2012;	 Campanella	 and	 Taylor,	 2016).	

Even	 though	 no	 clear	 relationship	 between	 species	 composition	 and	 acoustic	 school	 cluster	

could	 be	 detected,	 it	 could	 still	 be	 shown	 that	 there	 is	 some	 form	of	 structural	 information	

contained	with	the	acoustic	reflection	(Gerlotto,	1993;	Scalabrin	and	Massé,	1993;	Campanella	

and	Taylor,	2016).		

In	 cases	where	 school	 descriptors	 can’t	 be	 used	 to	 identify	 species	 to	 a	 satisfactory	

level,	species	proportions	are	generally	attributed,	according	to	alternative	biological	evidence	

(McClatchie	et	al.,	2000;	Simmonds	and	MacLennan,	2005;	Fernandes,	2009).	In	the	case	of	the	

NDSF,	 this	 is	 not	 directly	 practical,	 given	 the	 temporal	 and	 spatial	 lag	 between	 the	 acoustic	

observations	 and	 the	 catch	 information,	 in	 combination	 with	 high	 variability	 of	 the	 catch	

composition.	 A	 direct	 link	 between	 the	 catch	 and	 the	 acoustically	 observed	 schools	 is	 not	

viable.	While	information	extracted	by	traps	might	not	represent	individual	schools	very	well,	

trap	catch	has	been	reported	to	be	representative	of	species	richness	and	composition	in	the	

NDSF	 (Newman	 et	 al.,	 2004).	 Based	 on	 the	 theory	 of	 acoustic	 populations,	 Petitgas	 et	 al.	
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(2003)	noted	that	in	the	situation	where	the	observed	schools	are	small	and	mixed	in	nature,	it	

is	not	feasible	to	link	catch	to	individual	fish	schools,	but	can	be	assumed	to	be	representative	

for	a	distance	range	of	several	nautical	miles	(Massé	et	al.,	1996;	Petitgas	and	Levenez,	1996;	

Petitgas	 et	 al.,	 2003).	 This	 leads	 to	 the	 assumption	 that	 catch	 information	 used	 to	 derive	

species	composition	proportions	 for	 schools	encountered	 in	 the	 surrounding	area	 is	 valid.	 In	

the	 present	 study,	 geostatistical	methods	 have	 been	 applied	 to	 facilitate	 the	 segregation	 of	

species	groups	within	acoustic	marks,	based	on	catch	proportions.	One	of	the	main	benefits	of	

such	an	approach	is	the	possibility	of	including	detailed	variability	estimates	(Maravelias	et	al.,	

1996;	 Woillez	 et	 al.,	 2009,	 2016;	 Scoulding	 et	 al.,	 2016;	 Gastauer	 et	 al.,	 2017c,	 2017a).	 In	

Chapter	3,	species	allocation	was	based	on	kriged	maps	of	catch	proportions	(Gastauer	et	al.,	

2017c),	weighted	by	fish	weight	derived	from	the	measured	length	distributions,	with	the	goal	

to	derive	goldband	snapper	abundance	and	biomass	estimates	with	associated	measurement	

and	sampling	error.	In	Chapter	4,	geostatistical	conditional	simulations	were	used	to	produce	

250	 conditional	 representations	 of	 the	 acoustic	 information	 and	 250	 conditional	

representations	 of	 the	 catch	 proportions,	 based	 on	 which,	 combined	 species-group	 specific	

acoustic	density	estimates	could	be	derived	(Gastauer	et	al.,	2017a).	The	presented	methods	

to	 derive	 biomass	 and	 precision	 estimates	 from	 acoustic	 data	 in	 combination	 with	 catch	

information	could	be	applied	to	a	variety	of	environments.	This	is	especially	valuable	for	data	

deficient	 ecosystems,	where	 no	 dedicated	 scientific	 surveys	 can	 be	 conducted	 and	 available	

data	lack	an	underlying	design,	restricting	the	applicability	of	more	traditional	methodology.	

6.3	The	use	of	small	commercial	vessels	to	derive	indicators	for	EBFM	

	 The	 main	 motivation	 of	 fishers	 to	 participate	 in	 any	 data	 collection	 program	 is	 the	

hope	of	contributing	and	taking	part	in	fisheries	data	collection	and	the	monitoring	process	for	

stock	assessment.	Involvement	of	stakeholders	in	the	stock	assessment	process	has	potential	

to	have	a	positive	impact	on	the	outcome,	acceptance	and	implementation	of	integrated	EBFM	

(Grimble	 and	 Wellard,	 1997;	 Smith	 et	 al.,	 1999;	 Reed,	 2008;	 Fässler	 et	 al.,	 2016).	 One	

possibility	 to	 include	 fishers	 in	 the	process	 is	 through	 the	 collection	of	 acoustic	 information,	

with	the	goal	to	derive	indices	which	could	be	included	in	stock	assessment	models.	Different	

indices	could	be	considered	and	have	been	presented	in	this	thesis,	including	indices	of	species	

or	group	specific	biomass	and	abundance,	indicator	species	related	to	habitats,	extension	and	

location	 of	 density	 hotspots,	 or	 species	 group	 specific	 length	 frequency	 distributions	 in	

selected	 regions.	A	prerequisite	 to	make	 these	 indices	useful	 for	 stock	assessment	would	be	
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coverage	of	the	same	fishing	regions	over	multiple	seasons,	allowing	estimates	of	stability	 to	

be	derived	and	to	detect	changes	over	time,	through	the	generation	of	a	time-series.		

In	recent	years,	several	studies	have	analysed	the	scientific	value	of	data	collected	aboard	

of	commercial	vessels.	Major	focus	was	given	to	large	pelagic	fishing	vessels,	which	are	similar	

to	fisheries	research	vessels	routinely	used	during	AT	surveys	(Ressler	et	al.,	2009;	Barbeaux,	

2012;	Fässler	et	al.,	2016;	Melvin	et	al.,	2016).	The	present	study	 is	among	the	 first	 to	use	a	

small	commercial	 fishing	vessel	to	opportunistically	collect	acoustic	data	 in	combination	with	

detailed	 catch	 information,	 aiming	 at	 characterising	 the	 distribution	 and	 abundance	 of	

demersal	species	groups	in	key	fishing	regions.		

A	major	difference	between	AT	surveys	and	commercially	operating	fishing	vessels	 is	the	

underlying	 survey	 design	 (Simmonds	 and	 MacLennan,	 2005;	 ICES,	 2007;	 Barbeaux,	 2012;	

Fässler	 et	 al.,	 2016).	 Where	 AT	 surveys	 try	 to	 systematically	 cover	 the	 entire	 stock	 or	

population,	fishing	vessels	direct	their	activities	to	find	core	aggregations	or	productive	fishing	

grounds.	This	type	of	sampling	‘design’	has	 implications	for	data	analysis.	Data	with	selective	

sampling,	is	susceptible	to	spatial	autocorrelation	and	incorporates	the	risk	of	double	counting,	

especially	 if	migrating	species	are	observed,	as	 is	the	case	for	many	pelagic	stocks	(Fässler	et	

al.,	 2016).	 The	 risk	of	double	 counting	 in	 this	 study	was	assumed	 to	be	 relatively	 low,	 given	

that	mainly	small,	mixed	schools	were	observed,	and	that	they	are	not	reported	as	migratory	

over	 the	 time	 of	 data	 collection.	 The	 data	 collection	 design	 of	 a	 trap	 fishing	 vessel	 during	

normal	operation	differs	 from	that	of	pelagic	 fishing	vessels.	Pelagic	 fishing	vessels	generally	

try	 to	 find	 large	 aggregations	 and	might	 decide	 to	 cover	 and	 target	 the	 school	 on	multiple	

occasions	 (Fässler	 et	 al.,	 2016).	 In	 the	 case	 of	 trap	 fishing	 vessels	 in	 the	 NDSF,	 fishers	 seek	

specific	 types	 of	 habitat,	 based	 on	 the	 hardness	 and	 roughness	 of	 the	 seabed	 and	 the	

availability	of	fish	schools	observed	on	the	echogram,	or	a	priori	knowledge	of	site	location	by	

the	fisher.	Whether	the	fisher	decides	to	target	their	efforts	based	on	availability	of	schools	or	

the	 availability	 of	 a	 suitable	 seabed,	 is	 sometimes	 in	 itself	 a	 stochastic	 relationship.	 Once	 a	

good	location	has	been	found,	traps	will	be	put	into	the	water.		

Geostatistics	 have	 been	 proposed	 to	 be	 the	most	 suitable	 tool	 to	 analyse	 acoustic	 data	

from	commercial	fishing	vessels,	given	their	ability	to	account	for	spatial	autocorrelation,	not	

being	reliable	on	the	presence	of	an	underlying	regular	grid	(Rivoirard	et	al.,	2000;	Barbeaux,	

2012;	Fässler	et	al.,	2016).	A	major	benefit	of	the	application	of	variogram	analysis	with	kriging	

or	 geostatistical	 conditional	 simulations	 is	 the	 possibility	 to	 extract	 precision	 estimates	 (i.e.	
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sampling	 variance)	 (Rivoirard	 et	 al.,	 2000;	 Gimona,	 2003;	 Woillez	 et	 al.,	 2009,	 2016).	

Geostatistical	 methods	 have	 been	 successfully	 applied	 to	 the	 acoustic	 data	 in	 combination	

with	catch	 information,	allowing	the	extraction	of	estimates	of	abundance	and	biomass	with	

estimates	 of	 variability	 within	 the	 selected	 three	 fishing	 regions.	 Abundance	 and	 biomass	

indices	for	the	two	indicator	species	as	well	as	for	seven	other	species	groups	were	produced	

with	 varying	 degrees	 of	 sampling	 uncertainty.	 Total	 variance	 of	 the	 density,	 abundance	 and	

biomass	 estimates	 based	 on	 GCS	 were	 comparable	 (9.0	 –	 38.0%)	 to	 those	 reported	 for	

scientific	surveys	(e.g.	3.0	–	48%,	Woillez	et	al.	(2016)).	A	more	detailed	total	CV	was	computed	

for	goldband	snapper,	 including	CV	for	random	error	of	acoustic	data	 (13.8-22.7%),	sampling	

variance	 (10.2	 –	 20.9%),	 signal	 to	 noise	 (0	 –	 0.1	%),	TS	 variability	 due	 to	 fluctuations	 in	 the	

environmental	 conditions	 (0.5	 -	 1.15%),	 length	estimates	 (1.2	–	2.0%)	and	 catch	proportions	

(2.5	–	3.7%),	resulting	in	a	total	CV	of	28.2	–	50.6%.	The	dominant	contributor	to	the	total	CV	

was	 the	 random	 error	 contained	 within	 the	 zero-inflated	 acoustic	 data	 and	 the	 sampling	

variance	due	to	the	underlying	survey	design.	

6.4	Outlook	and	conclusion	

It	 has	 been	 shown	 that	 useful	 information	 can	 be	 extracted	 from	 opportunistically	

collected	 fisheries	 data.	 Such	 information	 would	 benefit	 largely	 from	 longer	 term	 data	

collection	programs	and	the	availability	of	data	from	multiple	vessels,	allowing	for	larger	scale	

coverage,	 both	 on	 a	 temporal	 and	 spatial	 level.	 Collection	 of	multiannual	 data	 of	 sufficient	

quality	 is	 needed	 to	 validate	 the	 true	 value	 of	 the	 data	 and	 to	 check	 its	 potential	 to	 track	

changes	in	the	ecosystem.	If	multiannual	data,	collected	at	comparable	locations	in	space	and	

time	become	available,	the	described	indices	could	be	potentially	used	as	calibration	indices	or	

as	additional	input	variables	in	stock	assessment	models.		

If	data	collection	is	to	be	continued,	it	 is	recommended	that	sounder	settings	are	revised	

with	the	fisher	and	that	calibration	of	the	acoustic	equipment	is	conducted	on	a	regular	basis.	

Indices	developed	here	could	be	used	to	produce	information	on	a	regular	basis	 if	applied	to	

data	 collected	 on	 a	 continual	 basis.	 Further,	 resulting	 indices	 could	 be	 used	 as	 additional	

information	 to	 improve	 the	 timing	 and	 survey	 design	 or	 strategies	 of	 dedicated	 scientific	

surveys	currently	executed.		

Participation	 in	 various	 sea	 going	 commercial	 fishing	 trips	 strengthens	 the	 collaboration	

and	mutual	understanding	between	the	 fisher	and	scientists,	as	has	been	exemplified	 in	 this	



Chapter	6	-	Discussion	 167	

thesis.	 Discussions	 about	 the	 fish	 resource	 and	 echograms	 provided	 novel	 insights	 to	 both,	

scientists	 and	 fishers	 aboard	 the	 vessel.	 If	 more	 data	 is	 to	 be	 collected,	 continuous	

communication	 and	 dialogue	 between	 fishers	 and	 scientists	 has	 to	 be	 maintained.	 For	 the	

involvement	of	stakeholders	 in	data	collection	programs,	 it	 is	crucial	 that	all	parties	 involved	

work	 on	 improved	 mutual	 understanding	 and	 meet	 each	 other	 with	 the	 needed	 respect.	

Improved	dialogue	between	fishers	and	scientists	 in	combination	with	shared	data	collection	

programs	could	greatly	contribute	to	our	understanding	of	the	distribution	and	abundance	of	

targeted	 and	 non-targeted	 marine	 organisms.	 Keeping	 in	 mind	 and	 improving	 the	 current	

performance	on	 the	above	 recommendations	would	help	not	only	 to	 further	ameliorate	our	

current	 understanding	 marine	 resources,	 but	 also	 work	 towards	 improved	 resource	

management,	sustainable	on	a	socio-economic	and	ecological	level.	 	
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