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Abstract
Gelatinous	 zooplankton	 (GZP),	 i.e.,	 ctenophores,	 cnidarian	medusae,	 chaetognaths,	
appendicularians	and	salps,	are	considered	climate	change	winners.	This	becomes	par-
ticularly	obvious	in	the	Southern	Ocean,	which	has	undergone	a	significant	shift	from	
a	krill-	based	to	a	salp-	based	ecosystem	over	the	last	decades.	A	better	knowledge	on	
the	role	of	gelatinous	invertebrates	as	prey	is	needed	to	predict	the	impact	of	such	a	
gelatinous	shift.	Until	recently,	GZP	was	considered	as	a	“trophic	dead	end”.	However,	
their	true	importance	in	diets	has	remained	unresolved	due	to	the	rapid	digestion	of	
their	watery	and	soft	tissues	in	predators'	stomachs.	In	this	study,	we	want	to	validate	
the	paradigm	shift	from	GZP	being	considered	as	“survival	food”	to	be	considered	a	
“regular”	prey	 item	 for	 two	demersal	 fish	species	 (Notothenia rossii and N. coriiceps)	
of	Potter	Cove,	South	Shetland	Islands,	using	a	multimarker	(COI	and	18S)	metabar-
coding	approach.	We	found	that	GZP	taxa	commonly	occurred	in	the	diets	of	both	
species,	represented	by	pelagic	tunicates	(appendicularians,	salps),	cnidarians,	chae-
tognaths	and	ctenophores.	Salps	were	the	most	abundant	prey	group,	preyed	upon	
by	each	individual	of	both	species,	reaching	98.7%	relative	read	abundance	for	18S.	
We	recovered	a	wide	range	of	different	taxa	in	their	diets,	from	primary	producers	to	
highly	abundant	invertebrates,	thus	the	two	nototheniid	species	can	be	regarded	as	
“natural	samplers”	of	the	ecosystem	in	study.	Finally,	we	want	to	point	out	the	impor-
tance	of	multimarker	metabarcoding	approaches	 for	broad	ecological	 assessments,	
given	the	differential	amplification	and	sequencing	success	of	different	markers	for	
specific	groups	and	the	unequal	taxonomic	coverage	of	the	reference	databases.	The	
output	of	each	marker	was	highly	complementary,	since	an	important	prey	item	such	
as	salps,	was	only	detected	with	18S,	while	other	taxa	(e.g.,	Arthropoda)	were	repre-
sented	with	a	higher	taxonomic	resolution	with	COI.
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1  |  INTRODUC TION

Gelatinous	zooplankton	(GZP),	including	ctenophores,	cnidarian	me-
dusae	 and	 pelagic	 tunicates	 (e.g.,	 salps),	 are	 reputed	 to	 be	 climate	
change	winners	 and	 an	 effort	 to	 address	 their	 potential	 recent	 in-
crease	 in	 numbers	 in	many	marine	 ecosystems	 is	 ongoing	 (Condon	
et	al.,	2012;	Lilley	et	al.,	2011;	Lucas	et	al.,	2014;	Lynam	et	al.,	2010).	
This	 shift	 is	 particularly	 obvious	 in	 the	 Southern	 Ocean,	 where	 a	
poleward	range	contraction	and	decrease	 in	 the	abundance	of	krill,	
concomitant	with	an	increase	and	poleward	shift	of	salp	populations	
have	been	reported	for	the	Scotia	Arc	and	Antarctic	Peninsula	area,	all	
changes	associated	with	climate	change	factors	(Atkinson	et	al.,	2004,	
2017,	2019;	Bernard	et	al.,	2012;	Fuentes	et	al.,	2016;	Loeb	et	al.,	1997; 
Loeb	&	Santora,	2012;	Moline	et	al.,	2004	among	others).	Considering	
that	GZP	 constitute	 a	 large	 fraction	of	 the	pelagic	 biomass,	 partic-
ularly	 when	 occurring	 in	 very	 high	 densities	 in	 the	 shape	 of	 large	
blooms,	they	might	have	an	even	more	central	role	in	the	near	future	
pelagic	 ecosystems	 (Purcell,	2012;	 Richardson	et	 al.,	 2009).	Hence,	
their	availability	and	role	as	prey	may	similarly	increase	and	therefore	
needs	to	be	better	understood.	Until	recently,	GZP	were	considered	
to	be	a	“trophic	dead	end”	in	the	pelagic	food	web,	contributing	in	a	
negligible	manner	 to	 the	 transfer	of	energy	to	higher	 trophic	 levels	
(Hays	et	al.,	2018;	Robinson	et	al.,	2014;	Sommer	et	al.,	2002).	This	
can	be	explained	because	of	their	watery	and	soft	tissues,	which	are	
rapidly	digested	and	therefore	often	“invisible”	in	predators'	stomachs	
for	 traditional	microscopy	 (Amundsen	&	Sánchez-	Hernández,	2019; 
Brodeur	et	al.,	2021).

In	recent	years,	the	application	of	new	techniques	such	as	DNA	
metabarcoding	 and	 in-	situ	 observations	 caused	 a	 paradigm	 shift	
from	GZP	being	considered	a	trophic	dead	end	or	a	“survival	food”	
to	be	a	common	or	even	 important	part	of	 the	diet	of	various	an-
imals	worldwide,	 such	 as	 seabirds	 (e.g.,	McInnes	 et	 al.,	2017),	 tur-
tles	 (e.g.,	 González	 Carman	 et	 al.,	2014;	 Heaslip	 et	 al.,	2012),	 and	
fish	(e.g.,	Ayala	et	al.,	2018;	Günther	et	al.,	2021).	In	the	context	of	
the	 Southern	Ocean	 food	web,	 literature	 already	 exists	 discussing	
the	role	of	Salpa thompsoni	as	an	alternative	prey	 to	Antarctic	krill	
(McCormack	et	 al.,	2021;	Queirós	et	 al.,	2024).	 These	 findings	 are	
striking	because	many	GZP	are	assumed	to	have	low	energy	content	
and,	therefore,	a	limited	associated	energy	benefit	to	their	consum-
ers	(Thiebot	&	McInnes,	2020).	However,	this	view	is	challenged	by	
the	fact	that	GZP	are	more	rapidly	digested	and	easier	captured,	par-
ticularly	when	occurring	in	aggregations	or	blooms	(Diaz	Briz	et	al.,	
2017;	Hays	et	al.,	2018).	Some	alternative	explanations	of	the	con-
sumption	of	GZP	are;	 targeting	energy-	rich	tissues	such	as	gonads	
or	the	frequent	occurrence	of	high	numbers	of	parasites	(e.g.,	amphi-
pod	crustaceans)	on	GZP,	 the	presence	of	bioactive	compounds	 in	
their	tissues,	and	their	accidental	or	secondary	ingestion	(Henschke	
et	 al.,	2016;	 Thiebot	&	McInnes,	2020).	DNA	metabarcoding	 uses	
so-	called	universal	DNA	primers	and	high-	throughput	sequencing	of	
PCR	amplicons	in	order	to	identify	a	broad	spectrum	of	taxa	from	the	
stomach	content	of	the	species	under	study	(Taberlet	et	al.,	2012).	
Overall,	 metabarcoding	 is	 a	 powerful	 technique	 that	 allows	 to	
identify	 a	 high	 number	 of	 species,	 including	 rare,	 small,	 damaged	

and	digested	as	well	as	cryptic	species,	 independently	of	the	taxo-
nomic	expertise	of	the	researcher	 (Dick	et	al.,	2023;	Wangensteen	
et	al.,	2018).	In	this	way,	when	performing	broad	taxonomic	screens,	
a	multimarker	metabarcoding	approach	provides	a	better	coverage	
of	the	potential	prey	spectrum	of	which	the	output	can	be	comple-
mentary	with	regard	to	identification	and	taxonomic	resolution,	but	
also	reducing	taxonomic	biases	associated	with	individual	primers	or	
markers	(Pappalardo	et	al.,	2021;	Van	der	Reis	et	al.,	2018).

Demersal	fish	play	a	key	role	in	the	Southern	Ocean,	and,	in	terms	
of	 species	 diversity,	 abundance	 and	 biomass,	 they	 are	 dominated	
by	 a	 unique	 coastal	 endemic	 fish	 group,	 the	 Cryonotothenioidea	
or	 “Antarctic	 clade”	 included	 in	 the	 suborder	Notothenioidei	 (Near	
et	al.,	2012,	2015).	Although	nototheniids	lack	a	swim	bladder,	they	
are	not	confined	to	the	benthic	habitat	and	virtually	all	species	utilize	
pelagic	food	resources.	Krill	feeding	is	especially	common	among	pri-
marily	demersal	nototheniids	(Foster	&	Montgomery,	1993;	Hollyman	
et	al.,	2021;	Kock	et	al.,	2012;	Kock	&	Jones,	2005;	Stefanov,	2022).	
In	addition	to	krill,	nototheniids	prey	on	other	plankton	components	
such	as	copepods,	hyperiid	amphipods	as	well	as	squids	and	other	fish	
(summarized	in	Barrera-	Oro,	2002;	Barrera-	Oro	et	al.,	2019;	Moreira	
et	al.,	2021,	2023),	and	consume	an	array	of	other	taxa	including	algae	
(Gröhsler,	1994;	McKenna	Jr,	1991).	Within	the	Cryonotothenioidea,	
members	of	the	family	Nototheniidae	experienced	the	greatest	eco-
logical	and	morphological	diversification	of	the	entire	suborder	with	
species	 occurring	 in	 all	 latitudes	 of	 the	 Southern	 Ocean.	 The	 two	
nototheniid species Notothenia rossii and Notothenia coriiceps are 
sympatric	species	with	a	similar	ecology	in	high-	Antarctic	fjords,	liv-
ing	predominantly	from	5	to	50 m	depths	on	rocky	bottoms	covered	
with	macroalgae	beds	(Barrera-	Oro,	2002;	Barrera-	Oro	et	al.,	2019; 
Moreira	 et	 al.,	 2023).	 Although	 both	 species	 are	 benthic-	demersal	
fish,	they	have	significantly	different	buoyancies.	This	divergence	in	
buoyancy	is	reflected	in	their	distinct	morphology,	not	only	in	body	
shape	but	also	in	skeletal	weight	and	is	associated	with	differences	in	
activity	patterns	and	diets	(Barrera-	Oro,	2003;	Eastman	et	al.,	2011).	
Conventional	 stomach	 content	 analyses	 of	 these	 species	 at	 Potter	
Cove,	an	inshore	locality	at	King	George	Island/Isla	25	de	Mayo,	South	
Shetland	Islands,	have	shown	that	they	are	generalist	feeders	during	
their	ontogeny	(Barrera-	Oro	et	al.,	2019;	Moreira	et	al.,	2023)	but	dif-
ferences	in	prey	composition	have	been	registered.	While	N. coriiceps 
feeds	on	a	wider	range	of	benthic	organisms,	N. rossii	is	semipelagic,	
feeding	not	only	on	benthos	but	also	on	planktonic	prey,	when	avail-
able,	 during	 the	 summer	months	 (Barrera-	Oro	 et	 al.,	 2019;	 Casaux	
et	al.,	1990;	Moreira	et	al.,	2014,	2023).	In	particular,	salps	have	been	
reported	as	occasional	or	secondary	prey	for	N. rossii and N. coriiceps 
only	through	traditional	analysis	(Barrera-	Oro,	2002,	2003;	Barrera-	
Oro	 et	 al.,	 2019).	 Thus,	 considering	 the	 limitations	 of	 conventional	
identifications	of	GPZ	 in	stomach	contents,	 the	role	of	GZP	taxa	 in	
these	fish	species'	diets	still	needs	to	be	clarified.	Recently,	the	com-
plexity,	structure	and	function	of	the	food	web	 in	Potter	Cove	was	
assessed,	 suggesting	 that	N. coriiceps	 is	 a	 keystone	 species	 in	 this	
ecosystem,	 given	 that	 it	 is	 one	 of	 the	 species	 that	 showed	 a	 high	
number	of	trophic	links	in	the	food	web	(Marina	et	al.,	2018).	While	
many	trophic	connections	are	known,	it	 is	essential	to	reveal	the	so	
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far	 invisible	connections	within	 local	 food	web;	 this	 is	 important	 to	
understand	consequences	of	local	extinctions	or	range	shifts	due	to	
climate change.

In	this	study	we	want	to	test	the	paradigm	shift	from	GZP	being	
considered	 as	 “survival	 food”	 to	 a	 “regular”	 prey	 item	 for	 two	de-
mersal	fish	species	(N. rossii and N. coriiceps)	of	the	Southern	Ocean	
through	a	multimarker	metabarcoding	approach.	In	view	of	the	exist-
ing	evidence	outlined	above	we	test	the	following	two	hypotheses:

1.	 A	 variety	 of	 GZP	 taxa	 commonly	 occur	 in	 the	 diets	 of	 both	
nothotheniid species as regular prey items.

2.	 Since	N. rossii	has	semipelagic	 lifestyle	using	also	the	water	col-
umn	to	feed,	we	expect	that	its	prey,	including	GZP,	are	more	di-
verse	than	those	found	in	N. coriiceps' diet.

To	test	these	hypotheses,	we	studied	populations	from	a	coastal	
Antarctic	marine	 ecosystem	 in	 Potter	 Cove	 and	 compared	 results	
with	those	obtained	from	conventional	 trophic	ecology	studies.	 In	
addition,	we	tested	for	evidence	of	other	factors	explaining	differ-
ences	diet	dissimilarities	of	these	sympatric	nototheniid	species.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and initial measurements

Nototheniidae	 were	 collected	 in	 South	 Shetland	 Islands	 waters,	
Potter	Cove	at	King	George	Island/Isla	25	de	Mayo.	They	were	sam-
pled	in	coastal	waters	near	the	Argentine	scientific	station	“Carlini”	
at	a	site	called	Peñón	de	Pesca	(62°14′	S	and	58°40′	W;	Figure S1).	
The	abiotic	features	and	biotic	components	of	this	area	are	described	
in	Barrera-	Oro	et	al.	(2019).	A	total	of	62	specimens	of	N. rossii and 
64 N. coriiceps	 were	 collected	 during	 the	 austral	 summer	 of	 2022	
(January–March).	For	sampling,	trammel	nets	(15 m	long,	1.5 m	deep,	
2.5 cm	inner	mesh,	12 cm	outer	mesh)	were	deployed	on	a	rocky	bot-
tom	with	red	and	brown	macroalgal	beds.	For	each	fish	specimen,	we	
recorded	the	total	and	standard	length	to	the	nearest	0.1 cm,	their	
weight	 in	g	and	their	sex.	The	macroscopic	gonadal	stage	was	de-
termined	according	to	the	scale	in	Kock	and	Kellermann	(1991).	The	
stomachs	were	dissected,	weighted	with	0.01 g	precision	and	stored	
at	−20°C	until	further	processing.

2.2  |  Sample treatment and DNA extraction

In	the	laboratory,	a	blender	and	grinding	tools	were	used	to	homog-
enize	the	stomach	samples;	countertops,	dissection	tools	and	all	in-
struments	used	for	DNA	extraction	were	cleaned	with	10%	bleach,	
water	and	70%	ethanol.	Stomachs	were	thawed	and	carefully	opened	
in	 order	 to	 extract	 contents	 while	 avoiding	 rubbing	 the	 stomach	
walls;	parasites	were	visually	identified	in	two	samples	of	N. corriceps,	
those	stomachs	were	excluded	from	the	analysis	 (46	specimens	of	
each	species	were	analyzed).	After	homogenization,	DNA	extraction	

was	performed	in	triplicates	using	the	Qiagen	Blood	and	Tissue	ex-
traction	kit	following	the	manufacturer	protocol,	with	approximately	
25 mg	of	tissue,	final	elution	volume	was	100 uL.	In	every	round	of	24	
extractions,	 a	 negative	 extraction	 control	was	performed,	 treating	
the	empty	tube	as	the	rest	of	the	samples.	DNA	quantity	and	quality	
were	assessed	using	a	Nanodrop	ND-	1000	(Thermo	Fisher	Scientific)	
spectrophotometer,	only	extracts	with	a	260/280	ratio	of	>1.5 and 
a concentration >10 ng/uL	were	used	for	the	next	steps.	Triplicates	
were pooled prior to library preparation.

2.3  |  Library preparation and sequencing

Here,	we	implemented	a	multimarker	metabarcoding	approach	using	
COI	 and	 18S.	 The	mitochondrial	 COI	 gene	 is	 the	most	 commonly	
used	marker	in	metabarcoding	studies	given	that	it	can	discriminate	
between	metazoan	species	with	high	 resolution	 (e.g.,	Siegenthaler	
et	al.,	2019).	The	nuclear	18S	v1v2	region	is	frequently	used	to	tar-
get	a	broad	spectrum	of	metazoans	in	metabarcoding	studies	(e.g.,	
Wangensteen	et	al.,	2018),	 it	 is	a	suitable	size	for	the	Novaseq	se-
quencer	methodology,	and	it	allows	to	amplify	taxa	that	are	known	
to	 be	 less	 easily	 detected	with	COI,	 such	 as	 salps	 and	 some	 spe-
cies	 of	 ctenophores	 (Brandt,	 Pradillon,	 &	 Trouche,	 2021;	 Brandt,	
Trouche,	et	al.,	2021;	Günther	et	al.,	2018,	2021).

DNA	metabarcoding	 library	 preparation	 and	 sequencing	were	
carried	out	by	AllGenetics	&	Biology	SL	(www. allge netics. eu).	DNA	
concentration	 was	 quantified	 using	 the	 Qubit	 dsDNA	 HS	 Assay	
(Thermo	Fisher	Scientific).	For	library	preparation,	the	“Leray	XT”-		
fragment	 of	 the	 COI	mitochondrial	 gene	 of	 313 bp	was	 amplified	
(Geller	et	al.,	2013;	Wangensteen	et	al.,	2018).	Illumina	sequencing	
primer	sequences	were	attached	to	these	primers	at	their	5′ ends. In 
the	first	amplification	step,	PCRs	were	carried	out	in	a	final	volume	
of	12.5 μL,	containing	2.5 μL	of	template	DNA,	0.5 μM	of	the	prim-
ers,	6.25 μL	of	Supreme	NZYTaq	2x	Green	Master	Mix	(NZYTech),	
and	ultrapure	water	up	to	12.5 μL.	PCR	conditions	consisted	 in	an	
initial	denaturation	step	at	95°C	for	5 min,	followed	by	35 cycles	of	
95°C	for	30 s,	54.7°C	for	45 s,	72°C	for	45 s,	and	a	final	extension	
step	at	72°C	for	7 min.	Additionally,	a	fragment	of	the	18S	(V1-	V2	
region)	gene	of	~450 bp	was	amplified	(Blaxter	et	al.,	1998;	Sinniger	
et	al.,	2016).	 Illumina	sequencing	primer	sequences	were	attached	
to these primers at their 5′	ends.	In	the	first	amplification	step,	PCRs	
were	carried	out	in	a	final	volume	of	12.5 μL,	containing	1 μL	of	tem-
plate	DNA,	0.5 μM	of	the	primers,	3.13 μL	of	Supreme	NZYTaq	2x	
Green	Master	Mix	 (NZYTech),	 and	 ultrapure	water	 up	 to	 12.5 μL. 
PCR	conditions	consisted	in	an	initial	denaturation	step	at	95°C	for	
5 min,	followed	by	35 cycles	of	95°C	for	30 s,	49.7°C	for	45 s,	72°C	
for	45 s,	and	a	final	extension	step	at	72°C	for	7 min.	No	PCR	repli-
cates	were	carried	out.	The	oligonucleotide	indices	were	attached	in	
a	second	amplification	step	(PCR1	product	was	directly	used	with-
out	purification	for	PCR2),	using	2.5 uL	of	PCR1	product,	with	iden-
tical	PCR	conditions	but	only	5 cycles	and	using	60°C	as	annealing	
temperature	 (PCR	products	were	not	purified	between	PCR1	and	
PCR2).	A	negative	control	that	contained	no	DNA	was	included	in	

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.allgenetics.eu


4 of 17  |     RUIZ et al.

every	PCR	round	to	check	for	contamination	during	library	prepara-
tion.	A	list	of	primers	and	sequences	added	during	PCR1	and	PCR2	
can	be	found	in	the	Tables S1–S3.	Library	size	was	verified	using	2%	
agarose	gels	stained	with	GreenSafe	(NZYTech)	and	imaging	them	
under	UV	light.	Subsequently,	libraries	were	purified	using	the	Mag-	
Bind	RXNPure	Plus	magnetic	beads	(Omega	Biotek),	following	the	
instructions	provided	by	 the	manufacturer.	Finished	 libraries	 (COI	
and	18S)	were	 pooled	 in	 equimolar	 amounts	 according	 to	 the	 re-
sults	of	a	Qubit	dsDNA	HS	Assay	(Thermo	Fisher	Scientific)	quanti-
fication.	Finally,	the	pool	was	sequenced	in	a	fraction	of	an	Illumina	
NovaSeq	(2 × 250 bp	paired-	ends),	adding	5%	PhiX	to	the	sequenc-
ing	run,	aiming	for	a	total	output	of	24 Gbp.

2.4  |  Bioinformatic analysis

Bioinformatic	 analysis	 of	 the	 COI	 sequencing	 data	 was	 performed	
following	 the	 MJOLNIR	 pipeline	 (Metabarcoding	 Joining	 Obitools	
and	 Linkage	Networks	 In	 R;	 https://	github.	com/	uit-		metab	arcod	ing/	
MJOLNIR),	using	the	R	package	mjolnir	v1.2	(Wangensteen,	2020)	in	
R	v4.0.4.	The	pipeline	default	settings,	which	were	already	adjusted	
for	the	COI	marker	gene	by	the	provider,	were	retained.	Taxonomy	
was	assigned	against	the	DUFA_COLR	reference	set	(https:// github. 
com/	uit-		metab	arcod	ing/	DUFA)	 with	 the	 timestamp	 “20210723”.	
BOLDigger	(Buchner	&	Leese,	2020)	was	run	in	order	to	double	check	
taxonomic	annotations	and	define	thresholds.	Assignments	with	less	
than	85%	 identity	were	 excluded,	 and	 a	>97%	 threshold	was	used	
to	 define	 species	 level,	>95%	 to	 genus,	>90%	 to	 family,	>85%	 to	
order,	class	and	phylum	 level	 (Macher	et	al.,	2018;	Wangensteen	&	
Turón,	2017).	Bioinformatic	analysis	of	the	18S	sequencing	data	was	
performed	by	applying	Cudadapt	v.2.8	 (Martin,	2011)	 to	remove	all	
primers	 and	 leftover	 adapters	 and	 by	 applying	 functions	 of	 the	 R	
package	“dada2”	(version	1.18.0;	Callahan	et	al.,	2016)	to	conduct	se-
quence	trimming	and	filtering,	sequence	denoising	according	to	the	
Divisive	Amplicon	Denoising	Algorithm	(DADA),	paired-	end	merging,	
chimera	detection-	removal	and	ASV	annotation	against	the	PR2	ref-
erence	set	v.4.14.0	(https://	doi.	org/	10.	1093/	nar/	gks1160).	Processed	
ASVs	were	clustered	 into	operational	 taxonomic	units	 (OTUs)	using	
the	program	swarm2	(Mahé	et	al.,	2015)	with	an	iterative	local	thresh-
old d = 4.	Clustering	implementing	d = 2	and	d = 1	(the	latter	with	fas-
tidious	 option)	 were	 run	 (Tables S3_d = 4,	 S4_d = 2,	 S5_d = 1),	 both	
produced	more	OTUs	than	d = 4,	therefore	we	used	the	latest	value	as	
recommended	by	Brandt	et	al.	(Brandt	et	al.,	2020;	Brandt,	Pradillon,	
&	Trouche,	2021)	and	Günther	et	al.	 (2021).	Swarm	OTUs	were	an-
notated	 against	 the	 PR2	 reference	 set	 v.4.14.0	 as	 well.	 Finally,	 a	
manual	correction	of	taxonomic	annotations	using	the	World	Register	
of	 Marine	 Species	 (WoRMS;	 https:// www. marin espec ies. org)	 and	
BLASTn	using	NCBI	database	was	performed.

A	final	refinement	of	both	datasets	consisted	at	first	 in	the	re-
moval	of	non-	target	taxa	(bacteria,	fungi,	terrestrial	taxa)	and	con-
taminants	 (predator	and	human	DNA).	Second,	we	removed	every	
OTU	for	which	the	abundance	in	the	blank	or	negative	controls	was	
higher	than	10%	of	the	total	 reads	of	that	OTU.	Third,	a	minimum	

relative	 abundance	 filter	 of	 0.002%	 was	 applied	 for	 each	 sample	
(Wangensteen	&	Turón,	2017).	 After	 all	 the	 refinement	 steps	 and	
bioinformatic	treatment,	we	removed	samples	with	a	read	depth	of	
less	than	1000	reads	(Drake	et	al.,	2022;	Siegenthaler	et	al.,	2022).	
Finally,	for	the	construction	of	final	tables	(see	Tables 1 and 2)	and	
the	multivariate	analysis,	 reads	assigned	to	parasitic	 taxa	were	ex-
cluded	(Nematoda,	Plathyhelmintes	and	Acanthocephala).

2.5  |  Statistical analyses

The	 data	 obtained	 for	 both	 markers	 were	 analyzed	 in	 R	
(https://www.	R-		proje	ct.	org/	)	 using	 the	 vegan	 package	 (R	 version	
4.2.3;	 Oksanen,	 2019).	 Graphs	 and	 explorative	 analysis	 were	 per-
formed	using	the	TaxonTableTools	software	(Macher	et	al.,	2021).	We	
used	 relative	 read	abundance	 (number	of	 reads	of	one	prey	group	
divided	by	the	number	of	total	reads	in	all	prey	groups,	RRA%)	and	
frequency	of	occurrence	(number	of	samples	that	contained	a	given	
prey	 item	divided	by	 the	 total	number	of	 samples,	FOO%)	as	met-
rics	 for	 analyses	 and	 tables.	Multivariate	 statistical	 analyses	 were	
also	 accomplished	 using	 the	 vegan	 package	 in	 R.	Notothenia rossii 
and N. coriiceps	data	were	split	 into	 three	size	groups,	which	were	
arbitrarily	defined	according	to	the	size	classes	(total	length	groups:	
small	 ≥21.0 ≤ 29.9 cm;	 medium	 ≥30.0 ≤ 38.0 cm;	 large ≥ 38.1 cm),	
data	regarding	sex	and	sampling	depth	(1:	≤11 m;	2:	≥12 m ≤ 20 m;	3:	
≥20.1 m);	were	used	as	 factors	 for	 the	analysis.	Data	sets	 for	both	
markers	were	four-	root	transformed.	Using	the	vegdist	function	we	
obtained	a	Bray–Curtis	coefficient	similarity	matrix.	Nonmetric	mul-
tidimensional	scaling	(NMDS)	plots	for	each	of	the	above-	mentioned	
factors	were	performed	to	visually	check	patterns	of	the	fish	diet	in	
a	 two-	dimensional	plane	according	 to	 their	 relevant	diet	 similarity.	
Permutational	Multivariate	Analysis	of	Variance	(PERMANOVA)	was	
run	with	9999	permutations	using	the	adonis2	function	to	assess	the	
differences	in	the	diet	between	N. rossii and N. coriiceps,	based	on	the	
species,	total	length,	depth	and	sex.	Finally,	using	the	pairwiseAdonis	
function,	we	performed	the	multiple	comparison	post-	hoc	test.

3  |  RESULTS

3.1  |  COI and 18S metabarcoding output

The	Novaseq	sequencing	runs	produced	45,741,682	paired-	end	raw	
reads	for	the	multiplexed	 library	of	COI	and	47,106,864	paired-	end	
raw	reads	for	the	multiplexed	library	of	18S.	After	all	quality	filtering	
steps,	the	final	dataset	consisted	of	19,878,789	metabarcoding	reads	
for	COI	and	18,015,199	reads	for	18S.	The	sequencing	depth	per	sam-
ple	 ranged	 from	199,182	to	820,570	reads	 for	COI	and	140,258	to	
805,578	reads	for	18S.	For	COI,	6959	reads	(0.015%	of	total	reads)	
clustered	into	10	OTUs	were	found	in	negative	controls	(assigned	to	
Arthropoda,	Annelida,	Cnidaria,	Mollusca,	Rhodophyta,	human,	and	
Notothenia rossi),	 while	 52,499	 reads	 (0.111%	 of	 total	 reads),	 com-
prising	25	OTUs,	were	found	in	the	18S	negative	controls	(assigned	
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Phylum Species OTUs Reads RRA (%) FOO (%)

Annelida Unassigned 8 197,717 2.015

Neanthes kerguelensis 1 60,774 0.619 12.5

Arthropoda Unassigned 38 2,047,637 20.869

Djerboa furcipes 1 692,996 7.062 63.636

Bovallia gigantea 1 629,855 6.419 39.773

Gondogeneia antarctica 1 531,224 5.414 47.727

Cyllopus magellanicus 1 249,297 2.541 23.864

Prostebbingia brevicornis 1 242,429 2.471 20.455

Orchomenella rotundifrons 1 155,677 1.587 10.227

Hippomedon kergueleni 1 153,650 1.566 19.318

Oradarea sp. 2 122,669 1.25 44.318

Eurymera monticulosa 1 89,399 0.911 15.909

Monoculodes sp. 1 62,288 0.635 10.227

Orchomenella infinita 1 52,072 0.531 20.455

Thysanoessa macrura 1 50,976 0.519 4.545

Euphausia superba 1 27,005 0.275 13.636

Cyllopus lucasii 1 26,048 0.265 6.818

Vibilia antarctica 1 18,254 0.186 13.636

Munna sp. 1 7745 0.079 13.636

Orchomenella pinguides 1 7586 0.077 1.136

Charcotia obesa 1 6072 0.062 3.409

Bryozoa Antarctothoa sp. 1 57,967 0.591 21.591

Chaetognatha Sagitta sp. 1 19,754 0.201 4.545

Chordata Pygoscelis papua 1 80,787 0.823 2.273

Cnidaria Haliclystus antarcticus 1 107,627 1.097 11.364

Unassigned 8 69,291 0.707

Edwardsia sp. 1 21,822 0.222 3.409

Mollusca Laevilacunaria antarctica 1 555,316 5.659 36.364

Clio pyramidata 1 244,502 2.492 9.091

Nacella magellanica 1 144,223 1.47 5.682

Pareledone charcoti 1 105,988 1.08 3.409

Lamellariopsis turqueti 1 105,902 1.079 6.818

Laevilitorina caliginosa 1 73,608 0.75 2.273

Lissarca miliaris 1 10,813 0.11 9.091

Aequiyoldia eightsii 1 9275 0.095 4.545

Nemertea Unassigned 8 21,853 0.223

Ochrophyta Unassigned 15 200,196 2.039

Ascoseira mirabilis 1 15,491 0.158 54.545

Laminariocolax aecidioides 1 7862 0.08 22.727

Rhodophyta Unassigned 11 1,626,817 16.577

Myriogramme manginii 1 576,787 5.878 43.182

Palmaria decipiens 1 251,285 2.561 36.364

Sarcopeltis skottsbergii 1 38,387 0.391 20.455

Wildemania amplissima 1 5471 0.056 14.773

Note:	Summarized	values	from	all	samples	regarding	biodiversity	(number	of	OTUs	and	their	
number	of	reads),	semi-	quantitative	information,	including	the	relative	read	abundance	(RRA	%)	
and	presence/absence-	based	approaches	with	the	frequency	of	occurrence	(FOO	%).

TA B L E  1 Numbers	and	values	of	
detected	prey	species	for	Notothenia rossii 
and N. coriiceps	using	COI	sequences.
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6 of 17  |     RUIZ et al.

to	Arthropoda,	Mollusca,	Nematoda,	Platyhelminthes,	Rhodophyta,	
Rotifera,	Streptophyta,	and	Chordata),	including	DNA	extraction	and	
PCR	controls.	Rarefaction	curves	 (Figure S2)	 suggest	 that	 sequenc-
ing	depth	was	enough	to	recover	all	taxa	in	the	stomachs,	given	that	
all	individuals	reached	an	asymptote.	Reads	were	clustered	into	791	
eukaryotic	OTUs	for	COI	and	1758	eukaryotic	OTUs	for	18S	 (3511	
ASVs	were	clustered	into	these	OTUs).	After	the	final	refinement,	492	
OTUs	were	assigned	at	least	to	phylum	level	for	18S,	while	192	OTUs	
were	 annotated	 for	 COI.	 Moreover,	 some	 samples	 were	 excluded	
from	the	analysis	given	that	they	were	represented	by	less	than	1000	
reads	(4	and	2	samples	for	COI	and	18S	dataset,	respectively).

3.2  |  COI and 18S findings on the diet spectrum of 
both nototheniids

The	 prey	 items	 detected	 using	 COI	 and	 18S	 metabarcoding	 se-
quencing	 on	 stomach	 contents	 of	N. rossii and N. coriiceps were 
assigned	to	a	broad	spectrum	of	taxa,	corresponding	to	metazoan	
phyla	but	also	algae	and	other	eukaryotic	groups	such	as	Rotifera	

or	Bryozoa.	The	RRA%	of	each	prey	phylum	revealed	in	the	COI	and	
18S	output	are	shown	in	Figures 1 and 2,	respectively.	It	is	notewor-
thy	that	arthropods	in	COI	results,	and	salps	in	18S	results	are	im-
portant	prey	groups	for	both	fish	species.	When	counting	the	RRA	
for	all	samples	(both	predator	species),	for	COI,	52.7%	of	the	reads	
corresponded	 to	 the	 phylum	 Arthropoda,	 25.5%	 to	 Rhodophyta,	
12.8%	to	Mollusca,	2.7%	to	Annelida,	2.3%	to	Ochrophyta	and	2%	
to	Cnidaria.	The	rest	of	the	prey	phyla	represented	less	than	0.8%	of	
the	RRA.	When	counting	the	RRA	of	prey	items	for	18S,	we	found	
that	 67.1%	 of	 the	 reads	 corresponded	 to	 phylum	 Chordata	 (with	
the	most	abundant	being	assigned	to	salps),	5.94%	to	Arthropoda,	
5.09%	to	Rhodophyta,	4.33%	to	Chlorophyta,	3.28%	to	Mollusca,	
2.56%	 to	 Ochrophyta,1.85%	 to	 Annelida,	 and	 0.87%	 to	 Cnidaria.	
The	rest	of	the	phyla	represented	less	than	0.26%	of	the	RRA.

The	metazoan	prey	list	detected	using	the	COI	and	18S	sequences	
are	 summarized	 in	 Tables 1 and 2,	 respectively,	where	we	 present	
the	taxa	found	in	the	stomach	contents	of	N. rossii and N. coriiceps. 
The	prey	taxa	are	organized	from	the	most	abundant	to	 less	repre-
sented	phylum.	All	OTUs	that	were	not	assigned	to	species	level	were	
clustered	together.	Frequency	of	occurrence	was	calculated	for	each	

Phylum Species OTUs Reads RRA (%) FOO (%)

Chordata Salpa thompsoni 28 8,798,534 64.695 100

Molgula sp. 11 272,593 2.004 23.333

Ihlea racovitzai 6 43,372 0.319 31.111

Salpa sp. 72 11,627 0.085 68.889

Arthropoda Glyptonotus antarcticus 19 730,775 5.373 45.556

Euterpina acutifrons 3 36,045 0.265 14.444

Unassigned 40 19,608 0.152

Vargula hilgendorfii 1 6731 0.049 10

Rhodophyta Chondrus crispus 2 431,643 3.174 35.556

Pyropia sp. 3 187,572 1.379 17.778

Sarcodia sp. 1 43,314 0.318 7.778

Palmaria palmata 1 21,464 0.158 22.222

Unassigned 5 7989 0.062

Chlorophyta Unassigned 5 588,652 4.328

Mollusca Clio pyramidata 6 208,279 1.531 13.333

Borsonia sp. 1 104,858 0.771 12.222

Unassigned 17 49,479 0.383

Gaimardia trapezina 11 38,402 0.282 18.889

Mytilus edulis 1 34,144 0.251 2.222

Ochrophyta Desmarestia sp. 1 347,800 2.557 78.889

Ectocarpus siliculosus 1 33,349 0.245 44.444

Annelida Unassigned 15 206,102 1.515

Flabelligera affinis 1 44,853 0.33 11.111

Cnidaria Myxidium sp. 1 109,246 0.803 37.778

Nemertea Antarctonemertes valida 5 16,988 0.125 13.333

Bryozoa Membranipora sp. 1 9610 0.071 23.333

Note:	Summarized	values	from	all	samples	regarding	biodiversity	(the	number	of	OTUs	and	their	
number	of	reads),	presence/absence-	based	approaches	with	the	frequency	of	occurrence	(FOO	%),	
and	semi-	quantitative	information,	including	the	relative	read	abundance	(RRA	%).

TA B L E  2 Numbers	and	values	of	
detected	prey	species	for	Notothenia rossii 
and N. coriiceps	using	18S	sequences.
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    |  7 of 17RUIZ et al.

species,	 and	only	 species	 (or	 clusters)	 that	 showed	more	 than	0.05	
RRA%	are	presented	in	the	tables	(complete	tables	can	be	found	in	
the	 Supplementary	 material	 section,	 Tables S1 and S2).	 The	 phyla	
Platyhelminthes,	Rotifera,	and	Nematoda	were	not	included	in	the	list.	
In	the	18S	output,	we	observed	reads	assigned	to	salps	(S. thompsoni)	
in	the	gut	contents	of	all	individuals	from	both	species,	which	was	the	
only	prey	item	that	was	shared	between	all	investigated	animals.	The	

second	most	common	food	item	for	both	species	was	the	brown	algae	
Desmarestia	 sp.	 (78.88	FOO%,	18S	output),	and	the	 third	most	 fre-
quent	prey	item	consumed	by	both	species	was	the	benthic	amphipod	
Djerboa furcipes	(63.636	FOO%,	COI	output).

All	prey	items	listed	in	Tables 1 and 2	(assigned	to	species	level)	
were	assigned	to	three	functional	groups:	benthic,	pelagic,	or	ben-
thopelagic	according	to	the	description	in	the	literature	of	the	adult	

F I G U R E  1 Relative	read	abundances	for	COI	metabarcoding	output	(number	of	reads	for	each	phylum,	divided	by	the	total	amount	of	
reads).	Each	column	represents	an	individual.	The	COI	reads	grouped	under	Chordata	mainly	represented	reads	assigned	to	the	penguin	
Pygoscelis papua.	Phyla	showing	less	than	0.02	RRA%	are	not	displayed	in	the	graph.

F I G U R E  2 Relative	read	abundances	for	18S	metabarcoding	output	(number	of	reads	for	each	phylum,	divided	by	the	total	amount	of	
reads).	Each	column	represents	an	individual.	The	18S	reads	grouped	under	Chordata	mainly	represented	reads	assigned	to	different	species	
of	salps.	Phyla	showing	less	than	0.09	RRA%	are	not	displayed	in	the	graph.
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8 of 17  |     RUIZ et al.

and	larval	stage	(if	applicable).	Figure 3	shows	the	number	of	species	
(here	only	OTUs	assigned	to	species	level	were	considered)	that	cor-
respond	to	each	functional	group.	Both	markers	here	showed	that	
N. rossii and N. corriceps	prey	on	benthic,	pelagic,	and	benthopelagic	
prey	in	similar	amounts.	For	both	species,	the	proportion	of	benthic	
items	was	higher	than	the	pelagic	ones,	specially	taking	in	account	
that	most	of	the	benthopelagic	prey	species	included	here,	show	a	
benthic adult stage and pelagic larvae.

3.3  |  Focus on arthropods and gelatinous taxa

The	 phylum	 Arthropoda	 was	 the	 most	 represented	 group	 in	 the	
COI	output,	while	the	phylum	Chordata	(including	mostly	reads	as-
signed	to	salps)	was	the	most	frequently	occurring	prey	item	in	the	
18S	dataset.	When	considering	only	the	reads	(RRA%)	assigned	to	

arthropod	taxa,	amphipods	represented	the	largest	number	of	reads	
(52.7%)	in	the	COI	dataset,	while	isopods	were	the	most	represented	
ones	 (90.7%)	 in	 the	18S	output	 (Figure 4).	For	COI,	 the	amphipod	
species Djerboa furcipes,	 Bovallia gigantea,	Gondogeneia antarctica,	
Cyllopus magellanicus,	 and Prostebbingia brevicornis presented the 
highest	values	in	RRA%	and	FOO%,	whereas	the	isopod	Glyptonotus 
antarcticus	was	the	most	represented	in	terms	of	RRA%	and	FOO%	
among	18S	sequences.	Reads	assigned	to	Antarctic	krill	 (Euphausia 
superba)	were	poorly	represented	in	both	datasets.

For	 both	 fish	 species,	 we	 found	 reads	 that	 could	 be	 assigned	
to gelatinous invertebrates. In Figure 5,	we	present	 the	RRA%	as-
signed	 to	 gelatinous	 taxa	 (including	 Appendicularia,	 Thaliacea,	
Cnidaria,	Chaetognatha,	 and	Ctenophora)	 at	 class	 level.	 Staurozoa	
and	 Hydrozoa	 were	 the	 most	 represented	 classes	 within	 COI	 se-
quences,	 with	 the	 benthic	 species	Haliclystus antarcticus showing 
the	highest	number	of	 reads,	 consumed	by	both	species.	The	pat-
tern	 changes	 substantially	 for	 the	 18S	 dataset,	 in	which	 the	 class	
Thaliacea	(including	salps,	pyrosomes	and	doliolids)	is	by	far	the	most	
represented	 with	 98.7	 RRA%.	 Here,	 the	 species	 Salpa thompsoni,	
Ihlea racovitzai,	and	Salpa maxima were represented with the highest 
values	of	RRA%	and	FOO%.	For	COI,	we	found	in	total	15	OTUs,	of	
which	only	3	were	assigned	to	species	 level,	corresponding	to	cni-
darians	and	chaetognaths;	while	18S	presented	170	OTUs	of	gelati-
nous	taxa,	of	which	13	were	assigned	to	species	level,	corresponding	
to	 Chordata	 (appendicularians	 and	 salps),	 Cnidaria,	 Chaetognatha,	
and	Ctenophora.	 Based	 on	 the	 total	 of	OTUs	 assigned	 to	 species	
level,	we	found	for	N. coriiceps:	1	species	of	appendicularian,	3	spe-
cies	of	salps,	1	species	of	ctenophora,	11	species	of	cnidarians,	and	
3	species	of	chaetognaths.	For	N. rossii,	we	found	OTUs	assigned	to	F I G U R E  3 Number	of	benthic,	pelagic,	or	benthopelagic	(B/P)	

prey	species	for	Notothenia coriiceps and N. rossii.

F I G U R E  4 Arthropod	reads	in	RRA%	
recovered	for	both	fish	species	in	the	COI	
(left)	and	18S	dataset	(right).

F I G U R E  5 Reads	assigned	to	
gelatinous	taxa	(RRA%)	recovered	for	
both	fish	species	in	the	COI	(left)	and	18S	
(right)	dataset.
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1	species	of	appendicularian,	4	species	of	salps,	1	species	of	cteno-
phora,	9	species	of	cnidarians,	and	3	species	of	chaetognaths.

3.4  |  Multimarker approach

Metabarcoding	of	N. rossii and N. coriiceps	stomach	contents,	using	
COI	 and	 18S	 markers,	 recovered	 192	 versus	 508	 OTUs,	 respec-
tively,	and	69	versus	Totally	83	species	were	assigned	 to	COI	and	
18S	 sequences,	 respectively	 (these	 numbers	 include	 parasites).	
Nevertheless,	the	species-	level	assignments	were	almost	all	 incon-
gruent	 among	markers,	 which	 is	 shown	 in	 Tables 1 and 2,	 where	
prey	species	lists	of	N. rossii and N. coriiceps were pooled together. 
From	the	complete	list	of	species,	only	8	were	identified	with	both	
markers:	the	chlorophyte	Bathycoccus prasinos,	the	mollusks	Nacella 
magellanica,	 Cyamiomactra laminifera and Clio pyramidata,	 the	 ne-
merteans Parborlasia corrugatus and Antarctonemertes valida,	 the	
krill	species	Euphausia superba and Thysanoessa macrura	(Figure S4).	
When	 focusing	 on	 gelatinous	 taxa,	 none	 of	 the	 species	 found	
with	COI	were	shared	with	18S	metabarcoding	results,	only	at	the	
genus	level,	the	staurozoan	(Hydrozoa)	Haliclystus and the chaetog-
nath Pseudosagitta	were	 present	 in	 both	 datasets.	 At	 family	 level,	
only	 Campanulariidae	 was	 annotated	 with	 both	 markers,	 at	 class	
level	 these	 were	 the	 Anthozoa,	 Scyphozoa,	 Staurozoa,	 Hydrozoa,	
and	 Tentaculata;	 and	 at	 phylum	 level	 Ctenophora,	 Cnidaria,	 and	
Chaetognatha	were	sequenced	with	both	markers.

3.5  |  Multivariate analysis

Visual	 inspections	 of	 each	NMDS	 plot	 did	 not	 reveal	 a	 clear	 pat-
tern	 among	 diets	 for	 both	markers	 (COI	 and	 18S,	 see	 Figure S3).	
PERMANOVA	outputs	showed	that	there	are	no	differences	among	
the	composition	of	diets	considering	all	the	factors	and	the	interac-
tions	between	them	for	the	COI	marker.	Although	the	pairwise	com-
parisons	of	this	marker	did	not	show	significant	differences	between	
the	diet	of	the	specimens,	a	clear	trend	was	identified:	both	nototh-
eniids	consumed	higher	proportions	of	rhodophytes	and	amphipods	
from	the	family	Pontogeneiidae	(i.e.,	Gondogeneia antarctica,	Bovallia 
gigantea,	 Prostebbingia brevicornis,	 Djerboa furcipes and Eurymera 
monticulosa)	 at	 the	 12–20 m	 depth	 strata	 in	 comparison	 to	 other	
sampling	depths.	Regarding	the	18S	marker,	adonis	analyses	showed	
a	significant	effect	of	the	fish	size	regardless	of	the	species	(r2 = 0.04,	
p < 0.05).	Pairwise	PERMANOVA	showed	a	significant	difference	be-
tween	 the	 “small”	 specimens	 (total	 length ≥ 21.0 ≤ 29.9 cm)	 and	 the	
“medium	 size”	 specimens	 (total	 length ≥ 21.0 ≤ 29.9 cm;	 r2 = 0.04,	
p < 0.05).	Even	though	Salpa thompsoni was detected as a main prey 
for	all	fish	size	classes,	the	“small”	specimens	consumed	a	minor	pro-
portion	of	 this	 item;	 this	 fish	group's	stomachs	contained	a	higher	
proportion	 of	 Desmarestia and Ectocarpus	 (Ochrophyta)	 and	 the	
cnidarians	 (Myxidium)	 than	 the	 other	 groups.	 Besides,	Glyptonotus 
antarcticus	(isopod)	was	mainly	preyed	upon	by	fishes	from	the	“me-
dium”	size	group.

4  |  DISCUSSION

We	 provide	 here	 the	 first	 high-	resolution	 taxonomic	 approach	 to	
the	diet	of	 two	key	demersal	 fish	 species,	Notothenia rossii and N. 
coriiceps,	in	Potter	Cove,	South	Shetland	Islands,	based	on	multima-
rker	DNA	metabarcoding,	with	special	attention	to	the	role	of	easily	
digestible	prey	that	may	have	been	overlooked	in	previous	studies.	
In	this	context,	we	were	able	to	test	our	hypotheses,	confirming	that	
gelatinous	zooplankton	 (GZP)	taxa	commonly	occur	 in	the	diets	of	
both	species.	Although	we	expected	N. rossii to have a greater di-
versity	of	GZP	prey	taxa	than	N. coriiceps,	given	its	migratory	habits	
within	the	water	column,	both	species	consumed	salps,	appendicu-
larians,	 cnidarians,	 chaetognaths	 and	 ctenophores	 in	 similar	 read	
proportions	and	frequency	of	predation,	with	salps	being	the	most	
abundant prey group.

4.1  |  Notothenia rossii and Notothenia 
coriiceps are omnivorous

Both	species	showed	a	wide	spectrum	of	prey	groups	in	their	diet,	
including	 a	 diverse	 set	 of	 metazoans	 and	 algae.	 The	 most	 repre-
sented	 groups	 were	 Arthropoda,	 Chordata	 (with	 salps	 being	 the	
most	abundant),	Rhodophyta,	Mollusca,	Chlorophyta,	Annelida,	and	
Ochrophyta.	The	importance	of	algae	in	the	diet	of	N. rossii and N. 
coriiceps,	which	inhabit	Antarctic	coastal	areas	 is	broadly	acknowl-
edged	(Moreira	et	al.,	2020	and	references	herein),	not	only	in	Potter	
Cove	 but	 also	 in	 other	 areas	 of	 the	 western	 Antarctic	 Peninsula	
(compiled	 in	Barrera-	Oro,	2002).	Our	findings,	using	COI	and	18S,	
also	revealed	the	importance	of	primary	producers	like	Desmarestia 
sp.	 in	 both	 nototheniiids'	 diets.	 Our	 results	 showed	 a	 similar	 pat-
tern	to	that	found	in	previous	studies	based	on	traditional	methods,	
where,	in	addition	to	krill,	nototheniiids	also	consumed	a	wide	array	
of	other	taxa	 including	amphipods,	copepods,	squid	and	other	fish	
(Barrera-	Oro,	2003;	Barrera-	Oro	et	al.,	2019,	Hollyman	et	al.,	2021; 
Moreira	et	al.,	2020,	2023;	Stefanov,	2022).	Noteworthy,	the	results	
obtained	from	the	DNA	metabarcoding	approach	revealed	the	 im-
portant	role	gelatinous	taxa,	mainly	salps	(in	terms	of	frequency	of	
ingestion	and	read	dominance),	in	the	diet	of	these	nototheniids.

Diet	 dissimilarity	 analyses	 showed	 that,	 within	 the	 four	 fac-
tors	 considered	 (species,	 total	 length,	 sampling	 depth	 and	 sex),	
only	 for	 the	18S	marker	 the	fish	size	 influenced	the	diet	composi-
tion	of	 both	nototheniiids.	 The	diet	 overlap	 between	N. rossii and 
N. coriiceps throughout their ontogeny has already been evaluated 
at	Potter	Cove.	Early	 juveniles,	 juveniles	 and	adult	 stages	 showed	
between	45%	and	55%	of	diet	overlap	(Barrera-	Oro,	2003;	Moreira	
et	al.,	2014).	Our	 results	align	with	 these	 findings,	as	according	 to	
COI,	N. rossii and N. coriiceps	 share	41	prey	 items	at	 species	 level,	
and	23	at	class	level,	and	according	to	18S,	39	prey	items	at	species	
level	and	31	at	class	level	were	present	in	the	diet	of	both	species,	
see Figure 6.	Although	the	food	overlap	between	species	seems	to	
be	high	and	may	reflect	competition	under	conditions	of	limited	re-
source	availability,	it	was	addressed	in	previous	studies	that	there	is	
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no	substantial	competition	but	utilization	of	different	feeding	strat-
egies	and	a	specific	selection	of	the	prey	items	(Barrera-	Oro,	2003; 
Gröhsler,	1994;	Moreira	et	al.,	2014).

In	the	literature,	it	was	described	that	N. rossii	feeds	on	benthic	
and pelagic prey while N. coriiceps	feeds	on	a	wide	range	of	benthic	
organisms	(Barrera-	Oro	et	al.,	2019).	On	the	contrary,	based	on	the	
DNA	reads	that	could	be	assigned	to	species	level,	we	found	slightly	
higher	number	of	benthic	prey	taxa	for	N. coriiceps compared to N. 
rossii	(COI:	33,	18S:	36	vs.	COI:	28,	18S:	25),	for	pelagic	prey	taxa,	N. 
coriiceps	also	fed	on	a	higher	number	of	species	than	N. rossii	(COI:	
16,	18S:	27	vs.	COI:	11,	18S:	18);	while	the	number	of	bentho-	pelagic	
prey or species switching between both realms throughout their on-
togeny	showed	no	clear	differences	among	predators	(COI:	27,	18S:	
28	vs.	COI:	24,	18S:	29).	Thus,	based	on	the	presence	data	obtained	
in	this	study	we	can	assume	that	both	fish	species	prey	on	benthic	
and	pelagic	taxa	(Figure 3).

As	mentioned	before,	we	detected	a	wide	trophic	spectrum	of	
different	taxa	belonging	to	17	phyla,	from	primary	producers	like	
Desmarestia sp. to highly abundant invertebrates such as the am-
phipod Djerboa furcipes or the isopod Glyptonotus antarcticus.	All	
these	taxa	were	already	described	to	be	very	abundant	in	Potter	
Cove,	where	the	characterization	of	community	composition	and	
their changes over the last decades has been addressed imple-
menting	a	broad	spectrum	of	techniques	from	molecular	tools	to	
models	(Abele	et	al.,	2017;	Marina	et	al.,	2018;	Sahade	et	al.,	2015; 
Wiencke	et	al.,	2008).	This	wide	breath	of	existing	knowledge	on	
this	particular	 inshore	community	constitutes	a	unique	opportu-
nity to pursue ecosystem monitoring in order to detect and pre-
dict	probable	future	changes	that	might	impact	the	structure	and	
dynamics	of	its	local	food	web.	Focusing	on	the	study	of	keystone	
species	within	 the	 food	web	will	 certainly	help	 to	address	 these	
challenges.	Therefore,	coupling	previous	 information	and	the	re-
sults	obtained	 in	 this	 study,	we	propose	 that	N. rossii and N. co-
riiceps	 could	act	as	 “natural	 samplers”	of	Potter	Cove	ecosystem	

and	 this	 could	 also	 apply	 for	 other	 coastal	 assemblages	 of	 the	
Northern	Antarctic	Peninsula	where	the	species	are	distributed.

4.2  |  The importance of a multimarker approach

Metabarcoding	 of	 COI	 and	 18S	 fragments	 recovered	 192	 versus	
508	OTUs,	respectively,	and	69	versus	83	species	were	assigned	to	
COI	and	18S	OTUs,	respectively.	Nevertheless,	the	species-	level	as-
signments	were	almost	all	incongruent	among	markers	(see	Tables 1 
and 2,	and	Figure 6).	Similar	results	were	obtained	in	other	multima-
rker	metabarcoding	 studies	 (Pappalardo	 et	 al.,	2021; van der Reis 
et	al.,	2018,	Wangensteen	et	al.,	2018),	where	the	output	provided	
by	 different	 markers	 were	 complementary.	 These	 incongruences	
can	be	explained	by	two	main	factors:	differential	amplification	and	
sequencing	 success	 of	 each	marker	 for	 specific	 groups,	 and	 taxo-
nomic	coverage	of	their	associated	reference	databases.

Even	though	the	mitochondrial	COI	gene	is	the	most	commonly	
used	marker	 in	 metazoan	 (meta)barcoding	 studies,	 providing	 high	
resolution	 taxon	 discrimination,	 COI	 was	 often	 less	 successfully	
amplified	than	other	markers	(e.	g.	Pappalardo	et	al.,	2021; van der 
Reis	et	al.,	2018).	This	 is	related	to	the	fact	that	the	high	degener-
acy	 of	 the	DNA	 regions	 in	 the	 protein-	coding	COI	 gene	 limit	 uni-
versal	amplification	 in	eukaryotes	 (Deagle	et	al.,	2014);	 and	 this	 is	
particularly	true	for	tunicates,	where	the	high	mutation	rate	in	the	
primer	binding	sites	can	affect	 the	amplification	success	 (Goodall-	
Copestake,	2014,	2017;	Ruiz	et	al.,	2020).	On	 the	other	hand,	 the	
nuclear	18S	marker	is	frequently	used	to	target	a	broad	spectrum	of	
eukaryotic	phyla	because	it	has	highly	conserved	regions	(so-	called	
stem	regions	of	the	ribosomal	RNA	gene),	yet	it	suffers	often	from	
a	 lower	 discriminatory	 power	 compared	 to	mitochondrial	markers	
(Clarke	et	 al.,	2017;	Wangensteen	et	 al.,	 2018).	 In	our	 results,	 the	
resolution	of	18S	v1-	2	output	was	comparable	 to	 that	of	COI,	but	
different	taxa	were	detected	with	the	two	datasets,	with	salps	being	

F I G U R E  6 Venn	diagrams,	comparing	
the	number	of	prey	items	at	species	and	
class	level	for	Notothenia rossi	(in	green)	
and N. coriiceps	(in	red),	shared	items	are	
shown in yellow.
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the	most	evident	difference	among	our	results,	as	they	were	only	an-
notated	with	18S.	Previous	studies	have	shown	a	good	relationship	
between	 the	 18S	 read	 abundance	 of	 ctenophores	 and	 cnidarians,	
and	morphological	stomach	inventories	(Günther	et	al.,	2018,	2021).	
Moreover,	compared	to	COI,	gelatinous	taxa	were	better	identified	
in	diet	studies	when	 implementing	16S	 (Ayala	et	al.,	2018),	or	18S	
(Ayala	et	al.,	2018;	Günther	et	al.,	2021;	McInnes	et	al.,	2017; van der 
Reis	et	al.,	2018),	with	salps	(Thaliacea)	and	ctenophores	barcoded	
with	a	significantly	higher	success	using	18S	v1-	2	than	COI	(Günther	
et	al.,	2018;	Pappalardo	et	al.,	2021).

The	taxonomic	coverage	of	reference	databases	is	a	clear	issue	
that	explains,	in	part,	the	different	results	among	COI	and	18S,	but	
also	it	is	evident	when	looking	at	the	percentage	of	unassigned	OTUs	
at	least	at	phylum	level	(72%	for	18S	vs.	37%	for	COI),	an	issue	already	
addressed	by	other	authors	(Leray	&	Knowlton,	2016;	Wangensteen	
et	 al.,	 2018).	 Database	 gaps	 are	 not	 equally	 distributed	 among	
metazoan	 groups,	 e.g.,	 when	 checking	 salp	 sequences	 on	 DUFA	
and	BOLD	databases	 (used	 in	 this	 study	 for	COI),	 only	 sequences	
of	Salpa thompsonii were present there; the remaining salp species 
detected	with	18S	(Ihlea racovitzai,	Salpa maxima,	Iasis cylindrica)	do	
not	 have	 COI	 sequences	 in	 those	 repositories	 yet.	 Nevertheless,	
BOLD	and	PR2	are	more	 reliable	databases	 than	NCBI,	given	 that	
there	is	a	growing	effort	to	curate	them	(Hebert	et	al.,	2003;	Porter	
&	Hajibabaei,	2018;	Radulovici	et	al.,	2021).	The	expansion	and	cu-
ration	of	the	DNA	reference	databases	(and	making	them	public)	is	
necessary	in	order	to	optimize	the	use	of	DNA	metabarcoding	out-
puts	in	general	(Cristescu,	2014;	Radulovici	et	al.,	2021).

Finally,	parasites,	including	nematodes,	platyhelminthes	and	ac-
anthocephala,	were	amplified	successfully	with	the	18S	v1-	v2	frag-
ment,	however	grossly	overlooked	with	the	COI	sequencing.	These	
reads were not included into the diet analysis given that parasites 
are	not	fish	prey	items,	but	can	add	valuable	information	given	that	
the	parasitic	intestinal	fauna	is	poorly	studied	for	these	nototheniids	
species	(Muñoz	&	Rebolledo,	2019).

4.3  |  Intraspecific prey diversity identified with 
18S v1–v2 sequences

With	the	18S	metabarcoding	data,	we	obtained	multiple	OTUs	for	
the	following	species:	Salpa thompsoni	(28	OTUs),	Ihlea racovitzai	(6),	
Salpa maxima	 (36),	Glyptonotus antarcticus	 (19),	Gaimardia trapezina 
(11),	Nacella magellanica	 (14),	Pseudosagitta lyra	 (8),	 and	20	 further	
(see	Tables S1 and S2).	This	can	be	explained	in	two	different	ways:	
the	different	OTUs	represent	cryptic	species	or	at	least	genetically	
divergent	 subpopulations,	 or	 those	OTUs	were	 clustered	 into	 dif-
ferent	units	to	bioinformatic	artifacts.	The	cryptic	species	hypoth-
esis	is	supported	by	the	fact	that	many	planktonic	species	that	were	
thought	 to	 be	widely	 distributed	 exhibit	 significant	 genetic	 struc-
ture	 and	possibly	 represent	 cryptic	 species	 complexes	 (Dawson	&	
Jacobs,	2001	for	Scyphozoa;	Govindarajan	et	al.,	2005	for	Hydrozoa).	
In	 the	 Southern	 Ocean,	 numerous	 cryptic	 species	 have	 been	 de-
scribed	 over	 the	 last	 decades,	 for	 example,	 cryptic	 species	 were	

discovered	 for	Glyptonotus antarcticus,	 which	 presents	 four	 diver-
gent	groups	distributed	around	Antarctica	(Held	&	Wägele,	2005).

Considering	the	possibility	that	the	multiple	OTUs	same	species	
are	a	bioinformatic	artifact,	we	have	 to	consider	 the	 following.	As	
it	was	stated	above,	our	processed	ASVs	were	clustered	into	OTUs	
using swarm2 with d = 4.	This	means	that	after	denoising	(detecting	
erroneous	 sequences	 and	merging	 them	 into	 a	mother	 sequence),	
we	 combined	 the	 ASVs	 into	meaningful	 biological	 entities	 aiming	
to	approach	species	level	(OTUs)	(for	more	discussion	about	why	to	
denoise	and	cluster	see	Antich	et	al.,	2021	and	Alberdi	et	al.,	2018).	
The	d	value	is	the	clustering	distance	threshold,	or	maximum	num-
ber	of	differences	allowed	between	two	OTUs	(Mahé	et	al.,	2014),	
thus	 it	 should	 take	 into	 consideration	 the	 variability	 of	 the	 frag-
ment.	The	18S	v1-	v2	region	is	highly	variable	within	18S	for	meta-
zoans	 (Hadziavdic	 et	 al.,	2014).	Here	we	used	d = 4,	 as	 in	Günther	
et	al.	(2021)	who	analyzed	stomach	contents	of	tuna	fish	using	the	
18S	v1-	v2	region.	Nevertheless,	in	previous	studies	d = 1	value	was	
tested	in	ribosomal	DNA	and	has	been	implemented	in	dietary	stud-
ies	when	amplifying	18S	v7	 (e.g.,	Guardiola	et	 al.,	2015).	 Similarly,	
van	der	Reis	et	al.	(2018)	sequenced	the	18S	v4	fragment	and	used	
d = 2	for	clustering.	These	approaches	yielded	multipleOTU	per	spe-
cies,	from	which	a	representative	OTU	sequence	was	chosen	for	the	
analyses.	In	this	study,	we	used	all	the	different	OTUs	obtained	for	
the same species when running the diversity and multivariate analy-
sis,	expecting	to	address	the	highest	variability	possible.

Finally,	the	taxonomic	assignment	was	performed	here	through	
the	Naive	Bayesian	Classifier	algorithm	using	the	PR2	database,	with	
a	 threshold	 of	 97%	 similarity.	 This	 is	widely	 used	 algorithm	 in	 lit-
erature	 and	 it	 is	 supported	by	 the	 fact	 that	18S	 fragments	 v2,	 v4	
and	 v9	 yielded	 the	highest	 taxonomic	 resolution	 at	 cut-	off	 values	
ranging	from	95–100%	sequence	identity	 (Hadziavdic	et	al.,	2014).	
Nevertheless,	it	is	evident	that	the	reference	database	has	to	be	op-
timized	 for	 the	 southern	hemisphere	diversity	 and	particularly	 for	
the	Southern	Ocean.	For	example,	in	our	results,	14	OTUs	were	as-
signed to Nacella magellanica,	but	it	is	known	that	this	is	not	a	very	
abundant	 species	 in	 Antarctica,	 and	 particularly	 in	 Potter	 Cove,	
where Nacella concninna	is	the	most	abundant	species	of	the	genus	
(de	Aranzamendi	 et	 al.,	2011),	 thus	 it	 is	 likely	 that	 the	assignment	
was	erroneous.	We	propose	that	a	better	adjustment	of	d	clustering	
value	 and	 an	 increased	 coverage	 of	 the	 regional	 database	 for	 the	
Southern	Ocean	has	to	be	developed	in	order	to	be	confident	with	
the	results	obtained	with	18S	DNA	metabarcoding,	in	terms	of	num-
ber	of	species	and	taxonomic	assignments.

4.4  |  Making visible the invisible: Detection of 
salps as a major prey

The	class	Thaliacea	(comprising	mainly	salps)	was	the	most	repre-
sented	prey	in	the	diet	of	both	fish	species,	reaching	98.7	RRA%	
for	18S.	Salpa thompsoni,	 Ihlea racovitzai,	and	Salpa maxima were 
the	prey	items	that	showed	the	highest	values	(e.g.,	S. thompsoni 
represented	for	N. coriiceps:	73.55	RRA%	and	100	FOO%,	and	for	
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N. rossii:	62.76	RRA%	and	100	FOO%).	In	Potter	Cove,	the	inges-
tion	of	salps	was	registered	by	morphological	analysis	for	N. corii-
ceps	(2.8	weight	as	percent	of	the	total	prey	items),	but	not	for	N. 
rossii	(data	collected	from	the	end	of	winter	1985	to	autumn	1986,	
n = 992;	Barrera-	Oro,	2003;	Casaux	et	al.,	1990).	More	recently,	at	
the	same	site	and	also	with	the	same	approach,	an	increase	in	the	
ingestion	of	salps	as	occasional	and	secondary	prey	in	both	nototh-
eniid	species	was	registered	(0.02–7.2%	for	N. rossii,	0–16.54%	for	
N. coriiceps;	Barrera-	Oro	et	al.,	2019).	Likewise,	in	the	neighbor	lo-
cality	of	Admiralty	Bay,	King	George	Island/Isla	25	de	Mayo,	salps	
constituted	35.8%	and	43.3%	of	the	total	prey	weight	of	N. corii-
ceps and N. rossii,	respectively	(data	obtained	during	winter	1977	
and	 summer	 1979/1980,	 n = 683;	 Barrera-	Oro,	 2003;	 Linkowski	
et	al.,	1984).	Even	though	our	results	comprise	samples	collected	
only	in	one	summer	(2022),	it	is	noteworthy	that	by	implementing	
DNA	metabarcoding	we	could	show	that	the	importance	of	salps	
in	the	diet	of	N. coriiceps and N. rossii is higher than previous visual 
inspections	of	the	diet	suggested.	This	striking	new	finding	dem-
onstrates	that	salps	comprise	an	important	link	in	the	trophic	web	
of	Potter	Cove,	given	that	nototheniiids	are	key	nodes	in	its	food	
web	(Marina	et	al.,	2018).

Salpa thompsoni	 is	 the	most	abundant	salp	 in	Antarctic	waters,	
and	 can	 be	 an	 important	 component	 for	 the	 pelagic	 realm	 during	
spring	and	summer	 through	 the	 formation	of	extensive	and	dense	
blooms,	 comprising	 up	 to	 90%	 of	 the	 total	 zooplankton	 biomass	
by	 fresh	mass	north	of	62° S	during	 the	austral	 summer	 (Casareto	
&	 Nemoto,	 1986;	 Perissinotto	 &	 Pakhomov,	 1998).	 This	 species	
has	been	shown	to	perform	vertical	migrations	in	offshore	waters,	
reaching	between	0	and	75 m	depth	during	the	night,	and	between	
200	and	300 m	at	daytime	(Casareto	&	Nemoto,	1986).	Thus,	it	is	not	
surprising	 that	 nototheniids	 prey	on	 very	 abundant	 species	 like	S. 
thompsoni,	that	can	also	be	found	in	deep	or	benthic	environments.	
Moreover,	as	it	was	mentioned	in	section	3.3,	amphipods	also	consti-
tuted	an	important	diet	component	for	both	fish	species	(84	RRA%	
for	COI).	Hyperiid	amphipods	have	been	described	as	symbionts	of	
GZP	and	this	association	is	often	specific,	involving	salps,	siphono-
phores,	 scyphozoans,	 and	 ctenophores	 (Madin	 &	 Harbison,	 1977; 
Ohtsuka	et	al.,	2009).	This	is	the	case	of	the	Vibilia species that were 
registered	in	this	study	in	the	diet	of	both	nototheniiids	(see	Table 1),	
which	 are	 exclusively	 associated	with	 salps,	 and	 a	 single	 salp	 can	
be	 colonized	 by	 many	 adult	 amphipods	 (Havermans	 et	 al.,	 2017).	
Therefore,	 GZP	 and	 particularly	 salps,	 may	 represent	 prey	 aggre-
gating	 systems	 for	 predators	 targeting	 their	 more	 lipid-	rich	 crus-
tacean	 symbionts,	which	may	be	one	of	 the	 reasons	 that	explains	
the	presence	of	salps	in	the	diet	of	predators.	Moreover,	salps	show	
the	highest	nutritional	values	among	all	gelatinous	taxa	(Dubischar	
et	al.,	2006,	2012;	Henschke	et	al.,	2016;	Thiebot	&	McInnes,	2020).

Even	though	the	food	web	in	Potter	Cove	 is	very	well	studied,	
and	 salps	 have	 been	 included	 in	 local	 food	 web	 models	 (Marina	
et	 al.,	 2018),	 their	 importance	 has	 been	 substantially	 underesti-
mated.	 Salps	 have	 historically	 been	 ignored	 because	 they	 are	 dif-
ficult	to	sample	and	assumed	to	be	unimportant	 in	food	webs	and	
biogeochemical cycles based on their gelatinous body structure. 

However,	recently,	it	was	demonstrated	that	they	play	a	major	role	
in	carbon	sequestration	(especially	in	the	Southern	Ocean,	Décima	
et	al.,	2023;	Phillips	et	al.,	2009)	and	are	key	components	of	marine	
food	webs	as	a	food	source	for	at	 least	202	species	 including	fish,	
turtles,	and	crustaceans	(Henschke	et	al.,	2016).	In	this	way,	our	re-
sults	are	validating	the	paradigm	shift	from	GZP,	and	especially	salps,	
being	considered	as	“survival	food”	to	being	considered	a	“regular”	
prey	item	for	two	demersal	fish	key	stone	species,	and	thus	playing	
an	important	role	in	the	Antarctic	food	webs.

Finally,	 it	 is	worth	mentioning	 that	 salps	 show	a	high	nrDNA	
copy	number	(Jue	et	al.,	2016),	particularly	S. thompsoni shows 3 
times	more	 copy	18S:16S	 ratio	 than	 the	 congeneric	S. fusiformis 
(9:1	vs.	3:1;	Goodall-	Copestake,	2018);	thus,	the	high	proportion	
of	reads	related	to	salps	found	in	this	study	can	also	be	influenced	
by	the	potential	inter-	specific	differences	in	the	target	gene	copy	
number.	Further	investigation	is	crucial	to	understand	and	correct	
for	 these	biases,	ensuring	more	accurate	ecological	 assessments	
of	 the	 importance	 of	 salps	 in	 environmental	 samples	 analyzed	
using	DNA	metabarcoding.

4.5  |  Salps on the menu: Perspectives in the 
context of climate change- driven species shifts

In	recent	years,	an	 increase	of	salps	occurrence	 in	Potter	Cove,	as	
well	 as	 in	 their	morphological	 identification	 in	 the	 diet	 of	 the	 no-
totheniid	 species	 inhabiting	 the	cove,	was	 registered	 (Barrera-	Oro	
et	al.,	2019).	Simultaneously,	a	decrease	in	krill	consumption	by	the	
same	 fishes	was	 registered	 based	 on	 the	 traditional	 identification	
method	(Casaux	et	al.,	1990;	Moreira	et	al.,	2014,	2023).	Likewise,	
our	results,	based	on	multimarker	metabarcoding	analyses,	indicate	
that	krill	did	not	represent	an	important	prey	item	for	N. rossii and N. 
coriiceps	during	the	summer	season	in	2022,	while	salps	comprised	
the	most	represented	prey	item	in	the	18S	output.	At	this	stage,	it	is	
not	possible	to	disentangle	whether	these	differences	are	related	to	
method-	related	biases	or	climate-	change	induced	changes	in	feeding	
patterns,	since	this	is	the	first	metabarcoding	study	on	nototheniid	
diets	in	Potter	Cove.	Indeed,	researchers	have	noted	that	the	lack	of	
gelatinous	zooplankton	 (GZP)	 in	specimens	 is	 likely	attributable	 to	
the	preservation	method	employed,	gelatinous	prey	 tend	 to	disin-
tegrate	during	the	freeze/thaw	process,	especially	impacting	cteno-
phores,	which	were	frequently	observed	in	fresh	stomach	contents	
(Hollyman	et	al.,	2021).	Further	metabarcoding	studies	on	historical	
and	newly	collected	nototheniid	samples,	coupled	with	monitoring	
of	zooplankton	biomass	in	the	region,	would	be	needed	to	provide	
evidence	for	such	a	climate-	change-	driven	shift	in	prey.	Predation	on	
GZP	has	been	registered	in	many	marine	species,	being	more	com-
mon	in	the	Arctic	and	the	Antarctic	than	in	lower	latitudes	(Thiebot	
&	McInnes,	2020).	It	has	been	previously	reported	in	N. rossii diets at 
South	Georgia	(Davenport,	1998;	Hoshiai,	1979;	Tarverdiyeva,	1972)	
and	Potter	Cove	(Barrera-	Oro,	2002,	2003;	Barrera-	Oro	et	al.,	2019).	
Of	all	gelatinous	prey	items,	salps	are	the	most	frequently	recorded	
in	the	diet	of	invertebrate	predators,	and	this	may	be	related	to	their	
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high abundance and their high carbon and protein content in com-
parison	 to	 other	GZP	 (Carroll	 et	 al.,	 2019;	Dubischar	 et	 al.,	2012; 
Henschke	et	al.,	2016;	Thiebot	&	McInnes,	2020).	Alternating	sexual	
and	asexual	 reproduction,	Salpa thompsoni can reach high popula-
tion	 densities	 under	 favorable	 environmental	 conditions	 such	 as	
poor	 sea-	ice	 cover	 in	 winter	 (Daponte	 et	 al.,	 2001).	 This	 pattern	
contrasts	sharply	with	that	of	krill,	where	the	decline	in	krill	popula-
tions	 is	related	to	the	reduction	of	 ice	during	the	winter	 (Atkinson	
et	al.,	2017,	2019;	Loeb	et	al.,	1997).	Thus,	in	face	of	a	global	warming	
trend	(IPCC,	Shukla	et	al.,	2019),	with	presumably	higher	frequency	
of	warm	winters	and	less	sea-	ice	coverage,	we	can	expect	more	salps	
blooms	and	a	poorer	development	of	krill	populations,	This	scenario	
presents	 salps	 as	 a	 potential	 alternative	 prey	 to	 Antarctic	 krill	 in	
the	 Southern	Ocean	 food	web	 (McCormack	 et	 al.,	2021;	 Queirós	
et	al.,	2024).	Hence,	it	is	important	to	invest	effort	in	detecting	pos-
sible	changes	in	predator–prey	dynamics	of	these	competing	species	
in	the	next	decades.

5  |  CONCLUSIONS

In	 the	 face	 of	 the	 accelerated	 climate	 change	 that	 the	 Southern	
Ocean	and,	in	particular,	the	Antarctic	Peninsula	and	surrounding	is-
lands	are	experiencing,	understanding	trophic	links	and	energy	flow,	
and	their	associated	changes,	has	become	a	research	priority.	This	
multimarker	metabarcoding	approach	provides	new	insights	into	the	
trophic	ecology	of	these	two	nototheniid	species,	which	are	also	of	
commercial	interest.	Here,	we	confirm	the	relevant	consumption	of	
salps	and	reveal	the	important,	but	so	far	overlooked,	role	that	ge-
latinous	zooplankton	has	as	a	prey	in	the	diet	of	both	fish	species.	
This	study	provides	a	temporal	and	spatial	snapshot	of	the	dietary	
patterns	of	N. rossi and N. coriiceps.	We	recommend	establishing	a	
multi-	annual	survey	of	nototheniid	diets	based	on	a	combination	of	
COI	and	18S	metabarcoding,	in	which	these	fish	function	as	natural	
samplers	 of	 climate-	change-	driven	 shifts	 in	 diversity,	 distributions	
and	 abundances	 that	 the	 Southern	Ocean	 species.	 Such	 an	 effort	
may	shed	further	light	on	the	shift	from	a	krill-	dominated	to	a	salp-	
dominated	local	food	web	through	the	replacement	of	krill	by	salps	
as	major	prey	and	the	 impact	 this	may	have	on	energy	transfer	 to	
higher trophic levels.

AUTHOR CONTRIBUTIONS
The	conception	or	design	of	the	study:	MBR,	CH,	FL.	The	acquisi-
tion,	analysis,	or	interpretation	of	the	data:	MBR,	CH,	EM,	MN,	SN.	
Writing	of	the	manuscript:	MBR,	CH,	EM,	MN,	FL.

ACKNOWLEDG MENTS
This	work	was	supported	by	the	Deutsche	Forschungsgemeinschaft	
(DFG)	in	the	framework	of	the	priority	program	SPP	1158	“Antarctic	
Research	with	comparative	investigations	in	Arctic	ice	areas”	by	the	
following	grant	HA	7627/3-	1,	LE	2323/11-	1.	CH	is	supported	by	the	
Helmholtz	 Young	 Investigator	 Group	 “ARJEL	 –	 Arctic	 Jellies”	 with	
the	project	number	VH-	NG-	1400,	funded	by	the	Helmholtz	Society	

and	 the	 Alfred	Wegener	 Institute	 Helmholtz	 Centre	 for	 Polar	 and	
Marine	Research.	The	authors	want	 to	particularly	 thank	the	mem-
bers	of	 the	Carlini	 (former	 Jubany)—Dallmann	staff.	 Logistic	 and	 fi-
nancial	 support	 for	 the	 sample	 collection	 and	 processing	 was	 also	
provided	by	the	Dirección	Nacional	del	Antártico,	Instituto	Antártico	
Argentino	(PICTA	0100),	and	Fondo	para	la	Investigación	Científica	y	
Tecnológica	[PICT	2018-	03310	Res.401/19].	Finally,	we	would	like	to	
thank	the	reviewers,	whose	efforts	have	greatly	improved	the	manu-
script.	Open	Access	funding	enabled	and	organized	by	Projekt	DEAL.

CONFLIC T OF INTERE S T S TATEMENT
The	authors	declare	that	there	are	no	conflicts	of	interest.

DATA AVAIL ABILIT Y S TATEMENT
All	raw	sequences	have	been	stored	in	the	Sequence	Read	Archive	
(SRA)	under	accession	numbers	BioProject	ID	PRJNA1047314,	and	
BioSamples	ID	SAMN38529455-	SAMN38529651.

ORCID
Micaela B. Ruiz  https://orcid.org/0000-0003-1278-8248 
Eugenia Moreira  https://orcid.org/0000-0002-3704-1696 
Manuel Novillo  https://orcid.org/0000-0003-2701-6152 
Florian Leese  https://orcid.org/0000-0002-5465-913X 
Charlotte Havermans  https://orcid.org/0000-0002-1126-4074 

R E FE R E N C E S
Abele,	D.,	Vazquez,	S.,	Buma,	A.	G.,	Hernandez,	E.,	Quiroga,	C.,	Held,	C.,	

Frickenhaus,	S.,	Harms,	L.,	Lopez,	J.	L.,	&	Helmke,	E.	(2017).	Pelagic	
and	 benthic	 communities	 of	 the	 Antarctic	 ecosystem	 of	 potter	
cove:	Genomics	and	ecological	 implications.	Marine Genomics,	33,	
1–11.

Alberdi,	 A.,	 Aizpurua,	 O.,	 Gilbert,	 M.	 T.	 P.,	 &	 Bohmann,	 K.	 (2018).	
Scrutinizing	key	steps	for	reliable	metabarcoding	of	environmental	
samples. Methods in Ecology and Evolution,	9(1),	 134–147.	https:// 
doi.	org/	10.	1111/	2041-		210X.	12849	

Amundsen,	P.	A.,	&	Sánchez-	Hernández,	J.	(2019).	Feeding	studies	take	
guts–critical	review	and	recommendations	of	methods	for	stomach	
contents	analysis	in	fish.	Journal of Fish Biology,	95(6),	1364–1373.	
https://	doi.	org/	10.	1111/	jfb.	14151	

Antich,	A.,	Palacin,	C.,	Wangensteen,	O.	S.,	&	Turón,	X.	 (2021).	To	de-
noise	or	to	cluster,	that	is	not	the	question:	Optimizing	pipelines	for	
COI metabarcoding and metaphylogeography. BMC Bioinformatics,	
22(1),	177.	https://	doi.	org/	10.	1186/	s1285	9-		021-		04115	-		6

Atkinson,	A.,	Hill,	S.	L.,	Pakhomov,	E.	A.,	Siegel,	V.,	Anadon,	R.,	Chiba,	
S.,	 Daly,	 K.	 L.,	 Downie,	 R.,	 Fielding,	 S.,	 &	 Fretwell,	 P.	 (2017).	
KRILLBASE:	 A	 circumpolar	 database	 of	 Antarctic	 krill	 and	 salp	
numerical	densities,	1926–2016.	Earth System Science Data,	9(1),	
193–210.

Atkinson,	A.,	Hill,	S.	L.,	Pakhomov,	E.	A.,	Siegel,	V.,	Reiss,	C.	S.,	Loeb,	V.	J.,	
Steinberg,	D.	K.,	Schmidt,	K.,	Tarling,	G.	A.,	&	Gerrish,	L.	(2019).	Krill	
(Euphausia superba)	distribution	contracts	southward	during	rapid	
regional warming. Nature Climate Change,	9(2),	142–147.

Atkinson,	A.,	Siegel,	V.,	Pakhomov,	E.,	&	Rothery,	P.	 (2004).	Long-	term	
decline	 in	 krill	 stock	 and	 increase	 in	 salps	 within	 the	 Southern	
Ocean. Nature,	432(7013),	100–103.	https://	doi.	org/	10.	1038/	natur	
e02996

Ayala,	 D.	 J.,	 Munk,	 P.,	 Lundgreen,	 R.	 B.	 C.,	 Traving,	 S.	 J.,	 Jaspers,	 C.,	
Jørgensen,	T.	 S.,	Hansen,	 L.	H.,	&	Riemann,	 L.	 (2018).	Gelatinous	
plankton	is	important	in	the	diet	of	European	eel	(Anguilla anguilla)	

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-1278-8248
https://orcid.org/0000-0003-1278-8248
https://orcid.org/0000-0002-3704-1696
https://orcid.org/0000-0002-3704-1696
https://orcid.org/0000-0003-2701-6152
https://orcid.org/0000-0003-2701-6152
https://orcid.org/0000-0002-5465-913X
https://orcid.org/0000-0002-5465-913X
https://orcid.org/0000-0002-1126-4074
https://orcid.org/0000-0002-1126-4074
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.1111/2041-210X.12849
https://doi.org/10.1111/jfb.14151
https://doi.org/10.1186/s12859-021-04115-6
https://doi.org/10.1038/nature02996
https://doi.org/10.1038/nature02996


14 of 17  |     RUIZ et al.

larvae	in	the	Sargasso	Sea.	Scientific Reports,	8(1),	6156.	https:// doi. 
org/	10.	1038/	s4159	8-		018-		24388	-		x

Barrera-	Oro,	E.	(2002).	The	role	of	fish	in	the	Antarctic	marine	food	web:	
Differences	between	inshore	and	offshore	waters	in	the	southern	
scotia	 arc	 and	 west	 Antarctic	 peninsula.	 Antarctic Science,	 14(4),	
293–309.

Barrera-	Oro,	 E.	 (2003).	 Analysis	 of	 dietary	 overlap	 in	 Antarctic	 fish	
(Notothenioidei)	from	the	South	Shetland	Islands:	No	evidence	of	
food	competition.	Polar Biology,	26,	631–637.

Barrera-	Oro,	 E.,	 Moreira,	 E.,	 Seefeldt,	 M.	 A.,	 Valli	 Francione,	 M.,	 &	
Quartino,	M.	L.	(2019).	The	importance	of	macroalgae	and	associ-
ated	amphipods	in	the	selective	benthic	feeding	of	sister	rockcod	
species Notothenia rossii and N. coriiceps	 (Nototheniidae)	 in	West	
Antarctica.	 Polar Biology,	 42,	 317–334.	 https:// doi. org/ 10. 1007/ 
s0030	0-		018-		2424-		0

Bernard,	K.	S.,	Steinberg,	D.	K.,	&	Schofield,	O.	M.	E.	(2012).	Summertime	
grazing	impact	of	the	dominant	macrozooplankton	off	the	Western	
Antarctic	peninsula.	Deep Sea Research Part I: Oceanographic Research 
Papers,	62,	111–122.	https:// doi. org/ 10. 1016/j. dsr. 2011. 12. 015

Blaxter,	M.	L.,	De	Ley,	P.,	Garey,	J.	R.,	Llu,	L.	X.,	Scheldeman,	P.,	Vierstraete,	
A.,	Vanfleteren,	J.	R.,	Mackey,	L.	Y.,	Dorrls,	M.,	Frisse,	L.	M.,	Vida,	J.	
T.,	&	Thomas,	W.	K.	(1998).	A	molecular	evolutionary	framework	for	
the	phylum	Nematoda.	Nature,	392(6671),	7175.	https:// doi. org/ 10. 
1038/	32160	

Brandt,	M.	I.,	Pradillon,	F.,	&	Trouche,	B.	(2021).	Evaluating	sediment	and	
water	sampling	methods	for	the	estimation	of	deep-	sea	biodiver-
sity	using	environmental	DNA.	Scientific Reports,	11,	7856.	https:// 
doi.	org/	10.	1038/	s4159	8-		021-		86396	-		8

Brandt,	 M.	 I.,	 Trouche,	 B.,	 Quintric,	 L.,	 Günther,	 B.,	 Wincker,	 P.,	
Poulain,	 J.,	 &	 Arnaud-	Haond,	 S.	 (2021).	 Bioinformatic	 pipelines	
combining	 denoising	 and	 clustering	 tools	 allow	 for	 more	 com-
prehensive	prokaryotic	and	eukaryotic	metabarcoding.	Molecular 
Ecology Resources,	 21(6),	 1904–1921.	 https:// doi. org/ 10. 1111/ 
1755-		0998.	13398	

Brandt,	M.	I.,	Trouche,	B.,	Quintric,	L.,	Wincker,	P.,	Poulain,	J.,	&	Arnaud-	
Haond,	 S.	 (2020).	 A	 flexible	 pipeline	 combining	 bioinformatic	
correction	 tools	 for	 prokaryotic	 and	 eukaryotic	 metabarcoding.	
bioRxiv.	 717355,	 ver.	 3	 peer-reviewed	 and	 recommended	 by	 PCI	
Ecology	https:// doi. org/ 10. 1101/ 717355

Brodeur,	R.	D.,	Buckley,	T.	W.,	Lang,	G.	M.,	Draper,	D.	L.,	Buchanan,	J.	
C.,	&	Hibpshman,	R.	E.	 (2021).	Demersal	 fish	predators	of	gelati-
nous	zooplankton	 in	the	Northeast	Pacific	Ocean.	Marine Ecology 
Progress Series,	658,	89–104.

Buchner,	D.,	&	Leese,	F.	 (2020).	BOLDigger–a	python	package	to	 iden-
tify	and	organise	sequences	with	the	barcode	of	life	data	systems.	
Metabarcoding and Metagenomics,	 4,	 e53535.	 https:// doi. org/ 10. 
3897/	mbmg.4.	53535	

Callahan,	B.	J.,	McMurdie,	P.	J.,	Rosen,	M.	J.,	Han,	A.	W.,	Johnson,	A.	J.	
A.,	&	Holmes,	S.	P.	 (2016).	DADA2:	High-	resolution	sample	 infer-
ence	from	Illumina	amplicon	data.	Nature Methods,	13(7),	581–583.	
https://	doi.	org/	10.	1038/	nmeth.	3869

Carroll,	E.	L.,	Gallego,	R.,	Sewell,	M.	A.,	Zeldis,	J.,	Ranjard,	L.,	Ross,	H.	A.,	
Tooman,	L.	K.,	O'Rorke,	R.,	Newcomb,	R.	D.,	&	Constantine,	R.	(2019).	
Multi-	locus	 DNA	 metabarcoding	 of	 zooplankton	 communities	 and	
scat	 reveal	 trophic	 interactions	 of	 a	 generalist	 predator.	 Scientific 
Reports,	9(1),	281.	https://	doi.	org/	10.	1038/	s4159	8-		018-		36478	-		x

Casareto,	 B.	 E.,	 &	 Nemoto,	 T.	 (1986).	 Salps	 of	 the	 Southern	 Ocean	
(Australian	sector)	during	the	1983-	84	summer,	with	special	ref-
erence to the species Salpa thompsoni,	 Foxton	1967.	Memoirs of 
National Institute of Polar Research. Special Issue,	40,	221–293.

Casaux,	R.,	Mazzotta,	A.,	&	Barrera-	Oro,	E.	(1990).	Seasonal	aspects	of	
the	biology	and	diet	of	nearshore	nototheniid	fish	at	potter	cove,	
South	Shetland	Islands,	Antarctica.	Polar Biology,	11,	63–72.

Clarke,	L.	J.,	Beard,	J.	M.,	Swadling,	K.	M.,	&	Deagle,	B.	E.	(2017).	Effect	
of	marker	choice	and	thermal	cycling	protocol	on	zooplankton	DNA	
metabarcoding studies. Ecology and Evolution,	7(3),	873–883.

Condon,	R.	H.,	Graham,	W.	M.,	Duarte,	C.	M.,	Pitt,	K.	A.,	Lucas,	C.	H.,	
Haddock,	S.	H.	D.,	Sutherland,	K.	R.,	Robinson,	K.	L.,	Dawson,	M.	N.,	
Decker,	M.	B.,	Mills,	C.	E.,	Purcell,	J.	E.,	Malej,	A.,	Mianzan,	H.,	Uye,	
S.,	Gelcich,	S.,	&	Madin,	L.	P.	(2012).	Questioning	the	rise	of	gelati-
nous	zooplankton	in	the	World's	oceans.	Bioscience,	62(2),	160–169.	
https://	doi.	org/	10.	1525/	bio.	2012.	62.2.	9

Cristescu,	M.	E.	(2014).	From	barcoding	single	individuals	to	metabarcod-
ing	biological	communities:	Towards	an	integrative	approach	to	the	
study	of	global	biodiversity.	Trends in Ecology and Evolution,	29(10),	
566–571.

Daponte,	M.,	Capitanio,	F.,	&	Esnal,	G.	(2001).	A	mechanism	for	swarm-
ing in the tunicate Salpa thompsoni	(Foxton,	1961).	Antarctic Science,	
13(3),	240–245.

Davenport,	 J.	 (1998).	Note	 on	 the	 trophic	 relationships	 of	 the	 stauro-
medusa Haliclystus antarcticus	 from	 subantarctic	 South	 Georgia.	
Journal of the Marine Biological Association of the United Kingdom,	
78,	663–664.

Dawson,	M.	N.,	 &	 Jacobs,	 D.	 K.	 (2001).	Molecular	 evidence	 for	 cryp-
tic	 species	 of	 Aurelia	 aurita	 (Cnidaria,	 Scyphozoa).	 The Biological 
Bulletin,	200(1),	92–96.

de	Aranzamendi,	M.	C.,	Bastida,	R.,	&	Gardenal,	C.	N.	(2011).	Different	
evolutionary	 histories	 in	 two	 sympatric	 limpets	 of	 the	 genus	
Nacella	 (Patellogastropoda)	 in	 the	 South-	western	 Atlantic	 coast.	
Marine Biology,	158,	2405–2418.

Deagle,	 B.	 E.,	 Jarman,	 S.	 N.,	 Coissac,	 E.,	 Pompanon,	 F.,	 &	 Taberlet,	 P.	
(2014).	DNA	metabarcoding	and	the	cytochrome	c	oxidase	subunit	
I	marker:	Not	a	perfect	match.	Biology Letters,	10(9),	20140562.

Décima,	M.,	Stukel,	M.	R.,	Nodder,	S.	D.,	Gutiérrez-	Rodríguez,	A.,	Selph,	
K.	E.,	dos	Santos,	A.	L.,	Safi,	K.,	Kelly,	T.	B.,	Deans,	F.,	Morales,	S.	
E.,	Baltar,	F.,	Latasa,	M.,	Gorbunov,	M.	Y.,	&	Pinkerton,	M.	(2023).	
Salp	blooms	drive	strong	increases	in	passive	carbon	export	in	the	
Southern	Ocean.	Nature Communications,	14,	425.	https:// doi. org/ 
10.	1038/	s4146	7-		022-		35204	-		6

Diaz	Briz,	L.,	Sánchez,	F.,	Marí,	N.,	Mianzan,	H.,	&	Genzano,	G.	 (2017).	
Gelatinous	 zooplankton	 (ctenophores,	 salps	 and	 medusae):	 an	
important	 food	 resource	 of	 fishes	 in	 the	 temperate	 SW	Atlantic	
Ocean. Marine Biology Research,	13(6),	 630–644.	 https:// doi. org/ 
10.	1080/	17451	000.	2016.	1274403

Dick,	 C.,	 Larson,	W.	 A.,	 Karpan,	 K.,	 Baetscher,	 D.	 S.,	 Shi,	 Y.,	 Sethi,	 S.,	
Fangue,	N.	A.,	&	Henderson,	M.	J.	(2023).	Prey	ration,	temperature,	
and	 predator	 species	 influence	 digestion	 rates	 of	 prey	 DNA	 in-
ferred	from	qPCR	and	metabarcoding.	Molecular Ecology Resources, 
00,	1–17.	https://	doi.	org/	10.	1111/	1755-		0998.	13849	

Drake,	 L.	 E.,	Cuff,	 J.	 P.,	 Young,	R.	 E.,	Marchbank,	A.,	Chadwick,	 E.	A.,	&	
Symondson,	W.	O.	(2022).	An	assessment	of	minimum	sequence	copy	
thresholds	for	identifying	and	reducing	the	prevalence	of	artefacts	in	
dietary metabarcoding data. Methods in Ecology and Evolution,	13(3),	
694–710.	https://	doi.	org/	10.	1111/	2041-	210X.	13780	

Dubischar,	C.	D.,	Pakhomov,	E.	A.,	&	Bathmann,	U.	V.	(2006).	The	tunicate	
Salpa	thompsoni	ecology	in	the	Southern	Ocean.	II.	Proximate	and	
elemental composition. Marine Biology,	149(3),	 625–632.	 https:// 
doi.	org/	10.	1007/	s0022	7-		005-		0226-		8

Dubischar,	 C.	 D.,	 Pakhomov,	 E.	 A.,	 Von	 Harbou,	 L.,	 Hunt,	 B.	 P.	 V.,	 &	
Bathmann,	U.	V.	(2012).	Salps	in	the	Lazarev	Sea,	Southern	Ocean:	
II. Biochemical composition and potential prey value. Marine Biology,	
159(1),	15–24.	https://	doi.	org/	10.	1007/	s0022	7-		011-		1785-		5

Eastman,	 J.,	 Barrera-	Oro,	 E.,	 &	Moreira,	 E.	 (2011).	 Adaptive	 radiation	
at	a	 low	taxonomic	level:	Divergence	in	buoyancy	of	the	ecologi-
cally	similar	Antarctic	fish	Notothenia coriiceps and N. rossii. Marine 
Ecology Progress Series,	 438,	 195–206.	 https:// doi. org/ 10. 3354/ 
meps0	9287

Foster,	B.	A.,	&	Montgomery,	J.	C.	 (1993).	Planktivory	 in	benthic	noto-
theniid	fish	 in	McMurdo	Sound,	Antarctica.	Environmental Biology 
of Fishes,	36,	313–318.

Fuentes,	V.,	Alurralde,	G.,	Meyer,	B.,	Aguirre,	G.	E.,	Canepa,	A.,	Wölfl,	
A.-	C.,	Hass,	H.	C.,	Williams,	G.	N.,	&	Schloss,	 I.	R.	 (2016).	Glacial	

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s41598-018-24388-x
https://doi.org/10.1038/s41598-018-24388-x
https://doi.org/10.1007/s00300-018-2424-0
https://doi.org/10.1007/s00300-018-2424-0
https://doi.org/10.1016/j.dsr.2011.12.015
https://doi.org/10.1038/32160
https://doi.org/10.1038/32160
https://doi.org/10.1038/s41598-021-86396-8
https://doi.org/10.1038/s41598-021-86396-8
https://doi.org/10.1111/1755-0998.13398
https://doi.org/10.1111/1755-0998.13398
https://doi.org/10.1101/717355
https://doi.org/10.3897/mbmg.4.53535
https://doi.org/10.3897/mbmg.4.53535
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41598-018-36478-x
https://doi.org/10.1525/bio.2012.62.2.9
https://doi.org/10.1038/s41467-022-35204-6
https://doi.org/10.1038/s41467-022-35204-6
https://doi.org/10.1080/17451000.2016.1274403
https://doi.org/10.1080/17451000.2016.1274403
https://doi.org/10.1111/1755-0998.13849
https://doi.org/10.1111/2041-210X.13780
https://doi.org/10.1007/s00227-005-0226-8
https://doi.org/10.1007/s00227-005-0226-8
https://doi.org/10.1007/s00227-011-1785-5
https://doi.org/10.3354/meps09287
https://doi.org/10.3354/meps09287


    |  15 of 17RUIZ et al.

melting:	An	overlooked	threat	to	Antarctic	krill.	Scientific Reports,	
6(1),	27234.	https://	doi.	org/	10.	1038/	srep2	7234

Geller,	J.,	Meyer,	C.,	Parker,	M.,	&	Hawk,	H.	(2013).	Redesign	of	PCR	prim-
ers	 for	 mitochondrial	 cytochrome	 c	 oxidase	 subunit	 I	 for	 marine	
invertebrates	 and	 application	 in	 all-taxa	 biotic	 surveys.	Molecular 
ecology resources,	 13(5),	 851–861.	 https://	doi.	org/	10.	1111/	1755-	
0998.	12138	

González	Carman,	V.,	Botto,	F.,	Gaitán,	E.,	Albareda,	D.,	Campagna,	C.,	&	
Mianzan,	H.	(2014).	A	jellyfish	diet	for	the	herbivorous	green	turtle	
Chelonia mydas	in	the	temperate	SW	Atlantic.	Marine Biology,	161,	
339–349.	https://	doi.	org/	10.	1007/	s0022	7-		013-		2339-		9

Goodall-	Copestake,	W.	P.	 (2014).	Morphological	and	molecular	charac-
terization	of	salps	(Thalia	spp.)	from	the	Tristan	da	Cunha	archipel-
ago. Journal of Plankton Research,	36(3),	883–888.	https:// doi. org/ 
10.	1093/	plankt/	fbu013

Goodall-	Copestake,	W.	P.	(2017).	One	tunic	but	more	than	one	barcode:	
Evolutionary	 insights	 from	 dynamic	 mitochondrial	 DNA	 in	 Salpa	
thompsoni	 (Tunicata:	 Salpida).	 Biological Journal of the Linnean 
Society,	120(3),	637–648.	https://	doi.	org/	10.	1111/	bij.	12915	

Goodall-	Copestake,	W.	P.	 (2018).	 nrDNA:mtDNA	copy	number	 ratios	 as	
a	 comparative	 metric	 for	 evolutionary	 and	 conservation	 genetics.	
Heredity,	121,	105–111.	https://	doi.	org/	10.	1038/	s4143	7-		018-		0088-		8

Govindarajan,	A.,	Halanych,	K.,	&	Cunningham,	C.	(2005).	Mitochondrial	
evolution	and	phylogeography	 in	 the	hydrozoan	Obelia geniculata 
(Cnidaria).	Marine Biology,	146,	213–222.

Gröhsler,	 T.	 (1994).	 Feeding	 habits	 as	 indicators	 of	 ecological	 niches:	
Investigations	of	Antarctic	fish	conducted	near	Elephant	Island	in	
late	 autumn/winter	 1986.	Archive of Fishery and Marine Research,	
42,	17–34.

Guardiola,	M.,	Uriz,	M.	J.,	Taberlet,	P.,	Coissac,	E.,	Wangensteen,	O.	S.,	
&	 Turón,	 X.	 (2015).	 Deep-	sea,	 deep-	sequencing:	 Metabarcoding	
extracellular	DNA	 from	 sediments	 of	marine	 canyons.	PLoS One,	
10(10),	e0139633.

Günther,	 B.,	 Fromentin,	 J.-	M.,	 Metral,	 L.,	 &	 Arnaud-	Haond,	 S.	 (2021).	
Metabarcoding	 confirms	 the	 opportunistic	 foraging	 behaviour	 of	
Atlantic	bluefin	tuna	and	reveals	the	importance	of	gelatinous	prey.	
PeerJ,	9,	e11757.	https:// doi. org/ 10. 7717/ peerj. 11757 

Günther,	B.,	Knebelsberger,	T.,	Neumann,	H.,	Laakmann,	S.,	&	Martínez	
Arbizu,	 P.	 (2018).	 Metabarcoding	 of	 marine	 environmental	 DNA	
based on mitochondrial and nuclear genes. Scientific Reports,	8(1),	
14822.	https://	doi.	org/	10.	1038/	s4159	8-		018-		32917	-		x

Hadziavdic,	 K.,	 Lekang,	 K.,	 Lanzen,	 A.,	 Jonassen,	 I.,	 Thompson,	 E.	M.,	&	
Troedsson,	C.	(2014).	Characterization	of	the	18S	rRNA	gene	for	de-
signing	universal	eukaryote	specific	primers.	PLoS One,	9(2),	e87624.

Havermans,	 C.,	 Schöbinger,	 S.,	 &	 Schröter,	 F.	 (2017).	 INTERPELAGIC:	
Interactions	between	key	players	of	the	Southern	Ocean	zooplank-
ton:	amphipods,	 copepods,	krill	 and	salps.	 In	O.	Boebel	 (Ed.),	The 
expedition PS103 of the Research Vessel POLARSTERN to the Weddell 
Sea in 2016/2017	 (Vol.	710,	 pp.	 95–111).	 Berichte	 zur	 Polar-	 und	
Meeresforschung	.

Hays,	G.	C.,	Doyle,	T.	K.,	&	Houghton,	J.	D.	R.	(2018).	A	paradigm	shift	in	
the	trophic	importance	of	jellyfish?	Trends in Ecology and Evolution,	
33(11),	874–884.	https://	doi.	org/	10.	1016/j.	tree.	2018.	09.	001

Heaslip,	S.	G.,	Iverson,	S.	J.,	Bowen,	W.	D.,	&	James,	M.	C.	(2012).	Jellyfish	
support	high	energy	intake	of	leatherback	sea	turtles	(Dermochelys 
coriacea):	 Video	 evidence	 from	 animal-	borne	 cameras.	PLoS One,	
7(3),	e33259.

Hebert,	P.	D.,	Cywinska,	A.,	Ball,	S.	L.,	&	DeWaard,	J.	R.	(2003).	Biological	
identifications	 through	 DNA	 barcodes.	 Proceedings of the Royal 
Society of London Series B: Biological Sciences,	270(1512),	313–321.

Held,	C.,	&	Wägele,	J.	W.	(2005).	Cryptic	speciation	in	the	giant	Antarctic	
isopod Glyptonotus antarcticus	 (Isopoda,	 Valvifera,	 Chaetiliidae).	
Scientia Marina,	69(S2),	175–181.

Henschke,	N.,	Everett,	 J.	D.,	Richardson,	A.	J.,	&	Suthers,	 I.	M.	 (2016).	
Rethinking	 the	 role	 of	 Salps	 in	 the	 ocean.	 Trends in Ecology and 

Evolution,	31(9),	720–733.	https:// doi. org/ 10. 1016/j. tree. 2016. 06. 
007

Hollyman,	 P.	 R.,	 Hill,	 S.	 L.,	 Laptikhovsky,	 V.	 V.,	 Belchier,	 M.,	 Gregory,	
S.,	Clement,	A.,	&	Collins,	M.	A.	 (2021).	A	 long	 road	 to	 recovery:	
Dynamics	 and	 ecology	of	 the	marbled	 rockcod	 (Notothenia rossii,	
family:	 Nototheniidae)	 at	 South	 Georgia,	 50 years	 after	 overex-
ploitation. ICES Journal of Marine Science,	78(8),	2745–2756.	https:// 
doi.	org/	10.	1093/	icesj	ms/	fsab150

Hoshiai,	T.	(1979).	Feeding	behavior	of	juvenile	Notothenia rossii marmo-
rata	FISCHER	at	South	Georgia	Station.	Antarctic Record,	66,	25–36.

Jue,	N.	K.,	Batta-	Lona,	P.	G.,	Trusiak,	S.,	Obergfell,	C.,	Bucklin,	A.,	O'Neill,	
M.	J.,	&	O'Neill,	R.	J.	 (2016).	Rapid	evolutionary	rates	and	unique	
genomic	 signatures	 discovered	 in	 the	 first	 reference	 genome	 for	
the	Southern	Ocean	salp,	Salpa thompsoni	(Urochordata,	Thaliacea).	
Genome Biology and Evolution,	 8(10),	 3171–3186.	 https:// doi. org/ 
10.	1093/	gbe/	evw215

Kock,	K.,	Barrera	Oro,	E.,	Belchier,	M.,	Collins,	M.,	Duhamel,	G.,	Hanchet,	
S.,	 Pshenichnov,	 L.,	Welsford,	D.,	&	Williams,	 R.	 (2012).	 The	 role	
of	 fish	 as	 predators	 of	 krill	 (Euphausia superba)	 and	other	 pelagic	
resources	in	the	Southern	Ocean.	CCAMLR Science,	19,	115–169.

Kock,	 K.-	H.,	 &	 Jones,	 C.	D.	 (2005).	 Fish	 stocks	 in	 the	 southern	 scotia	
arc	region—A	review	and	prospects	for	future	research.	Reviews in 
Fisheries Science,	13(2),	75–108.

Kock,	K.-	H.,	&	Kellermann,	A.	 (1991).	 Reproduction	 in	Antarctic	 noto-
thenioid	 fish.	Antarctic Science,	3(2),	 125–150.	https:// doi. org/ 10. 
1017/	S0954	10209	1000172

Leray,	M.,	&	Knowlton,	N.	(2016).	Censusing	marine	eukaryotic	diversity	
in	 the	 twenty-	first	 century.	Philosophical Transactions of the Royal 
Society B: Biological Sciences,	371(1702),	20150331.

Lilley,	M.,	 Beggs,	 S.,	 Doyle,	 T.,	 Hobson,	 V.,	 Stromberg,	 K.,	 &	 Hays,	 G.	
(2011).	Global	patterns	of	 epipelagic	 gelatinous	 zooplankton	bio-
mass. Marine Biology,	158,	2429–2436.

Linkowski,	T.	B.,	Presler,	P.,	&	Żukowski,	C.	(1984).	Food	habits	of	noto-
theniid	fishes	(Nototheniidae)	in	Admiralty	Bay	(King	George	Island,	
South	Shetland	Islands).	Polish Polar Research,	4(1–4),	79–95.

Loeb,	 V.,	 &	 Santora,	 J.	 (2012).	 Population	 dynamics	 of	 Salpa	 thomp-
soni	 near	 the	 Antarctic	 peninsula:	 Growth	 rates	 and	 interan-
nual	 variations	 in	 reproductive	 activity	 (1993–2009).	 Progress in 
Oceanography,	96(1),	93–107.

Loeb,	V.,	Siegel,	V.,	Holm-	Hansen,	O.,	Hewitt,	R.,	Fraser,	W.,	Trivelpiece,	
W.,	&	Trivelpiece,	S.	(1997).	Effects	of	sea-	ice	extent	and	krill	or	
salp	 dominance	 on	 the	 Antarctic	 food	 web.	Nature,	 387(6636),	
897–900.

Lucas,	C.	H.,	Jones,	D.	O.	B.,	Hollyhead,	C.	J.,	Condon,	R.	H.,	Duarte,	C.	M.,	
Graham,	W.	M.,	Robinson,	K.	L.,	Pitt,	K.	A.,	Schildhauer,	M.,	&	Regetz,	
J.	 (2014).	 Gelatinous	 zooplankton	 biomass	 in	 the	 global	 oceans:	
Geographic	variation	and	environmental	drivers.	Global Ecology and 
Biogeography,	23(7),	701–714.	https://	doi.	org/	10.	1111/	geb.	12169	

Lynam,	C.,	Attrill,	M.,	&	Skogen,	M.	 (2010).	Climatic	and	oceanic	 influ-
ences	 on	 the	 abundance	 of	 gelatinous	 zooplankton	 in	 the	North	
Sea.	 Journal of the Marine Biological Association of the United 
Kingdom,	90(6),	1153–1159.

Macher,	 T.	 H.,	 Beermann,	 A.	 J.,	 &	 Leese,	 F.	 (2021).	 TaxonTableTools:	
A	 comprehensive,	 platform-	independent	 graphical	 user	 inter-
face	 software	 to	explore	and	visualise	DNA	metabarcoding	data.	
Molecular Ecology Resources,	21(5),	1705–1714.	https:// doi. org/ 10. 
1111/	1755-		0998.	13358	

Macher,	J.	N.,	Vivancos,	A.,	Piggott,	J.	J.,	Centeno,	F.	C.,	Matthaei,	C.	D.,	&	
Leese,	F.	(2018).	Comparison	of	environmental	DNA	and	bulk-sam-
ple	metabarcoding	using	highly	degenerate	cytochrome	c	oxidase	I	
primers. Molecular ecology resources,	18(6),	1456–1468.	https:// doi. 
org/	10.	1111/	1755-	0998.	12940	

Madin,	 L.,	 &	 Harbison,	 G.	 (1977).	 The	 associations	 of	 Amphipoda	
Hyperiidea	 with	 gelatinous	 zooplankton—I.	 Associations	 with	
Salpidae.	Deep Sea Research,	24(5),	449–463.

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/srep27234
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1111/1755-0998.12138
https://doi.org/10.1007/s00227-013-2339-9
https://doi.org/10.1093/plankt/fbu013
https://doi.org/10.1093/plankt/fbu013
https://doi.org/10.1111/bij.12915
https://doi.org/10.1038/s41437-018-0088-8
https://doi.org/10.7717/peerj.11757
https://doi.org/10.1038/s41598-018-32917-x
https://doi.org/10.1016/j.tree.2018.09.001
https://doi.org/10.1016/j.tree.2016.06.007
https://doi.org/10.1016/j.tree.2016.06.007
https://doi.org/10.1093/icesjms/fsab150
https://doi.org/10.1093/icesjms/fsab150
https://doi.org/10.1093/gbe/evw215
https://doi.org/10.1093/gbe/evw215
https://doi.org/10.1017/S0954102091000172
https://doi.org/10.1017/S0954102091000172
https://doi.org/10.1111/geb.12169
https://doi.org/10.1111/1755-0998.13358
https://doi.org/10.1111/1755-0998.13358
https://doi.org/10.1111/1755-0998.12940
https://doi.org/10.1111/1755-0998.12940


16 of 17  |     RUIZ et al.

Mahé,	F.,	Rognes,	T.,	Quince,	C.,	de	Vargas,	C.,	&	Dunthorn,	M.	(2014).	
Swarm:	 Robust	 and	 fast	 clustering	 method	 for	 amplicon-	based	
studies. PeerJ,	2,	e593.	https://	doi.	org/	10.	7717/	peerj.	593

Mahé,	F.,	Rognes,	T.,	Quince,	C.,	de	Vargas,	C.,	&	Dunthorn,	M.	(2015).	
Swarm	v2:	Highly-	scalable	and	high-	resolution	amplicon	clustering.	
PeerJ,	3,	e1420.	https:// doi. org/ 10. 7717/ peerj. 1420

Marina,	T.	I.,	Salinas,	V.,	Cordone,	G.,	Campana,	G.,	Moreira,	E.,	Deregibus,	
D.,	Torre,	L.,	Sahade,	R.,	Tatián,	M.,	Barrera	Oro,	E.,	De	Troch,	M.,	
Doyle,	S.,	Quartino,	M.	L.,	Saravia,	L.	A.,	&	Momo,	F.	R.	(2018).	The	
food	web	 of	 potter	 cove	 (Antarctica):	 Complexity,	 structure	 and	
function.	Estuarine, Coastal and Shelf Science,	200,	141–151.	https:// 
doi. org/ 10. 1016/j. ecss. 2017. 10. 015

Martin,	 M.	 (2011).	 Cutadapt	 removes	 adapter	 sequences	 from	 high-		
throughput	sequencing	reads.	Embnet Journal,	17(1),	10.	https:// doi. 
org/	10.	14806/		ej.	17.1.	200

McCormack,	S.	A.,	Melbourne-	Thomas,	J.,	Trebilco,	R.,	Griffith,	G.,	Hill,	S.	
L.,	Hoover,	C.,	Johnston,	N.	M.,	Marina,	T.	I.,	Murphy,	E.	J.,	Pakhomov,	
E.	A.,	 Pinkerton,	M.,	 Plagányi,	 É.,	 Saravia,	 L.	A.,	 Subramaniam,	R.	
C.,	Van	de	Putte,	A.	P.,	&	Constable,	A.	J.	(2021).	Southern	Ocean	
food	web	modelling:	Progress,	prognoses,	and	future	priorities	for	
research	 and	 policy	 makers.	 Frontiers in Ecology and Evolution,	 9,	
624763. https://	doi.	org/	10.	3389/	fevo.	2021.	624763

McInnes,	J.	C.,	Alderman,	R.,	Deagle,	B.	E.,	Lea,	M.,	Raymond,	B.,	&	Jarman,	
S.	 N.	 (2017).	Optimised	 scat	 collection	 protocols	 for	 dietary	DNA	
metabarcoding in vertebrates. Methods in Ecology and Evolution,	8(2),	
192–202.	https://	doi.	org/	10.	1111/	2041-		210X.	12677	

McKenna,	J.	E.,	Jr.	(1991).	Trophic	relationships	within	the	Antarctic	de-
mersal	fish	community	of	South	Georgia	Island.	Fishery Bulletin,	89,	
643–654.

Moline,	 M.	 A.,	 Claustre,	 H.,	 Frazer,	 T.	 K.,	 Schofield,	 O.,	 &	 Vernet,	 M.	
(2004).	Alteration	of	 the	 food	web	along	 the	Antarctic	peninsula	
in response to a regional warming trend. Global Change Biology,	
10(12),	1973–1980.

Moreira,	E.,	Juáres,	M.,	&	Barrera-	Oro,	E.	(2014).	Dietary	overlap	among	
early	juvenile	stages	in	an	Antarctic	notothenioid	fish	assemblage	
at	potter	cove,	South	Shetland	Islands.	Polar Biology,	37(10),	1507–
1515. https://	doi.	org/	10.	1007/	s0030	0-		014-		1545-		3

Moreira,	E.,	Novillo,	M.,	Eastman,	J.	T.,	&	Barrera-	Oro,	E.	(2020).	Degree	
of	herbivory	and	intestinal	morphology	in	nine	notothenioid	fishes	
from	 the	 western	 Antarctic	 peninsula.	 Polar Biology,	 43(5),	 535–
544. https://	doi.	org/	10.	1007/	s0030	0-		020-		02655	-		w

Moreira,	E.,	Novillo,	M.,	Gómez	De	Saravia,	S.,	&	Barrera-	Oro,	E.	(2023).	
Inter-	annual	dynamics	in	the	trophic	ecology	of	juveniles	of	five	no-
tothenioid	fish	species	from	the	South	Shetland	Islands	(Southern	
Ocean).	 Polar Biology,	 46(9),	 993–1009.	 https:// doi. org/ 10. 1007/ 
s0030	0-		023-		03179	-		9

Moreira,	E.,	Novillo,	M.,	Mintenbeck,	K.,	Alurralde,	G.,	Barrera-	Oro,	E.,	
&	De	 Troch,	M.	 (2021).	 New	 insights	 into	 the	 autecology	 of	 the	
two	sympatric	 fish	 species	Notothenia coriiceps and N. rossii	 from	
western	Antarctic	peninsula:	A	trophic	biomarkers	approach.	Polar 
Biology,	 44(8),	 1591–1603.	 https://	doi.	org/	10.	1007/	s0030	0-		021-		
02903	-		7

Muñoz,	 G.,	 &	 Rebolledo,	M.	 (2019).	 Comparison	 of	 the	 parasite	 com-
munity	of	two	notothens,	Notothenia rossii and N. coriiceps	(Pisces:	
Nototheniidae),	 from	 King	 George	 Island,	 Antarctica.	 Journal of 
Helminthology,	93(6),	732–737.

Near,	T.	J.,	Dornburg,	A.,	Harrington,	R.	C.,	Oliveira,	C.,	Pietsch,	T.	W.,	
Thacker,	C.	E.,	Satoh,	T.	P.,	Katayama,	E.,	Wainwright,	P.	C.,	Eastman,	
J.	T.,	&	Beaulieu,	 J.	M.	 (2015).	 Identification	of	 the	notothenioids	
sister	lineage	illuminates	the	biogeographic	history	of	an	Antarctic	
adaptive radiation. BMC Evolutionary Biology,	15,	 109.	https:// doi. 
org/	10.	1186/	s1286	2-		015-		0362-		9

Near,	 T.	 J.,	 Dornburg,	 A.,	 Kuhn,	 K.	 L.,	 Eastman,	 J.	 T.,	 Pennington,	
J.	 N.,	 Patarnello,	 T.,	 Zane,	 L.,	 Fernandez,	 D.	 A.,	 &	 Jones,	 C.	 D.	
(2012).	 Ancient	 climate	 change,	 antifreeze,	 and	 the	 evolutionary	

diversification	 of	 Antarctic	 fishes.	 Proceedings of the National 
Academy of Sciences of the United States of America,	109,	3434–3439.

Ohtsuka,	S.,	Koike,	K.,	Lindsay,	D.,	Nishikawa,	J.,	Miyake,	H.,	Kawahara,	
M.,	Mujiono,	N.,	Hiromi,	J.,	&	Komatsu,	H.	(2009).	Symbionts	of	ma-
rine medusae and ctenophores. Plankton and Benthos Research,	4(1),	
1–13.

Oksanen,	J.	(2019).	Vegan:	An	introduction	to	ordination.
Pappalardo,	P.,	Collins,	A.	G.,	Pagenkopp	Lohan,	K.	M.,	Hanson,	K.	M.,	

Truskey,	S.	B.,	Jaeckle,	W.,	Ames,	C.	L.,	Goodheart,	J.	A.,	Bush,	S.	
L.,	Biancani,	L.	M.,	Strong,	E.	E.,	Vecchione,	M.,	Harasewych,	M.	G.,	
Reed,	K.,	Lin,	C.,	Hartil,	E.	C.,	Whelpley,	J.,	Blumberg,	J.,	Matterson,	
K.,	…	Osborn,	K.	J.	(2021).	The	role	of	taxonomic	expertise	in	inter-
pretation	of	metabarcoding	studies.	ICES Journal of Marine Science,	
78(9),	3397–3410.	https://	doi.	org/	10.	1093/	icesj	ms/	fsab082

Perissinotto,	R.,	&	Pakhomov,	E.	A.	(1998).	The	trophic	role	of	the	tuni-
cate	Salpa	thompsoni	in	the	Antarctic	marine	ecosystem.	Journal of 
Marine Systems,	17(1–4),	 361–374.	https://	doi.	org/	10.	1016/	S0924	
-		7963(98)	00049	-		9

Phillips,	B.,	Kremer,	P.,	&	Madin,	L.	P.	(2009).	Defecation	by	Salpa	thomp-
soni	 and	 its	 contribution	 to	 vertical	 flux	 in	 the	 Southern	Ocean.	
Marine Biology,	 156(3),	 455–467.	 https:// doi. org/ 10. 1007/ s0022 
7-		008-		1099-		4

Porter,	T.	M.,	&	Hajibabaei,	M.	(2018).	Over	2.5	million	COI	sequences	in	
GenBank	and	growing.	PLoS One,	13(9),	e0200177.

Purcell,	 J.	 E.	 (2012).	 Jellyfish	 and	 ctenophore	 blooms	 coincide	 with	
human	 proliferations	 and	 environmental	 perturbations.	 Annual 
Review of Marine Science,	4,	209–235.

Queirós,	 J.	 P.,	 Borras-	Chavez,	 R.,	 Friscourt,	 N.,	 Groß,	 J.,	 Lewis,	 C.	 B.,	
Mergard,	G.,	&	O'Brien,	K.	(2024).	Southern	Ocean	food-	webs	and	
climate	change:	A	short	review	and	future	directions.	PLOS Climate,	
3(3),	e0000358.	https://	doi.	org/	10.	1371/	journ	al.	pclm.	0000358

Radulovici,	A.	E.,	Vieira,	P.	E.,	Duarte,	S.,	Teixeira,	M.	A.,	Borges,	L.	M.,	
Deagle,	B.,	Majaneva,	S.,	Redmond,	N.,	Schultz,	J.	A.,	&	Costa,	F.	O.	
(2021).	Revision	and	annotation	of	DNA	barcode	records	 for	ma-
rine	invertebrates:	Report	of	the	8th	iBOL	conference	hackathon.	
BioRxiv.

Richardson,	A.	J.,	Bakun,	A.,	Hays,	G.	C.,	&	Gibbons,	M.	J.	(2009).	The	jel-
lyfish	 joyride:	Causes,	 consequences	and	management	 responses	
to	a	more	gelatinous	future.	Trends in Ecology and Evolution,	24(6),	
312–322.

Robinson,	K.	L.,	Ruzicka,	J.	J.,	Decker,	M.	B.,	Brodeur,	R.	D.,	Hernandez,	
F.	J.,	Quiñones,	J.,	Acha,	E.	M.,	Uye,	S.,	Mianzan,	H.,	&	Graham,	W.	
M.	 (2014).	 Jellyfish,	 forage	 fish,	 and	 the	 world's	 major	 fisheries.	
Oceanography,	27(4),	104–115.

Ruiz,	 M.	 B.,	 Taverna,	 A.,	 Servetto,	 N.,	 Sahade,	 R.,	 &	 Held,	 C.	 (2020).	
Hidden	diversity	 in	Antarctica:	Molecular	 and	morphological	 evi-
dence	of	two	different	species	within	one	of	the	most	conspicuous	
ascidian species. Ecology and Evolution,	10(15),	8127–8143.	https:// 
doi. org/ 10. 1002/ ece3. 6504

Sahade,	R.,	Lagger,	C.,	Torre,	L.,	Momo,	F.,	Monien,	P.,	Schloss,	I.,	Barnes,	
D.	K.,	Servetto,	N.,	Tarantelli,	S.,	&	Tatián,	M.	(2015).	Climate	change	
and	glacier	retreat	drive	shifts	in	an	Antarctic	benthic	ecosystem.	
Science Advances,	1(10),	e1500050.

Shukla,	P.	R.,	Skea,	J.,	Calvo	Buendia,	E.,	Masson-	Delmotte,	V.,	Pörtner,	
H.	O.,	Roberts,	D.	C.,	Zhai,	P.,	Slade,	R.,	Connors,	S.,	van	Diemen,	
R.,	Ferrat,	M.,	Haughey,	E.,	Luz,	S.,	Neogi,	S.,	Pathak,	M.,	Petzold,	J.,	
Pereira,	J.	P.,	Vyas,	P.,	Huntley,	E.,	…	Malley,	J.	(2019).	IPCC,	2019:	
Climate	Change	and	Land:	an	IPCC	special	report	on	climate	change,	
desertification,	 land	 degradation,	 sustainable	 land	 management,	
food	security,	and	greenhouse	gas	fluxes	in	terrestrial	ecosystems.

Siegenthaler,	A.,	Wangensteen,	O.	S.,	Benvenuto,	C.,	Lollobrigidi,	R.,	&	
Mariani,	S.	(2022).	Niche	separation	between	two	dominant	crus-
tacean	 predators	 in	 European	 estuarine	 soft-	bottom	 habitats.	
Ecological Indicators,	 138,	 108839.	 https:// doi. org/ 10. 1016/j. ecoli 
nd.	2022.	108839

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.7717/peerj.593
https://doi.org/10.7717/peerj.1420
https://doi.org/10.1016/j.ecss.2017.10.015
https://doi.org/10.1016/j.ecss.2017.10.015
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.3389/fevo.2021.624763
https://doi.org/10.1111/2041-210X.12677
https://doi.org/10.1007/s00300-014-1545-3
https://doi.org/10.1007/s00300-020-02655-w
https://doi.org/10.1007/s00300-023-03179-9
https://doi.org/10.1007/s00300-023-03179-9
https://doi.org/10.1007/s00300-021-02903-7
https://doi.org/10.1007/s00300-021-02903-7
https://doi.org/10.1186/s12862-015-0362-9
https://doi.org/10.1186/s12862-015-0362-9
https://doi.org/10.1093/icesjms/fsab082
https://doi.org/10.1016/S0924-7963(98)00049-9
https://doi.org/10.1016/S0924-7963(98)00049-9
https://doi.org/10.1007/s00227-008-1099-4
https://doi.org/10.1007/s00227-008-1099-4
https://doi.org/10.1371/journal.pclm.0000358
https://doi.org/10.1002/ece3.6504
https://doi.org/10.1002/ece3.6504
https://doi.org/10.1016/j.ecolind.2022.108839
https://doi.org/10.1016/j.ecolind.2022.108839


    |  17 of 17RUIZ et al.

Siegenthaler,	A.,	Wangensteen,	O.	S.,	Soto,	A.	Z.,	Benvenuto,	C.,	Corrigan,	
L.,	&	Mariani,	S.	(2019).	Metabarcoding	of	shrimp	stomach	content:	
Harnessing	 a	 natural	 sampler	 for	 fish	 biodiversity	 monitoring.	
Molecular Ecology Resources,	 19(1),	 206–220.	 https:// doi. org/ 10. 
1111/	1755-		0998.	12956	

Sinniger,	 F.,	 Pawlowski,	 J.,	 Harii,	 S.,	 Gooday,	 A.	 J.,	 Yamamoto,	 H.,	
Chevaldonné,	 P.,	 Cedhagen,	 T.,	 Carvalho,	 G.,	 &	 Creer,	 S.	 (2016).	
Worldwide	analysis	of	sedimentary	DNA	reveals	major	gaps	in	tax-
onomic	knowledge	of	deep-	sea	benthos.	Frontiers in Marine Science,	
3,	92.	https://	doi.	org/	10.	3389/	fmars.	2016.	00092	

Sommer,	U.,	Stibor,	H.,	Katechakis,	A.,	Sommer,	F.,	&	Hansen,	T.	(2002).	
Pelagic	food	web	configurations	at	different	levels	of	nutrient	rich-
ness	 and	 their	 implications	 for	 the	 ratio	 fish	production:	Primary	
production. Hydrobiologia,	484,	11–20.

Stefanov,	 T.	 (2022).	 Length-weight	 Relationship,	 Condition	 Factor	
and	 Diet	 of	 the	 Two	 Dominant	 Fish	 Species	 Notothenia	 rossii	
Richardson,	1844	and	N.	coriiceps	Richardson,	1844	(Nototheniidae)	
in	the	Shallow	Coastal	Waters	of	Livingston	Island,	South	Shetland	
Islands,	Antarctica.	Acta Zoologica Bulgarica,	74,	85–93.

Taberlet,	P.,	Coissac,	E.,	Pompanon,	F.,	Brochmann,	C.,	&	Willerslev,	E.	
(2012).	 Towards	 next-	generation	 biodiversity	 assessment	 using	
DNA	metabarcoding.	Molecular Ecology,	21(8),	2045–2050.

Tarverdiyeva,	M.	L.	(1972).	Daily	food	consumption	and	feeding	pattern	
of	the	South	Georgia	cod	(Notothenia rossii	marmorata	Fischer)	and	
the	 Patagonian	 toothfish	 (Dissostichus	 eleginoides	 Smitt)	 (family	
Nototheniidae)	in	the	South	Georgia	area.	Journal of Icthyology,	12,	
684–692.

Thiebot,	J.-	B.,	&	McInnes,	J.	C.	(2020).	Why	do	marine	endotherms	eat	
gelatinous	prey?	ICES Journal of Marine Science,	77,	58–71.	https:// 
doi.	org/	10.	1093/	icesj	ms/	fsz208

van	 der	 Reis,	 A.	 L.,	 Laroche,	 O.,	 Jeffs,	 A.	 G.,	 &	 Lavery,	 S.	 D.	 (2018).	
Preliminary	 analysis	 of	 New	 Zealand	 scampi	 (Metanephrops chal-
lengeri)	diet	using	metabarcoding.	PeerJ,	6,	e5641.	https:// doi. org/ 
10. 7717/ peerj. 5641

Wangensteen,	O.	S.	(2020).	Metabarcoding	joining	Obitools	and	linkage	
networks	in	R.	https://	github.	com/	uit-		metab	arcod	ing/	MJOLNIR

Wangensteen,	O.	S.,	Palacín,	C.,	Guardiola,	M.,	&	Turón,	X.	(2018).	DNA	
metabarcoding	of	littoral	hard-	bottom	communities:	High	diversity	
and	 database	 gaps	 revealed	 by	 two	molecular	 markers.	 PeerJ,	 6,	
e4705. https:// doi. org/ 10. 7717/ peerj. 4705

Wangensteen,	 O.	 S.,	 &	 Turón,	 X.	 (2017).	 Metabarcoding	 techniques	
for	assessing	biodiversity	of	marine	animal	forests.	The Ecology of 
Benthic Biodiversity Hotspots,	1,	445–503.	https:// doi. org/ 10. 1007/ 
978-		3-		319-		17001	-		5_	53-		1

Wiencke,	 C.,	 Ferreyra,	 G.	 A.,	 Abele,	 D.,	 &	 Marenssi,	 S.	 (2008).	 The	
Antarctic	 ecosystem	 of	 Potter	 cove,	 King-	George	 Island	 (Isla	
25	de	Mayo):	 Synopsis	 of	 research	performed	1999–2006	 at	 the	
Dallmann	Laboratory	and	Jubany	Station.	Berichte	Zur	Polar-	Und	
Meeresforschung.	p.	571.

SUPPORTING INFORMATION
Additional	 supporting	 information	 can	 be	 found	 online	 in	 the	
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Ruiz,	M.	B.,	Moreira,	E.,	Novillo,	M.,	
Neuhaus,	S.,	Leese,	F.,	&	Havermans,	C.	(2024).	Detecting	the	
invisible	through	DNA	metabarcoding:	The	role	of	gelatinous	
taxa	in	the	diet	of	two	demersal	Antarctic	key	stone	fish	
species	(Notothenioidei).	Environmental DNA,	6,	e561.	https://
doi.org/10.1002/edn3.561

 26374943, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/edn3.561, W

iley O
nline L

ibrary on [09/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1111/1755-0998.12956
https://doi.org/10.1111/1755-0998.12956
https://doi.org/10.3389/fmars.2016.00092
https://doi.org/10.1093/icesjms/fsz208
https://doi.org/10.1093/icesjms/fsz208
https://doi.org/10.7717/peerj.5641
https://doi.org/10.7717/peerj.5641
https://github.com/uit-metabarcoding/MJOLNIR
https://doi.org/10.7717/peerj.4705
https://doi.org/10.1007/978-3-319-17001-5_53-1
https://doi.org/10.1007/978-3-319-17001-5_53-1
https://doi.org/10.1002/edn3.561
https://doi.org/10.1002/edn3.561

	Detecting the invisible through DNA metabarcoding: The role of gelatinous taxa in the diet of two demersal Antarctic key stone fish species (Notothenioidei)
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sampling and initial measurements
	2.2|Sample treatment and DNA extraction
	2.3|Library preparation and sequencing
	2.4|Bioinformatic analysis
	2.5|Statistical analyses

	3|RESULTS
	3.1|COI and 18S metabarcoding output
	3.2|COI and 18S findings on the diet spectrum of both nototheniids
	3.3|Focus on arthropods and gelatinous taxa
	3.4|Multimarker approach
	3.5|Multivariate analysis

	4|DISCUSSION
	4.1|Notothenia rossii and Notothenia coriiceps are omnivorous
	4.2|The importance of a multimarker approach
	4.3|Intraspecific prey diversity identified with 18S v1–v2 sequences
	4.4|Making visible the invisible: Detection of salps as a major prey
	4.5|Salps on the menu: Perspectives in the context of climate change-driven species shifts

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


